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ABSTRACT 

 
CELL PATTERNING WITH MAGNETIC MANIPULATION 

 
Tissue engineering is a biomedical engineering field that provides solutions to 

restore, maintain, improve or replace tissues or whole organs. The main goal tissue 

engineering is to overcome the restrictions of existing treatments that are based on organ 

transplantation. Cells and biomaterials can be used to form functional tissues and organs. 

Actually, the goal is to produce structures that resemble and mimic the real tissues. One 

of the useful mimicking technique is cell patterning. Cell patterning is a technique that 

provides cell clusters are located at a proper position for function of tissues. Some of the 

patterning techniques uses cell adhesion ligands, optical tweezers, acoustic tweezers, 

dielectrophoresis and magnetic force. In addition to the advantages of all these 

techniques, there are also disadvantages. However, Magnetic force-based cell patterning 

techniques provide excellent advantages such as low adverse effects to cell. 

Magnetophoresis is one of the magnetic force-based cell patterning technique that forms 

cell patterns without labeling cells in a short time using the principle of movement of the 

cells to lower magnetic field region in a paramagnetic medium. In this study, a cell 

patterning system was used to form cell patterns via magnetophoresis. Results showed 

that cell patterns were formed in different shapes in a short time and they maintained 

integrity even if magnetic force was removed. 
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ÖZET 

 
MANYETİK MANİPÜLASYON İLE HÜCRE ÖRÜNTÜLEME 

 
Doku mühendisliği dokuları ya da organları onarmak, korumak ya da iyileştirmek 

için çözümler sunan bir biyomedikal mühendislik alanıdır. Doku mühendisliğinin temel 

amacı organ nakline dayalı mevcut tedavilerin yetersiz kaldığı durumlarda çözüm 

sunmaktır. Bu bağlamda hücreler ve biyomalzemeler fonksiyonel doku ve organları 

oluşturmak için kullanılabilir. Asıl hedef gerçek dokulara benzeyen ve gerçek dokuları 

fonksiyonel anlamda taklit edebilecek yapılar üretmektir. Gerçek dokuları taklit eden 

yapılar üretilmesini sağlayan birçok doku mühendisliği tekniği vardır. Bu tekniklerden 

biri de hücre örüntüleme tekniğidir. Bu teknik, hücre kümelerinin dokuların işlevi için 

uygun bir konuma yerleştirilmesini sağlayan bir tekniktir. Hücre yapıştırma ligandları, 

optik cımbızlar, akustik cımbızlar, dielektroforez ve manyetik kuvvet kullanılarak hücre 

örüntüleme yapılabilir. Tüm bu tekniklerin avantajlarının yanı sıra dezavantajları da 

vardır. Buna karşın, manyetik kuvvet esaslı hücre modelleme teknikleri hücrelerde diğer 

tekniklerden düşük yan etkilere sebep olma gibi üstün avantajlar sağlar. Manyetoforez, 

hücrelerin paramanyetik bir ortamda düşük manyetik alana hareket etme prensibini 

kullanarak hücreleri etiketlemeden kısa sürede hücre örüntülerini oluşturan manyetik 

kuvvet esaslı bir modelleme tekniğidir. Bu çalışmada manyetoforez yoluyla hücre 

örüntüleri oluşturmak için bir hücre örüntüleme sistemi kullanılmıştır. Sonuçlar hücre 

örüntülerinin kısa sürede farklı şekillerde oluşturulabildiğini ve manyetik kuvvet 

kaldırılsa bile örüntülerin bütünlüğünü koruduğunu gösterdi. 
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CHAPTER 1 

 

 
INTRODUCTION 

 

 
1.1. Tissue Engineering 

 

Tissue engineering is a field that applies the principles of life sciences and 

engineering to the improvement of biological substitutes that restore, maintain or improve 

tissue function or a whole organ [1], and to the production of realistic tissue constructs 

for in vitro applications. Concerning clinical applications, tissue engineering aims to 

overcome the restrictions of existing treatments that are based on organ transplantation 

and biomaterial applications [2]. 

Tissue engineering is a promising technology for overcoming the organ 

transplantation crisis that results from donor absence [1]. Forming functional organs by 

using biomaterials and cells is aimed with tissue engineering (Figure 1). Artificial tissues 

can be implanted to patients to repair tissue functions that were lost because of heavy 

injury, disease or a genetic disorder. Tissue equivalents can also be utilized to screen the 

influences of drugs and toxins and they decrease the use of animals in research [3]. 

However, it is hard to construct functional organs because tissue-engineered architectures 

are not completely similar to the in vivo organs, in which the cells are allocated exactly 

and with a high resolution. Therefore, it is required that the produced functional tissue 

architectures allocate cells as specified above. Tissue engineering deals with the 

restoration the function of diseased or damaged tissues through the use of cells and 

biomaterials [3]. Many tissue-engineering approaches include the in vitro culture of cells 

on biomaterial scaffolds to form functional engineered constructs. The working 

hypothesis is that in vitro culture conditions have a significant effect on the structural and 

mechanical features of engineered tissues, and therefore can be used to manipulate the 

growth and functionality of engineered tissues. In vitro culture conditions will imply to 

tissue-engineering scaffold systems, signals, growth factors, and mechanical conditioning 

regimens that mediate cell attitude and functional tissue assembly [4,5]. Mimicking a real 

tissue is a tissue engineering method and it can be a solution for biomedical problems. 
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Figure 1.1. The triad of the tissue engineering. The combination of cells, scaffolds and 

signals is utilized to functionalize tissues (Source: Mhanna and Hasan, 2017) 

[6] 

 

Specific signals are needed for cells to live and generate their own matrix. Signals 

are formed by the surrounding cell microenvironment and they contribute to proliferation, 

apoptosis, migration, differentiation, and matrix synthesis. The most important signals 

are oxygen levels, mechanical stimulation, growth factors, ECM molecules and other 

small molecules [6]. Behaviour of cells is also affected from cytokines, growth factors 

and ECM molecules (Figure 2). For example, “stemness” of stem cells is maintained by 

fibroblast growth factor (FGF-2) [7], bone formation is provided via bone morphogenic 

protein (BMP) [8,9], neural differentiation needs nerve growth factor (NGF) [10,11] and 

chondrogenesis is induced by transforming growth factor beta (TGF-β) [12]. Informations 

about the role of cellular signals can be used to develop the appropriate treatment method 

for the identified problem. 

Figure 1.2. Example of the effect of growth factors on cell development: TGF-β induces 

cell to produce ECM (Source: Border and Ruoslahti, 1992) [13] 
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Cells are needed to produce engineering tissue resembling the native tissue. The 

use of primary cells (autologous cells), taken from the patient would be the most 

successful method but it has some limitations such as invasive nature of cell collection 

and the potential for cells to be in a diseased state. Therefore, stem cells (Figure 3) such 

as embryonic stem (ES) cells, bone marrow mesenchymal stem cells (BM-MSCs) and 

umbilical cord-derived mesenchymal stem cells (UC-MSCs) are used [14]. Embryonic 

stem (ES) cells could allow the production of type-matched tissues for each patient. ES 

cells can be maintained for long culture periods, therefore they provide large amounts of 

cells for tissues that could not be derived directly from a tissue source. ES cells have 

pluripotent property so this property gives ES cells ability to control differentiation to the 

desired tissue lineages [15]. Bone marrow-derived mesenchymal stem cells (BM-MSC) 

are stem cell type that are used to repair bone and cartilage. They are able to differentiate 

from a generic marrow cell population to an osteogenic lineage [16-20]. These cells can 

be used to improve materials such as the filler used for stabilizing artificial hip joints or 

for joining critical sized defects in bone that would not otherwise heal [21]. It was 

discovered that umbilical cord blood contains MSCs that can differentiate into varying 

cell types in previous studies. They showed similarities to BM-MSCs with an ability to 

differentiate into osteoblasts, adipocytes, hepatocytes and neuronal-like cells [22-25]. 

 
 

 

Figure 1.3. Stem cell usage in tissue engineering: Adult stem cells, induced pluripotent 

cells and mesenchymal stem cells are used in tissue engineering (Source: 

Lee et al, 2018) [26] 
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Scaffolds have great role in tissue engineering such as providing structural support 

and convenient signaling cues for cells so that they can replace the scaffold with their 

own synthesized matrix (Figure 4). Usually, the aim is to design a scaffold that mimics 

the composition and structure of the target tissue [6]. 

Scaffolds can be natural or synthetic. The most known natural scaffolds are 

collagen, elastin and alginate. Collagens form the basis of ECM of many tissues and give 

stability and tensile strength to the ECM [27]. Elastins provide improved elastic 

properties to tissues [28]. Alginate which is not present in the human body, is able to 

modulate its tensile and viscoelastic properties without resorting to crosslinking methods 

that can adversely affect cell-binding epitopes [29]. 

On the other hand, the advantage of synthetic scaffolds in tissue engineering 

applications is their versatility. Being able to control the ratio of co-polymer structures, 

the structure of monomeric units, polymer sequence, chain length also enables control of 

biodegradability and mechanical properties [30,31]. The most known synthetic scaffold 

materials are PCL (poly-Ɛ-caprolactone) and PLGA (poly(lactic-co-glycolic)acid). PCL 

is a hydrophobic and semi-crystalline material which has viscoelastic behaviour similar 

to native tissue [32]. Since it is broken slowly in human body, it provides prolonged 

scaffold support. Due to this properties, PCL is a good choice for bone TE [33], tracheal 

TE [34] and intervertebral disc regenaration [35]. Another common synthetic scaffold 

material is PLGA. PLGA is versatile, biocompatible, aliphatic polymer used for TE 

applications [36]. PLGA degrades more rapidly unlike PCL. 

Synthetic scaffolds provides some advantages such as being customisable and 

versatile but there are some limitations about them. They lack of the inherent biomimicry 

that is a feature of natural polymers can limit their application [37]. They have very poor 

compatibility and their by-products can be toxic when they degrade [38]. 
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Figure 1.4. Schematic of the scaffold-based tissue engineering approach (Source: 

Asadian et.al., 2020) [39] 

 
When all tissue engineering applications are evaluated, the common goal of all is 

mimicking the real tissues. Cell patterning is one of the useful technique of mimicking. 

 

1.2. Cell Patterning 

 

One of the most important tool for mimicking cellular arrangements for tissue 

engineering applications is cell patterning [40]. In this manner, cell clusters have to be 

located at proper positions for functions of tissues [3]. 

Cell patterning first came up with Carter in the 1960s. These early works included 

metal evaporation and following deposition onto a cell non-adherent surface through a 

stencil-like mask. The deposited metal formed patterned islands that assisted cell growth. 

This technique caused a way to form more controlled experiments; the pattern allowed 

one to track single cells and to monitor their responses for several days in vitro over the 

course of a biological study [41-43]. Then, several cell patterning techniques were 

developed in time. There are some examples in the literature. 

 

 
Dielectrophoretic Force 

 

To fabricate micropatterns of living cells at a glass substrate, repulsive 

dielectrophoretic force can be utilized. An interdigitated microarray (IDA) electrode is 

placed opposed to the substrate. Application of AC voltages to the IDA electrode forces 
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the cells to move and rapidly yields a cell pattern which reflects the shape of the electrode 

array (Figure 5). The IDA electrode can be repeatedly utilized as a template to increase 

the amount of the cell patterns [44]. 

 

 

 

 

Figure 1.5. Principle of the cell patterning with dielectrophoretic force. When AC 

voltage is applied to electrode, cells move to glass substrate and patterns 

occur as a projection shadow of the array pattern of electrode (Source: 

Matsue et.al., 1997 [44] 

 

A glass substrate is put on the microscope stage, and an IDA electrode is placed 

above the substrate with the electrode side down. Then, cell suspension is sucked into the 

space. When an AC voltage is applied to the IDA electrode, the cells suspended in the 

space are forced to move quickly to the glass substrate and produced lines at the substrate 

in a few seconds (Figure 6). Since the cell pattern that produced at the substrate is a 

projection shadow of the array pattern of the IDA electrode, the IDA electrode actes as a 

template for the cell patterning [44]. The width of cell pattern can be changed by changing 

the electrode width of the template IDA electrode. Since the movement of cells are 

administered by the electric field, patterns disappear quickly after removing voltage. 
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Figure 1.6. Patterned cells after AC voltage is applied to IDA electrode (Source: Guo et. 

al., 2016) [44] 

 

 
Surface Acoustic Waves (Acoustic Tweezers) 

 

Using 3D acoustic tweezers is an another patterning method which utilize surface 

acoustic waves to form 3D trapping nodes for the capture and manipulation of cells. 3D 

acoustic tweezers can be utilized to pick up, translate, and print single cells and cell 

assemblies to form 2D and 3D structures in a noninvasive, label-free and contact-free 

manner (Figure 7). Acoustic vibrations create a pressure gradient in the medium to move 

suspended cells for cell manipulation. The position of these 3D trapping nodes can be 

certainly controlled in a 3D environment by varying the input power. Thus, cells are 

picked and delivered to desired places to form cell patterns [45]. Besides these, acoustic 

tweezers have minimal impact on cell viability and function. 
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Figure 1.7. Printing living cells with 3D acoustic tweezers. Acoustic vibrations create a 

pressure gradient to move cells so cells are delivered to certain places to 

form cell patterns (Source: Guo et. al., 2016) [45] 

 

 
Adhesive, Soluble and Mechanical Cues 

 

Using adhesive and soluble cues guide patterning locally at a distance. Utilizing 

this approach, changing the degree of cell adhesion can modulate many cellular processes 

[46-47]. It is clear that adhesive, soluble, and mechanical cues can arrange cells to direct 

their functions and thus they could be used to reconstruct functional tissues for 

regenerative medicine [48]. Since adhesive cues provide cell adhesion to the ECM and 

neighboring cells, they play a important role in regulating many cellular functions, such 

as proliferation, differentiation, and migration (Figure 8). 

In spite of the importance of adhesive interactions to cell function, it is insufficient 

defined whether the identity of the matrix protein and respective receptors must be 

optimized to engage specific cellular attitude. Soluble cues in the form of growth factors 

and other chemokines regulate numerous cell functions, from proliferation and 

differentiation to motility and protein synthesis [49]. 

Recently, studies show that mechanical properties (e.g., rigidity) of the ECM to 

which a cell adheres can also mediate many aspects of cell function, including 

proliferation, differentiation, and migration. Increasing ECM rigidity can be correlated 

with increased proliferation of fibroblasts and vascular smooth muscle cells [50] and 

greater tumor malignant potential [51]. Changing ECM rigidity also induces MSCs to 

differentiate into different tissue types corresponding to the tissues’ relative mechanical 

rigidity in vivo. Besides all the benefits, while adhesive cues can organize cells on 
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surfaces within minutes to hours [52], mechanical cues control cell arrangement over days 

[53]. 

 

 

 

 
Figure 1.8. Effects of Adhesive, Soluble and Mechanical Cues on Cell Patterning. 

These factors help to take shape, align and aggregate of cells (Source: Shen 

et.al., 2008) [48] 

 

 

 
Electroactive Mask 

 

This method provides patterning of two cell types by attaching them to a substrate 

(Figure 9). An electroactive mask directs the attachment of a first cell type, followed by 

electrochemical modulation of the surface to allow attachment of a second cell type to the 

previously inert regions. Second, it provides control in defining the features of the 

substrate [54]. 

In a study that is used this method, conjugates of cyclopentadiene and the peptide 

Gly-Arg-Gly-Asp-Ser-NH2 (RGDCp) were utilized. Since this peptide is a ligand that 

binds to integrin receptors and mediates cell adhesion [55], the immobilization of this 

conjugate provides a surface for cells to attach efficiently [56-58]. The glycol groups of 

the monolayer are crucial to this design because they prohibit the attachment of cells [59]. 

This gives an electrochemical route to turn on a substrate for the attachment of cells [60]. 
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In summary, this method utilizes an electrical mask [60-62] to control the attachment of 

a cell population and then allows attachment of a second cell population. 

 

 

 

 
Figure 1.9. Patterning two different cell types with electroactive mask. First type of 

cells attached to electroactive mask and formed patterns in a place where 

conjugates of cyclopentadiene and a peptide were already existed. Then, 

inert regions of mask were electrically activated and cells attached to this 

regions. Finally, two type of cells were patterned together (Source: Yousaf 

et.al., 2001) [54] 

 

 

Microfabrication Technique 

 

While another methods have showed increased viability, function, and tissue 

stability, the specific mechanisms by which co-cultivation of two cell types modulates 

tissue function have remained uncertain [63]. Therefore, microfabrication techniques can 

be used to localize cell populations in patterned configurations on rigid substrates. 

Microfabricated co-cultures are formed to control cell-cell interactions by 

localization of two different cell types on collagen-like patterned substrates (Figure 10). 

Initially, first cell type is seeded in serum-free media on collagen-like patterned wafers, 

resulting in a cell pattern due to selective cell adhesion. Addition of second cell type is 

resulted in formation of micropatterned co-cultures [63]. 
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Figure 1.10. Microfabricated Co-cultures. First type of cells were seeded on collagen-like 

patterned wafers, cell patterns occured due to selective cell adhesion. 

Microfabricated co-cultures formed with the addition of second type of cells 

(Source: Bhatia et.al., 1998) [63] 

 
 

Magneto-Archimedes Effect 

 

Another method is generation of cell aggregates by a label-free three-dimensional 

‘3D’ cell assembly method, which is based on the magneto-Archimedes effect. In this 

method, a paramagnetic salt with high magnetic susceptibility is added to the culturing 

medium to increase the diamagnetic feature of the cells, by which label-free magnetic 

manipulation become possible. With this method, cells aggregate into a shape and become 

a spheroid [64]. 

In a study, Gadolinium diethylenetriaminepentaacetic acid (GdDTPA) (Sigma- 

Aldrich) was chosen as a suitable paramagnetic salt with high magnetic susceptibility; its 

magnetic susceptibility is much higher than the cells and it had been approved for 

biological use and is already used as the MRI contrast agent Magnevist [65]. Results 

showed that it is possible to estimate the shape of the cell aggregate and an arbitrarily 

shaped tissue can be fabricated by designing a convenient magnetic field (Figure 12). 

Since this method enables fabrication of a relatively complicated shaped tissue 

without a scaffold [66,67], it is a promising approach to construct arbitrarily-shaped 3D 

tissues over the traditional 3D tissue construction methods. 
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Figure 1.11. The experimental setup to form a cell spheroid that comprise neodymium 

magnets and a chamber formed by a tube and two plates. Cells were placed 

in tube and expected to form cell spheroid in the middle of magntes (Source: 

Akiyama and Morishima, 2011) [64] 
 

 

 

Figure 1.12. Microscope images of patterned cells with Magneto-Archimedes Effect. 40 

minutes after cells were placed in tube, cell spheroidc form in the middle of 

magnets (Source: Akiyama and Morishima, 2011) [64] 

 

 
Surface Engineering 

 

The challenge for single cell patterning is to produce small islands hosting only 

single cells and keeping their viability for a long time. For this purpose, surface 

engineering approach can be utilized. When a covalently bound short peptide is used as 

a mediator, cells can be patterned better on substrates because covalently bound peptides 

decrease apoptosis and necrosis of adhered cells [68]. 

In a study, which this method is used, microarrays of human umbilical cord vein 

endothelial cells (HUVEC) on gold-patterned silicon oxide substrates were formed 

utilizing a covalently bound short peptide, LysArg-Glu-Asp-Val-Tyr. Results showed 

that mediated single cell adhesion and kept cellular viability [68]. 
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1.3. Magnetism of Objects 

 

Magnetism comes up a result of motion of electrically charged particles. 

Magnetism naturally occurs in all matters because all matters have protons, neutrons and 

electrons [69-71]. According to reaction of substances to magnetic field, magnetism is 

divided into five groups: diamagnetism, paramagnetism, ferromagnetism, 

antiferromagnetism and ferromagnetism [72]. The most known ones are diamagnetism, 

paramagnetism, ferromagnetism. 

Diamagnetism is a type of magnetism and a change in the orbital motion of 

electrons induces it due to an applied magnetic field. The magnitude of the induced 

magnetic moment is very small, and its direction is opposite to that of the applied field 

[73]. Normally, diamagnetic substances includes atoms that net magnetic moments are 

zero because they do not have unpaired electrons [74,75]. Diamagnetic property is 

presented in all materials [76]. Diamagnetic materials have negative magnetic 

susceptibility (χ<0), which is a measure of which matters become magnetized, and it does 

not change with temperature in diamagnetic materials [75,77]. 

Besides the diamagnetic substances, paramagnetic ones have unpaired electrons 

and net magnetic moment. Therefore, they are attracted into the direction of magnetic 

field. Their magnetic susceptibihty is positive and temperature dependent [78]. 

Other class is ferromagnetism. The most known property of ferromagnetic 

substances is being magnetized easily and attracted by magnets. Ferromagnetic 

substances have higher magnetic suspectibility than paramagnetic and diamagnetic 

substances. In addition, magnetic suspectibility of ferromagnetic substances changes with 

applied magnetic field[ 77]. The most known ferromagnetic substances are iron, nickel, 

cobalt [79]. When temperature is above their Curie temperature, some ferromagnetic 

materials lose their ferromagnetic properties and they behave like paramagnetic [77]. For 

instance, gadolinium is paramagnetic above 20 ˚C although it is a ferromagnetic element 

[77,80]. Due to its properties, ferromagnetism is used to create permanent magnets [72]. 

One class of them are Neodymium magnets (known as NdFeB) that made from an alloy 

of neodymium, iron, and boron. These magnets are the strongest permanent magnets in 

industry. Neodymium magnets can have several magnetic properties like different 

magnetic field output and resistance to demagnetization by altering manufacturing 
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method and their alloy structure [81]. Based on this, there are different available grades 

of neodymium magnets, ranging from N24 to N52. Among them, N52 grade neodymium 

has the highest magnetic performance. 

 
1.4. Magnetic Liquids 

 

A magnetic liquid is a fluid that includes small particles of a magnetic material as 

particular iron oxides in suspension. These magnetic particles are too small and because 

of that they act like the molecules of the liquid in which they are placed [82]. Ferrofluids 

and paramagnetic sal solutions are examples to magnetic fluids. Ferrofluids are colloidal 

suspension of magnetic particles dispersed in a liquid carrier and they have dimensions 

approximately 10 nm [83-85]. They have relatively high magnetic susceptibility and 

magnetization and their susceptibility can be controlled by concentration of magnetic 

particles in the carrier fluid [86]. 

 
On the other hand, paramagnetic salts are composed of chelating agents and 

paramagnetic metals [86]. They have lower magnetic susceptibility than ferrofluids. They 

can also be manipulated in terms of their susceptibility in the solution by changing their 

concentration as ferrofluids. There are different types of paramagnetic salt solutions. 

Gadolinium (III) chloride (GdCl3) is one of the widely used one due to high susceptibility 

[87]. Living cells might be affected from using of high concentrations of paramagnetic 

agents might because high concentrations can be toxic. In the previous studies, the range 

of 0.1-1 M concentration has been used to prevent adverse effects and show 

biocompatibility [86]. On the other hand, chelated forms of paramagnetic agents can be 

used to increase biocompatibility. Different types of gadolinium-based agents are used 

[86]88. Gadolinium-based agents are catagorized by their overall charge and ligand 

framework (ionic, non-ionic, linear and macrocyclic) [89]. The macrocyclic structures 

are more stable compared to linear forms and it complicates to release free ion in solution 

[90]. Gadobutrol (GD-BT-DO3A) is macrocyclic and non-ionic structure and it consists 

of gadolinium (Gd3+) chelated with butrol (Figure 13). In addition it is a paramagnetic 

medium which is widely used due to be suitable for living cells [91-95]. 
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a 

 
 

 

Figure 1.13. Molecular structure of gadolinium contrast agent, Gadobutrol (Gadavist) 

(Source: Trog et. al.,2019) [93] 

 

 

In the previous study, it was showed that macrocyclic ligand containing Gd-BT- 

DO3A provided higher cell viability compared to other gadolinium-based agents [96]. 

When cell viability (D1 ORL UVA cells) was measured by MTT assay and live/dead 

assay to compare Gd-BT-DO3A and Gd-DTPA-BMA, Gd-DTPA-BMA inhibited cell 

growth even at low concentrations (25mM) (Figure 14.a,b). However, cell loss began to 

form at the concentration of 200mM Gd-BT-DO3A in the culture (Figure 14.b). 
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Figure 1.14. Long term cell viability results at different concentrations (10, 25, 50, 100 

and 200 mM) of GD-BT-DO3A and GD-DTPA-BMA. a) MTT results. 

Cells maintained viability longer when Gd-BT-DO3A was used in 

increasing concentrations. b) Live/dead assay results. Gd-DTPA-BMA 

showed toxic effect even at low concentrations (Source: Anıl-İlevi et.al., 

2018) [96] 
 

 
 

In this study, Gd-BT-DO3A was chosen due to providing higher cell viability at 

all concentrations in long term culturing. 

 
 

1.5. Magnetophoresis 

 

One of the cell patterning technique is magnethophoresis. Magnethophoresis can 

be briefly defined as movement of cells under magnetic field. It is divided into two groups 

as positive and negative magnetophoresis. Cells migrate to the area of high magnetic field 

in positive magnetophoresis while they escape from high magnetic field in negative 

magnetophoresis [97]. To separate different cell types, such as blood cells and cancer 

cells, positive magnetophoresis was utilized. Also, it was demonstrated the technique 

enables to 3D culture of cells but it needs labeling of cells because most cells are not 

naturally magnetic. It can require additional experimental steps and it can be toxic to the 

cells [98]. However, negative magnetophoresis is label free and it reduces adverse effects 

of labeling [64]. Negative magnetophoresis was also used in the studies which positive 

magnetophoresis was previously used. It was also used for density measurement, cell 

b 
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separation, sorting, 3D biofabrication [96,98-106]. For example, negative 

magnetophoresis was used in magnetic levitation system which simulates weightlessness 

environment to study the effect of space microgravity on morphology and physiology of 

the cells [107,108]. Changes in cell growth, cell cycle, and transcriptional profile were 

determined by using various cell types, such as bacteria and yeast [107-109]. Due to this 

properties and results, negative magnetophoresis can be more useful for cell patterning. 

In this study, it was aimed to pattern cells by manipulating them using negative 

magnetophoresis. It was supposed that cells will escape from high magnetic field due to 

higher magnetic suspectibility of paramagnetic liquid than cells and cells settle in a certain 

region in the patterning material (Figure 15). This method can be further used as a novel 

bioprinting technique. 

 

 
Figure 1.15. Illustration of Negative Magnetophoresis. Cells escape from high magnetic 

field to low magnetic field due to higher magnetic suspectibility of 

paramagnetic liquid than diamagnetic cells (Source: Zhao et.al., 2016) [86] 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1. Cell patterning System and Experimental Setup 

 

In the paramagnetic medium, cells tend to move towards lower magnetic field 

region when applying a magnetic field. The dominant force on the system is magnetic 

force. In the system, the applied magnetic force, where V is cell volume, Δχ is magnetic 

susceptibility difference between particle/cell and paramagnetic liquid, µ0 is permeability 

of free space, B is magnetic induction and ∇ is the del operator (Equation 1). 

 
  (1) 

 
In the system, magnetic susceptibility plays an active role. By increasing magnetic 

susceptibility of the paramagnetic liquid, Fmag is increased and the cells are positioned at 

a certain place. 

According to above, a patterning material is designed. For this purpose, PDMS 

was chosen for patterning material. It was constructed as 6 cm length and 2.5 cm width 

and 3 wells. PDMS (Polydimethylsiloxane) was chosen for patterning material due to its 

properties such as low cost, being chemically inert, easy handling, biocompatible and 

non-toxic [110-112]. 

 

Preparation of PDMS Patterning Material 

 

 
1. Firstly, a mold is needed for preparation of PDMS (Polydimethylsiloxane) 

patterning material. Desired mold was drawn on AutoCAD. Material is designed 

to have three well for three samples. 

2. This drawn mold was printed with 3D printer. Formlabs Clear Resin was used at 

this 3D printer. This printing process took about four hour. 
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3. After that, this mold was kept in propanol for one hour to cure. Then, it was 

allowed to dry. 

4. Then, it was kept in detergent diluted with water for better detachment of PDMS. 

5. For PDMS, SYLGARD Elastomer kit was used. The elastomer and curing agent 

were mixed at a 10 parts to 1 part ratio (10:1). 

6. The mixture was vacuumed to remove air bubbles. 

7. After vacuum, desired cavities of the sample mold was carefully coated with 

PDMS. 

8. PDMS mold was carefully placed into the oven. It was baked for overnight at 60 

oC. 

9. Fully cured PDMS sample was removed from the oven. Using a scalpel blade, the 

PDMS was separated from one side of the mold wall. So, the rest could be pulled 

gently from the mold. 

 

 

 
 

 
 

 
 

Figure 2.1. Production of Patterning Material. PDMS (Polydimethylsiloxane) was used 

to product patterning material. 

 

 
PDMS Bonding with Oxygen Plasma 

 

 
1. To make patterning material, cover glass (with 0.13-0.17 mm thickness) and 

PDMS were bonded to each other. For bonding, oxygen plasma was used. 

2. Cover glass was cleaned in ultrasonic cleaner with 70% alcohol for 10 minutes. 
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3. The PDMS surface to be bonded was cleaned. 

4. PDMS and cover glass were placed in oxygen plasma generator. Oxygen plasma 

was applied for 1.5 minutes. Then, they were bonded to each other and fixed by 

pressing. 

5. Finally, newly formed patterning material was kept in oven at 60 oC for five 

minutes for better bonding. 

 
 

 

 

Figure 2.2. Bonding PDMS Patterning Material to Cover Glass. Oxygen plasma was used 

to bond the PDMS patterning material to cover glass. 

 

 
2.2. Cell Culture 

 
D1 PMIG (mouse bone marrow stem cells) and 7F2 dsRed (mouse osteoblasts) 

(ATCC) were cultured in growth medium supplemented with 10% fetal bovine serum 

(FBS, Biological Industries) and 1% penicillin/streptomycin (Invitrogen) at 37°C in a 5% 

CO2 humidified incubator. D1 PMIG was cultured in Dulbecco's Modified Eagle's 

medium (DMEM high glucose, Gibco) whereas 7F2 cells in alpha minimum essential 

medium (αMEM, BI) with 2 mM L-glutamine and 1 mM sodium pyruvate. The growth 

medium was refreshed every 2-3 days and the cells were passaged by using 0.25% 

trypsin/EDTA solution (Biological Industries) during 5 minutes when they reached 

approximately 80-90% confluence (every 4-6 days). 
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2.3. Patterning of Cells 

 
2.3.1. Patterning of 7F2 cells 

 

7F2 cells cultured in growth medium were trypsinized with 0.25% trypsin/EDTA 

solution, and the cell suspension was centrifuged (Eppendorf) at 125 × g for 5 min. Pellet 

was resuspended to 1.25×105, 2.5×105, 5x105cells/mL in the culture medium and each 

sample with 200 uL/well were loaded into the patterning device after adding Gd3+ 

paramagnetic agent with concentrations of 5, 10, 15, 20, 25 mM, 50 mM and 100 mM. 

Gd3+ is a lanthanide metal and can be cytotoxic due to its similarity to the size of Ca2+, 

causing competitive inhibition for Ca2+ involving biological processes. Cytotoxicity of 

Gd3+ can be suppressed by the utilization of commercially available chelate forms 

[113,114]. In this study, we used Gadavist with a nontoxic concentration range (≤100 

mM) in accordance with previous findings [96]. 

Patterning material was placed on seven N52 grade neodymium magnets that 

bound together. Cell suspensions were loaded to wells. Cells examined under microscope 

after 3 hours, 24 hours and 48 hours. Then, the analysis of patterning images of the cells 

was done by Image J Fiji software to determine pattern thickness and cell intensity. The 

cells were imaged at 4× under an inverted microscope (Olympus IX-83). 

 
2.3.2. Patterning of 7F2 dsRed and D1 PMIG cells 

 
It was investigated that 7F2 dsRed and D1 PMIG cells formed patterns together. 

For this purpose, 7F2 dsRed (red labeled with DiI solution) and D1 PMIG (green labeled 

with DiO solution) were used. Cells were seeded to make patterns in different shapes. 

7F2 dsRed cells were seeded into patterning material at first day and D1 PMIG cells were 

seeded as perpendicular to the other cells at second day. The opposite was also applied. 

Then, cells were examined under microscope at certain days. Images were captured for 

analyze by using fluorescent and confocal microscope. In another experiment, 7F2 cells 

were seeded into patterning material at first day and D1 PMIG cells were seeded in 

parallel to other cells at second day. The opposite was also applied. Then, cells were 

examined under microscope at certain days and images were captured as in the previous 

experiment. 
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Another experiment was like that 7F2 cells were seeded into patterning material 

at first day and D1 PMIG cells were seeded at a 45 degree angle with the other cells. 

Then, cells were examined under microscope at certain days and images were captured. 

Parallel patterning of two type cells were also observed. 7F2 cells were seeded 

into patterning material at first day and D1 PMIG cells were seeded as parallel to 7F2 

cells at second day. The opposite was also applied. Then, cells were examined under 

microscope at certain days and images were captured. Finally, the analysis of patterning 

images of the cells was done by Image J Fiji software to determine pattern thickness and 

cell intensity. 

 
 

2.4. Statistical Analysis 

 
During the study, all experiments were repeated in triplicate. Thickness of patterns 

and cell intensity data were presented with the mean and standard deviation (mean ± SD). 
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CHAPTER 3 

 

 
RESULTS AND DISCUSSION 

 

 
3.1. Optimization Of Gd3+ Concentration 

 
In this study, it was used a cell patterning system composed of several magnets 

and a cell patterning material (Figure 18.a). Magnets attached to each others created the 

magnetic force. Since magnetic susceptibility of paramagnetic liquid was higher than 

magnetic susceptibility of cells, cells escaped from high magnetic field and tended to low 

magnetic field and it caused forming of cell patterns (Figure 18.b,c). Patterning material 

that was constructed from PDMS kept cells inside as alive. It was nontoxic and 

biocompatible [110-112]. 

 

 

 

 

 

 

Cell guiding areas with 

low magnetic field 

PDMS 

Well 

Cover Glass 

Magnets 

 

Figure 3.1. Cell patterning system a) Magnets and PDMS cell patterning material were 

used to construct cell patterning system. b) Representative image of 

positioning of cells via negative magnethophoresis. c) Left side view of 

patterning material. d) Photoimage of patterned cells. 

c 
d 
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In a previous study, Gadavist concentration that is equal and lower than 100 mM 

showed nontoxic effect [96]. Therefore, 0, 5, 10, 15, 20, 25, 50, 100 and 200 mM Gd3+ 

concentrations with 105/well cell number were used in this study. Any pattern was not 

observed when Gd3+ was not used (0 mM). Bigger than 5 mM Gd3+ concentration did not 

form exact cell patterns (Figure 19). However, they caused some cell levitation. Cells 

detached from surface after a while. The most proper and exact pattern formed when 5 

mM Gd3+ concentration was used. Then, cell patterns were observed when 5 mM Gd3+ is 

used with 2.5x104, 5x104 and 105 cells/well for 3 hours, 24 hours and 48 hours. 

 
 

 

 

 

 

Figure 3.2. Effects of different Gd3+ concentrations after 3 hours. a) 0 mM Gd3+, b) 5 mM 

Gd3+, c) 10 mM Gd3+, d) 15 mM Gd3+, e) 20 mM Gd3+, f) 25 mM Gd3+, g) 

50 mM Gd3+, h) 100 mM Gd3+, ı) 200 mM Gd3+
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1-2 2-2 

1-3 2-3 

3.2. Detection of Thickness of Cell Patterns 

After 5 mM Gd3+ concentration was chosen as most appropriate for cell patterns, 

effects of different cell numbers and culture duration were observed. 5 mM Gd3+ is used 

with 2.5x104, 5x104 and 105 cells/well for 24 hours and 48 hours. 

Firstly, 105 7F2 dsRed cells/well which were diluted in the medium contains 5 

mM Gd3+ were seeded into each well and placed on magnets. After three hours, they were 

examined under microscope and images were taken (Figure 20.a). Then, pattern 

thicknesses were measured with Image J Fiji software. Thickness of patterns was from 

where the cells were intact. The thickness of all the patterns were almost measured close 

to each other (Figure 20.b). The average thickness of all patterns is 267.531 uM. 

First well: Second well: 
 

 

 

 

Third well: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Patterned 5×105/ml 7F2 cells using 5 mM Gd3+. Images were taken 3 hours 

after they were seeded. a) Images of patterns from three wells. b) Pattern 

thickness from three wells. 

3-2 

3-1 

a 

b 

3-3 
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Then, long term cell patterning was tried. For this purpose, 1.25x105, 2.5x105 and 

5×105/ml 7F2 cells which were diluted in the medium contains 5 mM Gd3+ were seeded 

into each well and placed on magnets. Then, patterns were observed for five day48 hours. 

Magnets were not removed from the patterning material during 48 hours. 

When 1.25×105 cells/ml were used, thin and scattered patterns occured. 24 hours 

and 48 hours after cells were seeded, images were taken (Figure 21.a). Thickness of cells 

were measured at both 24th and 48th hours. While thickness of some patterns increased, 

thickness of other patterns decreased (Figure 21.b). Reason of the decreasing of thickness 

of patterns was dispersal of cells to the around. 

 
24th hour 48th hour 

 

 

 

 

 

 

a) 
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Figure 3.4. Patterning Images of 1.25×105 cells/ml a) Patterns at 24th and 48th hours 

b)Thickness of patterns 

 
When 2.5×105 cells/ml were used, thicker patterns occured. 24 hours and 48 hours 

after cells were seeded, images were taken (Figure 22.a). Thickness of cells were 

measured at both 24th and 48th hours. While thickness of some patterns increased, 

thickness of other patterns decreased (Figure 22.b). Reason of the decreasing of thickness 

of patterns was dispersal of cells to the around. 
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b 

a) 



28  

b) 

1 

2 

3 

4 

  
 
 

 

Figure 3.5. Patterning Images of 2.5×105 cells/ml a) Patterns at 24th and 48th hours 

b)Thickness of patterns 

 
When 5×105 cells/ml were used, the thickest and the most proper patterns occured. 

24 hours and 48 hours after cells were seeded, images were taken (Figure 23.a). Thickness 

of cells were measured at both 24th and 48th hours. Thickness of all patterns increased 

(Figure 23.b). It was thought that cells proliferated and spreaded. 

 
24th hour 48th hour 
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Figure 3.6. Patterning Images of 5×105 cells/ml a) Patterns at 24th and 48th hours 

b)Thickness of patterns 

 

At another experiment, removing of magnets from patterning material was tried. 

1.2.5x105, 2.5x105 and 5×105/ml 7F2 cells were seeded into patterning material at first 

day and magnets were removed after 24 hours. Images were taken at 24th and 48th hours. 

When 1.25×105 cells/ml were used, disorganized patterns occured. 24 hours and 

48 hours after cells were seeded, images were taken (Figure 24.a). Thickness of cells were 

measured at both 24th and 48th hours. Thickness of all patterns increased from 24th hours 

to 48th hours (Figure 24.b). While thickness of patterns increased a little bit and decreased 

in the experiment where magnets were not removed from patterning material, thickness 

of all patterns increased at this experiment. It is thought that cells proliferated and they 

spreaded more due to removal of magnetic force. 

5 
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b) 

 

24th hour 48th hour 
 

 

 

 

 

 

 

 
 

Figure 3.7. Patterning Images of 1.25×105 cells/ml when magnets were removed. 

a) Patterns at 24th and 48th hours. b) Thickness of patterns. 

a) 
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When 2.5×105 cells/ml were used, thickher and more intense patterns occured. 24 

hours and 48 hours after cells were seeded, images were taken (Figure 25.a). Thickness 

of cells were measured at both 24th and 48th hours. Thickness of all patterns increased 

from 24th hours to 48th hours (Figure 25.b). While thickness of patterns increased a little 

bit and decreased in the experiment where magnets were not removed from patterning 

material, thickness of all patterns increased at this experiment. It is thought that cells 

proliferated and they spreaded more due to removal of magnetic force. 
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Figure 3.8. Patterning Images of 2.5×105 cells /ml when magnets were removed. 

a) Patterns at 24th and 48th hours. b) Thickness of patterns. 

 

When 5×105 cells/ml were used, the thickhest and the most intense patterns 

occured. 24 hours and 48 hours after cells were seeded, images were taken (Figure 26.a). 

Thickness of cells were measured at both 24th and 48th hours. Thickness of all patterns 

increased from 24th hours to 48th hours (Figure 26.b). It is thought that cells proliferated 

and they spreaded more due to removal of magnetic force and high cell number. 
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Figure 3.9. Patterning Images of 5×105 cells/ml when magnets were removed. a) Patterns 

at 24th and 48th hours. b) Thickness of patterns. 

 

 
3.3. Detection of Cell Intensity of Cell Patterns 

 
How the cells had a distribution in the pattern (cell intensity) was analyzed. Some 

cells showed uniform distribution and some cells showed non-uniform distribution. When 

5×105 cells/ml was seeded into well which included 5 mM Gd3+ and cultured for 3 hours, 

it demonstrated that cells in the patterns showed uniform distribution (Figure 27). 

5 
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Figure 3.10. Cell Intensity of patterned 5×105/ml 7F2 cells with 5mM Gd3+ after 3 

hours. Cells showed uniform distribution in the patterns. 

 

 
Cell intensity was also analyzed for long term culturing. When 1.25×105 cells/ml 

were used with 5 mM Gd3+, cells showed non-uniform distribution in patterns at both 

24th and 48th hours. Reason of this scattering of low amount of cells (Figure 28). 
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Figure 3.11.Cell Intensity of patterned 1.25×105/ml 7F2 cells with 5mM Gd3+ at 24th and 

48th hours. Cells showed non-uniform distribution in the patterns. 

 

 
When 2.5×105 cells/ml were used with 5 mM Gd3+, cells showed more uniform 

distribution in the patterns at both 24th and 48th hours. More cell concentration provided 

more uniform distributions (Figure 29). 
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Figure 3.12.Cell Intensity of patterned 2.5×105/ml 7F2 cells with 5mM Gd3+ at 24th and 

48th hours. Cells showed more uniform distribution in the patterns. 
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When 5×105 cells/ml were used with 5 mM Gd3+, cells more uniform distribution 

in the patterns at both 24th and 48th hours. More cell concentration provided more 

uniform distributions (Figure 30). 
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Figure 3.13. Cell Intensity of patterned 5×105/ml 7F2 cells with 5mM Gd3+ at 24th and 

48th hours. Cells showed uniform distribution in the patterns. 

 

 
Cell intensity was also analyzed for the experiment that magnets were removed 

after 24 hours. When 1.25×105 cells/ml were used with 5 mM Gd3+, cell showed both 

uniform and non-uniform distribution. After 48 hours, cells began to show non-uniform 

distribution due to proliferation and removal and magnetic force (Figure 31). 
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Figure 3.14.Cell Intensity of patterned 1.25×105/ml 7F2 cells with 5mM Gd3+ at 24th and 

48th hours. Cells showed uniform distribution in the patterns. 

 

 
When 2.5×105 cells/ml were used with 5 mM Gd3+, cells showed uniform 

distribution after 24 hour. Non-uniform distribution was also observed after 48 hours 

(Figure 32). 
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Figure 3.15.Cell Intensity of patterned 2.5×105/ml 7F2 cells with 5mM Gd3+ at 24th and 

48th hours when magnets were removed after 24 hours. Cells showed uniform 
distribution in the patterns. 
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When 5×105 cells/ml were used with 5 mM Gd3+, some cells showed uniform 

distribution after 24 hours but cells began to show non-uniform distribution after 48 hours 

due to cell proliferation of high amount of cells and removal of magnetic force (Figure 

33). 

24th hour 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

800 600 400 

x (pixel) 

200 0 

100 

80 

60 

40 

20 

0 

800 200 400 600 

x (pixel) 

0 

100 

80 

60 

40 

20 

0 

C
el

l I
n

te
n

si
ty

 (
a.

u
) 

C
el

l I
n

te
n

si
ty

 (
a.

u
) 

C
el

l I
n

te
n

si
ty

 (
a.

u
) 



44  

100 

80 

60 

40 

20 

0 

0 500 

x (pixel) 

1000 

  

  

  

  

  

 

48th hour 
 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

Figure 3.16. Cell Intensity of patterned 5×105/ml 7F2 cells with 5mM Gd3+ at 24th and 

48th hours when magnets were removed after 24 hours. Cells showed 
uniform distribution in the patterns after 24 hours and showed uniform 
distribution after 48 hours. 

 

 
3.4. Patterning of Two Type Cells in Different Shapes 

 
Patterning of two type cells was observed. 7F2 dsRed and D1 PMIG cells were 

used. For this purpose, first type of cells were seeded (at day 0) and second type of cells 

were seeded by rotating the magnets ninety degrees (Figure 34) and forty five degrees 

(Figure 38) after 24 hours (at day 1). Another experiment was like that first type of cells 

were seeded and second type of cells were seeded parallel to the first type of cells. Finally, 

they were examined under microscope (at day 2). 
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90˚ Rotating Experiment: 

 

Adding first 

type of cells 

 

Day 0 
 

 
 

 

 
 

Day 1 90˚ 
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Fluorescent Image 
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Figure 3.17. Schematic Illustration of 90˚ Rotation of Magnet 
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1.25×105/ml 7F2 dsRed cells were seeded and D1 PMIG cells were seeded by 

rotating magnets 90˚ after 24 hours (day 1). Cells were examined under microscope at 

day 2, 3 and 4. Cells proliferated and patterns began to break down at day 4 (Figure 35). 

 
Day 2 Day 3 Day 4 

 

 

 
 

 

 
 

Figure 3.18. Patterning Images of 1.25×105/ml 7F2 dsRed cells and D1 PMIG cells 

together. Firstly, 7F2 dsRed cells were seeded and D1 PMIG cells were 

seeded after 24 hours by rotating magnets 90˚. Cells proliferated and 

patterns began to break down at day 4. 

 

 

5×105/ml 7F2 dsRed cells were seeded and D1 PMIG cells were seeded by 

rotating magnets 90˚ after 24 hours (day 1). Cells were examined under microscope at 

day 2, 3 and 4. Cells proliferated and patterns began to break down at day 4 (Figure 36). 
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Day 2 Day 3 Day 4 
 
 

 
 

 

 

 
Figure 3.19.Patterning Images of 5×105/ml 7F2 dsRed cells and D1 PMIG cells together. 

Firstly, 7F2 dsRed cells were seeded and D1 PMIG cells were seeded after 

24 hours by rotating magnets 90˚. Cells proliferated and patterns began to 

break down at day 4. 

 

 
5×105/ml 7F2 dsRed cells were seeded and D1 PMIG cells were seeded by 

rotating magnets 90˚ after 24 hours (day 1) and the opposite was also done. Cells were 

examined under microscope at day 2 (Figure 37). 
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Figure 3.20. Experiment of 90˚ rotating of magnets. a) Firstly, 5×105/ml 7F2 dsRed cells 

were seeded and 5×105/ml D1 PMIG cells were seeded after 24 hours. b) 

Firstly, 5×105/ml D1 PMIG cells were seeded and 5×105/ml 7F2 dsRed cells 
were seeded after 24 hours. (7F2 dsRed cells: Red cells, D1 PMIG cells: 
Green cells) 

a b 
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45˚ Rotating Experiment 

 

Adding first 

type of cells 

 

Day 0 
 

 

 

 

 

 

 

45˚ 

Day 1 
 

 

 

 

 

 

 

Adding second 

type of cells 

 

Day 1 

 

 

 

 

 

 

 

 

 
Fluorescent Image 

Day 2 

 

 

 

Figure 3.21. Schematic Illustration of 45˚ Rotation of Magnet 
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a b 

5×105/ml 7F2 dsRed cells were seeded and D1 PMIG cells were seeded by 

rotating magnets 45˚ after 24 hours (day 1) and the opposite was also done. Cells were 

examined under microscope at day 2 (Figure 39). 
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Figure 3.22. Experiment of 45˚ rotating of magnets. a) Firstly, 5×105/ml 7F2 dsRed cells 

were seeded and 5×105/ml D1 PMIG cells were seeded after 24 hours. b) 

Firstly, 5×105/ml D1 PMIG cells were seeded and 5×105/ml 7F2 dsRed cells 
were seeded after 24 hours. 
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a b 

Another experiment was like that first type of cells were seeded and second type 

of cells were seeded parallel to the first type of cells. In other words, 7F2 dsRed cells 

were seeded, D1 PMIG cells were seeded after 24 hours to be parallel to 7F2 dsRed 

cells. The opposite was also done (Figure 40). 
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Figure 3.23. Parallel patterning of cells. a) Firstly, 5×105/ml 7F2 dsRed cells were seeded 

and 5×105/ml D1 PMIG cells were seeded after 24 hours. b) Firstly, 5×105/ml 

D1 PMIG cells were seeded and 5×105/ml 7F2 dsRed cells were seeded after 
24 hours. 
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In this study, cells were cultured with 0, 5, 10, 15, 20, 25, 50, 100 and 200 mM 

Gd3+. The most proper patterns occured when 5 mM Gd3+ was used. Then 5 mM Gd3+ 

was used in the other experiments (Figure 19). 

 

Cells were initially cultured for three hours in the patterning material which was 

placed on magnets. Cells escaped from high magnetic field and they located in a place 

where there was low magnetic field via negative magnetophoresis (Figure 20). As 

positive magnetophoresis needs labeling of cells [98], however, cell patterns occured 

formed without labeling cells in a short time in this study [64,66]. 

 

Long term culturing of different amounts of cells was examined. When patterns 

were observed in the presence of magnetic force for 48 hours, thickness of some patterns 

increaesed and some decreased (Figure 21-23). However, thickness of all patterns 

increased when magnetic force removed after 24 hours (Figure 24-26). 

 

Patterning of different type of cells in different shape was also examined. 7F2 

dsRed and D1 PMIG cells were patterned at 90˚ with each other (Figure 35-37). They 

were examined up to fourth day. Patterns were maintained for long time [115,116]. 7F2 

dsRed and D1 PMIG cells were patterned at 45 with each other (Figure 39). They were 

also patterned as parallel to each other (Figure 40). This showed cells can be patterned 

with desired shapes by controlling the magnetic field [64]. 

 

Cell intensity in the patterns was also analyzed. Most of the cells showed uniform 

distribution in the patterns after 3 and 24 hours. However, uniformity began to break 

down after 48 hours when magnetic force was removed (Figure 33). 
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CHAPTER 4 

CONCLUSION 

In this study, it was aimed to pattern cells using negative magnetophoresis without 

labeling them. 7F2 dsRed and D1 PMIG cells were used to form pattern with using 

appropriate paramagnetic agent. Patterning of cells for long time and patterning of two 

type cells in different shape were also examined. Additionally, how the cells had a 

distribution in the patterns was analyzed. 

Patterning of cells was observed in a short time (three hours). When two type of 

cells were patterned together, they stayed as patterned for 48 hours. When magnetic force 

was removed after 24 hours, patterns began to break down after 48 hours. This shows that 

once cells were patterned, they maintained as patterned up to 48 hours. 7F2 dsRed and 

D1 PMIG cells were patterned at 45˚ and 90˚ angle with each other. These cells were also 

patterned as parallel to each other. This shows cells can be patterned in the desired shapes. 

Thus, tissues that similar to real tissues can be produced with this way. 

In this study, cells were patterned without labeling of them in a short time. 

Patterned cells maintained for long time and different shaped patterns were formed. Cells 

continued to proliferate in the patterns in the presence of magnetic field. This system may 

be good alternative to conventional tissue construction methods with the advantages such 

as being rapid, label free and non-toxic. 



54  

REFERENCES 

 

 
[1] Langer, R, and J. Vacanti. “Tissue Engineering.” Science 260, no. 5110 (1993): 920– 

26. 

 
[2] Griffith, L. G. “Tissue Engineering--Current Challenges and Expanding 

Opportunities.” Science 295, no. 5557 (2002): 1009–14. 

 
[3] Moffat, K. L., R. A. Neal, L. E. Freed, and F. Guilak. “Engineering Functional 

Tissues: In Vitro Culture Parameters, In Principles of tissue engineering ” (2014): 237- 

259 

 
[4] Freed, Lisa E, and Gordana Vunjak-Novakovic. “Culture of Organized Cell 

Communities.” Advanced Drug Delivery Reviews 33, no. 1-2 (1998): 15–30. 

 
[5] Freed LE, Martin I, Vunjak-Novakovic G. Frontiers in tissue engineering. In vitro 

modulation of chondrogenesis. Clin Orthop Relat Res 1999;(367 Suppl.):S46e58. 

 
[6] Mhanna, Rami, and Anwarul Hasan. “Introduction to Tissue Engineering.” Tissue 

Engineering for Artificial Organs: Regenerative Medicine, Smart Diagnostics and 

Personalized Medicine, 2017, 1–34. 

 
[7] Tsutsumi, Shinichi, Atsushi Shimazu, Kazuko Miyazaki, Haiou Pan, Chika Koike, Eri 

Yoshida, Kenji Takagishi, and Yukio Kato. “Retention of Multilineage Differentiation 

Potential of Mesenchymal Cells during Proliferation in Response to FGF.” Biochemical 

and Biophysical Research Communications 288, no. 2 (2001): 413–19. 

 
[8] Sumanasinghe, Ruwan D., Susan H. Bernacki, and Elizabeth G. Loboa. “Osteogenic 

Differentiation of Human Mesenchymal Stem Cells in Collagen Matrices: Effect of 

Uniaxial Cyclic Tensile Strain on Bone Morphogenetic Protein (BMP-2) MRNA 

Expression.” Tissue Engineering 12, no. 12 (2006): 3459–65. 

 
[9] Groeneveld, Eh, and Eh Burger. “Bone Morphogenetic Proteins in Human Bone 

Regeneration.” European Journal of Endocrinology, 2000, 9–21. 

 
[10] Wobus, A. M., R. Grosse, and J. Schöneich. “Specific Effects of Nerve Growth 

Factor on the Differentiation Pattern of Mouse Embryonic Stem Cells in Vitro.” 

Biomedica Biochimica Acta 47, no. 12 (1988): 965–73. 

 

[11] Matsuda, H., M. D. Coughlin, J. Bienenstock, and J. A. Denburg. “Nerve Growth 

Factor Promotes Human Hemopoietic Colony Growth and Differentiation.” Proceedings 

of the National Academy of Sciences 85, no. 17 (1988): 6508–12. 



55  

[12] Awad, Hani A., Yuan-Di C. Halvorsen, Jeffrey M. Gimble, and Farshid Guilak. 

“Effects of Transforming Growth Factorβ1 and Dexamethasone on the Growth and 

Chondrogenic Differentiation of Adipose-Derived Stromal Cells.” Tissue Engineering 9, 

no. 6 (2003): 1301–12. 

 
[13] Border, W A, and E Ruoslahti. “Transforming Growth Factor-Beta in Disease: the 

Dark Side of Tissue Repair.” Journal of Clinical Investigation 90, no. 1 (1992): 1–7. 

 
[14] Howard, Daniel, Lee D. Buttery, Kevin M. Shakesheff, and Scott J. Roberts. “Tissue 

Engineering: Strategies, Stem Cells and Scaffolds.” Journal of Anatomy 213, no. 1 

(2008): 66–72. 

 
[15] Hewitt, Zoe, Helen Priddle, Alison J. Thomson, Davina Wojtacha, and Jim Mcwhir. 

“Ablation of Undifferentiated Human Embryonic Stem Cells: Exploiting Innate 

Immunity Against the Gal α1-3Galβ1-4GlcNAc-R (α-Gal) Epitope.” Stem Cells 25, no. 

1 (2006): 10–18. 

 
[16] Bruder, Scott P., Andreas A. Kurth, Marie Shea, Wilson C. Hayes, Neelam Jaiswal, 

and Sudha Kadiyala. “Bone Regeneration by Implantation of Purified, Culture-Expanded 

Human Mesenchymal Stem Cells.” Journal of Orthopaedic Research 16, no. 2 (1998): 

155–62. 

 
[17] Yang, X.b., H.i. Roach, N.m.p. Clarke, S.m. Howdle, R. Quirk, K.m. Shakesheff, 

and R.o.c. Oreffo. “Human Osteoprogenitor Growth and Differentiation on Synthetic 

Biodegradable Structures after Surface Modification.” Bone 29, no. 6 (2001): 523–31. 

 
[18] Howard, Daniel, Kris Partridge, Xuebin Yang, Nicholas M.p. Clarke, Yasunori 

Okubo, Kazuhisa Bessho, Steven M. Howdle, Kevin M. Shakesheff, and Richard O.c. 

Oreffo. “Immunoselection and Adenoviral Genetic Modulation of Human 

Osteoprogenitors: in vivo Bone Formation on PLA Scaffold.” Biochemical and 

Biophysical Research Communications 299, no. 2 (2002): 208–15. 

 
[19] Baskan, Oznur, Gulistan Mese, and Engin Ozcivici. “Low-Intensity Vibrations 

Normalize Adipogenesis-Induced Morphological and Molecular Changes of Adult 

Mesenchymal Stem Cells.” Proceedings of the Institution of Mechanical Engineers, Part 

H: Journal of Engineering in Medicine 231, no. 2 (2017): 160–68. 

 
[20] Demiray, Levent, and Engin Özçivici. “Bone Marrow Stem Cells Adapt to Low- 

Magnitude Vibrations by Altering Theircytoskeleton during Quiescence and 

Osteogenesis.” Turkish Journal Of Biology 39 (2015): 88–97. 

 
[21] Tilley, Simon, Benjamin Jrf Bolland, Kris Partridge, Andrew Mr New, Jeremy M 

Latham, Douglas G Dunlop, and Richard Oc Oreffo. “Taking Tissue-Engineering 

Principles into Theater: Augmentation of Impacted Allograft with Human Bone Marrow 

Stromal Cells.” Regenerative Medicine 1, no. 5 (2006): 685–92. 



56  

[22] Jeong, Ju Ah, Seung Hyun Hong, Eun Ji Gang, Chiyoung Ahn, Soo Han Hwang, Il 

Ho Yang, Hoon Han, and Hoeon Kim. “Differential Gene Expression Profiling of Human 

Umbilical Cord Blood-Derived Mesenchymal Stem Cells by DNA Microarray.” Stem 

Cells 23, no. 4 (2005): 584–93. 

 
[23] Lee, Oscar K., Tom K. Kuo, Wei-Ming Chen, Kuan-Der Lee, Shie-Liang Hsieh, and 

Tain-Hsiung Chen. “Isolation of Multipotent Mesenchymal Stem Cells from Umbilical 

Cord Blood.” Blood 103, no. 5 (2004): 1669–75. 

 
[24] Kang, X, W Zang, L Bao, D Li, X Xu, and X Yu. “Differentiating Characterization 

of Human Umbilical Cord Blood-Derived Mesenchymal Stem Cells in vitro.” Cell 

Biology International 30, no. 7 (2006): 569–75. 

 
[25] Hou, Lingling, Hua Cao, Dongmei Wang, Guorong Wei, Cixian Bai, Yong Zhang, 

and Xuetao Pei. “Induction of Umbilical Cord Blood Mesenchymal Stem Cells into 

Neuron-Like Cells In Vitro.” International Journal of Hematology 78, no. 3 (2003): 256– 

61. 

 
[26] Kenry, Wong Cheng Lee, Kian Ping Loh, and Chwee Teck Lim. “When Stem Cells 

Meet Graphene: Opportunities and Challenges in Regenerative Medicine.” Biomaterials 

155 (2018): 236–50. 

 
[27] Stamov, Dimitar R., and Tilo Pompe. “Structure and Function of ECM-Inspired 

Composite Collagen Type I Scaffolds.” Soft Matter 8, no. 40 (2012): 10200. 

 
[28] Wise, Steven G., Giselle C. Yeo, Matti A. Hiob, Jelena Rnjak-Kovacina, David L. 

Kaplan, Martin K.c. Ng, and Anthony S. Weiss. “Tropoelastin: A Versatile, Bioactive 

Assembly Module.” Acta Biomaterialia 10, no. 4 (2014): 1532–41. 

 
[29] Lee, Kuen Yong, and David J. Mooney. “Alginate: Properties and Biomedical 

Applications.” Progress in Polymer Science 37, no. 1 (2012): 106–26. 

 
[30] Guo, Baolin, and Peter X. Ma. “Synthetic Biodegradable Functional Polymers for 

Tissue Engineering: a Brief Review.” Science China Chemistry 57, no. 4 (2014): 490– 

500. 

 
[31] Mark, Klaus Von Der, and Jung Park. “Engineering Biocompatible Implant 

Surfaces.” Progress in Materials Science 58, no. 3 (2013): 327–81. 

 
[32] Johnson, Greg A., Dawn M. Tramaglini, Rebecca E. Levine, Kazunori Ohno, Nam- 

Yong Choi, and Savio L-Y. Woo. “Tensile and Viscoelastic Properties of Human Patellar 

Tendon.” Journal of Orthopaedic Research 12, no. 6 (1994): 796–803. 

 

 
[33] Yilgor, Pinar, Rui A. Sousa, Rui L. Reis, Nesrin Hasirci, and Vasif Hasirci. “3D 

Plotted PCL Scaffolds for Stem Cell Based Bone Tissue Engineering.” Macromolecular 

Symposia 269, no. 1 (2008): 92–99. 



57  

[34] Lin, Chen-Huan, Jang-Ming Su, and Shan-Hui Hsu. “Evaluation of Type II Collagen 

Scaffolds Reinforced by Poly(ε-Caprolactone) as Tissue-Engineered Trachea.” Tissue 

Engineering Part C: Methods 14, no. 1 (2008): 69–77. 

 
[35] Wismer, Nadine, Sibylle Grad, Giuseppino Fortunato, Stephen J. Ferguson, Mauro 

Alini, and David Eglin. “Biodegradable Electrospun Scaffolds for Annulus Fibrosus 

Tissue Engineering: Effect of Scaffold Structure and Composition on Annulus Fibrosus 

CellsIn Vitro.” Tissue Engineering Part A, 2014, 140123085256009. 

 
[36] Makadia, Hirenkumar K., and Steven J. Siegel. “Poly Lactic-Co-Glycolic Acid 

(PLGA) as Biodegradable Controlled Drug Delivery Carrier.” Polymers 3, no. 3 (2011): 

1377–97. 

 
[37] Almouemen, Nour, Helena M. Kelly, and Cian O'leary. “Tissue Engineering: 

Understanding the Role of Biomaterials and Biophysical Forces on Cell Functionality 

Through Computational and Structural Biotechnology Analytical Methods.” 

Computational and Structural Biotechnology Journal 17 (2019): 591–98. 

 
[38] Alaribe, Franca N., Sello L. Manoto, and Shirley C.k.m. Motaung. “Scaffolds from 

Biomaterials: Advantages and Limitations in Bone and Tissue Engineering.” Biologia 71, 

no. 4 (2016). 

 
[39] Asadian, Mahtab, Ke Vin Chan, Mohammad Norouzi, Silvia Grande, Pieter Cools, 

Rino Morent, and Nathalie De Geyter. “Fabrication and Plasma Modification of 

Nanofibrous Tissue Engineering Scaffolds.” Nanomaterials 10, no. 1 (2020): 119. 

 
[40] Guillotin, Bertrand, and Fabien Guillemot. “Cell Patterning Technologies for 

Organotypic Tissue Fabrication.” Trends in Biotechnology 29, no. 4 (2011): 183–90. 

 

[41] Carter, S. B. “Principles of Cell Motility: The Direction of Cell Movement and 

Cancer Invasion.” Nature 208, no. 5016 (1965): 1183–87. 

 
[42] Carter, S.b. “Haptotactic Islands: a method of confining single cells to study 

individual cell reactions and clone formation.” Experimental Cell Research 48, no. 1 

(1967): 189–93. 

 
[43] Carter, S. B. “Effects of Cytochalasins on Mammalian Cells.” Nature 213, no. 5073 

(1967): 261–64. 

 

[44] Matsue, Tomokazu, Norio Matsumoto, and Isamu Uchida. “Rapid Micropatterning 

of Living Cells by Repulsive Dielectrophoretic Force.” Electrochimica Acta 42, no. 20- 

22 (1997): 3251–56. 

 
 

[45] Guo, Feng, Zhangming Mao, Yuchao Chen, Zhiwei Xie, James P. Lata, Peng Li, 

Liqiang Ren, et al. “Three-Dimensional Manipulation of Single Cells Using Surface 



58  

Acoustic Waves.” Proceedings of the National Academy of Sciences of the United States 

of America 113, no. 6 (2016): 1522–27. 

 

[46] Harbers, Gregory M., and Kevin E. Healy. “The Effect of Ligand Type and Density 

on Osteoblast Adhesion, Proliferation, and Matrix Mineralization.” Journal of 

Biomedical Materials Research Part A 75A, no. 4 (2005): 855–69. 

 

[47] Singhvi, R, A Kumar, G. Lopez, G. Stephanopoulos, D. Wang, G. Whitesides, and 

D. Ingber. “Engineering Cell Shape and Function.” Science 264, no. 5159 (1994): 696– 

98. 

 

[48] Shen, Colette J., Jianping Fu, and Christopher S. Chen. “Patterning Cell and Tissue 

Function.” Cellular and Molecular Bioengineering 1, no. 1 (2008): 15–23. 

 

[49] Heldin, Carl-Henrik. “Dimerization of Cell Surface Receptors in Signal 

Transduction.” Cell 80, no. 2 (1995): 213–23. 

 

[50] Discher, D. E. “Tissue Cells Feel and Respond to the Stiffness of Their Substrate.” 

Science 310, no. 5751 (2005): 1139–43. 

 

[51] Paszek, Matthew J., Nastaran Zahir, Kandice R. Johnson, Johnathon N. Lakins, 

Gabriela I. Rozenberg, Amit Gefen, Cynthia A. Reinhart-King, et al. “Tensional 

Homeostasis and the Malignant Phenotype.” Cancer Cell 8, no. 3 (2005): 241–54. 

 

[52] Chen, C.s., M. Mrksich, S. Huang, G.m. Whitesides, and D.e. Ingber. 

“Micropatterned Surfaces for Control of Cell Shape, Position, and Function.” 

Biotechnology Progress 14, no. 3 (1998): 356–63. 

 

[53] Gray, Darren S., Joe Tien, and Christopher S. Chen. “Repositioning of Cells by 

Mechanotaxis on Surfaces with Micropatterned Young's Modulus.” Journal of 

Biomedical Materials Research 66A, no. 3 (2003): 605–14. 

 

[54] Yousaf, M. N., B. T. Houseman, and M. Mrksich. “Using Electroactive Substrates 

to Pattern the Attachment of Two Different Cell Populations.” Proceedings of the 

National Academy of Sciences 98, no. 11 (2001): 5992–96. 

 

[55] Ruoslahti, Erkki. “Rgd And Other Recognition Sequences For Integrins.” Annual 

Review of Cell and Developmental Biology 12, no. 1 (1996): 697–715. 

 

[56] Houseman, Benjamin T., and Milan Mrksich. “Efficient Solid-Phase Synthesis of 

Peptide-Substituted Alkanethiols for the Preparation of Substrates That Support the 

Adhesion of Cells.” The Journal of Organic Chemistry 63, no. 21 (1998): 7552–55. 

 

[57] Roberts, Carmichael, Christopher S. Chen, Milan Mrksich, Valerie Martichonok, 

Donald E. Ingber, and George M. Whitesides. “Using Mixed Self-Assembled Monolayers 

Presenting RGD and (EG)3OH Groups To Characterize Long-Term Attachment of 

Bovine Capillary Endothelial Cells to Surfaces.” Journal of the American Chemical 

Society 120, no. 26 (1998): 6548–55. 



59  

[58] Houseman, B.t., and M. Mrksich. “The Microenvironment of Immobilized Arg-Gly- 

Asp Peptides Is an Important Determinant of Cell Adhesion.” Biomaterials 22, no. 9 

(2001): 943–55. 

 

[59] Mrksich, Milan, and George M. Whitesides. “Using Self-Assembled Monolayers 

That Present Oligo(Ethylene Glycol) Groups To Control the Interactions of Proteins with 

Surfaces.” ACS Symposium Series Poly(ethylene glycol), 1997, 361–73. 

 

[60] Yousaf, Muhammad N., Benjamin T. Houseman, and Milan Mrksich. “Turning On 

Cell Migration with Electroactive Substrates.” Angewandte Chemie 113, no. 6 (2001): 

1127–30. 

 
[61] Mrksich, Milan. “A Surface Chemistry Approach to Studying Cell Adhesion.” 

Chemical Society Reviews 29, no. 4 (2000): 267–73. 

 
[62] Wilson, E., ed. New Technologies for Life Sciences: A Trends Guide; a Special 

Issue to Celebrate 25 Years of Trends Publishing. Elsevier Science, 2000. 

 
[63] Bhatia, S.n., U.j. Balis, M.l. Yarmush, and M. Toner. “Microfabrication of 

Hepatocyte/Fibroblast Co-Cultures: Role of Homotypic Cell Interactions.” 

Biotechnology Progress 14, no. 3 (1998): 378–87. 

 
[64] Akiyama, Yoshitake, and Keisuke Morishima. “Label-Free Cell Aggregate 

Formation Based on the Magneto-Archimedes Effect.” Applied Physics Letters 98, no. 

16 (2011): 163702. 

 
[65] Magnevist Injection, Berlex, Wayne, NJ, NDA 19-596 (2000). 

 

[66] Akiyama, Hirokazu, Akira Ito, Yoshinori Kawabe, and Masamichi Kamihira. 

“Fabrication of Complex Three-Dimensional Tissue Architectures Using a Magnetic 

Force-Based Cell Patterning Technique.” Biomedical Microdevices 11, no. 4 (2009): 

713–21. 

 

[67] Souza, Glauco R., Jennifer R. Molina, Robert M. Raphael, Michael G. Ozawa, 

Daniel J. Stark, Carly S. Levin, Lawrence F. Bronk, et al. “Three-Dimensional Tissue 

Culture Based on Magnetic Cell Levitation.” Nature Nanotechnology 5, no. 4 (2010): 

291–96. 

 
[68] Veiseh, Mandana, Omid Veiseh, Michael C. Martin, Fareid Asphahani, and Miqin 

Zhang. “Short Peptides Enhance Single Cell Adhesion and Viability on Microarrays.” 

Langmuir 23, no. 8 (2007): 4472–79. 

 
[69] Vansouskii, S. V. Magnetism, (1974) vols. I and II. 

 
[70] Jensen, M.anthony. “Magnetism in Solids.” Journal of the Franklin Institute 286, 

no. 1 (1968): 92–93. 



60  

[71] Cullity, B. D. Introduction to Magnetic Materials. New York, NY: Addison Wesley 

Longman Publishing, 1972. 

 
[72] Hashmi, Saleem. Comprehensive Materials Processing, 2014, xxvii. 

 
[73] Marghussian, Vahak. “Magnetic Properties of Nano-Glass Ceramics.” Nano-Glass 

Ceramics, 2015, 181–223. 

 
[74] Coey, Michael. Magnetism and Magnetic Materials. Cambridge University Press, 

2010. 

 
[75] Mullins, C. E. “Magnetic Susceptibility Of The Soil And Its Significance In Soil 

Science - A Review.” Journal of Soil Science 28, no. 2 (1977): 223–46. 

 
[76] Pelrine, Ronald. “Diamagnetic Levitation: Known since the 1930s, a simple 

technique for suspending objects magnetically is just now finding practical application.” 

American Scientist 92, no. 5 (2004): 428. 

 
[77] Jiles, David. “Introduction to Magnetism and Magnetic Materials,” 2015. 

 
[78] Boča, Roman. “Types of Magnetic Materials.” Current Methods in Inorganic 

Chemistry Theoretical Foundations of Molecular Magnetism, 1999, 345–70. 

 
[79] Quarterman, P., Congli Sun, Javier Garcia-Barriocanal, Mahendra Dc, Yang Lv, 

Sasikanth Manipatruni, Dmitri E. Nikonov, Ian A. Young, Paul M. Voyles, and Jian-Ping 

Wang. “Demonstration of Ru as the 4th Ferromagnetic Element at Room Temperature.” 

Nature Communications 9, no. 1 (2018). 

 
[80] Nigh, H. E., S. Legvold, and F. H. Spedding. “Magnetization and Electrical 

Resistivity of Gadolinium Single Crystals.” Physical Review 132, no. 3 (1963): 1092–97. 

 
[81] Fraden, J. Handbook of Modern Sensor. (2013). 

 
[82] Bacri, Jean-Claude, Régine Perzynski, and Dominique Salin. “Magnetic Liquids.” 

Endeavour 12, no. 2 (1988): 76–83. 

 
[83] S. S. Papell, U.S. Patent no3, 215, 572 (1965) 

 
[84] Rosensweig, R. E., and R. Kaiser. “Study of Ferromagnetic Liquids, Phase I.” NTIS 

Rep, no. NASW-1219 (1967). 

 
[85] Rosensweig, R. E. Ferrofluids, Magnetically Controllable Fluids and Their 

Applications. Cambridge: Ferrohydrodynamics Cambridge University Press, 1997. 



61  

[86] Zhao, Wujun, Rui Cheng, Joshua R. Miller, and Leidong Mao. “Label-Free 

Microfluidic Manipulation of Particles and Cells in Magnetic Liquids.” Advanced 

Functional Materials 26, no. 22 (2016): 3916–32. 

 
[87] Mirica, Katherine A., Sergey S. Shevkoplyas, Scott T. Phillips, Malancha Gupta, and 

George M. Whitesides. “Measuring Densities of Solids and Liquids Using Magnetic 

Levitation: Fundamentals.” Journal of the American Chemical Society 131, no. 29 (2009): 

10049–58. 

 
[88] Kirchin, Miles A., and Val M. Runge. “Contrast Agents for Magnetic Resonance 

Imaging.” Topics in Magnetic Resonance Imaging 14, no. 5 (2003): 426–35. 

 
[89] Cheng, K. T. “Gadobutrol.” National Center for Biotechnology Information (US, 

2007. 

 
[90] Rogosnitzky, Moshe, and Stacy Branch. “Gadolinium-Based Contrast Agent 

Toxicity: a Review of Known and Proposed Mechanisms.” BioMetals 29, no. 3 (2016): 

365–76. 

 
[91] Knowlton, Stephanie, Chu Hsiang Yu, Nupur Jain, Ionita Calin Ghiran, and Savas 

Tasoglu. “Smart-Phone Based Magnetic Levitation for Measuring Densities.” Plos One 

10, no. 8 (2015). 

 
[92] Sarigil, Oyku, Muge Anil-Inevi, Esra Yilmaz, Gulistan Mese, H. Cumhur Tekin, and 

Engin Ozcivici. “Label-Free Density-Based Detection of Adipocytes of Bone Marrow 

Origin Using Magnetic Levitation.” The Analyst 144, no. 9 (2019): 2942–53. 

 
[93] Ge, Shencheng, Yunzhe Wang, Nicolas J. Deshler, Daniel J. Preston, and George M. 

Whitesides. “High-Throughput Density Measurement Using Magnetic Levitation.” 

Journal of the American Chemical Society 140, no. 24 (2018): 7510–18. 

 
[94] Anil-Inevi, Muge, Esra Yilmaz, Oyku Sarigil, H. Cumhur Tekin, and Engin Ozcivici. 

“Single Cell Densitometry and Weightlessness Culture of Mesenchymal Stem Cells 

Using Magnetic Levitation.” Methods in Molecular Biology Stem Cell Nanotechnology, 

2019, 15–25. 

 
[95] Trog, Sabrina, Ahmed H. El-Khatib, Sebastian Beck, Marcus R. Makowski, Norbert 

Jakubowski, and Michael W. Linscheid. “Complementarity of Molecular and Elemental 

Mass Spectrometric Imaging of Gadovist™ in Mouse Tissues.” Analytical and 

Bioanalytical Chemistry 411, no. 3 (2018): 629–37. 

 
[96] Anil-Inevi, Muge, Sena Yaman, Ahu Arslan Yildiz, Gulistan Mese, Ozden Yalcin- 

Ozuysal, H. Cumhur Tekin, and Engin Ozcivici. “Biofabrication of in Situ Self 

Assembled 3D Cell Cultures in a Weightlessness Environment Generated Using 

Magnetic Levitation.” Scientific Reports 8, no. 1 (2018). 



62  

[97] Yaman, Sena, Muge Anil-Inevi, Engin Ozcivici, and H. Cumhur Tekin. “Magnetic 

Force-Based Microfluidic Techniques for Cellular and Tissue Bioengineering.” Frontiers 

in Bioengineering and Biotechnology 6 (2018). 

 
[98] Sarigil, Oyku, Muge Anil-Inevi, Esra Yilmaz, Melike Cagan, Gulistan Mese, H. 

Cumhur Tekin, and Engin Ozcivici. “Application of Magnetic Levitation Induced 

Weightlessness to Detect Cell Lineage.” 2019 9th International Conference on Recent 

Advances in Space Technologies (RAST), 2019. 

 
[99] Kose, A. R., B. Fischer, L. Mao, and H. Koser. “Label-Free Cellular Manipulation 

and Sorting via Biocompatible Ferrofluids.” Proceedings of the National Academy of 

Sciences 106, no. 51 (2009): 21478–83. 

 
[100] Parfenov, Vladislav A, Elizaveta V Koudan, Elena A Bulanova, Pavel A Karalkin, 

Frederico Das Pereira, Nikita E Norkin, Alisa D Knyazeva, et al. “Scaffold-Free, Label- 

Free and Nozzle-Free Biofabrication Technology Using Magnetic Levitational 

Assembly.” Biofabrication 10, no. 3 (2018): 034104. 

 
[101] Türker, Esra, Nida Demirçak, and Ahu Arslan-Yildiz. “Scaffold-Free Three- 

Dimensional Cell Culturing Using Magnetic Levitation.” Biomaterials Science 6, no. 7 

(2018): 1745–53. 

 
[102] Anil-Inevi, Muge, Ozden Yalcin-Ozuysal, Oyku Sarigil, Gulistan Mese, Engin 

Ozcivici, Sena Yaman, and H.cumhur Tekin. “Biofabrication of Cellular Structures Using 

Weightlessness as a Biotechnological Tool.” 2019 9th International Conference on 

Recent Advances in Space Technologies (RAST), 2019. 

 

[103] Sarigil, Oyku, Muge Anil‐Inevi, Burcu Firatligil‐Yildirir, Yagmur Ceren Unal, 

Ozden Yalcin‐Ozuysal, Gulistan Mese, H. Cumhur Tekin, and Engin Ozcivici. “Scaffold‐ 
Free Biofabrication of Adipocyte Structures with Magnetic Levitation.” Biotechnology 

and Bioengineering, 2020. 

 
[104] Delikoyun, Kerem, Sena Yaman, Esra Yilmaz, Oyku Sarigil, Muge Anil-Inevi, 

Engin Ozcivici, and H. Cumhur Tekin. “HologLev: Hybrid Magnetic Levitation 

Platform Integrated with Lensless Holographic Microscopy for Density-Based Cell 

Analysis.” BioRxiv, 2020. 

 
[105] Sarigil, Oyku, Muge Anil-Inevi, Esra Yilmaz, Ozge Ozcelik, Gulistan Mese, H. 

Cumhur Tekin, and Engin Ozcivici. “Magnetic Levitation-Based Adipose Tissue 

Engineering Using Horizontal Magnet Deployment.” 2020 Medical Technologies 

Congress (TIPTEKNO), 2020. 

 
[106] Anil-Inevi, Muge, Yagmur Ceren Unal, Sena Yaman, H.cumhur Tekin, Gulistan 

Mese, and Engin Ozcivici. “Assessment of Cell Cycle and Viability of Magnetic 

Levitation Assembled Cellular Structures.” 2020 Medical Technologies Congress 

(TIPTEKNO), 2020. 



63  

[107] Qian, A. R., D. C. Yin, P. F. Yang, Y. Lv, Z. C. Tian, and P. Shang. “Application 

of Diamagnetic Levitation Technology in Biological Sciences Research.” IEEE 

Transactions on Applied Superconductivity 23, no. 1 (2013): 3600305–. 

 
[108] Herranz, Raul, Oliver J Larkin, Camelia E Dijkstra, Richard Ja Hill, Paul Anthony, 

Michael R Davey, Laurence Eaves, Jack Jwa Van Loon, F Javier Medina, and Roberto 

Marco. “Microgravity Simulation by Diamagnetic Levitation: Effects of a Strong 

Gradient Magnetic Field on the Transcriptional Profile of Drosophila Melanogaster.” 

BMC Genomics 13, no. 1 (2012): 52. 

 
[109] Coleman, Chasity B., Patricia L. Allen, James M. Valles, and Timothy G. 

Hammond. “Transcriptional Regulation of Changes in Growth, Cell Cycle, and Gene 

Expression Of Saccharomyces Cerevisiae Due to Changes in Buoyancy.” Biotechnology 

and Bioengineering 100, no. 2 (2008): 334–43. 

 
[110] Mcdonald, J. Cooper, and George M. Whitesides. “Poly(Dimethylsiloxane) as a 

Material for Fabricating Microfluidic Devices.” Accounts of Chemical Research 35, no. 

7 (2002): 491–99. 

 
[111] Xia, Younan, and George M. Whitesides. “Soft Lithography.” Annual Review of 

Materials Science 28, no. 1 (1998): 153–84. 

 
[112] Visser, Susan A., Charles E. Hewitt, and Tonya D. Binga. “Stability of Filled 

Poly(Dimethylsiloxane) and Poly(Diphenylsiloxane-Co-Dimethylsiloxane) Elastomers 

to Cyclic Stress at Elevated Temperature.” Journal of Polymer Science Part B: Polymer 

Physics 34, no. 9 (1996): 1679–89. 

 
[113] Coleman, Chasity B., Romer A. Gonzalez-Villalobos, Patricia L. Allen, Kelly 

Johanson, Karine Guevorkian, James M. Valles, and Timothy G. Hammond. 

“Diamagnetic Levitation Changes Growth, Cell Cycle, and Gene Expression 

OfSaccharomyces Cerevisiae.” Biotechnology and Bioengineering 98, no. 4 (2007): 854– 

63. 

 
[114] Simon, M. D., and A. K. Geim. “Diamagnetic Levitation: Flying Frogs and Floating 

Magnets (Invited).” Journal of Applied Physics 87, no. 9 (2000): 6200–6204. 

 
[115] Akiyama, Yoshitake, and Keisuke Morishima. “Spheroid Array Formation by Non- 

Label Cell Manipulation Using Magneto-Archimedes Effect.” 2011 International 

Symposium on Micro-NanoMechatronics and Human Science, 2011. 

 
[116] Akiyama, Y., and K. Morishima. “Label-Free Ultrarapid Spheroid Formation in 

Microfluidic Chip Using Magneto-Archimedes Effect.” 2012 IEEE 25th International 

Conference on Micro Electro Mechanical Systems (MEMS), 2012. 


