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Chapter 1 

 

 

General introduction 

 

1.1. Cancer and the treatment approaches 

Cancer, also known as a malignant tumor or malignant neoplasm, is a group of diseases 

involving abnormal cell growth with the potential to invade or spread to other organs of the 

body. Cancer is still difficult to cure, and the morbidity and mortality continue to increase in 

the world [1]. The incidence rates of cancer have increased during recent decades, and it 

caused about 8.2 million deaths which was comparable to 14.6% of all human deaths [2, 3]. 

Therefore, fundamental research of cancer and establishment of cancer treatment are one of 

important challenges in life science area. 

Although many researchers have developed numerous treatment methods, including 

surgical resection, anticancer agent therapy, or radiotherapy, it has not still been able to cure 

the diseases completely [4]. As one of the main reasons, cancer invasion and metastasis have 

attracted much attention. They transform a locally growing tumor into a systemic, metastatic, 

and life-threatening disease [5]. In the metastatic process, cancer cells accumulate malignant 

mutations including invasiveness or drug-resistance in the primary focus, become circulating 

tumor cells (CTCs) by migrating out to blood vessels, spread to distant organs leading to 

metastatic focus [5, 6]. Almost all cancers with metastasis have poor prognosis comparing to 
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non-metastatic cancer. Detection or treatment of metastatic focuses is technically difficult 

because of its small size, while large tumors are easily detected and can be removed by 

surgery or radiation therapy generally [7]. Also, since the remaining CTCs after tumor 

removing have a high risk of recurrence [8], an exhaustive treatment with whole body 

administration of anti-cancer agents is most effective way to suppress metastatic tumors 

including CTCs. Considering to these backgrounds, there is an urgent need to clarify the 

fundamental mechanisms of malignant progressions in cancer cells and the clarified 

mechanism of malignant progressions would give the hint for design and development of 

novel anti-cancer agents. 

 

1.2. Culture methods of cancer cells for cancer researches 

For fundamental researches of malignant progressions in cancer cells and development of 

anti-cancer agents, in vitro two-dimensional (2D) cancer cell culture models or animal models 

in which cultured cancer cells are implanted in vivo have been commonly used to evaluate the 

cancer behaviors or to examine the pharmacologic responses. The 2D culture provides a 

well-controlled homogeneous cell environment. However, it is not representative of the in 

vivo environment, such as intercellular interactions with fibroblasts and vascular endothelial 

cells [9, 10] or cell-to-extracellular matrix (ECM) interactions [11, 12]. It has been reported 

that growth kinetics and chemosensitivity in 2D cultures differ from those in in vivo [13, 14], 

causing to delay the fundamental cancer researches and drug developments. On the other 

hands, although the animal models can replicate similar in vivo physiological conditions [15], 

they have inevitable problems such as the low reproducibility due to individual differences 

and the oversight of the unexpected side effects in human [16]. 

In response, in vitro three-dimensional (3D) cancer cell culture models are more accurate 

in observing the malignant behavior and evaluating chemosensitivity of cancer cells. The in 
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vitro 3D culture models can be provided by cell spheroid which has in vivo phenotype of 

tumor cells [17]. The concentration gradient of oxygen and metabolic products will be formed 

in cell spheroid [18-20] and it is fairly mimic to in vivo microenvironment.  

From these features, the conventional 3D culture systems have profoundly revolutionized 

fundamental cancer research. However, they still have several experimental limitations. In 3D 

cell cultures using soft agar or ECM-mimetic gel, since cells or cell spheroids exist at random 

in 3 dimensions [14], they are not suitable for understanding the actual behavior of target cells 

or for the accurate analysis of cell dynamics or drug effects. In other 3D methods such as 

liquid overlay, microwell hanging drop, micropatterned agarose wells, microfluidic spheroid 

formation, and scaffold-based culture [21, 22] have complex cultivation procedures, leading 

them costly, time consuming, and low throughput. Therefore, these conventional 3D models 

are currently not widely used for cancer research. 

To overcome these issues of conventional 3D models, 3D cellular micropatterning 

methods have attracted much attention to observe easily and to provide biomimetic 

microenvironment [23-26]. Many 3D micropatterning models have been developed using 

microfluidic technology. These provide useful culture models to investigate the invasive 

behaviors and the drug response under reproducible biochemical and biophysical 

microenvironments with high-resolution real-time imaging [23-26]. However, the 

microfluidics-based models are largely limited in single cell manipulation. In these models, 

the target cells are embedding in “closed” chamber and the situation obstructs the subsequent 

analysis. Therefore, further improvements of the 3D cellular micropatterning methods have 

been required. 

 

1.3. Magnetic cell patterning method and its applications for culture model 

To solve some of the problems of conventional in vitro 3D cell culture systems, we 
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developed a technique for the construction of a 3D cell array that utilizes magnetite cationic 

liposomes (MCLs) and a pin holder device made of soft magnetic iron [27, 28]. This model 

allows the distribution of cells on a planar surface in 3D using magnetic force, and can 

prepare multi-cellular spheroids rapidly with reproducible number of cells. The changes in 

behavior of the cells of interest or cell spheroids can be easily observed using a conventional 

phase-contrast microscope. In addition, since this model is an “open” system, the cultured 

spheroids in this model can be accessed easily to pick-up for the subsequent analysis. We had 

successfully constructed an angiogenesis model and observation model of cellular dynamics 

using somatic cells by this patterning method [27, 28]. Although 3D magnetic cell patterning 

method would be a crucial research tool for the cellular analysis, we have not applied it to 

evaluate cellular dynamics and drug responses of cancer cells. There are some issues for its 

application to anti-cancer research: i) construction of in vitro culture environment to observe 

malignant behavior of cancer cells, ii) development of a high-throughput method to evaluate 

anti-proliferative effects of anti-cancer treatment, iii) construction of co-culture model to 

evaluate the malignant interaction of cancer cells with somatic cells, and iv) development of a 

high-throughput evaluation method for cancer invasive behavior. 

 

1.4. Aim of this thesis 

In this thesis, I aimed to construct an in vitro 3D bio-mimetic culture model of cancer 

cells by a magnetic cell patterning method to solve the issues as mentioned above, and to 

evaluate its potentials for applications to anti-cancer research. 

In the Chapter 2, 3D spheroids culture arrays using melanoma cell were developed to 

construct the culture environment, and to evaluate the combined effect of a 

melanogenesis-targeting drug (NPrCAP) and heat treatment, as models of anti-cancer 

treatment. As a result, melanoma cells showed spheroid formation and enhanced melanin 
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production, which has in vivo phenotype of melanin cells, in 3D spheroids culture arrays. In 

addition, I confirmed that the spheroid size was linearly correlated with the cell number 

within a spheroid to construct a rapid and non-destructive evaluation method of these 

anti-proliferative effects. 

In the Chapter 3 and 4, 3D co-culture models of cancer with stromal cells were 

developed to evaluate the interaction among these cells using the 3D culture environment in 

Chapter 2. In the Chapter 3, 3D co-culture arrays of melanoma cell spheroids and stromal 

fibroblasts were constructed to analyze the interaction of fibroblast on the invasive capacity 

of melanoma. The effect on the invasion of melanoma was investigated using three types of 

cell interaction models: (i) fibroblasts were patterned together in array with melanoma 

spheroids (direct-interaction model), (ii) fibroblasts coexisting in the upper space 

(indirect-interaction model) of melanoma spheroids, and (iii) a fibroblast layer coexisting 

under melanoma spheroids (fibroblast-sheet model). 

In the Chapter 4, 3D co-culture arrays of invasive melanoma cell spheroids were 

developed to evaluate the invasive capacity of melanoma cells to co-cultured vascular-formed 

endothelial cell network. I found the spatial interaction of the network on melanoma invasion 

using this co-culture model, and compared its malignant behavior than that of fibroblast. Also, 

I confirmed that the spheroid length and perimeter were correlated with the cell invasiveness 

to construct a non-destructive and automatic evaluation method of these malignant invasions. 

In the Chapter 5 and 6, to apply our culture method using MCL for preclinical cancer 

sample, I aimed to develop an ex vivo culture method of CTCs, and analyzed the malignant 

phenotypes. In the Chapter 5, to isolate CTCs rapidly and efficiently, I constructed the 

combined method of a size-selective capture filter and a magnetic capture column which 

captured magnetically labeled with MCLs. Also, I evaluated its capturing performance at a 

high flow rate to reduce the capturing time from large volumes of blood containing CTCs. 



6 

 

 

In the Chapter 6, I developed an ex vivo culture method of CTCs using a fibroblast-sheet 

model (Chapter 3) as a feeder to perform the phenotype-based analysis. I isolated CTCs by 

the combined method shown in Chapter 5 from the blood of metastatic model mice, and 

obtained three CTC-derived cells. Then, I analyzed malignant-related phenotypes, 

proliferative, invasive- and drug resistant-abilities. 
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Chapter 2 

 

 

Three-dimensional magnetic cell array for 

evaluation of anti-proliferative effects of 

chemo-thermo treatment on cancer spheroids 

 

2.1. Introduction 

In vitro cellular assay models are gaining momentum as powerful tools to study cellular 

events for medical applications and tissue engineering. In the field of cancer therapy, 

discovery of key factors that affect cancer proliferation and malignancy is easier using in vitro 

cellular assay models compared with in vivo models. Traditional two-dimensional (2D) 

monolayer culture models provide a well-controlled homogeneous culture environment. 

However, 2D culture is not representative of the in vivo environment such as the formation of 

cell spheroids via intercellular and cell-extracellular matrix (ECM) interactions [1, 2]. 

Because these interactions can lead to drug resistance in cancer cells [3, 4], 2D culture is not 

suitable to evaluate the effects of drug treatments on cancer cells.  

In vitro three-dimensional (3D) culture platforms, in which cells are placed randomly in 

an ECM-mimetic gel, can support cell spheroid formation and the distribution of oxygen and 

metabolic products [5, 6]. However, accurate visualization of cell dynamics and drug 
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responses in target cells in real-time is difficult in such models [7, 8]. Although invasive 

procedures using 3D microfluidic models have been developed to facilitate visualization, 

these procedures are largely limited to counting methods for cells within spheroids to evaluate 

the anti-proliferative effects of drugs on target cells enclosed within a chamber [9]. 

Additionally, these types of counting methods are inherently destructive to the cells and lead 

to a decrease in drug-screening throughput. Therefore, biomimetic cell culture models are 

needed for analysis of drug responses and anti-cancer drug screening, which facilitate 

visualization of drug responses in cells and allow evaluation of anti-proliferative effects easily 

and non-destructively. 

The 3D cellular micropatterning method provides useful model systems to investigate the 

response of target cells to drugs under a combination of multiple controllable biochemical and 

biophysical microenvironments, together with high-resolution real-time imaging. To provide 

an effective and practical technique, we developed a 3D cell spheroid culture array (3D array) 

using a magnetic force and magnetic cationic liposomes (MCLs) containing magnetite 

nanoparticles [10-12]. MCLs have been used for magnetic cell labeling via electrostatic 

interactions between the positively charged liposomes and target cell membrane. Magnetite 

content in magnetically labeled cells can be as high as 100 pg magnetite/cell [13], 

corresponding to one million particles per cell. An advantage of this labeling method is that 

magnetically labeled cells can be arranged to promote rapid formation of multicellular 

spheroids [14]. In addition, labeling cells with MCLs has little effect on cell viability, growth, 

and differentiation [15, 16]. Using a pin-holder device, the magnetic field of a neodymium 

magnet is concentrated at the head of each pin, thus allowing allocation of a specific number 

of cells in a planar fashion according to the seeding density in the ECM. This method has the 

benefits of both conventional 3D and 2D cell culture methods, such as the ability to observe 

cell dynamics and allowing single cell manipulation to evaluate gene expression in target 
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cells [10]. Recently, 3D arrays were successfully used to demonstrate the ability of an 

anti-cancer drug to inhibit the invasive capacity of cancer cells, which was evaluated based on 

cell elongation within the 3D ECM [15]. Therefore, 3D arrays have potential as an 

experimental model to analyze cellular dynamics and evaluate anti-cancer drugs.  

Among the various forms of neoplasms, melanoma is one of the most malignant tumors, 

is difficult to treat, and continues to have poor prognoses, leading to increases in morbidity 

and mortality [17]. Melanoma cells possess a unique biosynthetic pathway (melanogenesis) 

located in specialized cytoplasmic organelles called melanosomes where tyrosinase catalyzes 

the oxidative conversion of L-tyrosine via dopaquinone into melanin pigments [18]. The 

sulfur-amine analog of tyrosine, N-propionyl-4-cysteaminylphenol (NPrCAP), is a tyrosinase 

substrate and melanoma-specific targeting drug that has been shown to induce selective 

cytotoxicity in melanocytes and melanoma cells [19, 20]. NPrCAP has both cytostatic and 

cytocidal effects on melanomas in vitro and in vivo owing to the production of cytotoxic 

N-propyl-4-S-cysteaminyl-1,2-benzoquinone (NPrCAQ), which results in oxidative stress and 

the generation of cytotoxic free radicals such as hydroxyl radicals [21-25]. Therefore, 

NPrCAP is an attractive candidate to study anti-melanoma chemotherapies.  

The exploitation of biological properties unique to melanoma cells may provide a novel 

approach to improve the efficacy of hyperthermia cancer therapy [26]. The hyperthermia 

generated by alternating magnetic fields with magnetite nanoparticles as heating mediators 

appears to be a promising method that specifically heats tumors without damaging 

surrounding healthy tissue [27, 28]. We previously evaluated a melanoma-targeting therapy 

by conjugating NPrCAP and MCLs, which produced intracellular hyperthermia in vivo 

[29-31], suggesting that an anti-cancer drug coupled with hyperthermia may provide a novel 

cancer treatment. However, there are no reports of in vitro evaluation models that can 

quantify the combined effect of chemical and physical treatments such as NPrCAP coupled 
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with hyperthermic treatment based on melanoma proliferation in a biomimetic environment.  

In the present study, we aimed to construct an in vitro evaluation model to examine the 

sensitivity to chemical treatment coupled with heat treatment in melanoma cells based on 

their proliferation in a 3D array using a magnetic cell-patterning method. Although it is 

important that screening models are able to evaluate anti-proliferative effects on cancer cells, 

we have not applied our magnetic 3D array to evaluate the effect of anti-cancer treatment 

based on cancer cell proliferation. The mouse melanoma cell line B16F1 was used as a model 

cancer cell, and NPrCAP coupled with heat treatment (42°C for 1 h) was used as a model of 

anti-cancer treatment. A 3D magnetic cell-patterning method was used to form arrays of 

magnetically labeled B16F1 cell spheroids in type I collagen gels. The interaction between 

type I collagen and melanoma cells enhances melanogenesis in 3D culture in vitro as well as 

in vivo [32, 33], and intercellular adhesion and cell-ECM interactions lead to drug resistance 

of the cells [3, 4]. The evaluation model with these interactions would be suitable to evaluate 

the anti-proliferative effects of a melanogenesis-targeting anti-cancer agent such as NPrCAP. 

Importantly, we evaluated the proliferation of B16F1 cells within spheroids in 3D arrays 

based on the spheroid size. Considering the ability to perform drug and physical assays of 

malignant cancer cells in a simple and non-destructive manner, this system provides a 

promising approach for effective screening of combined chemical and physical cancer 

therapy. 

 

2.2. Materials and methods 

2.2.1 Cell culture in 2D monolayers 

The mouse melanoma cell line B16F1 (CRL-6323; ATCC, Manassas, VA, USA) was 

cultured on 10-cm dishes in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM; 

Invitrogen, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (Invitrogen), 
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0.1 μg/mL streptomycin sulfate, and 100 U/mL potassium penicillin G (Invitrogen) at 37°C in 

a humidified atmosphere containing 5% CO2. 

 

2.2.2. Preparation of MCLs and the pin-holder device 

MCLs were prepared and the pin-holder device was constructed as described previously 

[10] using magnetite nanoparticles (Fe3O4, mean diameter: 10 nm; Toda Kogyo Co., 

Hiroshima, Japan) and a lipid mixture of N-(a-trimethylammonioacetyl) 

didodecyl-D-glutamate chloride (TMAG), dilauroyl phosphatidylcholine (DLPC), and 

dioleoylphosphatidylethanolamine (DOPE) at a molar ratio of 1:2:2. For magnetic labeling, 

B16F1 cells were cultured to sub-confluence. The medium was then replaced with fresh 

medium containing finely dispersed MCLs at a final concentration of 100 pg magnetite per 

cell. After 2 h of incubation with MCLs, the cells were washed to remove residual MCLs. 

The magnetically labeled cells were harvested using 0.25% trypsin 

ethylenediaminetetraacetic acid (EDTA) (Life Technologies, Carlsbad, CA, USA).  

The pin-holder device was fabricated to allocate magnetically labeled cells by the profile 

of their magnetic distribution [10] The device has a base of magnetic soft iron, measuring 20 

mm wide × 20 mm long × 10 mm high. A wire electrical discharge machine (DIAX-FX10; 

Mitsubishi Electric Co., Tokyo, Japan) was used with a cutting wire (diameter: 0.1 mm; 

Sumitomo Electric Industries, Osaka, Japan) to construct the array of square-pole type pillars 

with dimensions of 100 µm wide × 100 µm long × 320 µm high at intervals of 150 µm with 

center-to-center spacing of 250 µm or at intervals of 900 µm with center-to-center spacing of 

1000 µm. The magnetic field was concentrated on the pillars using an external neodymium 

disc magnet (50 mm in diameter and 10 mm in height with a surface magnetic induction of 

0.38 T; Niruko Factories Co., Shiga, Japan). 
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2.2.3. Preparation of B16F1 melanoma spheroid 3D culture arrays 

3D arrays were constructed as reported previously [10]. A 0.21% type I collagen mixture 

was prepared by mixing a 7:2:1 volumetric ratio of ice-cold collagen solution, 0.3% 

Cellmatrix Type I-A (Nitta Gelatin, Osaka, Japan) with 5× DMEM, and 10× sterile 

reconstitution buffer (2.2 g NaHCO3 in 100 mL of 0.05 M NaOH and 0.2 nM 

2-[4-(2-hydroxyethyl)-1-piperazinyl]ethane sulfonic acid ). A gas-permeable tissue culture 

dish (35 mm, hydrophilic lumox dish; Sarstedt, Nümbrecht-Rommelsdorf, Germany) was 

thinly covered with 50 µL of the collagen gel using a cell scraper. After the pin-holder device 

was mounted on the neodymium disc magnet, the collagen-coated culture dish was placed on 

the pin holder and magnet. Magnetically labeled cells (7.2 × 10
4
 cells/mL, 2.5 mL, average 7 

cells/spot) were seeded into the dish and incubated at 37°C for 30 min. After formation of the 

cell array, 1 mL of the 0.21% collagen mixture was pipetted over the array. The dish was then 

removed from the pin-holder device and magnet, and incubated at 37°C for 30 min. After 

solidification of the collagen, 1 mL DMEM containing NPrCAP was added to the cell array. 

Final concentrations of NPrCAP were 0.1-5 mM. 

 

2.2.4. Melanin assay 

Melanin secreted from B16F1 melanoma cells was measured in the supernatants of 2D 

and 3D array cultures. Aliquots of culture supernatants (500 μL) were collected from 2D and 

3D array cultures during 5 days of cultivation. Melanin was measured based on the 

absorbance at 405 nm using a standard curve generated from serial dilutions of synthetic 

melanin (Wako Pure Chemical Industries, Osaka, Japan) in 2 N NaOH. Melanin production is 

expressed as ng per cell. To evaluate the effect of NPrCAP on melanin production, B16F1 

cells were cultured in a 3D array with 0.1 mM NPrCAP. NPrCAP was prepared as described 

previously [19]. The culture supernatant was sampled after 3 days of cultivation, and melanin 
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production was assessed as described above. 

Viable cells in 2D cultures were identified by the trypan blue exclusion method, and cell 

counting was performed using a hemocytometer. To determine the number of viable cells in 

3D arrays, the cells were treated with 0.24% collagenase, washed in PBS, and then counted 

by the trypan blue exclusion method. 

 

2.2.5. Combined NPrCAP and heat treatment of 2D and 3D array cultures 

For 2D cultures, B16F1 cells were seeded in 24-well plates at a density of 3.6 × 10
4
 

cells/well with 1 mL medium containing NPrCAP at concentrations ranging from 0.1 to 5 

mM. For 3D array cultures, 1 mL medium containing NPrCAP was added to magnetically 

patterned cell arrays after collagen solidification. Following the addition of NPrCAP, heat 

treatment was applied to the cultures using a temperature-controlled water bath. Briefly, the 

cells were heated at 42°C for 60 min by directly immersing the cell culture dishes in the water 

bath. The temperature of the medium increased rapidly and reached the intended temperature 

within 5 min. The temperature of the medium was monitored using a fiber optic thermometer 

probe (FX-9020; Anritsu Meter, Tokyo, Japan). After heat treatment, the cells were placed in 

an incubator at 37°C, and the effect of NPrCAP and heat treatment on cell proliferation was 

determined after 3 days of culture. 

 

2.2.6. Measurement of B16F1 cell proliferation within spheroids in 3D arrays based on 

the spheroid size 

To evaluate the anti-proliferative effect of NPrCAP and heat treatment on the cell 

spheroids in 3D arrays, we performed time-lapse monitoring using phase-contrast microscopy 

(Model IX81; Olympus, Tokyo, Japan) during 8 days of culture. The areas of each cell 

spheroid were measured in phase-contrast images using image analysis software 
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(MetaMorph; Universal Imaging, Downingtown, PA, USA). In addition, we generated a 

standard curve from the spheroid areas and average cell number within spheroids, which was 

counted after collagenase digestion of the collagen gel by trypan blue exclusion every 2 days 

to evaluate the relationship between cell proliferation within a spheroid and the spheroid area. 

 

2.2.7. Evaluation of the combined treatment 

The effect of combined treatment on 2D and 3D array cultures was calculated using 

Valeriote’s method [34] as follows. 

The relative number of 2D cells (%) = (number of experimental cells/number of control cells) 

× 100. Relative number of 3D cells (%) = (area of experimental cell spheroids/area of control 

cell spheroids) × 100. 

The effects of NPrCAP plus heat treatment were defined as follows: synergistic, [A+B] < 

[C]; additive, [A+B] ≒ [C]; subadditive, [C] < [A+B] < [A] or [C] < [A+B] < [B]; 

interference, [B] > [A+B] > [A]; where [A], [B], and [A+B] were relative cell numbers in the 

case of heat treatment alone, NPrCAP treatment alone, and the combination, respectively. [C] 

= ([A]×[B]/100), which is the expected relative cell number or relative spheroid size in the 

case of the combination. 

 

2.3. Results 

2.3.1 Cultivation of melanoma cells in 3D array cultures using a magnetic pin-holder 

device 

To observe the morphological behavior of B16F1 melanoma cells in 3D arrays, magnetic 
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labeling and patterning was conducted using MCLs and the magnetic pin-holder device in 

type I collagen. Fig. 2-1 shows phase-contrast photomicrographs of magnetically labeled 

B16F1 melanoma cells in 2D and 3D array cultures. Changes in B16F1 cell growth were not 

observed in cultures with or without MCL labeling (data not shown). Spindle-shaped cell 

morphology was observed in 2D cultures with little production of melanin (Fig. 2-1A, 2-1B). 

In contrast, cells in 3D arrays formed spheroids via intercellular adhesion after 1 day of 

culture (Fig. 2-1D). The size of the spheroids increased continuously during culture (Fig. 

2-1E, 2-1F). All spheroids were allocated in a planar fashion on the grid, which corresponded 

to the top of the pin, allowing simultaneous observation of target cell behavior under a 

conventional microscope. The B16F1 cells proliferated within spheroids, and the spheroids 

became black as a result of melanin production (Fig. 2-1E, 2-1F). 

Next, because melanin production was accelerated in 3D array cultures, we measured the 

amount of melanin in the supernatants of 2D and 3D array cultures. Fig. 2-2 shows images of 

the harvested culture supernatants (Fig. 2-2A-2-2D) and melanin production (Fig. 2-2E, 

2-2F). The supernatants of 3D array cultures were darker (Fig. 2-2C) than those of 2D 

cultures (Fig. 2-2B), and the concentration of melanin in the culture supernatants was 

significantly higher in 3D array cultures compared with 2D cultures (Fig. 2-2E). The 

concentration of melanin in the 3D array on day 3 of incubation was 29-fold higher (2.12 

ng/cell) than that in the 2D culture (0.073 ng/cell). The addition of NPrCAP as a 

melanogenesis inhibitor to B16F1 cells in 3D array cultures led to a decrease in the 

production of melanin (0.41 ng/cell, Fig. 2-2D, 2-2F), suggesting that the black spheroids and 

supernatants of 3D array cultures were caused by accelerated melanogenesis. 

 

2.3.2 Evaluation of cell proliferation within a spheroid based on the spheroid area 

Because the size of B16F1 spheroids in 3D arrays had increased continuously during 
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culture, we evaluated the proliferation of B16F1 cells within spheroids in a non-destructive 

manner. To evaluate the correlation between the cell number within a spheroid and the 

spheroid size, we obtained phase-contrast images of B16F1 spheroids at various time points 

during culture (0-8 days), and calculated the spheroid areas in the images using image 

analysis software. The areas of the spheroids were then compared with the average cell 

numbers including spheroids from 3D arrays, which were counted after collagenase digestion 

every 2 days during the 8 days of culture. The average cell number was defined as the total 

cell number in a culture dish divided by the total spheroid number (6400 spheroids). 

The B16F1 cells had proliferated from 7 to 100 cells/spheroid in 3D arrays during 8 days 

of culture (data not shown), and the spheroid area was correlated linearly with the cell 

number within a spheroid (Fig. 2-3). These data suggest that the proliferation of B16F1 cells 

within spheroids can be non-destructively evaluated based on the spheroid area. 

 

2.3.3 Evaluation of the combined effect of NPrCAP and heat treatments on melanoma 

cells 

To assess the combined effect of NPrCAP and heat treatments on B16F1 spheroids, we 

compared the proliferation of B16F1 cells with or without heat treatment at various 

concentrations of NPrCAP. Fig. 2-4 shows the morphological changes and growth curves of 

B16F1 cells that were treated with NPrCAP and heat in 2D cultures (Fig. 2-4A, 2-4B) and 3D 

array cultures (Fig. 2-4C, 2-4D). The cell numbers in 3D arrays were calculated from 

photomicrographs using the spheroid size-cell number correlation (Fig. 2-4). The vertical axis 

in Figs. 2-4B and 2-4D shows the relative cell numbers compared with the untreated group. 

Fig. 2-4E shows the half-maximal inhibitory concentrations (IC50s) of NPrCAP with or 

without heat treatment in 2D and 3D array cultures, which were calculated from Figs. 2-4B 

and 2-4D. 
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As shown in Fig. 2-4A-2-4D, NPrCAP exerted a dose-dependent anti-proliferative effect 

on both 2D and 3D array cultures. The B16F1 cells in 3D array cultures showed an 

approximately 2-fold higher IC50 than those in 2D culture (Fig. 2-4). The IC50s of heat-treated 

groups were almost 40% lower than those of unheated groups. Table 2-1 summarizes the 

combined effects of NPrCAP and heat treatments, which were determined using Valeriote’s 

method [34]. An additive effect was observed for these treatments. Furthermore, heat 

treatment and the pharmacologic activity of NPrCAP were independent. 

 

2.4. Discussion 

In the present study, we developed a 3D cellular assay model based on the proliferation 

of melanoma cells in a 3D array using magnetic cell assembly, and demonstrated its 

applicability to evaluate the combined effect of the melanoma-targeting drug NPrCAP and 

heat treatment. The developed model allowed evaluation of cellular proliferation within 

spheroids in a non-destructive and continuous manner. The spheroid area in phase-contrast 

images was linearly correlated with the number of mouse B16F1 melanoma, human GCIY 

gastric cancer, and human MDA-MB-231 breast cancer cells in the spheroid (Fig. 2-3 and 

Fig. 2-5). The magnetic cell patterning method could allocate a specific number of 

magnetically labeled cells (average 7 cells/spot, 3-9 cells/spot at a seeding density of 7.2 × 

10
4
 cells/mL). Because the ratio of the spheroid area and standard deviation value shown in 

Fig. 2-3 decreased according to the culture time (data not shown), the cell allocation had a 

small effect on the spheroid area compared with the effects of proliferation within the 

spheroid. In conventional 3D culture assays, non-destructive and continuous visualization and 

evaluation of target cell proliferation within a spheroid are difficult, which are some of the 

reasons why these assays have not been widely used for drug screening [8, 9]. Therefore, the 

developed model in which cell proliferation was evaluated based on spheroid area in 
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phase-contrast images may be a powerful tool for drug screening.  

In the field of cancer therapies, metastasis is a hallmark that transforms a locally growing 

tumor into a systematic and life-threatening disease [35], and in vitro 3D culture models using 

cellular micropatterning techniques provide useful assays to discover key factors that affect 

cell invasion and screen anti-metastasis drugs. Previously, we investigated the anti-invasive 

effects of genistein (5,7,40-trihydroxyisoflavone), which is a natural tyrosine kinase inhibitor 

isolated from soy beans, on invasive cells in a 3D array [15]. However, we only evaluated the 

invasive capacity based on morphological changes as determined by the spheroid area in 

phase-contrast images. We did not evaluate the anti-proliferative or cytocidal effects of 

genistein within spheroids using viability tests. The non-invasive method to evaluate cancer 

cell proliferation developed in the present study could be applied to various types of cancer 

cells with different invasive potentials (Fig. 2-5). Measuring the area in phase-contrast images 

does not indicate dead cells in spheroids. However, by applying live-dead staining with 

confocal analysis, our 3D array could allow evaluation of both the cytocidal and 

anti-proliferative effects of anti-cancer agents on chemotactic invasive cancer cells. For 

example, an in vitro intravasation model could be evaluated during metastasis using 3D 

spatial information. Thus, the 3D array in combination with our evaluation method would be 

suitable to analyze both cancer cell invasion and proliferation in the anti-cancer drug assay. 

The melanin production of B16F1 cells and IC50 of NPrCAP were higher in 3D arrays 

than in 2D cultures (Figs. 2-1, 2-2, and 2-4). Several studies have reported that mouse 

melanoma cell lines exhibit accelerated melanin production in both in vitro 3D culture [32] 

and in vivo [33] via intercellular and cell-ECM interactions. Although accelerated 

melanogenesis has been shown to potentiate the cytostatic and cytocidal effects of NPrCAP 

[21], the susceptibility of B16F1 to NPrCAP was decreased in the 3D array (Fig. 2-4). The 

lower drug sensitivities shown by our results were consistent with several studies of cancer 
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cells, which showed that sensitivity is lower in 3D cultures in vitro as well as in vivo than in 

2D cultures [36]. Furukawa et al reported that tridimensional tumor cell culture systems allow 

observation of lower drug sensitivities and are highly predictive of the pattern of drug 

response by tumor cells in vivo [37]. Ho et al also reported that the IC50 of glioma cell lines 

against irinotecan in 3D spheroid culture is higher and closer to the IC50 in vivo than in 2D 

cultures [38]. Moreover, Ohmori et al reported that drug-resistant EMT-6 cells, which were 

generated in vivo by repeated exposure of EMT-6 tumor-bearing hosts to various anti-tumor 

agents, maintained or exhibited a resistant phenotype ex vivo when grown as tridimensional 

spheroids, but lost this phenotype in monolayer cultures [39]. We suggest two possible 

reasons for this low susceptibility in the 3D array. First, we postulate that drug efflux is 

increased in cancer cells within spheroids in the 3D array because of the increased expression 

of drug-efflux molecules. Intercellular and cell-ECM interactions have been shown to activate 

the expression of drug efflux transporters such as MDR1 via Akt and PKC signaling pathways, 

leading to drug resistance and increased malignancy [38-42]. Second, we hypothesize that 

drug penetration into the cells within spheroids in the 3D array decreases as a result of 

spheroid formation. Drug penetration into spheroids has been shown to be relatively 

inefficient, which partly accounts for the resistance of solid tumors to chemical treatments in 

vivo [36]. Although the diffusion limitation becomes greater according to the spheroid size, 

multicellular spheroids, which were less than 100 µm in diameter in the present study, form 

hypoxic core regions due to the diffusion limitation of oxygen [44]. Because the drug 

molecules had a greater diffusion limitation within spheroids than oxygen, the spheroids in 

our 3D array also contained a region with a low drug concentration. Therefore, the formation 

of spheroids and the decreased drug susceptibility in 3D arrays indicate that this culture 

method closely resembles an in vivo physiological microenvironment.  

We showed that the developed model could be used to evaluate anti-proliferative effects 
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in 3D array assays using the melanoma-targeting drug NPrCAP coupled with heat treatment 

in vitro, and an additive effect was observed under most conditions (Table 2-1). This 

conclusion is reasonable because NPrCAP produces oxidative radicals in melanogenesis 

[21-25], and heat treatment similarly induces heat-mediated oxidative stress [31]. In contrast, 

our previous in vivo study showed that combined treatment with NPrCAP and hyperthermia 

results in a synergistic or additive effect on generating tumor-infiltrating lymphocytes that kill 

melanoma cells in distant metastases [29]. Considering the differences between the in vitro 

and in vivo studies, a 3D array with co-culture of cancer cells and lymphocytes would provide 

a more physiologically relevant model for combined effect analysis of drug treatments and 

inflammation. We previously constructed a co-culture model using 3D arrays to evaluate the 

accelerated invasiveness and gene expression related to cancer malignancy via the interaction 

between mouse melanoma and human vascular endothelial cells [10]. Therefore, the 

combination of the co-culture technique [10] and the evaluation technique developed in the 

present study will likely provide a highly applicable technique for analysis and drug screening 

in the future. 

In conclusion, 3D cell spheroid culture array using magnetic cell patterning method may 

provide a more physiologically relevant format for drug screening or pharmacological 

analysis in cancer cells. 
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Fig. 2-1. Morphology of B16F1 melanoma cells in 3D arrays. B16F1 was cultivated in 3D 

arrays (A-D) and 2D cultures (E, F). Time-lapse images of mouse melanomas were obtained 

after 0 (A, E), 1 (B), 2 (C), and 3 days (D, F) of cultivation. Scale bar: 100 µm. 

 

  

(B) 3 day, 2D

(D) 1 day, 3D(C) 0 day, 3D

(A) 0 day, 2D

(F) 3 day, 3D(E) 2 day, 3D



25 

 

 

 

 

Fig. 2-2. Melanin production of B16F1 melanoma cells in 2D cultures and 3D arrays. 

Images show the culture supernatant before (A) and after 3 days of cultivation (B-D) in 2D 

(B) and 3D array (C, D) cultures. Treatment with 0.1 mM N-propionyl-4-cysteaminylphenol 

(NPrCAP) inhibited melanin production in 3D cultures (D). Time course of melanin 

production (E) and the ratio compared with 2D culture after 3 days of cultivation (F). Data are 

presented as means ± SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 5 × 10
–5

 

compared with the 2D group, paired two-tailed Student’s t-test. 
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Fig. 2-3. Evaluation of B16F1 cell numbers within a spheroid using the B16F1 spheroid 

area in phase-contrast images. Phase-contrast images of B16F1 spheroids were obtained 

every 2 days during 10 days of culture in 3D arrays, and the area of each spheroid was 

calculated using image analysis software. B16F1 cells in 3D arrays were harvested by 

collagenase digestion, and the average cell number within a spheroid was calculated to 

evaluate the relationship between cell proliferation in a spheroid and the spheroid area.  
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Fig. 2-4. Effect of NPrCAP and heat treatment on the proliferation of B16F1 cells in 2D 

cultures and 3D arrays. The morphological changes and growth curves of B16F1 cells after 

3 days of cultivation in 2D culture (A, B) or 3D arrays (C, D) at various concentrations of 

NPrCAP with or without heat treatment. The relative cell numbers in 2D culture (B) were 

based on measuring the cell numbers in a destructive manner. The relative cell numbers in 3D 

arrays (D) were evaluated based on the relative spheroid area (C) in a non-destructive manner 

using the correlation shown in Fig. 2-3. Data are presented as means ± SD, n = 30. *p < 0.05 

and **p < 0.01 compared with the non-heated group at the same NPrCAP concentration, 

paired two-tailed Student’s t-test). (E) Half-maximal concentrations (IC50s) of NPrCAP with 

(closed column) or without (open column) heat treatment in 2D and 3D array cultures. The 

IC50 values were obtained from the growth curves in (B) and (D). Data are presented as means 

± SD, n = 5. **p < 0.01 compared with the 2D group, paired two-tailed Student’s t-test. Scale 

bar: 100 µm. 
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Fig. 2-5. Evaluation of cancer cell numbers within a spheroid calculated from the 

spheroid area in phase-contrast images. Phase-contrast images of two types of cancer 

spheroids formed by the human breast cancer cell line MDA-MB-231 (A) and human gastric 

cell line GCIY (B) were obtained before and after 3 days of culture. (C) Correlation between 

the spheroid area and average cell number within a spheroid. Phase-contrast images of the 

spheroids were obtained every 2 days for 10 days of culture in 3D arrays, and the area of each 

spheroid in the images was measured using image analysis software. The cells in 3D arrays 

were harvested by collagenase digestion, and the average cell number within a spheroid was 

calculated. Data are presented as means ± SD, n = 30. Scale bar: 100 µm. 
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Table 2-1. Evaluation of combined effect on difference in NPrCAP concentration and 

hyperthermic treatment. 

    Viability in single Observed Expected Evaluation of 

Culture NPrCAP treatment [%] viability in viability in Combined 

 condition concentration     combination combination Effect 

  [mM]     [%] [%]   

     Heat treatment NPrCAP       

    [A] [B] [A+B] [C]    

3D 

0.1 

64.6±8.5 

94.2±17.2 62.4±9.4 60.9 Additive 

0.3 74.6±9.8 50.1±14.5 48.2 Additive 

1 30.6±6.4 15.9±7.1 19.8 Additive 

3 1.9±3.2 -1.9±3.7 1.2 Additive 

5 5.2±4.1 3.5±4.1 3.4 Additive 

2D 

0.1 

58.9±5.6 

94.2±6.4 55.8±5.3 55.5 Additive 

0.3 46.7±10.0 28.9±2.7 27.5 Additive 

1 3.3±1.1 2.1±0.2 2 Additive 

3 1.4±0.5 1.2±0.1 0.84 Sub-additive 

5 0.03±0.03 0.02±0.00 0.02 Additive 

The heating time was 1 h. 

All figures on [A], [B] and [A+B] show mean ± SD (n=3) 

*:[C] = [A] × [B] / 100 where [A] and [B] are mean value 
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2.5. Summary 

In this study, three-dimensional (3D) cell culture arrays of melanoma cell spheroids were 

assembled to evaluate the combined effect of a melanogenesis-targeting drug, 

N-propionyl-4-cysteaminylphenol (NPrCAP), and heat treatment. An array-like multicellular 

pattern of mouse melanoma B16F1 cells in a collagen gel was established by magnetic cell 

labeling using a pin-holder device to exert a magnetic force. The cellular spheroids were 

exposed to NPrCAP and heat (42°C for 1 h) as a model of anti-cancer treatment. As a result, 

melanogenesis of B16F1 cells was 29-fold higher in this 3D array than in conventional 

two-dimensional (2D) monolayer cultures. Because the spheroid size was linearly correlated 

with the cell number within a spheroid, the anti-proliferative effect could be evaluated in a 

non-destructive manner. Moreover, the half-maximal inhibitory concentration of NPrCAP 

coupled with heat treatment calculated from the spheroid size was 2-fold higher in the 3D 

array (0.30 mM) than in 2D culture (0.15 mM). These results indicate that spheroid formation 

decreases the chemosensitivity of cancer cells, and this model would be suitable as a 

susceptibility assay for melanogenesis-targeting drugs. Therefore, this 3D culture model 

provides a better screening format to evaluate drug and physical treatments for cancer therapy 

than 2D formats.  
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Chapter 3 

 

 

Cell Behavior observation and gene expression 

analysis of melanoma associated with stromal 

fibroblasts in a three-dimensional magnetic cell 

culture array 

 

 

3.1. Introduction 

Invasion and metastasis are the hallmarks of malignant tumors. Tumor cell behavior is 

regulated by its intrinsic properties as well as by its microenvironment, which comprises 

resident fibroblasts, endothelial cells, pericytes, leucocytes, and extracellular matrix (ECM). 

The complex interaction between invasive tumor cells and the tumor microenvironment is 

only beginning to be understood. The tumor stroma is increasingly appreciated as an integral 

part of cancer initiation, growth, and progression, by increasing the number of fibroblasts, 

enhancing capillary density, and promoting Type-I collagen and fibrin deposition. Fibroblasts 

are among the major stromal cells in the tumor microenvironment and its functions include 

the deposition of ECM, regulation of epithelial differentiation, regulation of inflammation, 

and involvement in wound healing [1-4]. The fibroblasts involved in primary tumor formation 
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and invasion are referred to as cancer associated fibroblasts (CAFs) [3-6]. The presence of 

invasive tumor cells stimulates resident stromal fibroblasts and alters gene and protein 

expression that promotes the invasive capacity of tumor cells [5-7]. Up-regulation of key 

chemokine and cytokine expression in stromal fibroblasts was reported in the presence of 

migrating melanoma, promoting conditions for infiltration of macrophages and neutrophils, 

which may in turn support the metastatic process as well as provide conditions favorable for 

tumor cell chemotaxis and invasion [8, 9]. Stromal fibroblasts have become recognized as a 

new target for cancer therapy, and organized 3D culture models have been developed to 

elucidate factors affecting tumor behaviors [7, 10, 11]. 

The advent of microengineering has provided biologists with unprecedented 

opportunities for cell handling and investigations on a cell-to-cell and cell-to-substrate basis 

[12-15] as well as soluble factors16 for precise analysis in controlled systems. Construction 

of multicellular spheroid-based functional assay platforms has been also established for 

screening and evaluation of anti-cancer drugs as well as tissue engineering [17-21]. These in 

vitro cell assay models provide controllable culturing and real-time measurements of large 

spheroid populations that would be useful in pharmaceutical industry, and the growth 

dynamics of multicellular spheroids could be modeled biophysically [22]. Cell 

micropatterning using microcontact printing has also become an important technology for 

development of spheroid microarray culture microsystem [23, 24]. A 3D micropatterning 

technique that rapidly arranges cells within hydrogels using dielectrophoretic (DEP) forces 

was reported to modulate tissue function through the control of microscale cellular 

architecture [25]. However, some culture media and culture biomaterials, such as collagen 

and Matrigel, might be less suitable for use with DEP electro-patterning since they may be 

more conductive, more viscous, and more difficult to gel in a closed chamber. Apart from the 

electrical techniques, optical [26, 27], ultrasound [28, 29], and magnetic techniques [30-32] 
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are also currently under development for their use in assembling cells for tissue engineering. 

We have recently developed a three-dimensional cell culture array using magnetic 

force-based cell patterning for analyzing the invasive capacity of tumor cells [32-35]. The 

target tumor cells were magnetically labeled by magnetite cationic liposomes (MCLs) that 

contain 10 nm magnetite nanoparticles, and the magnetically labeled cells were allocated in 

an array platform using a pin-holder device fabricated by processing electromagnetic soft iron 

in which each pillar is aligned at equal micrometric intervals for magnetic convergence. 

Magnetically labeled cells were allocated at single [32, 34] and multiple [33, 35] cell levels 

by varying the cell-seeding density using this pin-holder device. This was applied to cell 

behavior analysis, for example, in the formation of cord-like structures in human umbilical 

vein endothelial cells [33] as well as in cancer invasion screens by formation of cancer-cell 

spheroids embedded in 3D-ECM [35]. Construction of cell arrays using magnetism have also 

been investigated in microfluidic systems producing spatially patterned magnetic fields and 

immunomagnetic cell labeling [30, 36-39]. Cell patterning enables control of cellular 

microenvironments; magnetic patterning using the pin-holder device would be suitable for 3D 

patterning such as in collagen and Matrigel. 

In the present study, a 3D multicellular tumor spheroid culture array was fabricated for 

evaluating the effect of stromal fibroblast on the invasive capacity of melanoma. Formation 

of melanoma spheroid was developed using a pin-holder device and an external magnet, 

which enables the assembly of the magnetically labeled cells on the collagen gel-coated 

surface as array-like cell patterns. Stromal fibroblasts were arranged magnetically with cancer 

cells or mixed in upper collagen gel for morphological analysis of cancer invasion in direct- 

and indirect-interaction models, respectively. Given its ability to perform cell-based assays in 

the tumor microenvironment in a simple and objective manner, this system will give new 

possibilities in terms of identifying key mechanisms of tumor cell invasion and metastasis and 
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potentially therapeutic nodes for attenuating primary tumor metastasis. 

 

3.2. Materials and methods 

3.2.1. Cell culture 

The human melanoma cell M-1 was cultured in RPMI1640 medium with 10% fetal 

bovine serum (FBS, Sigma-Aldrich, St. Louis, MO), to which was added penicillin G sodium 

salt (100 U/mL) and streptomycin sulfate (0.1 μg/mL). The cells were cultured in a 

humidified 5% carbon dioxide incubator at 37˚C. The mouse fibroblast NIH-3T3 was 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) medium, to which was added 10% 

FBS, penicillin G sodium salt (100 U/mL), and streptomycin sulfate (0.1μg/mL). The cells 

were cultured in a humidified 5% carbon dioxide incubator at 37˚C. 

 

3.2.2. Preparation of MCL and magnetic cell labeling 

MCL was prepared using magnetite nanoparticles (Fe3O4, mean diameter 10 nm, Toda 

Kogyo Co., Hiroshima, Japan) and a lipid mixture of TMAG, DLPC, and DOPE at a 

respective molar ratio of 1:2:2, as described in 2.2.2.. Magnetite concentration was measured 

using the potassium thiocyanate method [24]. 

For magnetic labeling, the cells were cultured until sub-confluent and placed in a fresh 

medium that contained finely dispersed MCL at 100 pg-magnetite per cell. After 2 h of 

incubation with MCL, the cells were washed to remove the non-introduced magnetite 

nanoparticles. The magnetically labeled cells were collected with 0.25% trypsin-EDTA 

(Gibco, Carlsbad, CA). The quantity of magnetite nanoparticles introduced was determined 

by iron concentration from the absorbance in colorimetric reaction. That is, the cell pellet 

contained MCL (2 × 10
5
 cells) was completely dissolved by the addition of 12 M HCl (200 

mL), and vortex mixing. Then, 5% trichloroacetic acid (1 mL) was added to the mixture and 
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incubated at 4˚C for 30 min, followed by centrifugation to remove the precipitated protein. 

The iron concentration was measured by colorimetric reaction using 1% potassium 

thiocyanate [40]. 

 

3.2.3. Preparation of 3D cell arrays using the pin-holder device 

A pin-holder device was fabricated to allot magnetically labeled cells by the profile of 

their magnetic distribution, as described in 2.2.2. The device was constructed by magnetic 

soft iron using a wire electrical discharge machine (DIAX-FX10; Mitsubishi Electric Co., 

Tokyo, Japan) with a cutting wire (diameter: 0.1 mm; Sumitomo Electric Industries, Osaka, 

Japan) to construct the array of square-pole type pillars. The magnetic field was concentrated 

on the pillars using an external neodymium disc magnet (50 mm in diameter and 10 mm in 

height with a surface magnetic induction of 0.38 T; Niruko Factories Co., Shiga, Japan). 

For construction of 3D cell arrays, the collagen mixture was prepared by mixing a 7:2:1 

volume ratio of an ice-cold collagen solution, 0.3% Cellmatrix Type I-A (Nitta Gelatin, 

Osaka, Japan) with 5 × DMEM and 10 × sterile reconstitution buffer (2.2 g NaHCO3 in 100 

mL of 0.05 M NaOH and 0.2 nM 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethane sulfonic acid 

(HEPES)) as described in the instruction. The culture dish (hydrophilic lummox dish, Assist, 

Tokyo, Japan) was covered with a thin layer of collagen gel and placed on the pin-holder 

device with the magnet facing downward, and the arrangement of magnetically labeled cells 

was carried out. Magnetically labeled cells were seeded in the dish and incubated at 37˚C for 

30 min for cell arrangement. After formation of the 3D cell array, the 0.21% collagen mixture 

was overlaid and incubated at 37˚C for 30 min for gelation, and the culture medium was then 

subsequently added to the dish. The pin-holder device and the magnet were removed from the 

culture dish after cell arrangement. As a result, all the inoculated cells were arranged in the 

same cross-section, and behaviors of target cells such as growth and invasion were observed 



41 

 

 

simultaneously via microscopy. 

 

3.2.4. Preparation of cell culture arrays for analysis of melanoma-stromal fibroblast 

interaction using the pin-holder device 

The 3D cell culture array platform for evaluation of the effect of stromal fibroblasts on 

the invasive capacity of cancer cells was constructed using magnetic force-based cell 

patterning [35]. For fluorescent observation of cell behaviors, target M-1 cells were stained 

using CellTracker green (20 μM, molecular probes), and NIH-3T3 were stained with 

CellTracker orange (20 μM, molecular probes) before MCL labeling. For preparation of the 

fibroblast direct-interaction array, magnetically labeled cancer cells and stromal fibroblasts 

were harvested together in the dish (1.8 × 10
5
 cells/dish of M-1 cells and 9.0 × 10

4
 cells/dish 

of NIH-3T3), and the 0.21% collagen mixture was then overlaid (1 mL) and incubated at 

37˚C for 30 min for gelation. The culture medium was then added to the dish for cultivation, 

and the pin-holder device and magnet were removed from the culture dish after cell 

arrangement (Fig. 3-1A, direct-interaction array). 

As a result, all the inoculated cells were arranged in the same cross-section, and 

behaviors of target cells such as growth and invasion were observed simultaneously via 

microscopy. For preparation of the fibroblast indirect-interaction array, 1.8 × 10
5
 cells/dish of 

M-1 cells was allocated in array, and NIH-3T3 (8.0 × 10
5
 cells/mL-collagen gel) was mixed 

uniformly in the collagen gel (Fig. 3-1B). For preparation of the 3D cancer cell array on the 

fibroblast sheet, NIH-3T3 cells cultured until confluent was treated with 10 μg/mL mitomycin 

C (Wako, Tokyo, Japan) in the medium for 90 min, and washed by phosphate buffered saline 

(PBS). After preparation of the fibroblast sheet, 1.8 × 10
5
 cells/dish of magnetically labeled 

M-1 cells were allocated in array on the fibroblast sheet, and then embedded with collagen I 

(Fig. 3-1C, fibroblast-sheet array). 
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3.2.5. Image analysis 

Time-elapse monitoring of the cell in 3D cell array was performed using phase 

microscopy (model IX81, Olympus Co., Tokyo, Japan). The proliferation area of cells after 

cultivation was calculated by image analysis software (MetaMorph, Universal Imaging Co., 

Downingtown, PA) using three images at each condition. 

 

3.2.6 Zymographic analysis 

The culture media were analyzed by gelatin zymography as previously described [41]. 

Briefly, 15 μL of supernatants were mixed with 6 × loading buffer (50 mM Tris-HCl, pH6.5, 

10% glycerol, 2% SDS, 0.1% bromophenol blue), and fractionated on 10% 

SDS-polyacrylamide gels containing 0.1% gelatin (Difco Laboratories). Gels were washed 

twice in 2.5% Triton X-100 for 30 min before reaction (1 h incubation at room temperature 

and 15 h incubation at 37˚C) in metalloproteinase substrate buffer (50 mM Tris-HCl, pH 7.5, 

5 mM CaCl2, 150 mM NaCl) and stained with Coomassie brilliant blue R-250. Bands 

corresponding to gelatinase activities appeared white against a blue background. 

 

3.2.7 Gene expression analysis 

M-1 cells cultured in 2D and 3D at random or in array were collected and treated with 

0.033% collagenase. The cells were washed with PBS and lysed using lysis enhancer and 

resuspension buffer of CellsDirect One-step qRT-PCR kits (Invitrogen). Total RNA was 

extracted using the RNeasy mini kit according to its protocol (Qiagen, Basel, Switzerland). 

Real-time RT-PCR assays were conducted on an ABI StepOne Real Time PCR Systems, 

using SYBR Green RNA 1step kit (Applied Biosystems, Branchburg, NJ). The M-1 specific 

primers for human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (forward: 
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5’-CCTGACCTGCCGTCTAGAAA-3’, reverse: 5’-TGCTGTAGCCAAATTCG TTG-3’), 

interleukin-8 (IL-8) (forward: 5’-ATTAGCCACCATCTTACCTC ACAGT-3’, reverse: 

5’-GTGCTTCCACATGTCCTCACA-3’), MMP-2 (forward: 5’-GCTGGCTGCCTT 

AGAACCTTTC-3’, reverse: 5’-GAACCATCACTATGTGGGCTGAGA-3’) were designed 

using the Primer3Plus and sequences from NCBI’s gene bank. To quantify gene expression in 

each sample, we used the comparative threshold cycle (Ct) method. Normalization of gene 

expression was performed using GAPDH as reference gene, and data were expressed as a 

ratio to a reference sample. The number of M-1 cells was counted by fluorescent microscopy 

with M-1 and 3T3 mixed cell samples. 

 

3.3. Results 

3.3.1. Magnetic labeling and cell patterning using the pin-holder device in 3D array 

The effect of MCL uptake on cell growth was investigated with the malignant melanoma 

M-1. When MCL was added at a concentration of 100 pg/cell, the MCL uptake after 2 and 4 

h incubation was 3.2 and 4.4 pg/cell, respectively. Change in cell growth was not observed 

when cultured with and without MCL labeling (data not shown), and uptake of MCL was 

confirmed to have little effect on cell growth as described in previous studies [32-35]. Since 

cell patterning was fully performed at 1 pg/cell, MCL labeling time was set to 2 h throughout 

this study. 

Fig. 3-2 shows the phase micrographs of magnetically labeled melanoma cultured in 2D 

and 3D conditions. When the melanoma was cultured randomly in 3D, it showed spherical 

morphology, in contrast to spindle morphology observed when cultivated on dishes (Figs. 

3-2A, 3-2B). The magnetic labeling by MCL did not change cell migration without attraction 

of magnet. When M-1 cells were patterned in array on a thin collagen gel layer, cell spreading 

and growth were observed in clusters after day 3 (Fig. 3-2C). In contrast, when M-1 cells 
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were patterned in array on a thin collagen layer and embedded again with collagen gel, 

formation of spheroids was observed (Fig. 3-2D). Although highly invasive melanoma of 

M-1 cells was cultured in the 3D array, the cells were clustered and did not show invasive 

behaviors. This indicates that a more biomimetic model, such as the addition of stromal cells, 

would be necessary to see the invasive characteristics of malignant melanoma. 

 

3.3.2. Effect of stromal fibroblasts on cell behaviors of melanoma in direct- and 

indirect-interaction array 

Fig. 3 shows the effect of stromal fibroblasts on cell behaviors of melanoma. The M-1 

and NIH-3T3 cells were stained with CellTracker green and orange, respectively for 

fluorescent observation, and NIH-3T3 cells were allocated together with M-1 cells or 

harvested with collagen gel containing NIH-3T3. With the direct interaction array, M-1 and 

NIH-3T3 were magnetically labeled and patterned together on the collagen gel layer using the 

pin-holder device, and embedded again with the collagen gel. Approximately, 5-10 cells were 

allocated at various proportions on each locus. According to the cell spreading of fibroblasts, 

the melanoma cells showed slight movement and loose cell pattern, while the cells were 

compacted in spheroids when patterned without fibroblasts (Figs. 3-3A, 3-3B). With the 

indirect-interaction array, the red absent light of NIH-3T3 cells mixed in the collagen gel was 

observed, and slight spreading of melanoma cell clusters was observed (Fig. 3-3C). These 

results indicated that the invasive behavior of melanoma cells was affected by the direct 

interaction of fibroblasts as well as by the secreted soluble factors. 

 

3.3.3. Cell behaviors of melanoma on the fibroblast-sheet array 

The effect of cell behaviors of melanoma patterned on the fibroblast cell sheet was 

investigated (Fig. 3-4). The M-1 was stained with CellTracker green and NIH-3T3 was not 
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stained. In the fluorescent image, the spreading and invasion of M-1 cells was observed on 

Day 1 and further accelerated invasion was observed after Day 2 (Fig. 3-4A). This model 

represents both direct and indirect effects of fibroblast cells, and intensive cell movement 

indicating an invasive capacity of M-1 was observed in comparison to Figs. 3-3B and 3-3C. 

The cell area of M-1 patterned on collagen I gel and 3T3 fibroblast sheet was compared by 

image analysis (Fig. 3-4B), and 3-fold increase was observed after 2 days cultivation on 

3T3-sheet array while it was below 2-fold on collagen I layer and embedded in collagen. 

Therefore, it was shown that the invasive cell behavior of melanoma was observed when 

patterned on a fibroblast-sheet array. 

The matrix metalloproteinase (MMP) activity of culture supernatant with each condition 

was confirmed by a gelatin zymography (Fig. 3-4C). The activity of pro- and active MMP-9, 

MMP-2, and MMP-13 observed in the supernatant of M-1 array, 3T3-sheet, and co-culture of 

M-1 spheroids on 3T3-sheet, respectively. With M-1 spheroid array embedded in collagen, 

the activity of MMP-9 and MMP-2 was slightly low. In contrast, all bands were strongly 

observed with 3T3-sheet and co-culture of M-1 spheroids on 3T3-sheet. Therefore, 

comparable gene expression analysis between patterned M-1 cells cultured on 3T3-sheet 

arrays and on collagen layers with embedded collagen was performed to emphasize the 

fibroblast interaction. Fig. 3-4D shows the relative fold induction of IL-8 and MMP-2 of M-1 

patterned on 3T3-sheet arrays using specific primers for human RNA. When M-1 was 

patterned in array on the fibroblast sheet, the expression of IL-8 and MMP-2 increased by 

24-fold and 2-fold compared to without fibroblasts in real time RT-PCR, respectively. Since 

IL-8 and MMP-2 are the important metastasis-associated genes [9, 42], the increase in gene 

expression was comparable to the invasive cell behaviors displayed in Fig. 3-4A. These 

results indicate that the interaction between melanoma and fibroblast influence the gene 

expression levels of MMPs and cytokines related to tumor invasion in melanoma and 
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fibroblasts cells and enhanced melanoma migration. Therefore, the melanoma spheroid arrays 

on fibroblast-sheets with embedded collagen I demonstrate the importance of fibroblasts in 

invasive cell behaviors in bioengineered tumor microenvironments. 

 

3.4 Discussion 

Microengineering techniques for cellular analysis are emerging as the next revolution in 

tools to study tissue formation, function, disease development, and disease progression. 

Morphological and phenotypic typing of cancer cells is advancing due to the development of 

personalized medicine approaches and the discovery of key factors affecting cell invasion and 

metastasis. In vitro 3D cell culture systems mimicking tumor microenvironments have 

attracted attention since these models contain the structural architecture necessary for 

studying cellular interactions [6, 15, 19, 20, 43-46]. High-throughput spheroid culture was 

also reported for efficient anti-cancer drug screening [7, 17, 18, 20]. These microdevices 

possess advantages over conventional cell culture systems, including the ability to produce 

3D architecture with controlled spatial relationships between the cells in ECM. 

In the present study, we have investigated the effect of stromal fibroblasts on the invasive 

capacity of melanoma with three models: direct-interaction array, indirect-interaction array, 

and fibroblast-sheet array (Fig. 3-1). It has become increasingly clear that the stromal 

fibroblasts with cellular and ECM components play a crucial role in regulating the process of 

tumor development and progression. Since cancer cells directly or indirectly orchestrate the 

modification of the microenvironment by attracting or activating stromal cells, cell culture 

platforms for analysis of each effect have emerged. Drasdo and Hoehme reported the 

computer simulations from an individual-based model of tumor growth in monolayers and 

multi-cellular spheroids, and investigated how the growth dynamics of individual cells affect 

the macroscopic properties of a growing tumor [22]. This study suggests the importance of 
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small-scale in vitro processes for elucidation of parameters affecting tumor growth. 

In the fibroblast-sheet array that includes both direct- and indirect-interaction of 

fibroblast cells, significant changes in cell morphology and invasion of M-1 was observed 

(Fig. 3-4). Since cell morphology changed only slightly in the direct and indirect interaction 

array, the fibroblast-sheet array appears to represent a sufficient microenvironment for 

invasion. The upregulation of metastasis-associated genes (IL-8 and MMP-2) in the 

fibroblast-sheet array also indicates the acceleration of invasive capacity in the presence of a 

fibroblast- sheet. The MMPs selectively degrade various components of the ECM and release 

growth factors, cytokines, and chemokines. It is also reported that interaction between 

melanoma cells and fibroblasts are mediated by ADAMs (a disintegrin and metalloproteinase) 

with both their proteolytic and adhesive functions involved in melanoma invasion and 

progression [47]. In a co-culture system, tumor cells interact with their surrounding ECM or 

stromal cells and enhance expression of MMPs, cytokines, and chemokines that orchestrate 

tumor growth and progression. These MMPs degrade ECM and enhance tumor cell migration 

and increase fibroblast cell interaction [48, 49]. Although this bioengineered tumor model is 

only a simple representation of the complex nature of a malignant tumor, the in vitro 3D 

spheroid array responded to the stimuli by fibroblast-sheet and invasion of melanoma was 

observed. 

The array-like patterning would be also effective to see the effect of different variables. 

Using the 3D array-like patterning culture, it is possible to investigate the effect of spheroid 

size upon invasion in relation to anti-cancer drug evaluation by changing pin size or number 

of the pin-holder device. Also, this model would be effective to see cell heterogeneity since 

our 3D array-like cell patterning model enables analysis on a plane surface. The in vitro 3D 

spheroid culture array developed in this study represents a functional tumor model that will 

facilitate future evaluation of the invasive capacity of tumor cells as well as their 



48 

 

 

pharmacological responses. 

In conclusion, in vitro 3D spheroid culture array using magnetic cell patterning is greatly 

advantageous for cell culture, analysis, and diagnostic application where biomimetic 

microenvironment by coexisting cells is important. 
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Fig. 3-1. Schematic diagram of magnetic force-based cell patterning using a pin-holder 

device for observation of melanoma associated with stromal fibroblast in a 3D 

microenvironment. (A) Direct interaction array model: fibroblasts were also magnetically 

labeled and patterned together in array with melanoma spheroids. (B) Indirect interaction 

array model: fibroblasts coexist in the upper collagen gel of melanoma spheroids. (C) 

Fibroblast-sheet array model: fibroblast-sheet coexists under melanoma spheroids. 
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Fig. 3-2. Phase microscopy images of melanoma M-1 cells cultured in culture dish, 2D 

(A), in collagen I gel, 3D (B). Using a pin-holder device, the magnetically labeled M-1 cells 

were patterned on collagen I layer (C), and further embedded in collagen I gel (D). Melanoma 

spheroid was developed when magnetically patterned M-1 cells were cultured in a 3D 

microenvironment. Scale bar, 200 µm. 
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Fig. 3-3. Fluorescent micrographs of magnetically patterned melanoma M-1 embedded 

in collagen gel (A). The effect of associated fibroblasts on cell behaviors of M-1 was 

investigated with direct- (B) and indirect-interaction (C) array models. M-1 and NIH-3T3 

were stained using CellTracker green and orange, respectively. Scale bar, 200 μm. *p < 0.05 

(Student’s t test, paired, two-tailed). 
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Fig. 3-4. Cell behavior observation and gene expression analysis of M-1 melanoma 

cultivated in 3D fibroblast-sheet array embedded in collagen. (A) Phase and fluorescent 

micrographs of magnetically patterned melanoma on the fibroblast-cell sheet. (a) Day 0, 

phase image; (b) day 0, fluorescent image; (c) day 1 fluorescent image; (d) day 2 fluorescent 

image. M-1 cells were stained using CellTracker green. Scale bar, 200 μm. (B) Cell area of 

M-1 magnetically patterned on 3T3-sheet (light gray) and collagen layer (dark gray). 

Enhanced cell migration observed with the fibroblast-sheet model. (C) Zymographic analysis 

of the culture supernatant of M-1 array, 3T3-sheet, and co-culture of M-1 patterned on 

3T3-sheet with embedded collagen I. (D) IL-8 and MMP-2 gene expression were upregulated 

when M-1 cells were cultures in 3T3-sheet array (light gray) compared to without fibroblast 

(dark gray). Gene expression analysis was compared on day 3. *p < 0.05, ****p < 1 × 10
-4

 

(Student’s t test, paired, two-tailed).  
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3.5. Summary 

A three-dimensional (3D) multicellular tumor spheroid culture array has been fabricated 

using a magnetic force-based cell patterning method, analyzing the effect of stromal 

fibroblast on the invasive capacity of melanoma. Formation of spheroids was observed when 

array-like multicellular patterns of melanoma were developed using a pin-holder device made 

of magnetic soft iron and an external magnet, which enables the assembly of the magnetically 

labeled cells on the collagen gel-coated surface as array-like cell patterns. The interaction of 

fibroblast on the invasion of melanoma was investigated using three types of cell interaction 

models: (i) fibroblasts were magnetically labeled and patterned together in array with 

melanoma spheroids (direct-interaction model), (ii) fibroblasts coexisting in the upper 

collagen gel (indirect-interaction model) of melanoma spheroids, and (iii) fibroblast sheets 

coexisting under melanoma spheroids (fibroblast-sheet model). The fibroblast-sheet model 

has largely increased the invasive capacity of melanoma, and the promotion of adhesion, 

migration, and invasion were also observed. In the fibroblast-sheet model, the expression of 

IL-8 and MMP-2 increased by 24-fold and 2-fold, respectively, in real time RT-PCR 

compared to the absence of fibroblasts. The results presented in this study demonstrate the 

importance of fibroblast interaction to invasive capacity of melanoma in the 3D in vitro 

bioengineered tumor microenvironment. 
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Chapter 4 

 

 

Effect of vascular formed endothelial cell network on 

the invasive capacity of melanoma using the in vitro 

3D co-culture patterning model 

 

 

4.1. Introduction 

Cancer invasion and metastasis are the hallmarks that transform a locally growing tumor 

into a systematic, metastatic, and life-threatening disease [1]. Cancer metastasis includes 

multiple steps: tumor cell degradation of the extracellular matrix (ECM) by a family of matrix 

metalloproteinases (MMPs); migration out of the primary tumor; invasion into blood vessels; 

adhesion of circulating tumor cells to adhesion molecules of epithelial cells in blood vessels; 

and degradation of the basement membrane that causes extravasation at the secondary site [1, 

2]. Intercellular communication and chemotaxis play key roles in the metastatic process and 

can occur via direct contact and paracrine signaling between different cell types during tumor 

cell invasion and metastasis [3]. In particular, vascular endothelial cells that constitute the 

capillary and blood vessel are deeply involved in adhesion and intravasation. Subcutaneous 

tumorigenicity of hepatocellular carcinoma cells in nude mice was promoted by vascular 
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endothelial cells and its invasion/metastasis associated genes were significantly up-regulated 

[3]. Also, since vascular endothelial cells release numerous cytokines, hormones, and growth 

factors such as TNF-α [4] and VEGF [5], cultured media of vascular endothelial cells 

including these secretory factors significantly enhanced proliferation, migration, and invasion 

of hepatocellular carcinoma cells in vitro via activation of PI3K/Akt and ERK1/2 pathways 

[3]. These pathways stimulate the overexpression of invasion/metastasis associated genes 

such as MMPs and interleukins (ILs), and these genes promote ECM degradation [6, 7], 

inflammation [8], angiogenesis [9], and proliferation [10]. Thus, these interactions of tumor 

cells with vascular endothelial cells via direct contact and paracrine signaling have been 

investigated. 

To study the metastatic process, in vivo models have been developed by injection of 

cancer cells intravenously in mice. These experiments replicate physiological conditions [11]. 

However, these models are challenging for observation of all aspects of the interaction, and 

control of cell-cell distance and cross-talk between human cancer cells, human endothelial 

cells and human tissue parenchyma [12]. Traditional 2D cell culture, which is not 

representative of the in vivo environment, is thus not suitable to evaluate malignant capacity 

or metastasis-associated gene expression of cancer cell because it cannot mimic physiological 

factors that provide conditions conducive to cancer metastasis, such as ECM or intercellular 

interactions [13-15]. The in vitro 3D culture platforms in which cells are placed in an ECM 

for invasion can also provide cell spheroid formation [16] and the distribution of oxygen and 

metabolic products [17-19]; such models are difficult for visualization of intravasation events 

in real-time and precise control of cell-cell distance [20, 21]. Although current invasive 

studies using 3D microfluidic models have been developed to overcome these limitations [5, 

22, 23], such studies are largely limited in single cell manipulation and the subsequent 

analysis of the target cell such as PCR in the closed chamber. Thus, biomimetic cell culture 
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systems that can control cell-cell distance and evaluate the accurate progression of cancer 

cells in cell-to-cell and cell-to-ECM interaction are necessary for analysis of genotypic and 

phenotypic changes. 

In response, the cellular micropatterning method can provide useful model systems to 

investigate intercellular interaction under a combination of multiple controllable biochemical 

and biophysical microenvironments, coupled with high-resolution real time imaging. Seeking 

to provide an effective, organized, and practical technique, we have developed a methodology 

for cell patterning in 3D using magnetic force and magnetite nanoparticles [24-28]. Magnetite 

nanoparticles embedded in cationic liposomes are used for labeling cells via electrostatic 

interactions between magnetic cationic liposomes (MCLs) and the target cell membrane [29]. 

Magnetically labelled cells can then be arranged for observation. Labeling cells with MCL 

has little effect on cell viability, growth, and differentiation [26]. Utilizing a pin-holder device, 

the magnetic field of a neodymium magnet is concentrated at the peak of each pin, thus 

allocating a specific number of cells in a planar fashion according to seeding density, at each 

point of ECM (collagen or Matrigel). The arrangement of pins, cell seeding density, and cell 

types can be designed for the evaluation of various cell-cell interactions, and succeed in 

analyzing the invasion capacity of cancer cells [27, 28]. We have also succeeded in forming a 

vascular network of magnetically labeled HUVEC that was patterned on the Matrigel 

angiogenesis model [26], and in genetic analysis the effect of fibroblasts on cancer invasion 

in direct-interaction, indirect-interaction, and fibroblast sheet interaction models for invasion 

models [28]. This novel approach has the benefit of cost effectiveness, repeatability, and ease 

of observation for evaluation of the cell-to-cell interaction including the invasion capacity of 

cancer cells. 

In the present study, the tumor microenvironment mimetic culture array was utilized to 

observe intercellular behavior of cancer cells in a 3D condition co-cultured with endothelial 
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cells. The highly metastatic mouse melanoma cell line B16F1 was used as the cancer model, 

while human umbilical vein endothelial cells (HUVEC) were used as the human endothelial 

cell model. B16F1 cells were arranged magnetically on vascular-formed HUVEC in ECM, 

forming cell spheroids (cell aggregates), with a magnetic force-based pin-holder device for 

observation of the cancer invasion. Since this patterning method was able to control the 

cell-cell distance between the cancer cell spheroid and HUVEC network, our model was 

suitable for observation of intercellular interaction via direct contact or paracrine signaling 

during cancer cell invasion. In addition, gene expression of IL-6, MDR-1, and MMP-9 in the 

picked-up B16F1 spheroids was used to evaluate the effect of spatial relationship to 

endothelial cells (HUVEC) on the invasive capacity of melanoma cells. B16F1 spheroids 

were picked up using a manipulator and analyzed at each distance from HUVEC. Given its 

ability to perform cell-based assays in the tumor mimetic microenvironment in a simple and 

objective manner, this system may be useful in understanding the key mechanisms of 

invasion and drug screening for attenuating metastasis. 

 

4.2. Materials and methods 

4.2.1. Cell culture 

Mouse melanoma cell line B16F1 (ATCC CRL-6323), human breast cancer cell line 

MDA-MB-231 (ATCC HTB-26), human cervical cancer cell line Hela (ATCC CCL-2), green 

fluorescent protein- expressed human gastric carcinoma cell line GCIY-EGFP (RIKEN Cell 

Bank, Ibaraki, Japan), and human melanoma cell M-1, were grown on 10 cm dishes cultured 

in Dulbecco’s Modified Eagle Medium high glucose (DMEM, Invitrogen, Gaithersburg, MD, 

USA) to which was added 10% fetal bovine serum (Invitrogen), 0.1 µg/mL streptomycin 

sulfate, and 100 U/mL potassium penicillin G (Invitrogen).  
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 Human umbilical vein endothelial cells (HUVEC) were provided as frozen cells after 

primary culture by the supplier (Kurabo, Osaka, Japan). HUVEC were utilized as a model for 

human endothelial cells, and cultured on 10 cm dishes in HuMedia-EB2 (Kurabo, Osaka, 

Japan) consisting of 2% fetal bovine serum, 10 ng/ml human epidermal growth factor (hEGF), 

1.34 µg/mL hydrocortisone hemisuccinate, 50 µg/mL Gentamicin, 50 ng/mL Amphotericin B, 

5 ng/mL hEGF-B, and 10 µg/mL heparin, all supplied by Kurabo. Cells were cultured in a 

humidified 5% CO2 incubator at 37 °C. 

 

4.2.2. Preparation of MCL and a pin-holder device 

MCL and a pin-holder device were prepared as described in 2.2.2. MCL were prepared 

using magnetite nanoparticles (Fe3O4, mean diameter 10 nm, Toda Kogyo Co., Hiroshima, 

Japan) and a lipid mixture of TMAG, DLPC, and DOPE at a respective molar ratio of 1:2:2. 

Magnetite concentration was measured using the potassium thiocyanate method [24]. 

The pin-holder device was constructed by magnetic soft iron using a wire electrical 

discharge machine (DIAX-FX10; Mitsubishi Electric Co., Tokyo, Japan) with a cutting wire 

(diameter: 0.1 mm; Sumitomo Electric Industries, Osaka, Japan) to construct the array of 

square-pole type pillars. The magnetic field was concentrated on the pillars using an external 

neodymium disc magnet (50 mm in diameter and 10 mm in height with a surface magnetic 

induction of 0.38 T; Niruko Factories Co., Shiga, Japan). 

 

4.2.3. Magnetic cell labeling 

For magnetic labeling, B16F1 cells were cultured until sub-confluent. DMEM was 

exchanged for fresh DMEM containing finely dispersed MCL at 100 pg-magnetite per cell for 

2 h incubation. Cells were then washed twice with PBS to remove non-introduced residual 
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MCL. Magnetically labeled cells were then collected with 0.25% trypsin-EDTA (Gibco, 

Carlsbad, CA, USA). To evaluate the toxic effect on the cell growth of the magnetically 

labeling using MCL, B16F1 cells with or without magnetic labeling were grown on 10 cm 

dishes cultured in DMEM at seeding densities of 2×10
5
 cells/dish, and the living cell numbers 

were counted by trypan blue exclusion every 24 hours. 

 

4.2.4. Preparation of B16F1 melanoma spheroid 3D cell culture array with HUVEC 

network 

 Collagen mixture was prepared by mixing a 7:2:1 volume ratio of ice-cold collagen 

solution, 0.3% Cellmatrix Type I-A (Nitta Gelatin, Osaka, Japan) with 5× DMEM and 10× 

sterile reconstitution buffer (2.2 g NaHCO3 in 100 mL of 0.05 M NaOH and 0.2 nM 

2-[4-(2-hydroxyethyl)-1-piperazinyl]ethane sulfonic acid (HEPES)) as described in the 

instructions. Gas-permeable tissue culture dishes (hydrophilic lumox dish, 35mm, 

SARSTEDT, Nümbrecht-Rommelsdorf, Germany) were used for the 3D culture array.  

First, a thin layer of Matrigel (100 µl) (Becton, Dickinson and Company, Cedex, France) 

was spread on each dish with a cell scraper. Then, HUVEC stained with CellTracker orange 

(CMTMR; Molecular Probes, Eugene, OR, USA) were plated on each dish at seeding density 

of 3×10
5
 cells/dish, and incubated overnight for network formation. The cancer cells were 

magnetically labeled with MCL and stained with CellTracker green (CMFDA; Molecular 

Probes, Eugene, OR, USA) in DMEM. For cell arrangement, the neodymium disc magnet, the 

pin-holder device, and the gas-permeable tissue dish with networked HUVEC were arranged 

in order (Fig. 4-1), and 2.5 ml suspension of the cancer cells in DMEM at seeding densities of 

7.2×10
4
 cells/ml (average 10 cells/spot, 250 µm interval pin-holder); 2.16×10

4
 cells/ml 

(average 1.5 cells/spot, 250 µm interval pin-holder), 2.16×10
4
 cells/ml (average 50 cells/spot, 

1000 µm interval pin-holder) were inoculated onto the dish, followed by 30 min incubation. 
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Then, after removing supernatant medium, 1 ml collagen mixture was overlaid, and the dish 

was removed from the pin-holder device and magnet. The dish was returned to the incubator 

for another 30 min for solidification of collagen, followed by the addition of 1 ml DMEM. 

 

4.2.5. Cell observation 

Cells in the 3D cell array were observed via time-lapse monitoring through phase 

microscopy (Model IX81, Olympus Co., Tokyo, Japan). Analysis of images was performed 

by image analysis software (MetaMorph, Universal Imaging Co., Downingtown, PA, USA) to 

calculate the length or perimeter of cancer cell spheroids and the distance between cancer cell 

spheroid and networked HUVEC. The invasion of B16F1 cells to HUVEC network were 

analyzed using a confocal microscope (A1Rsi-N, Nikon, Tokyo, Japan) and confocal image 

analysis software (NIS-Elements, Nikon, Tokyo, Japan). 

 

4.2.6 Non-distractive and automatic analysis of cancer invasion of HUVEC network 

The length, perimeters, and centroids of cancer cell spheroids, which were labeled with 

CellTracker green (CMFDA; Molecular Probes) and co-cultured with HUVEC, were 

calculated by image analysis software (MetaMorph) from the green-fluorescent images, as 

mentioned in 4.2.5. Similarly, the centroids of vascular-formed HUVECs, which were labeled 

with CellTracker orange (CMTMR; Molecular Probes), were calculated from the 

orange-fluorescent images. Then, we calculated the all distances among the 

spheroid-centroids and HUVEC-centroids, and compared length or perimeter of the spheroid 

and distance from the nearest HUVEC. The “distance of starting elongation” was calculated 

from intersection point of the one-phase decay curve and the average + 3SD of length or 

perimeter of mono-cultured cancer spheroid by GraphPad software (GraphPad Software Inc., 

San Diego, CA, USA). 
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4.2.7 Gene expression analysis 

The B16F1 cells co-cultured with HUVEC and in isolation, were collected from the 3D 

cell array, and treated with 0.033% collagenase. Cells were washed with PBS, counted by 

fluorescent microscopy, and lysed using lysis enhancer and resuspension buffer from 

CellsDirect One-step qRT-PCR kits (Invitrogen). Real-time RT-PCR assays were conducted 

on an ABI StepOne Real Time PCR Systems, using SYBR Green RNA 1step kit (Applied 

Biosystems, Branchburg, NJ, USA). Primers were purchased from Greiner Bio One, 

Frickenhausen, Germany. The sequences of B16F1 specific primers for mouse mRNA are 

listed in Table 4-1. The comparative threshold cycle (Ct) method was used to quantify gene 

expression in each sample. Normalization of gene expression was performed using GAPDH 

as a reference gene, and all data was expressed as a ratio to the reference sample of B16F1 

monoculture. In order to analyze the target cell expression, we collected the cells using a 

micromanipulator (CellTram vario 5176, Eppendorf, Humberg, Germany). One spheroid 

collected by a micro manipulator was suspended into a lysis buffer directly, and the 

expression ratio in each spheroid was analyzed as described above. 

 

4.3. Results 

4.3.1. Effects of ECM mimetic gels on cell morphology 

To construct the in vitro 3D cell culture array to observe the invasive capacity of B16F1 

melanoma cell spheroids co-cultured with the HUVEC network, cell morphological behaviors 

of HUVEC and B16F1 were investigated. Fig. 4-2 displays images of B16F1 and HUVEC 

cultured using two types of ECM-mimetic gel containing collagen type-I and Matrigel. The 

B16F1 were plated in 3D cellular array monoculture in collagen gel, with or without a base 

layer of Matrigel, as well as images from 2D culture. B16F1 cells were magnetically labeled 
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using MCL, and then patterned in ECM mimetic gel. Since there was no significant difference 

regardless of MCL-labeling in B16F1 cell proliferation (Fig. 4-2A), MCL labeling has little 

effect on cell-to-cell interaction [27, 28]. After 48 h of culturing, B16F1 cells in monoculture, 

patterned in collagen gel at seeding densities of 7.2×10
4
 cells/ml (10 cells/spot, 250 µm 

interval pin-holder), formed spheroids at each locus (Fig. 4-2B). Although, B16F1 was highly 

invasive melanoma cells, the cells remained in compact spheroids, and showed no signs of 

invasive behavior such as elongation and invadopodia. In contrast, B16F1 showed spindle 

formation in the traditional 2D culture, which vastly differ from the spheroid formation in 

vivo. Thus, a more biomimetic microenvironment would be necessary to observe the invasive 

characteristics of malignant melanoma. 

When B16F1 cells were patterned in collagen gel with a Matrigel base layer, B16F1 

formed multicellular spheroids with satellites of invadopodia. Invadopodia contain many type 

of proteases, stress fibers and adhesion proteins, indicating that their main function is to 

provide traction for invasive cancer cells [30]. Also, a Matrigel base layer induced the 

vascular-like networks of HUVEC which were plated at seeding density of 3×10
5
 cells/dish, 

morphology indicative of angiogenesis. 

However, HUVEC showed spindle formation on a collagen base layer and in 2D culture 

(Fig.4-2C). It was confirmed that Matrigel provides several angiogenesis factors such as 

VEGF or bFGF [31]. Hence, micropatterning in a collagen gel layer with Matrigel was 

suitable to observe invasive associated interaction of malignant melanoma cells with vascular 

endothelial cells. 

 

4.3.2. Melanoma cell behavior in 3D co-culture array with HUVEC 

Fig. 4-3 shows the effect of the HUVEC network on morphological behaviors of 

melanoma in a biomimetic 3D co-culture array that was constructed on a Matrigel base layer 
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in collagen type-I gel. HUVEC were plated on tissue culture dishes coated with Matrigel and 

allowed to network at 24 h, and then magnetically labeled B16F1 cells were arrayed over-top 

in networked HUVEC and set in collagen gel. We also have adjusted the patterning interval 

and the seeding B16F1 cell number in a spheroid for evaluation of the invasive capacity. Fig. 

4-3A-4-3E, illustrate time-lapse images at varying B16F1 seeding densities and patterning 

interval: average 1.5 cells/spheroid with 250 µm patterning (Fig. 4-3A), average 10 

cells/spheroid with 250 µm intervals (Fig. 4-3B, 4-3E), average 50 cells/spheroid with 1000 

µm intervals (Fig. 4-3C), and 0 cells/spheroid (Fig. 4-3D), respectively.  

From Fig. 4-3A-4-3C and 4-3E, clear invasive behaviors of B16F1, such as cell 

elongation along to the HUVEC network, were observed in 3D co-culture with HUVEC in 

every seeding density and patterning interval. It seems that B16F1 that were close to HUVEC 

have aggressively elongated and invaded according to the HUVEC network, while B16F1 

cells distant from HUVEC remain in compact spheroids (Fig. 4-3A, 4-3B, 4-3E). The white 

arrows indicate the B16F1 cells that have not only formed invadopodia but also completely 

invaded the HUVEC network. The B16F1 spheroids that were close to HUVEC migrated 

along to the pre-existing vascular network (yellow arrows).  

In contrast, melanoma spheroids did not show such aggressive invasive behavior in 

monoculture (Fig. 4-2B). The intercellular junction of HUVEC network became more weak, 

and some networks were broken in the B16F1 invasion in co-culture array (Fig.4-3A-4-3C), 

compared with that in monoculture of HUVEC network (Fig.4-3D). The secretion factors of 

HUVEC had up-regulated the invasion/metastasis associated gene expressions in cancer cells, 

including MMP-9 [3]. It seemed that the intercellular adhesion and extracellular matrix was 

degraded by the cancer-produced proteases. It was shown that cancer cells close to vascular 

endothelial cell had invaded, and the malignancy progressed rapidly.  

However, since the single cancer cell spots may not show the activation of migration to 
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the HUVEC network via cancer cell-to-cancer cell adhesion such as N-cadherin signaling 

[32], the single cell patterning would be not suitable to evaluate the aggressive invasion of 

cancer cell. Also, since two morphological changes within a spheroid, such as dispersion from 

the spheroid or cell elongation, was observed in the big melanoma spheroids of 50 cells, (Fig. 

4-3C; middle), it was difficult to characterize the factors relating to such melanoma invasive 

capacity (direct contact or paracrine signaling). We adopted 10 cells for the cell number in a 

spheroid to observe invasive behavior. In addition, since the average spacing between strands 

in the HUVEC network was 350 μm in Fig. 4-2C, we adopted a 250 µm patterning interval, 

which can set variation in distance from HUVEC for co-culture array patterning. 

To investigate the invasion of B16F1 cells to the HUVEC network, confocal image 

analysis of B16F1 cells surrounding the HUVEC network was obtained. Fig. 4-4 shows the 

confocal images of HUVEC network before (Fig. 4-4A-4-4C) and after 24 h co-culture with 

B16F1 array at 10 cells/spheroid with 250 µm interval (Fig. 4-4D-4-G). In the sectional view, 

network formation of HUVEC was observed (Fig. 4-4B, 4-4C). In contrast, invasion of 

B16F1 cells along to the HUVEC network was observed after co-culture (Fig. 4-4E-4-4G). It 

was demonstrated that B16F1 that were close to HUVEC have invaded the endothelial 

network, while B16F1 cells distant from HUVEC remain in compact spheroids. 

To evaluate the invasion of the other cell lines to the HUVEC network, 4 another cancer 

cell lines were co-cultured with HUVEC network in average 10 cells/spheroid with 250 µm 

intervals (Fig. 4-5A). As a result, the cancer cell spheroids that were close to HUVEC have 

aggressively elongated and invaded according to the HUVEC network, than that of spheroids 

distant from HUVEC and mono-cultured spheroids. These results were demonstrated that 

HUVECs were affected the invasive behavior of the other cancer cell lines. 

To evaluate these invasive elongations of cancer spheroids, the length of cancer cell 

spheroids was analyzed. Since the elongated cancer spheroid reflects the activation of 
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invasiveness or the high invasive capacity of the cancer cells, we calculated the length of a 

cancer spheroid from the time-lapse image to quantify the invasive capacity of the cancer cell. 

Fig. 4-6 shows the length of B16F1 spheroids in each distance from the co-cultured HUVEC 

network, in which B16F1 cells were set to 10 cells/spheroid at 250 μm interval. A plot of 

distance 0 in Fig. 4-6 represents a length of B16F1 spheroid adhered to HUVEC directly, and 

the others, which did not adhere to HUVEC. After culturing for 24 h, B16F1 spheroids were 

elongated in the proximity of the HUVEC network in co-culture conditions, and the length 

was clearly increased within an 80 μm distance from HUVEC regardless of 

B16F1-to-HUVEC adhesion, while the length of B16F1 spheroids was slightly changed in 

monoculture. On the other hand, the length of B16F1 80 μm far from HUVEC did not 

significantly differ from the monoculture. Therefore, it was shown that a vascular network of 

endothelial cells crucially affected invasive behavior of cancer cells according to the distance 

to cancer cells by the secreted soluble factors, as well as by direct interaction. 

For high-throughput evaluation of these invasive behaviors, we constructed an image 

analysis-based analysis system to evaluate the invasive morphology of cancer spheroids 

automatically and non-destructively. We focused on the perimeter of cancer spheroids, which 

was one of invasive parameter, and calculated the parameter by the analysis system from the 

fluorescent images of co-cultured cancer spheroids with HUVEC network. As a result, we 

successfully evaluate the cancer elongation in 4.5±3.6 % of error ratio (data not shown). The 

“distance of starting elongation”, which were intersection point of the one-phase decay curve 

and the average + 3SD of the perimeter of mono-cultured cancer spheroid, was 100.6 μm in 

MDA-MB-231, 63.5 μm in Hela, 57.6 μm in M-1, and 37.0 μm in GCIY-EGFP, respectively 

(Fig. 4-7). Therefore, we could evaluate the affect from vascular network of endothelial cells 

on invasive behavior of cancer cells automatically and non-destructively, and showed that the 

affect endothelial cells was different among each cancer cell line. 
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4.3.3. Gene expression of melanoma cells in 3D co-culture array with HUVEC 

To observe the effect on tumor associated gene expression of B16F1 melanoma (IL-6, 

MMP-9 and MDR-1) patterned on the HUVEC network, real-time PCR analysis was 

investigated. IL-6 and MMP-9 promote invasion and metastasis of cancer cells via 

accelerating ECM degradation, inflammation, angiogenesis and proliferation [6-10]. MDR-1 

is a gene that leads to the production of ATP-driven efflux transporter Pgp-170, the most 

common cause of multidrug resistance in many types of solid and hematological human 

cancers [33]. It is known that these gene expressions are stimulated by paracrine signaling 

such as TNF-α [4] or direct contact [34]. Fig. 4-8 shows that the relative expressions of IL-6, 

MMP-9 and MDR-1 in co-cultured B16F1 with HUVEC compared to that in B16F1 

monoculture. 

First, we compared the average expression of whole B16F1 cells co-cultured with 

HUVEC in a culture dish to that without HUVEC (Fig. 4-8A). To collect whole B16F1 cells, 

B16F1 were treated with collagenase after a 24 h culture with or without HUVEC. The 

mRNA expressions of collected B16F1 cells were analyzed by real time RT-PCR using 

specific primers for mouse mRNA to detect the B16F1 expression without any separation 

steps of B16F1 from co-existing HUVEC, and glyceraldehyde-3-phosphate-dehydrogenase 

(GAPDH) mRNA level was used as the reference. GAPDH levels in co-culture and in 

monoculture were relatively identical, and MMP-9 levels also did not significantly differ 

from B16F1 monoculture. In contrast, when B16F1 co-cultured with HUVEC, IL-6 and 

MDR-1 production was 7-fold and 4-fold higher, respectively. It was shown that the 

intracellular interaction with vascular endothelial cells was important for the progression of 

malignancy in cancer cells. 

Next, since the invasive elongation of B16F1 spheroids was increased along to the 
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distance from HUVEC (Figs. 4-3, 4-4, 4-6), we picked up the B16F1 cell spheroids using a 

micromanipulator, and compared the gene expressions (Figs. 4-8B, 4-8C). We could collect 

6-10 cells from a B16F1 spheroid, respectively, and analyzed the mRNA expressions of all 

collected cells. The distance between B16F1 and HUVEC was calculated from the 

fluorescence images after 24 h co-culturing. Figs. 4-8B and 4-8C showed that the relative 

expression levels of a co-cultured B16F1 spheroid in each distance from HUVEC, compared 

to that of B16F1 monoculture. The mRNA expression levels of IL-6, MDR-1 and MMP-9 in 

B16F1 increased in inverse proportion to the distance of the HUVEC network, and these 

expressions were increased by 5, 3, and 2-fold, respectively, in the B16F1 close to HUVEC 

(within 80 µm distance) compared to that far from HUVEC (over 80 µm distance) (Fig. 4-8). 

This 80 μm distance from HUVEC was the distance that increased invasive morphology of 

B16F1 cells in Fig. 4-6. Since IL-6 and MMP-9 are important for invasion [6-10], the 

increase of these gene expressions was comparable to the invasive cell behaviors that exist 

within 80 µm from HUVEC displayed in Fig. 4-6. These gene expression levels of cytokines 

related to tumor invasion, and the gene expression level of drug-efflux transporter related to 

drug resistance in melanoma, indicating that the proximity to vascular endothelial cell 

enhanced melanoma malignancy. Therefore, the melanoma spheroid arrays co-cultured with 

vascular endothelial network on the Matrigel base layer with embedded collagen type-I 

demonstrate the importance of vascular network in invasive cell behaviors in bioengineered 

tumor microenvironments. 

 

4.4 Discussion 

Microengineering techniques for cellular analysis are gaining momentum as powerful 

tools to study cellular events for tissue-engineering and medical applications. In the field of 

cancer treatment, discovery of key factors affecting cell invasion and metastasis would be 



73 

 

 

possible using in vitro 3D cell culture models. Recently, in vitro 3D cell culture systems that 

mimic tumor microenvironments have attracted much attention for deepening understanding 

and hastening the development of treatment, since these models contain the structural 

architecture necessary for studying cellular interactions. Such systems possess distinct 

advantages over conventional cell culture systems, including the ability to produce 3D 

architecture with controlled and repeatable spatial relationships between the cells in ECM. 

Therefore, applying tissue-engineering concepts and microengineering techniques in these 

systems would be expected to bridge the gap between two-dimensional studies and in vivo 

animal models [35]. 

In the present study, we have investigated the effect of a vascular formed endothelial cell 

network on the invasive capacity of melanoma in a biomimetic microenvironment using the 

in vitro 3D co-culture patterning model (Fig. 4-1). It was demonstrated that through 

interactions of various types of cancer cell lines with vascular endothelial cells, genetic 

expression orchestrating tumor invasion was enhanced (Figs. 4-3-4-7, 4-8A). Thus, a vascular 

endothelial network with cellular and ECM components plays a crucial role in regulating the 

process of tumor invasion. It can be deduced that traditional 2D cultures or even 3D 

monocultures without ECM or vascular endothelial cells give inaccurate representations of 

cancer invasion or genetic progression than that of the natural tumor microenvironment.  

In individual cancer cell spheroids, it was clearly shown that the proximity to a vascular 

endothelial network accelerated the cancer invasive behavior and tumor-associated gene 

expression (Fig. 4-3-4-7, 4-8B, 4-8C). It is known that numerous kinds of cytokines including 

TNF-α secreted by HUVEC [4] have regulated malignant capacity and drug resistance of 

cancer cells [3, 34, 36-38]. However, since most cancer cells also overproduce various kinds 

of proteinase that promote digestion of ECMs and cytokines in the cancer microenvironment 

[39-41], the local concentration of these cytokines secreted by HUVEC should be decreased 
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according to the distance from the vascular network. Therefore, we considered that the 

malignant changes of invasive behavior and gene expression of B16F1 were caused by the 

difference in exposure amount of cytokines according to the distance from HUVEC.  

Also, since intercellular adhesion regulates cell growth, motility, and angiogenesis via 

N-cadherin or PKC signals [32, 34], many researchers have been focused on 

adhesion-mediated malignancy within tumors to understand the mechanism of metastasis. In 

this research, MDR-1 expression in spheroids adhered to HUVEC was higher than that of 

non-adherent spheroids within 80 μm distance from HUVEC (Fig. 4-9), since MDR-1 

expression has been stimulated via both paracrine signaling such as TNF-α and cell-to-cell 

adhesion [34, 37]. In contrast, there were no significant differences of IL-6 and MMP-9 

expressions in the adhered spheroids to HUVEC were comparable to that in non-adherent 

spheroids within 80 μm distance from HUVEC (Fig. 4-9), since these expressions were 

stimulated by paracrine signaling such as TNF-α [3, 36-38]. Thus, applying genetic 

engineering techniques such as fluorescent protein linked with the adhesion molecule in these 

systems, the cellular micropatterning method can provide useful models to investigate 

paracrine signaling and intercellular adhesion with high resolution real time monitoring. Our 

micropatterning method could clearly detect the increases of IL-6 expressions in individual 

B16F1 melanoma spheroids in each distance from HUVEC (Fig. 4-8B, 4-8C), while the 

average expression of whole B16F1 cells co-cultured with HUVEC showed no significant 

increase with that without HUVEC (Fig. 4-8A). Our co-culture model enables the observation 

of local changes in cell morphology as well as their gene expressions and leads to 

understanding of the cancer microenvironment. 

In addition, our automatically and non-destructive analysis system could observe the 

change of cancer spheroid elongation among various cell line, which had different invasive 

potentials. MDA-MB-231 was known as a highly metastatic cell line, and invased into 
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circulation within 30 days in mice model [42]. Hela and GCIY-EGFP also invased into 

circulation about 8weeks and 2-3 months in mice model, respectively [43, 44]. Although, the 

“distances of starting elongation” in this study were higher in order to this invasive potential 

of the cancer cell lines (MDA-MB-231 > Hela > GCIY-EGFP), this result would show that 

our co-culture model might have potential to observe the in vivo malignancy of cancer cells. 

Tumor cell behavior is regulated by its intrinsic properties as well as by its 

microenvironment, which comprises resident endothelial cells, ECM, and fibroblasts [28]. 

The fibroblasts involved in primary tumor formation and invasion are referred to as cancer 

associated fibroblasts (CAFs), we had evaluated the morphological and genetic interactions of 

melanoma in co-culture patterning model with fibroblasts using pin-holder device in our 

previous paper [27, 28]. However, the elongation of the B16F1 melanoma spheroids was 

changed only slightly in co-culture array with line-patterned normal human dermal fibroblasts 

(NHDFs). Line patterning devise was newly fabricated (Fig. 4-10A). The magnetically 

labeled NHDF was inoculated on a thin layer of Matrigel for the line patterning at seeding 

density of 3×10
5
 cells/dish (as same as the cell seeding density of HUVEC), and co-cultured 

with magnetically labeled B16F1 array at seeding density of 10 cells/spot (Fig. 4-10). 

Although we observed the active elongation and invasion of melanoma spheroids within an 

80 μm distance from HUVEC, the B16F1 melanoma spheroids co-cultured with NHDF did 

not almost move. In addition, Cedric Gaggioli et al. had reported that the squamous cell 

carcinoma (SCC) moved in groups and SCCs were always close to fibroblasts, appearing to 

move ‘along’ them [45]. The SCCs was activated the invasive capacity by the adhesion 

signaling such as integrin α3 and α5, indicating that cancer cells were passively activated the 

invasive capacity by CAFs. Therefore, the activation of the B16F1 invasiveness in our report 

suggested that HUVEC played a crucial role in cancer invasion than the surrounding 
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fibroblast, and our co-culture model with HUVEC was suitable for the observation of cancer 

invasive capacities than other co-culture models using the fibroblasts. 

Most conventional 3D invasion assays, such as microfluidic models or microwell 

platform analysis, have the complexity of building platforms, and those models have 

difficulty in cell manipulation for subsequent biological analysis. Therefore, many cancer and 

molecular biologists do not widely use 3D culture techniques for invasion assay and practical 

drug screening models [41]. On the other hand, our methodology is simple to construct, easy 

to handle and uses generally available cell culture dishes for cell patterning and culture. For 

analysis, manipulation of the target cell spheroids from the 3D spheroid array could be 

performed simply and directly using a micromanipulator. Thus, the 3D cell culture array has 

remarkable advantages for practical invasion model and several biological analysis of target 

cell. In addition, since 3D cell patterning can arbitrarily design spatial position of the target 

cells, it is effective to observe the various interactions of cancer cells with the co-existent 

somatic cells in the tumor environment. The spatial control of magnetically labeled HUVEC 

is also possible by magnetic patterning of HUVEC in network formation [26], which leads to 

the development of a vascular networking model in a larger spheroid. Also, the co-existence 

of stromal spheroids is possible by mixing with the collagen gel or laying the cellular sheet 

[28], which leads to further investigation of intercellular interactions, such as among 

cancer-vascular-stromal cells mimicking the progression of the tumor microenvironment. 

This in vitro 3D magnetic force-based cellular array technique is a functional tumor model 

that can be used in the future to elucidate the invasive capacity of tumor cells as well as their 

pharmacological responses. 

In conclusion, in vitro 3D magnetic force-based cell patterning method is a highly 

applicable technique for analysis, diagnostics, and drug screening in a biomimetic 

microenvironment.  
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Fig. 4-1. Magnetic force-based cell patterning using the pin-holder device for 

observation of invasive capacity of B16F1 melanoma associated with HUVEC. (A) 

Schematic diagram for fabrication of the 3D cell culture array. HUVEC was inoculated on a 

thin layer of Matrigel for network formation. The cell culture dish was placed on the 

pin-holder device which is placed on the neodymium magnet. The B16F1, magnetically 

labeled with MCL, were patterned by magnetic force. The patterned cells were then 

embedded with collagen gel. (B) Phase microscopic images of magnetically patterned B16F1 

melanoma cells using the pin-holder device with different spacing. The center-to-center 

distance of the pin-holder device was 250 µm (left) or 1000 µm (right) and the cells were 

arranged on pins according to magnetic force. Scale bars are 100 µm. 
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Fig. 4-2. Phase microscopic images of B16F1 melanoma and HUVEC monoculture in 3D 

and 2D. (A) Growth curve of B16F1 with or without magnetic cell labeling by MCL in 2D 

cell culture. B16F1 with or without magnetic cell labeling were grown on 10 cm dishes 

cultured in DMEM at seeding densities of 2×10
5
 cells/dish, and the living cell numbers were 

counted by trypan blue exclusion at each time points. (B) Phase microscopic images of 

B16F1 cells. Magnetically pattered B16F1 at seeding densities of 7.2×10
4
 cells/ml (10 

cells/spheroid, 250 µm interval pin-holder) with or without a layer of Matrigel was embedded 

with overlaid collagen (3D culture). The 2D culture was performed in comparison. (C) Phase 

microscopic images of HUVEC cells plated on Matrigel with or without a layer of Matrigel 

were embedded with overlaid collagen (3D culture) at seeding density of 3×10
5
 cells/dish. 

The 2D culture was performed in comparison. Scale bars are 100 µm. 
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Fig. 4-3. Fluorescent microscopic images of B16F1 (green) in 3D cell culture array with 

HUVEC network (red). Magnetically labeled B16F1 cells were arrayed at varying 

seed-densities over HUVEC network: 2.16×10
4
 cells/ml (A: average 1.5 cells/spheroid, 250 

µm interval pin-holder); 7.2×10
4
 cells/ml (B: average 10 cells/spheroid, 250 µm interval 

pin-holder) 2.16×10
4
 cells/ml (C: average 50 cells/spheroid, 1000 µm interval pin-holder); 

and 0 cells/ml (D). Time-lapse images were taken for three plates on 0 h and after 24 h (A-D). 

(E) The co-culture array was fabricated at B16F1seeding density of average 10 cells/spot, and 

time-lapse images were obtained at 4 h intervals from 0 h to 16 h. White arrows highlight 

B16F1 cells that have invaded the HUVEC network. Yellow arrows indicate the B16F1 that 

have spread along to the HUVEC network. Scale bar: 100 µm.  

(A)
24 h0 h

Green fluorescence of B16F1

24 h

(B)
0 h

Green fluorescence of B16F1

(C)
0 h 24 h

Green fluorescence of B16F1

0 h 24 h
(D)

(E)

16 h

12 h

4 h

0 h

8 h



80 

 

 

 

 

Fig. 4-4. Confocal microscopic images of B16F1 (green) invasion of HUVEC network 

(red). Magnetically labeled B16F1 cells were arrayed at 10 cells/spheroid with 250 µm 

interval over the HUVEC network, and images surrounding the HUVEC network were taken 

before (A-C) and after the 24 h co-culture (D-G). The representative sectional view of the 

HUVEC network before co-culture with B16F1 (B, C) and invasive points of B16F1 after a 

24 h culture (E-G). Scale bar: 10 µm.  
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Fig. 4-5. Fluorescent microscopic images of 4 cancer cell lines (green) in 3D cell culture 

array with HUVEC network (red). Magnetically labeled 4 cancer cell lines (MDA-MB-231, 

Hela M-1 GCIY-EGFP) were arrayed at varying seed-densities over HUVEC network at 

7.2×10
4
 cells/ml (average 10 cells/spheroid, 250 µm interval pin-holder). Time-lapse images 

were taken on 0 h and after 24 h with (A) or without HUVEC (B). White arrows highlight 

cancer cells that have invaded the HUVEC network. Yellow arrows indicate the cancer cells 

that have spread along to the HUVEC network. Scale bar: 100 µm.  
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Fig. 4-6. The length of B16F1 spheroids co-cultured with HUVEC network. The length of 

B16F1 cell spheroids patterned in 10 cells/spheroid with 250 µm interval were 

image-analyzed by the green fluorescence after a 24 h culture with the HUVEC network. The 

plot represents the length of each B16F1 spheroid. The solid and dotted lines show the 

average length and the average length ± 3 × SD of B16F1 cell spheroids in 3D cell 

monoculture array. 
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Fig. 4-6. The perimeter of spheroids of 4 cancer cell lines co-cultured with HUVEC 

network. The perimeter of spheroids of 4 cancer cell lines (MDA-MB-231, Hela, M-1, 

GCIY-EGFP) patterned in 10 cells/spheroid with 250 µm interval were image-analyzed by 

the green fluorescence after a 24 h culture with the HUVEC network. The plot represents the 

length of each cancer cell spheroid. The solid and dotted straight lines show the average 

length and the average length ± 3 × SD of cancer cell spheroids in 3D cell monoculture array. 

The solid curve line show the approximated curve using one phase decay. 
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Fig. 4-8. Gene expression of MMP-9, IL-6, and MDR-1 in B16F1 spheroids co-cultured 

with HUVEC network after 1-day culture. (A) Relative expression levels of MMP-9, IL-6, 

and MDR-1 in B16F1 cells of a whole culture dish. The asterisks indicated that P value was 

regarded as a significant difference compared to B16F1 monoculture group (* p < 0.05, **** 

p < 5×10
-5

). Data points represent means ∓ SD of 3 independent experiments. (B) Relative 

expression levels in each spheroid were plotted with the distance from the nearest HUVEC 

network. Each spheroid was picked-up using a micromanipulator. (C) The expression levels 

in each B16F1spheroid placed near (< 80 µm) and distant (> 80 µm) to HUVEC was 

compared. Expression data was normalized to each gene expressions found in B16F1 

monoculture using GAPDH as the reference gene. The asterisks indicated that P value was 
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regarded as a significant difference (* p < 0.05, ** p < 0.005, *** p < 1×10
-4

, **** p < 5×10
-5

, 

n = 5-10).  
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Fig. 4-9. Gene expressions in B16F1 spheroids that adhered or non-adhered to HUVEC. 

The expression levels in each B16F1 spheroid placed that adhered and non-adhered (< 80 

µm) to HUVEC was compared. Expression data was normalized to each gene expressions 

found in B16F1 monoculture using GAPDH as the reference gene. 
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Fig. 4-10. The length of B16F1 spheroids co-cultured with the line patterning of 

fibroblast. (A) The pin-holder device for creating the line patterning of human fibroblast cell 

line NHDF with different spacing. The center-to-center distance of the pin-holder device was 

1 mm to 7 mm, and the cells were arranged on pins according to magnetic force. (B) 

Schematic diagram for fabrication of the 3D cell culture array. The cell culture dish with a 

thin layer of Matrigel was placed on the pin-holder device with line patterning which is 

placed on the neodymium magnet. The NHDF, labeled with MCL and CellTracker orange, 

was inoculated on a thin layer of Matrigel for the line patterning at seeding density of 3×10
5
 

cells/dish, followed by 30 min incubation. The pin-holder device and the magnet were then 

removed from the culture dish. After 1-day culture, the cell culture dish was placed on the 

pin-holder device with array patterning which is placed on the neodymium magnet. The 

B16F1, labeled with MCL and CellTracker green, were patterned on the line patterning of 

NHDF for 30 min at seeding density of 10 cells/spheroid (1.8×10
5
 cells/dish). The patterned 
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cells were then embedded with collagen gel, the pin-holder device and the magnet were then 

removed from the culture dish. (C) Magnetically labeled B16F1 cells were arrayed at seeding 

density of 10 cells/spheroid over NHDF lines. Time-lapse images were taken for three plates 

on 0 h and after 24 h. White arrows highlight B16F1 cells that have elongated with the NHDF. 

Scale bar: 100 µm. (D) The length of B16F1 cell spheroids patterned in 10 cells/spheroid with 

250 µm interval were image-analyzed by the green fluorescence after a 24 h culture with the 

line patterning of NHDF. The plot represents the length of each B16F1 spheroid. The solid 

and dotted lines show the average length and the average length ± 3 × SD of B16F1 cell 

spheroids in 3D cell monoculture array. 
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TABLE 4-1. Sequences of primers for RT-PCR. 

  Human (sequence 5’-3’)   Mouse (sequence 5’-3’) 

  Forward Reverse   Forward Reverse 

GAPDH CCTGACCTGCCGTCTAGAAA TGCTGTAGCCAAATTCGTTG 

 

 AAGGGCTCATGACCACAGTC CACTGGGGGTAGGAACAC 

IL-6 TAGCCTCAATGACGACCTAAGCT GGGCTGATTGGAAACCTTATTAAG 

 

 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA 

MMP-9 TGGGTGTACGACGGTGAAAA CATGGGTCTCTAGCCTGATA 

 

GCATACTTGTACCGCTATGG  TAACCGGAGGTGCAAACTGG 

MDR1 CTGGTGTTTGGAGAAATGACAG CCCAGTGAAAAATGTTGCCATTGAC   AACACAGCCAACCTTGGAAC TGTTGCAATCTTTCCAGCAG 
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4.5. Summary 

In vitro three dimensional (3D) cancer models were developed to observe the invasive 

capacity of melanoma cell spheroids co-cultured with the vascular-formed endothelial cell 

network. An array-like multicellular pattern of mouse melanoma cell line B16F1 was 

developed by magnetic cell labeling using a pin-holder device for allocation of magnetic 

force. When the B16F1 patterned together with a vascular network of human umbilical vein 

epithelial cells (HUVEC), spreading and progression were observed along the HUVEC 

network. The B16F1 cells over 80 µm distance from HUVEC remain in a compact spheroid 

shape, while B16F1 in the proximity of HUVEC aggressively changed their morphology and 

migrated. The mRNA expression levels of IL-6, MDR-1 and MMP-9 in B16F1 increased 

along with the distance from the HUVEC network, and these expressions were increased by 5, 

3 and 2-fold in the B16F1 close to HUVEC (within 80 µm distance) as compared to that far 

from HUVEC (over 80 µm distance). Our results clearly show that malignancy of tumor cells 

is enhanced in proximity to vascular endothelial cells and leads to intravasation. 
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Chapter 5 

 

 

Efficient capturing of circulating tumor cells using a 

magnetic capture column and a size-selective filter 

 

 

 

5.1. Introduction 

Circulating tumor cells (CTCs) are frequently detected in patients with metastatic cancer 

and have been linked to poor prognosis [1]. Therefore, they can be used as a surrogate for 

primary tumor cells for the monitoring of tumor phenotypes and clinical stage [2, 3]. 

However, CTCs are rare, making their detection and isolation difficult; there are 1−10
2
 CTCs 

in 7.5 mL of blood, consisting of red blood cells (RBCs), white blood cells (WBCs), 

macrophages, and granulocytes, and so on [4]. Efficient enrichment is therefore a prerequisite 

for CTC detection and isolation, and the development of detection methods for CTCs has 

received a great deal of attention, the aim of which is earlier diagnosis of metastatic disease 

[5]. 

To date, many researchers have reported about CTC detection devices that utilize a 

captured antibody [6]. Indeed, the most common method for CTC capturing is 
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antibody-mediated capture, using an antibody to epithelial cell adhesion molecule (EpCAM). 

The CellSearch system (Veridex, Raritan, NJ), a semiautomated cell capture technology that 

was recently approved by the US Food and Drug Administration, enriches CTCs from whole 

blood by the use of antibody-coated ferrofluids that target epithelial cell markers such as 

EpCAM. Clinical studies using EpCAM-positive CTC detection demonstrated that the 

number of CTCs in peripheral blood could be used to predict the prognosis of patients with 

metastatic lung [4], breast [7], colorectal [8], and prostate cancer [9]. These CTCs were also 

found to be associated with clinical stage, disease recurrence, and disease monitoring before 

and after treatment [10, 11]. 

It is important to note that the concept of EpCAM-dependent assays is based upon the 

assumption that the presence of epithelial cells in peripheral blood indicates the presence of 

tumor cells. The expression of epithelial antigen is downregulated to increase invasiveness 

and metastatic potential by epithelial-to-mesenchymal transition (EMT) [12, 13]. Several 

studies have shown that the presence of EpCAM on tumor cells varies with tumor type [14, 

15]. Therefore, the use of EpCAM as a positive selection marker is not always optimal, and 

may not achieve stable and reproducible recovery of CTCs [5]. 

 Other researchers have developed CTC isolation methods based on differences in 

size and deformability between CTCs and coexisting hematologic cells [16-18]. These 

devices are based on the fact that almost all cultured epithelial tumor cells are larger than 

RBCs and WBCs, except for those of minor subgroups, such as small cell lung cancers. 

Advantages of these size-based capture devices are rapid and efficient enrichment of almost 

all CTCs, including cells undergoing EMT; low cost [17]; and easy isolation of single living 

CTCs, which is somewhat difficult to achieve by an antibody-coated microfluidic device and 

cell sorter type CTC enrichment device [19]. 

Recently, we have reported the use of a size-selective 3D palladium filter device for 
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capturing CTCs, and successfully achieved the detection, enrichment, isolation, and genetic 

analysis of CTCs in both preclinical and clinical settings [20]. However, we also found that at 

high flow rates (greater than 2 mL/min), the recovery rate of the spiked cancer cells from 

diluted human blood gradually decreased when using only this filter. Similarly, most other 

size-based methods of CTC capture from diluted or undiluted blood used low flow rates to 

increase the recovery rate [5, 17, 18], making CTC detection a time-consuming process. Thus, 

in the clinical setting, rapid and efficient capturing techniques are needed to obtain a 

sufficient number of CTCs for their practical detection from large volume blood samples, 

such as diluted blood. 

Magnetic cell capturing techniques using magnetic particles have also been the focus of 

much attention as a powerful and effective tool for CTC capture by binding cells to magnetic 

particles with a high capture rate [21]. Kang et al. successfully captured a high proportion of 

EpCAM-positive breast cancer cell line M6C cells (within 90% of the spiked M6C cells) 

using EpCAM antibody-conjugated magnetic nanoparticles and a microfluidic device at 0.02 

mL/min of the loading flow rate [22]. However, as mentioned above, this technique was 

antibody-dependent and still required the time-consuming step of binding CTCs to the 

antibodies. 

We have developed magnetite cationic liposomes (MCLs) that can be used for 

antibody-independent magnetic labeling of various kinds of human and mammalian cells 

[23-28]. Since the lipid component of the MCLs includes a cationic lipid and the surface of 

the MCLs is positively charged, MCLs have a high affinity to negatively charged cell surfaces. 

Magnetically labeled cells can be manipulated by magnetic force. We have previously shown 

that MCLs had little effect on cell viability, growth, differentiation, and gene expression [25, 

29], indicating that magnetically labeling cells with MCLs would have little effect on their 

original phenotypic characteristics, such as genetic traits and/or protein expression patterns. 
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Considering these advantages of MCLs, we envisaged that MCLs could be used for magnetic 

labeling of CTCs. The combined use of magnetic capturing and size-based capturing would 

improve the recovery process of CTCs, without use of any antibodies. 

 In the present study, we constructed a magnetic capture column and investigated 

whether the combined use of the magnetic capture column and a size-selective filter [20] 

improved the CTC recovery process (Fig. 5-1). In this process, a relatively large blood 

volume is transferred into the magnetic capture column at a high flow rate, CTCs labeled with 

MCLs in the blood are captured within the magnetic column by magnetic force, and the 

captured CTCs are then gently sorted by the size filter at a low flow rate with a small volume 

of phosphate buffer saline (PBS). 

 

5.2. Materials and methods 

5.2.1. Cell culture 

In this study, the GCIY-EGFP cell line was used as a model of metastatic cancer cells. 

GCIY is a poorly differentiated human gastric carcinoma cell line (RIKEN Cell Bank, Ibaraki, 

Japan); GCIY-EGFP cells express green fluorescent protein (GFP), as described previously 

[30]. The GCIY-EGFP cell line was cultured on 10 cm dishes in Dulbecco’s Modified 

Eagle’s Medium, high glucose (Invitrogen, Gaithersburg, MD, USA) supplemented with 10% 

fetal bovine serum (FBS) (Invitrogen), 0.1 μg/mL streptomycin sulfate, and 100 U/mL 

potassium penicillin G (Invitrogen). 

The RPMI1788 cell line, a human lymphoblastoid cell line (RIKEN Cell Bank) was 

cultured on 10 cm dishes in Roswell Park Memorial Institute (RPMI) 1640 medium 

(Invitrogen), supplemented with 10% FBS (Invitrogen), 0.1 μg/mL streptomycin sulfate, and 

100 U/mL potassium penicillin G (Invitrogen). Cells were cultured in a humidified 5% CO2 

incubator at 37 °C. To evaluate the capture rate of RPMI1788 cells as a model white blood 
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cells (WBC) using the size-selective filter with or without the magnetic capture column, 

RPMI1788 cells were stained with CellTracker Orange (CMTMR; Molecular Probes, Eugene, 

OR, USA). The average sizes of these cells were 12.8 ± 3.5 µm (GCIY) and 8.5 ± 3.5 µm 

(RPMI1788), respectively, based on image analysis. 

 

5.2.2. Preparation of MCLs 

MCLs were prepared as described in 2.2.2. Magnetite nanoparticles (Fe3O4, mean 

diameter 10 nm, saturated magnetization 63.9 Am
2
/kg, residual magnetization 2.6 Am

2
/kg, 

and coercivity 2.0 kA/m; Toda Kogyo Co., Hiroshima, Japan) and a lipid mixture of 

N-(a-trimethylammonioacetyl)-didodecyl-D-glutamate chloride, dilauroyl 

phosphatidylcholine, and dioleoylphosphatidylethanolamine at a respective molar ratio of 

1:2:2 were used. 

 

5.2.3. Evaluation of MCL uptake to spiked cancer cells in human blood 

To evaluate the uptake of MCLs to spiked cancer cells in whole human blood, we 

examined the magnetite concentration of cancer cells spiked into blood samples taken from 3 

healthy volunteers under written informed consent. Blood was diluted 5-fold with PBS, 10 

mL samples of which were spiked with either 1 × 10
5
 GCIY-EGFP cells (as a cancer cell 

model) or 1 × 10
5
 RPMI1788 cells (as a WBC model). We then incubated the blood samples 

with MCLs equivalents to a total amount of 3 µg or 10 µg magnetite for 10 minutes. The 

whole cells in the blood samples were collected by centrifugation, and the concentration of 

magnetite was evaluated using the potassium thiocyanate method, as described previously 

[27]. To evaluate the distributions of MCLs to GCIY-EGFP or RPMI1788 cells in the 

co-existing conditions of the RBCs, we calculated the difference of MCL uptake into each 

cell type, and divided by the spiked cell numbers as follows: 
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MCL uptake [pg/cell] = {(Amount of MCLs with spiked GCIY-EGFP or RPMI1788 

cells [pg]) - (Amount of MCLs without spiked GCIY-EGFP or RPMI1788 cells [pg])} / 

(Number of spiked cells [cell]) 

In addition, we evaluated the MCL uptake to RBCs from the magnetite concentration of 

the non-spiked blood sample, divided by the total number of RBCs. The concentration of 

RBCs was determined using a hemocytometer as described previously [31]. 

Furthermore, we obtained human peripheral blood mononuclear cell (PBMC) as a native 

WBC model, and compared the MCL uptake of PBMCs to that of RPMI1788. PBMCs were 

isolated from blood samples of one healthy volunteer under written informed consent using 

density gradient centrifugation on Histopaque (Sigma-Aldrich; St. Louis, MO, USA). Either 1 

× 10
5
 PBMCs or 1 × 10

5
 RPMI1788 cells was spiked into 1 mL of PBS and incubated with 

MCLs equivalents to 10 µg of magnetite for 10 min. These cells were collected by 

centrifugation and the concentration of magnetite was compared using the potassium 

thiocyanate method [27]. 
 

5.2.4. Fabrication of the magnetic capture column 

The magnetic capture column was fabricated to capture the magnetically labeled cells 

and to improve the recovery rate of cancer cells on the size-selective filter at a high flow rate 

(Fig. 5-2A). Each column has a base of acrylate, measuring approximately 42 (length) × 20 

(width) × 5 (height) mm. A bed type vertical milling machine (Model YZ-8WR; 

YAMAZAKI GIKEN Co. Ltd., Kochi, Japan) with a steel end mill (Model EDS, φ = 2 mm; 

OSG, Kochi, Japan) was used to construct the crater for magnets (dimensions of 22 (length) × 

20 (width) × 3.5 (depth) mm) and the inner cavity (dimensions of 22 (length) × 10 (width) × 

0.2 (depth) mm). The size of the inner cavity of the column was optimized to trap the 

magnetically labeled cells on the cavity surface at a high flow rate of blood (greater than 20 
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mL/min) in the preliminary experiment. We constructed two copies of each part, which were 

adhered using acrylic adhesive (Acryl Dine A, Shinko Plastics Co. Ltd., Tokyo, Japan). The 

total size of the column is approximately 42 (length) × 20 (width) × 10 (height) mm, and the 

total size of the inner cavity is approximately 22 (length) × 10 (width) × 0.4 (depth) mm. 

 

5.2.5. Fabrication of the size-selective capture filter 

The size-selective capture filter was produced by microfabrication technology, consisting 

of lithography and electroforming processes, as described previously (Fig.5-2B) [20]. A 

photo-sensitive coating (photo-resist) was applied to a metal substrate and resist patterns 

(photomasks) formed on this conductive substrate using a UV or X-ray lithography process 

and rises off the solved photo-resist. Metal molecules, Pd or Pd-Nickel (4:1) alloy, 

electrodeposited on the matrix (substrate) in areas not masked with photo-resist (i.e., the 

patterned surface), were thicker than the resist, resulting in an overhang on the resist formed 

on the substrate via electroforming. Once the material was deposited at the desired thickness, 

the electroformed part could be stripped off from the metal substrate and the product was 

complete. The finished filter had holes with a round shape resembling a bell mouth. 

 

5.2.6. Evaluation of recovery rate 

For magnetic cell labeling, we dispersed MCLs in a 10 mL sample containing cancer 

cells to a total amount of 10 µg of magnetite, incubated for 10 minutes. To capture the cancer 

cells using the size-selective filter combined with the magnetic capture column, 10 mL of 

magnetically-labeled sample containing cancer cells was loaded into the magnetic capture 

column with neodymium cuboid magnets (437 mT, Magfine, Miyagi, Japan) at 0.5-20 

mL/min using a syringe pump (KDS100, KD Scientific, MA, USA). Next, the size-selective 

filter setting in Swinnex Filter Holder (13mm, Merck Millipore, Darmstadt, Germany) was 
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added to the column after detaching the magnet from the column, and magnetically captured 

cells were sorted using a syringe pump (kd Scientific) with 3 mL of PBS at 0.5 mL/min. The 

cells captured on the size-selective filter were directly observed and counted using a 

fluorescence microscope (Model IX81; Olympus Co., Tokyo, Japan) to evaluate the recovery 

rate of the cancer cells. 

To evaluate the recovery rate of the size-selective filter with the magnetic capture column, 

we prepared the loading samples which was included average 100 GCIY-EGFP cells in 10 

mL of PBS or FBS, and incubated the loading samples with MCLs containing 10 µg of 

magnetite. Then, we captured the cells using the size-selective filter with the magnetic 

capture column, and counted the captured cells on the filter by a fluorescence microscope. 

To evaluate the recovery rate from coexisting cells, 100 GCIY-EGFP cells and 2 × 10
5
 

orange fluorescent-labeled RPMI1788 cells in 10 mL of FBS were labeled by MCLs and 

captured magnetically in the capture column at a flow rate of 10 mL/min. After counting of 

these captured cells in the magnetic capture column by the green and orange fluorescent 

observation, these captured cells were sorted with 3 mL of PBS at 0.5 mL/min, and counted 

the remained cells in the magnetic capture column and the captured cells in the filter. 

Furthermore, to evaluate the capture sensitivity of the rare spiked cancer cells from the 

coexisting cells using the combined method, 5, 10, 50, or 100 GCIY cells were spiked into 10 

mL of FBS with 2 × 10
5
 RPMI1788 cells, and the capture rates were compared among the 

different spike conditions using the same method described above. 

To evaluate the recovery rate from human blood, we spiked 100 GCIY-EGFP cells in 10 

mL of 5-fold diluted human blood with PBS. After magnetically labeling, the cells were 

captured using the size-selective filter with the magnetic capture column, and counted the 

captured cells on the filter. The blood was obtained from 3 healthy volunteers under written 

informed consent. 
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Every recovery rates were calculated as follows: 

Recovery rate [%] = (Number of captured cells [cells]) / (Number of spiked cell numbers 

[cells]) × 100. 

 

5.2.7. CTC capture from whole blood in a mouse model of metastasis 

Seven- to eight-week-old male athymic nude mice (KSN strain) were obtained from 

Shizuoka Laboratory Animal Center (Hamamatsu, Japan) and maintained under specific 

pathogen-free conditions. All animal experiments were performed according to protocols 

approved by the Ethics Review Committee for Animal Experimentation of the Aichi Cancer 

Center and met the standards defined by the United Kingdom Coordinating Committee on 

Cancer Research guidelines. 

We developed mice CTC models as reported previously [20]. Briefly, exponentially 

growing GCIY-EGFP cells were harvested with trypsin-EDTA, washed with Hank’s balanced 

salt solution (HBSS), and resuspended in HBSS. A tumor cell suspension (5 × 10
6
 cells/0.2 

mL) was subcutaneously injected into the back and lower abdominal flanks of the nude mice. 

After 1-3 months, blood was harvested from the posterior caval vein of the mice, and lung 

tissue was obtained after dissection. 

Approximately 1 mL of whole blood was 5-fold diluted with PBS and then incubated for 

10 minutes with MCLs at a total amount of 10 µg magnetite for magnetic labeling. CTCs 

were captured using the size-selective filter with or without the magnetic capture column, at a 

flow rate of 10 mL/min for magnetic capture and at 0.5 mL/min, for cell sorting. The captured 

GFP-positive cells on the size-selective filter were observed and counted using a fluorescent 

microscope (Model IX81). The captured GFP-positive cells were collected using a 

micromanipulator. The phase-contrast and fluorescent images of the captured cells were 

obtained using a microscope (Model IX81) and were merged using image analysis software 
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(MetaMorph, Universal Imaging Co., Downingtown, PA, USA). The CTC capturing 

experiment was performed three times (Experimental No. 1, 2, and 3 in Table 5-1). 

 

5.2.8. Statistical Analysis 

The statistical significance of differences in data between groups was determined by 

applying Student’s t-test or Welch’s two-tailed t-test. 

 

5.3. Results 

5.3.1. Uptake of MCLs to spiked cancer cells in human blood 

From capture of CTCs by magnetic force in the magnetic column, the cells first need to 

be labeled magnetically by MCLs in the blood. Thus, we firstly quantified the amount of 

magnetite uptake to the spiked cancer cells in human blood. Blood from volunteers under 

written informed consent was diluted 5-fold with PBS, 10 mL samples of which were spiked 

with GCIY-EGFP cells. The spiked blood samples were then incubated with MCLs. 

Fig. 5-3A shows the time course of magnetite uptake to the spiked GCIY-EGFP cells. 

Time-dependent increases of magnetite uptake were observed, and the uptake to the spiked 

GCIY-EGFP cells was around 2-3-fold higher in the 10-µg magnetite group than in the 3-µg 

magnetite group. After only 3-minute incubation, more than 15 pg magnetite/cell was 

observed in the spiked GCIY-EGFP cells of the 10-µg magnetite group. The MCL uptake 

profile of spiked RPMI 1788 cells were similar to that of GCIY-EGFP cells (Fig. 5-3B), 

whereas uptake by RBCs was low (less than 5 × 10
-5

 pg/cell) (Fig. 5-3C). We confirmed that 

magnetically labeled cells with more than 10 pg magnetite/cell could be captured 

magnetically using a flow chamber (data not shown). These results indicate that CTCs and 

WBCs in the blood would be captured to the column and separated from RBCs by magnetic 

capturing processes (Fig. 5-1A-i). We also confirmed that the addition of a 10 µg magnetite 
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equivalent of MCLs and incubation for 10 minutes were sufficient conditions for GCIY-EGFP 

cells in PBS or FBS-containing solution to be labeled magnetically in sufficient numbers to 

be captured by the column. Thus, we adopted these conditions for magnetic labeling of cells 

in our subsequent experiments. In addition, the size of the magnetic labeled GCIY-EGFP cells 

did not change significantly compared to that of the non-labeled GCIY-EGFP cells by 

microscopic observation (data not shown), indicating that this labeling method did not be 

affect to the size-based capturing. 

 

5.3.2. Recovery rate of spiked cancer cells by the size-selective filter device combined 

with the magnetic column 

We next evaluated the recovery rate of spiked cancer cells using the combination of the 

magnetic capture column and the size-selective filter (Fig. 5-1A). GCIY-EGFP cells were 

spiked into 10 mL of the sample solutions and labeled magnetically with MCLs. To 

investigate the effects of sample viscosity, we used both FBS as a sample of undiluted serum 

with a high-viscosity and 5-fold diluted FBS with PBS (20% FBS/PBS) as a sample of 5-fold 

diluted serum, because FBS has 1.8-fold higher viscosity than PBS. 

Firstly, we determined recovery rates using the filter only (Fig. 5-4A). The size-selective 

filter had high recovery rates at a sample flow rate of 0.5 mL/min (89.0% from PBS, 85.7% 

from 20% FBS/PBS, and 80.7% from 100% FBS). However, the recovery rates gradually 

decreased with increasing the flow rate, as described previously [20]. Recovery rates at 20 

mL/min were 64.3% in PBS, 48.7% in 20% FBS/PBS, and 43.3% in 100% FBS. Based on 

these results, we decided to use 0.5 mL/min flow rate and PBS containing to magnetically 

capture cells for the size-selective capturing process (Fig. 5-1A-ii). 

Next, we determined the optimal sample flow rate into the magnetic capture column for 

the magnetic capturing process (Fig. 5-1A-i) to achieve high recovery rates of the spiked 
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cancer cells. GCIY-EGFP cells were spiked into 100% FBS or 20% FBS/PBS and the sample 

flow rates at 2, 5, 10, and 20 mL/min were examined. As shown in Figs. 5-3B and 5-3C, the 

recovery rates were as high for the combination of the magnetic capture column and the filter 

as those using the filter only at 0.5 mL/min of the loading flow rate for almost all conditions, 

with the excepting of 20 mL/min for 100% FBS. Recovery rates were 85.7%, 83.3%, and 

84.7% at 2, 5, and 10 mL/min respectively for 100% FBS; and 89.3%, 86.3%, 82%, and 82% 

at 2, 5, 10, and 20 mL/min respectively for 20% FBS/PBS. Since a 10 mL/min flow rate gave 

a high recovery rate for both solutions, we used 10 mL/min for sample flow into the column 

in the subsequent experiments. 

We found that high recovery rates of the spiked cells could be achieved rapidly by the 

combination of the column and the filter compared to the use of the filter only (Figs. 5-3B 

and 5-3C). For example, to process 10 mL of the 100% FBS samples (a model of undiluted 

blood), 7 minutes was required for the combination of column and filter (Fig. 5-4B): 10 

mL/min for 10 mL of sample in the magnetic capturing process, and 0.5 mL/min for 3 mL 

PBS in the size-selective capturing process (Fig. 5-1A). By contrast, 20 minutes was required 

to process the same sample using the filter alone: 0.5 mL/min for 10 mL of sample (Fig. 

5-4B). Furthermore, to process 50 mL of 20% FBS/PBS samples (a model of 10 mL of blood, 

diluted 5-fold), 11 minutes was required for the combination of column and filter, whereas 

100 minutes was required for the filter alone (Fig. 5-4C). Therefore, the combination of the 

magnetic capture column and the size-selective filter would be suitable for efficient and rapid 

capturing of CTCs. 

 

5.3.3. Separation of spiked cancer cells and coexisting lymphocytes by use of the column 

and filter 

Since incubation with MCLs labels both cancer cells and WBCs in the blood (Fig. 5-3), 
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cancer cells and WBCs cannot be separated using the magnetic capture column alone. Thus, 

we investigated whether these cell types could be separated by the combined use of magnetic 

capture column and the size-selective capture filter. We spiked GCIY-EGFP cells and 

RPMI1788 cells in 10 mL of FBS, labeled them with MCLs, flowed the sample solution into 

the column at 10 mL/min, and flow-captured cells through the filter using 3 mL of PBS at a 

flow rate of 0.5 mL/min. 

After magnetic capture, we observed large numbers of GCIY-EGFP cells and RPMI1788 

cells with orange fluorescent labeling on the inner surface of the magnetic column (upper 

image in Fig. 5-5A). The capture rates were 97.7% ± 1.50% for GCIY-EGFP cells and 97.5% 

± 1.50% for RPMI1788 cells (graph in Fig. 5-5A). 

After flowing of the captured cells to the filter, few cells were observed on the inner 

surface of the column (lower image in Fig. 5-5A). The capture rates were significantly 

decreased to 3.3% for GCIY-EGFP cells and 4.0% for RPMI1788 cells (graph in Fig. 5-5A). 

These results indicated that the magnetic capture column could capture and release almost all 

magnetically labeled cells in the sample. In the size-selective filter, we observed numerous 

GCIY-EGFP cells, whereas few RPMI1788 cells were observed on the filter (images in Fig. 

5B). The recovery rate of GCIY-EGFP cells was 87.0% ± 3.0% and that of RPMI1788 cells 

was 3.7% ± 0.50%; the recovery rate of GCIY-EGFP cells was therefore 17.4-fold higher than 

that of RPMI1788 cells (graph in Fig. 5-5B). We also evaluated the percentage of 

GCIY-EGFP cells in the total captured cells; 100 GCIY-EGFP cells and 1 × 10
4
 RPMI1788 

cells labeled with orange fluorescence were spiked into 10 mL of FBS, and the recovery of 

the cells was performed by using both of the column and filter. As a result, 70.4% of the total 

captured cells were GCIY-EGFP cells (data not shown).  

Furthermore, we investigated the capturing sensitivity of the rare spiked cancer cells 

from the coexisting cells. Either 5, 10, 50, or 100 GCIY cells were spiked into a 10-mL 
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solution with 2 × 10
5
 RPMI1788 cells, similar to in vivo blood samples [4]. The combined use 

of a magnetic capture column and the size-selective capture filter had a sensitivity that 

captured an average of 3.7 ± 0.58 cells/5 spiked GCIY-EGFP cells (Fig. 5-5C). From these 

results, we conclude that the combined use of the magnetic capture column and the 

size-selective filter could selectively recover cancer cells at a high recovery rate from a 

sample containing WBCs. 

 

5.3.4. Recovery rates of spiked cancer cells from human blood 

We examined whether cancer cells could be recovered at a high rate from blood (which 

contains WBCs and RBCs) by using the combination of the column and filter. We spiked 

GCIY-EGFP cells into 10 mL of 5-fold diluted human blood and the recovery of the cells was 

performed. Since 7 minutes are required to recover the cells for the combined experiment, the 

total time required to filter the sample was set at 7 min for the filter only experiment; 10 mL 

of the sample was flowed to the filter at 1.43 mL/min. As shown in Fig. 5-6, the recovery rate 

for the combination of the magnetic column and the filter (80.7% ± 4.0%) was significantly 

higher than that of the filter only (64.7% ± 2.5%), using the same time for capturing. 

 

5.3.5. Capturing of CTCs from the blood of metastatic tumor model mice 

Finally, to test the diagnostic potential of our capturing device, we developed mice CTC 

models and demonstrated CTC capture from blood withdrawn from the model mice. 

GFP-positive GCIY-EGFP cells were subcutaneously injected into mice and macroscopic 

lung metastasis was observed within 2-3 months of the injection (Fig. 5-8). We were able to 

capture GFP-positive cells from the blood of these mice using the combination of the column 

and the filter, and the number of captured GFP-positive cells was significantly higher than the 

number captured using only the size-selective filter (Fig. 5-7 and Table 5-1, p <0.01,
 
2-fold). 
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In the mouse model used in this study, the lung metastasis remained small, at less than 1 mm 

in diameter (Fig. 5-8). This indicates that our device could capture CTCs during a relatively 

early stage of metastatic development in mice. 

 

5.4. Discussion 

In the present study, we constructed a magnetic capture column for combined use with a 

size-selective filter. By using the developed column and the filter together, we succeeded in 

rapid and highly efficient recovery of the spiked cancer cells, as the model of CTCs, from 

blood samples spiked with cancer cells (Figs. 5-3 and 5-5) and the CTCs from the blood of 

metastatic model mice (Fig. 5-6 and Table 5-1). In contrast, previously reported size-based 

devices for CTC capture could capture CTCs at high recovery rates only at low loading flow 

rates of 0.2-2 mL/min [5, 17, 32], making cell capture a time-consuming process. Thus, our 

combined process has the potential to allow a more rapid and efficient diagnosis based on 

CTC capture and detection. 

We observed higher MCL uptake to spiked cancer cells and WBCs than to RBCs in 

whole human blood (Fig. 5-3). This low MCL labeling level of RBCs might be due to 

differences in cell properties between RBCs, and cancer cells or WBCs. For example, cancer 

cells and lymphocytes have greater negative surface potential than RBCs, and have more 

phagocytic capacity than RBCs [33-35]. Based on differences in the MCL labeling level, we 

could separate the cancer cells and WBCs from RBCs in our magnetic capture column (Figs. 

5-6 and 5-7). Since the MCL uptake of native human PBMC spiked into PBS was not 

significantly different than that of RPMI1788 (27.8 ± 7.7 pg/cell and 30.3 ± 4.7 pg/cell, 

respectively), we inferred that the MCL uptake of RPMI1788 in this study could represent the 

MCL uptake of native human PBMCs. Since hemoglobin, which is the major protein of RBCs, 

can affect the results of PCR [36], the separation of the large number of RBCs from the other 
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cells existing in the blood would be important for accurate gene expression analysis of these 

cells. Considering these results, our method may be useful for gene expression analysis of 

captured CTCs. 

Since we have confirmed that the magnetically labeled cells at greater than 10 pg/cell 

could be captured by the column, we added a 10-µg magnetite equivalent of MCLs to the 

sample and incubated it for 10 min for sufficient cell labeling (Figs. 5-4-5-7, Table 5-1). In 

the present study, we did not consider the MCL labeling time required to recover the cells by 

the combined method of the column and the filter, and did not optimize the labeling 

conditions. However, our data suggested that the MCL labeling time would be shortened. As 

shown in Fig. 5-3, a 3-min incubation for 10 µg of MCL could achieve greater than 10 pg/cell. 

Our previous study also indicated that less than 1 min of incubation time provides sufficient 

magnetic labeling for the magnetic separation, and an increase of the amount of MCL resulted 

in an increase in the magnetite uptake [37]. Furthermore, we expect that if the MCLs are 

stored in the blood-collecting vessel, the magnetic cell labeling by MCL might be achieved 

during a blood draw, which is essential for CTC detection from blood samples. Therefore, 

future optimization of the MCL labeling conditions would make our combined method more 

practical. 

CTCs captured from blood could be used as a surrogate for primary tumor cells for the 

purposes of monitoring tumor phenotypes and clinical stage [2, 3]. We have successfully 

performed gene expression analysis of captured GCIY-EGFP cells, as a model of CTCs, by 

collecting the cells using a micromanipulator in the spike experiment in vitro, as previously 

reported [25]. This analysis found that Muc-2 gene expression levels of captured GCIY-EGFP 

cells were similar to that of cultured GCIY-EGFP before MCL labeling (Unpublished data). 

Muc-2 is an epithelial tumor marker in various cancers [38-40], and its expression has been 

shown to be related to tumor malignancy [41]. Furthermore, magnetic cell labeling by MCLs 
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has not been shown to affect the proliferation and differentiation of any of the various types 

of normal and cancer cells labeled by this method, including human stem cells [29, 25]. 

Considering these results, it was concluded that MCLs and the magnetic capturing process 

did not disturb the analysis of the captured CTCs. 

Moreover, we found that a portion of the CTCs captured from metastatic model mice 

showed a proliferative ability in vitro (unpublished data). The magnetic capture column did 

not affected the viability of GCIY-EGFP cells (after capturing: 97.6 ± 0.9%, before capturing: 

98.8 ± 1.1%), and the size-selective filter could be used for the gentle isolation of live CTCs 

with less cellular stress than that of conventional antibody-based techniques [20]. Therefore, 

our combined method would be more suitable to capture viable CTCs than the conventional 

techniques. We plan to analyze the sensitivity of CTCs to anti-cancer drugs. This might open 

up the possibility to utilize CTC capture in diagnosis and anti-cancer treatment planning for 

patients with metastatic cancer in the future. 

In conclusion, the combined use of the magnetic capture column and the size-based 

capturing filter is a promising process for the rapid and efficient isolation and genetic analysis 

of CTCs from peripheral blood. 
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Fig. 5-1. Schematic diagram of magnetic column combined with size-selective filter for 

circulating tumor cell (CTC) capture Schematic diagram of fabrication of the CTC capture 

device using the magnetic column and size-selective filter. Blood containing CTCs was 

magnetically labeled using magnetite cationic liposomes (MCLs) and magnetically labeled 

cells were captured by the magnetic column. These captured cells were then sorted and CTCs 

were size-selectively captured on the filter. 
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Fig. 5-2. Characterization of the magnetic column and size-selective filter (A) 

Photographs and illustrations of the magnetic CTC capture column. The column included an 

inner cavity and a cassette of magnets to capture magnetically labeled cells. (B) (i) 

Macroscopic view and (ii) SEM image (lower panel) of the size-selective filter. Scale bars: 1 

cm (upper panel), and 30 µm (lower panel). (iii) Section view of the size-selective filter, with 

8-μm pores in the lower layer and 30-μm CTC capture pockets in the upper layer. 
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Fig. 5-3. Uptake of magnetite cationic liposomes (MCLs) to spiked cancer cells in human 

blood MCLs were distributed to the spiked cancer cells (GCIY-EGFP), lymphocytes (RPMI), 

and red blood cells (RBCs) in human blood, and the uptake of magnetite to each cell type 

were evaluated by the colorimetric method using thiocyanate. Graphs show the uptake to (A) 

GCIY-EGFP, (B) RPMI1788, and (C) RBCs. Data are presented as mean ± SD, n = 3. 

 

  

0

10

20

30

40

50

0 10 20 30 40

M
a
g

n
e
ti

te
 u

p
ta

k
e

[p
g

/c
e
ll
]

Incubation time [min]

10 µg-MCL

3 µg-MCL

GCIY-EGFP

(A) 

0

10

20

30

40

50

0 10 20 30 40

M
a
g

n
e
ti

te
 u

p
ta

k
e

[p
g

/c
e
ll
]

Incubation time [min]

10 µg-MCL

3 µg-MCL

RPMI1788

(B) 

0

10

20

30

40

50

0 10 20 30 40

M
a
g

n
e
ti

te
 u

p
ta

k
e

[p
g

/c
e
ll
]

Incubation time [min]

10 µg-MCL

3 µg-MCL

RBC

(C) 



116 

 

 

 

 

Fig. 5-4. Recovery rate of spiked cancer cells by the size-selective filter device combined 

with the magnetic column (A) Recovery rate of spiked cancer cells by the size-selective 

filter only. Samples containing 100 GCIY-EGFP cells in PBS, 20% FBS/PBS, and 100% FBS 

were prepared, and the spiked GCIY-EGFP cells were captured using the size-selective filter 

device only. Data are presented as mean ± SD, n = 3. Asterisks indicate that the P value was 

regarded as a significant difference compared to the control group, which was captured from 

PBS at 0.5 mL/min using the size-selective filter only (* p <0.05, ** p <0.01, *** p <5×10
-3

, 

**** p <1×10
-3

, ***** p <5×10
-4

), and N.S. indicates no significant difference. (B) Capture 

time and recovery rate of spiked GCIY-EGFP cells from 100% FBS (as a model of 
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non-diluted serum) using the size-selective filter, with or without the magnetic column at 

various loading flow rates. Black icons show the recovery rate at various loading flow rates 

using the size-selective filter device with the magnetic column; the white icon shows the 

recovery rate using the filter only at 0.5 mL/min. Data are presented as mean ± SD, n = 3. 

Asterisks indicate that the P value was regarded as a significant difference compared to the 

control group, which was captured from PBS at 0.5 mL/min using the size-selective filter 

only (* p <0.05), and N.S. indicates no significant difference. (C) Capture time and recovery 

rate of spiked GCIY-EGFP cells from 20% FBS/PBS (as a model of 5-fold diluted serum) 

using the size-selective filter only, with or without the magnetic column at various loading 

flow rates. Black icons show the recovery rate at various loading flow rates using the 

size-selective filter device with the magnetic column; the white icon shows the recovery rate 

using the filter only at 0.5 mL/min. Data are presented as mean ± SD, n = 3. N.S. indicates no 

significant difference compared to the control group, which was captured from PBS at 0.5 

mL/min using the size-selective filter only (* p <0.05).  
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Fig. 5-5. Recovery rate of spiked cancer cells from coexisting lymphocytes (A) Capture of 

GCIY-EGFP cells from coexisting lymphocytes (RPMI1788) using the magnetic capture 

column. The left panels show microscopic images of the magnetic capture column after 

magnetic capture (upper) or after sorting the magnetically captured cells to the size-selective 

filter (lower). The right graph shows the capture rate of magnetically labeled cells in the 

magnetic capture column after the magnetic capturing, or after the sorting the magnetically 

captured cells to the size-selective filter. (B) Capture of GCIY-EGFP cells from coexisting 

lymphocytes (RPMI1788) in 100% FBS using the size-selective filter and the magnetic 

column. The left panels show microscopic images of the captured cells in the size-selective 
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filter after sorting the magnetically captured cells to the size-selective filter. The right graph 

shows the recovery rate of GCIY-EGFP and RPMI1788 cells in the size-selective filter with 

the magnetic capture column. Data are presented as mean ± SD, n = 3. Asterisks indicated 

that the P value was regarded as a significant difference compared to the control group († p 

<5×10
-5

, †† p <1×10
-7

, ††† p <5×10
-8

). Scale bar: 100 µm. (C) Capture efficiencies of the 

spiked GCIY-EGFP cells into 100% FBS (5 to 100 GCIY-EGFP cells in a 10-mL solution 

with 2 × 10
5
 of RPMI1788 cells) obtained using the size-selective filter with the magnetic 

capture column. 
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Fig. 5-6. Recovery rate of spiked cancer cells from human blood Recovery rates of spiked 

GCIY-EGFP cells from 10 mL of 5-fold diluted human blood using the size-selective filter 

and the magnetic column. “Magnetic column + filter” means the recovery rate using the filter 

with the magnetic capture column at a total capture time of 7 min (1 min for magnetic 

capturing at 10 mL/min, and 6 min for sorting to the filter at 0.5 mL/min). “Filter only” 

means the recovery rate using the filter at the same total capture time (7 min for filtering at 10 

mL/7 min). Data are presented as mean ± SD, n = 3. Asterisks indicate that the P value was 

regarded as a significant difference compared to the filter only (*** p <5×10
-3

). 
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Fig. 5-7. Microscopic images of representative captured EGFP-positive cells from whole 

blood of tumor bearing mice. EGFP-positive cells were magnetically labeled by magnetite 

cationic liposomes, and were captured from the whole blood of tumor bearing mice using the 

size-selective filter device combined with the magnetic column. Scale bar: 10 µm. 
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Fig. 5-8. Lung metastasis in the spontaneous metastasis model of nude mice for 

circulating tumor cell (CTC) capture The lungs of nude mice were obtained 2-3 months 

after subcutaneous injection of GFP-tagged EGFP cells, and the two representative 

photographs (A) and fluorescent images (B, C) were taken. Scale bar: 200 µm. 
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Table 5-1. Numbers of EGFP-positive cells capture from the whole blood of tumor 

bearing mice 

Experiment 

No. 
Magnetic capture + filter 

Filter 

only 

1 22 8 

2 18 12 

3 16 5 

Average 18.7 8.3 

The number of captured EGFP-positive cells using the combination of the magnetic capture 

and the filter was significantly higher than the number captured using only the size-selective 

filter (p <0.01). 

 

  



124 

 

 

5.5. Summary 

Detecting and analyzing circulating tumor cells (CTCs) in the blood of cancer patients is 

a promising approach for the early diagnosis of metastasis. Previously, we developed a 

size-selective filter for capturing CTCs, but its use was time-consuming, particularly for 

capturing CTCs from large volumes of blood. In the present study, we describe the use of a 

magnetic capture column for rapid and efficient isolation of CTCs, which were magnetically 

labeled with magnetite cationic liposomes. In the capturing process, large volumes of blood 

containing magnetically labeled cancer cells were introduced into the column at a high flow 

rate to capture the cells, which were then flowed into the filter at a low flow rate. Our results 

show that the combined use of the column and filter decreased the required time for the 

spiked cancer cell capture, and the recovery rate of the spiked cancer cells from blood was 

significantly higher using the combination process (80.7%) than that using the filter alone 

(64.7%). Moreover, almost twice the number of CTCs could be captured from the blood of 

metastatic model mice by using the combination process. These results suggest that the 

developed process would be useful for the rapid and efficient isolation of CTCs. 
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Chapter 6 

 

 

Ex vivo culture of circulating tumor cells from blood 

of metastasis model mice using magnetic force-based 

cell co-culture on a fibroblast feeder layer 

 

 

 

6.1. Introduction 

Circulating tumor cells (CTCs) are present in the blood of many patients with metastatic 

tumor [1] and have been linked to poor prognosis [2]. They can be used as a surrogate for 

primary tumor cells for the monitoring of tumor phenotypes and clinical stage [3, 4]. 

However, since CTCs are present at very low concentrations, their detection and isolation are 

difficult; there are 1−10
2
 CTCs in 7.5 mL of blood [5]. 

To date, CTC-isolation methods have been proposed, including cell marker-dependent 

and -independent methods. The former methods involve a magnetic separation using 

anti-epithelial cell adhesion molecule (EpCAM) antibody conjugated magnetic beads, such as 

CellSearch system (Veridex, Raritan, NJ) [5-10]. However, the presence of EpCAM on tumor 
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cells varies with tumor type [11, 12], and the expression of epithelial antigen is 

downregulated to increase invasiveness and metastatic potential by 

epithelial-to-mesenchymal transition (EMT) [13, 14]. Thus, cell marker-dependent methods 

are not always applicable, and may not achieve stable and reproducible recovery of CTCs 

[15]. The latter methods involve filters to separate CTCs. These methods are based on the 

differences in size and deformability of CTCs and coexisting hematologic cells [15-17], and 

have advantage on rapid and simple isolation of almost all CTCs, including cells undergoing 

EMT [18]. 

The isolated CTCs were subsequently analyzed by several methods, such as the genome 

mutation analysis and malignant-related marker expression analysis [13, 14, 19]. In addition 

to these analyses, the phenotype-based analysis of ex vivo cultured CTCs, such as growth, 

invasiveness or drug sensitivity analysis, becomes of increasing importance recently [1, 20]. 

Ameri et al. reported that ex vivo cultured CTCs from metastasis model mice showed an 

altered hypoxia response and an enhanced aggressive phenotype in vitro and in vivo [20]. Yu 

et al. performed the drug sensitivity testing of ex vivo cultured CTCs with multiple mutations 

from patients, and have shown that the cultured CTCs provides an opportunity to study 

patterns of drug susceptibility, linked to the genetic context that is unique to an individual 

tumor [1]. As shown in these pioneering studies, the phenotype-based analysis of ex vivo 

cultured CTCs is a potent and promising strategy for exploring new therapeutic targets and 

understanding CTCs’ biological properties. However, proliferation of the isolated CTCs are 

still technically challenging because CTCs are very rare and most of CTCs are dead in the 

circulation. 

Previously, we have developed the cell surface marker independent method for rapid and 

efficient isolation of CTCs, in which a magnetic capture column and a size-selective 3D 

palladium filter device were used in combination [18, 21]. In this combination process, CTCs 
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in blood of metastatic model mice were magnetically labeled independently of cell surface 

markers by using magnetite cationic liposomes (MCLs), which are cationic liposomes 

containing 10 nm-magnetite nanoparticles. Both CTCs and white blood cells were labeled 

with MCLs via electrostatic interaction between positively charged MCLs and the negatively 

charged cellular membrane [21]. Then, a relatively large volume of the blood was passed 

through into the magnetic capture column at a high flow rate, and the magnetically captured 

CTCs were then gently sorted by the size filter at a low flow rate. Comparing to the use of the 

filter only, almost twice the number of CTCs were isolated from the blood using the 

combination process [21]. We also confirmed that the combination process did not affect the 

viability of the isolated cells when the tumor cells were artificially spiked into blood in vitro 

as a CTCs model. However, when we seeded the isolated CTCs from the blood of metastasis 

model mice onto the cell culture dish and incubated at normal cell culture condition (37 °C, 

5% CO2), we could not observe the growth of the cells. Thus, some technical developments 

are needed to support the growth of the isolated CTCs.  

Here, we report a novel method for ex vivo culture of CTCs using a fibroblast feeder 

layer and a magnetic force-based cell co-culture method [22-27]. A fibroblast feeder layer has 

been used for preparing the culture condition of stem cells, including embryonic stem cells 

and induced pluripotent stem cells [28, 29]. It has also been reported that the fibroblasts 

promote the survival capacity, adhesion, and proliferation in many cancer cell lines via 

remodeling the ECM [30-33]. Therefore, we hypothesized that co-culture of isolated CTCs 

with fibroblasts would support the proliferation of CTCs. Furthermore, to facilitate the 

attachment of isolated CTCs on the fibroblast feeder layer, we used a magnetic force-based 

co-culture method [22-27]. In this method, the magnetically labeled cells were forced to be 

positioned on the cultured feeder layer by magnetic field of a magnet [22-27]. 

In the present study, we isolated CTCs from blood of metastatic model mice by our 
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combination method [21] and cultured the isolated magnetically labeled CTCs on the 

fibroblasts layer by using a magnetic force-based co-culture method. We obtained three 

clones of CTC-derived cells, and phenotype analyses were demonstrated. 

 

6.2. Materials and methods 

6.2.1. Cell culture 

The COLM5-EGFP cell line was used as a model of metastatic cancer cells. COLM5 is a 

poorly differentiated human colorectal carcinoma cell line (RIKEN Cell Bank, Ibaraki, 

Japan); COLM5-EGFP cells express green fluorescent protein (GFP), as described previously 

[26]. The COLM5-EGFP cell line, the CTC-derived cells (COLM5-EGFP-CTC1, 

COLM5-EGFP-CTC2, and COLM5-EGFP-CTC3), and the mouse fibroblast NIH-3T3 were 

cultured on 10 cm dishes in Dulbecco’s Modified Eagle’s Medium, high glucose (Invitrogen, 

Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen), 0.1 

μg/mL streptomycin sulfate, and 100 U/mL potassium penicillin G (Invitrogen). Cells were 

cultured in a humidified 5% CO2 incubator at 37 °C. 

 

6.2.2. Animals and Ethics Statement 

Seven- to eight-week-old male athymic nude mice (KSN strain) were obtained from 

Shizuoka Laboratory Animal Center (Hamamatsu, Japan) and maintained under specific 

pathogen-free conditions. All animal experiments were performed according to protocols 

approved by the Ethics Review Committee for Animal Experimentation of the Aichi Cancer 

Center and met the standards defined by the United Kingdom Coordinating Committee on 

Cancer Research guidelines. 

 

6.2.3. Capturing of CTCs from whole blood of a metastasis mouse model using MCL, 
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the magnetic capture column, and the size-selective capture filter 

We captured the CTCs from whole blood in a metastasis mouse model using the 

magnetic capture column and the size-selective capture filter, as described previously [24]. 

We developed mice CTC models bearing COLM5-EGFP cells and prepared MCLs as 

described previously [25, 33]. Approximately 1 mL of whole blood was 5-fold diluted with 

PBS and then incubated for 10 minutes with MCLs at a total amount of 10 µg magnetite for 

magnetic labeling. 

Magnetically-labeled blood sample containing CTCs was loaded into the magnetic 

capture column with neodymium cuboid magnets (437 mT, Magfine, Miyagi, Japan) at 0.5 

mL/min using a syringe pump (KDS100, KD Scientific, MA, USA). Then, the size-selective 

filter setting in Swinnex Filter Holder (13mm, Merck Millipore, Darmstadt, Germany) was 

added to the column after detaching the magnet from the column, and magnetically captured 

cells were sorted using a syringe pump (kd Scientific) with 3 mL of PBS at 0.5 mL/min. The 

captured EGFP-positive cells on the size-selective filter were observed and counted using a 

fluorescent microscope (Model IX81). The captured EGFP-positive cells were recovered 

from the filter by a reverse-flow using 2 mL DMEM at a flow rate of 10 mL/min. 

The capturing experiment of CTCs was performed three times for culturing with or 

without a fibroblast sheet and magnetic attraction, respectively (Table 6-1, Experimental No. 

1-3 for culturing with both fibroblast and magnetic attraction, Experimental No. 4-6 for 

culturing with magnetic attraction and without fibroblast, Experimental No. 7-9 for culturing 

without both fibroblast and magnetic attraction, respectively). 

 

6.2.4. Culturing the captured CTCs on a fibroblast sheet 

The fibroblast sheet was used as a feeder cell for enhancing CTC adhesion and 

proliferation. We used NIH-3T3 as a model fibroblast. 5 × 10
6
 cells of NIH-3T3 was seeded 
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into a gas-permeable tissue culture dish (hydrophilic lumox dish, 35 mm, SARSTEDT, 

Nümbrecht -Rommelsdorf, Germany), and was cultured until confluent to form a fibroblast 

sheet. Then, the cells were treated with 10 µg/mL mitomycin C (Wako, Tokyo, Japan) in the 

medium for 1.5 h to inhibit the proliferation, and washed by phosphate buffered saline (PBS). 

Mitomycin C was used to become easily the isolation of CTCs to the contaminated fibroblast 

in the further passages. 

The pin-holder device was fabricated to enhance the adhesion of the captured CTCs on a 

fibroblast sheet effectively and to isolate the CTCs by the profile of their magnetic 

distribution [33, 35, 36]. The pin-holder device has a base of magnetic soft iron, measuring 20 

mm wide × 20 mm long × 10 mm high, and the array of square-pole type pillars with 

dimensions of 100 µm wide × 100 µm long × 320 µm high at intervals of 150 µm with 

center-to-center spacing of 250 µm. The magnetic field was concentrated on the pillars using 

an external neodymium disc magnet (50 mm in diameter and 10 mm in height with a surface 

magnetic induction of 0.38 T; Niruko Factories Co., Shiga, Japan). 

A culture dish with or without a fibroblast sheet placed on the pin-holder device with the 

magnet, and was added the whole amount of recovered DMEM including CTCs for 

arrangement of magnetically labeled CTCs. After arrangement at 37°C for 1 h, the dish was 

then removed from the pin-holder device and magnet, and cultured CTCs with or without a 

fibroblast sheet. The time-lapse monitoring was performed using phase-contrast microscopy 

(Model IX81; Olympus, Tokyo, Japan) during the culture. After 12 days of culture with or 

without a fibroblast sheet, the numbers of the adhesive cells and the grown cells were counted 

by fluorescent microscopy (Model IX81; Olympus). The adhesive and grown rates of CTC 

were calculated as follows: 

Adhesive rate [%] = (Number of captured cells [cells]) / (Number of adhesive cell 

numbers on a culture surface [cells]) × 100. 
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Grown rate [%] = (Number of captured cells [cells]) / (Number of grown cell numbers 

[cells]) × 100. 

 

6.2.5. Isolation of grown CTC-derived cell 

For isolation of the CTC-derived cell from one CTC, the each grown CTC-derived cell 

was picked-up and transferred using a micromanipulator (CellTram vario 5176, Eppendorf, 

Humberg, Germany) to a new fibroblast sheet in a gas-permeable tissue culture dish (35 mm, 

SARSTEDT) for the first culture, which was constructed as described above. After 18-21 

days of culture, the grown CTC-derived cells were picked-up and transferred using a 

micromanipulator to a new 48 well plate (Greiner Bio One, Frickenhausen, Germany) without 

fibroblast for the second culture. After 14 days of culture, the grown CTC-derived cells were 

harvested with trypsin/EDTA, and were seeded into a new 10 cm culture dish without 

fibroblast for the third culture. The microscopic images of each grown CTC-derived cells in a 

10 cm culture dish were obtained using a fluorescent microscope (Model IX81) after 5 

passages in a 10 cm culture dish at least. Although we would picked-up the CTCs with some 

numbers of fibroblast from the fibroblast sheet, the contaminated fibroblasts could be 

decreased during the passages of CTCs by inhibition of the proliferation using mitomycin C. 

 

6.2.6. Cell growth rate assay 

Viable cells were identified by the trypan blue exclusion method, and cell counting was 

performed using a hemocytometer. To create the growth curve of CTC-derived cells, we 

seeded 2 × 10
5
 cells into 10 cm culture dish. The numbers of the viable CTC-derived cells 

were counted by the trypan blue exclusion method in each time point, and were calculated the 

relative cell number compared to that of COLM5-EGFP. The doubling time and the relative 

growth rate were calculated from this growth curve. 
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6.2.7. Invasion assay 

Invasive ability of CTC-derived cells into the lower compartment with serum-containing 

culture media was quantified in a transwell assay (8 µm inserts for 24-well plates, BD 

Biosciences, Bedford, MA, USA). We seeded 2 × 10
5
 of CTC-derived cells into the upper 

compartment with serum-free DMEM, and set it on the lower compartment with 10% 

FBS-containing DMEM. After 24 h of culture, the invaded cells to the lower component were 

estimated using Cell Counting Kit-8 assay (Dojindo Laboratories, Mashiki-machi, Kumamoto, 

Japan) according to the manufacturer’s protocol. Optical density (OD) at 450 nm (formation 

of formazan) was measured using Fluoroskan Ascent Microplate Fluorometer (Thermo 

Scientific, Waltham, MA, USA). Cell counts were indirectly estimated from a standard curve 

generated using solutions of known cell counts: 0, 1×10
2
, 5×10

2
, 1×10

3
, 5×10

3
, and 1×10

4
 

cells per well. The relative numbers of invaded CTC-derived cells were calculated from the 

numbers of invaded cells compared to that of COLM5-EGFP, as a control cell. 

 

6.2.8. Drug resistant assay 

To evaluate the drug-resistant ability of CTC-derived cells, we seeded 2 × 10
3
 cells/well 

into 96 well plate (Greiner Bio One), and were cultured in DMEM with 10 ng/mL of 

paclitaxel (Wako), as a model anti-cancer drug. After 48 h of culture, the viability of the cells 

was estimated using Cell Counting Kit-8 assay (Dojindo Laboratories), as described above. 

The survival rates of each CTC-derived cell were calculated from the viability compared to 

that of the non-treated viabilities. Then, the relative survival rates were calculated from these 

survival rates compared to that of COLM5-EGFP, as a control cell. 

 

6.2.9. Gene expression analysis 
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Cells were washed with PBS, and lysed using lysis enhancer and resuspension buffer 

from CellsDirect One-step qRT-PCR kits (Invitrogen). Real-time RT-PCR assays were 

conducted on an ABI StepOne Real Time PCR Systems, using SYBR Green RNA 1step kit 

(Applied Biosystems, Branchburg, NJ, USA). Primers were purchased from Greiner Bio One. 

The sequences of the primers are listed in Table 6-2. The comparative threshold cycle (Ct) 

method was used to quantify gene expression in each sample. Normalization of gene 

expression was performed using GAPDH as a reference gene, and all data was expressed as a 

ratio to the reference sample of COLM5-EGFP. 

 

6.2.10. Statistical Analysis 

The statistical significance of differences in data between groups was determined by 

applying Student’s t-test or Welch’s two-tailed t-test. 

 

6.3. Results 

6.3.1. Co-culture of magnetically captured CTCs on a fibroblast feeder layer 

CTCs in whole blood of COLM5-EGFP-bearing metastatic mice were captured by using 

a magnetic capture column and a size-selective filter device as we reported previously (Fig. 

6-1A) [21]. Then, the captured magnetically labeled CTCs were transferred to the cell culture 

dish with a fibroblast feeder layer placed on the magnet (Fig. 6-1B). With a feeder layer, 31 

cells out of captured 36 single CTCs adhered on the feeder layer and among them, 4 cells 

proliferated (Fig. 6-2 and Experiment No. 1-3 in Table 6-1). On the contrary, without a 

feeder layer, no cells adhered and proliferated out of magnetically captured 59 or 82 single 

CTCs with or without the magnetic attraction, respectively (Experiment No. 4-6 and No. 7-9 

in Table 6-1, respectively). These results indicated that a fibroblast feeder layer was 

important to enhance adhesion and proliferation for CTC culturing. 
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6.3.2. Cloning culture of proliferated CTCs 

Since we obtained 4 colonies of the proliferated CTCs on a fibroblast feeder layer, we 

next picked them up and transferred to the new cell culture dish with a feeder layer 

respectively by using a micromanipulator. The colony sizes derived from different 4 CTCs 

increased by the day and after 18-21 days, the grown CTC-derived cells were picked up and 

transferred to a new 48 well plate without a fibroblast layer by using a micromanipulator. 

Since the growth of one of four CTC-derived cells was stopped at this step, we subsequently 

cultured three CTC-derived cells. The morphologies of the three CTC-derived cells (CTC1, 

CTC2, and CTC3) after 5 passages were shown in Fig. 6-3A. We found that the proliferation 

of all three CTC-derived cells was slower than that of the parental COLM5-EGFP cells (Fig. 

6-3B). The doubling times of COLM5-EGFP cells, CTC1, CTC2, and CTC3 were 2.18, 6.56, 

7.35, and 7.57 days, respectively. 

 

6.3.3. Phenotypic analysis of the CTC-derived cells 

Since cloning culture of three CTC-derived cells was succeeded, we next demonstrated 

their phenotypic analysis and gene expression analysis in combination. These analyses cannot 

be performed with single CTCs as they are captured. 

For the phenotypic analysis, the invasion assay and drug test against PTX, a model 

anti-cancer agent, were performed. The invasive ability of all three CTC-derived cells was 

significantly increased than that of the original COLM5-EGFP cells; relative number of 

invaded cells was 1.2 ± 0.06 for CTC1, 1.1 ± 0.03 for CTC2, and 1.4 ± 0.07 for CTC3 (Fig. 

6-4A). For the drug test against PTX, the survival rate of CTC-derived cells was significantly 

higher than that of the COLM5-EGFP cells for all CTC-derived cells (1.3 ± 0.04 for CTC1, 

1.3 ± 0.01 for CTC2, and 1.5 ± 0.01 for CTC3) (Fig. 6-4B). 
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Since the activated invasive and drug-resistance abilities were observed (Fig. 6-4), we 

evaluated the genetic expressions of the genes relating to the invasive or drug-resistance 

ability in the CTC-derived cells. We measured the gene expression of VEGF, MMP-2, and 

E-cadherin reported as the invasion-related genes, and MDR-1 reported as the 

drug-resistance-related gene. VEGF and MMP-2 were increased the invasive and metastatic 

capacities of cancer cell [35, 36], and loss of E-cadherin expression has been found to 

correlate with an invasive phenotype in many carcinomas [37]. MDR-1 is the most common 

cause of multidrug resistance, including paclitaxel, in many types of solid and hematological 

human cancers [35-38]. 

Fig. 6-5 shows the relative expressions of each gene in the CTC-derived cells compared 

to that in the original COLM5-EGFP cells. As expected from the results of phenotypic 

analysis (Fig. 6-4) and the other studies [35-38], the expression levels of VEGF, MMP-2, and 

MDR-1 in CTC-derived cells were significantly higher than that in original COLM5-EGFP 

cells and the expression level of E-cadherin in CTC-derived cells were significantly lower 

than that in the original cells, excepting for that of VEGF and E-cadherin in CTC1. 

 

6.4. Discussion 

In the present study, we developed an in vitro co-culture method of CTCs with a 

fibroblast feeder layer by a magnetic force-based co-culture method. We found that the 

fibroblast layer enhanced the adhesion and supported the proliferation of the captured CTCs 

(Fig. 6-2 and Table 6-1). We could clone three CTC-derived cells from single CTCs, and 

evaluate the malignant changes of their phenotypes, including the invasive capacity (Fig. 4A) 

and drug resistance (Fig. 4B). The mRNA expressions of invasion-related genes (VEGF and 

MMP-2) and drug resistance-related gene (MDR-1) increased and that of adhesion molecule 

gene (E-cadherin) decreased in CTC-derived cells (Fig. 6-5).  
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The use of a fibroblast feeder layer realized effective ex vivo culture of CTC-derived cells 

(Figs. 6-2-6-4 and Table 1). It has been reported that the interaction with fibroblasts 

enhanced the survival capacity, adhesion, and proliferation of stem cells including induced 

pluripotent stem cells and many cancer cell lines [28-33]. Fibroblasts synthesize many ECMs 

such as type I-, type III-, type V-collagen, and fibronectin, and form basement membranes for 

adhesion of cancer cells [31]. Also, cancer associated-fibroblasts secrete several growth 

factors such as hepatocyte growth factor, insulin-like growth factor, epidermal growth factor, 

and fibroblast growth factor-2, and induce proliferative signals to cancer cells [31]. Although, 

further experiments are needed to reveal which molecules are involved in the process of 

CTC-derived cells culture, this co-culture method using a fibroblast feeder layer would be 

promising to support CTCs adhesion and proliferation for performing phenotype-based 

analyses.  

We obtained three CTC-derived cells and investigated the phenotypic changes including 

invasive- and drug-resistance-abilities (Fig. 6-4). We also performed gene expression analysis 

of the genes relating to those abilities; the expressions of VEGF, MMP-2 and MDR-1 were 

activated, and the expression of E-cadherin was inactivated in CTC derived cells (Fig. 6-5). 

VEGF is an angiogenesis-inducible factor and MMP-2 is the gelatinases (72 kD type IV 

collagenase). Overexpression of VEGF or MMP-2 increased the invasive and metastatic 

capacities of cancer cell [35, 36]. MDR-1 which leads to the production of ATP-driven efflux 

transporter Pgp-170 is the most common cause of multidrug resistance in many types of solid 

and hematological human cancers [38]. These results indicated that the malignancy of the 

CTC-derived cells were higher than that of COLM5-EGFP cells which were used to form 

original tumors in metastatic model mice. 

Mutations in CTCs had reported in many cancer patients, such as a tumor suppressor 

gene TP53 mutation in breast cancer [39] and β-catenin mutation in primary liver cancer [13]. 
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Also, the mutant populations of KRAS, BRAF, CD133, and Plastin3 in CTCs from colorectal 

cancer patients highly correlated to that in the primary tumor [40]. The expressions of VEGF, 

MMP-2, and MDR-1 were activated by NF-κB signaling playing important roles in tumor 

resistance to chemotherapy [41-45]. These results suggest that the changes in malignancy 

might be caused by some mutations in some signaling pathways and/or by condensation of 

specific cell populations during the primary tumor formation and/or the invasion and 

metastasis process from the tumor, and further analysis on involvement of the NF-κB 

signaling would give us more insight to understand this malignancy change. 

We also observed the decrease of proliferation in the CTC-derived cells (Fig.3C). 

Proliferation decrease in metastatic focus which was generated from CTCs have sometimes 

been observed both in metastatic mice models and patients [46]. Pence et al. also said that 

proliferation change was not a central mechanism of metastasis since the same primary tumor 

can generate metastatic focus with higher, lower, or similar proliferations [47]. Thus, we 

considered that the observed changes on the invasion or gene expressions of the CTC-derived 

cells in our study were not related the proliferative feature. 

The CTC-derived cells could make a tumor after injection into the back and lower 

abdominal flanks of mice, but the expansion rates were decreased than that of the parental 

COLM5-EGFP (data not shown). This result indicated that phenotype-based proliferation 

analysis for a number of CTCs might predict the expansion rate of metastatic focus. 

Summarizing the above, the invasiveness might be one of importance to increase CTC 

appearance and/or tumorigenesis compared to the raise of proliferation. In addition, some 

mice which were injected CTC-derived cell in were revealed peritoneal metastasis (data not 

shown), though the parental COLM5-EGFP mainly metastasized to lung or liver. Thus, the 

CTC-derived cell might be changed the organ affinity via invasion and/or in primary tumor. 

Previously, we have developed the combination process of a magnetic capture column 
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and a size-selective 3D palladium filter device for cell surface marker independent CTCs 

isolation method. In this process, MCLs were added to the samples to achieve more than 10 

ng-magnetite/cell of magnetic labeling efficiency to capture the cells by the magnetic capture 

column [21]. In the present study, we made good use of the magnetically labeled CTCs and 

demonstrated the magnetic co-culture of CTC-derived cells on the fibroblasts feeder layer. 

Thus, we developed the subsequent bioprocess for the effective CTCs isolation and culture.  

The toxicity of MCLs consisting of magnetite nanoparticles and cationic liposomes 

against cells is an important issue for clinical diagnostics applications of our developed ex 

vivo culturing method for CTCs. Previously, we confirmed that the growth of COLM5-EGFP 

cells was not inhibited by the magnetic labeling of MCLs at a magnetite concentration of 100 

pg-magnetite/cell and below, and the viability of spiked human cancer cells labeled with 

MCLs were not decreased by the capturing and filtering process (98.8 ± 1.1% for before and 

97.6 ± 0.9% for after) [21]. Furthermore, several groups, including our group, also show that 

the MCLs do not affect the viability, proliferation or differentiation of other cell types within 

the magnetite concentration tested [24, 25, 27, 48-51]. Considering these results, the viability 

and proliferation of CTCs in clinical samples would not be inhibited by MCLs at the 

condition used in the present study.  

 In conclusion, the ex vivo culture method of CTCs using a fibroblast feeder layer and 

magnetic force was developed in this study. We demonstrated that the culturing process using 

MCLs combined with the magnetically- and size-selective-capturing is a valuable analysis 

tool for phenotype-based characters of CTCs. Therefore, our process is a highly applicable to 

evaluate phenotype-based malignancies of CTCs for cancer therapy. 
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Fig. 6-1. Schematic diagram for culturing of circulating tumor cell (CTC) using a 

fibroblast sheet and a pin-holder device (A) Schematic diagram of magnetic column 

combined with size-selective filter for circulating tumor cell (CTC) capture. CTCs in a blood 

sample were magnetically labeled by MCL. Then, the CTCs were magnetically and 

size-selective captured using a magnetic column and a size-selective filter. (B) Schematic 

diagram for culturing of captured CTCs using a fibroblast feeder layer and a pin-holder 

device. The captured CTCs were attracted and isolated on a fibroblast layer using magnetic 

force distribution by a pin-holder device with a magnet. The proliferated CTCs were 

transferred to a next culture dish using micromanipulator for the first- and second-culture, or 

using trypsinization. 
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Fig. 6-2. Time-lapse images of representative captured EGFP-positive cells from whole 

blood of tumor bearing mice during co-culturing on a fibroblast sheet The captured 

EGFP-positive cells were attracted and isolated using a pin-holder device, and were cultured 

on a fibroblast sheet. Lower images shows the EGFP-fluorescent images of the captured 

EGFP-positive cells from blood of COLM5-EGFP-bearing mice which was grown on a 

fibroblast sheet, and upper panels show the overlay images. Scale bars: 100 µm. 
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Fig. 6-3. Microscopic images and growth curve of the CTC-derived cells (A) Microscopic 

images of the original cancer cell line COLM5-EGFP (i) and the CTC-derived cells (ii-iv) 

which were cultured in a culture dish. Scale bars: 100 µm. (B) Growth curve of the 

CTC-derived cells (COLM5-EGFP-CTC1-3), and the original cancer cell line 

(COLM5-EGFP) in a culture dish. Data are presented as mean ± SD, n = 3. 
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Fig. 6-4. Invasive capacity and drug-resistance ability of the CTC-derived cells (A) 

Relative cell numbers of the invaded CTC-derived cells using transwell assay. The number of 

invaded CTC-derived cells was normalized to that of COLM5-EGFP. Data are presented as 

mean ± SD, n = 3. Asterisks indicate that the p-value was regarded as a significant difference 

compared to that of COLM5-EGFP, as the control group (* p <0.05, ** p <0.01, *** p 

<5×10
-3

). (B) Survival rate of CTC-derived cells against 10 ng/mL of paclitaxel (PTX), as a 

model anti-cancer drug. The number of the survival CTC-derived cells was normalized to that 

of COLM5-EGFP. Data are presented as mean ± SD, n = 3. Asterisks indicate that the p-value 

was regarded as a significant difference compared to that of COLM5-EGFP, as the control 

group (* p <0.05). 
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Fig. 6-5. Relative expression of invasion- and drug-resistance-related genes in the 

CTC-derived cells Expression data was normalized to each gene expressions found in 

COLM5-EGFP using GAPDH as the reference. Data are presented as mean ± SD, n = 3. 

Asterisks indicate that the p-value was regarded as a significant difference compared to that 

of COLM5-EGFP, as the control group (* p <0.05, ** p <0.01, *** p <5×10
-3

, **** p 

<5×10
-5

). 

 

  

0

1

2

3

4

5

6

7

8

VEGF MMP-2 MDR-1 E-cadherin

COLM5-EGFP-CTC1

COLM5-EGFP-CTC2

COLM5-EGFP-CTC3

* *

* **
***

***

****

*

****

*

R
e

la
ti

v
e

 e
x
p

re
s
s

io
n

 l
e

v
e

ls
 [

-]

(v
s

 C
O

L
M

5
-E

G
F

P
)

VEGF MMP-2 MDR-1 E-cadherin



149 

 

 

 

Table 6-1. Numbers of captured, adhesive and proliferative CTC-derived cells on a 

fibroblast feeder layer. 

Experimental 

No. 

Magnetic 

force 
Fibroblasts 

Cell number [cells] 

Captured cells Adhered cells 
Proliferated 

cells 

1 + + 8 8 1 

2 + + 12 8 2 

3 + + 16 15 1 

    Average 12 10.3 (86.1%) 1.3 (10.8%) 

4 + - 23 0 0 

5 + - 16 0 0 

6 + - 20 0 0 

    Average 19.7 0 0 

7 - - 15 0 0 

8 - - 46 0 0 

9 - - 21 0 0 

    Average 27.3 0 0 

 

Table 6-2. Sequences of primers for RT-PCR. 

 
Forward (5’-3’) Reverse (5’-3’) 

GAPDH CCTGACCTGCCGTCTAGAAA TGCTGTAGCCAAATTCGTTG 

VEGF 
ATGAACTTTCTGCTGTCTTG 

GGT 

TGGCCTTGGTGAGGTTTGA 

TCC 
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MMP-2 GCTGGCTGCCTTAGAACCTTTC 
GAACCATCACTATGTGGGC 

TGAGA 

MDR-1 
GACAGATATCTTTGCAAATG 

CAGG 

GCCATTGACTGAAAGAACA 

TTCC 

E-cadherin 
GTGACTGATGCTGATGCCCC 

CAATACC 

GACGCAGAATCAGAATTAG 

GAAAGCAAG 
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6.5. Summary 

Phenotype-based analysis of circulating tumor cells (CTCs) is a potent and promising 

approach to reveal new therapeutic targets and to understand biological properties of CTCs. 

However, ex vivo culturing of CTCs is still technically challenging. In the present study, we 

developed a novel ex vivo culture method for CTCs using a fibroblast feeder layer and a 

magnetic co-culture method. CTCs in the blood of metastatic model mice were labeled 

magnetically with magnetite cationic liposomes (MCLs). The magnetically labeled CTCs 

were isolated by the combination process of a magnetic capture column and a size-selective 

capture filter device, which we reported previously. The isolated CTCs were forced to be 

positioned on a fibroblast feeder layer by magnetic force. As results, we observed the 

adhesion and proliferation of the CTCs in the condition with a fibroblast feeder layer and a 

magnetic force, whereas no adhesion and proliferation were observed without feeder layer. 

Subsequently, we cultured the CTCs and obtained three CTC-derived cells. Using the 

CTC-derived cells, we performed the phenotype-based analyses for investigating invasive- 

and drug resistant-abilities and found that the CTC-derived cells had higher malignancy than 

that of original cells. Thus, the developed method using a fibroblast layer would be a 

promising approach of ex vivo culture of CTCs for evaluating their phenotype-based 

malignancies for cancer therapy. 
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Chapter 7 

 

Concluding remarks 

 

In vitro cell culture models have attracted great attention for understanding the 

malignancy process, drug screening, and medical diagnostics of various cancers. In this thesis, 

I aimed to develop 3D in vitro cancer cell spheroid arrays using a magnetic cell patterning 

method for understanding the malignancy process and drug test, and to construct an ex vivo 

culture method for CTCs. 

 

In the Chapter 1, a general introduction covering the importance of in vitro cancer 

models in understanding of cancer malignancy process and drug screening were discussed. 

Considering to these backgrounds, I also described the objective of this thesis. 

 

In the Chapter 2, 3D cell culture arrays of melanoma cell spheroids were assembled to 

evaluate the combined effect of a melanogenesis-targeting drug, NPrCAP, and heat treatment, 

as a model of anti-cancer treatment. An array-like multicellular pattern of mouse melanoma 

B16F1 spheroids in a collagen gel was established by magnetic cell labeling using a 

pin-holder device to exert a magnetic force. As a result, melanogenesis of B16F1 cells was 

29-fold higher in this 3D array than in conventional 2D monolayer cultures. Because the 

spheroid size was linearly correlated with the cell number within a spheroid, the 
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anti-proliferative effect could be evaluated in a non-destructive manner. Moreover, the 

half-maximal inhibitory concentration of NPrCAP coupled with heat treatment calculated 

from the spheroid size was 2-fold higher in the 3D array than in 2D culture. These results 

indicate that spheroid formation decreases the chemosensitivity of cancer cells, and this 

model would be suitable as a susceptibility assay for melanogenesis-targeting drugs. 

Therefore, this 3D culture model provides a better screening format to evaluate drug and 

physical treatments for cancer therapy than 2D formats. 

 

In the Chapter 3, a 3D multicellular tumor spheroid culture array has been fabricated to 

analyze the effect of stromal fibroblast on the invasive capacity of melanoma. The interaction 

of fibroblast on the invasion of human melanoma cell (M-1) was investigated using three 

types of cell interaction models: (i) fibroblasts were magnetically labeled and patterned 

together in array with melanoma spheroids (direct-interaction model), (ii) fibroblasts 

coexisting in the upper collagen gel (indirect-interaction model) of melanoma spheroids, and 

(iii) fibroblast sheets coexisting under melanoma spheroids (fibroblast-sheet model). The 

fibroblast-sheet model has largely increased the invasive capacity of melanoma, and the 

promotion of adhesion, migration, and invasion were also observed. In the fibroblast-sheet 

model, the expression of IL-8 and MMP-2 increased by 24-fold and 2-fold, respectively, in 

real time RT-PCR compared to the absence of fibroblasts. Therefore, these results 

demonstrate the importance of fibroblast interaction to invasive capacity of melanoma in the 

3D in vitro bioengineered tumor microenvironment. 

 

In the Chapter 4, in vitro 3D cancer intravasation models were developed to observe the 

invasive capacity of melanoma cell spheroids co-cultured with the vascular-formed 

endothelial cell network. When the B16F1 patterned together with a vascular network of 
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human umbilical vein epithelial cells (HUVEC), spreading and progression were observed 

along the HUVEC network. The B16F1 cells over 80 µm distance from HUVEC remain in a 

compact spheroid shape, while B16F1 in the proximity of HUVEC aggressively changed their 

morphology and migrated. The mRNA expression levels of IL-6, MDR-1 and MMP-9 in 

B16F1 increased along with the distance from the HUVEC network, and these expressions 

were increased by 5, 3 and 2-fold in the B16F1 close to HUVEC (within 80 µm distance) as 

compared to that far from HUVEC (over 80 µm distance). Therefore, these results clearly 

suggested that malignancy of tumor cells is enhanced in proximity to vascular endothelial 

cells and leads to intravasation, than that of fibroblasts. 

 

In the Chapter 5, a combined method using a magnetic capture column was developed 

for rapid and efficient isolation of CTCs, which were magnetically labeled with MCLs. In the 

capturing process, large volumes of blood containing magnetically labeled cancer cells were 

introduced into the column at a high flow rate to capture the cells, which were then flowed 

into the filter at a low flow rate. Our results show that the combined use of the column and 

filter decreased the required time for the spiked cancer cell capture, and the recovery rate of 

the spiked cancer cells from blood was significantly higher using the combination process 

(80.7%) than that using the filter alone (64.7%). Moreover, almost twice the number of CTCs 

could be captured from the blood of metastatic model mice by using the combination process. 

Therefore, the developed process would be useful for the rapid and efficient isolation of 

CTCs. 

 

In the Chapter 6, a novel ex vivo culture method was developed for CTCs using a 

fibroblast feeder layer and a magnetic co-culture method. CTCs in the blood of metastatic 

model mice were labeled magnetically with MCLs. The magnetically labeled CTCs were 
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isolated by the combination process of a magnetic capture column and a size-selective capture 

filter device, shown in the Chapter 5. The isolated CTCs were forced to be positioned on a 

fibroblast feeder layer by magnetic force. As results, we observed the adhesion and 

proliferation of the CTCs in the condition with a fibroblast feeder layer and a magnetic force, 

whereas no adhesion and proliferation were observed without feeder layer. Subsequently, we 

cultured the CTCs and obtained three CTC-derived cells. Using the CTC-derived cells, we 

performed the phenotype-based analyses for investigating invasive- and drug 

resistant-abilities and found that the CTC-derived cells had higher malignancy than that of 

original cells. Thus, the developed method using a fibroblast layer would be a promising 

approach of ex vivo culture of CTCs for evaluating their phenotype-based malignancies for 

cancer therapy. 

 

Finally, this thesis is considered to develop novel in vitro culture models for cancer 

research. I believe that these models will be utilized to clarify the mechanism of cancer 

malignant changes, such as invasiveness and drug resistance, and will be applied to drug 

screening tools. 
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