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Abstract

:

Establishing an in vitro–based cell culture system that can realistically simulate in vivo cell dynamics is desirable. It is thus necessary to develop a method for producing a large amount of cell aggregates (i.e., spheroids) that are uniform in size and quality. Various methods have been proposed for the preparation of spheroids; however, none of them satisfy all requirements, such as cost, size uniformity, and throughput. Herein, we successfully developed a new cell culture method by combining fluoropolymers and dot patterned extracellular matrix substrates to achieve size-controlled spheroids. First, the spheroids were spontaneously formed by culturing them two-dimensionally, after which the cells were detached with a weak liquid flow and cultured in suspension without enzyme treatment. Stable quality spheroids were easily produced, and it is expected that the introduction and running costs of the technique will be low; therefore, this method shows potential for application in the field of regenerative medicine.
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1. Introduction


Cell culture, an important technique in basic and preclinical research, is a cost-effective way of reducing the number of experimental animals during the drug discovery process [1]. Although two-dimensional (2D) cell culture is a universal and valuable method, it has its limitations [2]; for example, the cells proliferate and grow in a single layer and thus lack the cell–cell and extracellular matrix (ECM) interactions present in native tissues and cells. In addition, the cells are stretched and undergo a cytoskeletal rearrangement, acquiring artificial polarity and expressing abnormal genes and proteins [3]. Unlike tissues in an in vivo environment, 2D systems cannot provide a complex and dynamic microenvironment for cells, leading to potentially invalid findings [4,5]. For these reasons, the majority of compounds discovered in 2D cell culture during drug discovery fail in clinical trials [6]. Therefore, it is important to establish an in vitro cell culture system that can more realistically simulate the dynamics of cells in vivo.



Three-dimensional (3D) culture systems are an excellent in vitro model that can mimic in vivo processes, such as embryogenesis, morphogenesis, and organogenesis [7]. Spheroids and organoids are cellular aggregates with complex cell–cell adhesion that generate gradients of nutrients, gases, growth factors, and signaling factors. These structures can replicate the cellular microenvironment observed in real tissues and simulate in vivo cell dynamics more realistically. Human induced pluripotent stem cells (iPSCs), the discovery of which has helped stem cell research make great strides, can be used to generate spheroids and organoids, which were employed in the elucidation of pathological conditions [8,9,10,11,12] and drug discovery [8,13,14,15]. Recently, organoids derived from iPSCs generated from patients with intractable diseases were used to elucidate the disease mechanisms [16,17]. In the field of drug discovery, the validation of drug efficacy using organoids derived from human iPSCs in the early stage of in vitro testing is expected to reduce the possibility of candidate compound failure before initiating clinical trials. Indeed, drug testing using iPSC-derived organoids has shown comparable results to those of drugs already used for treatment [18]. Because the use of spheroids and organoids is expected to increase in the future, developing methods for their efficient production is important.



Various 3D culture methods have been tried and implemented. Conventional 3D culture methods can be broadly classified into four types: micropatterned forced flotation, hanging drop, swirling culture or spinner flask, and force-driven methods [19]. The micropatterned forced flotation method involves well plates in which cells deposited inside the microwells adhere to each other in three dimensions [20,21,22], as well as low-adhesion plates in which areas with different cell adhesion properties are patterned to prevent cell aggregation [23]. Microfluidic systems are a type of micropatterned forced flotation that combines both the target cells and matrix components to create spheroids on microfluidic chips with microgel beads [24,25]. The hanging drop method utilizes the surface tension of the culture medium to form droplets, while the interface with the air is used as a microwell [26,27,28]. The spinner flask or swirling culture (bioreactor) is a method of spheroidization via collision and contact between cells through continuous swirling and agitation of the culture medium in which cells are dispersed [29,30]; this method also includes microfluidic types on a smaller scale [31,32,33]. Force-driven methods include magnetic methods where nanoparticles, such as iron oxide, gold, and poly-L-lysine, are attached to the cell surface. Spheroids are formed via the following: magnetic forces [34]; electric methods in which an external force, such as an electric field, is applied [35]; and acoustic tweezers [36]. Other methods have also been developed in recent years; for example, 3D printing can artificially create 3D shapes [37,38,39], using a computer-controlled arrangement of heterogeneous cells with a gel-like culture medium as the filler. Although these methods exhibit excellent features, such as dimensional control of the spheroid, reduction in damage and irritation to the cells, simplicity of the procedure, high success rate, mass production, high throughput, and low cost, none of them satisfy all these requirements simultaneously. A new type of classification is microfluidic devices. Microfluidic devices are devices that have microscopic grooves or tubes within. These are used for various applications, such as forming small bioreactors [32,40] or circulatory systems [31] to recapitulate in vivo, using flow paths. Some of these microfluidic methods are included in the micropatterned forced flotation method.



Fluoropolymers have a low surface free energy and are generally regarded as materials that do not allow cell adhesion. They have a high biocompatibility and inertness, due to these properties. Therefore, fluoropolymers are used in artificial blood vessels and other components that are implanted in the body. In general environments, these polymers are very stable, due to the high binding energy of C–F bonds, and they are, thus, a safe and non-toxic material for use in the living body. However, their high inertness prevents cell adhesion, which is a problem for biomaterials. As a result, various surface modifications have been investigated to take advantage of their high biocompatibility and inert properties [41,42,43,44,45,46]. To improve adhesion, plasma treatment [47,48,49,50,51], UV irradiation [52,53,54,55], γ-radiation [56,57], ion introduction [58,59,60,61], and polydopamine treatment [62,63,64,65,66] have been employed for surface modification; however, most of these methods require high energy to break the strong C–F bonds and add functional groups to improve adhesion.



We are working on the control of cell adhesion by manipulating the surface properties of fluoropolymers for 3D cell patterning and have found that extracellular matrix (ECM) substrates deposited on fluoropolymers show weak cell adhesion in this study. In this study, we took advantage of this property and developed a new spheroid fabrication method that simultaneously satisfies all of the above requirements for spheroid production by forming an ECM dot pattern on the fluoropolymer, which allows cells to adhere on it, retain it during cell growth, and detach from the fluoropolymer without employing damaging enzymatic treatments.




2. Materials and Methods


2.1. Spheroid Culture Scaffold Fabrication


A fluoropolymer surface was formed by coating a glass substrate with CYTOP™ (CTL-107MK; AGC Chemicals, Tokyo, Japan). CYTOP™ is a fluoropolymer product with properties similar to polytetrafluoroethylene (PTFE) [67,68]. This resin has fluoropolymer properties, such as water repellency, oil repellency, and chemical resistance, as well as high transparency, which are difficult to obtain with crystalline resins, such as PTFE. It can also be used for cell culture observation using an inverted microscope because it has no fluorescence properties. The material was immersed in a dip solution consisting of CYTOP™ and a 16-fold dilution of a thinner solution (CT-Solv.100; AGC Chemicals) to coat the glass substrate (Table 1). The pull-out and curing conditions were as recommended by the manufacturer. The material was pulled out at a speed of approximately 1 mm/s and cured in an oven at 100 °C for at least 90 min.




2.2. Preparation of a Stamp for Patterning Formation


The dot patterns of the ECM were fabricated using a microstamp made out of polydimethylsiloxane (PDMS; SYLGARD™184; Dow Toray, Tokyo, Japan). PDMS has high biological safety [69,70,71,72,73] and is also used in engineering to transfer fine patterns [74]. To fabricate the microstamp, PDMS mixed with a hardener was poured into a mold made of PTFE, after which the mold was defoamed. After defoaming, the stamps were heat-cured at 90 °C for 90 min. The dimensions of the stamps were 100 μm in spheroid diameter (the size at which spheroid necrosis does not occur [75,76,77]), 800 μm in dot size diameter, and a 7 × 7 matrix arrangement with a pitch of 1500 μm. The dot diameter was defined as the area where the volume of a cell sheet cultured in a monolayer on the dot pattern is equivalent to a spheroid 100 μm in diameter, assuming that one cell is a sphere with a diameter of 10 μm. The dimensions of the molds and microstamps were measured using an OLS-5000 (Olympus, Tokyo, Japan).




2.3. Patterning of the Extracellular Matrix


ECM substrates, including Matrigel Growth Factor Reduced (354230; Corning, NY, USA), iMatrix-511 silk (892021; Nippi, Tokyo, Japan), fibronectin (33016015; Thermo Fisher Scientific, Waltham, MA, USA), vitronectin (A31804; Thermo Fisher Scientific, Waltham, MA, USA), and collagen IV (ASC-4-104-01; Nippi), were diluted in RPMI 1640 (30264-56; Nacalai Tesque, Kyoto, Japan) 2-, 4-, 8-, and 16-fold. PDMS stamps dipped in ECM diluent were stamped onto the substrates, after which the ECM was transferred to the fluoropolymer surface with the formed pattern and incubated at 37 °C and 5% CO2 for 1 h. After incubation, the substrates were washed with RPMI 1640.




2.4. Cell Culture


HepG2 (TKG02058) and MCF7 (TKG0479) cells were provided by the Cell Resource Center for Biomedical Research, Institute of Development, Aging and Cancer, Tohoku University, Japan. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; 5919, Nissi, Tokyo, Japan.) supplemented with 10% fetal bovine serum (FBS; BioWest, Nuaillé, France), 2 mM L-Alanyl-L-glutamine solution (01102-82, Nacalai Tesque) and Penicillin-Streptomycin Mixed Solution (26252-94, Nacalai Tesque) (10%FBS/DMEM.) for 37 °C at 5% CO2 and 95% air. The cells were passaged every 3 days at a ratio of 1:3, using TE dissociation buffer containing 0.25% trypsin (35547-64; Nacalai Tesque) and 0.04% EDTA (15105-35; Nacalai Tesque).




2.5. Spheroid Preparation


The ECM was transferred to the fluoropolymer-coated substrate, using a microstamp (Figure 1a). Cells were then evenly seeded at 1.0 × 104 cells/cm2 on the substrate and allowed to evenly adhere (Figure 1b). After 7 days, the cells proliferated and formed colonies only on the ECM-coated area (Figure 1c). These cell colonies were detached by gently pipetting, followed by culturing in suspension for 7 days until spheroid formation (Figure 1d). All cultures were performed on fluoropolymer-coated glass substrate in a 5-well petri dish (NM-CD-5F, Naka Medical, Tachikawa, Japan).



Spheroids were produced by the hanging drop method. The average number of cells in the dot pattern colonies was estimated, and they were seeded to form a spheroid. Briefly, the cells were grown until confluent. Single cells were then dissociated using TE buffer. The number of cells was counted, and spheroids were prepared by seeding 8 × 103 cells/drop using the hanging drop method.




2.6. Evaluation of Cell Patterning


All ECM and cell patterning were observed using a phase-contrast microscope and then photographed and dimensioned using FLOYD-4K (Wraymer, Osaka, Japan). The diameter of the ECM was measured, but as cell colonies and spheroids do not form a perfect circle, the equivalent diameter of a circle was calculated from the area. Photographs were acquired of the coated ECM dimensions, colony size after cell seeding (day 1), cell sheet dimensions left as a pattern on the ECM (day 7), and spheroid size (days 10–14).




2.7. Measurement of Spheroid Viability Using Trypan Blue Staining


The cells of the 2D culture and spheroids were dissociated using TE buffer, and a single cell suspension was obtained. The cells in the suspension were then stained with trypan blue (35535-02, Nacalai Tesque) to determine the number of viable cells. Student t-test was performed to compare survival rates between the 2D culture and spheroids.





3. Results


3.1. Water Repellency of Fluoropolymers


The contact angle measurements were conducted to measure the surface free energy, which is mainly responsible for fluoropolymer inertness in cells. The contact angles for a 2-, 4-, 8-, and 16-fold dilution were 113.36°, 115.00°, 114.31°, and 112.58°, respectively, showing good water repellency, even at a 16-fold dilution. In consideration of economic efficiency, we used a 16-fold dilution of CYTOP™ for coating (Table 1).




3.2. Dimensional Reproducibility of the Microstamps


After fabricating the microstamp with PDMS, we measured the dimensions of the top surface of the dots and found an average of 825.24 μm, σ of 4.96 μm, and the shape diameter that was close to the target of 800 μm with small variations (Figure 2).




3.3. Culturing HepG2 Cells on the Matrigel Pattern


Matrigel was transferred to the fluoropolymer-coated substrate using a microstamp with an average pattern diameter of 898.74 ± 140.69 µm (Figure 3a,e: matrix transferred using a microstamp). HepG2 cells were seeded on this substrate and found to be uniformly adhered to the entire surface by day 1 (Figure 3b). The medium was gently changed every 2–3 days to avoid detaching the cells. By day 7, the cells had formed circular colonies based on the stamp pattern with an average colony diameter of 930.11 ± 178.47 µm (Figure 3c,e). After detaching the colonies from the substrate by weak pipetting and culturing in suspension, they spontaneously formed spheroids by day 8 and completely spheroidized by day 14. The average spheroid size was 466.23 ± 75.25 µm (Figure 3d,e, and Supplementary Figure S1).



Trypan blue staining was performed to determine the viability of the prepared spheroids. The survival rate of the HepG2 cells as estimated by trypan blue staining was 93.95 ± 6.56% in 2D culture and 82.84 ± 6.99% in the spheroids derived by our method (Figure 3f). Next, spheroid formation was monitored for 7 days using the hanging-drop method; however, no HepG2-derived spheroids were observed (Figure 3g).




3.4. Culturing HepG2 Cells on Other Extracellular Matrix Patterns


We used other ECM substrates and the MCF7 cell line to determine whether spheroids formed using other combinations besides Matrigel and HepG2 cells. Using the other ECM substrates, including iMatrix (fragmented laminin), vitronectin, fibronectin, and collagen IV dot patterns also formed. The seeded HepG2 cells successfully adhered to these ECM substrates, after which colonies formed by day 7 and spheroids by day 14 (Figure 4(a1–a5)). Similar to HeG2 cells, seeded MCF7 cells formed colonies 7 days after seeding and spheroids by day 14 after the suspension culture (Figure 4(b1–b5)). When the cells were continuously cultured in 2D without detaching by day 7, the cells continued to proliferate and became over confluent on the ECM dots by day 10. Subsequently, the cells no longer proliferated in the monolayer, due to the influence of non-adhesive areas outside the colony pattern but instead proliferated toward the upper part of the colony and partially formed a spheroid. This phenomenon was also observed with HepG2 cells, indicating that it is difficult to control spheroid diameter within the area of the pattern when using cell lines with high proliferation ability.



In MCF7 and matrigel, trypan blue staining was performed to determine the viability of spheroids from colonies; the survival rate of MCF7 in trypan blue was 96.09 ± 2.82% in 2D culture and 87.89 ± 3.62% in the spheroids derived by our method (Figure 4c). Next, spheroid formation was monitored for 7 days, using the hanging drop method. MCF7-derived spheroids with a diameter of approximately 100–200 um were observed on day 1; however, no larger-sized spheroids were observed (Figure 4d).





4. Discussion


In the present study, all tested ECM substrates were successfully scaffolded on a fluoropolymer, and both HepG2 and MCF7 cell lines formed spheroids after culturing, without negatively affecting the cell population. The key to achieving this was the combination of the fluoropolymer and ECM dot pattern. Fluoropolymers are generally known to be difficult regarding adhesion; thus, many studies have attempted to improve adhesion by surface modification [78]. However, we showed that cells can adhere to the substrate via an ECM that can be detached easily by pipetting.



The survival rate of the spheroids derived using our method was significantly lower than that of the cells in the 2D culture. The reason for this was speculated to be the lack of space for cell growth inside the spheroid and the lack of nutrient circulation in the culture medium. For cancer spheroids, however, a slight decrease in survival are permitted; there are, accordingly, no disadvantages of our method. In addition, the hanging drop method could not produce large-sized spheroids in 7 days, but our method was effective in producing such large spheroids. It was also found to be more efficient because increasing the number of seeded cells could reduce the number of days required for spheroid formation (data not shown). These results suggest that our method can also be applied to spheroids derived from cancer cells.



We assume that our method would be useful in cases where cells of interest are induced from pluripotent stem cells, such as iPSCs, to produce spheroids. This method involves the process of culturing in 2D for a period of time to proliferate and induce, and the process of creating spheroids to confirm the functionality of the cells of interest. Therefore, the first half of the experiment (about 7 days) was assumed to be the cell proliferation and differentiation stage and the second half was assumed to involve the production of spheroids. We assume that the greatest benefit of producing spheroids in this way is the elimination of chemical and physical stimuli. The cell line was passaged using an enzyme but was not used to produce spheroids. Since the cell line used here is passaged every 2–4 days, we minimized the effect of enzyme treatment on cells by assigning 7 days for colony formation. Thus, when increasing the seeding amount and attempting spheroidization in a short period of time, it is necessary to consider the effect of enzyme treatment.



Fluoropolymers have a high biocompatibility and inertness due to their non-polarity and strong C–F bonds. They are, thus, a safe and non-toxic material for use in the living body. Their high inertness entails advantages, such as a low adhesion in vivo, while their hampered in vivo settling is a problem for biomaterials. Their symmetrical molecular structure makes them chemically resistant and stable against most chemicals, including acids, alkalis, and organic chemicals. However, they can react slightly with molten alkali metals and their solutions as well as fluorine and chlorine trifluoride at high temperatures. Therefore, the ECM used in this study was not expected to form strong chemical bonds. In addition, the non-polar molecular structure does not allow for electrical bonds, such as hydrogen bonds. Nevertheless, the cells were able to adhere to the ECM that was transferred onto the fluoropolymer (Figure 3a,c). Hydrophobic interactions [79] and the surface charge of the fluoropolymer [78] were reported as possible mechanisms underlying this adhesion. However, we believe that van der Waals forces are instead responsible because of the weak adhesive force that allowed cells to peel off over time regardless of the ECM type. During formation of the ECM dots, the ECM floating in the culture medium settled down due to gravity and gathered on the substrate surface after the gel-like protein molecules (matrix components) were stamped. As a result, the distance between the protein molecules and the fluoropolymer surface approached zero, and subsequently, the protein molecules adhered to the fluoropolymer surface via van der Waals forces. Van der Waals forces are extremely weak compared with chemical bonds and hydrogen bonds. Therefore, when the cells proliferated and the tension between them increased, the cells began to detach from the edges of the cell colonies and were easily peeled off from the ECM-coated fluoropolymer surface upon pipetting with a weak liquid flow.



If the ECM indeed adheres via van der Waals forces, the question is why the fluoropolymer does not allow adhesion of other substances and is considered an inert material. This may be because the objects to which the fluoropolymer adheres are usually considered solids. The surfaces of solids possess microscopic irregularities, which are shown in Figure 5a. There are many gaps between the solid and the surface of the fluoropolymer. Because van der Waals forces are only generated when the distance is very short, the area ratio of the contact point to the entire interface is extremely small with solids; if the contact area/external force ratio is large, the adhesive force increases. Therefore, in many cases, it is impossible to obtain an attractive force sufficient to hold the entire solid against external forces. In contrast, when the object to be adhered is a liquid (Figure 5b), there is no gap, and the molecules are in close contact with each other. However, the molecules in the liquid move over long distances, and the van der Waals forces are not strong enough to overcome their kinetic energy and maintain the molecules at the interface. If the attractive forces are strong, the contact angle should be small, but this is not the case. Furthermore, because of the flow phenomenon, i.e., the shape of the entire liquid can freely change, it is not possible for the liquid to stay in place. In contrast, water (H2O) can remain on a glass surface because of the presence of a larger number of hydrogen bonds than in silicone oil. Moreover, when highly viscous silicone oil with extremely low polarity is dropped onto a fluoropolymer, the surface becomes wet easily, and the oil remains on the surface, even if it is physically wiped off. The ECM used in the present study [79,80,81,82,83,84] is a gel with properties between those of a solid and liquid (Figure 5c); it can be deformed to the extent that no gaps are created between it and the fluoropolymer surface. We thus concluded that the protein molecules adhered to the fluoropolymer surface via van der Waals forces.



In this study, the dimensions of the spheroids were too large compared to the dimensions of the 2D matrix dots (Figure 3e). The reason is considered to be that cell lines were used here. Seven days after seeding, it was observed that the number of cell in the colony exceeded that in the 2D confluent state and proliferate in the 3D layer. If the colonies were detached by pipetting before that, the spheroid size could be controlled. In the future, the proposed method will be employed to spheroids using stem cells, and in that case, such a problem could be automatically avoided. At that time, we expect that it will also be possible to induce all cells in a planar manner at the 2D culture stage, and then suspend them while maintaining the generated cell polarity to create 3D cells using our method. In a conventional method, when a differentiation factor is added to stem cells after spheroidization, the differentiation factor may act only on the surface of the spheroid, and the induction of target cells may be insufficient in the central part. In a conventional method, when a differentiation factor is added to stem cells after spheroidization, the differentiation factors may act only on the surface of the spheroid, which can lead to insufficient induction of the target cells in the central part. In another conventional method, when a differentiation factor is added to stem cells before spheroidization, the cell substrate will be degraded during detachment via enzymatic treatment, and the cell polarity formed by 2D culture will be destroyed. Furthermore, enzymatic treatment destroys cell–cell adhesion factors, which may adversely affect the efficiency of spheroid production. Our proposed method can solve those problems and is intended to be used for drug discovery and regenerative medicine research in the future [75,85]. We believe that this method will enable to obtain spheroids of stable quality in a simple and low-cost manner, which will contribute to the development of medicine.




5. Conclusions


We have developed a technique for generating spheroids that consists of 2D cell culture on ECM dot patterns deposited on a fluoropolymer scaffold, followed by cell colony detachment from the substrate and suspension culture. The ECM substrate was weakly bound onto the fluoropolymer surface, and thus, the adherent cell colonies were easily detached by gentle pipetting; we theorized that van der Waals forces were responsible for this weak adhesion. Spheroid formation was successful with all tested combinations of five ECM substrates (Matrigel, iMatrix, fibronectin, vitronectin, and collagen IV) and two cell lines (HepG2 and MCF7). When forming spheroids during the differentiation process of pluripotent stem cells, in contrast to conventional methods, our technique enabled spheroidization without chemical (via enzymatic treatment) or physical stimulation, and thus, a more stable spheroid production could be obtained. For spheroids such as cancer cells and cells established from tissues, however, the chemical and physical stimuli are the same as those for the conventional method. Moreover, the technique is relatively uncomplicated and is expected to be low in cost. In future studies, we will test the effect of the ECM pattern size on the spheroid size and assess differentiation induction using this scaffold to establish size controllability and a method for iPSC spheroid/organoid production. We anticipate that such spheroid/organoids can be used for drug discovery and regenerative medicine.
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Figure 1. Schematic diagram of the spheroid production process. (a) Matrix transferred by stamping. (b) Cell adhesion occurring one day after seeding. (c) Cell colony formation 7 days after seeding. (d) After detaching the cells, spheroids formed in suspension by day 14. 
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Figure 2. Observation of the top surface of a micro stamp using a laser microscope. (a) Optical imaging of a microstamp; (b) 3D image by a laser. 
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Figure 3. Bright-field image of HepG2 cultured on Matrigel dots and chart of size on every stage. (a) Stamped ECM (Matrigel) on the fluoropolymer surface. (b) HepG2 cells 1 day after seeding. (c) HepG2 cells grown to a colony of the same size as that of the Matrigel pattern on day 7. (d) Day 14 spheroids derived from detached HepG2 cells grown in suspension after culturing in 2D for 7 days on Matrigel. (e) The average diameter of the dot patterns during each step as shown in (a–d). Error bars indicate the standard deviation. (f) Viability confirmation by trypan blue staining. Student t-test was performed to compare survival rates between the 2D and spheroid (p = 0.05). p value < 0.05 was considered statistically significant. Data are expressed as means ± standard deviations. The asterisks (*) indicate a statistically significant difference. (g) HepG2 on days 1 and 7 following the hanging-drop method. 
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Figure 4. Spheroids derived from HepG2 or MCF7 cells after culturing in 2D for 7 days on different ECM substrates. HepG2 cells seeded on Matrigel (a1), Matrix (a2), fibronectin (a3), vitronectin (a4), and collagen IV (a5). MCF7 cells seeded on Matrigel (b1), Matrix (b2), fibronectin (b3), vitronectin (b4), and collagen IV (b5). (c) Viability confirmation by trypan blue staining. Student t-test was performed to compare the survival rates between the 2D and spheroid (p = 0.01). p value < 0.05 was considered statistically significant. Data are expressed as means ± standard deviations. The asterisks (*) indicate a statistically significant difference. (d) MCF7 on days 1 and 7 following the hanging-drop method. 
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Figure 5. Application of force to the fluoropolymer depending on the state of the material placed on its surface. (a) Only point contact is possible due to the fine surface irregularities of solids, and thus, the area contributing to van der Waals forces is small. (b) Molecular motion in a spherically curled liquid as the surface tension exceeds the attractive van der Waals forces. (c) A gel with low surface tension and low fluidity is more densely packed, and the van der Waals forces act over a large area. 
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Table 1. Contact angle measurement results for the different CYTOP™ dilutions.
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	Dilution Rate
	2x
	4x
	8x
	16x





	Contact angle

(degree)
	113.36
	115.00
	114.31
	112.58



	Left angle

(degree)
	114.09
	115.18
	114.53
	112.51



	Right angle

(degree)
	112.62
	114.81
	114.09
	112.65



	Height from top to base

(mm)
	3.97
	3.98
	4.00
	4.03



	Base line length

(mm)
	5.48
	5.30
	5.48
	5.61



	Base area

(mm2)
	23.60
	22.03
	23.60
	24.67



	Drop volume

(µL)
	60.06
	55.21
	60.74
	63.64



	Wetting energy

(mN/m)
	−28.86
	−30.76
	−29.97
	−27.95



	Spreading coefficient

(mN/m)
	101.66
	103.56
	102.77
	100.75



	Work of adhesion

(mN/m)
	43.94
	42.04
	42.83
	44.85
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