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Chapter 1 

General introduction 

 

1.1. The concept of regenerative medicine  

The basic concept of regenerative medicine is to achieve the 

regeneration and repairing of damaged or injured tissues by utilizing the 

natural healing potential of the body itself. Regenerative medicine consists 

of regenerative therapy and regenerative research. Regenerative therapy is 

to treat patients through the  in vivo enhancement of cell activity which 

physiologically bases on the natural healing potential. Regenerative 

research is positioned as the scientific support for the regeneration therapy 

of the next generation. Drug discovery is defined as regenerative research. 

The therapeutic efficacy, metabolism, or toxicology of drugs are efficiently 

evaluated by taking advantage of activated cells  [1]. To enhance cell 

activity, two methodologies have been recently noted. One is to utilize 

three-dimensional (3D) cell culture technologies. Cells are usually cultured 

in a two-dimensional (2D) system, with a plate or dish. However, the 

functions of cells cultured in the 2D system are lower than those of body 

cells because cells tend to interact with each other for the enhancement of 

their own activities in the body [2-5]. Due to the difference in the cell 

condition, the drug effect evaluated by the in vitro drug screening is not 

always the same as that in the pre-clinical or clinical study, which leads to 

the failure of drug research and development  [6, 7]. The comparison of 

cancer cell culture between 2D and 3D systems is shown in Table 1.1.  
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Table 1.1. Comparison of cancer cells culture between 2D and 3D systems  

  

 The other methodology to enhance cell functions is the active utilization 

of biomaterials. Cell culture is often performed on the dish or plate which is 

mainly composed of polystyrene. This condition of an artificial 

environment is quite different from the  in vivo  body environment of cancer 

cells, and consequently, the drug effect or cytotoxicity evaluation is 

technologically limited. Biomaterials that are composed of cell -friendly 

Points compared  
Culture system  

2D 3D 

Cost Low High 

Cell proliferation  High Low 

Cell differentiation  Low High 

Reproducibility  Good Poor 

In vivo imitation  Limited  Versatile 

Cell-cell interaction  Low High 

Cell morphology change  Low High 

Diverse polarity  Loss Diverse 

ECM synthesis  Low High 

Drug sensitivity  High (in contrast to in 

vivo) 

Low (Same as in 

vivo) 
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components are effective in enhancing cell activity or functions. The 

interaction with biomaterials will enable cells to enhance their proliferation, 

differentiation, and biological functions, leading to the realization of cancer 

cell-environment interaction. Biomaterials classify into natural biomaterials 

derived from animals or plants and synthetic biomaterials artificially 

prepared. Natural biomaterials are composed of polysaccharide (amylose, 

cellulose, alginate, chitosan, or hyaluronic acid), peptide (collagen or 

gelatin), nucleic acid, or polyhydroxyalkanoates. Since the degradative 

enzyme and metabolic system have already existed in the body, most natural 

biomaterials can enzymatically be degraded. Because the components 

constitute the cancer environment as the ECM and contribute to cancer  

diseases, natural biomaterials are often used to design the 3D culture system 

of cancer cells. Although natural biomaterials are of high biocompatible, 

there are some limitations of immunogenicity or homogeneity to use. To 

avoid the issues, synthetic biomaterials are used. Synthetic biomaterials are 

mainly degraded non-enzymatically based on simple hydrolysis. There are 

some merits of synthetic biomaterials, such as the characteristics control, 

the high stiffness, and the clarity of properties.   
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1.2. Purposes and contents of this study  

In this study, 3D cell aggregates combined with biomaterials were 

prepared for drug screening. Among the biomaterials,  gelatin hydrogel 

microspheres (GM) were used. GM incorporation into the cell aggregates 

allows cells to supply oxygen and nutrients because a water phase of GM 

matrices is a pathway to permeate oxygen or nutrients.  

Chapter 2 is a section on the optimization of the mixing ratio of cells 

and GM. Because the number of microspheres would be one of the most 

important factors contributing to the oxygen and nutrient permeation for 

cell aggregates. Shaking culture methods are also often introduced in cell 

culture to improve the cell viability and functions because the oxygen and 

nutrient permeation is expected by the dynamic motion of the medium. Here, 

the influence of the two factors, the shaking culture , and the amount of GM, 

on the biological functions of cell aggregates were evaluated.  At the smaller 

ratio of microspheres to cells, the viability of cell aggregates under the 

shaking culture was significantly higher than that of static culture. On the 

other hand, there was no significant difference in the viability between them 

at a higher ratio. GM are enabled to enhance ATP and mitochondrial 

activities of cell aggregates under the shaking culture. The effect was high 

at the smaller microspheres/cells ratio. It is concluded that the shaking 

culture was promising to allow cells to enhance their activities.  

Chapter 3 is the design of a cancer invasion model based on an 

interaction between cancer cells and 3D cancer -associated fibroblasts 

(CAF) aggregates. The strength of this study is to incorporate GM 

containing pifithrin-α (PFT) of a p53 inhibitor (GM-PFT) with the CAF 

aggregates. When the cancer cells were co -cultured with the CAF 

aggregates incorporating GM-PFT, the invasion rate of cancer cells was 
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significantly high compared with CAF aggregates or CAF aggregates 

incorporating GM with or without the same dose of free PFT as well as 

two-dimension cultured CAF with or without the same does of PFT. Besides, 

an inhibitor of matrix metalloproteinase decreased the cancer invasion rate 

for the CAF aggregates incorporating GM -PFT. It is concluded that the 

interaction between cancer cells and CAF aggregates incorporating GM -PFT 

of biological activation needs to realize the invasion of cancer cells even in 

vitro. This study is the first report to  create an invasion model in vitro by 

taking advantage of a combined 3D culture system and the DDS technology.  

Chapter 4 is the design of a cancer invasion model where the  cancer 

invasion rate can be regulated in vitro . CAF aggregates incorporating GM 

containing various concentrations of transforming growth factor -β1 

(TGF-β1) (CAF-GM-TGF-β1) were prepared. The expression level of 

alpha-smooth muscle actin (α-SMA) for CAF increased with an increase in 

the TGF-β1 concentration. When co-cultured with various types of 

CAF-GM-TGF-β1, the cancer invasion rate was well correlated with the 

α-SMA level. It is conceivable that the TGF-β1 concentration could modify 

the level of CAF activation, leading to  the invasion rate of cancer cells. In 

addition, at the high concentrations of TGF-β1, the effect of a matrix 

metalloproteinase (MMP) inhibitor on the cancer invasion rate was 

observed. The higher invasion rate would be achieved through higher MMP 

production. The present model is promising to realize the cancer invasion 

whose rate can be modified by changing the TGF-β1 concentration.  

Chapter 5 is the design of a cancer invasion model by making use of 

CAF or tumor-associated macrophages (TAM) and GM for the sustained 

release of drugs. The GM containing adenosine (A) (GM -A) were prepared 

and cultured with TAM to obtain 3D TAM aggregates incorporating GM -A 
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(3D TAM-GM-A). When co-cultured with HepG2 liver cancer cells in an 

invasion assay, the 3D TAM-GM-A promoted the invasion rate of cancer 

cells. In addition, the E-cadherin expression level decreased to a 

significantly great extent compared with that co -cultured with TAM 

aggregates incorporating GM, whereas the significantly higher expression 

of N-cadherin and Vimentin was observed. This indicates that the 

epithelial-mesenchymal transition event was induced. Following a 

co-culture of mixed 3D CAF-GM-TGF-β1 and 3D TAM-GM-A and every 

HepG2, MCF-7 breast cancer cells, or WA-hT lung cancer cells, the 

invasion rate of every cancer cells enhanced depending on the mixing ratio 

of 3D TAM-GM-A and 3D CAF-GM-TGF-β1. This model is a promising 3D 

culture system to evaluate the invasion ability of various cancer cells in 

vitro. 
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Chapter 2  

Influence of shaking culture on the biological functions of cell 

aggregates incorporating gelatin hydrogel microspheres  

 

2.1. Introduction  

Cells are often cultured in two-dimensional (2D) systems such as a dish 

or plate, and the 2D culture systems are known as conventional cell culture. 

It is easy to culture and to observe cells under the 2D systems. However, the 

2D cell culture systems are not suitable for researches of cell proliferation, 

cell differentiation, regenerative medicine, and drug discovery because the 

2D systems are quite different from the inner body and the local 

environment. In the body tissues, most cells tend to form cell aggregates, 

resulting in enhanced cell differentiation [2], metabolic activity [3], 

cell-cell interaction [4], and production of extracellular matrix proteins [5]. 

Therefore, recently, the development of three-dimensional (3D) cell culture 

technologies has been reported to mimic the local environment of cel ls in 

living tissues [8-11]. However, there are some disadvantages of the 3D cell 

culture systems. For example, little oxygen and nutrients are supplied to 

cells present in the center of cell aggregates during the growth of cell 

aggregates, resulting in cell death. Therefore, it is impossible to culture cell 

aggregates over a long time period because of cell death [12, 13]. However, 

to investigate cell proliferation or differentiation, it is necessary to culture 

cell aggregates over a long time period. To tackle this serious proble m, cell 

aggregates incorporating hydrogel materials  have been developed, resulting 

in protected cells aggregated from the lack of oxygen and nutrients in the 

long-term culture [14]. Gelatin, which is recognized as a biodegradable 

biomaterial, is used for many fields such as medical, pharmaceutical, and 
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cosmetic applications [15-35]. In this study, gelatin was selected because it 

is easy to form a hydrogel and its biosafety has been proven [15]. 

Shaking culture methods are often used in cell culture to enhance 

biological functions such as improvement of cell availability [36], 

promotion of bone proliferation from mesenchymal stem cells (MSC)  [37], 

and release of more types of proteins from MSC [38]. Because the shaking 

culture methods supply more oxygen and nutrients to cells compared with 

the static culture methods. However, the influence of shaking culture on the 

biological functions of cell aggregates incorporating gelatin hydrogel 

microspheres has been never investigated. The objective of this study is to 

investigate the influence of shaking culture on the biological functions of 

cell aggregates. Following MC3T3 -E1 cells were cultured with gelat in 

hydrogel microspheres at different mixing ratios of microspheres/cells 

under the static or shaking culture, the sizes, morphologies, ATP, 

mitochondrial activities, and oxygen concentration of cell aggregates were 

evaluated.  
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2.2. Methods  

2.2.1. Preparation of gelatin hydrogel microspheres  

Gelatin hydrogel microspheres (GM) were prepared by the chemical 

crosslinking of gelatin in a water -in-oil emulsion state according to the 

method previously reported [27]. Briefly, an aqueous solution (20 ml) of 10 

wt % gelatin (isoelectric point 5.0, weight -averaged molecular weight = 

100,000, Nitta Gelatin Inc., Osaka, Japan) was preheated at 40 ºC, followed 

by stirring at 300 rpm for 10 min to prepare the water -in-oil emulsion. The 

emulsion temperature was decreased at 4 ºC for the natural gelation of 

gelatin solution to obtain non -crosslinked hydrogel microspheres. The 

resulting gelatin hydrogel microspheres were washed three times with cold 

acetone in combination with centrifugation (5,000 rpm, 4 ºC, 5 min) to 

completely exclude the residual oil. Then, GM were fractionated by size 

using sieves with apertures of 32 and 53 µm (Iida Seisakusho Ltd, Osaka, 

Japan) and air dried at 4 ºC. Then, non-crosslinked and dried GM (200 mg) 

were treated in a vacuum oven at 140  ºC to allow to dehydrothermally 

crosslink for 72 hr. The picture of GM in the swollen state was taken with a 

microscope (BZ-X710, KEYENCE Ltd, Osaka, Japan). The size of 100 

microspheres for each sample was measured using the computer program 

Image J (NIH Inc., Bethesda, USA) to calculate the average diameters.  

 

2.2.2. Cell culture experiments   

MC3T3-E1 cells of a pre-osteoblast line derived from mouse (KAC Co., 

Ltd., Kyoto, Japan) were cultured in alpha minimum essential medium 

(αMEM) (Invitrogen Inc., Carlsbad, USA) supplemented with 10 vol % fetal 

calf serum (FCS) (Thermo Inc. Waltham, USA), penicillin (50 U/mL),  and 

streptomycin (50 U/mL) (standard medium) and cultured at 37  ºC in a 95 % 
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air - 5 % carbon dioxide atmosphere. The culture medium was changed 

every 2 days and the confluent cells were subcultured through 

trypsinization.  

 

2.2.3. Preparation of cell aggregates incorporating various amounts of 

gelatin hydrogel microspheres and their culture under shaking or static 

culture 

A poly (vinyl alcohol) (PVA) sample (the degree of polymerization = 

1,800 and the saponification = 88 mole %) kindly supplied from U nichika 

(Tokyo, Japan) was dissolved in phosphate -buffered solution (PBS) (pH 7.4, 

1wt %). The PVA solution was added to each well of the round-bottomed 

(U-bottomed) 96-well culture plate (100 µl/well) and incubated at 37  ºC for 

15 min. Then, the solution was removed by aspiration and the wells washed 

twice with PBS (100 µl/well). Gelatin microspheres dehydrothermally 

crosslinked for 72 hr and MC3T3 -E1 cells were separately suspended in the 

standard medium. After the suspensions of GM (0 or 1×10 3, 2×103, 3×103 , 

and 4×103 microspheres/ml, 50 µl) and cell suspensions (2×10 4 cells/ml, 

100 µl) were mixed, the mixture was added to the wells coated. After 2 days 

(cell aggregates were formed), some samples were cultured by an orbital 

shaker (Bellco, Inc. California, USA) at 30 rpm until over the periods of 21 

days, and then the medium was changed on the first day and every 3 days 

until the end of experiments. Experiments for each sample were performed 

three wells independently unless otherwise mentioned.  

 

2.2.4. Morphologies and size of cell aggregates incorporating various 

amounts of gelatin hydrogel microspheres under shaking or static culture  

To investigate the influence of the amounts of GM incorporated under 
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the shaking culture on the morphologies and size of cell aggregates in the 

long-term culture, the morphologies and the size of cell aggregates were 

evaluated. The pictures of cell aggregates  without GM or with various 

amounts of GM incorporated under the shaking or static culture were taken 

with a microscope (CKX41, Olympus Ltd, Tokyo, Japan). The size of cell 

aggregates was measured using the computer program Image J  (NIH Inc., 

Bethesda, USA) to calculate the average diameter.  

 

2.2.5. Evaluation of ATP activity of cell aggregates under shaking or static 

culture 

The ATP activity of cell aggregates was determined by using 

KATAMARI ATP assay kit TM (FUJIFILM Wako Pure Chemical Co. Ltd, 

Osaka, Japan) 7, 14, and 21 days after incubation.  

 

2.2.6. Evaluation of mitochondrial activity of cell aggregates under shaking 

or static culture  

At different time intervals, cell aggregates were taken into 2 ml of the 

tube, and 400 µl of the medium was added. Then, 40 µl of WST-8 

[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-t

etrazolium, monosodium salt] (Nacalai tesque Inc, Kyoto, Japan) was added 

to each tube, and the tubes were incubated for further 4 hr to allow the 

mitochondria of cells to reduce the yellow MTT into dark -blue formazan 

crystals. The absorbance of individual wells (100 µl) was measured at 450 

nm using a microplate reader (F-2000, HITACHI Ltd, Tokyo, Japan). The 

mitochondrial activity per cell of cell aggregates was cal culated as the 

mitochondrial activity per cell of cell aggregates without GM 7 days after 

incubation under the static culture of 1.  
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2.2.7. Measurement of oxygen concentration of cell aggregates under 

shaking or static culture  

The oxygen concentration of cell aggregates incorporating GM was 

measured by using an O2 sensor probe (Fibox4, TITEC Co., Saitama, Japan). 

Cell aggregates 14 days after incubation were sensed by the sensor probe 

(the diameter of 200 µm) as carefully as possible not to break or miss cell 

aggregates (on the dish), and then oxygen concentration was measured. One 

unit of cell aggregates was used per the measurement.  

 

2.2.8. Statistical analysis  

All the statistical data were expressed as the mean ± standard error of 

the mean (SEM). The data were analyzed by t -test or Tukey’s test to 

determine the statistical significance of difference between experimental 

results which was accepted at the p value of <0.05.  
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2.3. Results  

2.3.1. Characterization of gelatin hydrogel microspheres   

Figure 2.1 shows the microscopic pictures of GM. The GM were 

spherical and had a smooth surface. The size of microspheres in the swollen 

condition was 50.5 ± 6.7 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Microscopic picture of GM dispersed in water. The GM were 

dehydrothermally crosslinked for 72 hr at 140 ºC. Scale bar; 100 µm.  

 

2.3.2. Culture of cell aggregates incorporating various amounts of gelatin 

hydrogel microspheres under shaking or static culture   

Figures 2.2A-E shows that the light microscopic pictures of MC3T3 -E1 

cell aggregates 7, 14, and 21 days after incubation with var ious amounts of 

GM incorporated under the shaking or static culture. Figure 2.2F shows the 

size of cell aggregates 7, 14, and 21 days after incubation without GM or 

with various amounts of GM incorporated. The size of cell aggregates  
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increased upon increasing the amount of GM in the cell aggregates. At the 

same amount of GM, the size of cell aggregates did not change, irrespective 

of the culture condition. However, the size of cell aggregates incorporating 

GM 21 days after incubation was small compared with  that 7 and 14 days. 

GM looked to be present in the cell aggregates 60 days after incubation 

(data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Light microscope pictures of MC3T3 -E1 cell aggregates 7, 14, 

and 21 days after incubation without GM (A) or with 1×103(B), 2×103(C), 

3×103(D), and 4×103 GM/ml (E) under the static culture or shaking culture. 

Scale bar; 200 µm. (F) The sizes of MC3T3-E1 cell aggregates 7, 14, and 21 

days after incubation without GM (〇 , bigger size) and incorporating 1×103 
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(〇 , smaller size), 2×103 (△,  b i g g e r  s i z e ) ,  3 ×1 0 3  (△,  s m a l l e r  s i z e ) ,  a n d  

4×103 GM/ml (□) under the static culture, or without GM (●, bigger 

size) and with 1×103 (●, smaller size), 2×103 (▲, bigger size), 3×103 

(▲, smaller size), and 4×103 GM/ml (■) under the shaking culture.  

 

2.3.3. ATP activity of cell aggregates incorporating gelatin hydrogel 

microspheres under shaking or static culture   

Figure 2.3 shows the ATP activity of cell aggregates 7, 14, and 21 days 

after incubation with various amounts of GM under the shaking or static 

culture. When cell aggregates incorporating 0 or 1×10 3 and 2×103 

microspheres/ml of GM were prepared, the ATP activity of cell aggregates 7, 

14, and 21 days after incubation under the shaking culture was higher than 

that under the static culture (Figures 2.3A-3C). However, when cell 

aggregates incorporating 3×103 and 4×103  microspheres/ml of GM were 

prepared, the ATP activity was not significantly different from that under 

the static culture, irrespective of the culture period (Figures 2.3D and 2.3E). 

In addition, the ATP activity of cell aggregates incorporating 3×10 3 and 

4×103 microspheres/ml of GM 21 days after incubation was low compared 

with that 7 and 14 days later (Figures 2.3D and 2.3E). Moreover, the ATP 

activity of cell aggregates incorporating GM was much higher than that of 

GM-Free culture (Figure 2.3F). 
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Figure 2.3. ATP activity of MC3T3-E1 cells in cell aggregates without (A) 

or with 1  × 103 (B), 2  × 103 (C), 3 × 103 (D), and 4  × 103 GM/ml (E) of GM 

7, 14, and 21 days after incubation under the static (□) or shaking culture 

(■). p < 0.05; significant against ATP activity between the two groups. (F) 

ATP activity of MC3T3-E1 cells in cell aggregates without or with 
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1 × 103 GM/ml of GM 7, 14, and 21 days after incubation under the static 

(□) or shaking culture (■). p < 0.05; significant against ATP activity 

between the two groups.  

 

2.3.4. Mitochondrial activity of cell aggregates incorporating gelatin 

hydrogel microspheres under shaking or static culture   

Figure 2.4 shows the mitochondrial activity of cell aggregates 7, 14, and 

21 days after incubation with various amounts of GM under the shaking or 

static culture. The tendency was similar to that of ATP activity (Figure 

2.3A-2.3E). When cell aggregates incorporating 0 or 1×103  and 2×103 

microspheres/ml of GM were prepared, the mitochondrial activity of cell 

aggregates 7, 14, and 21 days after incubation under the shaking culture was 

higher than that under the static culture (Figures 2.4A-2.4C). However, 

when cell aggregates incorporating 3×103  and 4×103 microspheres/ml of 

GM were prepared, the mitochondrial activity of cell aggregates was not 

significantly different from that under the static culture, irrespective of the 

culture period (Figures 2.4D and 2.4E). Moreover, the mitochondrial 

activity of cell aggregates incorporating 4×10 3 microspheres/ml of GM 21 

days after incubation was low compared with that 7 and 14 days later 

(Figure 2.4E). However, the mitochondrial activity of cell aggregates 

incorporating GM was not always higher than that of GM-free culture 

(Figure 2.4F). 
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re 2.4. Mitochondrial activity of MC3T3 -E1 cells in cell aggregates without 

(A) or with 1  × 103 (B), 2 × 103 (C), 3 × 103 (D), and 4  × 103 GM/ml (E) of 

GM 7, 14, and 21 days after incubation under the static (□) or shaking 

culture (■). p < 0.05; significant against mitochondrial activity between the 

two groups. (F) Mitochondrial activity of MC3T3 -E1 cells in cell 

aggregates without or with 2  × 103 GM/ml of GM 7, 14, and 21 days after 

incubation under the static (□) or shaking culture (■). p < 0.05; significant 

against mitochondrial activity between the two groups.  
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2.3.5. The oxygen concentration of cell aggregates incorporating gelatin 

hydrogel microspheres under shaking or static culture   

Figure 2.5 shows that the relative oxygen concentration of the cell 

aggregates incorporating 1×103 (A) and 4×103 (B) microspheres/ml of GM 

14 days after incubation under the shaking or static culture. The oxygen 

concentration of cell aggregates incorporating 1×103 microspheres/ml of 

GM 14 days after incubation under the shaking culture  was higher than that 

under the static culture (Figure 2.5A). However, the oxygen concentration 

of cell aggregates incorporating 4×103 microspheres/ml of GM under the 

shaking culture was not significantly different from that under the static 

culture (Figure 2.5B). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Relative oxygen concentration of MC3T3 -E1 cell aggregates 

incorporating 1  × 103 (A) and 4  × 103 GM/ml (B) of GM 14 days after 

incubation under the static (□) or shaking culture (■). p < 0.05; significant 

against oxygen concentration between the two groups.  
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2.4. Discussion  

Gelatin hydrogel microspheres (GM) enable the cells to improve their 

viability and functions in cell aggregates. Preparation of cell aggregates 

incorporating microspheres such as gelatin, poly (lactic -co-glycolic acid) 

(PLGA), and alginate has been reported [16, 18, 39-41]. Among these 

materials, in this study, gelatin was selected because of a c ell adhesion 

ability. In addition, the oxygen and nutrient permeation through the water 

phase of gelatin hydrogel microspheres is expected [41]. Among the 

properties of the microspheres, the mixing ratio of microspheres to cells 

was focused because the number of microspheres would be one of the most 

important factors contributing to the oxygen and nutrient permeation for 

cell aggregates. Shaking culture methods are also often introduced in cell 

culture to improve the cell viability and  functions because the oxygen and 

nutrient permeation is expected by the dynamic motion of the medium 

[36-38]. Here, the influence of the two factors, the shaking culture , and GM, 

on the biological functions of cell aggregates were evaluated.  

In the previous study, the GM incorporation for MCT3T3 -E1 cell 

aggregates was characterized to optimize [41]. In this study, the effect of 

culture procedures on the functions was evaluated. Therefore, the same 

MC3T3-E1 cell line was used. In this study, the GM with diameters of 32 -53 

µm were used (Figure 2.1). This is because the size range of GM is 

demonstrated to be appropriate to form cell aggregates [41]. In addition, the 

GM dehydrothermally crosslinked for 72 hr were used. The previous study 

demonstrates that the crosslinking condition was suitable for this purpose 

although the crosslinking extent of GM increased with an increase in the 

crosslinking time [41].  

 Various types of cell aggregates incorporating GM by changing the 



 

28 

mixing ratio of GM to cells under the shaking or static culture  were 

prepared. The cell aggregates were formed only for the U -bottomed well, in 

contrast to the flat-bottomed one. It is conceivable that a U -shaped bottom 

well allows cells to accumulate in the center of the well. As a result, the 

frequency of cell-cell contact would increase, resulting in the better 

formation of cell aggregates [14]. In addition, cell aggregates with or 

without the GM incorporation were heavy enough to spontaneously sink the 

bottom of each well. Even if the shaking was added, only the culture 

medium would be moved.  The number of GM did not significantly affect the 

formation of cell aggregates. However, cell aggregates were not formed 

when cells were prepared with more than 4×10 3 microspheres/ml of GM (i.e. 

cells: GM = 10: 1) (data not shown). This proportion would be an upper 

limit to form cell aggregates incorporating GM because cell -cell interaction 

would be weaker in the presence of too much GM. In addition, the culture 

condition (shaking or static culture) did not significantly affect the size and 

morphologies of cell aggregates incorporating the same number of GM 

(Figure 2.2). However, the mixing ratio of GM to cells affected the size and 

morphologies. The increased ratio of GM to cells increased both of them 

(Figure 2.2). It is possible that considering the amount of GM, the size of 

cell aggregates is modified. The size of cell aggregates incorporating GM 

21 days after incubation was small compared with that 7 and 14 days, 

irrespective of the number of GM or the culture conditions. GM were seen 

within cell aggregates clearly 7 and 14 days after incubation, but the frame 

of GM within cell aggregates 21 days afte r incubation was unclear because 

of their degradation (Figures 2.2B-2.2E). The degradation of GM would 

make the size of cell aggregates smaller. Moreover, it seems that GM 

existed in cell aggregates 60 days after incubation because the size of cell 
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aggregates was about 250 µm (> 150 µm: the size of cell aggregates without 

GM) (data not shown). The results suggest that the GM degradation is one 

of the important factors to form cell aggregates. For drug discovery or 

regenerative medicine using cell aggregates for a longer time period, GM 

with a slower degradation should be used. GM of slower degradation could 

be prepared for longer time periods of crosslinking [41]. For the drug 

discovery, cell aggregates for about 2 weeks or longer would need to 

survive. On the other hand, for the application to tissue regeneration, longer 

time periods would be needed although it depends on the therapeutic 

purpose. The time period needed to maintain the functions should be 

optimized in terms of the application.   

 ATP and mitochondrial activities of cell aggregates were investigated as 

a measure of biological functions (Figures 2.3 and 2.4). The amounts of ATP 

per cell were calculated by dividing the number of cells into cell aggregates.  

ATP activity is often evaluated as a metabolic level of cells [42]. However, 

it is suggested that the level of ATP activity does not always indicate the 

metabolism of mitochondria. The active glycolysis may make ATP activity 

higher. To evaluate the metabolic functions of cell aggregates, the ATP and 

mitochondrial activities of cell aggregates were measured. Fi rst, when cell 

aggregates were prepared without GM, the ATP activity was much lower 

than that of cell aggregates incorporating GM, irrespective of the culture 

conditions (Figure 2.3F). It is demonstrated that when the amounts of ATP 

and mitochondrial activities are higher, biological functions are higher [42]. 

The results strongly support the previous studies. GM enable to facilitate to 

supply oxygen and nutrients to cells, which leads to making cells alive [14]. 

However, the mitochondrial activity of cell aggregates incorporating GM 

was not always high compared with that of aggregates without GM (Figure 
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2.4F). The reason is not clear at present. Furthermore, when cell aggregates 

without or with lower amounts of GM (1×103 and 2×103  microspheres/ml) 

were prepared under the shaking culture, the ATP and mitochondrial 

activities of cell aggregates were significantly different from that under the 

static culture (Figures 2.3A-2.3C and 2.4A-2.4C). It is suggested that 

shaking culture is the most important factor when the influence of GM on 

cell aggregates is lower. However, in case of cell aggregates incorporating 

larger amounts of GM (3×103 and 4×103  microspheres/ml), the ATP and 

mitochondrial activi ties of cell aggregates were not significantly different 

between the static and shaking culture (Figures 2.3D, 2.3E, 2.4D, and 2.4E), 

and the difference between static and shaking culture decreased upon 

increasing the amounts of GM (Figures 2.3A-2.3C and 2.4A-2.4C). Taken 

together, it is highly conceivable that the influence of GM on the biological 

functions of cell aggregates was stronger than under the shaking culture. 

The tendency of mitochondrial activity was similar to that of ATP activity. 

Furthermore, ATP activities of cell aggregates incorporating larger amounts 

of GM (3×103  or 4×103 microspheres/ml) and mitochondrial activities of 

cell aggregates incorporating larger amounts of GM (4×10 3 

microspheres/ml) 21 days after incubation were low compared with those 7 

and 14 days later because of degradation of GM (Figures 2.3D, 2.3E, and 

2.4E). Furthermore, the ATP and mitochondrial activities of cell aggregates 

incorporating various amounts of GM under the shaking culture at 5 -20 rpm 

were not significantly different (data not shown). This indicates that when 

the shaking speed was lower, the shaking culture is not always an important 

factor to affect the functions of cell aggregates. However, the effect of the 

shaking culture on the biological functions of cell aggregates incorporating 

GM at 20-30 rpm was observed (Figures 2.3 and 2.4). At the shaking rate of 
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more than 30 rpm, a leakage of culture medium from each well was 

observed in the experimental system of this study. In addition, to evaluate 

the effect of the number of GM or the shaking culture on the oxygen supply 

to cell aggregates, the oxygen concentration of the cell aggregates 

incorporating a lower (1×103 microspheres/ml) or larger (4×103 

microspheres/ml) amount of GM 14 days after incubation under the shaking 

or static culture was measured (Figure 2.5). The relative oxygen 

concentration of cell aggregates incorporating 1×10 3 microspheres/ml of 

GM under the shaking culture was higher than that under the static culture 

(Figure 2.5A). However, the concentration of cell aggregates incorporating 

4×103 microspheres/ml of GM under the shaking culture was not 

significantly different from that under the static culture (Figure 2.5B). The 

findings support the results of ATP or mitochondrial activities (Figures 2.3 

and 2.4). A more effective allowance of oxygen supply to cells was likely  

observed for the lower amount of GM incorporated. On the other hand, 

when a larger amount of GM was incorporated into cell aggregates, enough 

oxygen would be supplied, irrespective of the culture conditions. However, 

there is one point to be considered in  this study. It is unclear the distance 

which the probe can reach in cell aggregates. Therefore, the relative oxygen 

concentration was introduced (Oxygen concentration of cell aggregates 

under the shaking culture = 1).   

It was demonstrated that the shaking culture enables to facilitate to 

supply oxygen or nutrients of culture medium into cells, which leads to 

enhancing the biological function [36]. On the other hand, it is reported that 

there is a relationship between the biological functions of cells and the 

supply of oxygen or nutrients [14]. Considering the findings, it is likely that 

the shaking culture enables to supply the oxygen and nutrients into cell 
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aggregates, leading to an enhanced cell function. In addition, oxygen and 

nutrients would be permeated through the water phase of GM matrices [14, 

41]. However, the shaking culture did not improve the biological functions 

of cell aggregates incorporating a large amount of GM. This may be 

explained in terms of the amount of GM incorporated. Since the GM are 

present in the cell aggregates at a large enough volume, the water phase 

necessary for oxygen and nutrient supply would be large enough for cell 

functions in aggregates [14, 41, 43]. As the result, the shaking of medium 

may not affect the cell functions very much.   

Recently, the cell transplantation of cell aggregates has been reported 

and increasingly noted to enhance their viability and therapeutic efficacy 

[44, 45]. It is needed to improve the efficiency of cell therapy such as the 

incorporation of growth factors into GM [41]. Furthermore, the shaking 

culture should be introduced to enhance the biological functions of cell 

aggregates and mimic the body environment of the blood circulation. Thus, 

a combination of biomaterials and shaking culture is important to improve 

the efficacy of tissue regeneration or drugs.  
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Chapter 3 

A cancer invasion model combined with cancer-associated 

fibroblasts aggregates incorporating gelatin hydrogel 

microspheres containing a p53 inhibitor  

 

3.1. Introduction  

Tumor tissues are composed of cancer cells and many stromal cells, 

such as cancer-associated fibroblasts (CAF), vascular endothelial cells, 

smooth muscle cells, or immune cells. Among the stromal cells, CAF are the 

major components [46, 47]. CAF of large spindle-shaped cells are 

perpetually activated and do not undergo apoptosis  [48]. In addition, 

recently, the crosstalk between cancer cells and CAF has been investigated 

to clearly demonstrate that the interaction plays a key role in the cancer 

events of the progression [49-51], the invasion [52-54], and the metastasis  

[55-57]. For the cancer invasion, matrix metalloproteinase (MMP), which is 

secreted by cancer cells or CAF, plays a key role in the remodeling of the 

extracellular matrix. MMP can selectively degrade collagen type Ⅳ and 

laminin, which are important components of the basement membrane. 

Therefore, a high level of MMP production by the interaction promotes the 

invasiveness of cancer cells because of the degradation of the basement 

membrane (Figure 3.1) [58-61].  
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Figure 3.1. Characterization of cancer invasion by the interaction between 

cancer cells and CAF in vivo. (A) In tumor sites, cancer cells usually 

attached to the basement membrane as an alternative of epithelial cells. 

Interaction between cancer cells and CAF (in stromal cells) leads to an 

accelerated MMP production. (B) Cancer cells start to penetrate through the 

basement membrane degraded by MMP produced. This process of cancer 

invasion is one of the important points to consider the therapeutic efficacy 

of tumor therapy because of the consequent metastasis and final poor 

mortality rates.  

 

Recently, it is well recognized that drugs to target CAF or the 

interaction between cancer cells and CAF would be effective in cancer 

treatment [46, 47, 62, 63]. Based on the reasons, CAF are important cells to 

study the cancer characteristics while a co -culture of cancer cells and CAF 

is necessary to simulate the in vivo environment of tumor tissues  in vitro.  

Cell culture of three-dimension (3D) is an important method to mimic 
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the body environment [64]. In the body tissue, most cells tend to form 

aggregates, and the aggregation permitted cells to enhance their biological 

functions, such as proliferation, cell -cell interaction, and metabolic activity  

[2, 3, 5, 10, 11, 65]. However, cells present in the center of cell aggregates 

rapidly die because of poor oxygen and nutrien t supplies [12, 66]. To tackle 

this problem, gelatin hydrogel microspheres (GM) were incorporated into 

cell aggregates to demonstrate the cell viability for a long-time period [14]. 

Furthermore, the GM incorporation allowed cells to supply oxygen and 

nutrients while GM could release growth factors or drugs to improve cell 

survival and functions [24-31]. In other words, GM are widely used in the 

field of drug delivery system (DDS), which is well known as the technology 

and methodology to enhance drug effects or reduce the side effects. The GM 

are promising in regenerative medicine or drug discovery based on DDS 

technology [19-23]. 

 Recently, 3D aggregates of cancer cells and CAF have been reported to 

mimic real cancer tissues [67-69]. Some researches report the deposition of 

biomolecular onto the matrices for the improvement of cell distribution, 

function, signaling, or interventions based on the tumor-stromal interaction 

[67, 70, 71]. The 3D engineered model will be useful for anti -cancer drug 

screening. However, few researches have been reported on the combined 3D 

model and DDS for the drugs to activate cancer cells or CAF.  It is important 

to enhance the biological functions of CAF by the controlled drug release to 

closely mimic the event of tumor sites because CAF are always activated in 

the tumor sites. In this study, 3D CAF aggregates incorporating GM capable 

of drug release were prepared. The alpha -smooth muscle actin (α-SMA) 

expression level (the most widely used marker for CAF) was measured for 

the CAF activation level. As the drug,  pifithrin-α (PFT) which is an 
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inhibitor to suppress the gene function of p53, was used because it has been 

reported that the inactivate or mutate the p53 gene can lead to the activation 

of CAF although the mechanism is not completely clear in biology.  In 

addition, to investigate the effect of the interaction between cancer cells 

and CAF on the cancer invasion in vitro , the invasion assay was performed. 

Furthermore, the inhibitor of MMP (marimastat) was used to evaluate the 

effect of MMP secretion on the cancer invasion level.  
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3.2. Methods  

3.2.1. Preparation of gelatin hydrogel microspheres  

Gelatin hydrogel microspheres (GM) were prepared by the chemical 

crosslinking of gelatin in a water -in-oil emulsion state according to the 

method previously reported [27]. Briefly, an aqueous solution (20 ml) of 10 

wt % gelatin (isoelectric point 5.0, weight -averaged molecular weight = 

100,000, Nitta Gelatin Inc., Osaka, Japan) was preheated at 40 ºC, followed 

by stirring at 300 rpm for 10 min to prepare the water -in-oil emulsion. The 

emulsion temperature was decreased at 4 ºC for the natural gelation of 

gelatin solution to obtain non -crosslinked hydrogel microspheres. The 

resulting gelatin hydrogel microspheres were washed three times with cold 

acetone in combination with centrifugation (5,000 rpm, 4 ºC, 5 min) to 

completely exclude the residual oil. Then, GM were fractionated by size 

using sieves with apertures of 32 and 53 µm (Iida Seisakusho Ltd, Osaka, 

Japan) and air dried at 4 ºC. Then, non-crosslinked and dried GM (200 mg) 

were treated in a vacuum oven at 140  ºC to allow to dehydrothermally 

crosslink for 72 hr. The picture of GM in the swollen state was taken with a 

microscope (BZ-X710, KEYENCE Ltd, Osaka, Japan). The size of 100 

microspheres for each sample was measured using the computer program 

Image J (NIH Inc., Bethesda, USA) to calculate the average diameters.  

 

3.2.2. Preparation of gelatin hydrogel microspheres containing pifithrin -α 

Pifithrin-α (PFT) (FUJIFILM Wako Pure Chemical Co. Ltd, Osaka, 

Japan) was dissolved in DDW to give a concentration of 20, 100, and 500  

µg/ml. The PFT solution (20 µl) was dropped into 2 mg of freeze -dried GM, 

followed by leaving at 37 ºC overnight for the impregnation of PFT into 

the GM to prepare GM containing PFT (GM -PFT). The PFT solution was 
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completely absorbed into the GM through the impregnation process because 

the solution volume was much less than theoretically required for the 

equilibrated swelling of GM.  

 

3.2.3. Drug release profile from gelatin hydrogel microspheres  

GM-PFT (2mg) were incubated in phosphate-buffered solution (PBS) 

(pH 7.4, 1 wt %). At each time point, the buffer was removed and replaced 

with fresh PBS. After 24 hr, PBS was replaced with collagenase. PFT 

concentration released from GM was measured using High  performance 

liquid chromatography (HPLC, SIL-20A prominence, SPD-20A prominence, 

LC-20AD prominence, CTO-10ASvp, DGU-20A3 prominence, Shimadzu) at 

208 nm with ODS column (STR ODS-M, size: 4.6 mm × 150 mm, Shinwa 

Chemical Industries Ltd., Kyoto, Japan). The mobile phase consisted o f 

DDW and acetonitrile with a volume ratio of 2:8.  

 

3.2.4. Degradation of gelatin hydrogel microspheres  

As well as the drug release profile, 2 mg of GM-PFT was incubated in 

PBS. At each time point, the buffer was removed and replaced with fresh 

PBS. After 24 hr, PBS was replaced with collagenase. The degradation of 

GM-PFT was measured using Micro BCATM Protein Assay Kit (Thermo Inc. 

Waltham, USA).  

 

3.2.5. Cell culture experiments  

WA-hT cells of human small cell lung carcinoma cell line (RIKEN, 

Japan) and WA-mFib cells of the small cell lung cancer -associated 

fibroblasts (CAF) cell line in minimum essential medium (MEM) 

(Sigma-Aldrich Co. LLC. St. Louis, USA) supplemented with 10 vol % fetal 
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calf serum (FCS) (Thermo Inc. Waltham, USA), penicillin (50 U/mL), and 

streptomycin (50 U/mL) (standard medium) and cultured at 37 ºC in a 95 % 

air - 5 % carbon dioxide atmosphere.  

 

3.2.6. Preparation of various types of cancer-associated fibroblasts 

aggregates  

A Poly (vinyl alcohol) (PVA) sample (the degree of polymerization = 

1,800 and the saponification = 88 mole %) kindly supplied from Unichika 

(Tokyo, Japan) was dissolved in PBS. The PVA solution was added to each 

well of the round-bottomed (U-bottomed) 96-well culture plate (200 

µl/well) and incubated at 37 ºC for 15 min. Then, the solution was removed 

by aspiration and the wells washed twice with PBS (200 µl/well). GM, 

GM-PFT, and CAF were separately suspended in the standard medium. 

After the suspensions of GM or GM-PFT (2×103  microspheres/ml, 100 µl), 

and CAF suspensions (2.0×104 cells/ml, 100 µl) were mixed, the mixture 

was added to the wells coated. After 7 days (CAF aggregates were  formed), 

CAF aggregates were cultured by an orbital shaker (Bellco, Inc. California, 

USA) at 30 rpm to enhance the biological functions until over the time 

periods of 15 days [72], and then the medium was changed on the first day 

and every 3 days until the end of experiments.  In terms of the addition of 

free PFT (10 % amounts of PFT) into solution form every day, culture was 

performed until 10 days. Because after 10 days, the total amount of PFT 

added to CAF aggregates would be the theoreticall y same as that of PFT 

release group. The pictures of the various types of CAF aggregates were 

taken with a microscope (CKX41, Olympus Ltd, Tokyo, Japan).  The size of 

various types of CAF aggregates was measured by using the computer 

program Image J (NIH Inc., Bethesda, USA) to calculate the average 
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diameter. Figure 3.2 shows the illustration of experimental samples applied 

in the U-bottomed well.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Preparation of CAF aggregates (3D CAF), CAF aggregates 

incorporating GM (CAF-GM), CAF aggregates incorporating GM -PFT 

(CAF-GM-PFT), and CAF aggregates incorporating GM in the presence of 

free PFT (500 µg/ml) addition (CAF -GM + fPFT).  

 

3.2.7. Cell number  

To evaluate the cell number in CAF aggregates without (3D CAF) or 
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with GM (CAF-GM) and GM-PFT containing various concentrations of PFT 

(CAF-GM-various concentrations of PFT) 5, 10, and 15 days after 

incubation, each sample was taken into a microtube. After  centrifuge, the 

culture medium was carefully removed and the samples were washed with 

200 µl of PBS. After removing PBS, 200 µl of collagenase was added and 

samples were incubated at 37 ºC for 30 min to degrade GM or GM-PFT. 

Then, 50 µl of trypsin was added and samples were incubated at 37 ºC for 

30 min and pipetted every 5 min to facilitate the dissociation of the 

aggregates. The enzyme action was stopped by the addition of 50 µl of 

culture medium. The total cell number was measured using Countess 

(Thermo Inc. Waltham, USA). 

 

3.2.8. Alpha-smooth muscle actin expression level  

To evaluate the effect of PFT release on the CAF functions, 

alpha-smooth muscle actin (α-SMA) expression level for the 2D CAF, 2D 

CAF + fPFT, and various types of CAF aggregates were measured by using 

Enzyme-Linked ImmunoSorbent Assay (ELISA).  

 

3.2.9. Invasion assay  

 To evaluate the crosstalk between various types of CAF and cancer cells, 

a cancer invasion assay was performed by using Cytoselect 96 well invasion 

assay (Cell Biolabs, Inc., San Diego, USA). In brief, 150 µl of CAF 

suspension (8.0 × 105 cells/well in medium containing FCS) or various 

types of CAF aggregates (the same cell number of CAF suspension) were 

added (150 µl) into the tubes. The tubes were centrifuged and the 

supernatant was removed.  Then, 800 µg/ml of marimastat or standard 

medium was added (150 µl) to the tubes, and the suspensions were plated to 
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the well of the feeder tray. After the membrane chamber was placed into the 

feeder tray, cancer cell suspension (2.0 × 10 5 cells/well in FCS free 

medium) was added (100 µl) to the membrane chamber. The samples were 

incubated for 24 hr. After completely dislodge the cancer cells from the 

underside of the membrane, a Lysis Buffer dye solution was added. Then, 

the fluorescent intensity was measured in a fluorescence spectrometer 

(F-2000, HITACHI Ltd, Tokyo, Japan) at excitation and emission 

wavelengths of 480 and 520 nm, respectively. The invasion rate of cancer 

cells was calculated as follows: the number of cancer cells in the underside 

of the membrane was divided by 2.0 × 105. Furthermore, the culture medium 

was collected, and then the secretion level of MMP -2 was measured by 

ELISA. 

 

3.2.10. Statistical analysis  

All the data were statistically analyzed and expressed as the mean ± the 

standard error of the mean. The data were analyzed by student t-test to 

determine the statistically significant difference while the significance was 

accepted at p < 0.05. Experiments for each sample were performed three 

times independently unless otherwise mentioned.  
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3.3. Results  

3.3.1. Observation of GM   

 Figure 3.3 shows the microscopic pictures of GM. The GM were 

spherical and had a smooth surface. The size of GM in the swollen condition 

ranged 51.25 ± 7.28 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. A light microspheres photograph of GM dispersed in water. 

Scale bar; 100 µm.  

 

3.3.2. Drug release characterization of GM -PFT 

 Figure 3.4A shows the PFT release profile from GM -PFT. When 

GM-PFT was incubated into PBS, a slow release of PFT was observed. By 

the addition of collagenase, PFT was rapidly released.  Figure 3.4B shows 

the degradation profile of GM-PFT. The profile was similar to that of PFT 

release. There was a correlation between the two -time profiles. The 
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coefficient of determination was about 0.96 (Figure 3.4C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. (A) In vitro  time profile of PFT from GM-PFT in PBS. 

Collagenase was added into PBS at 24 hr indicated by the arrow. (B) 

Degradation profile of GM in PBS and then collagenase. (C) Relationship 

between PFT release and GM degradation profile.  

 

3.3.3. Observation of various types of CAF aggregates  

 Figure 3.5 shows the light microscopic pictures of 3D CAF, CAF -GM, 

and CAF aggregates incorporating GM -PFT containing 500 µg/ml PFT 

(CAF-GM-500 µg/ml PFT) 5, 10, and 15 days after incubation, or that of 3D 

CAF and CAF-GM with free PFT addition 5 and 10 days after incubation.  

The size of 3D CAF or CAF -GM did not change, irrespective of free PFT 
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addition (Figure 3.5). The tendency was similar in terms of the PFT 

concentration (data not shown). However, the size of CAF-GM and 

CAF-GM-PFT 15 days after incubation was small compared with that after 

10 days (Figure 3.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Light microscope photographs of 3D CAF, CAF -GM, and 

CAF-GM-500 µg/ml PFT 5, 10, and 15 days after incubation. Light 

microscope photographs of 3D CAF + fPFT and CAF-GM + fPFT 5 and 10 

days after incubation. Scale bar; 200 µm.  

 

3.3.4. Cell proliferation of various types of CAF aggregates  
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 Figure 3.6 shows the cell number in various types of CAF aggregates. 

The cell number in 3D CAF was significantly lower than that in GM 

incorporation group. The cell number in 3D CAF 5 days after incubation 

was not significantly different from that 10 or 15 days late r. In terms of GM 

or GM-various concentrations of PFT incorporation, the cell number 10 

days after incubation was larger than that 5 days later. However, there was 

no difference in the cell number between 10 and 15 days after incubation.  In 

addition, the cell number did not depend on the PFT concentration or free 

PFT addition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Cell number in 3D CAF ( ) or CAF-GM ( ) and CAF-GM-PFT 

containing 20 μg/mL ( ), 100 μg/mL ( ), and 500 μg/mL ( ) PFT 5, 10, 

and 15 days after incubation. Cell number in 3D CAF+fPFT ( ) and 

CAF-GM+fPFT ( ) 5 and 10 days after incubation. *p  < 0.05; significant 
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difference against the cell number for the same condition of CAF 5 days 

before. †p  < 0.05; significant difference against the cell number for 3D CAF 

at the corresponding time.  ‡p < 0.05; significant difference against the cell 

number for 3D CAF+fPFT at the corresponding time.  

 

3.3.5. Measurement of α-SMA expression 

To evaluate the effect of PFT on the activation of CAF aggregates, the 

alpha-smooth muscle actin (α-SMA) expression level was measured.  Figure 

3.7 shows the α-SMA expression level for 2D CAF, 3D CAF CAF-GM, and 

CAF-GM-various concentrations of PFT 5, 10, and 15 days after incubation. 

In terms of free PFT addition, the α-SMA expression level was evaluated 

until 10 days. The α-SMA expression level among all types of CAF 

aggregates was not significantly different 5 days after incubation.  In 

addition, at each incubation time, the α-SMA expression level for CAF -GM, 

CAF-GM-20, and 100 µg/ml PFT did not change.  However, the α-SMA 

expression level for CAF-GM-500 µg/ml PFT 10 and 15 days after 

incubation was high compared to that for the other types of CAF aggregates.  

In addition, the α-SMA expression level for 3D CAF was much lower than 

that of GM or GM-PFT incorporation groups 10 and 15 days after 

incubation. The α-SMA expression level for CAF -GM-500 µg/ml PFT 10 

days after incubation was high compared to that for CAF-GM + fPFT (500 

µg/ml). The tendency was observed only for CAF -GM-500 µg/ml PFT. In 

addition, the α-SMA expression level for 3D CAF was much higher than 

that for 2D CAF, irrespective of free PFT addition.  
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Figure 3.7. α-SMA expression level for 2D CAF, 3D CAF, CAF-GM, and 

CAF-GM-PFT containing 20 µg, 100 µg, and 500 µg/ml PFT 5, 10, and 15 

days after incubation. α-SMA expression level for 2D CAF + fPFT, 3D CAF 

+ fPFT, and CAF-GM + fPFT 5 and 10 days after incubation. *p< 0.05; 

significant difference between the two groups. †p< 0.05; significant 

difference against α-SMA expression level for 2D CAF at the corresponding 

time. ‡p< 0.05; significant difference against α-SMA expression level for 

2D CAF + fPFT at the corresponding time. §p< 0.05; significant difference 

against α-SMA expression level for other groups at the corresponding time.  
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3.3.6. Measurement of cancer invasion rate and secretion level of MMP -2 

 Figure 3.8 shows the invasion rate of cancer cells by co -culture with 

various types of CAF. The invasion rate of cancer cells by co -culture with 

CAF-GM-500 µg/ml PFT was high compared to that of other groups. The 

addition of marimastat (800 µg/ml: IC 50 for cancer cells) reduced the 

invasion rate of cancer cells only when co -cultured with CAF-GM-500 

µg/ml PFT. As shown in Figure 3.9, the secretion level of MMP -2 from the 

CAF-GM-500 µg/ml PFT and cancer cells was much higher than other 

groups. Only when co-culture with the CAF-GM-500 µg/ml PFT, the 

secretion level of MMP-2 was significantly higher than other groups and 

was reduced by the marimastat.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Invasion rate of cancer cells without CAF or by co -culture with 

2D CAF, 2D CAF + fPFT, 3D CAF, 3D CAF + fPFT, CAF -GM, CAF-GM + 

fPFT, and CAF-GM-PFT containing 20 µg, 100 µg, and 500 µg/ml PFT. 
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Control (□) and MMP inhibitor addition culture (■). *p< 0.05; significant 

difference between the two groups.  †p< 0.05; significant difference against 

invasion rate for other control groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Secretion level of MMP-2 without CAF or by co-culture with 2D 

CAF, 2D CAF + fPFT, 3D CAF, 3D CAF + fPFT, CAF-GM, CAF-GM + fPFT, 

and CAF-GM-PFT containing 20 µg, 100 µg, and 500 µg/ml PFT. Control 

(□) and MMP inhibitor addition culture (■). *p< 0.05; significant difference 

between the two groups.  †p< 0.05; significant difference against secretion 

level of MMP-2 for other control groups.  
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3.4. Discussion  

 The purpose of this study is to mimic the real tumor microenvironment 

and cancer invasion behavior in vitro. In vivo , it has been reported that p53 

inhibition factors were secreted from cancer cells and the stromal cells such 

as CAF or the factors were released from the vessel, leading to the sustained 

CAF activation. The mechanism may not completely be understood in 

biology [46, 73-75]. On the other hand, it is difficult to control the real 

body environment or situation in vitro  at present. Therefore, the gelatin 

hydrogel microspheres (GM) which are capable of p53 inhibitor slow 

release are prepared. GM with diameters of 32-53 µm were used in this 

study (Figure 3.2). This is because the size range of GM is demonstrated to 

be suitable to form cell aggregates. In addition, the previous study 

demonstrates that the dehydrothermal crosslinking for 72 hr allowed GM to 

incorporate into cell aggregates although the crosslinking extent of GM 

increased with an increase in the crosslinking time [41]. It has been also 

characterized to optimize the cell aggregates incorporating GM in terms of 

cell activities to conclude that the cells/GM mixing ratio of 10:1 was 

appropriate to form cell aggregates incorporating GM [72]. This study also 

indicates that the ATP activity of CAF aggregates increased with an increase 

in the number of GM incorporated (data not shown).  

It is apparent from the time profile of drug release and GM degradation 

(Figure 3.4) that the drug is released from GM-PFT not by the drug 

diffusion, but by the association with the degradation of GM. This 

mechanism of matrix-degradation-based drug release characterization is 

advantageous in terms of the drug release regulation [27, 76, 77]. The PFT 

release profile did not change, irrespective of the PFT concentration ( data 

not shown). It is possible that the number of gelatin molecules is large 
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enough to associate with PFT molecules.  From the results of PFT release 

profile (Figure 3.4A), about 10 % of PFT was released for 1 day. Based on 

this, 10 % of the total amounts of PFT was added in the solution form every 

day as a control group. The size of CAF -GM-PFT did not change, 

irrespective of the PFT concentration, upon comparing the same time 

(Figure 3.5). However, the size of CAF -GM or CAF-GM-PFT 15 days after 

incubation was small compared with that after 10 days (Figure 3.5). This 

can be explained in terms of GM degradation. The previous study 

demonstrates that a decrease in the size of cell aggregates incorporating GM 

leads to reduce the biological functions of cell aggregates [72]. Based on 

this, in this study, CAF aggregates were cultured at the longest for 15 days.  

The incorporation of GM or GM-PFT affected the increase in the cell 

number in CAF aggregates (Figure 3.6). The cell number in CAF-GM was 

larger than that in the GM-Free group. It is likely that the GM presence gave 

cells in the aggregates a good condition of enhanced oxygen or nutrient 

permeability and concentration, resulting in an enhanced cell number in 

CAF aggregates. However, the cell number in CAF -GM-PFT did not depend 

on the PFT concentration. These results are supported by the pictures in 

Figure 3.5. The findings indicate that the PFT release did not affect the cell 

proliferation of CAF aggregates. During the initial 10 days, the cell number 

in CAF-GM or CAF-GM-PFT increased, but not after 10 days . Considering 

the degradation of GM or GM-PFT in the aggregates for 10 days, it is 

conceivable that the GM lost results in the deteriorated condition of oxygen 

and nutrient in aggregates, leading to reduced or stopped cell growth. This 

can be controlled by changing the time period of GM degradation.  To 

evaluate the effect of PFT on the activation of CAF aggregates, first, the 

α-SMA expression level for CAF -GM or CAF-GM-various concentrations of 
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PFT (20, 100, and 500 μg/ml) (Figure 3.7). To identify CAF, α-SMA which 

is known as a specific marker for myofibroblasts, is a widely used marker as 

a measure of CAF activation [46, 78, 79]. The activation level of CAF is 

very important because the activation of CAF is enabled CAF to enhance 

the interaction with cancer cells, which contributes to cancer progression, 

invasion, and metastasis, through the secretion of various growth factors, 

cytokines, and chemokines [46, 47]. The α-SMA expression level of various 

types for CAF aggregates 5 days after incubation was not significantly 

different. However, 10 and 15 days after incubation, the α-SMA expression 

level for CAF aggregates was significantly low compared with that of 

CAF-GM. As demonstrated by the previous study, GM facilitate supplying 

oxygen and nutrients to cells, which leads to increased survival of cells and 

the consequent biological activation [41]. The α-SMA expression level for 

CAF-GM-500 µg/ml PFT was significantly high compared with that of the 

other CAF aggregates. This indicates that 500 µg/ml PFT was suitable to 

enhance the functions of CAF aggregates. Next, the effect of PFT release to 

CAF aggregates on the CAF functions  was considered. The α-SMA 

expression level for CAF-GM-500 µg/ml PFT was significantly different 

from that for CAF-GM + fPFT 10 days after incubation. The biological 

activation of PFT for CAF functions more effectively than the only addition 

of free PFT into the medium from outside of CAF-GM. The effect of the 

addition of free PFT into the medium on the activation of 2D CAF or 3D 

CAF was not observed. In addition, the α-SMA expression level for 2D CAF 

was significantly lower than that of 3D CAF 5, 10, and 15 days after 

incubation. This may be explained in terms of cellular interaction.  It is 

suggested that the better interaction of 3D cell-cell contact allows cells to 

enhance their function.  It has been reported that the cell functions were 
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determined by not a cell but a unit of the cells [2-5]. The 3D cell culture 

technology is essential to enhance the cell functions.  

Figure 3.8 shows the invasion rate of cancer cells by co -culture with 

various types of CAF. The invasion assay is usually performed  by using a 

transwell via the basement membrane. For example, to evaluate the cancer 

invasion ability or the effect of the gene or the regents on the cancer 

invasion, the cell invasion assay kit was utilized [80-83]. In tumor sites, 

although cancer cells usually attached to the basement membrane as an 

alternative of epithelial cells, cancer cells started to penetrate through the 

basement membrane when cancer cells gained the invasiveness. Therefore, 

the culture condition in this study (cancer cells on the basement membrane, 

CAF under the basement membrane) would mimic the inner state of cancer 

cells in cancer sites. The mixing ratio of cancer cells and CAF of 1:4 was 

used. This is because it has reported that the numbers of CAF are about 

second, three, or four times as much as that of cancer cells although the 

ratio depends on the cancer type [67]. The invasion rate of cancer cells only 

by co-culture with CAF-GM-500 µg/ml PFT was significantly higher than 

that with other groups. From the results, it is possible that the CAF -GM-500 

µg/ml PFT simulates the cancer microenvironment better than other groups. 

Interestingly, when cancer cells were cultured without CAF, the invasion 

rate was not significantly different from that with them. It is well known 

that invasion tends to occur with CAF existence because of the interaction 

between cancer cells and CAF in vivo [46]. It is conceivable that the 

activation of CAF as much as possible is needed to occur the interaction 

between them in vitro. To further evaluate the interaction between cancer 

cells and CAF, the addition assay of marimastat, an inhibitor of matrix 

metalloproteinase (MMP), was performed (Figure 3.8, closed bar). As a 
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result, the cancer invasion rate was significantly inhibited only by 

co-culture with CAF-GM-500 µg/ml PFT. In addition, the level of MMP -2 

secreted from the CAF-GM-500 µg/ml PFT was significantly higher than 

that of other groups (Figure 3.9). Moreover, the inhibition effect of 

marimastat on the MMP-2 secretion was seen only for the CAF -GM-500 

µg/ml PFT group (Figure 3.9). However, the MMP-9 secretion was not 

observed for all of the groups (data not shown). Among the MMPs, it has 

been reported that MMP-2 and 9 selectively degrade type Ⅳ collagen and 

laminin, which mainly are composed in the basement membrane, and 

contribute to the cancer invasion. The expression of larger amounts of 

MMP-2 and 9 is demonstrated in several cancers. Taken together, the two 

types of MMPs were focused. MMP -9 is also activated by MMP -3 and 

MMP-13 [46]. MMP-3 and 13 were not evaluated because MMP -9 is not 

secreted higher. In addition, the MMP inhibition did not affect the CAF 

function (data not shown). Taken together, it is likely that the efficient 

interaction between cancer cells and CAF with a high activity allowed 

cancer cells to achieve their invasion behavior even in vitro via the MMP-2 

system (Figure 3.10). This study is the first report to create an invasion 

model in vitro  by taking advantage of a combined 3D culture system and the 

DDS technology.  
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Figure 3.10. Result illustration of cancer invasion model based on a 

combination of 3D cell culture and DDS technology. The cancer invasion 

rate was low in the conventional model (with 2D CAF or CAF -GM) because 

the cancer local environment is different from that of in vivo tumor 

microenvironment, leading to the lower MMP secretion. The present cancer 

invasion model would be an effective tool to evaluate the ability of cancer 

invasion  in vitro because this invasion model enables cancer cells to give a 

microenvironment similar to in vivo . 
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Chapter 4 

A cancer invasion model of cancer-associated fibroblasts 

aggregates combined with TGF-β1 release system 

 

4.1. Introduction  

Recently, it has been gotten harder and harder to perform animal 

experiments for the evaluation of biological mechanisms, drug effects, and 

drug toxicology because of ethical issues  [84, 85]. For example, animal 

experiments for cosmetic research and development have been prohibited 

since 2013 in Europe [86, 87]. Based on this situation,  animal-free 

experiments have been carried out extensively. As alternative animal 

models, some cell culture systems to mimic the in vivo environment have 

been developed [88-90]. Among the systems, there are many research 

reports on three-dimensional (3D) cell culture, such as cell aggregates, 

spheroids, or organoids [72, 91-95]. In the body tissue, cells 3D interact 

with each other, leading to an enhanced extracellular matrix production, 

cytokine secretion, metabolic activity, and proliferation or differentiation 

[2-4, 65]. Therefore, as one experimental trial, cell aggregates would be 

effective in mimicking the body system for biological research or drug 

discovery [5]. However, as the size of cell aggregates becomes large, 

oxygen or nutrient supplies into the cells present in cell aggregates are too 

poor to survive and maintain the biological activities of cells  [12, 66]. In 

addition, it is also difficult to culture the cell aggregates for a long time 

period which is necessary for the in vitro  performance of drug discovery. As 

one trial to tackle this issue, gelatin hydrogel microspheres (GM) were 

incorporated into the cell aggregates because the oxygen and nutrients can 

be permeated through the water phase of GM for their supply to cells [14]. 
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Moreover, it has been demonstrated that the GM can control release growth 

factors (e.g. basic fibroblast growth factor, transforming growth factor -β 

(TGF-β), or platelet-derived growth factor) or drugs (e.g. a p53 inhibitor), 

which is effective in enhancing the cell viability and functions [24-31, 96, 

97]. Based on these findings, it is experimentally confirmed that cell 

aggregates incorporating GM containing the growth factors or drugs are 

promising in drug screening or regenerative medicine  [20, 72, 97-101].   

Cancer invasion is one of the problems to be solved in cancer therapy 

because the cancer invasion leads to cancer metastasi s, which often causes 

finally poor mortality rates  [102]. Recently, it has been demonstrated that 

cancer cells do not have a great ability in themselves to promote the 

invasion and that stromal cells support their invasion [48, 97, 103, 104]. 

Among the stromal cells, cancer-associated fibroblasts (CAF) play major 

roles to promote cancer invasion through the interaction with cancer cells  

[46]. It is reported that the cancer invasion rate by co-cultured or existence 

with CAF is significantly higher than that of CAF-free culture in vitro or in 

vivo [52-57]. Although several factors are secreted by the interaction, 

matrix metalloproteinase (MMP) is essential for the cancer invasion 

because MMP has an ability to degrade the basement membrane  [46, 58, 60]. 

Based on the findings, it has been noted that the cancer invasion therapy to 

target CAF or the research of interaction between cancer cells and CAF 

would be effective [46, 62, 63, 97, 105, 106]. In addition, growth factors 

also have an important influence in promoting the cancer invasion while 

they are physiologically secreted from several cells  of cancer cells, CAF, 

and endothelial cells. The previous study has revealed that CAF stimulated 

by TGF-β1 increase the cancer invasion rate in a population study [107]. 

TGF-β1 is one of the important growth factors for interaction between 
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cancer cells and CAF via MMP, leading to the cancer invasion as shown in 

Figure 4.1 [107-109].  

Figure 4.1. Characterization of cancer invasion by the cell culture system of 

interaction between cancer cells and CAF. (A) TGF -β1 secreted from cancer 

cells, endothelial cells,  or CAF aggregates are able to stimulate or activate 

CAF aggregates. (A higher α-SMA expression level for CAF). (B) Cancer 

cells and activated CAF sustainably interact with each other, leading to an 

accelerated MMP production. MMP could degrade the basement membrane, 

resulting in an enhanced cancer invasion.  

 

The objective of this study is to design a cancer invasion model where 

the cancer invasion rate can be regulated by changing the concentration of 

TGF-β1. To replicate the cancer invasion via CAF activation by TGF -β1, 

first, CAF aggregates incorporating GM capable of TGF-β1 controlled 

release were prepared. Then, alpha-smooth muscle actin (α-SMA) for the 

CAF aggregates was measured to investigate the CAF activation level by 
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changing the concentration of TGF-β1. An invasion assay was performed to 

evaluate the cancer invasion rate by co-cultured of cancer cells with various 

CAF aggregates incorporating GM containing TGF-β1. The effect of an 

MMP inhibition treatment on the secretion level of MMP and the cancer 

invasion rate were examined. 
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4.2. Methods  

4.2.1. Preparation of gelatin hydrogel microspheres  

Gelatin hydrogel microspheres (GM) were prepared by the chemical 

crosslinking of gelatin in a water -in-oil emulsion state according to the 

method previously reported [27]. Briefly, an aqueous solution (20 ml) of 10 

wt % gelatin (isoelectric point 5.0, weight -averaged molecular weight = 

100,000, Nitta Gelatin Inc., Osaka, Japan) was preheated at 40 ºC, followed 

by stirring at 300 rpm for 10 min to prepare the water -in-oil emulsion. The 

emulsion temperature was decreased at 4 ºC for the natural gelation of 

gelatin solution to obtain non -crosslinked hydrogel microspheres. The 

resulting gelatin hydrogel microspheres were washed three times with cold 

acetone in combination with centrifugation (5,000 rpm, 4 ºC, 5 min) to 

completely exclude the residual oil. Then, GM were fractionated by size 

using sieves with apertures of 32 and 53 µm (Iida Seisakusho Ltd, Osaka, 

Japan) and air dried at 4 ºC. Then, non-crosslinked and dried GM (200 mg) 

were treated in a vacuum oven at 140  ºC to allow to dehydrothermally 

crosslink for 72 hr. The picture of GM in the swollen state was taken with a 

microscope (BZ-X710, KEYENCE Ltd, Osaka, Japan). The size of 100 

microspheres for each sample was measured using the computer program 

Image J (NIH Inc., Bethesda, USA) to calculate the average diameters.  

 

4.2.2. Preparation of GM-TGF-β1 

Recombinant human TGF-β1 (R&D Systems, Inc., Minneapolis, USA) 

was dissolved in double-distilled water (DDW) to give a solution at TGF-β1 

concentration of 10, 100, 500, 1000, and 5000  µg/ml. The TGF-β1 solution 

(20 µl) was dropped into 2 mg of freeze-dried GM, followed by leaving at 

37 ºC overnight for the impregnation of TGF -β1 into the GM to prepare 
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GM containing TGF-β1 (GM-TGF-β1). GM-TGF-β1 containing 10, 100, 500, 

1000, and 5000 µg/ml TGF-β1 were named GM-10TGF-β1, GM-100TGF-β1, 

GM-500TGF-β1, GM-1000TGF-β1, and GM-5000TGF-β1, respectively. The 

TGF-β1 solution was completely absorbed into the GM through the 

impregnation process because the solution volume was much less than 

theoretically required for the equilibrated swelling of GM.  

 

4.2.3. Evaluation of in vitro  TGF-β1 release   

GM-5000TGF-β1 (2 mg) were incubated in 9.57 mM phosphate-buffered 

saline solution (PBS, pH 7.4). At each point, the buffer was removed and 

replaced with fresh PBS. After 24 hr, PBS was replaced with collagenase. 

TGF-β1 concentrations released from GM were measured using a human 

TGF-β1 ELISA kit (Proteintech Inc., Rosemont, USA).  

 

4.2.4. Cell culture experiments    

 WA-hT cells of human small cell carcinoma cell line (RIKEN, Japan) 

and WA-mFib cells of cancer-associated fibroblasts (CAF) cell line derived 

WA-hT were cultured in minimum essential  medium (MEM) (Sigma-Aldrich 

Co. LLC. St. Louis, USA) supplemented with 10 vol % fetal calf serum 

(FCS) (Thermo Inc. Waltham, USA), penicillin (50 U/mL), and 

streptomycin (50 U/mL) (standard medium) and cultured at 37 ºC in a 95 % 

air - 5 % carbon dioxide atmosphere.  

 

4.2.5. Preparation of various CAF aggregates  

 A Poly (vinyl alcohol) (PVA) sample (the degree of polymerization = 

1,800 and the saponification = 88 mole %) kindly supplied from Unichika 

(Tokyo, Japan) was dissolved in PBS (1 wt %). The PVA solution was added 
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to each well of round-bottomed (U-bottomed) 96-well culture plate (200 

µl/well) and incubated at 37 ºC for 15 min. Then, the solution was removed 

by aspiration and the wells washed twice with PBS (200 µl/well). GM, 

various GM-TGF-β1, and CAF suspensions were separately suspended in 

the standard medium. After the suspensions of GM (2×10 3 microspheres/ml, 

100 µl) and various GM-TGF-β1 (2×103  microspheres/ml, 100 µl) were 

prepared, CAF suspensions (2.0×104 cells/ml, 100 µl) were mixed. The 

mixtures were added to the wells coated.  As a control group, CAF 

aggregates incorporating GM by addition of free TGF -β1 solution (5000 

μg/ml) into the culture medium were cultured. The addition schedule is 

followed: 20 % of TGF-β1 amount contained in GM was added when the 

culture was started. After 7 days, 20 % of TGF -β1 amount was added on day 

7, 8, 9, and 10 for 4 days (Figure 4.2B). In addition, the CAF aggregates 

were not cultured 10 days later because the amount of TGF-β1 added into 

the culture medium was higher than that of TGF -β1 contained in GM. The 

pictures of the various types of CAF aggregates were taken with a 

microscope (CKX41, Olympus Ltd, Tokyo, Japan). The size of CAF 

aggregates was measured using the computer program Image J (N IH Inc., 

Bethesda, USA) to calculate the average diameter. CAF aggregates 

incorporating GM, GM-10TGF-β1, GM-100TGF-β1, GM-500TGF-β1, 

GM-1000TGF-β1, and GM-5000TGF-β1 were named CAF-GM, 

CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, 

CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1, respectively (Figure 

4.2A). In addition, CAF-GM by the addition of free TGF-β1 solution was 

named CAF-GM + fTGF-β1.  
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Figure 4.2. (A) Preparation of CAF aggregates incorporating GM 

(CAF-GM), CAF aggregates incorporating GM containing various 

concentrations (10, 100, 500, 1000, and 5000 μg/ml) of TGF-β1 

(CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, 

CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1), and CAF aggregates 

incorporating GM in the presence of free TGF-β1 (CAF-GM + fTGF-β1). 

(B) Time schedule of free TGF-β1 solution addition in the culture medium. 

When the culture was started, 20 % of total TGF-β1 amounts were added. 

After 7 days after incubation, 20 % of the total amounts were added on day 

7, 8, 9, and 10. The total amount of TGF-β1 added was the same as that of 

TGF-β1 incorporated 10 days after incubation.  

 

4.2.6. Evaluation of cell number  

 To evaluate the cell number in CAF -GM, various CAF-GM-TGF-β1, and 

CAF-GM + fTGF-β1, CAF aggregates were taken into a microtube. After 
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their centrifugation, the culture medium was carefully removed and the CAF 

aggregates were washed with 200 µl of PBS. After removing PBS, 200 µl of 

collagenase was added and samples were incubated at 37 ºC for 30 min to 

allow to completely degrade GM. Then, 50 µl of 2.5 g/l-trypsin and 1 

mmol/l-EDTA solution (Nacali tesque, Inc., Kyoto, Japan)  was added and 

samples were incubated at 37 ºC for 30 min while they were pipetted every 

5 min to facilitate the dissociation of CAF aggregates. The enzyme action 

was stopped by the addition of 50 µl of culture medium. The total cell 

number per cell aggregates was measured . 

 

4.2.7. Evaluation of α-SMA expression level  

 To evaluate the level of alpha-smooth muscle actin (α-SMA) expression, 

various types of CAF aggregates were measured by using  alpha-smooth 

muscle actin ELISA kit (NBP2-66429) (Novus Biologicals, LLC, New York, 

USA). The α-SMA expression level was calculated by dividing the total cell 

number.  

  

4.2.8. Invasion assay  

 To evaluate the cancer invasion ability by co-culture of cancer cells 

with various types of CAF aggregates, the cancer invasion assay was 

performed by using Cytoselect 96 well invasion assay (Cell Biolabs, Inc., 

San Diego, USA). In brief, 150 µl of CAF aggregates (10 days after 

incubation) was added (150 µl) into the tubes. The tubes were centrifuged 

and the supernatant was removed. Then, 800 μg/ml of an MMP inhibitor or 

standard medium was added (150 µl) to the tubes, and the suspensions were 

plated to the well of feeder tray.  After the membrane chamber was placed 

into the feeder tray, the cancer cell suspension (100 µl, 2.0 × 105 cells/well 
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in FCS-free medium) was added to the membrane chamber. The samples 

were incubated for 24 hr. After completely dislodging the cancer cells from 

the underside of the membrane, the lysis buffer dye solution was added. 

Then, the fluorescent intensity was measured in a fluorescence spectrometer 

(F-2000, HITACHI Ltd, Tokyo, Japan) at excitation and emission 

wavelengths of 480 and 520 nm, respectively. Calculation of cancer 

invasion rate was followed: Cell number of cancer cells in under side of the 

membrane was divided by 2.0 × 105 cells. Moreover, the culture medium 

was collected, and then the amount of MMP-2 secreted was measured by 

total MMP-2 quantikine ELISA kit (MMP200) (R&D Systems, Inc., 

Minneapolis, USA).  

 

4.2.9. Statistical analysis  

 All the data were statistically analyzed and expressed as the mean ± the 

standard error of the mean. The data were analyzed by student t -test or 

Tukey’s test to determine the statistically significant difference while the 

significance was accepted at p < 0.05. Experiments for each sample were 

performed three wells independently unless otherwise mentioned.  
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4.3. Results  

4.3.1. Morphology of GM  

Figure 4.3 shows the microscope picture of GM. The GM were spherical 

and had a smooth surface. The size in the swollen condition ranged 46.5 ± 

5.18 μm.  

 

 

 

 

 

 

 

 

 

Figure 4.3. A light microscope photograph of GM dispersed in the water. 

Scale bar; 50 μm. 

 

4.3.2. Time profile of TGF-β1 release from GM-TGF-β1 

 Figure 4.4 shows the TGF-β1 release profile from GM-TGF-5000β1. 

When GM-5000TGF-β1 were incubated into PBS, an initial slow release of 

TGF-β1 was observed. On the other hand, TGF -β1 was released with time 

by the addition of collagenase.  
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Figure 4.4. In vitro  time profile of TGF-β1 from GM-5000TGF-β1. 

Collagenase was added into PBS at 24 hr indicated by the arrow.  

 

4.3.3. Characterization of CAF-GM, CAF-GM-TGF-β1, and CAF-GM + 

fTGF-β1 

 Figure 4.5 shows the light microscope pictures of CAF -GM, 

CAF-GM-TGF-β1, and CAF-GM + fTGF-β1. All types of CAF aggregates 

were formed 7 days after incubation. The TGF-β1 presence, the TGF-β1 

concentrations, and the addition of free TGF-β1 solution did not affect the 

morphology or size of aggregates (Figures 4.5 and 4.6). In addition, the size 

of CAF aggregates 15 days after incubation was significantly smaller than 

that 10 days later. 
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Figure 4.5. Light microscope photographs of CAF -GM, CAF-GM-10TGF-β1, 

CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, and 

CAF-GM-5000TGF-β1 5, 7, 10, and 15 days after incubation or that of 

CAF-GM + fTGF-β1 5, 7, and 10 days after incubation. Scale bar; 200 μm. 
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Figure 4.6. Size of CAF aggregates for CAF-GM, CAF-GM-10TGF-β1, 

CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, CAF-GM-1000TGF-β1, and 

CAF-GM-5000TGF-β1 groups 10 (□), and 15 days after incubation (■). *p< 

0.05; significant difference between the two groups.  

 

4.3.4. Cell number in CAF-GM, various types of CAF-GM-TGF-β1, and 

CAF-GM + fTGF-β1 

 Figure 4.7. shows the cell number for CAF-GM, CAF-GM-TGF-β1, and 

CAF-GM + fTGF-β1. TGF-β1 presence, the TGF-β1 concentrations, and the 

addition of free TGF-β1 solution did not affect the cell number. In addition,  

the cell number 10 days after incubation was significantly higher than that 5 

days later.  
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Figure 4.7. Cell number of CAF aggregates for CAF-GM, 

CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, 

CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1 groups 5, 10, and 15 

days after incubation or CAF-GM + fTGF-β1 5 and 10 days after incubation. 

*p< 0.05; significant difference against the cell number for the same 

condition of CAF 5 days before.  

 

4.3.5. α-SMA expression level of CAF-GM, various types of 

CAF-GM-TGF-β1, and CAF-GM + fTGF-β1 

 To evaluate the effect of TGF-β1 on the CAF activation, the α-SMA 

expression level was measured 5, 10, and 15 days after incubation (Figure 

4.8). There was no significant difference in the α-SMA expression level 

among all types of CAF 5 days after incubation. However, 10 and 15 days 
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after incubation, the α-SMA expression level for CAF-GM-500TGF-β1 was 

significantly higher than that for CAF -GM, CAF-GM-10TGF-β1, and 

CAF-GM-100TGF-β1. Although the α-SMA expression level for 

CAF-GM-1000TGF-β1 was significantly higher than that for 

CAF-GM-500TGF-β1, there was no significant difference between the 

CAF-GM-1000TGF-β1 and CAF-GM-5000TGF-β1. In addition, the α-SMA 

expression level for CAF-GM + fTGF-β1 was not significantly different 

from that for CAF-GM, CAF-GM-10TGF-β1, or CAF-GM-100TGF-β1 5 and 

10 days after incubation.  

 

  

 

 

 

 

 

 

 



 

75 

Figure 4.8. α-SMA expression level of CAF aggregates  for CAF-GM, 

CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, 

CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1 groups 5, 10, and 15 

days after incubation or CAF-GM + fTGF-β1 5 and 10 days after incubation. 

*p< 0.05; significant difference against the α-SMA expression level for the 

same condition of CAF 5 days before. †p< 0.05; significant difference 

between the two groups.  

 

4.3.6. Invasion assay  

Figure 4.9A shows that the invasion rate of cancer cells by co -cultured 

with CAF-GM, various CAF-GM-TGF-β1, and CAF-GM + fTGF-β1. Figure 

4.9B shows that the correlation between the invasion rate and α-SMA 

expression level. The coefficient of determination was about 0.87. In 
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addition, Figure 4.9C shows that the correlation between the invasion rate 

and the TGF-β1 concentration. The coefficient of determination was about 

0.96. Figure 4.10 shows the invasion rate of cancer cells by MMP inhibitor. 

The invasion rate of cancer cells by co-cultured with CAF-GM-500TGF-β1, 

CAF-GM-1000TGF-β1, and CAF-GM-5000TGF-β1 decreased by MMP 

inhibitor. However, the effect of MMP inhibitor was not observed in 

CAF-GM, CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, and CAF-GM + 

fTGF-β1. Moreover, the secretion level of MMP-2 had an important role in 

the cancer invasion rate (Figure 4.11). 
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Figure 4.9. (A) Invasion rate of cancer cells by co -cultured with CAF-GM, 

CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, 

CAF-GM-1000TGF-β1, CAF-GM-5000TGF-β1, and CAF-GM + fTGF-β1 

groups 1 days after incubation. *p< 0.05; significant difference between the 

two groups. (B) Correlation between the α-SMA expression level and the 

invasion rate. (C) Correlation between the TGF-β1 concentration and the 

invasion rate. 
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Figure 4.10. Invasion rate of cancer cells by co -cultured with CAF-GM, 

CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, 

CAF-GM-1000TGF-β1, CAF-GM-5000TGF-β1 groups, and CAF-GM + 

fTGF-β1 1 days after incubation: culture without (□) or with MMP inhibitor 

addition  (■). *p< 0.05; significant difference between the two groups.  
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Figure 4.11. Amount of MMP-2 secreted by co-cultured with CAF-GM, 

CAF-GM-10TGF-β1, CAF-GM-100TGF-β1, CAF-GM-500TGF-β1, 

CAF-GM-1000TGF-β1, CAF-GM-5000TGF-β1, and CAF-GM + fTGF-β1 

groups 1 days after incubation: culture without (□) and with MMP inhibitor 

addition (■). *p< 0.05; significant difference between the two groups.  
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4.4. Discussion   

For the combination with cell aggregates, various microspheres of 

gelatin [72, 76, 110], poly (lactic-co-glycolic acid) (PLGA) [77, 111-113], 

and alginate [114, 115] were investigated. Among these materials, in this 

study, gelatin was used because of the high cell adhesiveness or lower 

cytotoxicity [15-17]. GM used in this study were of 32-53 µm in diameter 

dehydrothermally crosslinked for 72 hr. Because the previous study 

demonstrates that GM with this property is good for the purpose of cell 

aggregates incorporating GM [41]. In terms of the mixing ratio of cells to 

GM, 10:1 was selected because this mixing ratio was appropriate to form 

the cell aggregates incorporating GM [72]. In addition, in this study, 

two-dimensional (2D) CAF and CAF aggregates without GM were not 

prepared as controls. Because the biological functions of 2D CAF and CAF 

aggregates without GM were found to be much lower than that of CAF -GM 

due to the lower cell-cell contact and rapid cell death, respectively [97]. 

 In the previous study, the proliferation of bone marrow stem cells was 

improved based on the TGF-β1 controlled release from GM -TGF-β1 [96]. 

TGF-β1 slow release from GM-TGF-β1 can enhance cell activity or 

functions. However, the effect of the TGF-β1 controlled release from 

GM-TGF-β1 on the CAF functions has not been studied. From the TGF-β1 

release profile, about 20 % of TGF-β1 total amount was initially released 

from GM-TGF-β1 in PBS. The previous studies revealed that TGF-β1 could 

be controlled release from GM [96]. By the addition of collagenase, TGF -β1 

was released with time. It is likely that TGF-β1 was released as the gelatin 

degradation of GM by collagenase. In addition, the TGF-β1 concentration 

did not affect the drug release profile (data not shown). The number of 

gelatin molecules would be large enough to molecularly associate with 
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TGF-β1. 

 To claim the advantageous effect of TGF-β1 release “inside” CAF 

aggregates, free TGF-β1 solution was daily added into the CAF-GM culture 

medium. To this end, i t is important to determine the addition schedule 

considering the release profile.  From Figure 4.4, 20 % of the total TGF-β1 

amount contained was initially released in PBS, followed by the controlled 

TGF-β1 release as the result of GM degradation with time was observed. 

Based on the release profile, at the starting point of culture, 20 % of the 

total TGF-β1 amount was added into the culture medium. After CAF -GM 

were formed (7 days), 20 % of the total TGF -β1 amount was added every 

day (Figure 4.2B). Because it has been reported that cell aggregates produce 

the enzyme, cytokine, or chemokine much more efficiently than 

non-aggregated cells [2, 3, 5]. At 10 days, the amount of free TGF-β1 

solution is the same as that of TGF-β1 contained. The total amount of 

TGF-β1 solution would not be lower than that of TGF-β1 released from 

GM-TGF-β1. Taken together, the effect of TGF-β1 released in CAF 

aggregates 10 days after incubation could be evaluated. It is no doubt that 

the time schedule of TGF-β1 addition does not always simulate that of 

TGF-β1 released from GM-TGF-β1.  

It is apparent from Figures 4.5-4.7, the TGF-β1 present, TGF-β1 

concentrations, and the addition of free TGF-β1 solution did not affect the 

morphology, size, and cell number. Although the reason is not clear at 

present, the previous study suggests that the characterization of GM did not 

affect these parameters [41, 72]. The size of CAF aggregates 15 days after 

incubation was smaller than that 10 days because of the GM degradation 

(Figures 4.5 and 4.6). The previous study demonstrates that the GM 

degradation led to a decrease in the size of cell aggregates and the 
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biological functions of cell aggregates  [72]. Based on the reasons, in this 

study, CAF aggregates were cultured until 15 days.   

 α-SMA is one of the most important markers for CAF. When the α-SMA 

level of CAF is high, it is  experimentally characterized as CAF activation 

[46, 78, 79]. The α-SMA expression level 5 days after incubation was not 

significantly different. However, 10 and 15 days after incubation, the 

α-SMA expression level of CAF-GM-500TGF-β1 was significantly different 

from that of CAF-GM, CAF-GM-10TGF-β1, and CAF-GM-100TGF-β1 

(Figure 4.8). In addition, the α-SMA expression level of 

CAF-GM-1000TGF-β1 and CAF-GM-5000TGF-β1 was much higher than 

that of CAF-GM-500TGF-β1. The findings clearly indicate that TGF-β1 was 

effective in CAF activation. However, there is no significant difference in 

α-SMA expression level between CAF -GM-1000TGF-β1 and 

CAF-GM-5000TGF-β1. There would be due to an upper limit in the CAF 

activation. Therefore, more than 5000 μg/ml of TGF-β1 concentration was 

not used to evaluate in this study. Interestingly, the addition of free TGF-β1 

solution did not enable CAF to activate although the amount of  TGF-β1 is 

the same or higher than that of TGF-β1 released. It is highly possible to say 

that the TGF-β1 release “in” CAF aggregates had a positive effect on 

activating CAF. This is because that  the TGF-β1 is closely and uniformly 

released and exposed to cells.  

Figure 4.9A shows the cancer invasion after the co-cultured of cancer 

cells with CAF-GM, various CAF-GM-TGF-β1, and CAF-GM + fTGF-β1. 

There was a good correlation between the α-SMA expression level and the 

cancer invasion rate (Figure 4.9B). A novel cancer invasion model using 

CAF aggregates incorporating GM containing a p53 inhibitor  has been 

designed. This model was a promising tool for evaluating the cancer 
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invasion in vitro. However, the cancer invasion rate did not become higher 

with an increasing drug concentration. It is reported that on a high drug 

concentration, the cancer invasion rate was significantly higher  than that on 

lower concentrations [97]. For further research on cancer invasion or 

metastasis, a cancer invasion model where the invasion rate can be 

regulated should be developed. It is apparent from Figure 4.9C that this 

cancer invasion model of CAF aggregates incorporating GM-TGF-β1 can 

regulate the extent of the cancer invasion by simply changing the TGF-β1 

concentration contained in GM. In addition, the MMP inhibitor treatment 

significantly decreased the invasion rate. Moreover, the secretion level of 

MMP-2 had an important role in the high cancer invasion rate (Figure 4.11). 

Among the MMP, MMP-2 and 9 are essential to degrade the basement 

membrane. In this model, the secretion level of MMP-9 was not observed 

(data not shown). In this study, cancer cells would invade via the MMP-2 

system in vitro. In the in vivo system, the cancer invasion via MMP is well 

known as a standard characterization. Therefore, a model to simulate the 

cancer invasion was designed. By the addition of free TGF-β1, the cancer 

invasion rate did not change, irrespective of the TGF-β1 concentrations 

(Figure 4.12).  
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Figure 4.12. Invasion rate of cancer cells by co -cultured with CAF-GM, 

CAF-GM by addition of 10, 100, 500, 1000, and 5000 μg/ml TGF-β1 

solution.  

 

Again, this finding indicates the importance  to release TGF-β1 in CAF 

aggregates for efficient CAF activation and the consequent ly regulated 

tumor invasion phenomenon.  
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Chapter 5 

A co-culture system of three-dimensional tumor-associated 

macrophages and three-dimensional cancer-associated 

fibroblasts combined with biomolecule release for cancer cell 

migration 

 

5.1. Introduction  

The cancer environment is one of the essential factors to understand 

cancer characteristics, such as proliferation [116], invasion [117], 

metastasis [118], and drug resistance [63]. Stromal cells in the cancer 

environment are composed of cancer -associated fibroblasts (CAF), 

tumor-associated macrophages (TAM), endothelial cells, mesenchymal stem 

cells, or fat cells [46, 105]. Among these cells, CAF or TAM are major 

components that have been noted in the field of cancer researches [119-121]. 

For example, both CAF and TAM interact with cancer cells, leading to a 

higher production of matrix metalloproteinase (MMP) which assists the 

invasion of cancer cells.  Because MMP can degrade collagen and laminin, 

which are the major components of the basement membrane (Figure 5.1) [46, 

58-61, 122-124].  
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Figure 5.1. Description of cancer invasion based on the interaction between 

cancer and stromal cells in vivo. (A) Cancer cells generally exist in 

epithelial site and cannot invade the stromal site easily because of basement 

membrane presence. Both CAF and TAM of stromal cells interact with 

cancer cells, leading to an accelerated MMP production. The interaction 

ratio of CAF and TAM to cancer cells depends on tissue sites. (B) Much 

MMP production leads to degrade the basement membrane, which allows 

cancer cells to invade into the stromal site.  

 

Although both CAF and TAM promote cancer invasion, the invasion rate of 

cancer cells generally depends on the type of body tissues. This is mainly 

due to the existence ratio of CAF and TAM [125].  

 Anti-cancer drug screening is normally performed by using the 

two-dimensional (2D) culture system of cancer cells [72, 126-129]. 

However, the drug efficacy of preclinical or clinical study is often different 
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from that of the in vitro drug-screening, which causes the failure of drug 

development [129, 130]. This is mainly because the in vitro  culture 

conditions of cancer cells are quite different from those of in vivo cancer 

environment. There are two big differences; ⅰ) the cancer tissues generally 

consist of cancer cells and various stromal cells  [46, 63]. Therefore, to 

mimic the cancer tissues, cancer cells should be not singly cultured, but 

co-cultured or tri-cultured with the stromal cells, such as CAF and TAM; ⅱ) 

the 2D cell culture cannot mimic the three-dimensional (3D) cancer 

environment in the body. Thus, it is necessary to develop 3D cell culture 

technologies mimicking the body environment. In the body, it is well 

recognized that cells interact with other cells in a 3D manner to enhance 

biological functions, such as proliferation [4], cell-cell interaction [2], and 

enzyme secretion [131]. To this end, the 3D culture technologies [8-11], 

especially cancer 3D tissue engineering [132], have been reported. However, 

cells present in cell aggregates often lose the functions and die because of 

poor oxygen and nutrient supply [12, 66, 72]. In the previous study, gelatin 

hydrogel microspheres (GM) are incorporated in cell aggregates for 

enhanced cell survival [14, 72]. In addition, GM enable to release growth 

factors or drugs, leading to further enhanced cell functions [24, 26, 29, 30, 

96]. On the other hand, GM have been used as a powerful biomaterial  for 

tissue regeneration [72, 97-100, 133]. 

This study is undertaken to develop a biomaterial technology for the two 

issues described above. TAM aggregates incorporating GM were prepared to 

allow TAM to survive and enhance the functions. In addition, to further 

enhance the TAM functions, adenosine (A) ,which positively affects TAM 

functions [134-136], was impregnated in the GM for the sustained release in 

TAM aggregates (3D TAM-GM-A). The vascular endothelial growth factor 



 

89 

(VEGF) secretion was measured to evaluate the TAM function . Then, the 3D 

TAM-GM-A were co-cultured with liver cancer cells (HepG2) across a 

model basement membrane on both sides to  investigate the invasion of cells. 

Following the co-culture of 3D TAM-GM-A and 3D CAF aggregates 

incorporating GM containing TGF-β1 (3D CAF-GM-TGF-β1) with lung 

cancer (WA-hT), breast cancer (MCF-7), and liver cancer (HepG2) cells, the 

effect of 3D TAM/3D CAF mixing ratio on the invasion rate of cancer cells  

was evaluated. The amount of MMP-2 production was examined to compare 

with the cancer cell invasion rate. 
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5.2. Methods  

5.2.1. Preparation of gelatin hydrogel microspheres  

Gelatin hydrogel microspheres (GM) were prepared by the chemical 

crosslinking of gelatin in a water -in-oil emulsion state according to the 

method previously reported [27]. Briefly, an aqueous solution (20 ml) of 10 

wt % gelatin (isoelectric point 5.0, weight -averaged molecular weight = 

100,000, Nitta Gelatin Inc., Osaka, Japan) was preheated at 40 ºC, followed 

by stirring at 300 rpm for 10 min to prepare the water -in-oil emulsion. The 

emulsion temperature was decreased at 4 ºC for the natural gelation of 

gelatin solution to obtain non -crosslinked hydrogel microspheres. The 

resulting gelatin hydrogel microspheres were washed three times with cold 

acetone in combination with centrifugation (5,000 rpm, 4 ºC, 5 min) to 

completely exclude the residual oil. Then, GM were fractionated by size 

using sieves with apertures of 32 and 53 µm (Iida Seisakusho Ltd, Osaka, 

Japan) and air dried at 4 ºC. Then, non-crosslinked and dried GM (200 mg) 

were treated in a vacuum oven at 140  ºC to allow to dehydrothermally 

crosslink for 72 hr. The picture of GM in the swollen state was taken with a 

microscope (BZ-X710, KEYENCE Ltd, Osaka, Japan). The size of 100 

microspheres for each sample was measured using the computer program 

Image J (NIH Inc., Bethesda, USA) to calculate the average diameters.  

 

5.2.2. Preparation of gelatin hydrogel microspheres  containing adenosine  

Adenosine (A) (FUJIFILM Wako Pure Chemical Corporation, Osaka, 

Japan) was dissolved in double-distilled water (DDW) to give solution 

concentrations of 1, 3, and 5 µM. The A solution (20 µl) was dropped into 2 

mg of gelatin hydrogel microspheres  

 (GM), followed by leaving at 37 ºC overnight for the impregnation of A 
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into the GM to prepare gelatin hydrogel microspheres  containing adenosine 

(GM-A). The A solution was completely absorbed into the GM through the 

impregnation process because the solution volume was much less than 

theoretically required for the equilibrated swelling of GM.  GM containing 1, 

3, and 5 µM of A was named as GM -1A, GM-3A, and GM-5A, respectively. 

 

5.2.3. Evaluation of adenosine release profile  

GM-1A, GM-3A, and GM-5A (2 mg) were individually incubated in 

phosphate-buffered saline solution (PBS, pH 7.4). At different time 

intervals, the buffer was removed and replaced with fresh PBS. After 24 hr, 

PBS was replaced with collagenase solution in PBS (10 µg/ml) to allow GM 

to degrade. The amount of A released from GM-A was determined using 

adenosine assay kit (ab211094, Abcam, Cambridge, UK). 

 

5.2.4. Cell culture experiments  

WA-hT cells of a human small cell carcinoma cell line (RIKEN, Japan) 

and WA-mFib cells of a cancer-associated fibroblasts (CAF) cell line 

derived from WA-hT were cultured in minimum essential medium (MEM) 

(Sigma-Aldrich Co. LLC. St. Louis, USA). MCF -7 cells of a human breast 

adenocarcinoma cell line (JCRB Cell Bank, Tokyo, Japan) and HepG2 cells 

of a human liver carcinoma cell line (JCRB Cell Bank, Tokyo, Japan) were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Inc. 

Waltham, USA). THP-1 cells of a human monocytes cell line were cultured 

in Roswell Park Memorial Institute medium -1640 (RPMI 1640) (Thermo Inc. 

Waltham, USA). Each culture medium was supplemented with 10 vol % 

fetal calf serum (FCS) (Thermo Inc., Waltham, USA) and 50 U/mL 

penicillin/streptomycin. 
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The polarization induction of THP-1 cells to TAM was performed 

according to the protocols previously established [134]. In brief, 100 ng/ml 

phorbol 12-myristate 13-acetate was added into the medium, followed by 

culturing THP-1 for differentiation into macrophages. After 16 hr, the 

macrophages obtained were stimulated with 100 ng/ml lipopolysaccharide 

(LPS) plus 5 μM A. TAM were maintained by culturing in the medium 

containing 100 ng/ml LPS and 5 μM A. 

 

5.2.5. Preparation of different TAM aggregates and evaluation of VEGF 

secretion  

A poly (vinyl alcohol) (PVA) sample (the degree of polymerization = 

1,800, the saponification = 88 mole %, and molecular weight = 8.8×104) 

kindly supplied from Unitika Ltd. (Tokyo, Japan) was dissolved in PBS (pH 

7.4, 1 wt %). The PVA solution was added to each well of round -bottomed 

(U-bottomed) 96 multi-well culture plate (200 µl/well) and incubated at 37 

ºC for 15 min. Then, the solution was removed by aspiration and the wells 

washed twice with PBS (200 µl/well). GM, GM-1A, GM-3A, or GM-5A 

(1×103 microspheres/ml, 100 µl) were suspended in the standard medium. 

Next, TAM suspension (1×106 cells/ml, 100 µl) was prepared and mixed 

with different GM suspensions,  followed by the addition to the wells PVA 

precoated. TAM aggregates, TAM aggregates incorporating GM, and TAM 

aggregates incorporating GM-A were named as 3D TAM, 3D TAM-GM, and 

3D TAM-GM-A, respectively. As a control, 3D TAM -GM plus free A (5 µM) 

added into the culture medium were prepared and named as 3D TAM -GM+A. 

Experimental set-up and abbreviations are illustrated in Figure 5.2. The 

time schedule of A addition is shown in Figure 5.3.  
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Figure 5.2. Experimental set-up of two-dimensional (2D) and 

three-dimensional (3D) TAM aggregates with or without GM and GM 

containing 1, 3, and 5 µM of adenosine. The amount of free adenosine added 

(free A addition) is 5 µM.  
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Figure 5.3. Time schedule of free A addition in the culture medium. At the 

initial day of culture, 50 % of total A amount contained was added. After 7 

days incubation, 12.5 % of the total amount was added every day on days 7, 

8, 9, and 10. The total amount of A added was the same as that of A 

contained in GM.  

 

The pictures of 3D TAM, 3D TAM-GM, 3D TAM-GM-A, and 3D 

TAM-GM+A were taken with a microscope (CKX41, Olympus Ltd, Tokyo, 

Japan). The size of various TAM aggregates was measured using the 

computer program Image J (NIH Inc., Bethesda, USA) to calculate the 

average diameter.  

To evaluate the TAM function, VEGF secretion at 5, 10, and 15 days 

after incubation was measured by using a human ELISA kit (R&D Systems 

Inc, Minneapolis, USA). Each experiment was independently performed at 

least 3 times unless otherwise mentioned.  

 

5.2.6. Evaluation of 3D TAM-GM-A effect on cancer cell invasion  
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To evaluate the cancer invasion rate by co-culturing HepG2 cancer cells 

with the various types of TAM aggregates, a cancer invasion assay was 

performed by using Cytoselect 96 well invasion assay (Cell Biolabs, Inc., 

San Diego, USA). TAM aggregates cultured for 10 days were used for the 

assay. In brief, 2D TAM or 2D TAM+A suspensions (total cell number is 4.0 

× 105/well) or 3D TAM, 3DTAM+A, 3D TAM -GM, 3D TAM-GM+A, 3D 

TAM-GM-1A, 3D TAM-GM-3A, and 3D TAM-GM-5A (the same total cell 

number of 2D TAM or 2D TAM+A suspensions) were plated into the well of 

feeder tray. After the membrane chamber was set into the feeder tray, the 

HepG2 cell suspension (100 µl, 2.0 × 10 5 cells/well in FCS-free medium) 

was added to the membrane chamber, followed by 24 h incubation. After 

completely dislodge cancer cells from the underside of the membrane, a 

Lysis Buffer dye solution (supplied reagent in assay kit) was added. Then, 

the fluorescent intensity was measured in a fluorescence spectrometer 

(F-2000, HITACHI Ltd, Tokyo, Japan) at excitation and emission 

wavelengths of 480 and 520 nm, respectively. The invasion rate of cancer 

cells was calculated as follows: the number of cancer cells in the underside 

of the membrane was divided by 2.0 × 105. In addition, to evaluate the 

function of 3D TAM-GM-A, the amount of MMP-2 secreted in the medium 

was determined by the total MMP-2 quantikine ELISA kit (MMP200) (R&D 

Systems, Inc., Minneapolis, USA).  

 

5.2.7. Assay of epithelial-mesenchymal transition  

To evaluate the epithelial-mesenchymal transition (EMT) event, 

E-cadherin, N-cadherin, and Vimentin expression levels of invaded cancer 

cells were determined by the real-time polymerase chain reaction (RT-PCR). 

After the invasion assay finished, cancer cells penetrated through the 
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chamber membrane were collected, and then the total RNA was extracted 

using RNeasy Plus Mini Kit (QUIAGEN, Hilden, Germany) according to the 

manufacture’s protocol. The complementary DNA (cDNA) was synthesized 

using a SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific 

Inc., Massachusetts, USA). The cDNA (100 ng, 1 µl), forward and rev erse 

primers (10 µM, each 0.5 µl), and 25 µl of Power SYBR Green PCR Master 

Mix (Applied Biosystems, Foster City, CA) were mixed, and the RT -PCR 

was performed on a Prism 7500 real-time PCR thermal cycler (Applied 

Biosystems, Foster City, CA). The following PCR conditions were used: 95 

ºC for 10 min, followed by 40 cycles of 95 ºC for 15 s and 60 ºC for 1 min. 

GAPDH was used as a housekeeping gene, and the expression level was 

analyzed by ΔΔCt method comparing with the untreated cancer cells. The 

primer sequences for E-cadherin, N-cadherin, and Vimentin were as 

follows: (Forward and Reverse)  

E-cadherin: 5’-CAAATCCAACAAAGACAAAGAAGGC -3’ 

          5’-ACACAGCGTGAGAGAAGAGAGT-3’ 

N-cadherin: 5’-CATCATCATCCTGCTTATCCTTGT-3’    

          5’-GGTCTTCTTCTCCTCCACCTTCT-3’ 

Vimentin: 5’-TCGTGATGCTGAGAAGTTTCG-3’ 

         5’-TCTGGATTCACTCCCTCTGGT-3’ 

GAPDH: 5’-GGACCTGACCTGCCGTCTAG-3’ 

        5’-GTAGCCCAGGATGCCCTTGA-3’ 

 

5.2.8. Evaluation of 3D CAF-GM-TGF-β1 combination effect on the 3D 

TAM-GM-A-associated cancer cells invasion  

To evaluate the influence of CAF on the 3D TAM -GM-A-associated 

cancer invasion, 3D aggregates of CAF incorporating GM containing 5000 
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µg/ml of TGF-β1 (3D CAF-GM-TGF-β1) were prepared. In one CAF 

aggregate, approximately 1.5 µg of TGF-β1 was incorporated. It is found 

that this 3D CAF-GM-TGF-β1 alone enhanced the invasion of cancer cells 

in vitro . The cancer invasion assay similar to section 5.2.6. was performed. 

In brief, three types of liver, breast, and lung cancer  cells were individually 

added to the membrane chamber.  The mixture of 3D CAF-GM-TGF-β1 and 

3D TAM-CAF-A at different mixing ratios of 4:0, 3:1, 2:2, 1:3, and 0:4 were 

plated into the feeder tray. The invasion rate of cancer cells was assessed 

similarly.  

 

5.2.9. Statistical analysis  

 All the data were statistically analyzed and expressed as the mean ± the 

standard error of the mean. The data were analyzed by student t -test or 

Tukey’s test to determine the statistically significant difference while the 

significance was accepted at p < 0.05. Experiments for each sample were 

performed three wells independently unless otherwise mentioned.  
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5.3. Results  

5.3.1. Characterization of GM  

Figure 5.4 shows that the microscopic picture of GM. The GM were 

spherical and had a smooth surface. The size of GM in the swollen condition 

was 50.2 ± 8.51 µm.  

 

 

 

 

 

 

 

 

Figure 5.4. A light microscope photograph of GM dispersed in the water. 

Scale bar; 50 µm.  

 

Figure 5.5 shows that the release profile of adenosine from GM -A. In 

PBS, a slow A release with time was observed and thereafter the release 

stopped. When collagenase was added into PBS, the A release was 

accelerated.  
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Figure 5.5. In vitro  time profile of A from GM-5A in PBS and with (○) or 

without collagenase (●). Collagenase was added into PBS at 24 hr.  

 

5.3.2. Characterization of different TAM aggregates  

Figure 5.6 shows that the light microscopic pictures of 3D TAM, 3D 

TAM-GM, 3D TAM-GM-1A, 3D TAM-GM-3A, and 3D TAM-GM-5A. 

Figure 5.7 shows the time change of the size. The 3D TAM -GM were 

formed 7 days after incubation, irrespective of the GM type. The size of 3D 

TAM 5, 7, 10, and 15 days after incubation was about 200 µm, whereas that 

of 3D TAM-GM was about 900 µm. The formation time of 3D TAM and the 

size did not change by adding A into the medium, containing A into GM, 

and changing the A amount in GM. In addition, t he size of 3D TAM-GM, 3D 

TAM-GM-1A, 3D TAM-GM-3A, and 3D TAM-GM-5A 15 days after 

incubation was smaller than that on 10 days (Figures 5.6 and 5.7).  
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Figure 5.6. Light microscope photographs of 3D TAM, 3D TAM -GM, 3D 

TAM-GM-1A, 3D TAM-GM-3A, and 3D TAM-GM-5A 5, 7, 10, and 15 days 

after incubation or 3D TAM+A and 3D TAM -GM+A 5, 7, and 10 days after 

incubation. Scale bar; 200 µm.  
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Figure 5.7. Size of 3D TAM-GM, 3D TAM-GM-1A, 3D TAM-GM-3A, and 

3D TAM-GM-5A (□) 10 and (■) 15 days after incubation. *, p < 0.05; 

significant difference between two groups.  

 

Figure 5.8 shows the amount of VEGF secreted from various types of 

TAM. The secretion amount from the 3D TAM -GM-3A or 3D TAM-GM-5A 

was significantly higher than that  from other groups although there was no 

significant difference between the 3A and 5A groups. Moreover, the 

addition of free A did not affect the amount of VEGF secreted, irrespective 

of culture dimension and GM type. 3D TAM -GM-3A or 3D TAM-GM-5A 

were cell aggregates to show a higher TAM function.  
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Figure 5.8. Amount of VEGF secreted from 2D TAM, 3D TAM, 3D 

TAM-GM, 3D TAM-GM-1A, TAM-GM-3A, and 3D TAM-GM-5A 5 (A), 10 

(B), and 15 (C) days after incubation or from 2D TAM+A, 3D TAM+A, and 

TAM-GM+A 5 and 10 days after incubation. *, p < 0.05; significant 

difference against the concentration of VEGF secreted from 3D TAM at the 

corresponding time. ⁑, p < 0.05; significant difference against the 

concentration of VEGF secreted from 3D TAM+A at the corresponding time. 
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†, p < 0.05; significant difference against the concentration of VEGF 

secreted from 3D TAM-GM-3A at the corresponding time. § , p < 0.05; 

significant difference against the concentration of VEGF secreted from 3D 

TAM-GM-5A at the corresponding time.  

 

5.3.3. Cancer invasion rate  

Figure 5.9 shows that the cancer invasion rate by co-culturing HepG2 

cancer cells with the various types of TAM aggregates. The 3D culture, GM 

incorporation, GM containing 1 µM A, and the addition of free A did not 

affect the cancer invasion rate. However, co -culturing with 3D 

TAM-GM-3A or 3D TAM-GM-5A enhanced the cancer invasion rate to a 

significantly higher extent than other groups. There was no significant 

difference in the cancer invasion rate between 3D TAM -GM-3A and 3D 

TAM-GM-5A. A correlation between the cancer invasion rate and the 

amount of MMP-2 secreted was observed (Figure 5.10).  
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Figure 5.9. Invasion rate of HepG2 cancer cells with or without 2D TAM, 

2D TAM+A, 3D TAM, 3D TAM+A, 3D TAM-GM, 3D TAM-GM+A, 3D 

TAM-GM-1A, 3D TAM-GM-3A, and 3D TAM-GM-5A 1 day after 

incubation. *, p < 0.05; significant difference against the invasion rate of 

with 3D TAM-GM-3A. †, p < 0.05; significant difference against the 

invasion rate of with 3D TAM-GM-5A.  
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Figure 5.10. Amount of MMP-2 secreted with or without 2D TAM, 2D 

TAM+A, 3D TAM, 3D TAM+A, 3D TAM-GM, 3D TAM-GM+A, 3D 

TAM-GM-1A, 3D TAM-GM-3A, and 3D TAM-GM-5A 1 day after 

incubation. *, p < 0.05; significant difference against the amount of MMP -2 

secreted from 3D TAM-GM-3A. †, p < 0.05; significant difference against 

the amount of MMP-2 secreted from 3D TAM-GM-5A. 

 

To evaluate the EMT event, the expression levels of E -cadherin, 

N-cadherin, and Vimentin of the cancer cells invaded were measured 

(Figure 5.11). The E-cadherin expression level of high invasive HepG2 

cancer cells co-cultured with 3D TAM-GM-5A significantly decreased 

compared with that of low invasive HepG2 cancer cells co -cultured with 3D 

TAM-GM, whereas the expressions of N -cadherin and Vimentin 

significantly increased.  
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Figure 5.11. Relative expression of E-cadherin (A), N-cadherin (B), and 

Vimentin (C) for HepG2 cancer cells by co -cultured with 3D TAM-GM and 

3D TAM-GM-5A. *, p < 0.05; significant difference between two groups.  

 

Figure 5.12 shows the cancer invasion rate by co -culturing three types 

of liver, breast, and lung cancer cells with a mixture of 3D 

CAF-GM-TGF-β1 and 3D TAM-CAF-A at different mixing ratios. The 

invasion rate of HepG2 was the highest when the mixing ratio of TAM to 

CAF was 3:1, while that of WA-hT was the highest at the ratio of 1:3 or 0:4. 

On the other hand, the highest invasion rate of MCF -7 was detected at the 

ratio of 2:2. The mixing ratio effect on the cancer invasion rate well 

corresponded with that on the amount of MMP-2 secreted.  
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Figure 5.12. Invasion rate of HepG2 (A), MCF -7 (B), and WA-hT (C) 1 day 

after incubation with various mixed 3D TAM -GM-A and 3D 

cancer-associated fibroblasts (CAF) aggregates incorporating GM 

containing 5000 µg/ml of TGF-β1 (3D CAF-GM-TGF-β1) as a function of 

the 3D cell aggregates mixing ratios and amount of MMP-2 secreted from 

various mixed 3D TAM-GM-A and 3D CAF-GM-TGF-β1. *, p < 0.05; 

significant difference in the invasion rate between two groups. †, p < 0.05; 

significant difference in the amount of MMP -2 secreted between two groups. 
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⁑, p < 0.05; significant difference against the invasion rate of MCF -7 cells 

for other groups. §, p < 0.05; significant difference against the amount of 

MMP-2 secreted for other groups.  
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5.4. Discussion  

Cancer invasion and metastasis are the most important problems to be 

solved in cancer therapy because most cancer patients die of metastasis [59, 

102, 118, 131]. To further improve invasion researches, it is necessary to 

develop in vitro cell culture systems capable of invasion ability evaluation. 

As one trial, a cancer invasion model combined with 3D CAF-GM-TGF-β1 

has been designed [131]. This model was promising to assess the invasion 

of cancer cells in the conventional membrane chamber assay  for an 

anti-cancer drug screening. However, the model was effective only for a 

certain type of cancer cells, and there remains a technological room to be 

improved. In the pathological condition, it is known that the cancer 

environment is composed of various cell types, such as CAF, TAM, and 

endothelial cells [119]. For example, cancer cells are co -cultured with CAF 

and TAM in a 3D manner [137, 138]. However, the in vitro bioactivity of 

TAM is not always high enough to naturally interact with cancer cells. As 

one trial, in this study, a drug delivery system (DDS) technology is 

combined with the TAM culture. It is reported that A is one of the  in vivo  

factors to activate the TAM function  [134]. Therefore, in this study, the 

adenosine was impregnated in the GM, and the GM containing adenosine 

(GM-A) were incubated with TAM to form 3D TAM incorporating GM -A. 

For the preparation of TAM which have an ability of M2d type macrophages, 

the THP-1 cells were stimulated by both LPS and adenosine to allow them 

to TAM. TAM can be induced by LPS and adenosine  [134-136]. Especially, 

to maintain and enhance the TAM function, adenosine is essential. This is 

because the LPS only stimulation would induce M1 macrophages whose 

functions are quite different from TAM functions  [134]. The 

LPS/adenosine-induced cells from THP-1 cells were used as a TAM model 
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cell. Using this TAM, TAM 3D aggregates incorporating GM containing 

adenosine (3D TAM-GM-A) were prepared. The VEGF secretion level was 

evaluated since it is the most important factor to evaluate the TAM function  

[134, 135]. As expected, the GM-A incorporation in 3D TAM enabled TAM 

to enhance the function (Figure 5.8).  

There have been recently reported on various microspheres of poly 

(lactic-co-glycolic acid) (PLGA) [77, 111, 112, 139], alginate [140-142], 

and gelatin [14, 72, 97, 131, 143] for the sustained release of drugs. In this 

study, gelatin is selected for microsphere p reparation. This is mainly 

because of the lower inflammation induction and higher cell adhesion  

[15-17, 144, 145]. In addition, the size range of GM were adjusted to 32 -53 

μm. This is because this size range was suitable to  form cell aggregates 

incorporating GM [41, 72]. On the other hand, as the dehydrothermally 

crosslinking time, 72 h was employed since the crosslinking time is 

experimentally confirmed to be appropriate for GM degradation  [41].  

The release test revealed that in PBS, about 50 % of adenosine was 

released from GM-A initially, but thereafter the release was off. By the 

addition of collagenase, the adenosine release with time was observed. In 

addition, the adenosine amount impregnated did not affect the adenosine 

release profile (data not shown). This implies that 50 % of adenosine was 

released from the GM-A as a result of GM collagenase degradation. This 

release mechanism is shown for other drugs previously reported for G M [26, 

97]. This can be explained in the association site number of gelation with 

adenosine. The number of gelatin molecules is large enough to associate 

with adenosine molecules. Taken together, it is likely that the adenosine is 

released from the GM-A even in the TAM 3D aggregates.  

To claim the biological efficacy of adenosine release “inside” TAM 
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aggregates on the TAM functions, free adenosine solution was continuously 

added into the culture medium. The addition schedule was determined based 

on the time profile of adenosine release. In Figure 5.5, 50 % of the total 

adenosine amount contained was initially released in PBS, followed by the 

controlled adenosine release as the result of GM degradation with time was 

observed. To manually follow the release profile, at the starting point of 

culture, 50 % of the total adenosine amount was added into the culture 

medium. In this study, TAM aggregates were formed 7 days after incubation. 

It is well known that cell aggregates produce enzymes, cytokines, or 

chemokines much more efficiently than non -aggregated cells [2, 3, 131]. 

Considering the GM degradation and adenosine release, in this study, 

12.5 % of adenosine amount was added daily for 4 days from day 7 to day 

10.  

The cell number of TAM aggregates prepared was the same as that of 

TAM initially seeded because TAM do not have a proliferation nature  [134]. 

The previous study demonstrates that the cell number of 3D 

CAF-GM-TGF-β1 was 1×105 cells to obtain a good result  [131]. Based on 

this, in this study, the cell number of TAM aggregates was fixed to be 1 ×105 

cells. The mixing number ratio of TAM to GM must affect the TAM activity. 

To check an optimal ratio, we evaluated the ATP activity of 3D TAM -GM 

incorporating different numbers of GM incorporated . The ATP activity of 

100 GM incorporation was significantly higher than that of 50 and 150 GM 

(data not shown). When the number was 200, the 3D TAM -GM were not 

formed (data not shown). The previous study demonstrates that an excessive 

number of GM prevents the formation of cell aggregates because the 

frequency of cell-cell interaction decreases. Based on the findings, 1 ×105 

cell number and 100 GM were selected in this study.  
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Figure 5.6 shows that the aggregates ' morphology and the incubation 

time of aggregates are different between 3D TAM and 3D TAM -GM. The 

delayed formation of 3D TAM-GM is due to the poor cell-cell interaction. It 

is likely that the GM presence prevents cells to interact with each other, 

leading to a longer incubation time of aggregates formation. In addition, the 

amount of adenosine present in the GM did not affect the formation of the 

aggregates. The size of 3D TAM-GM with or without adenosine 

incorporation 15 days after incubation was smaller than that on 10 days 

(Figures 5.6 and 5.7). This can be explained in terms of GM degradation in 

3D TAM. It was found that the GM were degraded in the cell aggregates due 

to the enzymes secreted from cells with time [72]. However, the space in 

between cells in aggregates is lost accompanied with the GM degradation, 

resulting in decreasing functions of cells  [72]. Based on this phenomenon, 

cell culture experiments were finished on 15 days after incubation in this 

study. 

The amount of VEGF secreted is an important factor to assess the TAM 

function [134, 135]. The VEGF secretion amount for 3D TAM was 

significantly lower than that for 2D TAM (Figure 5.6). This clearly 

indicates that the TAM function decreases. Because the low oxygen would 

weaken the TAM activity. However, the GM incorporation gives cells 

present in aggregates a better condition of oxygen. The previous study 

revealed that the GM incorporation can supply oxygen or nutrients to cells 

in aggregates efficiently, leading to enhanced cell function, compared with 

GM-free aggregates [14, 72]. As the result, the VEGF secretion from the 3D 

TAM-GM significantly increased compared with that from the 3D TAM. On 

the other hand, the amount of VEGF secreted from the 3D TAM -GM-3A and 

3D TAM-GM-5A was significantly higher than that from the TAM -GM-1A. 
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This may be due to the activation effect of adenosine on TAM. However, the 

VEGF secretion amount did not change by the addition of free adenosine 

into the culture medium. These findings suggest the possibility that an 

increase in the adenosine concentration does not always activate the TAM 

function, but the adenosine supply in the sustained release fashion does. Or 

a shorter action distance between adenosine and cells may be another reason. 

Comparing the adenosine addition effect between 3D TAM and 3D 

TAM-GM, for the 3D TAM, the adenosine applied acts only on the surface 

of 3D aggregates. On the other hand, the GM incorpora tion would enable 

adenosine to penetrate into the TAM deeper through the GM water phase. 

Interestingly, however, the enhancement of VEGF secretion was low 

compared with the adenosine release in TAM aggregates. This same 

phenomenon was observed in previous studies [97, 131]. Taken together, to 

enhance the effect, it is important to give adenosine to cells closely and 

uniformly which can be achieved only by the combination of 3D cell culture 

and DDS technology. In addition, there was no significant difference in the 

secretion amount between the 3D TAM-GM-3A and 3D TAM-GM-5A. This 

may be due to a limited drug action to TAM.  

It has been reported that the number of stromal cells is about more than 

two times as much as that of cancer cells in the body, although the ratio 

depends on the cancer region [46, 118]. Based on the findings, in this study, 

the mixing ratio of cancer cells to TAM of 1:2 was fixed. In this assay, TAM 

cultured for 10 days were used. Interestingly, there was no significance in 

the rate between the TAM-free and 2D TAM groups. This may be explained 

in terms of the distance between cancer cells and TAM. The distance would 

prevent the interaction between cancer cells and TAM. In the previous study, 

the distance made it difficult to interact between the cancer cells and CAF  
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[97]. The invasion rate of cancer cells co -cultured with TAM-GM-3A or 

TAM-GM-5A was significantly higher than that with TAM-free, 2D TAM, 

3D TAM, 3D TAM-GM without or with free adenosine solution, and 3D 

TAM-GM-1A groups (other groups). In addition, the MMP -2 secretion 

amount upon co-culturing with TAM-GM-3A or TAM-GM-5A was 

significantly higher than that of other groups. Among the MMP groups, 

MMP-2 and 9 play important roles in the degradation of the basement 

membrane, leading to an enhanced membrane penetration for cancer cell 

invasion [46, 122, 146, 147]. However, MMP-9 was not secreted in this 

model (data not shown), but the MMP -2 secretion was enough to enhance 

the cell invasion.  

To evaluate the EMT induction, the expression of genes involved in 

EMT, such as E-cadherin, N-cadherin, and Vimentin, was measured. It is 

apparent from Figure 5.11 that lower E-cadherin and higher N-cadherin and 

Vimentin for the 3D TAM-GM-5A than that for 3D TAM-GM was observed. 

In addition, there was no significant difference in the genes expression level 

of the low invasive cancer cells among the TAM-free, 2D TAM, 2D TAM+A, 

3D TAM, 3D TAM+A, 3D TAM-GM, 3D TAM-GM+A, and 3D TAM-GM-1A 

groups. It is well known that there is a good correlation between the MMP -2 

secretion and EMT in vivo . The correlation was also observed in this model . 

It is highly conceivable based on the results obtained that both 3D 

TAM-GM-3A and 3D TAM-GM-5A promote the cancer cell invasion via the 

MMP-2 system. However, in this model, the promoted invasion was 

observed only for liver HepG2 cancer cells, but not fo r lung WA-hT cancer 

cells (data not shown). Thus, as the next design of the cell culture system, it 

has been tried to mimic the cancer environment better by further combining 

the 3D CAF-GM-TGF-β1. The amount of TGF-β1 incorporated in GM was 
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confirmed by the previous study to be 5000 µg/ml [131]. In addition, to 

evaluate the mixing effect of 3D TAM-GM-A and 3D CAF-GM-TGF-β1 on 

the cancer invasion rate, the mixing ratio of 3D TAM -GM-A and 3D 

CAF-GM-TGF-β1 was changed to use while the total cell number was 

constant. In Figure 5.12, the invasion rate of HepG2 was the highest  at the 

mixing TAM/CAF ratio of 3:1, while that of WA -hT was at 1:3 or 0:4. On 

the other hand, the highest rate was observed for MCF-7, when the ratio was 

equal. For example, for lung cancers, the contribution of CAF is larger than 

that of TAM, while the opposite CAF/TAM contribution was observed for 

liver cancers. On the other hand, when the existence ratio is around one, 

there is a similar contribution to the invasion event, which is seen for breast 

cancers [125]. The tendency observed was similar to that of real cancer 

types. This clearly indicates that to replicate the cancer cell event in vitro, it 

is of prime importance to give a suitable environment to cancer cells 

considering and mimicking in vivo environment of various cancer sites. The 

combination culture system of 3D TAM-GM-A and 3D CAF-GM-TGF-β1 

may be one of the realistic techniques to reproduce the in vivo cancer 

environment.  

There are two interesting findings to be emphasized in this study; ⅰ) 

“how to culture TAM for a long time period”: No experimentally accepted 

culture method has been completely established. The technology 

combination of 3D cell culture and the local release of adenosine (3D 

TAM-GM-A) was useful to permit the TAM culture with the activity 

remaining; ⅱ) “design of a cancer invasion model which mimics better the in 

vivo cancer environment”: the co-culture of 3D CAF and 3D TAM combined 

with GM containing drugs makes it possible to reproduce the invasion 

behavior for cancer cells of different types. It is suggested to evaluate the 
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invasion rate of different cancer cells only by changing the mixing ratio of 

3D CAF and 3D TAM. This study strongly demonstrates that the 

combination of 3D CAF and 3D TAM both activated by the local sustained 

release of respectively effective drugs is a new cell culture system that can 

in vitro evaluate the difference in the invasion of cancer cells.  
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6. Conclusions   

In chapter 2, the effect of the shaking culture of cell aggregates 

incorporating gelatin hydrogel microspheres  has been investigated. In the 

case of gelatin hydrogel microspheres -free or lower amount of the 

microspheres, shaking culture enables to enhance the function of cell 

aggregates, such as ATP activity because of oxygen supply.  

In chapter 3, a novel cancer invasion model combined with 

three-dimensional cancer-associated fibroblasts culture and drug delivery 

system technology has been designed. This model may be useful to evaluate 

the cancer invasion ability or therapeutic efficacy in vitro . This study is the 

first report to create an invasion model  in vitro  by taking advantage of a 

combined three-dimensional culture system and the drug delivery system 

technology based on the interaction between cancer cells and stromal cells 

such as cancer-associated fibroblasts.  

In chapter 4, a novel cancer invasion model  where the cancer invasion 

rate can be regulated  in vitro has been designed. The present model is 

promising to realize the cancer invasion whose rate can be modified by 

changing the TGF-β1 concentration.  This model may be a useful tool to 

evaluate the difference in cancer invasion ability or therapeutic 

efficacy in vitro. As one experimental strategy to mimic the body 

environment, it would be important not only to achieve a 3D cell culture but 

also to allow the growth factors to act on the cells.  

In chapter 5, a cell culture system to enhance the tumor -associated 

macrophage function based on the combination of three -dimensional cell 

aggregates and gelatin hydrogel microspheres for adenosine delivery  has 

been proposed. An additional combination of three -dimensional 

cancer-associated fibroblasts incorporating gelatin hydrogel  microspheres 
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containing transforming growth factor -β1 allowed cancer cells to enhance 

their invasion rate. This co-culture system is promising to evaluate the 

ability of cancer cell invasion for anti -cancer drug screening.  
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