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Abstract: 

Engineering adipose tissue for healing defects caused by injury or trauma is a very 

important aspect of tissue engineering. These problems may affect the quality of 

patient`s lives cosmetically or mentally other than the functional impairment.  However, 

challenges can arise in the application of scaffolds in tissue engineering due to issues 

including inflammatory reactions caused by biomaterials or their degradation products 

and also foreign body reactions. In addition, the rate and extent of cell migration and 

vascularisation may not be adequate, and cell-cell interactions in co-culture may be 

lacking, especially in large constructs. Moreover, it is known that mechanical 

stimulation of cells can affect their morphology and behaviour. But, using regular 

methods of imparting force to adipose tissue may cause problems such as tissue damage 

and infection, as well as difficulties in measurement of the exact forces applied to cells. 

To address these issues, scaffold-free tissue engineering approaches are very 

attractive. One such concept is the use of magnetic particles (MPs) to label and thereby 

manipulate cells by application of an external magnetic field (MF).  

In this thesis, 3T3-L1 preadipocyte and 3T3 fibroblast cells, as two of the main 

components of adipose tissue, were labelled with magnetic micro-particles to 

investigate the potential of using magnetic manipulation in 2D and 3D culture for soft 

tissue engineering. Large size of particles can be used to reduce the possibility of 

engulfment by cells and thereby reduce the adverse effects on the cells’ function 

compared to nanoparticles. Also, tunability and possibility of applying higher 

magnitudes of force to cells can be achieved.  

We investigated the effect of MF in patterning the cells in 2D culture as well as 

generation of 3D cell constructs. Pre-adipocyte cells were cultured in different patterns 

by changing the shape of the magnets. Also, their co-culture with fibroblast cells could 

be shaped to layer-by-layer or core-shell structures using different types of magnets. 

Rapid construction of uniform and stable 3D cell spheroids from 3T3-L1 pre-adipocytes 

was observed in presence of MF which had higher density and more symmetric 

structure compared to the centrifuge method as the standard method. These spheroids 

could be fused together to produce larger and more complicated structures for future 
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tissue engineering applications. Also, co-culturing with 3T3 fibroblasts could convert 

the spheroids to hybrid multi-cellular aggregates. 

Moreover, MF was utilized for mechanical stimulation of labelled cells with MPs in 

2D and 3D culture. Two dimensional results showed that using the mechanical stretch 

did not change the proliferation of fibroblast and pre-adipocyte cells, significantly. 

However, following the compression concept by placing the magnets under the plates 

led to a reduction in their proliferation which was more evident in samples with 

uncoated MPs compared to RGD-coated particles. Also, differentiation of pre-adipocytes 

towards the mature adipocytes was not affected significantly when MPs and MF were 

utilized.  

In 3D culture, while spheroids supported the differentiation and proliferation of pre-

adipocytes in 10 days, presence of MF did not cause a significant difference likely due to 

the low MF gradient and small resulting magnetic force. For migration studies, high 

density area of spheroids was influenced and the migration towards the magnets was 

enhanced. 

In conclusion, the results of this thesis showed how micro magnetic particles and 

magnetic field can be used for production 3D spheroids as well as mechanical 

stimulation of cells in 2D and 3D culture which represents a promising approach 

towards the success of soft tissue engineering. 
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1.1. Tissue engineering 

1.1.1. Necessity and definition 

Each year millions of people suffer from loss and failure of tissues and organs 

resulting from an injury or an illness with direct effect on the quality and length of their 

lives. These disorders could be sometimes treated by surgical procedures that the cost 

exceeds $400 billion per year in the United States alone [1]. Traditionally, 

malfunctioned tissues have been treated by devices like hip implants or transplanting 

tissues, called graft, from a donor site. Autograft, allograft, and xenograft are terms used 

for grafts obtained from the patient`s body, from another individual, and from different 

species, respectively [2]. Amongst these options, allografts and xenografts are less 

preferred due to the possibility of rejection by the host immune system and disease 

transmission. By overcoming these limitations, autograft is considered as a gold 

standard and has achieved good clinical results in some applications for many years [2, 

3]. But the main problem involved in this case is that tissues proper for transplantation 

lack the number to meet demands and unfortunately many of patients die while waiting 

for donation, and this problem keeps getting worse each year. According to Australian 

Organ and Tissue Authority, around 1500 patients are on Australian organ transplant 

list at any time and in the highest rate in 2015, 1241 people received the transplant [4]. 

The average cost of treatments per procedure in just New South Wales public hospitals 

has been around $800,000 in 2014/2015, and about  60% of this cost belonged to 

transplantations of tissues like heart, liver, and kidney [5].  

Additionally, despite of their success, using artificial alternatives such as prostheses 

sometimes cannot retrieve functions of tissues and organs and implantation of them in 

the body in long period of time might lead to formation of debris resulting from wear 

and consequently induction of inflammatory response in the host [6].  

To circumvent these problems, “tissue engineering” has emerged as a potential 

alternative to tissue and organ transplantation. This term is defined for the first time in 

the first NSF (National Scientific Foundation) sponsored meeting in 1988 as “application 

of the principles and methods of engineering and life sciences toward fundamental 

understanding of structure function relationship in normal and pathological 

mammalian tissues and the development of biological substitutes for the repair or 
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regeneration of tissue or organ function.”[6] In fact, according to Langer and Vacanti in 

1993, tissue engineering is a multidisciplinary field that brings engineering and 

biological science together to develop biological substitutes with the ability of 

restoration, maintenance, and enhancement of tissue function. Contrary to treatments 

such as drugs administration, it can provide a permanent solution for the problem of 

organ failure [6, 7]. Up to now, many studies have been done on engineering of different 

tissues like skin, bone, liver, arteries, cartilage, pancreas, and nerves and some of them 

like skin are already available in the market and others such as cartilage and pancreas 

are in clinical trials [8, 9]. 

1.1.2. Main components 

Tissue engineering fulfils its mission by bringing cells, scaffolds, vascularisation, and 

stimulating factors together. In fact the main concept is harvesting a biopsy of target 

cells from patient`s tissue, seeding them onto a scaffold with appropriate properties to 

culture the tissue, and consequently its transplantation into the malfunctioned site of 

the body [2]. The new tissue would be produced by cells while the gradual degradation 

of scaffold happens with no harmful by-products.  

1.1.2.1 Cells 

It is required to choose appropriate cell sources for success of tissue engineering. 

They could be obtained from patient`s body (autologous), from another individual of the 

same species (allogeneic), or from another species (xenogenic). Autologous cells show 

the minimum level of rejection and immunological problems amongst these options; 

however, there is also the risk of surgical operation and inconvenience for patients. 

Generally, cells could be categorized as stem (unspecialized) and nonstem (specialized) 

cells [2]. While nonstem cells are already differentiated cells, stem cells are immature 

with the capability of differentiation into more specialized tissue or organ-specific cells 

that has given them more attraction in recent years. Stem cells are classified into three 

types: (1) totipotent (able of producing any sort of cells), (2) pluripotent (able of 

producing most of the cells) like embryonic stem cells, and (3) multipotent (able of 

producing limited number of the cells) such as mesenchymal stem cells [2]. Regarding 

the source of stem cells, they are categorized into embryonic (derived from the early 

stage of embryo) and adult stem cells. There is another type of cells called induced 
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pluripotent stem cells (iPSCs) which are reprogrammed cells and show functional 

similarities to embryonic cells [10].  

1.1.2.2 Scaffolds 

Scaffold in tissue engineering acts as a substitute to natural extracellular matrix 

(ECM) in the natural tissue. In vivo, cells are surrounded by a complex structure called 

ECM to which cells can adhere, then proliferate and differentiate [11]. It also provides a 

3D environment for preserving cells from damage by external forces, acting as a 

reservoir for soluble macromolecules (growth factors and cytokins) for chemical 

signalling, and finally transferring mechanical signals to cells for mechanical 

stimulation. ECM is a dynamic structure that constantly undergoes structural and 

compositional remodelling by the cells [11, 12]. 

For designing scaffolds as synthetic ECM for tissue engineering, different materials 

could be used. Natural polymers such as collagen, chitosan, gelatine, and alginate and 

synthetic polymers like poly (lactic-co-glycolic acid) (PLGA), poly (vinyl alcohol) (PVA), 

poly caprolactone (PCL), poly (ethylene glycol) (PEG), and polyurethanes (PU) are of the 

most interest in tissue engineering [13-19].  

However, there are some challenges associated with using scaffolds. Inflammatory 

reactions caused by scaffolds degradation, formation of fibrous capsule caused by 

foreign body reaction, capsular contracture, lack of appropriate cell migration and 

vascularisation, and also absence of proper cell-cell adhesion, especially in co-culture, 

can restrict scaffolds applications especially in engineering large constructs [20-22]. 

1.1.2.3 Vascularisation 

Success of engineering the large tissues and long-term viability of cells or tissues in 

vivo depends on providing the proper blood supply to the produced constructs [23, 24]. 

Generally, in natural tissues, oxygen and nutrients are delivered to the cells by blood 

from vessels down to small capillaries by the diffusion phenomenon to the maximum 

distance of 200 µm [25]. So, the implanted tissue cannot rely just on being supplied 

from neighbouring host tissue. However, in some tissues like skin or cartilage cells 

could be supplied in further distances by diffusion process that guarantee the success of 

tissue engineering, compared to large tissues [26, 27]. Thus, to use engineered tissue 

constructs in clinical applications, it is necessary to overcome this big challenge. 
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Two strategies are used for vascularisation of 3D constructs: extrinsic and intrinsic 

vascularisation [27, 28]. In the former strategy, ingrowth of new micro-vessels happens 

from the surrounding tissues to the implanted construct. This procedure could be done 

by angiogenic activation of the host using growth factors (like vascular endothelial 

growth factor (VEGF)) followed by a migration of endothelial cells, formation and 

growth of vascular sprouts into the implanted tissue, and production of blood 

microvascular networks. However, perfusion is considered time-consuming here and 

this method is more preferred for constructs with about 1-3 mm thickness.  

The second approach relies on generation of vasculature within the construct before 

implantation. Once implanted, a connection between vascular network of the host and 

the construct provides rapid blood supply. To pre-vascularise the structures, culturing 

the endothelial cells can be considered or scaffolds can be implanted in a well-

vascularised site of the body (as a natural bioreactor) before transferring to the target 

site.   

1.1.2.4 Stimulating factors 

Cells are also introduced to two kinds of stimulation: chemical and physical stimuli 

[29]. Chemical agents like growth factors and hormones that bind to the cell receptors 

and regulate cellular functions like adhesion, proliferation, migration, and 

differentiation in different hard and soft connective tissues [30-32]. For example, in 

many studies basic fibroblast growth factor (bFGF) has been utilised in vitro and in vivo 

to achieve greater degree of adipogenesis and vascularisation [33-38] and  

transforming growth factor beta (TGFb) superfamily are also powerful stimulators for 

skeletal tissue formation [39].   

Physical stimulation includes the mechanical force and the way cells recognize and 

respond to by mechanotransduction phenomenon and/or activation of signalling 

pathways. It controls some of the cell and tissue functionalities such as migration, 

growth, differentiation, changing the mechanical properties of cells, or even some 

sensory functions like touch and hearing [40, 41]. This concept has been used in tissue 

distraction in which tissue is gradually stretched for healing different disorders or 

deformities of the body. The most famous process in this regard is called “distraction 

osteogenesis” [42]. The importance of mechanical stimulation and the way it affects the 

cell function is explained in §  2.2.  
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1.2. Objectives 

There are some limitations correlated to scaffolds such as inflammatory reactions 

caused by degradation, lack of appropriate cell migration and vascularisation and also 

absence of proper cell-cell adhesion in co-culture which restrict their applications 

especially in engineering large constructs. Besides, mechanical stimulation by ordinary 

methods like using stretchable constructs face some obstacles such as uncertainty about 

the magnitude of applied force to cells, cell or tissue damage and rupture, especially in 

soft tissues like adipose and being not clinically applicable. One way to introduce the 

mechanical stimulation is using magnetic particles and magnetic field. By labelling the 

cells with magnetic particles and exposure of them to an external magnetic field, we 

would be able to apply an active force to cells and achieve the mechanical stimulation. 

There are some limited examples of this type of approach for engineering soft tissue in 

the literature. Thus, the main objective of this research project was to investigate 

whether magnetic manipulation of labelled cells with magnetic particles can be used to 

improve soft tissue engineering.  

To answer this question, the main objectives of this thesis are: 

• To evaluate the effect of magnetic particles and magnetic field on two 

dimensional culture of 3T3-L1 pre-adipocytes and also 3T3 fibroblasts 

• To investigate the potential of using magnetic field in production of three 

dimensional cell constructs from pre-adipocyte and fibroblast cells 

• To manipulate of three dimensional culture for proliferation, differentiation, 

and migration studies 
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2.1. Adipose tissue engineering 

Engineering of soft tissues, and specially adipose tissue, for healing defects caused 

by injury or trauma is considered as a very important aspect of tissue engineering. 

These problems may affect the quality of patient`s lives cosmetically or mentally other 

than the functional impairment [18, 43]. There are dominant strategies for treatment of 

soft tissue disorders from transplantation of tissue flaps to using synthetic implants or 

tissue-engineered constructs [44] which will be explained in §  2.1.3.  

It is believed that the first step to engineer a specific tissue is obtaining the good 

understanding of its different aspects, either physical or functional features. This would 

be helpful in finding a proper procedure or a material for mimicking the target tissue.  

As a soft connective tissue, adipose tissue is distributed in different areas of the 

body, but is mainly located in three common locations: subcutaneous, dermal, and 

intraperitoneal [45]. An ECM, a reinforced basement membrane, mainly composed of 

collagen keeps the adipocytes together. A portion of collagen is secreted by adipocytes, 

but stromal vascular fraction cells like pre-adipocytes, capillary endothelial cells, 

infiltrated monocytes/macrophages and stem cells also produce it [46]. It is also 

mentioned that unlike tissues such as bone and cartilage in which ECM plays functional 

role, ECM in adipose tissue seems to be more necessary for supporting adipocytes and 

keeping them alive [46]. 

Although white adipose tissue is not as highly vascularised as brown type, each 

adipocyte has at least one capillary in its vicinity that delivers required materials to cells 

and removes metabolic products. Adipose tissue receives 3-7% of cardiac output (0.2-

0.6 L/min) normally, that might get to 15-30% in obese people. This amount of blood 

flow might lead to some cardiac disorders like hypertension or even heart failure [45, 

47]. 

2.1.1. Cell sources and differentiation process 

Adipose tissue could be found in two forms in the body [48]. The first type is called 

brown adipose tissue (BAT) and its name is derived from the colour and highly 

vascularised nature. The second form is known as white adipose tissue (WAT). Gradual 

substitution of BAT by WAT happens as the body gets older. Contrary to BAT that 
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consumes energy by dissipating heat, WAT is considered as a heat source via 

triglycerides. However, both of them have the role of protective cushioning and thermal 

insulation of the body [47, 49]. 

Adipose tissue is comprised of different cell types: adipocytes, pre-adipocytes, 

fibroblasts, smooth muscle cells, blood cells [50]. The main cellular components are 

adipocytes which are round, mature, and lipid-filled cells with the diameter of about 80 

µm. Comparing the BAT and WAT, the former carries the cells with small, multinuclear 

droplets and numerous mitochondria and the nucleus is located in the centre of the 

cytoplasm [49]. But in WAT, the majority of the cytoplasm space (60-80 mass %) is 

filled with a lipid droplet that pushes the nucleus to the periphery of the cell. Water and 

proteins occupy 5-30 mass% and 2-3 mass%, respectively [50, 51]. Besides, few 

mitochondria could be found in the cell [49].  

Due to the large amount of intracytoplasmic lipid, a vast majority of these cells are 

susceptible to damage by mechanical forces via liposuction process. Also, differentiated 

adipocytes have limited proliferative abilities and the proliferation takes place mostly 

before the differentiation. Moreover, their terminally differentiated state restrains 

further culture profits. So, recent attempts have been on taking the advantages of the 

pre-adipocytes [28, 45, 47, 52-55].  

Pre-adipocytes are precursor cells that have fibroblast-like shape in undifferentiated 

stage and could be obtained from either digestion of adipose tissue by enzymes, 

liposuction aspirates or adipocyte stem cells [52]. Differentiation of immature pre-

adipocytes leads to formation of mature, round adipocytes that involves some 

morphological and biochemical changes. Fig 2- 1 summarizes the main occurrences 

happen during adipogenesis. 
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Fig 2- 1: The summary of adipogenic differentiation procedure: 

a) Comparing the morphology of preadipocyte and mature adipocyte; 
b) Different changes happen to the cell undergoing the proliferation and differentiation; based on [47, 50, 

51]. 

2.1.2. Mechanical properties of adipose tissue 

Comparing to the tissues such as bone, cartilage and muscle, adipose tissue could be 

categorised as a soft tissue (Fig 2- 2) that shows viscoelastic properties [43, 56]. It is 

suggested that the modulus of adipose tissue is imposed by the collagen network 

around the adipocytes, however it seems that the mechanical properties of this tissue 

vary based on its position in the body and the applied strain rate [51, 57, 58].  

Differentiation (adipocytes) 

- Occurred by inducers (e.g. insulin and dexamethasone) 
- Morphological changes (obtain spherical shape, 

accumulation of lipid inside the cytoplasm) 
-  Biochemical changes (Genetic changes like increasing 

the PPAR-γ expression) 
- Terminally differentiated state 

Proliferation 

- Increasing the number of cells 
- No morphological change 

- Inhibited by cell-cell contact 

Pre-adipocytes 

- e.g. 3T3L1 and 3T3-F442A cell lines 
- Immature (undifferentiated) 

- Fibroblast-like shape 
- Easily obtained, cultured, and expanded. 

Nucleus  

Pre-adipocyte Adipocyte 

Lipid globule 

Nucleus  
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Fig 2- 2: A comparison between elastic modulus of adipose tissue (fat) and other tissues and different 

hydrogels in this range (reproduced from [56] with permission from Elsevier) 

The values of elastic modulus reported for adipose tissue change from 0.3 to 180 

kPa: abdominal fat (0.3-3 kPa), breast samples (3-24 kPa) and heel pad samples (24-

180 kPa) [59]. It was also reported that in uniaxial compressive test, stress-strain curve 

showed a non-linear behaviour, where at low strains the response was linear, but at 

higher strains (> 30%) the stress experienced a quick increase [51, 57]. Considering the 

strain rate, Young`s modulus almost tripled from 1 kPa to 3 kPa by increasing the rate 

from low magnitudes to about 1000 s-1. It was also claimed that cyclic tests done at low 

magnitudes of strain (< 10-3) led to linear viscoelastic behaviour where at frequencies 

less than 100 Hz the compressive storage and loss modulus were 2 kPa and 0.5 kPa, 

respectively [51]. The study of linear viscoelastic behaviour of subcutaneous adipose 

tissue (< 0.1% strain) using a rotational rheometer also revealed that the loss and 

storage modulus were frequency and temperature dependant and the shear modulus 

was calculated 7.5 kPa at 10 rad/s and 37 ͦC [60]. 

2.1.3. Different Strategies and limitation of adipose tissue 
engineering 

The goal of conventional treatment methods of tissue engineering is often 

recovering the lost volume of defects while not every aspect of the function is recovered 
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[61]. However, to target the function, autologous grafts and concept of tissue 

engineering have been considered. 

Like other tissues, the first option for replacing the lost adipose tissue could be 

autologous grafting by surgical therapies [43]. Report of American Society of Plastic 

Surgeons (ASPS) shows that in the United States about 5.8 million people have received 

reconstructive plastic surgery procedures and approximately 15.9 million cosmetic 

surgery procedures (both surgical and minimally-invasive) in 2015 that revealed a 2 

percent increase since 2014 [62]. 

Grafts could be obtained from patient`s abdomen or back to be used for 

regeneration of lost tissues like breast [37]. While this procedure leads to 

immunological compatibility but surgical procedures show trauma or morbidity in site 

of surgery. This might be the result of fat necrosis and volume reduction up to 70% due 

to inappropriate rate of revascularisation and reduced viability of pre-adipocytes 

caused by suctioning [18, 37, 61]. Some success would be achieved at microscale level 

where proper diffusion of oxygen to cells is possible because of the proximity to blood 

vessels. However, small volumes of tissue do not meet the clinical demands [61]. As 

mentioned before in §     1.1.2.3, both extrinsic and intrinsic approaches could be applied 

for vascularisation of adipose tissue as well [28]. However, extrinsic strategy is more 

suitable for thin constructs and is accompanied by a delay in the blood vessel growth. 

Using tissue flaps or grafts comprised of subcutaneous fat tissue with vascular pedicles 

within or underneath is another option to provide blood supply. But, it is worth 

mentioning that expensive, time consuming and complicated microsurgical procedures 

and patient`s morbidity are involved in this case as well.  

Synthetic implants like silicone or polytetrafluoroethylene (PTFE) are also popular; 

however they might undergo capsular contracture with changing the shape and 

mechanical properties (become spherical and firm) and eventual displacement. There is 

also the risk of leakage and rupture due to degradation of outer layer, high rate of 

reoperation and finally allergic reactions [63, 64]. 

The other option is using synthetic and/or natural biomaterials for production of 3D 

scaffolds with the ability of biodegradation to be substituted by the new tissue. 

Synthetic polymers such as poly (lactic acid) (PLA), poly (glycolic acid) PGA, PLGA, and 

PEG with the potency of changing the mechanical and chemical properties and also rate 

of degradation have been reported in the literature [65, 66]. Collagen, gelatin, silk and  
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hyaluronan are natural materials with higher biocompatibility and ability of adipose 

tissue formation utilised in this case. Choi et al [18] and Tanzi et al [61]  have reviewed 

the application of these materials and corresponding advantages and limitations, 

comprehensively. But, it is evident from the results that in most cases, production of 3D 

porous structures have not been properly successful and long-term studies regarding 

the proper cell penetration, angiogenesis and the effect of materials on the cells in vivo 

should be conducted. Implanting the biomaterials in the body leads to the foreign body 

reaction by protein absorption and adhesion of monocytes and macrophages [21, 67]. 

Macrophages fuse into foreign body giant cells and form a fibrous capsule on the 

materials to isolate it from the body which limits the function of implanted scaffolds 

[68]. These limitations might involve restriction of cell infiltration and compression 

forces which restrict the size of the construct. For example, Cao et al showed that rapid 

foreign body response in PLGA scaffolds inhibited effective vascular growth inside the 

pores by closing them [20]. As time lapses, in a process called capsular contracture, the 

fibrous capsule becomes thicker and harder and causes local tenderness and pain in 

cases like breast implants [22]. Moreover, because the external force is not directly 

applied to the cells inside the scaffolds, stress shielding might happen [69]. Also, 

materials like matrigel that support adipogenesis in vitro cannot be utilized for human 

in vivo soft tissue engineering [18]. 

So, it seems that there is a long path ahead for achieving the complete, clinical 

success by using tissue engineering methods. So, the future success might be involved in 

incorporation of factors, like stimulation factors, that facilitate production of adipose 

tissue to methods that are capable of producing 3D constructs without using scaffolds. 

2.2. Tissue distraction and motivation 

As it was noted in § 1.1.2.4, function and behaviour of cells can be regulated by the 

mechanical stimuli that they receive from the environment. In this section, the 

importance of mechanical stimulation, the mechanisms behind the cells` response and 

also different methods of stimulation are presented.     
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2.2.1. Cells mechanical stimulation 

Cells are subjected to different sources of mechanical stimulation from the beginning 

through the entire lifetime depending on their site in the body. Shear stress from blood 

or interstitial fluid flow, compressive and tensile stress to bone and tensile stress to 

tendon and ligaments are examples of mechanical forces applied to tissues. These 

stresses are transferred from the body level down to the tissue and then cellular level 

through the ECM and have effect on the cells and tissue fate, phenotype and behaviour 

[70, 71]. For example, it is well known that bone deposition and consequently its mass 

is related to the stresses applied upon it [72]. Mechanical stimulation of mesenchymal 

stem cells cultured on the collagen constructs make them significantly stiffer than the 

cells not stimulated [73]. Also, in dermal substitutes made by collagen scaffolds that 

carry fibroblasts, cyclic strain increased the proliferation and thickness of tissue 

constructs [74]. Cell proliferation and distribution of heart cells on gelatin scaffolds 

exposed to cyclical stretch were substantially improved. In such conditions, collagen 

formation and organization was also enhanced [75]. 

Other than its roles in preserving cells, metabolism, and chemical signalling, ECM 

also provides an environment by which external forces could be transferred to cells. 

Cells have the ability to translate this mechanical stimulation into biochemical signals 

through a three-step process: mechanosensation, mechanotransduction, and 

mechanoresponse [50, 71, 76-78]. At first, cells can sense force, then convert it into 

intracellular biochemical signals and consequently respond to it [79]. Magnitude and 

rate of loading, age and the differentiation stage, surface geometry and the composition 

of the ECM for delivering the force to cells, impact the mechanoresponses. While the 

shear forces could be delivered directly to cells in arterial blood stream, tensile or 

compressive stresses might be dissipated after delivering to cells in bone or tendons 

due to the abundance of fibers and mineralized components. Mechanoresponse might 

include cellular adaptation and consequently ECM remodelling and gene expression [71, 

80].  

2.2.2. Cytoskleton and its role in mechanical stimulation 

Among the cell elements, cytoskeleton plays a critical role in mechanical stimulation. 

It can transmit forces, process the mechanical signals and may preserve cells from 
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damage caused by excessive level of forces. Force transmission could be done through 

one or two main parts of the cytoskeleton that link it to the external environment: focal 

adhesions (FA) and adherens junctions [39]. FAs couple the cell cytoskeleton to the 

ECM. In fact, cells attach to the ECM with transmembrane molecules called integrins. By 

binding the cells to the ECM, integrins begin to cluster that leads to formation of FAs 

(Fig 2- 3) [39]. On the other hand, cells can adhere to each other by adherens junctions 

that can act as force sensors where contractile forces could be transmitted from 

neighbouring cells [70, 71].  

 
Fig 2- 3: Cell cytoskeleton and critical role of focal adhesions in transmitting the force from the substrate 

to the cell (reproduced from [39] with permission from Elsevier) 

2.2.3. Active and passive forces 

Generally, applied forces to the cell cytoskeleton could be classified as ‘active’ and 

‘passive’ forces [39]. Active forces are referred to external forces that applied on the 

substrate which cells adhere to, such as ECM or scaffolds, while passive mechanical 

stimuli is generated due to some properties like stiffness of the ECM that have 

significant effect on the cell behaviour [39, 56, 81].  

Formation and maturation of FAs needs the application of mechanical forces to 

them. These forces could be generated by the cytoskeleton of cells using the important 

property of substrate called stiffness [39]. To mimic the levels of tissue stiffness, 

different 2D polymeric systems from purified collagen, fibrin, polyacrylamide gels, or 

other complex protein materials like Matrigel might be used (not clinical) [71, 82]. 

Depending on the stiffness, cells can produce different magnitude of force with different 

results on cytoskeleton organization. Hard substrate leads to the generation of larger 

forces, organized cytoskeleton, and maturation of FAs, while soft substrate produces 

smaller forces. It is worth mentioning that cytoskeleton defines the cell shape which is 

related to the cell behaviour such as morphology, migration, differentiation, and 

proliferation [39, 81-85]. For example, it was suggested that cytoskeletal remodelling is 



Chapter 2 

16 

a prerequisite of differentiation from pre-adipocytes to mature adipocytes [86]. It was 

also shown that the cytoskeletal rearrangement is one of the reasons of change in the 

mechanical properties of adipose tissue during the adipogenesis [87].  

Studies have shown that stiffer substrates encouraged more spreading morphology 

of mesenchymal stem cells compared to soft matrices [83]. It was also mentioned that 

increasing the stiffness to higher levels in gels resulted in differentiation of 

mesenchymal stem cells from neurogenic to osteogenic lineage. Cell migration is 

another aspect that might be affected by substrate stiffness [88, 89]. For example, 

migration rate of normal rat kidney epithelial cells and fibroblasts on softer substrates 

were faster. It was also reported that cells like osteoblasts showed more proliferation 

and motility rate on hard surfaces [39]. Considering the 3D environments, stiffness had 

important effect on cell behaviour as well. However, significant difference in cells 

response in 2D and 3D models might be visible. For example it was shown that while 

movement of DU-145 human prostate carcinoma cells in 2D models shifts to the lower 

levels of stiffness, in 3D models the behaviour is different [85]. But in all cases, the effect 

of cell cytoskeleton on the way that cells respond to the stiffness was inevitable. 

Considering the active forces, as mentioned before, different cell types experience 

different sorts and magnitudes of mechanical loads in vivo. So, to study the response of 

cells to mechanical signals, a variety of methods have been used in vitro, which are 

summarized in Table 2- 1. 
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Table 2- 1: The summary of some methods used for studying the effect of mechanical stimulation on 
different sort of cells  

Type  Aim Method 

Shear 

To study: 
- hematopoietic cell transported in the 

blood stream 
- cells on the inner wall of fluid-filled 

cavities (epithelial cells of blood and 
lymphatic vessels) 

- epithelial cells of the respiratory and 
gastrointestinal tract 

- Cone-and-plate system to set the culture 
medium in turbulent motion [71] 

- Parallel plate flow chambers with cells 
grown in flow channels [71] 

Compression - Mainly studying the mechanobiology of 
chondrocytes, osteocytes, and osteoblasts 

- Generation of positive and negative 
hydrostatic pressure by gas pressure 

incubators [71] 
- Atomic force microscopy (AFM) [90] 

Stretch 

- Studying the mechanisms of cell 
mechanosensing, the consequences of 

mechanical deformation and gene 
expression 

- Stretchable culture membrane [71, 77] 
-  Static or cyclic distention bioreactors [91] 

- Studying single cell - Micropipette aspiration [80] 
- Optical stretcher [92] 

 

2.2.4. Mechanotransduction and adipocytes 

Because cells in adipose tissue also confront different kinds of mechanical loading 

like tensile, compressive and cyclic stresses/strains through bodyweight loads, 

especially at the weight-bearing organs, researchers have been considering the question 

of whether adipocytes are mechanosensitive and mechanoresponsive or not? So, many 

reports with different results have been published. This might be very helpful to obtain 

a good understanding of long-term effects of an immobility lifestyle and obesity [93] 

and, on the other hand, inducing adipogenic differentiation for tissue engineering 

applications. These studies have categorized the applied forces in two general types: 

dynamic and static loading, and include in vitro, animal and human studies (Table 2- 2) 

[50]. According to the reports, dynamic loading that involves cyclic and vibration modes 

leads to inhibition of adipocyte differentiation in different cell sources by activation of 

diverse signalling pathways. In static loading, on the other hand, each mode shows 

different effects. Static compression of cells, similar to dynamic load, suppresses the 

adipogenic differentiation while static stretching enhances it by different signalling 

pathways (Fig 2- 4) [50]. These reports are good evidences to support the 
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mechanosensitive and mechanoresponsive nature of adipocytes. However, they are 

largely reported as a percentage of strain, but the stresses applied in these experiments 

are generally unknown.  

 
Fig 2- 4: Different signalling pathways involved in adipogenic differentiation (adapted from [50])
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Table 2- 2: Summarized results of the effect of mechanical loading on adipogenic differentiation (in vitro) [50, 94-96]. 
Mechanical 

loading 
Loading 

Mode Cell type Cycle Adipogenesis Signalling 
pathway 

Dynamic Cyclic 3T3-L1 preadipocytes 15 or 45 h, cyclic uniaxial stretch 
of 130%, 1 Hz  MAPK/ERK 

  3T3-L1 preadipocytes 45 h, cyclic uniaxial stretch of 
120%, 1 Hz COX  COX-2 

  Human umbilical cord perivascular 
cells 

24 or 60 h, cyclic equibiaxial 
stretch of 10%, 0.5 Hz  TGFb1/Smad 

  Bovine mesencymal stem cells 2 weeks,4000 µε elongation, 1Hz, 
300cycles/day  Not available 

  Mouse pluripotent mesenchymal stem 
cells (C3H10T1/2) 

7 day, cyclic equibiaxial stretch of 
0.001% strain, 90 Hz, 40 min per 

day 
 β-catenin 

  C3H10T1/2 5 day, cyclic equibiaxial stretch of 
2%, 0.17 Hz, 6 h per day  β-catenin 

  Marrow derived mesenchymal stem 
cells from C56/BL6 wild-type mice 

4 day, cyclic equibiaxial stretch of 
2%, 0.17 Hz, 6 h per day  β-catenin 

  Marrow derived mesenchymal stem 
cells from C56/BL6 wild-type mice 

5 day, cyclic equibiaxial stretch of 
2%, 0.17 Hz, 6 h per day  β-catenin 

  Mouse adipose tissue stromal cells 48 h, cyclic biaxial stretch of 10%, 
0.5 Hz  Not available 

 Vibration Human adipose tissue stromal cells 14 day, vibration of 100Hz, 3 g 
peak acceleration, 3 h per day  Not available 

Static Compression Simpson–Golabi–Behmel cyndrome 
cells 

12 h, static compressive force of 
226 Pa  COX-2 

 Stretch 3T3-L1 adipocytes 72 h, uniaxial static stretching of 
120%  Rho–Rho-kinase 

  3T3-L1 adipocytes 3-4 weeks, uniaxial static 
stretching of 12%  MEK 
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Considering the effect of stretching in cellular level, Shoham et. al [96] applied static 

mechanical stretching to 3T3-L1 pre-adipocytes in the presence of differentiation 

medium. Cells were cultured on an elastic substrate exposed to 12% strain that was 

believed to be an average value for physiological strain distributions in the weight-

bearing tissues during sitting and lying. After monitoring the cells in a 3 to 4-week 

period by an image processing method, they observed that compared to non-stretched 

samples, the stretched samples produced larger lipid droplets (LDs) starting from 

experimental day 10 and more LDs per cell between days 10 and 17. The rate of 

differentiation was also faster with stretch within the first 10 days. They attributed the 

acceleration of adipogenesis to activation of the mitogen-activated protein kinase 

(MEK) signalling pathway by sustained stretching since adding MEK inhibitor to the 

culture medium reduced the extent of adipogenesis to the base level of the control 

sample. Also, by addition of peroxisome proliferator-activated receptor-γ (PPARγ) 

antagonist, the lipid production was not suppressed in stretched sample. So, it was 

concluded that PPARγ might be involved just in the initial phase of cell differentiation 

and when cells experienced their adipocyte-phenotype pathway, its effect was not 

substantial. However, it was still unclear that which specific level of substrate tensile 

strain would initiate the accelerated adipogenic response [96].  

So, in another study by this team, Levy and co-workers [93] delivered different 

magnitudes of static strain (≤12%) to the abovementioned elastic substrate to identify 

the threshold which accelerates the adipogenic differentiation. Numbers of LDs per cell, 

LD diameters, and the relative areas covered by LDs per field of view were calculated as 

the outcome of adipogenesis for every static tensile strain (STS). Cultures exposed to 

larger STS (6, 9, and 12%) produced LDs with greater diameters compared to those 

with smaller strain (3%) and the control group, starting after approximately 14 days of 

differentiation. Size of LDs for the former group was 1.4-1.5 times greater at the end of 

experiment. Besides, the number of LDs increased in all the groups. But, after the hitting 

a peak, it started to decline. This phenomenon was due to fusion of droplets together 

and formation of bigger ones. Making a comparison between groups with larger and 

smaller STS, the first one reached the peak sooner (day~16-19) contrary to the other 

one (day~21-22), confirming the acceleration of adipogenesis with larger STS.  
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2.2.5. Tissue distraction 

Gradual tissue stretching (distraction) has been also evaluated to accelerate the 

growth of different tissue types like bone, skin, muscle, and other soft tissues [42, 72, 

95, 97-104]. The most famous process in this regard is called “distraction osteogenesis.” 

It uses this concept for lengthening bones of the body and/or amend the skeletal 

deformities like jaw`s by stretching and moving apart the two separated bone segments 

gradually to form the new bone in the gap between and parallel to the distraction 

vector. When the desired length and shape is achieved, healing process would begin. In 

this method, increasing the bone length and the volume of soft tissue around would 

happen simultaneously [42, 72, 98].  

It is also mentioned that tension might play an important role in skin tissue 

engineering and dermatogenesis [100, 101, 105]. The expandable nature of skin has 

been used for thousands of years in tribal customs and after that in medicine for wound 

closure by creating, stretching and approximating skin flaps. Studies have shown that 

increasing the surface area after expansion is the sign of new tissue regeneration 

instead of a phenomenon called mechanical creep. It was also concluded that static and 

periodic tensile forces applied to the rat ears led to epidermal proliferation and vascular 

remodelling [105].  

Distraction of adipose-contained tissues is also addressed in some studies [94, 95, 

99].   Kato et. al. reported utilising a continuous external force in a mouse model [94]. 

The suspension device was set on the back skin and weight changes of harvested tissue 

from suspended skin and underlying soft tissue during a 42-day period were examined. 

The study proved the enlargement of subcutaneous tissue, especially adipose tissue, 

during 28 days; however this increase was reversible and decreased in next two weeks. 

Using controlled release of basic fibroblast growth factor (bFGF), the tissue volume 

could be sustained. Dynamic adipose remodelling with adipogenesis and angiogenesis 

was also visible where blood vessels were elongated in direction of the external force. 

Recently at the O’Brien Institute (OBI) in St Vincent Hospital, Melbourne, in 

collaboration with the Department of Chemical and Biomolecular Engineering, 

University of Melbourne, a chamber comprised of polycarbonate baseplate and a dome 

was designed to induce a sequential uniaxial stretch to rat tissue inside the chamber 

(Fig 2- 5).  A vascularized fat flap which was sutured between the baseplate and a 

polycarbonate distraction disc could be distracted in 1mm increments via a manual 
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distraction apparatus. The internal volume of the chamber was 2.1mL and that of the fat 

flap approximately 0.3mL. Preliminary data showed expansion of the tissue both in 

volume and mass under the stretch. 

 
Fig 2- 5: The distraction chamber designed at the O’Brien Institute (OBI) to impart a sequential uniaxial 

stretch to rat tissue [unpublished work] 

Contrary to studies done on other tissues, gradual expansion of adipose tissue in 

human seems to be scarce and most of the studies were related to breast augmentation 

with no need for surgery, no additional scars and no loss of sensation [101]. In one 

study, seventeen healthy women were subjected to a 20-mm Hg vacuum distraction by 

wearing a brassier-like system for 10-12 hours/day over a 10-week period [95]. Breast 

size increased in all women and peaked at the end of the treatment period followed by 

an immediate recoil effect over the first week of follow-up and reaching a plateau after 

that without significant decrease in the volume. MRI scans also confirmed proportionate 

enlargement of both adipose and fibroglandular tissue components. 

2.2.6.  Current limitations 

While these methods are widely used in publications and carry positive points, but 

there are some limitations correlated to them that should be taken in consideration.  

Considering the cell level studies [71, 80], in the flow-induced shear stress, the fluid can 

be considered as a practical source of contamination. Moreover, while calculation of 

shear forces for 2D flow chambers and flat monolayers could be accurate, its 
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mathematical modelling is complex and therefore not available to as many researchers. 

Also, it is hard to control the stress distribution in the way which is desired.  

For stretchable substrates that might be the most frequently used systems, 

limitations could be listed as follows [71]: 

- Non-uniform strain gradients across the diameter of the substrate limit the 

constancy of force levels and the test is confined to the restricted radius. 

- Sometimes magnitude of the stretch exceeds the actual stretch bearing by cells 

because of the friction between the membrane and the stretching device, lack of 

cells adhesion to the membrane and slipping the coating membrane with respect 

to the membrane. 

- In uniaxial systems (stretching the membrane and cells in one direction), if the 

free edges of the membrane are not bounded, cells might confront compression 

in direction perpendicular to the axis of the stretch. 

- Also in uniaxial systems, cells align along or perpendicular to the stretching 

direction which brings different mechanical inputs contrary to their random 

orientation. 

- There is the lack of means to use the in vitro methods for scale up and in vivo 

tissue engineering. 

Tissue distraction also might carry some limitations. For example, in most of the 

cases, the procedures lead to the patients` inconvenience because they need to undergo 

surgery operations or carry some complex machinery for a specific period of time [104]. 

It was mentioned that for each centimetre of size increase, the external fixator device 

needs to be in place for a month. This might disrupt patients` lives financially, 

psychologically, and socially [104]. There is also the possibility of infection or morbidity 

at the operation site in some cases due to direct contact of an external device with the 

tissue. More important, as mentioned before, in some cases especially soft tissues, the 

enlargement of tissue might be reversible. 

Due to abovementioned limitations, the approach in which the mechanical 

stimulation is applied by magnetic particles and magnetic fields is considered very 

attractive and might solve the problems. In this method, cells are labelled with magnetic 

particles by attachment to their membrane receptors or even internalization process 

and then placed in a magnetic field to experience mechanical stimulation. This method 

and the way it works are discussed in next section comprehensively. 
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2.3. Magnetic particles and their applications 

Magnetic micro- and nano-particles have achieved a significant attention in 

different fields of medicine in recent years due to their exceptional ability of being 

controlled by a remote magnetic field [106]. Cell separation, magnetic resonance 

imaging (MRI), drug delivery and tissue engineering are some applications that take the 

advantage of utilizing this sort of materials in medicine.  

Sometimes it is required to produce highly purified samples by isolation of 

proteins or nucleic acids form their native environments. By chemical modification of 

the surface of MPs, generally coating with biocompatible molecules like dextran, 

polyvinyl alcohol (PVA) and phosopholipids, it is possible to target specific biological 

entities. Then, separation of the targeted entities from the surrounding medium could 

be possible using a “magnetic separation” device. One of its important applications 

might be related to selection and removal of tumour cells from blood or bone marrow 

using a specific antibody when they are scarce and have low number [107, 108].  

Also, MPs have shown their potential in imaging process. Nuclear medicine 

techniques and positron emission tomography (PET) scanning are involved in 

limitations such as requirement of tissue sampling for detection, preventing real-time 

non-invasive tracking and also improper sensitivity and resolution for detection of 

small cell numbers or precise localization of them within organs [109, 110]. MRI 

technique, on the contrary, has tackled these obstructs by continuous non-invasive 

monitoring of cells and body organs, lack of radiation exposure and no limitation of 

body size in examinations [111]. In this method, cells are labelled with either 

paramagnetic materials like gadolinium (Gd) or super paramagnetic particles 

(small/ultrasmall super paramagnetic iron oxide (SPIO)). However, it is reported that 

the latter choice might be more appropriate due to less toxicity of iron than Gd as SPIO 

are approved for clinical use as contrast agents for MRI [110, 112]. Farrel and 

colleagues labelled MSCs with SPIO and studied the effect of these particles on 

differentiation for 13 days in vitro [112]. They could also track the labelled cells over a 

long period (7 weeks) in vivo. RT-PCR analysis also showed no difference in the 

expression of PPAR-γ in experimental and control groups in presence of adipogenic 

media. In another study Hinds et. al. showed that using large magnetic particles (~µm) 

create a greater magnetic moment within the cells and brings the opportunity of single 
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cells detection and track in vivo at lower resolutions contrary to the small particles 

[109].  

Moreover, there are some limitations correlated to the common routes of drug 

administration such as inadequate uptake by target cells, insufficient distribution, 

destroying the structure of therapeutic agents and diverse side effects, especially in 

chemotherapeutic agents [107, 108, 113]. It is believed that incorporation of drugs to 

magnetic nanoparticles (MNP) could overcome this obstructs by reducing the general 

systemic distribution of cytotoxic drugs and required dosage due to accumulation of 

them at the desired site [114]. In magnetic targeting therapy, super paramagnetic 

particles are exposed to gradient produced by permanent magnets (NdFeB) fixed 

outside the body on the target site to take the advantages of drug delivery systems. The 

structure comprised of a magnetic core (e.g. Fe3O4) and a polymeric coat made of 

biocompatible materials like PVA, dextran or inorganic coatings such as silica. This 

coating is protecting the magnetic particle from the surrounding medium and could be 

functionalized by specific molecules such as carboxyl groups to form attachment sites 

for cytotoxic drugs or target antibodies to the carrier complex [107].   

Another therapeutic concept using MPs is utilising of an alternating magnetic 

field (AMF) to heat up particles by hysteresis loss or relaxation loss to kill aggressive 

cells (for example over 43  ͦC for cancer cells) while healthy cells stay alive. This method 

is called ‘magnetically mediated hyperthermia’ [115].  In this regard, concentration of 

particles at tumour site could happen by a phenomenon called ‘enhanced permeability 

and retention’ caused by angiogenesis nature of tumours and lack of an effective 

lymphatic drainage system which increases the permeability of MNPs into the tumour 

interstitium.  

Finally, tissue engineering could also take the advantage of using MPs and MF 

which is discussed thoroughly in next section.  

2.3.1. Magnetic particles and magnetic field for tissue engineering 

There are two general viewpoints of using magnetic particles in tissue 

engineering. Labelled cells with MPs are exposed to an external MF to (1) build the cell 

constructs in a scaffold-free concept and (2) apply mechanical forces to them.  
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2.3.1.1 Magnetic cell constructs 

One of the key aims of tissue engineering is making structures as similar as 

possible to natural organs. Because tissues and organs in vivo are usually made of 

different sort of cells, three factors seem to be very important achieving this goal: (1) 

precise positioning of cells, (2) having proper cell-cell interactions and (3) controlling 

proliferation and differentiation processes which might be difficult to be obtained by 

conventional methods like scaffolding. Instead, there are two common ways to fabricate 

functional tissue architecture as they are summarized in Table 2- 3. 
Table 2- 3: Common ways of cell patterning for fabrication of functional tissue architecture [116]   

Technology Method Advantage Limitation 

Micro-
patterning 

- Microcontact printing 
- lithography 

- by changing the 
parameters of cultural 

substrate (relative 
charge, hydrophilicity, 

density of adhesive 
proteins) 

- Precise allocation of cells 
with high resolution 

- Specialized devices 
- Time consuming processes 

- Needs chemical or biological 
modifications of surface that 

may restrict its tissue 
engineering applications 

Physical 
cell 

patterning  

- Inkjet printing 
- Cell spraying 

- No limitation on culture 
surface (non-specialized 

surface) 

- Expensive equipment 
- High level of expertise  

- cell damage due to high 
pressure and shear force (Inkjet 

printing) 

 

Other than the limitations mentioned in the table, the major challenge is 

providing an active force to induce sufficient cell-cell contact and interactions in these 

methods [117]. The absence of this force can postpone the production of constructs and 

homogeneity will also be affected. So, to address this challenge, a remote MF can be 

used to manipulate and arrange the labelled cells with MPs and produce constructs 

from simple sheets to complex 3D structures. Also, this force could be considered as a 

source for mechanical stimulation of single cells or cell constructs with spatial and 

temporal control during the assembly or after, which can modulate the cells` behaviour.  

2.3.1.1.1 Magnetic field from the bottom of culture 

Magnetic forced-based tissue engineering (Mag-TE) was proposed as a novel 

method by Ito and research team in 2004 [118]. They produced multilayered 

keratinocyte sheets by uptake of magnetite cationic liposomes (MCL) by cells and then 

seeding them on low-adhesive plates on the magnets. MCL are cationic liposomes 
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containing 10 nm magnetite nanoparticles that could be attached to the negatively 

charged surface of cells by covalent bonds to accumulate cells under the magnet. The 

multilayered sheet produced was harvested from the plate by removing the magnet 

from under the plate and putting another magnet on the top of the sheet with a 

membrane between them. This technique has made the detachment of cells from the 

dish easier and would eliminate the need for any enzymatic treatment that is used to 

harvest produced sheets. Enzymatic digestion limits arrangement of cells, especially 

vertically, in scaffold-free concept due to ECM digestion. Besides, extensive washing for 

removal of harmful residues of some enzymes like dispase is laborious and considered 

as a technological obstacle to automation [116]. Yet, close placement of labelled cells by 

magnetic field led to sufficient cell-cells adhesion and interaction and production of 

ECM. Table 2- 4 reviews some more studies using labelled cells with MCL particles to 

produce different tissue constructs.   

Also, Fayol and co-workers utilized a magnetic device consisting of 750-µm tips 

attached to a magnet which was placed under the glass-bottom wells [119] to produce 

MSCs spheroids. Almost the same process has been utilized by Du et. al. by using a 

magnetized, rectangular piece of iron to assemble rod-shape structures from labelled 

MSCs with citrate-coated iron oxide magnetic nanoparticles [120]. 

However, this concept is not just limited to using magnetic nanoparticles, where 

manipulation of cells utilising micro particles has been reported in the literature. Perea 

and co-workers have used 4.4 µm beads and a radial magnetic force for seeding human 

umbilical vein endothelial cells (HUVECs) and human smooth muscle cells (SMCs) on a 

collagen membrane to produce tubular constructs for vascular tissue engineering [121]. 

Authors claimed that dynamic rotational seeding, as a common method for delivering 

cells onto tubular scaffold, faces some limitations such as cell culture time up to 12 

hours, continuous movement between grafts surface and cell suspension and utilising 

adhesive coatings for promotion of cell adhesion to the membrane. Using this method, 

culture time has reduced to 20 and 40 min for HUVECs and SMCs, respectively without 

using fibrin glue to improve of adhesion. It was also claimed that the applied force is not 

too high to cause morphological damage on cells, but still has the potency to provide 

appropriate mechanical support.  
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Table 2- 4: Utilising magnetite cationic liposomes (MCLs) particles to seed and/or pattern different cell 
lines mostly in 2D 

Culture 
type Cell type Construct shape and 

pattern Explanations 

Single-
type 

culture 

Keratinocyte [118] Sheet 
- Production of five-layered keratinocytes sheet 
- Doubling the number of layers by using high-
calcium medium and achieving greater strength 

NIH/3T3 fibroblasts 

Different cell patterns 
(Cord-like, curved, parallel, 

and crossing patterns) 
[122] 

Using curved and two parallel steel plates to 
fabricate relevant structures and rotation of a 
magnet along with cell culture to produce 
crossing pattern 

7 to 8-layered cell Sheet 
[123] 

Containing ECM components like fibronectin 
and type I collagen 

Endothelial cells 
[122] Cord-like structure 

Cell culture on Matrigel lead to formation of 
vascular-like structures containing lumens 
indicating early angiogenesis 

Myoblast [124] 
 

Sheet Shrinking the sheet during cell culture 
- Presenting sufficient strength 

String 

Production of cellular strings by linear 
concentrator to mimic muscle fiber bundles 
with proper cell-cell adhesion and strength 

- Shrinking the string during cell culture 

Ring 

- Utilising a cylindrical magnet to form a cell ring 
around with cell orientation in the direction of 

the circumference 
- Using 2 pins (tendon-like anchors) to prevent 
shrinking of the structure and induce myogenic 

differentiation 

Co-
culture 

Hepatocytes-human 
aortic endothelial 
cells (HAEC) [125] 

Double cell layer 

- Accumulation of HAECs on the hepatocyte 
monolayer with substantial layers adhesion 
- Enhancement of albumin expression in 

presence of HAECs and magnet in hepatocytes 
indicating their enhanced functionality 

HepG2 (hepatocyte 
model) - NIH/3T3 
fibroblasts [123] 

Double-layered cell sheet 
- Seeding HepG2 cells on NIH3T3 cell layer 

- NIH3T3 cells provide strength to structure and 
facilitate handling the grafts in transplantation 

Mixed cell sheet 

- Culturing mixture of cells 
- Presenting higher level of hepatic albumin 

expression and functionality compared to 
layer-by-layer construct due to increased cell-

cell interaction 

Vascular endothelial 
cells (HUVECs)- 

Mouse myoblasts 
(C2C12) [126] 

Cross pattern of lined 
HUVECs on C2C12 layer  

- Frequent culture of lined HUVECs by a 
magnetic concentrator on C2C12 layers to form 

3D tissue construct 
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2.3.1.1.2 Magnetic field from the top of culture 

Souza et al introduced a method called “magnetic levitation” to produce cell 

constructs by putting the ring magnets on top of the non-adhesive plates and then 

floating and accumulating the labelled cells with nano magnetic particles under the 

meniscus [127, 128]. Particles are called NanoShuttleTM-PL, which is a combination of 

gold, iron oxide, and poly-L-lysine to bind to cell membranes via electrostatic 

interactions. Different types of cells have been used in this method to produce a simple 

or co-culture such as normal human astrocytes, human glioblastoma, murine neural 

stem cells [127], aortic smooth muscle cells [129], pre-adipocyte and brain endothelial 

cells for adipose tissue engineering [130], valvular endothelial and valvular interstitial 

cells for production of aortic valve [131], smooth muscle cells, fibroblasts and epithelial 

cells to produce a 3D co-culture of the bronchiole [132].  

To float the cells, magnetic force must overcome the difference in gravity force 

and buoyancy force by media [127] which prolongs the formation of structures to at 

least 27 hours. Kim and co-workers added an iron pin to the magnets in this method to 

produce more concentric and influential magnetic flux density up to 7 times compared 

to using a flat magnet [133], but still the assembly time was reduced to 18 hours.  

There are also some reports that have not used magnetic-forced driven assembly 

to produce 3D structures from labelled cells with MPs. However, external MF was used 

for manipulation of the structures and enhancement of fusion in post-production [134-

136]. Moreover, Grogan and colleagues have reported the possibility of 3D arrangement 

of labelled chondrocytes with iron oxide particles in hydrogels using MF [137]. This 

method could be appropriate for tissues with non-uniform cells pattern or organisation. 

Cellular patterns within an alginate gel was achieved using a calcium chloride 

crosslinking gradient and changing the position of the magnet in specific time intervals 

to give different orientation to the labelled cells with MPs inside the gel. 

As it is evident, in almost all of these reports, nanoparticles have been used to 

label the cells. This, in turn, increases the possibility of engulfment of particles by cells 

which might affect the function of cells. Also, it would decrease the possibility of tuning 

and limit the magnitude of force to the produced cell constructs due to the small size of 

the particles. Also, the effect of magnetic force on the behaviour of 3D structures such as 

proliferation, differentiation and migration has not been directly evaluated in these 

studies. 
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2.3.1.2 Apply mechanical force to cells by magnetic field-magnetic particles 

In this method, micro- or nanoparticles made of a magnetic core (usually iron 

oxides (e.g. Fe3O4) or CrO2) and polymer coating are used to convey the mechanical 

force produced by a magnet to the cell membrane [138]. Peptides like RGD and proteins 

such as collagen and fibronectin are used to bind the polymeric coat of the particle to 

the cell membrane receptors like integrins that are the family of adhesion receptors 

responsible for mediation of interaction between cells and ECM [139-141]. Magnetic 

load could be adjusted by changing the MF strength or magnetic properties of particles. 

Rare earth permanent magnets (e.g. NdFeB) with constant magnetic properties [142] or 

a magnetic coil with the ability to change MF strength by altering voltage and current 

[140] could be used. The size of particles varies from nanometers to micrometers 

depending on their application [138].  This technique can be applied in studying the 

mechanical properties of cells, mechanosensitive ion channel signalling pathways, 

activation of targeted specific ion channel or impart force to intercellular adhesive 

contacts [138, 140, 143, 144]. 

2.3.1.2.1 Methods of applying force 

There are two general ways to apply force to labelled cells with MPs by MF: (1) 

translational force that displaces cell surface vertically [141, 142] and (2) twisting or 

rotational force that imparts torque to particles attached to the cell membrane [40, 

143]. 

a) Translational force to cells 

According to Glogauer et. al. it is possible to apply force to the dorsal surface of 

cells by placing a permanent magnet on top of the culture dish. Using magnetic beads 

attached to the integrin receptors and exposed to magnetic field, the membrane could 

be dragged vertically [142]. The strength and direction of applied magnetic field and 

also number of magnetic particles attached to the cell membrane affect the area covered 

by the force and direction of deformation [145]. If these forces are in the range of 

physiological stresses, particles would not be detached and the cell membrane would 

not receive any damage [145]. By conjugating the particles with specific ligands or 

antibodies, the possibility of targeting specific cellular components or surface bound 

receptors could be achieved [139-142].  
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b) Twisting the cytoskeleton  

The other type of applying force reported by Wang and co-workers was based on 

a rotational force imparting a shear stress to the cell membrane for examination of 

mechanical properties of the cytoskeleton [40]. After binding ferromagnetic 

microparticles coated with RGD to the cell membrane, they were magnetized and 

aligned by exerting a strong magnetic field (1000G) for a short time (10µs). A second, 

weaker magnetic field was applied in a perpendicular direction to the first one which 

caused rotation of particles, putting a torque on cell membrane receptors because of 

cytoskeleton resistance to twisting. Since this method, contrary to the translational 

force, does not propose the whole deformation of membrane, it might be an ideal tool 

for studying the role of specific receptor and adhesion proteins in mediation of 

mechanotransduction [145]. Hu and colleagues also used this mechanism to produce 

more complicated device called 3D magnetic twisting cytometer comprising three pairs 

of coils oriented along three orthogonal axes with control over the magnitude and 

frequency that applied oscillatory pure torque to magnetic beads for studying the 

deformation patterns of cytoskeleton by mechanical signalling [143]. 

It was also demonstrated that the magnitude of torque applied to the cell 

membrane when internalized particles were twisted exceeded the one with the surface-

attached particles, so in this situation more loading stimulus might be achieved [146]. 

Besides, internalized particles may affect some mechanotransduction signalling 

pathways. This might be obtained by changing membrane tension and curvature and 

subsequently activity of stretch activated ion channels and enzymes coupled to the 

membrane or cytoskeleton [146], but it could be difficult to control the intracellular 

location of particles. 

Different studies have been done so far on the labelling of the cells with MPs to 

evaluate the effect of exposure to MF and the majority of them have focused on cell 

types like human osteoblasts, myoblasts and MSCs [30, 139, 147-149]. However, almost 

all of these studies have just focused on 2D in vitro studies and just few studies have 

examined the direct effect of attached MPs to the cell membrane receptors over a long 

period for tissue engineering applications [139, 146, 150].  

RGD-coated ferromagnetic particles (CrO2) with the diameter of 4-4.5 µm were 

adhered to primary human osteoblast cells with the concentration of about 2 particles 

per cell and exposed to cyclic magnetic field for a 21-day period that was claimed to be 
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the first study that examined the long term exposure in 2002 (Fig 2- 18) [139]. This 

report found that tagging cells with particles had no negative effect on the viability of 

cells; however, up-regulation of osteopontin was seen in the experimental group 

compared to the control by real-time RT-PCR. A small amount of mineralization in the 

former group also might be due to mechanical stimulation by MPs and MF. Photographs 

also showed that many of the particles stayed outside of the membrane at first, but 

internalization of particles was completed by day 21 when they moved towards the 

nuclei. However, these internalized particles had no significant effect on cell 

morphology and viability and did not cause damage to the actin cytoskeleton [146]. Yet, 

mechanical manipulation of internalized MPs led to intracellular calcium signalling. 

Comparing the cells with internalized particles and also integrin targeted particles 

exposed to MF showed that the former group carried a higher percentage of responding 

cells, demonstrating the possibility of using magnetic stimulation over a long period. 

However, cells with internalized particles showed longer time for the launch of 

response, maybe due to difference in signalling cascade responsible for increased 

calcium signalling in the two groups [146]. 

This team also used this set-up to design a bioreactor in which they concluded 

that the actuation of cells seeded into a cylindrical PLLA scaffolds (3D) led to significant 

up-regulation of osteocalcin and osteopontin compared to control (only cells) [150].  

Other studies have intentionally used small internalised particles and showed 

that using these particles might have the same effect on cells` behaviours, like those 

which were attached to the cell surface receptors and then became internalized. 

Yuge studied the effect of magnetic force on differentiation of normal human 

osteoblasts (NHOst) by introducing fluorescein isothiocyanate-labeled MPs with 

diameter of 0.05 µm into the cytoplasm of cells and subjecting them to a MF generated 

by two magnets with the ability to be adjusted to 0.01, 0.03, or 0.05T at the centre of 60-

mm culture dish [147].  

According to their results, there was no difference in the percentages of viable 

cells in treated groups compared to the control. However, morphology, appearance of 

AlPase activity, formation of bone nodules and calcium deposition were substantially 

related to the intensity of the MF. This team also used the same setup for applying MF to 

labelled rat myoblast cell line, L6, by fluorescein isothiocyanate- conjugated MPs with 

diameter of 0.05-0.1 µm. Then, morphology, formation of myotubes and production of 
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myogenin were examined [30]. They found that like osteoblasts, cells containing MPs 

became larger and were elongated along the axis of the magnetic poles. The number and 

size of myotubes also increased directly by magnetic intensity.  

Yet, while the effect of mechanical stimulation on pre-adipocytes was reported 

by traditional methods like using stretchable substrates, but a research on the effect of 

MPs and MF on behaviour of this type of cells has been ignored.  

2.4. Summary and scope of work 

Firstly, it is well known that the mechanical stimulation would affect the cells 

behaviour by mechanotransduction phenomenon and/or activation of signalling 

pathways. This concept has led to emergence of tissue distraction concept in tissue 

engineering for healing different tissue disorders in the body. The concept of labelling 

cells with MPs and exposure of them to a MF for mechanical stimulation is very 

attractive which has been demonstrated in some examples such as osteoblasts, 

myoblasts, and stem cells. However, pre-adipocyte cells, as one of the main component 

of adipose tissue which are mechanosensitive, have not been studied by this method. 

Secondly, positioning of cells and having sufficient cell-cell interactions are very 

important aspects in tissue engineering, especially in co-culture, which could be 

challenging in methods like scaffolding. MPs and MF has the potential to apply active 

forces to labelled cells, remotely to manipulate and arrange them and also produce 2D 

and 3D constructs. Also, as stated in § 2.3.1.2, this force would be a source of mechanical 

stimulation for single cells or cell constructs with spatial and temporal control during 

the assembly or after, which can affect the cells` behaviour. Only one previous study has 

investigated using this concept for production of pre-adipocyte cell spheroids [130], In 

this study, authors have used the assembly of iron oxide (Fe2O3) and gold (Au) 

nanoparticles to levitate the cells and make the cell constructs. As mentioned earlier in 

§ 2.3.1.1.2, the magnetic force must overcome the gravity force which in turn prolongs 

the assembly time of cell structures. Also, using nanoparticles inherently limits the 

magnitude of force applied to labelled cell due to particles` small size. Moreover, the 

effect of MF and magnetic force on the proliferation and differentiation of pre-adipocyte 

cells and subsequently cell spheroids has not been evaluated.  
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Therefore, as outlined in § 1.2, the main objective of this thesis was to find if 

magnetic manipulation of labelled cells with MPs could be used to improve adipose 

tissue engineering. 

This thesis composed of three experimental chapters, which are organized from 

2D to 3D cell culture. Based on § 2.1.1, pre-adipocyte cells were chosen as one of the 

main components of adipose tissue. Fibroblasts were also used for co-culture studies. 

Besides, as discussed in § 2.3.1.2, micro MPs and permanent magnets were used to label 

and manipulate the cell. 

Chapter 3, “Mechanical stimulation and patterning of cells by magnetic field and 

magnetic particles: two dimensional studies,” covered the effect of MPs and MF in 2D 

culture of pre-adipocyte and fibroblast cells. Cell were labelled with MPs and exposed to 

MF for proliferation studies. Also, differentiation of pre-adipocytes towards the mature 

adipocytes was investigated under the effect of magnetic force. Finally, permanent 

magnets were used to pattern the labelled cells with MPs in simple and co-culture. 

Chapter 4, “Rapid construction of 3T3-L1 cells spheroids using magnetic particles 

and magnetic field,” investigated the potential of MF in production of 3D cell constructs 

from pre-adipocytes due to the limitations associated to 2D culture. Finite element 

software (FEMM) was utilized to simulate the MF. Also, produced spheroids were 

studied in terms of morphology, fusion, and production of hybrid structures. 

In chapter 5, “Manipulation of 3D spheroids: proliferation, differentiation, and 

migration studies,” the produced spheroids in chapter 4 were exposed to a MF to study 

its effect on proliferation and differentiation in 3D culture. Also, migration studies were 

conducted by evaluating the change in size and shape of the spheroids as well as 

tracking the individual cells.  
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Chapter 3.  
Mechanical stimulation and patterning of cells 
by magnetic field and magnetic particles: two 
dimensional studies   
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3.1. Introduction 

As discussed in previous chapter, pre-adipocytes and adipocytes are considered 

as mechanoresponsive cells which respond differently to the external loads applied to 

adipose tissue, especially in weight-bearing tissues. These reactions are usually evident 

in their behavior such as change in the morphology or differentiation patterns. 

Moreover, other sort of cells, mainly cells in hard tissues like osteoblasts, had been 

studied to gain the advantage of using magnetic particles (MPs) and magnetic field (MF) 

for mechanical stimulation [139, 149]. But, adipocytes and pre-adipocytes, as the major 

cells of adipose tissue, face a lack of comprehensive study in the literature in this regard. 

So, this chapter describes the utilization of MPs and MF for mechanical stimulation of 

pre-adipocyte and fibroblast cells, as well as their patterning and co-culture in 2D 

culture.  

To achieve this aim, the first part is focused on the characterization and 

optimization of MPs and MF and also measurement of magnetic force for the 

experimental work throughout the thesis.  

Furthermore, 3T3 fibroblasts and 3T3-L1 pre-adipocytes, as the building blocks 

of adipose tissue, were labelled with MPs. They were then exposed to an external MF to 

evaluate the effect of mechanical stimulation on their proliferation and differentiation.  

Finally, the study assessed the potency of MF in patterning of pre-adipocytes in 

different geometries and also their co-culture with fibroblasts, as one of the components 

of adipose tissue [53].   

3.2.  Materials and methods 

3.2.1. Cells and culture 

3T3 fibroblasts (obtained from department of Anatomy and Neuroscience, The 

University of Melbourne) and 3T3-L1 pre-adipocytes (ATCC® CL173™, obtained from 

O`Brien Institute, St Vincent’s Hospital, Melbourne) were cultured at 37 ͦC under a 

humidified atmosphere of 5% CO2 and 95% air in Dulbecco’s Modified Eagle Medium 

(DMEM) (Sigma-Aldrich, NSW, Australia) supplemented with 10% fetal bovine serum 

(FBS) (GIBCO, Life Technologies, VIC, Australia), L-Glutamine (0.5%) (Sigma-Aldrich, 

http://maps.unimelb.edu.au/parkville/building/181/anatomy-and-neuroscience
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NSW, Australia), and streptomycin/penicillin (0.5%) (Sigma-Aldrich, NSW, Australia). 

The culture media was changed every 3 days.  

3.2.2. Characterization of magnetic particles 

Ferromagnetic microparticles with the characterizations mentioned in Table 3- 1 

were purchased from Spherotech Inc, Australia. These spherical particles are composed 

of a polystyrene core and a coating of magnetite which are functionally carboxylated. As 

mentioned in previous chapter, it was hypothesized that using these large 

microparticles compared to nano particles would reduce the possibility of 

internalization by the cells and also increase the magnitude of applied magnetic force to 

the cells. 
Table 3- 1: Characteristics of ferromagnetic particles provided by the manufacturer 

Functional group of the 
surface Concentration Density Diameter 

Carboxyl groups 2.5% w/v (25 mg/ml);  
3.67×108 particles/mL 1.58 g/cm3 4.5 µm 

 

 

To measure the error range in the size of MPs, a suspension was prepared in 

phosphate-buffered saline (PBS) (Sigma-Aldrich, NSW, Australia) and imaged under the 

light microscope (Olympus IX71, Australia). Using the thresholding function of the open 

source image processing software ImageJ (https://imagej.nih.gov/ij/), the perimeter 

values of the particles in the image were calculated. Finally, the diameters of particles 

were calculated from the obtained perimeter. Purified water (Millipore Simplicity™ unit, 

France, purified to a resistivity of ≥18.2 MΩ.cm) was used for making the aqueous 

solutions in all experiments of this study. 

3.2.3. Magnetic separation 

Unlike non-magnetic materials, separation of MPs from the liquids that they 

were suspended in was performed using the magnetic separation. To achieve this, a 

block magnet (40×15×8mm, MicronWings magnets, Queensland, Australia) was placed 

next to the tube containing the MPs suspension for 3 minutes. This time was enough to 
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completely separate the MPs from the liquid and then the supernatant could be 

removed. Utilizing this method eliminated the need for centrifugation systems. 

3.2.4. Functionalization of magnetic particles with RGD 

As RGD is one of the extensively used peptides that enhances binding surfaces to 

the cell membrane receptors like integrin [117, 151], functionalization of MPs was 

performed for mechanical stimulation of pre-adipocytes. According to the protocol 

provided by the manufacturer of MPs for conjugation of peptides on the carboxylated 

particles, 2 mL of stock MPs were transferred to a 15 mL conical tube (Falcon, 

Australia). After aspiration of the liquid, MPs were incubated with a fresh solution of 

100mM (1-ethyl-3(-3-dimethylaminopropyl) carbomiimide hydrochloride) (EDC) 

(Sigma-Aldrich, NSW, Australia) and 25 mM N-hydroxysuccinimide (NHS) (Sigma-

Aldrich, NSW, Australia) in 1 mL PBS for 30 minutes to activate the carboxyl groups at 

room temperature. Then, after aspiration of the EDC/NHS solution, MPs were 

suspended in 500µL PBS containing 0.5 mg cyclic RGD (Arg-Gly-Asp) peptide 

(C(RGDfK), Peptides International, Louisville, Kentucky, USA) for 2 hours.  Finally, after 

aspiration of peptide solution, MPs were washed 3 times with 1 mL PBS to remove 

unbound peptides. Sterilization of MPs was performed by suspending them in 2 mL of 

70% (v/v) ethanol (>99% purity, Chem-Supply, Australia) in water for 1 hour. After 

aspiration of ethanol, MPs were washed 3 times with 2 mL sterilized PBS in a biological 

safety cabinet to completely remove the ethanol residues. Finally, they were suspended 

in 2 mL sterilized PBS to obtain the initial concentration (2.5% w/v).  

3.2.5. Cell viability studies 

Different concentrations of MPs (15, 30, 45, and 60 µg/mL) were introduced to 

the 96-well plates (Costar, Sigma-Aldrich, NSW, Australia) containing 2500 cultured 

pre-adipocyte cells. After 24 hours, MTS assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (CellTiter AQueous One 

Solution Cell Proliferation Assay, Promega, NSW, Australia) was conducted to examine 

the viability of cells in presence of MPs. Reagent was added to each plate according to 

Promega`s protocol for MTS assay kit and incubated at 37 ͦC for 3 hours. Finally, the 

https://www.promega.com/%7E/media/files/resources/protocols/technical%20bulletins/0/celltiter%2096%20aqueous%20one%20solution%20cell%20proliferation%20assay%20system%20protocol.pdf
https://www.promega.com/%7E/media/files/resources/protocols/technical%20bulletins/0/celltiter%2096%20aqueous%20one%20solution%20cell%20proliferation%20assay%20system%20protocol.pdf
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absorbance was recorded by microplate reader (Varian Cary 50 Microplate Reader, 

Varian Australia Pty Ltd) at 490 nm. 

3.2.6. Labelling cells with magnetic particles 

The labelling of cells was achieved by incubating them with MPs. To optimize 

this, first 1×105 cells were cultured in 6-well plates (Costar, Sigma-Aldrich, NSW, 

Australia). Then, fresh culture media containing 15 and 30 µg/mL sterilized MPs was 

added to the cells. They were incubated for both 4 and 24 hours to find the optimum 

time for attachment of MPs to the cells. After washing the cells with 1 mL PBS twice to 

remove unbound particles, they were incubated with 300µL trypsin/EDTA (0.25%, 

Gibco, Life Technologies, VIC, Australia) for maximum 2-3 minutes. While this 

incubation time was enough to detach the cells from the culture surface, still it did not 

have a negative effect of significantly removing the MPs from the cells. At this stage, 

magnetic separation was used again to separate labelled cells from their unlabeled 

counterparts. To achieve this, the abovementioned block magnet was placed next to the 

1.5 mL micocentrifuge tube (Eppendorf, Sigma-Aldrich, NSW, Australia) containing 

suspended cells for up to 3 minutes, followed by removing the supernatant and re-

suspending in 1 mL fresh culture media. Finally, the number of remaining labelled cells 

was counted with the aid of a haemocytometer (Bright-Line, USA).  

3.2.7. Assessing potential magnetic particle internalization by cells 

The possibility of MP internalization by pre-adipocyte cells was evaluated by 

confocal microscopy. To do this, cells were incubated with MPs for 3 days and then a 

suspension of labelled cells was prepared as mentioned before. After magnetic 

separation and aspiration of the culture media, their cytoplasm was stained with Green 

Cytopainter Cell Tracking staining kit (Abcam, VIC, Australia) according to the 

instructions provided by the manufacturer of the kit. After the staining, cells were 

washed in 1 mL PBS twice and resuspended in 500 µL fresh culture media. They were 

then transferred into a cell chamber slide (Nunc™ Lab-Tek™ Chamber Slide System, 

Thermofisher Scientific, VIC, Australia) and completely settled at the bottom of the 

chamber by utilizing the block magnet. Eighteen confocal images (Leica TCSPC confocal 

microscope, Leica Microsystems Pty, Ltd, Germany) were captured in the z-plane with 
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the increments of 0.9 µm. Finally, pictures were rendered in NIS-Element Viewer (Nikon 

Instruments Inc, USA) to produce top, right and lower side views. 

To further study the position of attached MPs in cultured cells, SEM imaging was 

performed. First, 15 mm glass coverslips (Thermofisher Scientific, VIC, Australia) were 

coated with fibronectin to enhance the cells’ attachment to them. To achieve this, 

coverslips were sterilized with 80% (v/v) ethanol for 30 minutes and washed 3 times 

with sterile PBS to remove the ethanol residues. Then, 100 μL of 50 μg/mL of 

fibronectin solution (Life Technologies, VIC, Australia) in sterile water was placed on 

each coverslip and incubated for 45 minutes under the biosafety cabinet to drain. Then, 

coverslips were placed inside a 24 well plate (Costar, Sigma-Aldrich, NSW, Australia) 

and pre-adipocytes were cultured on them overnight. Cells were then labelled with MPs 

by incubation for 3 days, and fixed with 4% (w/v) paraformaldehyde in PBS (USB 

Corporation, USA) for 30 minutes.  Afterwards, they were serially diluted in ethanol (20, 

50, 70, 90, and 100% (v/v) in water) for 10 minutes each to dehydrate and then dried 

using hexamethyldisilazane (Sigma-Aldrich, NSW, Australia) under the fume hood 

overnight. Finally, coverslips were removed from the plates and gold sputtered with a 

Dynavac SC100 (Dynavac, USA) and images were captured using a FEI Quanta Cryo SEM 

(Bio21 Institute, Melbourne). 

3.2.8. Magnetic force production 

 To apply magnetic force to cells, they were first labelled with MPs and then 

exposed to high gradient of magnetic fields produced by permanent magnets. In this 

regards, cylindrical Neodymium-Iron-Boron (diameter: 22mm; height: 10 mm; Grade: 

N45; pull strength: ~15.5 kg, Alpha Magnetics Pty Ltd, VIC, Australia) were utilized to 

produce static translational force. They were positioned on top or under the culture 

plates to apply stretch or compression to cells attached to the plate, respectively. The 

magnitude of applied MF and, accordingly, the magnetic force also could be tuned by 

changing the distance of the magnet`s surface pole from the cell culture plate. 

The magnetic field of the magnets was measured using the gauss meter (GM2, 

Alpha Lab Inc, USA) with the sensitivity of up to 30k gauss and a probe that was stable 

down to ±0.03 gauss. The position of the probe was controlled by a micrometric 

position controller (Applied Scientific Instrumentation, MS2000, USA) (Fig 3- 1).  Then 
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the magnetic field lines and strength were plotted in a plane perpendicular to the pole 

surface (x, y). 

 
Fig 3- 1: Set-up for measurement of magnetic field components of the cylindrical magnet (diameter: 

22mm, height: 10 mm; Grade: N45) 

3.2.9. Measurement of magnetic force: 

To measure the magnetic force (FM) applied to the cells, Stoke’s law was used 

according to the Equation 3- 1 [152]: 

FM = 6πrµν   Equation 3- 1 

Where:  

FM (N): dragging magnetic force due to the magnetic field 

r (m): radius of MPs 

ν (m/s): velocity of MPs 

µ (Pa.s): viscosity of the suspending liquid 

A chamber was made by adhesion of a 20×20mm coverslip (Thermofisher 

Scientific, VIC, Australia) to a glass slide (Thermofisher Scientific, VIC, Australia) using 

Micrometric position 
controller 

Gauss meter 

Probe 

Magnet 
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two double-sided tapes to produce a channel with the height of 160 µm (Fig 3- 2). The 

chamber was positioned on the microscope stage (Olympus IX71, Australia) and the 

magnet was positioned at the edge of the channel. The center for the field of view was 

set to 15 mm from the magnet pole (equal to the height of the 96 well plates used later). 

Next, labelled cells with MPs were suspended in 70% (v/v) glycerol in water [152, 153] 

and loaded inside the chamber. Using Micro-manager software (Open Imaging Inc, USA) 

pictures were taken at 6-second intervals. The velocity was calculated by measuring the 

displacement of 20 cells in ImageJ software. 

 
Fig 3- 2: Schematic of the chamber designed for measurement of magnetic forces; labelled pre-adipocytes 

with MPs were suspended in 70% glycerol and loaded inside the channel in presence of MF. 

3.2.10. Mechanical stimulation of cells and proliferation studies 

In order to study the effect of MPs and MF on the proliferation of the cells, 

CellTiter-Blue® Cell Viability Assay (Promega, NSW, Australia) was carried out. For 

fibroblasts, 2500 cells per well were cultured in 96 well plates in quadruplicate for 4 

hours to let the cells attach to the plate. MPs were loaded and incubated again for 4 

hours to perform the labelling process. Cells were then subjected to the MF by placing 

the magnets on top of the plates in contact with the lids (15 mm from culture surface) 

so that each well was placed at the center of the magnet. The experimental groups were 

as: (1) Cells: cells alone as the control group; (2) Cells+MPs: cells with just MPs; (3) 

Cell+MF: cells in presence of MF; (4) Cells+MPs+MF: labelled cells with MPs exposed to 

the MF. The same process was repeated for pre-adipocyte cells. In this case, two types of 
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MPs (stock (uncoated) MPs and RGD-coated MPs) were introduced to the cells. Also, 

cells were exposed to stretching and compression forces by placing the magnets on top 

or under the dish at the same distance of 15 mm from culture surface. The experimental 

groups were: (1) Cells: cells alone as the control group; (2) Top MF: cells exposed to MF 

from the magnets placed on top of the plate; (3) Bottom MF: cells exposed to MF from 

the magnets placed under the plate; (4) Stock MPs: cells introduced to just stock MPs; 

(5) RGD MPs: cells in presence of just RGD-coated MPs; (6) Stock MPs+Top MF: labelled 

cells with stock MPs exposed to the MF from top magnets; (7) RGD MPs+ Top MF: 

labelled cells with RGD-coated MPs exposed to the MF from top magnets; (8) Stock 

MPs+ Bottom MF: labelled cells with stock MPs exposed to the MF from magnets under 

the plates; (9) RGD MPs+Bottom MF: labelled cells with RGD-coated MPs exposed to the 

MF from magnets under the plates.  After 3 days of cell culture, CellTiter-Blue reagent 

was added to each well according to the Promega`s protocol for the assay kit, followed 

by a 3h incubation at 37 ͦC. Finally, the solution in each well was transferred to black 96 

well plates, the fluorescent signal was recorded at 560 Ex/590Em and the results were 

normalized to the values obtained from the control group. 

3.2.11. Mechanical stimulation and differentiation of 3T3-L1 pre-
adipocytes 

To study the effect of MF and magnetic force on the differentiation of 3T3-L1 

towards mature adipocytes, four experimental groups were designed as follows: (1) 

Cells: cells alone as the control group; (2) Cell+MF: cells in presence of MF; (3) 

Cells+MPs: cells with just MPs; (4) Cells+MPs+MF: labelled cells with MPs exposed to 

the MF. For each group, 2×104 cells were seeded into 96 well plates. After culturing and 

labelling the cells with MPs as described in previous section, for the differentiation 

groups, the medium was changed to adipogenic media  containing 1 μM dexamethasone, 

0.5 mM 3-isobutyl-1-methylxanthine, 200 μM Indomethacin, and 10 μg/ml insulin (all 

from Sigma-Aldrich; kindly provided by O`Brien Institute, St Vincent’s Hospital, 

Melbourne) [154, 155]. Finally, cells were exposed to the MF by placing the magnets on 

top of the plates and incubated for 14 days at 37 ͦC. The same process was conducted in 

presence of regular culture media for undifferentiated studies.  The medium was 

changed every 3 days and the adipogenesis was examined after two weeks. To study the 

differentiation, morphological characteristics and also triglyceride content of the cells 
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were assessed by optical microscopy. To measure the lipid contents, Oil red O staining 

was performed according to the standard protocols. Briefly, the working solution was 

prepared by dissolving 0.3% w/v Oil Red O (Cayman Chemical Company, Sapphire 

Bioscience, NSW, Australia) in absolute isopropanol (Merck Millipore, VIC, Australia). 

Just before use, 3 parts of Oil Red O stock solution were diluted with 2 parts of distilled 

water and then filtered using a 0.22 μm syringe filter (Millex® GP sterile filter unit, 

Sigma-Aldrich, NSW, Australia). Cells were fixed by 4% paraformaldehyde for 30 min in 

room temperature and then washed with 100 μL PBS twice. 50 μL of Oil Red O staining 

solution was added to completely cover the culture for 1 hour and finally the free dye 

was washed out thoroughly by distilled water. Staining the cell nucleus was also 

achieved by haematoxylin for 5 minutes, followed by a PBS wash twice.  To quantify the 

lipid contents, 10 images were captured per each well in a consistent manner according 

to Fig 3- 3 using the optical microscope. Captured images were converted to RGB stack 

and then lipid droplets were selected using threshold plugin of ImageJ. Finally, the 

surface area covered by lipids was calculated utilizing the “measure” command.  

 
Fig 3- 3: Schematic of taking images from 96 well plates for quantifying the adipogenesis; 10 images were 

captured from each well by consistent manner.  

3.2.12. Patterning the cells with magnetic field 

In an attempt to use magnets for arranging the labeled cells with MPs in desired 

patterns, block (L=3mm, W=3mm, t=1 mm; called M331), cylindrical (D=1mm, h=1mm; 

Culture plate 
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called M11), and ring (Dout=2mm, Din=1mm, h=1 mm; called R211) magnets 

(MicroWings, Queensland, Australia) were utilized. To produce linear and ring patterns, 

1×105 labelled pre-adipocytes were cultured in a 6-well chamber slide placed on the 

M331 (3×1 mm pole) or R211 ring magnets for 4 hours, respectively. 3D structures 

(55×25×2mm) with different mount shapes were made by 3D printing (Objet 

Eden260V, USA) to hold the magnets under the cell chambers (Fig 3- 4).   

 
Fig 3- 4: 3D printed mount for holding the magnets under the cell chamber slides 

After aspiration of media and washing with 500 μL PBS twice, cells were fixed 

with 4% paraformaldehyde for 30 minutes, then stained by haematoxylin for 5 minutes 

and ultimately observed under the optical microscope. Moreover, MF was utilized to co-

culture pre-adipocyte and fibroblast cells in two different structures. First, labeled pre-

adipocytes and fibroblasts with MPs were stained with green and blue Cytopainter Cell 

Tracking staining kits, respectively. Then, for the layer-by-layer co-culture, 1×105 pre-

adipocyte cells were loaded into the channel of the custom-made chamber in § 3.2.9 in 

the absence and presence of a M331 magnet at the side (Fig 3- 5). After 10 minutes of 

incubation at 37 ̊C, the same number of fibroblasts was added into the chamber. 

Fluorescence microscope (Olympus IX71, Australia) was used to reveal the produced 

culture. For core-shell culture, the same number of labeled pre-adipocyte cells was first 

seeded in the 6-well chamber slide on the M11 magnet (Fig 3- 6). After 1 hour, the M221 
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magnet substituted the pervious magnet and labeled fibroblasts were cultured for 

another hour.  

 
Fig 3- 5: Schematic of the set up for layer-by-layer co-culture of 3T3-L1 pre-adipocytes and 3T3 
fibroblasts; A chamber was made by adhesion of a coverslip to a glass slide by double-sided tape 

(thickness of channel=160 µm); Cells were added to the chamber stepwise in the presence and absence of 
a M331 magnet 

 
Fig 3- 6: schematic of the stepwise use of M11 (cylindrical: D×h=1×1 mm) and R211 (ring: Din × Dout 
×h=1×1×2 mm) magnets under the chamber slide to produce core-shell structures from 3T3-L1 pre-

adipocytes and 3T3 fibroblasts 
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3.2.13. Statistical analysis: 

Statistical data analysis was performed by a two-tailed student`s t-test. The data 

is reported as mean ± standard deviation and significance was considered at p<0.05.  

3.3. Results and discussion 

3.3.1. Characterization of magnetic particles 

All experiments were conducted using 4.5 µm particles. To obtain the size 

distribution of the MPs, an optical image was obtained (Fig 3- 7A). Using the image 

processing (ImageJ software) and the thresholding function (Fig 3- 7B), perimeter and 

diameter of particles were calculated (Appendix A 1). Frequency distribution histogram 

showed that the majority of particles had uniform size around 4.5 µm, while some 

showed larger sizes (Fig 3- 8).  

 
Fig 3- 7: (A) Optical microscopy image of MPs; (B) the processed image using ImageJ software for particle 

analysis (scale bar: 10 µm) 
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Fig 3- 8: Frequency distribution histogram of magnetic particles` size (n=37) 

3.3.2. Assessing the potential internalization of magnetic particles by 
cells 

Confocal microscopy and also SEM were performed to track the fate of MPs when 

they attach to the cells. To locate the particles in suspended cells, they were first stained 

with green cellTracking kit and then a series of confocal images were captured in z 

direction. Finally, top, right and lower-side views of the cells were rendered in NIS-

Elements Viewer software. Results revealed that MPs were positioned on the cell 

membrane without being internalized (Fig 3- 9A-C). Also, to place the MPs more 

precisely according to the cells in 2D culture, SEM microscopy was conducted. Fig 3- 9D 

exhibited the fixed pre-adipocyte cells along with MPs. It was obvious that MPs were 

attached to the external part of the cells membrane in 2D culture which also confirmed 

the findings in cell suspensions. Generally, smaller particles are more suitable for 

activation of specific ion channels while larger ones could be used in deformation of the 

cell membrane and studying its mechanical properties [138], but there are studies that 

have used micro particles for mechanosensitive ion channels [148]. However, by 

reducing the size of these particles, the possibility of being internalized through 

different cell mechanisms might be increased in long term stimulation. This brings the 

concern in some studies that the internalized particles might affect the health of the 

cells by interrupting internal parts like mitochondria [156, 157]. Yet other factors such 
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as cell type, hydrophobicity, protein coating on the particle and surface charge of a 

polymer on the surface of MPs have direct effect on internalization. For instance, it was 

shown that osteoblast and endothelial cells can phagocytose MPs with the same particle 

size as used in our experiments (4.5 µm) in hours rather than days [146, 158]. However, 

it was reported that MPs` size for phagocytosis could be about 10 µm in cell types like 

macrophages [145, 146].  

 
Fig 3- 9: (A-C) Confocal microscopy of labelled 3T3-L1 pre-adipocyte cell with magnetic particles; the 

cytoplasm of the cell was stained with green CellTracking kit; top (i), right (ii) and lower-side (iii) views 
were produced in NIS-Elements Viewer software; Orange cross points to the position of magnetic 
particles attached to the cell membrane in each view (scale bars: 10 µm); (D) SEM micrograph of 

magnetic particles attached to the cell membrane (scale bars: 50 µm) 
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3.3.3. Cell viability and labelling: 

To examine the toxicity of MPs, different concentrations were introduced to 3T3-L1 pre-

adipocytes for 24 hours and then MTS assay was performed. This assay is a colorimetric 

method which evaluates the number of viable cells in proliferation and cytotoxicity 

studies. It is important to note that free MPs were separated from the solutions before 

transferring to the 96-well plate to gain the absorbance by the microplate reader. Fig 3- 

10 demonstrated that increasing the concentration of MPs in the final solution of MTS 

assay, increased the values obtained from the assay. So, to exclude such factors that 

were not related to the experiment, data was normalized to the values obtained from 

control group with cells alone. MTS assay results showed that the viability of cells was 

concentration-dependent (Fig 3- 11). Lower doses of MPs (<30 µg/mL) did not have any 

adverse effect on the cells growth. However, increasing the load of the MPs to 45 µg/mL 

started to have significant effect on the number of viable cells where this number 

reached around 50% in 60 µg/mL. So, 30 µg/mL was considered as the highest dose of 

MPs for future studies (Appendix A 2). 

 

 
Fig 3- 10: Effect of magnetic particles (MPs) on the absorbance of the culture media in MTS assay 
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Fig 3- 11: Effect of magnetic particles concentration on the viability of pre-adipocyte cells relative to the 
control without magnetic particles by MTS assay after 24 hours; results were normalized to the values 

obtained from the control group (n=4, * p<0.05, ** p<0.01) 

 

To find the optimum concentration of MPs and also incubation time for cell 

culture and labelling, 1×105 3T3-L1 pre-adipocytes were cultured in 6-well plates. Then, 

two concentrations of MPs (15 and 30 µg/mL) were added. After 4 and 24 hours, cells 

were trypsinized and magnetic separation was conducted to isolate the labelled cells. 

Results (Fig 3- 12) showed that the number of labelled cells in 30 µg/mL sample was as 

almost double that in 15 µg/mL. Moreover, increasing the incubation time of the cells 

with MPs to 24 hours led to a threefold growth for both concentrations (Appendix A 3). 

So, considering these findings and also cell viability results, 30 µg/mL concentrations of 

MPs and incubation time of 24 hours were picked for operating the experiments. 
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Fig 3- 12: Effect of magnetic particle concentration and incubation time on the number of labelled cells 

(n=3, * p<0.05) 

We also examined the effect of RGD treatment on the number MPs attached to 

pre-adipocytes. Following the above-mentioned procedures to label the cells and 

making a suspension, the number of stock and RGD-coated MPs attached to 96 cells was 

counted under the optical microscope. Fig 3- 13 illustrated that in both situations, cells 

carried the same average number of ~4 MPs per each cell (Appendix A 4). However, by 

plotting the frequency distribution histogram, it was evident that using RGD on the 

surface of the MPs resulted in more uniform distribution in the number of attached 

particles (Fig 3- 14, Fig 3- 15, Appendix A 5). As mentioned before, RGD is one of the 

extensively used peptides that binds particles to the cell membrane receptors like 

integrin. These are the family of adhesion receptors responsible for mediation of 

interaction between cells and ECM [151]. Chandler and co-workers have shown that 

using the RGD peptide can regulate adhesion and spreading of pre-adipocyte cells by 

providing adhesion sites [159]. So, RGD was utilized to functionalize the MPs for 

mechanical stimulation of pre-adipocytes in proliferation studies. 
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Fig 3- 13: Average number of magnetic particles attached to the pre-adipocyte cells in absence and 

presence of RGD after 24 hours of incubation (n=96) 

 
Fig 3- 14: Frequency distribution histogram for the number of stock magnetic particles attached to pre-

adipocyte cells after 24 hours of incubation (n=96) 
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Fig 3- 15: Frequency distribution histogram for the number of RGD-coated magnetic particles attached to 

pre-adipocyte cells after 24 hours of incubation (n=96) 

3.3.4. Measurement of magnetic flux density of magnetic field and 
also magnetic force: 

A motorized gauss meter connected to a micrometer position controller was 

used to measure the MF produced by large cylindrical magnets. Fig 3- 16 to Fig 3- 18 

illustrate the magnitudes of the magnetic field components (By, Bx) and total magnetic 

field (B) of the magnet as a function of position on the pole surface (Appendix A 6, 

Appendix A 7, Appendix A 8). It was evident from Fig 3- 16 and Fig 3- 18 that the center 

of the magnet had the highest magnetic field and the magnitude declined towards the 

periphery of the magnet. It was also demonstrated that the magnitude of B reduced by 

increasing the distance from the pole surface, where the highest and the lowest values 

of about 2360 and 290 Gauss (200 and 30 mTesla) were recorded at 2mm and 20mm 

away from the pole, respectively.  This behavior was quite similar for By (magnetic field 

component of the magnet perpendicular to the pole surface). Fig 3- 17 also showed that 

magnetic field component of the magnet parallel to the pole surface (Bx) was reverse 

according to the center of the magnet. This value was zero at almost the center of the 

magnet but revealed an increase toward the periphery of the magnet. Magnets 

generated a MF of about 525 Gauss or ~53 mT with the magnetic field gradient of ~5.0 

mT/mm at the distance of 15 mm away from the pole (experimental distance). 
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Fig 3- 16: Measured magnetic field component of the magnet perpendicular to the pole surface (By) as a 

function of position on the pole surface 

 
Fig 3- 17: Measured magnetic field component of the magnet parallel to the pole surface (Bx) as a function 

of position on the pole surface  
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Fig 3- 18: Measured magnetic field of the magnet (B) as a function of position on the pole surface 

As mentioned in the literature review chapter, in traditional ways of applying 

force to cell constructs, the mechanical stress is first exerted to the structure that cells 

are attached to, i.e. scaffolds or stretched membranes or even tissues, and then 

conveyed to the cells from the substrate. So it is difficult to examine the precise 

magnitude of stress delivered to cells and intercellular junctions; thus, sometimes it is 

necessary to impart strong mechanical loads [139, 144]. The external loads might be 

quite diverse in adipose tissue based on the anatomical location of the tissue or type of 

the activity such as sitting, lying posture or during dynamic loading. These include 

bodyweight or weight-bearing and the stress values differ from 20–200 kPa [160, 161]. 

But by labelling the cells with MPs and then exposure to an external MF, instead of 

transmission from the ECM to the cells, the force is imparted directly to them. So, pico- 

or nanoNewton-scale forces could be applied for tissues like adipose which is reported 

as the threshold magnitude of external force for triggering the cellular response [162]. It 

is also possible to exert a desired stress profile to cells which is important in in vitro, ex 

vivo or in vivo conditions. Besides, as there is the remote control of cells by MF in this 

method and moreover it is not required to operate the complex machinery to apply 
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mechanical force to cell-containing constructs, so the possibility of infection is minimal 

[146, 149].  

In this study, magnetic force applied to the single cell was calculated using the 

Stoke`s law (Equation 3- 1). Labelled cells with MPs were suspended in 70% (v/v) 

glycerol to increase the viscosity and therefore lower the velocity of cells compared to 

water or culture media and make it easier to track them under the optical microscope. 

Cells were then loaded inside the glass chamber and their velocity towards the magnet 

was measured by measuring their displacement in 6 seconds. Fig 3- 19 demonstrated 

the distribution histogram for diameter of suspended cells which had an average 

diameter of ~18±2 μm (Appendix A 9). Finally, the force imparted to each single cell was 

calculated to be 46±10 pN (average velocity of cells=11±2 µm/s). Besides, correlation of 

applied force to the number of attached MPs was evaluated. It was demonstrated by Fig 

3- 20 that increasing the content of MPs attached to the cells had a direct impact on the 

magnitude of force applied. When number of MPs increased from 3 to 5, force was 

extended from 36.3±0.7 to 56.3±0.7 pN (Appendix A 10). These findings confirmed the 

previous studies that the magnitude of force applied to the cells depends on the number 

of MPs attached to cells, their size, iron content and also magnitude and gradient of the 

applied MF [145, 152]. By regulating these factors, a wide range of magnetic forces (1-

1800 pN) could be applied to MPs [141, 142, 146, 149, 163]. So, using larger particles, 

like micro particles used in this study, brings the opportunity to exert higher level of 

magnetic force to the cells [164]. This force is not distributed on the cell membrane, but 

it is instead localized to attachment sites of MPs to the cells which helps to stimulate 

specific cellular parts or receptors by conjugating the ligands or antibodies on the 

surface of MPs [138, 145]. Yet, these MPs engage multiple receptors due to their larger 

size [164]. As discussed in § 2.2.1, the force sensed by cell receptors is converted to 

biochemical signals through the mechanotransduction mechanism which affects the 

cells and tissue fate, phenotype and behavior [79]. Researchers have shown that the 

monomeric guanosine triphosphatase (GTPhase) Rho and its downstream effector Rho-

associated kinase (Rho-kinase or ROCK) [165, 166], play a key role in regulating many 

cellular events caused by mechanical forces such as actin polymerization and 

cytoskeletal changes [79]. Hera et al. showed that the activity of Rho-Rho-kinase was 

promoted due to the stretch in the cell membrane of adipocytes cultured on stretched 

collagen-coated silicon which increased the adipogenesis [50, 165].  
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Fig 3- 19: Frequency distribution histogram for measured diameter of suspended pre-adipocyte cells in 

70% glycerol (n=20) 

 

Fig 3- 20: Measured magnetic force applied to the single pre-adipocyte cells according to the number of 
attached magnetic particles to them (* p<0.05, ** p<0.01) 
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3.3.5. Mechanical stimulation and proliferation studies: 

Effect of static MF on the proliferation of fibroblast and pre-adipocyte cells was 

studied after 3 days. Magnets were positioned either on top (top MF) or under the 

plates (bottom MF) to apply a mechanical stretch or compression to the labelled cells 

with MPs, respectively. Having considered the fibroblasts, it was obvious from Fig 3- 21 

that introduction of MPs and also exposure to the MF did not have adverse effect on the 

proliferation of the cells. Also, when the combination of MPs and MF, and consequently, 

a mechanical stretch was applied, an increase in the cells’ growth was observed, 

however it was not significant (Appendix A 11).  

 
Fig 3- 21: Proliferation of 3T3 fibroblasts in presence of magnetic particles and magnetic field on the 

plates after 3 days; results were normalized to the values obtained from the control group; Cells+MPs: 
cells with just magnetic particles; Cell+MF: cells in presence of magnetic field; Cells+MPs+MF: labelled 

cells with magnetic particles exposed to the magnetic field (n=4, * p<0.05) 

For pre-adipocytes, cells were introduced to two types of MPs: stock MPs and 

RGD-coated MPs. Also, cells were exposed to stretching and compression by placing the 

magnets on top and under the dish at the same distance of 15 mm (Appendix A 12). 

Exposure to either top or bottom MFs alone did not change the proliferation rate 

compared to the control group (Fig 3- 22). When stock and RGD-coated MPs were 

introduced to the cells, no significant negative effect was observed. When the cells were 

exposed to magnetic stretch, incorporation of RGD on the MPs did not change the 

pattern of proliferation compared to the control or the sample with stock MPs. 
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However, it was shown in previous studies that existence of RGD sequence on the cell 

substrates increased the proliferation rate of pre-adipocytes [167]. Compression of the 

cells by MF, on the other hand, decreased the number of viable cells significantly. This 

difference was notably larger in stock MPs than their counterparts with RGD. The same 

behavior was observed by Wang et. al. when proliferation rate of labelled adipose-

derived Stem Cells (ASCs) with Superparamagnetic iron oxide (SPIO) nanoparticles 

declined after 7 days of exposure to 0.5 T MF by placing the magnets under the dish 

without any adverse effect on the DNA [168]. Previous studies have reported that the 

proliferation rate is usually affected by the type of cells and also intensity and duration 

of exposure to MF [169]. Ino et. al.  showed  48 hrs exposure to 0.4T did not have 

significant effect on the growth of fibroblasts and human umbilical vein endothelial cells 

(HUVECs) in presence of magnetite cationic liposomes (MCLs) [122]. However, Raylman 

and co-workers reported the reduction in the proliferation of melanoma, ovarian 

carcinoma and lymphoma when exposed to a prolonged, strong MF (7T) for 6 hours 

[170]. Proliferation of bone marrow stem cells was also decreased under the application 

of a 15mT MF by Jouni and colleagues [171]. Yet, while some report the vagueness of 

the mechanism behind, others relate the proliferation behavior of the cells to 

reorientation of lipid bilayer and also unbalancing the hydrostatic pressure across the 

cell membrane due to exposure to the MF.  MF causes the deformation of membrane and 

altering the biological properties of the cell receptors [172]. However, this theory seems 

to depend on the type of the cells as, in our study, introduction of cells to either top or 

bottom MFs did not have significant effect on the proliferation. Contrary to proliferation 

studies, it was suggested that peptides containing RGD sequence can show inhibitory 

behavior in differentiation of pre-adipocytes towards mature adipocytes [173, 174].  
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Fig 3- 22: Proliferation of 3T3-L1 pre-adipocytes in presence of magnetic particles and magnetic field 

after 3 days; results were normalized to the values obtained from the control group; Top MF and Bottom 
MF: cells exposed to magnetic field from the magnets placed on top or under  the plate, respectively; Stock 

MPs and RGD MPs: labelled  cells with stock and RGD-conjugated magnetic particles, respectively; Stock 
MPs+Top MF and RGD MPs+Top MF: labelled cells with stock and RGD-conjugated magnetic particles, 

respectively and exposed to the magnetic field from top magnets; Stock MPs+ Bottom MF and RGD 
MPs+Bottom MF: labelled cells with stock and RGD-conjugated magnetic particles, respectively and 

exposed to the magnetic field from magnets under the plates; (n=4, * p<0.05) 

3.3.6. Mechanical stimulation and differentiation studies 

Effect of MPs and MF on the differentiation of pre-adipocytes towards mature 

adipocytes was also evaluated. As mentioned in § 2.2.4, static stretching enhances the 

adipogenic differentiation by activation of different signaling pathway, while static 

compression of cells and also cyclic loads suppress it [50]. So, in these studies, the 

magnets were positioned on top of the plates to apply a stretching mode to the pre-

adipocyte cells. They were introduced to regular and adipogenic media in the absence 

and presence of MPs and MF for 14 days and then the microscopy analysis was 

performed. When cells were cultured in regular culture media, they continued their 

proliferation and covered the plates completely (Fig 3- 23). This phenomenon was also 

obvious in presence of MPs where no evidence of adverse effect was observed. Still, cells 

had retained their typical, fibroblastic morphology. Besides, no evidence of lipid 
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deposits was observed inside the cells even when magnetic force was applied (Fig 3- 

24). 

 
Fig 3- 23: Optical microscopy images in presence of regular culture media; A: Cells, B: Cell+MF: cells in 
presence of magnetic field, C: Cells+MPs: cells with just magnetic particles, D: Cells+MPs+MF: labelled 

cells with magnetic particles exposed to the magnetic field (scale bars: 50 µm) 
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Fig 3- 24: Optical microscopy images in presence of regular culture media; haematoxylin (purple) and Oil 
red O (red) were used for staining the nuclei and lipids; A: Cells, B: Cell+MF: cells in presence of magnetic 

field, C: Cells+MPs: cells with just magnetic particles, D: Cells+MPs+MF: labelled cells with magnetic 
particles exposed to the magnetic field (scale bars: 50 µm) 

In contrast, when cells were introduced to the adipogenic media, formation of 

mature adipocytes was clearly observed. Lipid droplets were formed within the cells 

and their morphology was modified to a spherical structure (Fig 3- 25). Staining the 

lipids with Oil Red O illustrated more comprehensively that MPs did not show adverse 

effect on the adipose conversion (Fig 3- 26).  
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Fig 3- 25: Optical microscopy images in presence of adipogenic culture media; A: Cells, B: Cell+MF: cells in 

presence of magnetic field, C: Cells+MPs: cells with just magnetic particles, D: Cells+MPs+MF: labelled 
cells with magnetic particles exposed to the magnetic field; White and black arrows point to lipid droplets 

and magnetic particles, respectively (scale bars: 20 µm) 
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Fig 3- 26: Optical microscopy images in presence of adipogenic culture media; Nuclei and lipid droplets 
were stained with haematoxylin (purple) and Oil Red O (red), respectively; A: Cells, B: Cell+MF: cells in 
presence of magnetic field, C: Cells+MPs: cells with just magnetic particles, D: Cells+MPs+MF: labelled 

cells with magnetic particles exposed to the magnetic field; (scale bars: 20 µm) 

To quantify the results in adipogenic media, first 10 images were taken from 

each well of stained samples (n=30 per sample) in a consistent manner according to Fig 

3- 3. Captured images were converted to a RGB stack and then lipid droplets were 

selected using the threshold plugin of ImageJ. Finally, the surface area covered by lipids 

was calculated utilizing “measure” command (Appendix A 13). Average values (Fig 3- 

27) showed that introduction of MPs did not inhibit the adipogenesis of pre-adipocytes 

compared to the control. Also, exposure of the cells to MF and magnetic force did not 

have a significant effect on the process. Due to the large variation in results, especially 

when exposed to MF, we plotted the extent of the adipogenesis more specifically in 3 

different locations of the plate by considering the values from left side (green), centre 

(orange) and right side (red) of the wells in Fig 3- 28A (Appendix A 14). It was found 

that the area covered by lipids was consistent in these 3 areas and the variations in MF 

did not produce a significant difference across the plate (Fig 3- 28). Culture wells in 96 

well plates have a diameter of ~6.4 mm which is 3.5 fold smaller than the diameter of 
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the magnets (22mm). By considering Fig 3- 18, the magnitude of MF was almost 

constant at a radius of 3.2mm as a function of position to the centre of the magnet (50-

52 mT). So, maybe the forces were not sufficient to see any effect in this particular 

experiment designed even though they were in the rage has been cited in the literature. 

However, there are other factors that affect the differentiation process of the cells. So, 

further investigations such as gene expression studies should be considered in future 

regarding our studies to find out the exact mechanisms behind the process and also the 

dominant factors. For example, changing the mechanical properties of the culture plates 

or substrates is one of the parameters which can be taken in attention. As discussed in 

§ 2.2.3, other than the external forces that are applied to the cells, they receive 

mechanical cues from the substrate that they are attached to. These “passive” signals 

are mainly related to the stiffness of the substrate and affect the orientation of 

cytoskeleton and consequently their behaviour. For instance, softer substrates are more 

favourable for adipose differentiation of pre-adipocyte and MSC cells as they have less 

interaction with. So morphology alteration, which is very important in adipogenesis, 

takes place easier [159, 175]. Considering the experimental situations as well, Sheng et 

al recently showed that differentiation of pre-adipocytes was influenced by the height of 

culture media above the cells [176]. They found that reduction in the volume of media 

led to enhanced accumulation of lipids, as well as leptin and adiponectin secretion, 

which might be related to prevention from hypoxia [176].  

Also like proliferation behaviour of cells, their differentiation towards the 

adipogenic and osteogenic lineage could be related to the cell membrane and its 

potential so that the depolarization of cells suppresses differentiation of both 

osteogenic and adipogenic differentiation, but hyperpolarization increased osteogenic 

differentiation [177]. Changing in the distribution of Na+ and K+ ions plays an important 

role in the maintenance of membrane potential inside the MF [110]. Studies have shown 

a “reciprocal” trend in adipogenic and osteogenic differentiation [178]. While many 

reported the enhancement of differentiation and mineralization in hard tissues like 

bone [146, 172, 179], differentiation towards the adipogenic lineage had been inhibited 

simultaneously in presence of MF in cells such as MSCs (without MPs) [178] or adipose 

derived stem cells (ASCs) with and without super paramagnetic particles of iron oxide 

(SPIO) [168, 180]. However, Schafer et. al. showed that adipogenic differention of 
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labelled MSCs with SPIO was enhanced as indicated by up regulation of PPAR-γ 

expression in presence and absence of MF [110]. Moreover, while expression of 

osteogenic markers did not change significantly in labelled cells with SPIO when MF was 

utilized, a decrease was detected in the absence of MPs.  

 
Fig 3- 27: Area covered by lipids measured by Oil red O staining and color thresholding (ImageJ) (n=30) 
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Fig 3- 28: (A) Measured areas for lipids in 3 different locations of the wells: left (green), centre (orange), 
and right side (red) of the culture well; (B) the area covered by lipids in 3 different locations of the wells; 

Cells, Cell+MF: cells in presence of magnetic field, Cells+MPs: cells with just magnetic particles, 
Cells+MPs+MF: labelled cells with magnetic particles exposed to the magnetic field (n=6) 

3.3.7. Cell patterning and co-culture 

MF was also utilized to culture the cells in desired patterns. Labelled pre-

adipocyte cells were added into the 6-well plate chambers which were positioned on 

the block (L=3mm, W=3mm, t=1 mm; called M331) and ring (Dout=2mm, Din=1mm, h=1 

mm; called R211) magnets. The block magnet had its 3×1 mm pole attached to the 

bottom of the chamber. After addition of the cells, they were attracted towards the MF 
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promptly and accumulated on the magnets to form high density linear (Fig 3- 29A, B) 

and ring shaped (Fig 3- 29C, D) structures. The magnetic force was enough to increase 

the density and confluency of the cells in specific places of the dish in a short (2-3 

minutes) period of culture time. Studies have shown that density is considered as an 

important factor in acceleration of cell expansion and tissue growth by increasing the 

cell-cell adhesion and growth factor diffusions [121, 124]. Also after 4 hours of exposure 

to MF, magnetic interactions between particles lead to the formation of attractive forces 

that enhanced cells interactions which kept them together to retain the shape even 

during the washing steps for fixation and staining in the absence of MF.  

 
Fig 3- 29: Optical images of linear (A, B) and ring (C, D) patterning of 3T3-L1 pre-adipocyte cells; nuclei of 

the cells was stained with Haematoxylin (Scale bars: A, C: 200µm, B, D: 100µm) 

Also, we investigated the potential to take the advantage of MF in cell patterning 

to produce co-culture of pre-adipocytes and fibroblasts. As mentioned in § 2.1.1, 

fibroblast cells are considered as one of the main components of adipose tissue. These 

cells play their role by synthesizing ECM and collagen and are also considered as a 

source of growth factors proper for activation of other cells types [123]. So, it was 

hypothesised that co-culturing these cells with pre-adipocytes could provide an 

appropriate ECM and act as a stroma for pre-adipocyte cells and have positive effect on 
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structural integrity and functional properties of produced structures. For the first 

attempt, pre-adipocytes and fibroblasts, both labelled with MPS, stained with green and 

blue CellTracking dyes, respectively were loaded stepwise inside the custom-made 

chamber in the presence and absence of a MF. Then images were taken by using optical 

and fluorescence microscopy. By comparing the optical images, it was quite clear that 

cells had a more compact structure when magnet was positioned next to the chamber 

(Fig 3- 30C). However, in the absence of the MF, cells were floating in a low density 

manner (Fig 3- 30A). Fluorescence microscopy images also revealed that cells had 

formed mixed and layer-by-layer structures in absence and presence of MF, respectively 

(Fig 3- 30B, D). Addition of the fibroblast suspension inside the chamber produced a 

shear stress which moved the pre-loaded pre-adipocytes and mixed two types of cells 

without MF. In the presence of MF, on the other hand, pre-adipocytes were kept 

together by the magnetic force and addition of fibroblasts formed the second layer in 

adjacent to the first one.  

 
Fig 3- 30: Optical (A,C) and fluorescence images (B,D) from co-culture of labelled pre-adipocyte and 

fibroblast cells with magnetic particles and pre-stained with Blue and Green Cell Tracking dyes, 
respectively; absence of magnetic field and consequently lack of a proper force to keep the cells together 
led to mixing two types of cells (A,B); however, magnetic force produced a dense layer-by-layer culture 

after 20 minutes of culture (C,D) (Scale bars: 100 µm) 
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To produce more complicated structures, step-by-step addition of cells was 

conducted in presence of cylindrical (M11) and ring (R211) magnets. Pre-adipocyte 

cells were added into the cell chamber in presence of M11 magnet. It was visible that 

cells had attached to the dish and each other after one hour and changing the media did 

not disrupted the structure. The cylindrical magnet was replaced by a ring magnet with 

the same central point. Then, labelled fibroblasts with MPs were added for another 

hour. Fluorescence micrographs showed that a layer of fibroblasts was formed 

surrounding a dense core of pre-adipocytes labelled green (Fig 3- 31). 

A key aim of tissue engineering is making structures as similar as possible to 

natural organs. Because tissues and organs in vivo are usually made of different sort of 

cells, two factors seem to be very important achieving this goal: (1) precise positioning 

of cells and (2) having sufficient cell-cell interactions, which are often difficult or 

delayed to be obtained by conventional methods like scaffolding [127, 181]. 

As stated previously in § 2.3.1.1, conventional methods of cell pattering such as 

lithography, inkjet printing, and cell spraying, despite their success and popularity, are 

usually time consuming, expensive and in need of high level of experience and expertise. 

There is also the possibility of damage due to high pressure and shear in methods like 

printing [116, 136]. But using magnetic patterning, different types of single cells such as 

asopharyngeal carcinomas cells [181], keratinocytes [118], NIH/3T3 fibroblasts [122, 

123], endothelial cells [122], myoblasts [124], and also co-cultures like hepatocytes-

human aortic endothelial cells (HAEC) [125], HepG2 (hepatocyte model) - NIH/3T3 

fibroblasts [123], and vascular endothelial cells (HUVECs)- mouse myoblasts (C2C12) 

[126] could be arranged quickly in desired ways. Also, this method is not limited to 2D 

culture and has the potency to tune the alignment of the labelled cells inside 3D gels by 

changing the position of magnet next to the gel (§ 2.3.1.1.2) [137] or spatially arrange 

them into the 3D cell constructs which will be discussed thoroughly in the next chapter.  

It is also worth mentioning that this cell patterning method could overcome 

limitations associated with the cell migration studies, as well. One of the most common 

and low-cost methods, especially for wound healing studies, is ”scratch assay” which is 

performed by removing a specific area of a cell confluent monolayer by a cell scraper 

[182-184]. Migration pattern and rate is studied by tracking the movement of the cells 

into the gap in different time intervals. However, there are some drawbacks related to 

this method such as delay in formation the monolayer up to one or two days [183], 
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damaging the cells and underlying ECM or biomaterial surface by the scratching process 

and running the consistent experimental situations, especially in monolayer confluence 

[185]. By labelling the cells by MPs and performing the magnetic patterning, 

monolayers of cells can be formed in desired shapes in the order of hours, without 

introducing any physical damage to cells or their substrates. 

 
(A) 

 
 

 
(B) 

Fig 3- 31: (A) Stitched fluorescence images from core-shell culture of pre-adipocytes and fibroblasts; cells 
were pre-stained by Green CellTracker and Blue CellTracker, respectively (scale bars for each image: 100 

µm); (B) confocal image of the pre-adipocytes that formed the core (scale bars: 200 µm)  
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3.4. Conclusions 

In this chapter MPs and MF were utilized to manipulate the cells in 2D culture for 

proliferation and differentiation studies. 3T3-L1 pre-adipocyte and also fibroblast cells 

were used as two of the main components of adipose tissue. Results suggested that 

using the MPs alone and also their combination with MF from top of the plates did not 

change the proliferation of fibroblast and pre-adipocyte cells, significantly. However, 

exposure of labelled pre-adipocytes with MPs from the bottom of the plates and 

following the compression concept led to a reduction in their proliferation which was 

more notable in samples with stock MPs compared to RGD-coated particles. Moreover, 

differentiation of pre-adipocytes towards the mature adipocytes was not affected 

significantly when MPs and MF was utilized. However, further investigations such as 

gene expression studies could be conducted to evaluate the biological mechanisms 

behind the obtained results. Finally, using MF enhanced the culture of pre-adipocyte 

cells and they could be cultured in different patterns by changing the shape of the MF 

which can be used to overcome the limitations associated with the cell migration 

studies such as ”scratch assay”. Also, pre-adipocytes were co-cultured with fibroblast 

cells in layer-by-layer and core-shell structures.  
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Chapter 4.  
Rapid construction of 3T3-L1 cells spheroids 
using magnetic particles and magnetic field  
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4.1. Introduction 

In previous chapter, the effect of MF and MPs on 2D culture of pre-adipocyte and 

also fibroblast cells was examined. While monolayer or 2D culture is extensively used in 

cell research, it does not fully cover the complexity of adipose tissue and suffers from 

inadequate cell-cell and cell-ECM interactions and signaling that is vital in natural, in 

vivo adipose tissues [186, 187]. Besides, animal studies are usually expensive. By 

mimicking 3D in vivo structures, cell aggregates and specifically spheroids can be used 

widely in drug screening [188, 189] or play role as building blocks in tissue engineering 

[119, 190] and help to fill in the gap between animal models and 2D culture [187]. 

Traditional methods of making spheroids, as an important 3D model in tissue 

engineering [191], include using microfluidics [192, 193], polymer matrices [194, 195] 

and hanging drop [117, 135, 196]. Implementation of magnetic field (MF) as a driving 

force for generation of cell spheroids has also gained attention [136]. By putting 

magnets on top of the plates, cells could be levitated and then agglomerated under the 

culture media meniscus and form the spheroids [127, 130, 132]. However, they usually 

have a long assembly time even when iron pins have been used to concentrate the MF 

and enhance spheroids formation [133].So, in this chapter we focused on using MF 

under the wells, in the same direction of gravity, to enhance cell-cell contact and 

interactions and facilitate the production of 3D cell constructs from labeled 3T3-L1 pre-

adipocytes with MPs. Potential of this method in making different cell constructs was 

evaluated by finite element analysis and compared to centrifuge method as a typical 

way of spheroids fabrication [197]. Then, produced spheroids are examined in terms of 

cell morphology and structure by cytoskeleton staining and histology. Moreover, the 

potency of this method for generation of larger and more complicated structures was 

studied. At the end, production of hybrid micro tissues is achieved by co-culturing with 

3T3 fibroblasts. 
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4.2. Materials and methods 

4.2.1. Cells and culture 

Culture of 3T3-L1 pre-adipocyte and also 3T3 fibroblast cells was performed 

according to the methods described in § 3.2.1. The same microscopes and cell staining 

protocols were used as the previous chapter unless otherwise mentioned. 

4.2.2. Labeling the cells with magnetic particles 

For labeling the cells, stock carboxylated MPs (Spherotech, 4.5 μm) were utilized 

according to the method described in § 3.2.6. Briefly, cells were first cultured until 90% 

confluent in 25cm2 cell culture flasks (Falcon, Sigma-Aldrich, NSW, Australia). Then, 

fresh culture media containing sterilized MPs (30 μg/ml) were added followed by 

incubation for 24 hours to let the particles attach to the cells. After washing the cells 

with PBS, twice to remove the free particles, trypsin/EDTA was used to detach the cells 

from the culture surface. Magnetic separation was utilized to separate labeled from 

unlabeled cells by putting a magnet next to the tube containing the cell suspensions for 

3 minutes. The required concentration of cells for culture was adjusted with the aid of a 

haemocytometer.  

4.2.3. Formation of the cell constructs 

Production of cell aggregates was performed by utilizing low adhesive surfaces. 

To accomplish this, 96 well plates were coated with  poly (2-hydroxyethyl 

methacrylate) (PolyHEMA) (Santa Cruz Biotechnology, Thermofisher Scientific, VIC, 

Australia) according to the standard protocol described in [198]. Briefly, 120 mg/mL of 

PolyHEMA was first dissolved in 95% (v/v) ethanol. The obtained solution was left 

inside a sealed 2 mL micro centrifuge tube on the mixer overnight to mix completely 

and then stored at 4°C until required. The solution was stored in a sealed tube and 

utilized within a month. Working solution was prepared just before use by dissolving 

the stock solution in 95% (v/v) ethanol to obtain the final concentration of 5 mg/mL. 50 

μL of the working solution was added to each well of 96-well plates under the biosafety 

cabinet and then transferred into a 37°C incubator (Contherm, Digital Series Incubator, 

New Zealand) with the lids on for 3 days to remove the ethanol residues. This procedure 
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led to the slow evaporation of ethanol and deposition of a consistent layer of PolyHema 

at the bottom of the plates. Finally, plates were sterilized by UV light under the biosafety 

cabinet for 30 minutes. To examine the formation of different shapes of cell constructs, 

both flat- and round-bottom 96 well plates were used. An array of cylindrical magnets 

(D=2mm, h=1 mm; called M21) (MicroWings, Queensland, Australia) was made by 

adhering them on a 96-well plate lid using double sided tape so that the magnets were 

positioned at the center of each well (Fig 4- 1). This lid was used as a holder for magnets 

during the experiments and placed under the culture plates. For the next step, 2×104 

labeled pre-adipocyte cells with MPs were added to the wells in presence and absence 

of magnets. Plates were then shaken by hand in a figure of 8 pattern for 2 minutes and 

then incubated at 37 ͦC. Production of constructs was studied every 2 hours by inverted 

and bright field microscopy (Olympus BX51). 

 
Fig 4- 1: Array of magnets (D=2mm, h=1 mm; called M21) used for production of cell constructs; magnets 
were fixed by double-sided tapes on a 96 well plate lid so that they were positioned at the center of each 

well; the lid was positioned under the 96 well plates during the experiments. 

4.2.4. Simulation of magnetic field 

To simulate the magnetic field generated by M21 cylindrical magnets under flat- 

and round-bottom 96 well plates and study its effect on formation of different shapes of 

cell aggregates, Finite Element Method Magnetics (FEMM) software 

(http://www.femm.info) was employed. This software provides a two-dimensional heat 

http://www.femm.info/
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map of the magnetic flux density according to the distance from the surface pole. The 

thickness of the flat and round plates at the bottom reported to be 0.5 and 1.14 mm, 

respectively by their manufacturer (Costar) was used. 

4.2.5. Production of spheroids by different methods  

Assembling the cell spheroids by magnets and also the efficacy of magnetic field 

in providing sufficient cell-cell contact was compared to using centrifuge. In this regard, 

2×104 pre-adipocyte cells, un-labeled and labeled with MPs were cultured in low 

adhesive, round-bottom 96 well plates and then centrifuged at 1000g for 10 minutes 

(samples names: Cent-MPs, Cent+MPs) [197]. In another group, labeled cells, in the 

absence of centrifuge, were exposed to the MF for 10 minutes before removing the M21 

magnets for the rest of the experiments (sample name: Short MF+MPs) contrary to the 

main group in which the magnets stayed in place for the whole experiment time 

(sample name: Long MF+MPs). For the control group, un-labeled cells were cultured 

without introduction to any magnetic force. Images were captured after 48 hours and 

then, size and roundness (inverse of aspect ratio) of the spheroids were calculated by 

using imageJ software. 

4.2.6. Merging the cell spheroids 

The feasibility of making larger and more complicated structures was evaluated. 

To do so, two and four spheroids were transferred into a single well and imaged by 

inverted microscopy. After incubation at 37 ͦC for 24 hours in presence of a M21 magnet 

under the plate, the optical images were captured again and samples prepared for SEM 

microscopy. Also, two other prepared spheroids were stained separately with green and 

red CellTracking dyes and after following the same protocol, they were examined by 

fluorescence microscopy. To perform the patterning of cell spheroids into a rod and ring 

assembly, ring magnets (Dout=2 mm, Din=1 mm, h=1 mm; called R211) were positioned 

under the plate, and five or ten spheroids were added into the wells, respectively. At the 

end, generated structures were imaged by inverted and bright field microscopy in 

different time intervals up to 96 hours. 



Chapter 4 

80 

4.2.7. Core-Shell cell spheroids 

To produce a hybrid structure from two types of cells and also to investigate the 

effect of MF on assembling uniform core-shell constructs, first, pre-adipocyte spheroids 

were placed inside low adhesive 96-well plates in the presence (+MF) and absence (-

MF) of M21 magnets. Then, 2×104 labeled 3T3 fibroblasts with MPs were stained with 

green CellTracking dye, added to each well, and incubated overnight. The formation and 

consistency of cell layers were examined by optical and confocal microscopy. 

4.2.8. Cell morphology 

To compare the morphology of the cells and also the cytoskeleton distribution in 

2D and 3D culture, 2×104 labeled pre-adipocyte cells with MPs were cultured on 15 mm 

glass coverslips coated with 50 µg/ml fibronectin (as described in § 3.2.7) overnight. 

This monolayer and also cell spheroids were washed twice with PBS and fixed in 4% 

(w/v) paraformaldehyde for one hour. They were then permeabilized by 0.5% (w/v) 

Triton® X-100 (Sigma-Aldrich, NSW, Australia) in PBS and their F-actin and nuclei were 

stained with 5 µg/mL Alexa-fluor 488 phalloidin (Sigma-Aldrich, Australia) and 0.1 

µg/mL Dapi (Sigma-Aldrich, Australia) for 20 and 10 min, respectively. Finally, cultures 

were imaged by confocal laser scanning microscope. 

4.2.9. Scanning Electron Microscopy 

To operate the scanning electron microscopy, cell constructs were fixed with 4% 

(w/v) paraformaldehyde for one hour and washed twice with PBS. Afterwards, they 

were dehydrated by serial dilution of ethanol (20, 50, 70, 90, and 100% (v/v) in water) 

for 10 minutes each and then dried using hexamethyldisilazane under the fume hood 

overnight. Finally, samples were gold sputtered by Dynavac SC100 and images were 

captured using FEI Quanta Cryo SEM (Bio21 institute, Melbourne). 

4.2.10. Histology 

For histological analysis, spheroids were fixed in 4% paraformaldehyde (w/v) 

for one hour and then mounted in 1.5% (w/v) agarose solution (90% distilled water 

and 10% formalin) for 10 minutes. After placing the solid agarose block in 4% (w/v) 
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paraformaldehyde for 60 minutes to stabilize, it was washed with PBS and placed in 

biopsy cassette and processed on 24-hour cycle (Excelsior tissue processor, Thermo 

Scientific, USA) and embedded in paraffin. They were then sectioned in 5 µm slices and 

mounted on the glass slides. The staining of nucleus and cytoplasm was performed by 

using haematoxylin and eosin according to a standard protocol [199] for 5 and 2 

minutes, respectively. For apoptosis studies, immunolabelling of the separate slices was 

performed with cleaved caspase 3 (Cell Signalling, Massachusetts, USA, kindly provided 

by O’Brien Institute, St Vincent`s Hospital, Melbourne) according to the protocol 

outlined in [200]. 

4.2.11. Statistical analysis: 

Statistical data analysis was performed by a two-tailed student`s t-test. The data 

is reported as mean ± standard deviation and significance was considered at p<0.05.  

4.3. Results and discussion 

4.3.1. Magnetic field simulation 

We used Finite Element Method Magnetics (FEMM) software to simulate and 

map the magnetic flux density around M21 magnets under the 96 well plates. Fig 4- 2 

illustrated that the periphery of magnets produced higher magnitude of MF compared 

to the center while it was reduced by increasing the distance from the surface pole, as 

expected. These values were about 0.4 and 0.15 mT for the periphery and center of 

magnets, respectively. We also plotted the values of magnetic flux density across the cell 

culture surface in both flat- and round-bottom plates as a function of the distance from 

the magnet surface (Appendix A 15). Results showed a presence of higher magnitudes of 

magnetic flux density just above the edges compared to the center of magnets when flat-

bottom plates were used (Fig 4- 3A). So it was expected to have more density of cells at 

the periphery of the cell constructs due to the higher magnetic force to accumulate the 

cells in these spots. Increasing the distance from the surface started to lower the 

magnitude, also to diminish the peaks, and form an almost flat line at 2.5 mm. On the 

other hand, using round-bottom wells led to a peak of magnetic flux density at the 

center of the culture surface, which could be more effective in accumulation of cells to 
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that point (Fig 4- 3B). So, it was postulated that changing the culture plate and 

consequently altering the pattern of magnetic field could result in formation of different 

configuration of cells assembly. It was also reported that changing the pattern of MF 

using different sizes of ring magnets (Dout/Din: 12/2.8mm and 6/1.7mm) resulted in 

formation of ring and spheroid structures from human glioblastoma cells in magnetic 

levitation method [127]. 

 
Fig 4- 2: FEMM simulation of MF generated by M21 (D=2mm, h=1mm) magnets under the flat- (A) and 

round-bottom (B) plates 
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Fig 4- 3: Different profiles of magnetic flux density obtained from FEMM software at various distances 

from the magnet surface in flat (A) and round bottom (B) plates, respectively 

4.3.2. Cell construct assembly 

Flat- and round-bottom 96 well plates were coated with PolyHEMA to produce 

hydrophilic and non-adhesive surfaces. Using non-adhesive surfaces prevents the cells 

from adhesion to the plate, encourages them to bind to each other and minimizes the 

adhesive free energy of the cell structure according to the differential adhesion 

hypothesis in self-assembling [69]. The array of M21 magnets was positioned in contact 
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with the bottom of the wells, so that the magnets were positioned at the center of each 

well. Then, 2×104 labeled pre-adipocyte cells were seeded into the wells followed by an 

8-pattern shaking of plates for 2 minutes. It could be found by inverted light microscopy 

images that labeled cells travelled quickly toward the magnetic field and the density of 

cells had increased in a circular pattern in this time (Fig 4- 4). To further track the 

assembly of constructs, samples were imaged every 2 hours. It was obvious that the 

increase in density was more notable after 2 hours; however cells still showed a loose 

composition at the periphery. As the time proceeded, the size decreased and a round, 

compact structure was formed between 8 to 10 hours. Fig 4- 5 exhibited that diameter 

of spheroids reduced significantly from ~2000 µm  to ~1000 µm, after 4 hours. This 

reduction started to slow where it almost reached a plateau after 8 hours (Appendix A 

16).  At this stage the construct could be detached from the plate and be floated by 

gentle pipetting without visible damage which can be due to sufficient cell-cell 

adhesions and secretion of extracellular matrix [133]. The reported aggregation time 

has been varied from 18 to 96 hours in previous studies. As discussed in § 2.3.1.1.2, 

Souza et al were able to produce cell spheroids using the levitation concept by putting 

the ring magnets on top of the plates and floating the labelled cells with magnetic 

nanoparticles under the meniscus [127]. However, to levitate the cells, according to the 

authors, magnetic force applied to cells must overcome the difference in gravity force 

and buoyancy force by media [127]. Still, while the magnetic flux density was calculated 

to be ~0.065 T (compared to our value: ~0.051 T), the assembly time was at least 24 

hours [130]. Addition of an iron pin to the magnets in this method generated more 

concentric and influential magnetic flux density up to 7 times (~0.45 T) compared to 

using a flat magnet [133] which, reduced the assembly time to 18 hours. Also, Daquinag 

and co-workers utilized a magnetic device consisting of 750-µm tips attached to a 

magnet (0.2 T) which was placed under the 175µm thick glass-bottom wells [119]. 

While they have reported the accumulation time of seconds for MSCs, but the exact 

assembly time for spheroids was not mentioned. Formation of cell spheroids in 

presence of MPs by methods such as hanging drops and centrifuge (not magnetic drive 

force) occurred in at least, 24 hours [117, 134, 201, 202]. Placing the magnets under the 

plates in our study enhanced cell-cell contacts which led to reduction of the assembly 

time.  
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In the absence of magnets, on the other hand, cells formed non-uniform, 

multicellular cells aggregates which distributed around the wells. They had not formed 

a single, consistent structure even after 48 hours (Fig 4- 6).  

 
Fig 4- 4: Formation of cell spheroids in presence (+MF) and absence (-MF) of magnetic field after different 

time points of culture (scale bar: 200 µm) 

 
Fig 4- 5: Diameter of cell spheroids in presence of magnetic field (+MF) in different time points after 

culture (n=4) 
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Fig 4- 6: Non-uniform multi cellular aggregates from labelled pre-adipocytes with magnetic particles in 

the absence of magnetic force after 48 hours (scale bar: 200 µm) 

Appearance of the cell constructs in both plates was checked by bright field and 

SEM microscopy. Bright field microscopy presented orange color images from 

spheroids, which was related to presence of MPs in the assembly. Also micrographs 

from round-bottom plates demonstrated that the produced structure had more 

spherical shape compared to their counterparts in flat bottomed wells which yielded a 

disk shape (Fig 4- 7). These findings were consistent with the results from simulations 

by FEMM software. It was also evident in higher magnification of SEM micrographs that 

cells have secreted ECM which covered the surface of the aggregates and MPs (Fig 4- 

7E). 
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Fig 4- 7: Bright field and SEM micrographs of pre-adipocyte cell constructs produced in round- (A, C) and 
flat-bottom (B, D) plates using magnetic particles and magnetic field (scale bar: A, B, C= 200 µm; D= 300 

µm; E=20 µm); The color of the aggregates in bright field images is related to presence of magnetic 
particles; Extra cellular matrix produced by cells has covered the surface of the spheroid (E); white arrow 

points to the hidden magnetic particle under the ECM. 

4.3.3. Production of spheroids by different methods  

As discussed in previous section, positioning the magnets under the plate could 

enhance formation of pre-adipocyte spheroids by reduction of assembly time compared 

to the previous studies. This could be related to enhancement of cell-cell contact and 

interactions as one of the main steps in assembling the 3D cell constructs [203, 204] in 

oppose to the methods which needed to overcome the gravitational force to float the 

cells and form the constructs. In this section we compared the potential of magnetic 
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force-based aggregation to the centrifuge method as a gravitational process (Appendix A 

17). Having used the centrifuge method for 10 minutes, Fig 4- 8 showed that the 

introduction of MPs to the cells led to a significant increase in size of the spheroids from 

499±35 µm to 605±25 µm. To compare the effectiveness of MF in production of cell 

spheroids compared to centrifugation force, a group of labeled cells with MPs were 

exposed to MF for 10 minutes (Short MF+MPs) before its removal. Exposure of cells to 

MF for this period of time had the same effect as the group with 10 minutes of 

centrifugation (Cent+MPs), which produced the similar size of cell spheroids (606±30 

µm). However, using MF for 48 hours (Long MF+MPs) resulted in assembling smaller 

constructs (553±15 µm) compared to Cent+MPs and Short MF+MPs groups. Considering 

our findings, it was evident that exposure to MF for 48 hours had provided higher 

magnitudes of force compared to the centrifuge method and enhanced cell-cell contact 

and formation of more compact structures. Comparing the size of spheroids in Long 

MF+MPs and Short MF+MPs samples demonstrated that presence of MF and magnetic 

force for longer period of time was more efficient and elevated the cells interactions. 

When size of the spheroids in Cent-MPs was compared to other groups, this difference 

could be explained by two reasons. First, in the samples with MPs, cell-cell interactions 

were limited by the presence of MPs which then reduced the contraction of cell 

structures. Also, addition of MPs` volume to the volume of cells can be considered as the 

other factor which increased the overall volume of the spheroid compared to the sample 

without MPs. However, it seems that the former had more effect; otherwise there 

should not be a significant difference in the size of the structures between Cent+MPs 

and Short MF+MPs groups with Long MF+MPs samples. It was evident that Long 

MF+MPs had produced more consistent results in terms of spheroids size. Regarding 

the roundness and shape of the aggregates in Fig 4- 9, Long MF+MPs and Cent-MPs 

yielded very symmetric shapes; however the former produced more consistent results 

(0.94±0.01 vs. 0.94±0.05). Cent+MPs and Short MF+MPs groups, on the other hand, 

presented lower values of 0.82±0.08 and 0.88±0.096, respectively. Culturing the cells in 

the absence of a centrifugal or magnetic force was not efficient enough to produce single 

uniform aggregates. 
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Fig 4- 8: Size distribution of spheroids produced from 3T3-L1 cels in different situations; Cent-MPs: 
unlabeled cells and centrifuge, Cent+MPs: labeled cells and centrifuge, Short MF+MPs: 10 minutes 
exposure of labeled cells to the magnetic field, and Long MF+MPs: exposure of labeled cells to the 

magnetic field for 48 hours (n=8; * p<0.05)  

 
Fig 4- 9: Roundness of spheroids produced from 3T3-L1 cells in different situations; Cent-MPs: unlabeled 

cells and centrifuge, Cent+MPs: labeled cells and centrifuge, Short MF+MPs: 10 minutes exposure of 
labeled cells to the magnetic field, and Long MF+MPs: exposure of labeled cells to the magnetic field for 

48 hours (n=8) 
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4.3.4. Morphology studies 

To evaluate the distribution of 3T3-L1 cells and MPs inside the spheroids, they 

were sectioned after two and 10 days of culture and stained with haematoxylin and 

eosin (H&E) (Fig 4- 10). The results exhibited the presence of cells across the cross-

section with extracellular MPs after two days (Fig 4- 10A, B). The same morphology was 

visible in longer time of culture (10 days) (Fig 4- 10C, D). However, accumulation of MPs 

was observed at the periphery of spheroids on day 2 which was not expected due to the 

profile of MF. Despite of the extensive wash of cells during the labelling process of cells 

with MPs, still some free MPs stayed in the cell suspensions which could not be removed 

by magnetic separation. When the suspension was added into the plate in presence of 

magnets, free MPs probably got separated from the labelled cells and accumulated due 

to their different magnetophoretic mobility, which is defined as the velocity of magnetic 

object in a magnetic gradient divided by the magnitude of that magnetic gradient [205]. 

Centrifugation method was attempted to remove the free particles from the cell 

suspension after using the trypsin. However, this led to formation of sturdy cell clumps 

which affected the homogeneity of the cell suspension.  

Regarding the viability of cells inside the spheroids, previous studies had 

suggested that, in structures larger than 400-500 µm, necrosis took place, especially in 

central parts [206]. They related this phenomenon to the limited delivery of nutrients 

and oxygen so that a necrotic core was surrounded by viable cells [130, 189, 206, 207]. 

As mentioned in § 1.1.2.3, cells have access to oxygen and nutrients by diffusion process 

within 100-200 µm from the blood supply. Also, oxygen shows a poor solubility and 

diffusion capacity which emphasizes the hypoxia as a hindering factor in scaling up the 

cell structures [25]. So, this concept highlights the importance of vascularization and 

perfusion [201, 208]. However, our apoptosis studies by cleaved caspase-3 staining 

showed very low number of nonviable cells across the section of spheroids, even after 

10 days culture (Fig 4- 11). These cells were interestingly positioned more towards the 

periphery of the spheroids and healthy cells could be detected based on the 

morphological evaluations, especially around the core. The white space detected in the 

images was likely to be the artifacts which probably produced during the dehydration 

process of fluid filled parts. To study the viability of cells further, Live/Dead cell viability 

assays can also be considered in future. However, it was observed that the visualization 
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of spheroids was restricted using the confocal microscopy, especially around the core 

due to the large size of the spheroids and also presence of MPs.  

 
Fig 4- 10: Haematoxylin (purple, nuclei) and eosin (pink, cytoplasm) (H&E) histological analysis of single 
spheroids after 2 (A, B) and 10 days (C, D) of culture; magnetic particles are distinguished as the brown 

segments (scale bar: A, C: 200 µm; B, D: 100 µm) 

 
Fig 4- 11: Apoptosis studies to detect nonviable cells (red arrows) inside the spheroids by staining them 

with cleaved caspase-3 after 2 (A) and 10 (B) days of culture  

To study the morphology of 3T3-L1 cells in 3D spheroids and compare it to the 

2D culture of 3T3-L1 cells, the nucleus and cytoskeleton were stained by Dapi and 
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Alexa-fluor 488 phalloidin, respectively. It was visible from 2D culture images that actin 

filaments distributed inside the cells which retained the normal cytoskeleton in 

presence of MPs (Fig 4- 12A). The confocal images from spheroids (Fig 4- 12B), in 

contrast, showed a cortical distribution of actin filaments around the cytoplasm and 

cells show a more round morphology. As discussed in § 2.2.2, force transmission could 

be done through one or two main parts of the cytoskeleton that link it to the external 

environment: focal adhesions (FA) and adherens junctions. FAs which couple the cell 

cytoskeleton to the ECM or substrate are formed by clustering the integrins after 

binding to the ECM [39]. On the other hand, cells can adhere to each other by adherens 

junctions that can act as force sensors where contractile forces could be transmitted 

from neighboring cells [70, 71]. This reorganization of actin filaments from stress fibers 

to colonized orientation are important in self-assembly process and resembles the 3D 

tissue constructs [133, 189, 194, 201, 209, 210]. 

 
Fig 4- 12: Confocal microscopy of actin filaments’ orientation in 2D (A) and 3D culture by Alexa Fluor 488 

phalloidin staining; white arrows point to magnetic particles (scale bar: 100 µm) 

4.3.5. Manipulation and fusion of the spheroids 

Contrary to non-magnetic spheroids, which need to undergo centrifugation for 

separation from supernatant, magnetic spheroids were easily manipulated by an 

external MF. For all the washing processes, the array of M21 magnets was positioned 

under the plates containing the spheroids to let them to get pulled toward the MF and 

then the supernatant was removed. This would simplify the purification process in 

many applications like tissue engineering or drug screening [201]. Also, the remote MF 
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can be used for arranging the spheroids in desired patterns for production of larger 

constructs.  

Fig 4- 13 showed the fluorescence microscopy images of two merged spheroids. 

It was visible from the red and green channels that some cells had migrated from one 

spheroid to the adjacent one (Fig 4- 13A, B). Besides, Dapi staining from nucleus of the 

spheroids presented a clear view of cells` positions and their orientation, especially at 

the junction point (Fig 4- 13C). SEM micrographs of this sample (Fig 4- 14 A, B) showed 

the coverage of the spheroids by ECM and how cells had migrated into the junction to 

fill the gap by secretion of ECM.  

 
Fig 4- 13: Fluorescence images from two merged spheroids after 24 hours of culture; spheroids were first 

stained with red and green CellTrackers, separately and then cultured together for 24 hours; the nuclei 
were stained with Dapi and visualised by fluorescence microscopy; micrograph of red (A), green (B), blue 

(C) and combined channels (D) (scale bar: 100 µm) 

Furthermore, incubation of four spheroids in presence of MF for 24 hours had 

generated a single and almost flat construct (Fig 4- 14C). Spread morphology of the cells 

had produced a cellular network which covered the surface of the sample (Fig 4- 14D).  
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Fig 4- 14: SEM micrographs from merging two (A, B) and four spheroids (C, D) after 24 hours (scale bar: 

A=300 µm; B= 50 µm, C=500 µm; D=20 µm) 

We also used magnetic field for patterning the spheroids by addition of them into 

the well which was placed on a R211 ring magnet. The magnet was left in place for 24 

hours and then was removed for the rest of the experiment. It was observed that, in 

both samples, the constructs retained their shapes when they were exposed to the MF 

up to 24 hours. However, remodeling happened after that in Sample 1 and the curve 

structure was altered to a straight rod after 96 hours (Fig 4- 15 A-C). Changing the 

shape of the construct was also observed in Sample 2. While spheroids continued to 

fuse, the ring itself tended to contract, close the hole and form a spherical geometry at 

the end of culture time (Fig 4- 15 D-F). Histological analysis of the multi-cellular 

assemblies showed that cells had higher density especially at the junction of two 

spheroids compared to the center of the structure (Fig 4- 16). This was also a sign for 

the migration of the cells to fill the gaps and complete the fusion process. Still, 

inconsistency in distribution of MPs was visible in some parts of the merged spheroids 

in Fig 4- 16. The fusion process can be explained by the concept of tissue fluidity [211] 

in which cell aggregates generate rounded structures like the water droplets. This 
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phenomenon is driven by cellular adhesions, contractions and migration to minimize 

the overall free energy of cell construct [69, 212]. However, this concept can be 

considered as a challenge, which restricts the application of these constructs in tissue 

engineering, especially in structures like tubular tissues that the stability is a key point. 

So, it is important to consider different strategies to prevent or delay the remodeling 

without having inhibitory effect on cells` functionality. Olsen et al recently showed that 

presence of ECM contents like collagen can delay tissue fusion and reduce the 

contraction [135]. While collagen showed a supporting role in the structure, it limited 

the cell-cell interactions and also migration which are important in fusion process. Our 

findings demonstrated that presence of an external MF could be considered as a 

solution for this challenge and confine the tissue remodeling. Du and colleagues have 

also suggested recently that bending process of a rod-shape structure could be just 

postponed and not prevented by using adhesive substrates. However, utilizing strong 

magnetic force had produced a stable construct without bending [120].  

However, it was discussed by Timm and co-workers that closure of 3D rings 

made by magnetic levitation, could be used for drug screening and migration studies 

[213]. Comparing to the 2D culture, as discussed in § 3.3.7 about closing the scratched 

cell monolayer, this method showed the potential to study the toxicity of specific drugs 

by tracking the time of ring closure based on the drugs` concentrations. Closure time 

was influenced by the toxicity of drugs as cells show less migratory effect in higher 

doses [213]. 
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Fig 4- 15: Inverted (A, B, D and E) and bright field (C, E) microscopy images from fusion of 5 (Sample 1) 

and 10 (Sample 2) pre-adipocyte spheroids on the ring magnets (M21) (scale bar: 200 µm)  

 
Fig 4- 16: Haematoxylin and eosin (H&E) histological analysis of fused rod- and ring-shape constructs 

after two days (scale bar: 200 µm) 

4.3.6. Core-shell structure 

While formation of consistent spheroids from one type of cell was achieved using 

MF, it was important to consider the construction of cell structures in co-culture as well. 

Also, as mentioned before in § 2.1.1 and § 3.3.7, adipose tissue benefits from presence of 

different cell types. So, like 2D culture, the potential of this method on making hybrid 

structures was evaluated by formation of a layer of another cell type around the cell 

spheroids. Labeled 3T3 fibroblasts with MPs were added to the plate containing 3T3-L1 

spheroids in presence (+MF) and absence (-MF) of M21 magnets. After incubation 

overnight, inverted microscopy images from +MF sample revealed that fibroblasts had 
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covered the spheroid`s surface (Fig 4- 17A). The magnetic force produced by the 

magnet had been enough for providing cell-cell contact and the spheroid retained its 

single structure even after pipetting. The other sample without MF, in contrast, carried a 

non-uniform construct with multi-cellular aggregates around the core which was 

susceptible to damage during manipulation (Fig 4- 17B). Confocal images from +MF 

sample also confirmed that a consistent, intact green shell of fibroblasts had covered the 

3T3-L1 spheroid (Fig 4- 17 C, D). This concept can also be extended to production of 

more complicated tissues, such as heart valves or bronchial wall, which take advantage 

of precise positioning of cells in sequential layers [214-216]. 

 
Fig 4- 17: Production of hybrid structure by addition of 3T3 fibroblasts to the well containing 3T3-L1 pre-
adipocyte spheroids in presence (A) and absence (B) of MF; confocal microscopy images from the centre 
(C) and surface of the spheroid (D) in presence of MF presented a consistent layer of fibroblasts stained 

with green CellTracker (scale bar: 200 µm) 

While methods such as 3D printing have earned attention as a powerful concept for 

making 3D structures in tissue engineering [217], there is a lack of active force to induce 

sufficient contact between cells and also fusion [135]. So, the fabrication time is usually 
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increased. As discussed in this chapter, external MF could be used to apply force to the 

labelled cells with MPs to assemble 3D spheroids rapidly. Moreover, as stated in 

previous section, fusion of spheroids as building blocks can be performed in presence of 

a MF and magnetic force to retain the final structure and prevent or delay the 

remodeling in future tissue engineering applications. Also, this force could be 

considered as a source for mechanical stimulation during the assembly or after, which 

can modulate the cells` behavior. This concept will be discussed in next chapter. As 

mentioned before, 3D spheroids can reflect the conditions present in vivo such as 

cellular interactions or presence of ECM. Moreover, these constructs can bring some 

opportunities compared to individual cells such as quick fusion and reduction of culture 

time as they contain large number of cells even if they are used in methods like 

scaffolding or printing. Also, printers with the ability of printing large aggregates 

provide lower possibility of mechanical damage by shear forces as their larger 

extruders yield more gentle situations [211]. Kokkinis and colleagues recently 

discussed that using a weak external MF in conjunction with 3D printers can add an 

extra dimension to the system. This dimension is related to the local control of 

orientation in materials labelled with MPs, which can be beneficial in mimicking the 

ECM which its components show local alignment in specific directions [218]. Last but 

not least, as it was discussed in § 2.3, presence of MPs in these structures can enhance 

tracking the tissue development and healing process in vivo by methods such as MRI. 

4.4. Conclusions 

In this chapter we studied the effect of MF in generation of cell constructs. It was 

shown that shape of cell structures could be tuned by using different patterns of MF in 

culture plates. Also, we fabricated uniform and stable cell spheroids from 3T3-L1 pre-

adipocytes in presence of cylindrical magnets under the plates which provided the 

sufficient active force for enhancement of cell adhesion and interaction and reduced the 

formation time of the cell spheroids. This method produced spheroids with higher 

density and more symmetric structure compared to the centrifuge method as a 

standard method. Prepared spheroids also could be converted to hybrid multi-cellular 

aggregates by co-culturing with 3T3 fibroblasts. Finally, production of larger and more 

complicated structures was achieved by fusion of premade spheroids driven by cellular 
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adhesions, contractions and migration to minimize the overall free energy of cell 

construct. In this regard, presence of an external MF can be used to delay the tissue 

remodeling and keep the tissue structure which is very important in tissues as heart 

valves or bronchial wall. Also, this force could be considered as a source for mechanical 

stimulation during the assembly or after, which can modulate the cells` behavior. 
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Chapter 5.  
Manipulation of 3D spheroids: proliferation, 
differentiation and migration studies  
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5.1. Introduction 

In this chapter, cell spheroids produced in the previous chapter were manipulated to 

study the effect of MF on the behaviour of labelled cells with MPs in 3D cell culture. It 

has been discussed that 3D spheroids can act as a suitable model which effectively 

mimic the in vivo adipose tissue in case of structure and function [187, 219]. Also, 

prevention and treatment of problems like obesity could be achieved more efficiently by 

better understanding of adipocyte behaviour and adipogenisis in vitro in such 3D 

structures. It has been reported that using the mechanical force could influence the 

behaviour of cell spheroids such as proliferation while 2D culture of cells had not or 

slightly been affected [220]. For example, imparting osmotic compression hindered the 

growth of carcinogenic spheroids by inhibition of cell proliferation in their core [221].  

So, like 2D culture, MF was utilised to apply force to the spheroids. For 

differentiation studies, 3T3-L1 pre-adipocyte spheroids were subjected to the regular 

and adipogenic media in presence and absence of MF to study the effect of magnetic 

force after 10 days. Also, proliferation of cells in the spheroids was evaluated at the 

same period of time.  

At the end, migration studies were conducted by culturing the pre-adipocyte 

spheroids in regular culture plates. Then, effect of MF and magnetic force was studied 

on the migration pattern and rate in bulk of spheroid as well as single cells. 

5.2. Materials and methods 

5.2.1. Generation and simulation of magnetic field 

For proliferation and differentiation studies, a combination of magnets was used to 

apply magnetic force to pre-adipocyte cell constructs. Two cylindrical magnets 

(D=22mm, h=10 mm, Alpha Magnetics Pty Ltd, VIC, Australia) on top and one under the 

plates produced a two-sided MF. To achieve this, the first magnet was placed under the 

dish to keep the spheroids at the bottom of the well and then other magnets were 

positioned on top. For migration studies, two magnets were instead placed next to the 

wells so that the spheroids were 10 mm away from the centre of magnets` pole. FEMM 
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software was used according to § 4.2.4 to predict the magnetic flux density around the 

spheroids in each case. 

To estimate the force on the objects in a MF, Equation 5- 1 was utilised [139]: 

F = ∆𝒳𝒳.V
µ0

B(∇B)   Equation 5- 1 

Where: 

F (N): magnetic force due to the magnetic field 

V (m3): volume of the spheroids 

∆𝒳𝒳 (T): magnetic susceptibility 

µ0 (N.A-2): magnetic permeability of free space 

B (T): magnetic flux density 

∇B (T/m): gradient of magnetic field 

However, the value of ∆𝒳𝒳 was unknown as spheroids are composite structures with 

different ∆𝒳𝒳 compared to the individual MPs. So, to determine this value for the 

spheroids, Stoke`s law was first used to estimate the force in a known MF as discussed 

in § 3.2.9. Four spheroids were suspended in 70% (v/v) glycerol to increase the viscosity 

and thereby decrease the velocity and make it easier to track the spheroids under the 

optical microscope. Two magnets were positioned next to the plate and the velocity of 

spheroids was measured towards the magnets in a distance of 10 mm away from the 

magnets` pole. Finally, the average ∆𝒳𝒳 value was calculated and then used in Equation 

5- 1 to estimate the force on the spheroids in other experiments. 

5.2.2. Differentiation studies of pre-adipocyte spheroids 

Prepared spheroids from 3T3-L1 pre-adipocytes according to the previous chapter 

were transferred in quadruplets into non-adhesive flat-bottom 96 well plates coated by 

poly-HEMA. Adipogenic differentiation was induced using the adipogenic culture media 

containing 1 μM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, 200 μM 

Indomethacin, and 10 μg/mL insulin as discussed in §   3.2.11. Then, the effect of using 

adipogenic culture media and also MF and magnetic force on the differentiation of 

spheroids was evaluated as follow: (1) RM-MF: spheroids in regular culture media in 

the absence of MF, (2) RM+MF: spheroids in regular culture media exposed to MF, (3) 

AM-MF: spheroids in adipogenic culture media in absence of MF, (4) AM+MF: spheroids 
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in adipogenic culture media in presence of MF. They were incubated at 37 ͦC and 5% CO2 

and the culture medium was replaced every 2 days. After 10 days, extent of 

differentiation was evaluated by comparing the spheroids` size in differentiated and 

undifferentiated samples, performing the Oil Red O and immuno staining of lipids and 

also histology analysis.  

Size of the spheroids was measured by ImageJ software and Oil Red O staining was 

performed according to the procedures described in § 3.2.11.  

For histology analysis and immunostaining of lipids, cell spheroids were first cross-

sectioned by following the methods described in § 4.2.10. After dewaxing the spheroids, 

a drop of protein block solution (Dako, USA) was added for 15 minutes. Using a piece of 

a Kimwipes tissue paper, the drop was removed and 0.5% primary antibody (Perilipin 

(D1DB) XPTM Rabbit mAb, Cell Signalling Technology, USA, kindly provided by O`Brien 

Institute) was added for one hour. Samples were washed 3 times with PBS-tween 20 

(ratio: 500mL/250μL). Then, 0.3% secondary antibody (Alexa Fluor® 488-conjugated 

AffinilePure Goat Anti-Rabit IgG, Jackson Immuno Research Laboratories Inc, USA, 

kindly provided by O`Brien Institute) was added to the samples for 30 minutes, 

followed by washing with PBS-tween 20 solution. Finally, the nuclei were stained with 

0.1µg/mL Dapi for 5 minutes.  

The H&E staining of histology samples was also performed on different slices as 

described in § 4.2.10. 

5.2.3. Proliferation studies of pre-adipocyte spheroids 

As described in previous section, prepared spheroids were transferred into non-

adhesive flat-bottom 96 well plates in quadruplets. They were then incubated in regular 

culture media at 37 ̊C for 10 days in presence and absence of the MF as follow: (1) Day 

0: spheroids at the start of the experiment, (2) Day 10 (-MF): spheroids after 10 days of 

culture in the absence of MF, (3) Day 10 (+MF): spheroids after 10 days of culture in 

presence of MF. Cell culture media was changed every 2 days. At the end of the period, 

CellTitre-Glo Luminescent Cell Viability Assay (Promega, Sydney, Australia) was 

performed according to the manufacturer`s protocol to measure the proliferation. 

Briefly, old culture media inside the wells containing cell spheroids was first replaced 

by 100 µL of fresh media. Then, the same volume of CellTitre-Glo reagent was added to 
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each well and aluminium foil was wrapped around the plate to protect from light. It was 

then shaken at 100rpm on a shaker (Zhicheng ZHWY-304, China) for 2 minutes to 

induce the cell lysis. The plate was removed from the shaker and incubated for other 10 

minutes at room temperature for stabilization of luminescent signal. The liquid inside 

each well was transferred into an opaque-walled 96 well plate and the luminescence 

was recorded with 1 second integration time (Tecan Infinite 200Pro, Switzerland). 

5.2.4. Migration studies of pre-adipocyte spheroids 

3T3-L1 pre-adipocyte cell spheroids were placed at the centre of the regular 

(adhesive) flat-bottom 96 well plates using M21 magnets under the dish and allowed to 

attach for 2 hours. Then, magnets were removed and the migratory behaviour of cells 

and also changes in the size of the spheroids were tracked by taking optical microscopy 

images over a 4-day period. To study the effect of MF on the migration of the cells, 

spheroids were transferred into the wells in triplicates and positioned at the centre of 

the plates as mentioned above. Then, for the experimental groups, two cylindrical 

magnets (22×10mm) was positioned next to each well containing the spheroid, so that 

the spheroid was 10mm away from the centre of the magnet’s pole. Samples were 

imaged every 12 hours for 3 days and the results were quantified using ImageJ 

software. The analysis included two main parts: (1) study of the changes in the high 

density area, including its size and roundness, (2) measurement of the extent of cells’ 

migration on the surface of the culture plate in different directions. For the first part, 

image processing method was used according to the method described in §  4.2.5 to 

measure the size and roundness of the attached spheroids. For the second part of the 

study, the distance of the furthest cell from the centre of the spheroid was measured at 

different angles. The direction towards the magnets was considered as zero and 

measurements were performed every 45 degrees (Fig 5- 1). 



Chapter 5 

106 

 
Fig 5- 1: Measurement of the extent of migration of individual cells at different angles; zero points 

towards the magnets  

5.2.5. Statistical analysis 

Statistical data analysis was performed by a two-tailed student`s t-test. The data is 

reported as mean ± standard deviation and significance was considered at p<0.05.  

5.3. Results and discussion 

5.3.1.  Differentiation and proliferation studies of pre-adipocyte 
spheroids 

The effect of mechanical stimulation of labelled cells with MPs by an external MF in 

2D culture was studied in chapter 3. Also, as mentioned in § 2.2.4, the behaviour of 3D 

adipose tissue can be enhanced by static distraction. So, in this chapter a two-sided MF 

was utilized to apply a static stretch to 3D spheroids. As stated before, non-adhesive 

culture plates were used to prevent attachment of the spheroids to the wells and cell 

migration out of the spheroids. To keep the spheroids at the bottom of wells, one 

magnet was placed under the plate and then two other magnets were positioned on the 
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plate lid. FEMM software was utilized to predict the magnetic flux density around the 

spheroids on the surface of culture plate (Appendix A 18). Fig 5- 2A showed that in the 

absence of the magnet below the dish, a steep MF gradient was produced which tended 

to pull the spheroid towards the meniscus. When the other magnet was placed under 

the plate, the shape of the magnetic flux density curve was changed (Fig 5- 2B). It was 

evident that the magnitude of MF applied to the spheroids at the centre of the plate was 

increased from ~250 mT to ~530 mT when the combination of magnets on top and 

under the plate was utilised. However, the gradient of MF was reduced so that the value 

measured by a central difference scheme was decreased from ~17 to ~2 mT/mm.  

 As presented in Equation 5- 1, the force on the spheroids depends on both MF and 

MF gradient. The force applied to the spheroids with two magnets off the side was 

determined to be ~2290 pN using the Stoke`s law (average velocity: 2700±215 µm/s), 

which led to an average magnetic susceptibility for the spheroids of 2×10-8. This 

average magnetic susceptibility was used in Equation 5- 1 to estimate the force in the 

vertical field by two magnets on top and one below the dish with magnetic flux density 

and MF gradient of ~530 mT and ~2 mT/mm, respectively. The value of force in this 

situation was calculated to be 600 pN. Although the magnetic flux density in latter 

situation was almost double of the value in former condition, but the magnetic force 

reduced to almost a quarter due to the lower gradient of MF. However, the magnitude of 

force when the combination of magnets was used was almost 13 times higher than the 

force obtained in 2D culture studies in § 3.3.4. 
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Fig 5- 2: Magnetic flux density at the centre of the culture well produced by two magnets on top (A) and  

combination of magnets (two magnets on top and one under the plate) (B) obtained from FEMM software 

By observing the light microscopy images of the spheroids, it was evident that they 

had smaller size in regular culture media (Fig 5- 3A) compared to their counterparts 

which were incubated in adipogenic media for 10 days (Fig 5- 3B). Also, in 
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differentiated samples, cells with rounded morphology could be detected on the surface 

of the spheroids compared to the other sample. 

 
Fig 5- 3: Phase contrast microscopy images from pre-adipocyte spheroids in (A) regular and (B) 

adipogenic culture media after 10 days of culture (scale bar: 300 μm) 

Oil red O staining was also used to visualize the differentiation of pre-adipocytes 

towards the mature adipocytes inside the spheroids. Presence of MPs in the spheroids 

made them opaque to light diffusion and very difficult to be observed under the 

inverted optical microscope. So, to enhance the lipids visualisation, spheroids were 

placed and pressed between two 15mm coverslips. Fig 5- 4 demonstrated that the 

undifferentiated state of the spheroids (Fig 5- 4A) had more compact structure 

compared to the other experimental group (Fig 5- 4B). Moreover, like 2D culture, lipid 

droplets were formed within the cells after 10 days of culture in adipogenic media, 

which were evident as red patches in Fig 5- 4B. This method was just sufficient to 

confirm the presence of lipids inside the spheroids. However, as the whole structure 

was pressed between the glass coverslips, it was difficult to report the precise location 

of the lipids and thereby examine the extent of the lipid formation inside the spheroids. 

Also, if the mechanical properties of the cell structures are inhomogeneous, density of 

MPs and also distribution of stained lipids in picture would be non-uniform after 

pressing the spheroids between two glass coverslips. 
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Fig 5- 4: Oil Red O staining of pre-adipocyte cell spheroids after 10 days of differentiation; (A) 

undifferentiated, (B) differentiated; white arrow demonstrates the stained lipid droplets and the brown 
parts are magnetic particles in presence of cells (scale bar: 10 μm) 

To overcome these limitations, spheroids were cross-sectioned and the adipogenisis 

was assessed by immunostaining and histology analysis. Fig 5- 5 illustrated the 

fluorescence microscopy images from immunostained samples. Comparing the Dapi 

channel in both samples showed an expansion in the structure of the constructs in 

differentiated state (Fig 5- 5A, D). Also, by culturing the spheroids in regular culture 

media, no signal was received from the expression of perilipin (Fig 5- 5B), which is 

considered as the marker of mature lipid droplets [130]. But, determination of lipid 

content after 10 days culture in induction media revealed large accumulation of lipids in 

the spheroids (Fig 5- 5E). However, inhomogeneous differentiation of cells was obvious 

so that the density of lipids was notably lower at the centre of the spheroids compared 

to the periphery. 

Histology analysis of cross-sectioned spheroids also showed a change in the 

morphology of the cells after adipogenic conversion (Fig 5- 6). Like 2D culture, in 

undifferentiated samples, cells retained their fibroblast-like morphology (Fig 5- 6A). But 

after culture in adipogenic media, cells not only yielded round morphology, but their 

size had also increased (Fig 5- 6B). These alterations led to the increase in the size of the 

construct and simultaneously, reduction in the density of the spheroids, compared to 

the undifferentiated samples.  

There are two possible explanations related to inhomogeneous accumulation of 

lipids in the spheroids. Firstly, diffusion of adipogenic media into the core could be 

restricted by increasing the size of the spheroids. Delivering the adipogenic components 

such as insulin, dexamethasone and isobutylmethylxanthine is one of the challenges in 

achieving the successful adipogenesis [222]. Amongst these components, insulin is 



Manipulation of 3D spheroids: proliferation, differentiation and migration studies 

111 

considered as the key factor and its mobility depends on the properties of the 

environment [223]. Diffusion coefficient (D) of insulin in interstitial fluid at 37 ̊C is 116 

µm2/s [224]. So, the diffusion time (td=
𝐿𝐿2

𝐷𝐷
 [225]) of insulin in L≅225 µm (radius of 

spheroids in undifferentiated stage) in this fluid would be ~7 minutes. However, the 

spheroids are composed of cells and MPs which form a compact structure that can 

hinder the diffusion. It was demonstrated by Weber and co-workers that the delay in 

insulin release from poly ethylene glycol (PEG) hydrogel was related directly to the 

crosslinking density of polymer so that the insulin diffusivity was reduced up to 60% of 

its value in aqueous solution [225]. Lauritzen et. al. also suggested that the presence of 

macromolecules in tissues like skeletal muscles acts as a gel and increases the viscosity, 

which restricts the diffusion of insulin [226]. Furthermore, Shorten and colleagues 

introduced the insulin binding to insulin receptors as the main mechanism of its slow 

transport within the t-tubules of skeletal muscle [224].  

Secondly, as it could be seen again in Fig 5- 6A, cells close to the core of the 

spheroids have very compact structure and were restricted by the outer layers of cells, 

which means they might not have sufficient space for morphological change during the 

adipogenic differentiation. Also, these cells were exposed to compression forces by 

external layers of the cells, which according to § 2.2.4 can hinder the adipogenesis.  
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Fig 5- 5: Fluorescence microscopy images from the immunostained spheroids after 10 days culture in presence of regular (A-C) and adipogenic (D-F) culture media; 

lipids and the nuclei were stained with green perilipin (B and E) and blue dapi (A and D); C and F are green and blue composite channels (scale bar: 200 µm) 
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Fig 5- 6: Haematoxylin and eosin (H&E) histological analysis of spheroids after 10 days culture in 

presence of regular (A, B) and adipogenic (C, D) culture media (scale bar: A, C: 200 µm; B, D: 100 µm) 

To study the effect of MF and magnetic force on the differentiation of the spheroids, 

they were transferred into the non-adhesive 96 well plates and exposed to a two-sided 

MF. After culture in the regular and adipogenic media for 10 days in presence (+MF) 

and absence (-MF) of MF, size of the spheroids was measured by using imageJ software 

(Appendix A 19). Plotted results (Fig 5- 7) showed that the average value in regular 

culture media had increased significantly over this culture time from 545±8 and 

538±13µm to about 581±5 and 595±40µm in RM–MF and RM+MF samples, 

respectively. Moreover, when spheroids were incubated in adipogenic media, the size 

increased notably from 549±4 and 529±10 to 741±10 and 770±66µm in the absence 

and presence of MF, respectively. Still, by comparing the size in +MF and –MF samples, 

there was not a significant difference in both regular and adipogenic media, indicating 

that MF did not have significant effect on the differentiation of the spheroids at this 

stage. As stated in § 2.2.4, Shoham et. al. reported the 12% strain as the average value for 

physiological strain distributions in the weight-bearing tissues which can accelerate the 

adipogenic differentiation [96]. If we consider this strain and the elastic modulus of 

adipose tissue (~1.4kPa) [227], then the stress of ~168 Pa would be obtained. If this 
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stress is applied on the cross-section area of the spheroids (~12.6×104 µm2), that would 

give us a force of ~21168 nN, which is much higher than the force estimated in our 

study. As stated earlier in this section, this difference in the magnitude of the forces can 

be related to the lower gradient of MF in experimental setup, which can justify the 

absence of significant effect in our results. However, gene expression studies still can be 

conducted in future to assess whether any subtle effects maybe present were not 

detected by the methods used. Also, it would be interesting to change the design of the 

experiment in future studies to have a larger gradient of MF; however, as mentioned 

earlier, there were practical limitations, because the spheroids tended to move in the 

field.  

 
Fig 5- 7: Size of the 3T3-L1 pre-adipocyte spheroids after 10 days of culture in regular (RM) and 

adipogenic culture media (AM) in the absence (-MF) and presence (+MF) of the magnetic field (n=4; 
*p<0.05). 

To study the effect of MF on the proliferation of the cells in the spheroids, CellTitre 

Glo luminescence assay was conducted. This assay is based on the ATP (Adenosine 

triphosphate) presence of viable cells in constructs or micro-tissues. Fig 5- 8 exhibited 

that incubation of the cell spheroids in regular culture media for 10 days led to a 

significant increase in the population of cells which confirmed the previous findings in 

Fig 5- 7 regarding the increase in the size of the spheroids (Appendix A 20). However, 

like the differentiation studies, exposure of the spheroids to the MF did not change the 

proliferation rate significantly.  
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Fig 5- 8: Proliferation of 3T3-L1 pre-adipocyte cells spheroids measured by CellTitre-Glo Luminescent 

Cell Viability Assay; The graph exhibited the viability of the cells on day 0 and after 10 days in the absence 
(-MF) and presence of magnetic field (+MF) in regular culture media (n=4; * p<0.05) 

Recently, it was demonstrated that size of pre-adipocyte spheroids had increased by 

3.5 fold when they were cultured in differentiated media for 11 days [219]. However, it 

was discussed that their size was increased in first 72 hours in presence of regular 

culture media, when it reached a plateau after that time. This phenomenon was 

attributed to the contact-inhibited growth which restricted the proliferative behaviour 

of cells in spheroids [187, 219]. To compare our results in a period of 10 days with these 

findings and also to track the proliferative behaviour of spheroids more precisely, it 

would be interesting to investigate further in shorter time intervals. However, by 

considering these size variations, it could be concluded that the differentiation had 

more effect on the size of the cell constructs compared to the increase in the cells 

population. Also, because differentiated adipocytes have limited proliferative abilities 

and proliferation takes place mostly before the differentiation [45, 53], the significant 

change in the diameter of the spheroids is more likely a result of the increase in the size 

of the individual cells in differentiated samples. 

It was shown in previous studies that in vitro treatment of cells prior to implantation 

could affect their in vivo performance. For instance, controlled adipogenic induction of 

pre-adipocytes in poly glycolic acid (PGA) scaffolds before the implantation was 
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necessary for enough generation of adipose tissue in vivo [55]. It was demonstrated that 

the spheroids produced in this study supported the proliferation and also 

differentiation of pre-adipocytes towards the mature adipocytes in vitro. So for future 

applications, these spheroids can experience a differentiation cycle before implantation 

to enhance the tissue development in vivo. 

5.3.2. Migration studies 

Cell migration is very important in different biological and pathological processes 

including tumour metastasis, wound healing and studying the interactions between 

cells and biomaterials in tissue engineering [184, 185, 228]. It is also considered as an 

important step for development and maintenance of adipose tissue [229]. 

Studies have shown that migration is guided by the signals that cells receive from 

the surrounding environment. Other than factors such as chemical gradients [230], 

physical features including the surface topography and its density [231, 232], 

dimensions and geometry [233, 234], migration of cells is also affected by the 

mechanical cues it receives from the environment. One source of these mechanical 

signals could be related to the properties of the surface such as stiffness [88, 89, 235, 

236]. Cells` movement is more enhanced on the stiff substrates compared to the soft 

materials so that if there is a stiffness gradient, their migration is directed towards the 

stiffer part of the substratum. 

Moreover, mechanical cues include the applied forces to the cells from the 

environment [235, 237, 238]. Lo and colleagues showed that stretching and 

compression of stretchable substrates by blunted microneedles had a direct effect on 

the migration of 3T3 cells [235, 239]. Applying the stretch led to the migration of cells 

towards the force source by changing their anterior-posterior polarization. However, 

compression resulted in moving the cells away from the needle. The same behaviour 

was reported by Beloussov et. al. when ventral ectodermal explants from early gastrula 

embryos of Xenopus laevis were subjected to a concentrated stretching [240].  

While using stretchable membranes has gained attention to study the effect of 

applied force on migration, it yields some limitations. As discussed in §  2.2.6, these 

limitations could be related to non-uniform strain gradients across the diameter of the 

substrate, the range of forces and strains that can be applied and scaling up for in vivo 
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studies. Besides, using the cell spheroids for migration studies is in the interest of the 

researchers as 3D constructs can reflect the conditions present in vivo such as cellular 

interactions and also nutrients and oxygen diffusion (provided the spheroids 

small)[241, 242]. So, we postulated that using combination of MF and labelled cells with 

MPs could be used to apply force to cell spheroids for migration studies. 

To achieve this, contrary to the proliferation and differentiation experiments in 

which cells were prevented from adhesion to the plate, pre-adipocyte spheroids were 

transferred into the regular 96 well plates. Then, they were imaged up to 4 days after 

the culture. A single spheroid was depicted in Fig 5- 9 on day 0 and no individual cell 

was detected on the surface of the plate. After 1 day, cells had the opportunity to make 

sufficient physical contact to the plate and then started to migrate out of the spheroids 

in different directions. Adhesion of the spheroid to the surface and also the migration of 

cells led to an increase in the size of the high density area under the microscope. Cells 

continued their migration from their higher to lower densities to reduce the contact 

inhibition ( §3.3.7) after 4 days, where the size of the spheroid increased and cells 

covered the surface of the plate. The same phenomenon was observed when two 

spheroids were cultured next to each other inside the plate (Fig 5- 10). It was shown 

that while migration of the cells made a 2D layer on the plate surface, it led to the fusion 

of the adjacent spheroids to produce a single structure after 4 days. This concept can be 

used in studies such as “confrontation assay” which evaluates the invasive potency of a 

specific cell type, specially carcinogenic cells [243].  

 
Fig 5- 9: Migration of pre-adipocyte cells from the spheroid on an adhesive culture plate in the absence of 

magnetic field (scale bar: 200 µm) 
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Fig 5- 10: Fusion of two spheroids due to the migration of cells in the absence of magnetic field (scale bar: 

200 µm) 

We also studied the effect of MF on the pattern of cells migration. Two 22mm 

magnets were placed next to the plate to create a transverse field and the samples were 

imaged every 12 hours for 3 days. Spheroids were 10 mm away from the magnets` 

surface pole and the magnitude of force applied to them was according to Fig 5- 2A 

(~2290 pN). To quantify the results, first, changes in the roundness and size of the 

spheroids were evaluated (Appendix A 21, Appendix A 22). Considering the overall size 

of the spheroids in presence and absence of MF, it was found that their diameter 

increased significantly from 494±26 and 501±14 to 794±15 and 743±43µm after 12 

hours culture, respectively (Fig 5- 11). As already mentioned, this change was mainly 

related to the attachment of the spheroids to the surface plate and subsequent 

migration of cells. The size increased in both groups when it reached a plateau after 48 

hours. As the time lapsed, the density of cells around the spheroids increased on the 

culture plate. So, this may have restricted the migratory behaviour of cells in high 

density area due to the contact inhibition of cell movement [184]. However, no 

significant difference in the size was recorded due to the presence of MF. Comparing the 

roundness of the spheroids, on the other hand, demonstrated that the values remained 

almost consistent in the absence of MF (Fig 5- 12). When MF was used, the structure 

retained its consistency in roundness up to 48 hours. However, at this stage, the 

roundness started to reduce and the value dropped significantly compared to the other 

group after 60 hours of exposure to MF. This was a sign that the migration of cells from 

the spheroid had not been completely symmetrical in presence of MF as it would be 

expected. 
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Fig 5- 11: Size of 3T3-L1 pre-adipocyte cells spheroids after starting the cells migration on the culture 

well in the absence and presence of a magnetic field (n=3) 

 
Fig 5- 12: Roundness of 3T3-L1 pre-adipocyte cells spheroids after starting the cells migration on the 

culture well in the absence and presence of a magnetic field (n=3) 

To examine this more precisely, the variations in the size of the spheroids along the 

X (perpendicular to the magnets` surface) and Y (parallel to the magnets` surface) axes 

were evaluated (Appendix A 23). Both Fig 5- 13 and Fig 5- 14 showed the significant 

jump in the size along two axes in the absence and presence of MF between 4 and 12 

hours. They also followed the same trend in increase as Fig 5- 11. It was obvious from 
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Fig 5- 13 that no significant difference in the size of the spheroids was observed along 

two axes when MF was not utilized. In contrast, when MF was applied, the difference in 

the size started to increase after 48 hours and the figure along axis X was recorded to be 

1021±12µm compared to 903±16µm along the Y axis after 60 hours (Fig 5- 14). These 

dimensions were 1071±71µm and 937±12µm for X and Y axes after 72 hours, 

respectively. Simulation of the MF around the magnets showed that the magnetic flux 

density along the Y axis was almost constant across the surface of the plate (Fig 5- 15A) 

(Appendix A 24). However, this value was increased along axis X, where it was around 

240mT at the edge of the spheroid close to the magnets (9.5mm from the pole) 

compared to 230mT at its centre after 48 hours (Fig 5- 15B). So, due to the increase in 

the strength of the field, higher magnitudes of force would be applied to the cell 

spheroids and consequently cells would be pulled towards the magnets and migration 

would be more enhanced compared to the other axis. 
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Fig 5- 13: Size of the 3T3-L1 pre-adipocyte cells spheroids along the X and Y axis as a function of time 

after starting the cells migration in the absence of magnetic field (n=3) 

 
Fig 5- 14: Size of the 3T3-L1 pre-adipocyte cells spheroids along the X and Y axis as a function of time 

after starting the cells migration in presence of magnetic field (n=3) 

 

 

 
 

0

200

400

600

800

1000

1200

1400

0 12 24 36 48 60 72

Si
ze

 (µ
m

) 

Time (hr) 

X

Y

0

200

400

600

800

1000

1200

1400

0 12 24 36 48 60 72

Si
ze

 (µ
m

) 

Time (hr) 

X

Y

Ma
gn
ets 

Y 

X 

Ma
gn
ets 

Y 

X 



Chapter 5 

122 

 

 
Fig 5- 15: Magnetic flux density along the Y (parallel to magnet`s surface) (A) and X (perpendicular to 

magnets` surface) (B) axes across the 96 well- plate obtained from FEMM software 

When migration of single pre-adipocyte cells was considered, the extent of 

migration was measured as the distance of the furthest cell from the centre of the 

spheroid in different angles up to 72 hours (Appendix A 25). Fig 5- 16 depicted the 

average distance of cells from centre of spheroids in absence and presence of MF. It was 

shown that the pattern of migration was almost the same in both experimental groups. 
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Also, plotting the data in Fig 5- 17 and Fig 5- 18 exhibited that MF did not have 

significant difference in the migration of pre-adipocytes in different angles compared to 

the sample in absence of MF. 

Different migration results obtained from the high density area and also individual 

cells could be explained by Fig 5- 19 and Fig 5- 20. Tracking the individual cells at early 

and late stages of migration showed that the majority of them carried at least one MP 

after 12 hours of culture (Fig 5- 19A). However, after 72 hours of culture, the ratio had 

reduced and a large portion of cells without MPs were observed (Fig 5- 19B). To 

quantify the results, number of cells that carried at least one MP and also those without 

MPs were counted respectively in a 500×500 µm box in front of the spheroids after 12 

and 72 hours (Appendix A 26). The findings showed that the percentage of the labelled 

cells with MPs was dropped from 77±8 to 49±2 after 12 and 72 hours of migration, 

respectively. This mostly could be related to the separation of the particles when the 

cells replicated (Fig 5- 20). So, despite the fact that cells migrated towards the magnets 

and reduced their distance to the surface pole, most of them did not experience 

magnetic force as no MP was attached to their membrane. In high density area, in 

contrast, cells were connected to each other by the secreted ECM and the magnetic force 

can transmit more efficiently.  
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Fig 5- 16: Extent of migration of pre-adipocyte cells from the spheroids in different angles on the culture 
well in the absence (A) and presence (B) of magnetic field; Data is presented as the average distance of 

cells from the centre of spheroids in different time intervals (n=3) 
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Fig 5- 17: Extent of migration of pre-adipocyte cells from the spheroids in different angles on the culture well in the absence of magnetic field; data is presented as 

the distance of cells from the centre of spheroids in different time intervals (n=3) 
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Fig 5- 18: Extent of migration of pre-adipocyte cells from the spheroids in different angles on the culture well in the presence of magnetic field; data is presented as 

the distance of cells from the centre of spheroids in different time intervals (n=3)
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Fig 5- 19: Pre-adipocyte cells around the spheroid after 12 (A) and 72 (B) hours migration; number of 

cells that carry at least one magnetic particle (red dots) and those without magnetic particles (green dots) 
were counted in a 500×500 µm box in front of the spheroids; a lesser ratio of cells carried magnetic 

particles with themselves in longer time of culture  
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Fig 5- 20: Percentage of the labelled cells with magnetic particles on the culture plate after migration out 

of the cell spheroids in a 500×500µm box in front of the spheroids (n=3; ** p <0.01) 

Of all the reports, to our best knowledge, there are only few studies that covered the 

effect of permanent magnets on the migration of cells and they have not used magnetic 

particles. Hashimoto and colleagues found that utilizing moderate static MF (mT orders) 

could enhance migration of cells to fill in the wounded cell monolayer [244]. Authors 

had suggested that this effect had been independent of MF direction and could be 

related to the ATP synthesis by mitochondria. Promotion of ATP synthesis, in turn, 

affect the cytoskeleton and collagen secretion which are required for cell migration 

[244]. However, using strong magnetic fields (T orders) did not have significant effect 

on the migration of astrocyte and chick motor neuron cells [245, 246]. Some reports 

also demonstrated the controversial enhancement of cells migration by using 

electromagnetic fields (EMF). While migration of skin keratinocytes was accelerated by 

EMF, such effect was not observed in fibroblasts in the study conducted by Huo and 

colleagues [247]. However, Sun et. al. reported the directed migration of fibroblast cells 

in a 3D collagen gel compared to 2D culture when exposed to EMF [248]. Still, using 

such concepts might induce electric current in cellular structures and affect the 

biological systems by facilitation of oscillation in specific molecules like water [249]. 

Moreover, it has been suggested that exposure to EMF can activate the voltage-gated 
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calcium channels (VGCCs) which leads to elevation of intracellular Ca2+ and nitric oxide 

that can act therapeutic and pathophysiological roles [250].  

5.4. Conclusions 

In this chapter, we analysed the effect of MF on the behaviour of 3D pre-adipocyte 

spheroids. To achieve this, first proliferation and differentiation of spheroids were 

studied in presence and absence of MF. Results demonstrated that spheroids supported 

the differentiation towards mature adipocytes in 10 days culture in adipogenic media, 

indicated by increasing their size and also staining the lipids. This feature can be used 

for future applications so that the spheroids can experience a differentiation cycle 

before implantation to enhance the tissue development in vivo. 
Moreover, results illustrated that spheroids had proliferative behaviour in 10 days 

culture in regular culture media. However, presence of MF did not show a significant 

difference on the proliferation and differentiation of spheroids likely due to the low MF 

gradient and small resulting magnetic force. However, gene expression studies still can 

be conducted in future to assess whether any subtle effects maybe present were not 

detected by the methods used. 

For the next step, migration studies were conducted by considering the changes in 

the size and shape of the spheroids and also tracking the individual cells. High density 

area of spheroids was influenced so that applying force to the spheroids by MF reduced 

the roundness of structures after 48 hours by enhancing the migration along X axis 

(towards the magnets) compared to Y axis.  Increase in the strength of the field towards 

the magnet applied higher magnitudes of force to the cell spheroids and consequently 

cells would be pulled towards the magnets and migration would be more enhanced 

compared to the other axis. Finally, MF did not have significant difference in the 

migration of single pre-adipocytes in different angles compared to the sample in 

absence of MF. Despite the fact that cells migrated towards the magnets and reduced 

their distance to the surface pole, most of them did not experience magnetic force due to 

the separation of MPs from their membrane.  
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Chapter 6.  
Conclusions and future directions  
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6.1. Review of the original research aims 

The aim of this PhD has been to investigate whether magnetic manipulation of 

labelled cells with MPs can be used to improve soft tissue engineering. In this regard, 

3T3-L1 preadipocyte and 3T3 fibroblast cells, as two of the main components of adipose 

tissue, were labelled with magnetic micro-particles and exposed to different external 

magnetic fields for mechanical stimulation and also patterning and production of 3D cell 

constructs. To achieve the main aim, the work presented in this thesis evaluated three 

objectives as outlined below. 

6.1.1. Effect of magnetic field on 2D culture 

Culture of cells in monolayer is popular for in vitro studies. Cells were labelled with 

MPs and exposed to an external magnetic field for proliferation and differentiation 

studies. Results suggested that using MPs alone did not change the proliferation of 

fibroblast and pre-adipocyte cells, significantly. The same behaviour was observed 

when static stretch was applied to labelled cells by placing the magnets on top of the 

plates. However, static compression by exposure of labelled pre-adipocytes with MPs 

from the bottom of the plates led to a reduction in their proliferation which was more 

notable in samples with uncoated MPs compared to RGD-coated particles. Moreover, 

differentiation of pre-adipocytes towards the mature adipocytes was not effected 

significantly when MPs and MF was utilized. Finally, using MF enhanced the culture of 

pre-adipocyte cells and they could be cultured in different patterns by changing the 

shape of the MF. Also, their co-culture with fibroblast cells could be shaped to layer-by-

layer or core-shell structures using different types of magnets. 

6.1.2. Magnetic field for production of 3D cell constructs 

We studied the effect of MF in generation of 3D cell constructs to overcome some of 

the limitations caused by monolayer or 2D culture such as  inadequate cell-cell and cell-

ECM interactions and signalling that is vital in natural, in vivo adipose tissues [186, 187]. 

Rapid construction of uniform and stable 3D cell spheroids from 3T3-L1 pre-adipocytes 

was achieved by placing the cylindrical magnets under the culture plates which 

produced active force to enhance cells adhesion and interaction. This method produced 
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the spheroids with higher density and more symmetric structures compared to the 

centrifuge method as the standard method in production of cell spheroids. It was also 

shown that shape of the cell constructs could be changed by using different patterns of 

MF. Also, fusion of these spheroids was observed in presence of MF which could be used 

to produce larger and more complicated structures for future tissue engineering 

applications. In this regard, presence of an external MF can be used to delay the tissue 

remodelling and keep the tissue structure. Moreover, co-culturing with 3T3 fibroblasts 

could convert the spheroids to hybrid multi-cellular aggregates.  

6.1.3. Effect of magnetic field on 3D culture 

We analysed the effect of mechanical stimulation produced by MF on the behaviour 

of 3D pre-adipocyte spheroids in terms of proliferation, differentiation and migration. 

Results demonstrated that spheroids supported the differentiation towards mature 

adipocytes in 10 days culture in adipogenic media, indicated by increasing their size and 

also staining the lipids. Moreover, proliferative behaviour was observed in 10 days of 

culture in regular culture media. However, presence of MF did not show a significant 

effect on the proliferation and differentiation of spheroids likely due to the low MF 

gradient and small resulting magnetic force. 

For migration studies, the change in size and shape of the spheroids and also 

tracking the individual cells were considered. High density area of spheroids was 

influenced so that applying the magnetic force to the spheroids reduced the roundness 

of structures after 48 hours by enhancing the migration towards the magnets compared 

to the direction perpendicular to the magnets. 

6.2. Final conclusions and future directions 

In summary, this thesis used the combination of micro-magnetic particles and 

magnetic field to label and manipulate pre-adipocyte and fibroblast cells, as two of the 

main components of adipose tissue, for mechanical stimulation of cells in 2D and 3D 

culture as well as production of 3D cell constructs in a free-scaffold approach. It was 

shown that the proliferation and differentiation of cells in 2D culture can be affected by 

changing the orientation of the force applied. Also, rapid production of cell spheroids 
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was achieved in presence of MF due to the provision of sufficient active force which 

enhanced the cell-cell adhesion and interaction. Also, this force can be used as a source 

of stimulation after production of spheroids to study its effect on behaviour of cells in 

3D culture. 

This study, of course, is not the end but rather a significant step in a journey towards 

the success of soft tissue engineering and in this regard several directions could be 

explored further. 

While the dose of MPs used in this study did not show visible adverse effect on the 

viability of cells in the experimental period of time, but more evaluations might be taken 

in consideration for long-term culture. Also, while it was suggested that nano particles 

are usually cleared by spleen and liver in vivo, the fate of such large micro particles used 

in this thesis is not known completely, especially in long period of time. So, the approach 

of designing and utilizing biodegradable particles by embedding the nano particles 

inside the polymeric beads can be worthy of further evaluations. 

Regarding the effect of MF and MPs on the differentiation of pre-adipocyte cells in 

§ 3.3.6 , the exact mechanism behind the obtained results was not completely clear. So 

gene expression studies or evaluation of other effective parameters like passive signals 

(mechanical properties of culture plates) should be considered in future. 

As mentioned in § 4.3.4, uneven distribution of MPs inside the cell spheroids was 

visible which could be related to the remaining the free MPs in cell suspension after cell 

labelling with MPs. These particles were not even separated by centrifugation method. 

One solution to overcome this problem might be using different type of cell labelling 

such as mixing the cells with functionalized MPs for specific period of time to let the 

particles attach to cell membrane. This also removes the necessity of using trypsin 

which might affect the particles binding to cell membrane.  

Regarding MF, combination of magnets can be used to produce more complex 3D MF 

with spatial and temporal control. Also, while permanent magnets played their role 

appropriately in the experiments, dynamic MF produced by electromagnets can also be 

used in future studies. Turning off the MF using permanent magnets is only possible by 

removing them from the experimental setup and sometimes it is very difficult to control 

them due to their strong MF which might be hazardous on devices like pacemakers, as 

well. However, using the electromagnets makes it easier to tune the magnitude of MF by 

changing the voltage of the electrical supplier.  
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Another area worthy of further work is designing a proper MF for applying force to 

3D cells structures. As stated in § 5.3.1, presence of MF and magnetic force did not show 

a significant difference in proliferation and differentiation studies likely due to the low 

MF gradient caused by the practical limitations in experimental design. To increase the 

gradient and use magnets just on the plate, cell spheroids need to be constrained at the 

bottom of the non-adhesive culture plate. Holding the spheroids between two 

membranes and having a fluid flow in the opposite direction of magnetic field can be 

considered as the solutions to keep the spheroids on the culture surface.  

More importantly, as discussed in § 1.1.2.3, vascularization is one the main concerns 

and challenges in success of tissue engineering. Also, it was mentioned in § 2.1.3 that 

adipose tissue is considered as a highly vascularized tissue. Previous studies have 

shown that co-culture of endothelial cells with pre-adipocyte and adipocyte cells 

promoted the development of in vitro culture [251, 252]. So, labelling the endothelial 

cells with MPs and their culture with pre-adipocytes can be used to develop the co-

culture method in § 4.3.6 and overcome the challenges indicated in § 4.3.4 regarding the 

apoptosis and necrosis in cell spheroids and tissues. 
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Appendix A 1: Data presenting the size of the magnetic particles obtained from the image processed using 
ImageJ software 

 Diameter (µm) 
 5.29586 
 5.170064 
 5.107325 
 4.670701 
 4.652229 
 4.652229 
 4.58949 
 4.58949 
 4.545223 
 4.545223 
 4.519108 
 4.519108 
 4.500637 
 4.482166 
 4.482166 
 4.482166 
 4.456369 
 4.437898 
 4.437898 
 4.437898 
 4.437898 
 4.419427 
 4.393631 
 4.393631 
 4.393631 
 4.375159 
 4.375159 
 4.349045 

 4.330573 

 4.330573 
 4.330573 
 4.312102 
 4.304777 
 4.286306 
 4.286306  Bin limit (µm) Frequency 
 4.286306  4.2 1 
 4.24172  4.4 16 
 4.24172  4.6 16 
 4.178981  4.8 3 

Average 4.48  5 0 
SD 0.23  5.2 2 
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 Appendix A 2: Data describing the effect of magnetic particles concentration on the viability of pre-
adipocyte cells relative to the control without magnetic particles by MTS assay after 24 hours; results were 
normalized to the values obtained from the control group 

MPs Concentration 
(µg/mL) 1st Repeat 2nd Repeat 3rd Repeat 4th Repeat 

 
Average 

 
SD 

15 0.824564 0.930069 0.844583 0.965237 0.89 0.06 
30 0.895983 0.786149 0.761802 0.969566 0.85 0.09 
45 0.685513 0.589747 0.703368 0.715271 0.67 0.05 
60 0.422562 0.470716 0.471257 0.54484 0.47 0.05 

Appendix A 3: Data describing the effect of magnetic particle concentration and incubation time on the 
number of labelled cells 

 
Time (hrs) 

 
MPs Concentration 

(µg/mL) 

Number of labelled cells with MPs (×104) 

1st Repeat 2nd Repeat 3rd Repeat  
Average 

 
SD 

4 
15 22 19 19.5 20.16 1.60 
30 43 41 38 40.66 2.51 

24 
15 52 52.5 35 46.50 9.96 
30 79 145.5 143.5 122.66 37.82 

Appendix A 4: Data describing the average number of magnetic particles attached to the pre-adipocyte cells 
in absence and presence of RGD after 24 hours of incubation 

RGD-
coated 

MPs 

Stock 
MPs 

RGD-
coated 

MPs 

Stock 
MPs 

RGD-
coated 

MPs 

Stock 
MPs 

RGD-
coated 

MPs 

Stock 
MPs 

RGD-
coated 

MPs 

Stock 
MPs 

2 6 2 1 5 6 3 8 3 7 
5 3 2 3 3 6 3 3 7 1 
4 1 3 5 2 9 5 3 4 2 
3 2 1 4 1 3 2 2 2 1 
1 2 2 4 1 6 4 2 2 2 
1 5 2 6 3 6 3 3 2 3 
4 4 4 4 3 6 3 3 4 1 
2 4 2 6 5 3 4 2 6 3 
3 3 5 6 2 6 6 1 1 4 
4 4 1 3 6 6 3 2 2 6 
1 3 1 1 2 7 6 4 8 6 
2 4 2 5 7 9 5 2 2 3 
2 3 3 1 5 9 3 2 8 2 
1 4 4 3 1 6 3 4 2 2 
1 2 2 5 4 5 3 4 7 6 
5 1 6 3 2 8 2 4 8 6 
3 5 8 3 3 5 3 5 3.38 3.96 Average 

3 6 4 3 4 5 4 1 1.83 2.00 SD 

2 4 4 6 3 2 5 3 
6 2 3 4 6 6 3 5 
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Appendix A 5: Data describing the frequency distribution for the number of stock and RGD-coated magnetic 
particles attached to pre-adipocyte cells after 24 hours of incubation 

 Frequency 
Bin limit 
(number 
of MPs) 

Stock 
MPs 

RGD-
coated 

MPs 
1 10 3 
2 15 9 
3 20 23 
4 15 21 
5 10 20 
6 19 11 
7 2 9 
8 3 0 
9 2 0 
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Appendix A 6: Data describing the measured magnetic field component of the magnet perpendicular to the pole surface (By) as a function of position on the pole surface 

Distance from the centre 
of magnet (mm) 

distance from the magnets` surface pole  

2 4 6 8 10 12 14 16 18 20 
-11 997 821.2 680 565.9 473.5 398.1 336.3 285.9 244.2 209.8 

By (G
auss) 

-10 1237.6 974.9 782.9 637.9 525.3 435.4 363.7 306.4 259.8 221.8 
-9 1472.1 1126.9 885.7 709.1 575.9 472.1 390.9 326.7 275 233.2 
-8 1685.9 1270.6 984.1 777.9 624.4 507.1 416.2 345.5 288.9 244.1 
-7 1870.3 1401.1 1075.6 842.3 670.3 540.1 440.2 363.1 302.1 254.1 
-6 2021 1514.5 1157.1 900.1 711.8 569.7 461.8 379.1 314.1 262.8 
-5 2140.5 1609.5 1227.5 951.4 748.4 596 481 393.1 324.6 270.5 
-4 2230.5 1685.6 1285.2 993.5 779.1 618.3 497.2 404.8 333.1 277.1 
-3 2295.1 1742.8 1330.3 1027 803.6 635.7 509.6 413.9 340 282.3 
-2 2336.8 1781.8 1361.7 1050.6 820.7 648.4 518.9 420.7 344.9 286 
-1 2359.5 1804.1 1380.1 1064.6 831 655.9 524.2 424.6 347.7 287.9 
0 2364.1 1809.7 1385.3 1068.6 834 657.9 526 426 348.8 288.7 
1 2351.6 1799.2 1377 1062.3 829.7 654.8 523.6 424.4 347.5 287.7 
2 2320.7 1772.2 1355.7 1046.5 817.8 646.4 517.7 419.7 344.2 285.5 
3 2271.5 1728.7 1321.5 1020.9 799.3 632.9 507.6 412.4 338.6 281.3 
4 2201 1667.9 1274.3 986.2 773.9 614.6 494.4 402.7 331.7 275.8 
5 2106.8 1589.2 1214.5 942.4 742.2 591.4 477.8 390.4 322.3 268.9 
6 1984.7 1492.3 1142.6 890.6 704.8 564.4 458.2 375.9 311.6 260.9 
7 1833.1 1378.1 1060.3 831.7 662.7 534.6 435.9 359.8 299.7 251.9 
8 1649.8 1247.6 968.8 766.9 616.7 501 411.8 341.7 286.4 241.8 
9 1439.1 1105.3 870.8 698.5 567.8 466 386 322.8 271.8 230.9 

10 1209.4 955.6 769.7 627.7 517.2 429.4 359.3 302.9 256.9 219.3 
11 974.7 805 667.8 556.4 466.1 392.4 331.8 282.2 241.2 207.4 
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Appendix A 7: Data describing the measured magnetic field component of the magnet parallel to the pole surface (Bx) as a function of position on the pole surface 

Distance from the centre 
of magnet (mm) 

distance from the magnets` surface pole  

2 4 6 8 10 12 14 16 18 20 
-11 1209.2 861.9 632.2 473.3 359.8 277.1 216.4 170.7 136 109.6 

Bx (G
auss) 

-10 1230.4 866.9 629.8 467.2 352.1 269.5 208.7 163.8 130 104.1 
-9 1208.6 849.6 613.7 452.6 339 257.7 198.8 155 122.7 97.7 
-8 1145.3 809.8 584.3 429.4 320 241.8 185.6 144.1 113.5 90.2 
-7 1046.4 748.6 541.6 397.5 295.5 222.7 170.1 131.5 103.2 81.9 
-6 922.3 669.9 487.3 357.8 265.4 199.4 151.8 117.1 91.5 72.4 
-5 781.3 576.9 422.4 310.8 230.3 172.8 131.1 100.7 78.6 62 
-4 631.3 474.1 349.8 257.8 191.1 142.9 108.4 83 64.5 50.7 
-3 478.3 364.3 271 200.1 148.3 110.8 83.9 64.1 49.7 39 
-2 322.8 249.8 187.1 138.5 102.7 76.4 57.9 44.2 34.3 27 
-1 168.5 133.3 100.5 74.7 55.4 41 30.9 23.5 18.5 14.3 
0 14.7 14.9 12 9 6.5 4.5 3.2 2.3 1.7 1.4 
1 -137.6 -103.2 -76.7 -57.1 -42.9 -32.3 -24.8 -19 -14.7 -11.4 
2 -289 -219.9 -164.4 -122.2 -91.2 -68.8 -52.3 -40 -31.3 -24.1 
3 -438.8 -334.2 -249.4 -185.4 -138.2 -103.9 -79.2 -60.6 -47 -37 
4 -587.9 -445.3 -331.5 -245.9 -183.2 -137.6 -104.5 -80.4 -62.4 -49.1 
5 -735 -551.4 -408.2 -302.5 -225.2 -169.4 -128.9 -99.2 -77.1 -60.7 
6 -876.8 -649.8 -478.3 -353.6 -263.4 -198.1 -151 -116.5 -90.8 -71.5 
7 -1009.6 -737.8 -539.9 -398.4 -297 -224.1 -171.1 -132.2 -103.2 -81.6 
8 -1126.9 -812 -591.4 -436.3 -325.7 -246.4 -188.6 -146.2 -114.7 -90.8 
9 -1218.7 -868.5 -630.9 -466.1 -348.7 -264.7 -203.6 -158.3 -124.5 -98.9 

10 -1276.7 -904.4 -657.3 -487 -366.2 -279.1 -215.5 -168.3 -132.9 -106.1 
11 -1294 -918.2 -670.2 -499.5 -377.7 -289.6 -224.7 -176.4 -139.9 -112.1 
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Appendix A 8: Data describing the measured magnetic field of the magnet (B) as a function of position on the pole surface 

Distance from the centre 
of magnet (mm) 

distance from the magnets` surface pole  

2 4 6 8 10 12 14 16 18 20 
-11 1567.3 1190.5 928.54 737.79 594.74 485.08 399.95 333.01 279.55 236.73 

B (G
auss) 

-10 1745.2 1304.7 1004.8 790.75 632.44 512.11 419.37 347.47 290.54 245.05 
-9 1904.8 1411.4 1077.6 841.31 668.33 537.91 438.6 361.65 301.17 252.88 
-8 2038.2 1506.8 1144.6 888.64 701.71 561.87 455.77 374.4 310.44 260.27 
-7 2143.3 1588.7 1204.4 931.5 732.65 584.29 471.99 386.24 319.3 267.02 
-6 2221.7 1656.2 1255.7 968.76 759.79 603.69 486.19 396.85 327.22 272.64 
-5 2278.9 1710 1298.4 1001.1 783.18 620.66 498.64 405.88 334.05 277.58 
-4 2318.4 1751.3 1332.2 1026.6 802.37 634.74 509 413.32 339.37 281.77 
-3 2344.8 1780.8 1357.9 1046.6 817.38 645.45 516.6 418.95 343.71 285.07 
-2 2359.5 1799.7 1374.9 1060 827.35 653.08 522.27 423.15 346.71 287.36 
-1 2366.1 1809.5 1384.2 1067.6 833.12 657.4 525.29 425.4 348.32 288.36 
0 2364.8 1810.4 1385.9 1069.1 834.35 658.17 526.21 426.17 348.94 288.83 
1 2356.4 1802.9 1379.7 1064.3 831.18 655.89 524.42 425.01 347.96 288.05 
2 2339.6 1786.6 1366.3 1054.1 823.29 650.37 520.59 421.81 345.79 286.66 
3 2314.6 1761.7 1345.6 1038.2 811.63 641.74 514.02 417.06 342.03 283.88 
4 2279.5 1727.4 1317.6 1017.1 795.81 630.22 505.64 410.9 337.72 280.3 
5 2232.8 1683.4 1282.2 990.5 776.19 615.63 495.23 403.07 331.61 275.85 
6 2171.5 1629 1239.7 959.03 753.02 598.63 482.81 393.83 324.79 270.72 
7 2094.7 1564.7 1191 923.07 726.87 580.18 468.67 383.63 317.22 265 
8 2000.1 1490.2 1136.3 883.26 698.13 558.85 453.35 372 308.78 258.51 
9 1888.2 1407.5 1076.6 840.71 667.07 536.5 436.84 359.88 299.24 251.42 

10 1761.1 1317.6 1013.5 795.49 634.49 512.73 419.43 346.89 289.54 243.86 
11 1622.7 1223 947.53 748.77 600.71 488.3 401.21 333.17 279.14 236.01 
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Appendix A 9: Data describing the size and frequency distribution for measured diameter of suspended pre-
adipocyte cells in 70% glycerol 

 Cells Diameter 
(µm) 

 16 
 20 
 15 
 12 
 19 
 17 
 15 
 21 
 19 
 25 
 21  Bin limit Frequency 
 21  15 4 
 19  16 1 
 19  17 2 
 15  18 0 
 19  19 5 
 20  20 3 
 17  21 4 
 21  22 0 

 20  23 0 

Average 18.55  24 0 
SD 2.94  25 1 

 

Appendix A 10: Data describing the measured magnetic force applied to the single pre-adipocyte cells 
according to the number of attached magnetic particles to them 

 Number of attached MPs to cells 
 3 4 5 6 

Force 
(pN) 

36.03 47.48 56.17 56.52 
36.63 53.02 57.05 71.22 
36.03 38.68 55.64 58.64 
35.61 43.77   
37.44 40.06   

 49.00   
 42.96   
 39.03   

Average 36.35 44.25 56.28 62.12 
SD 0.71 6.05 0.71 7.94 
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Appendix A 11: Data describing the proliferation of 3T3 fibroblasts in presence of magnetic particles and 
magnetic field on the plates after 3 days; results were normalized to the values obtained from the control 
group; Cells+MPs: cells with just magnetic particles; Cell+MF: cells in presence of magnetic field; 
Cells+MPs+MF: labelled cells with magnetic particles exposed to the magnetic field 

 1st Repeat 2nd Repeat 3rd Repeat  
Average 

 
SD 

Cells + MPs 1.29 1.12 0.92 1.11 0.18 
Cells + MF 1.24 1.24 1.16 1.2 0.04 

Cells + MPs + MF 1.37 1.58 1.18 1.37 0.20 
 

Appendix A 12: Data describing the proliferation of 3T3-L1 pre-adipocytes in presence of magnetic particles 
and magnetic field after 3 days; results were normalized to the values obtained from the control group; Top 
MF and Bottom MF: cells exposed to magnetic field from the magnets placed on top or under  the plate, 
respectively; Stock MPs and RGD MPs: labelled  cells with stock and RGD-conjugated magnetic particles, 
respectively; Stock MPs+Top MF and RGD MPs+Top MF: labelled cells with stock and RGD-conjugated 
magnetic particles, respectively and exposed to the magnetic field from top magnets; Stock MPs+ Bottom MF 
and RGD MPs+Bottom MF: labelled cells with stock and RGD-conjugated magnetic particles, respectively and 
exposed to the magnetic field from magnets under the plates 

 1st Repeat 2nd Repeat 3rd Repeat 4th Repeat  
Average 

 
SD 

Top MF 1.12 0.91 1.10 0.79 0.98 0.15 
Bottom MF 0.84 0.98 0.91 0.96 0.92 0.06 
Stock MPs 0.62 0.80 0.91 0.72 0.76 0.12 
RGD MPs 0.65 0.89 0.86 0.61 0.75 0.14 

Stock MPs + Top MF 0.96 0.78 1.04 0.98 0.94 0.11 
RGD MPs + Top MF 0.95 1.06 0.96 0.83 0.95 0.09 

Stock MPs + Bottom MF 0.40 0.49 0.47 0.57 0.48 0.06 
RGD MPs + Bottom MF 0.66 0.70 0.66 0.67 0.68 0.01 
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Appendix A 13: Data describing the area covered by lipids measured by Oil red O staining and color 
thresholding (ImageJ; Cells, Cell+MF: cells in presence of magnetic field, Cells+MPs: cells with just magnetic 
particles, Cells+MPs+MF: labelled cells with magnetic particles exposed to the magnetic field 

 Cells Cells + MPs Cells + MF Cells + MPs + MF 

Re
pe

at
s 

7.73 10.37 5.07 9.32 
6.90 10.37 16.97 11.86 

7.476 15.02 4.46 12.83 
8.54 10.10 7.44 14.05 
4.79 10.19 9.53 9.44 
7.59 12.20 11.39 7.05 
4.95 9.39 14.80 5.28 
3.24 11.07 13.24 2.45 
5.22 7.10 18.82 7.99 
3.30 3.547 11.25 2.97 

11.91 13.64 8.73 6.82 
11.28 21.61 8.73 5.09 
16.11 13.63 10.43 2.59 
15.17 11.61 10.69 9.61 
16.72 14.49 13.33 11.98 
13.91 9.16 10.42 7.87 
10.05 12.43 11.95 10.83 
9.12 13.97 19.91 6.061 
9.38 10.34 18.59 15.11 

11.56 10.55 19.38 11.932 
11.711 6.40 18.15 15.62 
12.88 4.56 13.50 8.06 
10.74 10.94 11.83 11.70 
12.95 8.59 11.19 14.28 
12.39 10.71 10.67 28.72 
9.75 12.85 17.34 20.44 

11.51 12.52 10.01 29.05 
10.21 8.20 13.17 14.37 
10.96 3.63 10.91 11.04 
11.04 3.50 7.54 13.58 

Average 9.97 10.42 12.31 11.26 
SD 3.51 3.84 4.14 6.37 
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Appendix A 14: Data describing the measured areas covered by lipids in 3 different locations of the wells: left, 
centre, and right side of the culture well; Cells, Cell+MF: cells in presence of magnetic field, Cells+MPs: cells 
with just magnetic particles, Cells+MPs+MF: labelled cells with magnetic particles exposed to the magnetic 
field 

  Cells Cells + MPs Cells + MF Cells + MPs + MF 

Le
ft

 si
de

 o
f t

he
 d

is
h 

Re
pe

at
s 

7.73 10.37 5.07 9.32 
3.30 3.54 11.25 11.86 

11.91 13.64 8.73 6.82 
11.56 10.55 19.38 11.93 
11.71 6.40 18.15 15.62 
11.04 3.50 7.54 13.58 

Average 9.54 8.00 11.68 11.52 
SD 3.43 4.16 5.84 3.10 

Ce
nt

re
 o

f t
he

 d
is

h 

Re
pe

at
s 

7.47 15.02 4.46 12.83 
3.24 11.07 13.24 2.45 

16.11 13.63 10.43 5.28 
9.12 13.97 19.91 6.06 

10.74 10.94 11.83 11.70 
10.21 8.20 13.17 14.37 

Average 9.48 12.14 12.17 8.784 
SD 4.22 2.52 4.99 4.81 

Ri
gh

t s
id

e 
of

 th
e 

di
sh

 

Re
pe

at
s 

4.79 10.19 9.53 9.4 
7.59 12.20 11.39 7.05 

16.72 14.49 13.33 11.98 
13.91 9.16 10.42 7.87 
12.39 10.71 10.67 20.44 
9.75 12.85 17.34 20.44 

Average 10.86 11.60 12.11 12.87 
SD 4.35 1.94 2.86 6.09 
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Appendix A 15: Data describing the different profiles of magnetic flux density obtained from FEMM software at various distances from the magnet surface in flat (A) and 
round bottom (B) plates 

  (A)       (B)       
  Distance from magnet`s surface pole (mm)  Distance from magnet`s surface pole (mm)  
  0 0.5 1 1.5 2 2.5  0 0.5 1 1.5 2 2.5  

Di
st

an
ce

 fr
om

 c
en

tr
e 

of
 m

ag
ne

t (
m

m
) 

-3.50 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 0.01 

M
ag

ne
tic

 fl
ux

 d
en

si
ty

 |
B|

 (m
T)

 

-3.23 0.02 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 0.01 
-2.90 0.02 0.02 0.01 0.01 0.01 0.01  0.02 0.01 0.01 0.01 0.01 0.01 
-2.57 0.03 0.02 0.02 0.02 0.01 0.01  0.02 0.02 0.01 0.01 0.01 0.01 
-2.23 0.03 0.03 0.02 0.02 0.01 0.01  0.03 0.02 0.02 0.01 0.01 0.01 
-1.90 0.05 0.03 0.02 0.02 0.01 0.01  0.03 0.02 0.02 0.01 0.01 0.01 
-1.57 0.06 0.04 0.03 0.02 0.02 0.01  0.04 0.03 0.02 0.01 0.01 0.01 
-1.23 0.08 0.04 0.03 0.02 0.02 0.01  0.04 0.03 0.02 0.02 0.01 0.01 
-0.90 0.08 0.05 0.03 0.02 0.02 0.01  0.05 0.03 0.02 0.02 0.01 0.01 
-0.56 0.09 0.05 0.03 0.03 0.02 0.01  0.05 0.03 0.02 0.02 0.01 0.01 
-0.23 0.08 0.05 0.04 0.03 0.02 0.01  0.05 0.03 0.02 0.02 0.01 0.01 
0.10 0.08 0.05 0.03 0.03 0.02 0.01  0.05 0.03 0.02 0.02 0.01 0.01 
0.44 0.08 0.05 0.03 0.03 0.02 0.01  0.05 0.03 0.02 0.02 0.01 0.01 
0.77 0.08 0.05 0.03 0.02 0.02 0.01  0.05 0.03 0.02 0.02 0.01 0.01 
1.10 0.07 0.04 0.03 0.02 0.02 0.01  0.04 0.03 0.02 0.01 0.01 0.01 
1.44 0.05 0.03 0.02 0.02 0.02 0.01  0.03 0.02 0.02 0.01 0.01 0.01 
1.77 0.04 0.03 0.02 0.02 0.01 0.01  0.03 0.02 0.02 0.01 0.01 0.01 
2.10 0.03 0.02 0.02 0.02 0.01 0.01  0.02 0.02 0.01 0.01 0.01 0.01 
2.44 0.02 0.02 0.02 0.01 0.01 0.01  0.02 0.02 0.01 0.01 0.01 0.01 
2.77 0.02 0.02 0.01 0.01 0.01 0.01  0.02 0.01 0.01 0.01 0.01 0.01 
3.10 0.01 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 0.01 
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Appendix A 16: Data describing the diameter of cell spheroids produced in presence of magnetic field (+MF) 
in different time points after culture 

 Diameter (µm)   
Time (hr) 1st Repeat 2nd Repeat 3rd Repeat 4th Repeat Average SD 

0 1932.82 1858.41 2415.05 2011.22 2054.37 248.41 
2 1624.89 1254.04 1819.12 1285.94 1496.00 273.06 
4 1130.45 1016.70 1333.46 1074.92 1138.88 137.78 
6 969.74 919.16 1103.96 906.36 974.80 90.34 
8 803.02 867.95 1018.91 835.43 881.33 95.47 

10 775.66 980.37 781.04 798.65 833.93 98.11 
 

Appendix A 17: Data describing the size distribution and roundness of spheroids produced from 3T3-L1 cels 
in different situations; Cent-MPs: unlabeled cells and centrifuge, Cent+MPs: labeled cells and centrifuge, 
Short MF+MPs: 10 minutes exposure of labeled cells to the MF, and Long MF+MPs: exposure of labeled cells 
to the MF for 48 hours 

  Cells -MPs Cells + MPs Short MF + MPs Long MF + MPs 

Di
am

et
er

 (µ
m

) 

Re
pe

at
s 

492.07 606.74 625.67 573.2 
505.60 605.15 610.90 530.7 
556.29 602.34 621.03 541.08 
517.74 607.41 629.84 549.32 
520.09 607.16 535.41 555.44 
499.48 653.81 596.06 571.82 
460.51 601.49 622.43 564.78 
441.00 557.07 609.75 541.59 

Average 499.10 605.14 606.39 553.5 

SD 35.88 25.94 30.63 15.51 

 

  Cells -MPs Cells + MPs Short MF + MPs Long MF + MPs 

Ro
un

dn
es

s 

Re
pe

at
s 

0.95 0.84 0.95 0.97 

0.88 0.53 0.94 0.92 

0.85 0.85 0.85 0.95 

0.98 0.83 0.79 0.95 

0.97 0.90 0.83 0.99 

0.97 0.79 0.94 0.95 

0.94 0.94 0.80 0.92 

0.97 0.86 0.95 0.92 

Average 0.94 0.82 0.88 0.94 

SD 0.05 0.12 0.07 0.01 
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Appendix A 18: Data describing the magnetic flux density at the centre of the culture well produced by two 
magnets on top (A) and combination of magnets (two magnets on top and one under the plate) (B) obtained 
from FEMM software 

(A)  (B) 

Distance from the 
centre of well (mm) 

|B| (mT)  
Distance from the 

centre of well (mm) 
|B| (mT) 

-3.00 200.93  -3.00 540.52 

-2.56 206.46  -2.56 538.15 

-2.12 212.45  -2.12 535.77 

-1.69 218.52  -1.69 533.59 

-1.25 225.47  -1.25 531.34 

-0.81 232.13  -0.81 529.45 

-0.37 239.39  -0.37 527.73 

0.07 246.97  0.07 526.34 

0.50 254.27  0.50 525.30 

0.94 261.96  0.94 524.96 

1.38 269.62  1.38 524.74 

1.82 279.35  1.82 525.66 

2.26 289.17  2.26 526.65 

2.69 298.82  2.69 528.69 

3.13 308.42  3.13 530.99 

3.57 318.42  3.57 533.29 

4.01 328.40  4.01 536.92 

4.44 339.28  4.44 541.56 

4.88 350.66  4.88 546.19 

5.32 362.05  5.32 551.33 

5.76 375.39  5.76 557.29 

6.20 389.34  6.20 563.63 

6.63 403.30  6.63 570.25 

7.07 416.20  7.07 576.88 

7.51 429.60  7.51 584.90 

7.95 442.99  7.95 592.86 

8.39 455.36  8.39 600.68 

8.82 467.32  8.82 608.80 

9.26 480.42  9.26 617.23 

9.70 493.89  9.70 625.66 
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Appendix A 19: Data describing the size of the 3T3-L1 pre-adipocyte spheroids after 10 days of culture in 
regular (RM) and adipogenic culture media (AM) in the absence (-MF) and presence (+MF) of the magnetic 
field 

  RM-MF RM+MF AM-MF AM+MF 

Da
y 

0 

Re
pe

at
s 

556.19 533.23 554.94 545.89 
545.02 520.73 552.08 522.63 
547.51 549.41 546.37 523.04 

535.19 549.41 546.37 528.27 

Average 545.98 538.20 549.94 529.96 
SD 8.64 13.92 4.28 10.92 

Da
y 

10
 

Re
pe

at
s 

588.00 586.56 740.64 724.18 
582.20 556.68 739.20 780.26 
574.97 586.56 730.36 861.36 
582.51 652.94 754.63 716.34 

Average 581.92 595.68 741.20 770.54 
SD 5.34 40.68 10.03 66.90 

 

Appendix A 20: Data describing the proliferation of 3T3-L1 pre-adipocyte cells spheroids measured by 
CellTitre-Glo Luminescent Cell Viability Assay; The graph exhibited the viability of the cells on day 0 and 
after 10 days in the absence (-MF) and presence of magnetic field (+MF) in regular culture media 

 Luminescence (RLU) ×104   
Time (hr) 1st Repeat 2nd Repeat 3rd Repeat 4th Repeat Average SD 

Day 0 26.01 25.12 16.82 18.22 21.54 4.69 
Day 10 (-MF) 33.9 32.49 27.45 26.71 30.14 3.58 
Day 10 (+MF) 25.69 32.33 25.80 33.78 29.40 4.26 
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Appendix A 21: Data describing the size of 3T3-L1 pre-adipocyte cells spheroids after starting the cells migration on the culture well in the absence and presence of a 
magnetic field 

  Time (hr) 
  4 12 24 36 48 60 72 
  No MF MF No MF MF No MF MF No MF MF No MF MF No MF MF No MF MF 

Di
am

et
er

 (µ
m

) 1st Repeat 476.31 516.49 776.60 792.94 884.30 885.00 947.77 901.03 931.43 1064.20 1021.96 945.86 984.76 1046.26 
2nd Repeat 524.48 488.37 803.16 724.29 889.49 841.64 982.31 919.89 1085.64 916.39 1030.99 970.21 1063.89 990.38 
3rd Repeat 482.04 500.07 802.89 713.48 835.83 828.02 868.57 885.92 979.76 914.08 950.96 965.11 941.38 972.21 
Average 494.28 501.64 794.22 743.57 869.87 851.55 932.89 902.28 998.94 964.89 1001.30 960.39 996.67 1002.95 

SD 26.31 14.13 15.26 43.10 29.59 29.76 58.31 17.02 78.88 86.01 43.83 12.84 62.12 38.60 
 

Appendix A 22: Data describing the Roundness of 3T3-L1 pre-adipocyte cells spheroids after starting the cells migration on the culture well in the absence and presence 
of a magnetic field 

  Time (hr) 
  4 12 24 36 48 60 72 
  No MF MF No MF MF No MF MF No MF MF No MF MF No MF MF No MF MF 

Ro
un

dn
es

s 

1st Repeat 0.95 0.98 0.97 0.92 0.99 0.93 1.00 0.95 0.97 0.95 0.93 0.88 0.92 0.83 
2nd Repeat 0.96 0.98 0.97 0.98 0.95 0.94 0.93 0.92 0.95 0.89 0.97 0.91 0.97 0.88 
3rd Repeat 0.97 0.95 0.97 0.97 0.94 0.97 0.92 0.92 0.93 0.96 0.98 0.93 0.94 0.90 
Average 0.96 0.97 0.97 0.96 0.96 0.95 0.95 0.93 0.95 0.94 0.96 0.91 0.94 0.87 

SD 0.01 0.02 0.00 0.04 0.03 0.02 0.04 0.02 0.02 0.04 0.02 0.02 0.02 0.03 
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Appendix A 23: Data describing the size of the 3T3-L1 pre-adipocyte cells spheroids along the X (perpendicular to magnet surface) and Y (parallel to magnet surface) 
axis as a function of time after starting the cells migration in the absence and presence of magnetic field 

  Time (hr) 
  4 12 24 36 48 60 72 
  No MF MF No MF MF No MF MF No MF MF No MF MF No MF MF No MF MF 

Si
ze

 a
lo

ng
 X

 (µ
m

) 1st Repeat 499.15 525.16 800.67 839.68 914.66 925.77 969.36 923.48 970.58 1102.66 1060.22 1012.05 1046.62 1151.67 
2nd Repeat 535.83 496.76 833.15 742.46 940.05 872.48 1028.27 963.60 1161.72 970.62 1073.51 1035.07 1099.25 1058.53 
3rd Repeat 505.33 513.55 837.01 740.09 863.47 871.05 916.22 925.05 1040.67 944.94 983.95 1017.01 1005.27 1011.97 
Average 513.43 511.82 823.61 774.08 906.06 889.77 971.28 937.37 1057.65 1006.07 1039.23 1021.38 1050.38 1074.06 

SD 19.64 14.28 19.96 56.83 39.01 31.19 56.05 22.72 96.70 84.63 48.33 12.12 47.10 71.13 

Si
ze

 a
lo

ng
 Y

 (µ
m

 1st Repeat 454.52 507.96 753.26 748.81 854.95 846.03 926.67 879.13 893.86 1027.08 985.09 884.00 926.55 950.50 
2nd Repeat 513.37 480.12 774.25 706.57 841.64 811.88 938.41 878.17 1014.54 865.19 990.15 909.41 1029.67 926.62 
3rd Repeat 459.83 486.95 770.16 687.83 809.09 787.11 823.40 848.44 922.41 884.22 919.09 915.86 881.55 934.01 
Average 475.91 491.67 765.89 714.40 835.23 815.01 896.16 868.58 943.60 925.50 964.77 903.09 945.92 937.04 

SD 32.55 14.51 11.13 31.24 23.60 29.58 63.28 17.45 63.07 88.49 39.65 16.84 75.94 12.23 
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Appendix A 24: Data describing the magnetic flux density along the X (perpendicular to magnets` surface) 
(A) and Y (parallel to magnet`s surface) (B) axes across the 96 well- plate  

(A)  (B) 

Distance from the 
surface pole along axis 

X (mm) 
|B| (mT)  

Distance from the 
centre of well along 

axis Y(mm) 
|B| (mT) 

13.10 191.01  -3.50 235.14 
12.88 193.66  -3.27 235.55 
12.65 196.44  -3.04 235.74 
12.42 199.12  -2.82 235.83 
12.19 202.13  -2.59 236.33 
11.97 205.16  -2.36 236.49 
11.74 208.28  -2.13 236.74 
11.51 211.48  -1.91 237.14 
11.28 214.70  -1.68 237.37 
11.05 218.12  -1.45 237.66 
10.83 221.51  -1.22 237.77 
10.60 224.51  -1.00 237.58 
10.37 227.92  -0.77 237.41 
10.14 231.64  -0.54 237.29 
9.92 235.37  -0.31 237.24 
9.69 239.24  -0.08 237.05 
9.46 243.27  0.14 236.73 
9.23 247.29  0.37 236.47 
9.00 251.67  0.60 236.28 
8.78 256.11  0.83 236.44 
8.55 260.23  1.05 236.93 
8.32 264.35  1.28 237.49 
8.09 268.83  1.51 237.12 
7.87 273.13  1.74 236.54 
7.64 277.90  1.97 236.27 
7.41 282.84  2.19 236.17 
7.18 287.62  2.42 236.00 
6.96 292.39  2.65 235.65 
6.73 297.33  2.88 235.36 
6.50 302.12  3.10 234.96 
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Appendix A 25: Data describing the extent of migration of pre-adipocyte cells from the spheroids in different 
angles on the culture well in the absence (A) and presence (B) of magnetic field; Data is presented as the 
average distance of cells from the centre of spheroids in different time intervals; zero is the angle towards 
the magnet 

(A)  Degree 
   0 45 90 135 180 225 270 315 

Ex
te

nt
 o

f m
ig

ra
tio

n 
(µ

m
) 

4 
hr

s 

1st Repeat 229.31 230.17 231.90 230.17 229.31 248.28 231.90 215.52 
2nd Repeat 255.17 242.24 253.45 283.62 263.79 262.07 253.45 246.55 
3rd Repeat 246.55 222.41 227.59 243.97 246.55 240.52 227.59 229.31 
Average 243.68 231.61 237.65 252.59 246.55 250.29 237.65 230.46 

SD 13.17 9.99 13.85 27.75 17.24 10.91 13.85 15.55 

12
 h

rs
 

1st Repeat 679.31 655.17 659.48 668.97 636.21 655.17 690.52 696.55 
2nd Repeat 693.10 602.59 701.72 654.31 757.76 640.52 720.69 654.31 
3rd Repeat 734.48 675.86 662.07 631.90 656.90 675.86 690.52 662.07 
Average 702.30 644.54 674.42 651.73 683.62 657.18 700.58 670.98 

SD 28.71 37.77 23.68 18.67 65.03 17.76 17.42 22.48 

24
 h

rs
 

1st Repeat 848.28 758.62 831.03 776.72 848.28 831.03 865.52 851.72 
2nd Repeat 841.38 775.86 912.07 837.93 868.97 908.82 831.03 837.93 
3rd Repeat 835.34 768.97 893.97 798.28 790.52 839.66 827.59 755.17 
Average 841.67 767.82 879.02 804.31 835.92 859.84 841.38 814.94 

SD 6.47 8.68 42.54 31.05 40.66 42.64 20.98 52.22 

36
 h

rs
 

1st Repeat 1058.62 972.41 1124.14 1084.48 1029.31 1037.93 1124.14 1120.69 
2nd Repeat 1089.66 1072.41 1163.79 1113.79 1089.66 1050.00 1079.31 1113.79 
3rd Repeat 1089.66 839.10 993.10 936.21 1089.66 1087.93 993.10 989.66 
Average 1079.31 961.31 1093.68 1044.83 1069.54 1058.62 1065.52 1074.71 

SD 17.92 117.05 89.33 95.20 34.84 26.09 66.60 73.74 

48
 h

rs
 

1st Repeat 1120.69 1124.14 1217.24 1072.41 1112.07 1124.14 1041.38 1124.14 
2nd Repeat 1256.90 1189.66 1200.00 1246.55 1256.90 1272.41 1210.34 1246.55 
3rd Repeat 1251.72 1110.34 1143.10 1072.41 1177.59 1168.97 1143.10 1072.41 
Average 1209.77 1141.38 1186.78 1130.46 1182.19 1188.51 1131.61 1147.70 

SD 77.19 42.38 38.80 100.54 72.52 76.04 85.06 89.43 

60
 h

rs
 

1st Repeat 1396.55 1275.86 1298.28 1303.45 1395.55 1306.90 1386.21 1396.55 
2nd Repeat 1441.38 1410.34 1448.28 1429.31 1506.90 1339.66 1406.90 1382.76 
3rd Repeat 1413.79 1213.79 1246.55 1160.34 1248.28 1265.52 1258.62 1265.52 
Average 1417.24 1300.00 1331.04 1297.70 1383.58 1304.03 1350.58 1348.28 

SD 22.61 100.47 104.78 134.58 129.73 37.15 80.31 72.00 

72
 h

rs
 

1st Repeat 1420.69 1255.17 1251.72 1355.17 1420.69 1389.86 1458.62 1475.86 
2nd Repeat 1484.48 1412.07 1510.34 1375.86 1608.62 1533.62 1510.34 1427.59 
3rd Repeat 1365.52 1168.97 1228.45 1265.52 1237.93 1270.69 1329.31 1324.14 
Average 1423.56 1278.74 1330.17 1332.18 1422.41 1398.06 1432.76 1409.20 

SD 59.53 123.25 156.46 58.65 185.35 131.66 93.25 77.51 
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(B)  Degree 
   0 45 90 135 180 225 270 315 

Ex
te

nt
 o

f m
ig

ra
tio

n 
(µ

m
) 

4 
hr

s 
1st Repeat 258.62 236.21 243.10 257.76 258.62 268.10 268.97 250.00 
2nd Repeat 239.66 227.59 239.66 248.28 239.66 244.83 250.86 231.03 
3rd Repeat 244.80 243.10 230.17 254.31 253.45 261.21 253.45 255.86 
Average 247.69 235.63 237.64 253.45 250.58 258.05 257.76 245.63 

SD 9.81 7.77 6.70 4.80 9.80 11.95 9.79 12.98 

12
 h

rs
 

1st Repeat 747.41 709.48 755.17 727.59 761.21 722.41 722.41 703.45 
2nd Repeat 960.52 615.52 613.79 633.62 706.03 615.52 748.28 610.34 
3rd Repeat 620.69 586.21 687.93 618.97 620.69 586.21 615.52 575.86 
Average 776.21 637.07 685.63 660.06 695.98 641.38 695.40 629.88 

SD 171.74 64.40 70.72 58.94 70.80 71.69 70.38 66.00 

24
 h

rs
 

1st Repeat 925.86 832.76 944.83 941.38 977.59 897.41 882.76 879.31 
2nd Repeat 871.55 737.07 858.62 806.90 860.34 737.07 944.83 806.90 
3rd Repeat 729.31 755.17 931.03 687.93 852.59 685.34 770.69 687.93 
Average 842.24 775.00 911.49 812.07 896.84 773.27 866.09 791.38 

SD 101.50 50.83 46.31 126.80 70.04 110.57 88.26 96.63 

36
 h

rs
 

1st Repeat 1137.93 1058.62 1194.83 1031.03 1137.93 1032.76 1075.86 1031.03 
2nd Repeat 1068.97 962.07 1137.93 1141.38 1137.93 1087.93 1137.93 1068.97 
3rd Repeat 1051.72 1017.24 1034.48 1003.45 963.79 981.03 858.62 1003.45 
Average 1086.21 1012.64 1122.41 1058.62 1079.88 1033.91 1024.14 1034.48 

SD 45.62 48.44 81.29 72.99 100.54 53.46 146.66 32.90 

48
 h

rs
 

1st Repeat 1400.00 1175.86 1272.41 1263.79 1365.52 1267.24 1272.41 1189.66 
2nd Repeat 1268.97 1196.55 1298.28 1200.00 1334.48 1229.31 1298.28 1200.00 
3rd Repeat 1120.69 1134.48 1215.52 1087.93 1120.69 1134.48 962.07 1127.59 
Average 1263.22 1168.96 1262.07 1183.91 1273.56 1210.34 1177.59 1172.42 

SD 139.74 31.60 42.34 89.03 133.30 68.38 187.09 39.16 

60
 h

rs
 

1st Repeat 1462.07 1344.83 1324.14 1289.66 1431.03 1344.83 1324.14 1289.66 
2nd Repeat 1479.31 1324.14 1362.93 1458.62 1508.62 1406.90 1515.52 1413.79 
3rd Repeat 1289.66 1268.97 1298.28 1268.97 1351.72 1317.24 1194.83 1172.41 
Average 1410.35 1312.65 1328.45 1339.08 1430.46 1356.32 1344.83 1291.95 

SD 104.87 39.21 32.54 104.04 78.45 45.92 161.34 120.71 

72
 h

rs
 

1st Repeat 1393.10 1320.69 1370.69 1217.24 1393.10 1263.79 1370.69 1248.28 
2nd Repeat 1572.41 1510.34 1461.21 1417.24 1572.41 1406.90 1525.86 1417.24 
3rd Repeat 1351.72 1358.62 1339.66 1275.86 1351.72 1358.62 1132.76 1206.90 
Average 1439.08 1396.55 1390.52 1303.45 1439.08 1343.10 1343.10 1290.81 

SD 117.31 100.35 63.15 102.81 117.31 72.81 198.00 111.43 
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Appendix A 26: Data describing the percentage of the labelled cells with magnetic particles on the culture 
plate after migration out of the cell spheroids in a 500×500µm box in front of the spheroids 

  
Cells with 

MPs 
Cells 

without MPs Sum Percentage of labelled cells with MPs 

12 hrs 

1st Repeat 43 7 50 86 
2nd Repeat 29 9 38 76.31 
3rd Repeat 43 18 61 70.49 

average 38.33 11.33 49.67 77.60 
SD 36.78 12.78 49.56 7.83 

72 hrs 

1st Repeat 33 36 69 47.82 
2nd Repeat 36 37 73 49.31 
3rd Repeat 40 38 78 51.28 

average 36.33 37.00 73.33 49.47 
SD 37.44 37.33 74.78 1.73 
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