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Abstract

:

The uniform dispersion of cells in a microchamber is important to reproduce results in cellular research. However, achieving this is difficult owing to the laminar flow caused by the small dimensions of such a chamber. In this study, we propose a technique to achieve a uniform distribution of cells using a micropillar array inside a microchamber. The cells deform when they pass through a gap between the micropillars. The deformation causes a repetitive clog-and-release process of cells at the gaps between the micropillars. The micropillar array generates random flow inside the microchamber, resulting in the uniform distribution of the cells via cell accumulation. In the experiment, the distribution of cells in the microchamber with the micropillar array is uniform from end to end, whereas that in the microchamber without the micropillar array is centered. The deviation of the cell distribution from the ideally uniform distribution in the microchamber with the micropillar array is suppressed by 63% compared with that in the microchamber without the micropillar array. The doubling time of the cells passed through the micropillar array did not change relative to that of normal N87 cells. This technique will be helpful for reproducing results in cellular research at the micro scale or for those using microfluidic devices.
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1. Introduction


The microfluidic device is a key technology for micro total analysis systems (μTASs) or lab-on-a-chip, and is expected to enhance a wide variety of chemical and biological studies. The combination of microfluidic devices with conventional chemical analysis can achieve high throughput analysis, screening, and chemical reactions using ultralow solution volumes. Furthermore, this combination can also be used for biological applications. In the biological field, the advantages of the microfluidic device are as follows: (1) easy manipulation of cells owing to device dimensions comparable to the size of the cells, (2) multiple processing capacity on a single device, (3) the ability to manipulate single cells, and (4) well-controlled conditions because of the laminar flow [1,2]. By using such advantages, many biological devices—such as a cell observation device under well-controlled conditions [3], a cell sorting device [4], a single cell analysis device [5], and a cell interaction analyser [6]—have been developed.



Although microfluidic devices are suitable for cellular research, they have several drawbacks owing to their small dimensions. One is the difficulty of aligning cells in a uniform distribution inside a microchamber. Flow at the micro scale, where the Reynolds number is extremely small relative to the threshold for causing turbulent flow (~2300), is usually laminar [7] and thus does not uniformly spread the cells inside the microchambers. In addition, cells cannot be separated once they aggregate. Therefore, they often show inhomogeneous distributions [8]. However, one of the most important factors in cellular research is the density of cells in the culture medium. The cellular density affects many properties of cells, such as their morphology [9,10], viability [11,12,13], metabolism [14], reaction toward cytokines [15], expression pattern of intracellular proteins [16,17], and differentiation [18,19,20,21]. The conditions around cells—such as the shear stress [22] as well as concentrations of growth factor [23], nutrients [24], and waste [24] from cells—are also affected, resulting in different results across cellular experiments. Under a heterogeneous cellular distribution, the properties are different between locations with high and low cellular densities. Furthermore, the properties cannot be reproduced when the cellular distribution varies for each experiment. To consider the results in cellular researches and arrive at conclusions, experiments must be repeatable. Given these problems, techniques to uniformly align cells in the microchambers are highly necessary.



Some such techniques have been developed, and there are two types: uniform patterning of adhesive sites on the substrates of the microchamber [25,26,27], and uniformly distributed microstructures to capture cells within microchambers [28,29]. By using these techniques, cells can be uniformly aligned using simple microstructures. However, the adhesive sites and microstructures themselves become obstacles and restrict growing direction and area in these techniques. The obstacles near the cells often affect cell characteristics such as the cell differentiation, morphology, proliferation, adhesion, and gene expression. These can be observed from some studies of the relationship between the obstacles and the cell characteristics [30,31]. These restrictions often prevent precise studies on cell activities.



To remove these restrictions, we propose a technique to achieve the uniform distribution of cells using a micropillar array inside a microchamber. The micropillar array generates a random flow caused by a repetitive cell clog-and-release process at the gaps between the micropillars, owing to their deformation from going through the gaps. After the clogged cells undergo deformation and are released, they return to their initial shapes. We thus achieve a uniform distribution of cells inside the microchamber. In this method, the micropillars are not intended to capture cells but to generate a random flow. As a result, the cell culture area that is located downstream of the micropillar array has no obstacles.




2. Experimental Section


2.1. Principle


2.1.1. Uniform Cell Distribution by Micropillar Array


The concept of uniformly dispersing cells by using a micropillar array is illustrated in Figure 1. The micropillar array consists of hundreds of micropillars uniformly arranged so that the distances between adjacent pairs of pillars are equal. The gaps between the micropillars are well adjusted so that the cells are loosely captured and passed through the gaps with low pressure. The array is located inside the microchamber to generate a random flow, which leads to the uniform distribution of cells inside the microchamber along the generated stream lines. The cells are introduced into the microchamber, after which they flow into the micropillar array. The random flow is generated when the cells clog the micropillar array results in their uniform distribution. The distributed cells are left and incubated in the microchamber to use for further operations (e.g., cytotoxicity assay).
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Figure 1. Concept of uniform cell dispersal by a micropillar array. The cells introduced into the microchamber are dispersed uniformly by the micropillar array. Blue arrows indicate the direction of cell motion. 






Figure 1. Concept of uniform cell dispersal by a micropillar array. The cells introduced into the microchamber are dispersed uniformly by the micropillar array. Blue arrows indicate the direction of cell motion.
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The working principle of the micropillar array comprises three processes: clogging of the gaps by the cells (Figure 2), the clog-and-release motion of the cells caused by their deformation (Figure 3), and the random release of the cells (Figure 4). When the cells flow into the micropillar array (Figure 2a), they become clogged at the gaps between micropillars (Figure 2b). Consequently, the direction of the flow is changed [32] and subsequent cells move along the new streamlines. These cells flow towards the micropillar array and become clogged at other gaps which change the flow direction again (Figure 2c). This clogging process is repeated many times, and gradually the cells spread widely. Eventually, the gaps at the front of the micropillar array become fully clogged (Figure 2d).



Next, the cells clogged at the gaps are pushed by the incoming flow of liquid. The clogged cells undergo deformation and pass through the gap. This results in random flow due to differences in the elasticity and size of individual cells. The random flow gradually carries the cells downstream in the gap. Once the clogged cells are released from the gaps, they move along the random flow and become clogged at gaps in the second row (Figure 3a). After the released cells fill all the gaps in the second row, the cells are again gradually pushed through and released from the gaps, and as a result they flow toward the third row (Figure 3b). This clog-and-release process is repeated and cascades downstream (Figure 3c), until the cells are released from the gap at the last row (Figure 3d).



The directions of the cells released from the micropillar array randomly change owing to the position and direction of release at the gaps between the micropillars through which the clogged cells can pass (Figure 4). The cells flow toward the outer sides (Figure 4a) when released from the central part, and toward the central area of the microchamber (Figure 4b) when released simultaneously from the outer sides of the array. The cells flow upward/downward (Figure 4c) when released from the lower/upper gaps, and in parallel (Figure 4d) when the timing and direction of their release are identical.
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Figure 2. Schematic illustration of clogging process. (a) Cells flow straight toward the micropillar array. (b) When the cells reach the micropillar array, they become clogged at gaps between the micropillars. The clogged cells cause the flow direction change. (c) Other cells arrive at the micropillar array and become clogged at other gaps, changing the flow direction again. (d) The gaps at the front of the micropillar array become fully clogged. Blue arrows indicate the direction of cell motion. 






Figure 2. Schematic illustration of clogging process. (a) Cells flow straight toward the micropillar array. (b) When the cells reach the micropillar array, they become clogged at gaps between the micropillars. The clogged cells cause the flow direction change. (c) Other cells arrive at the micropillar array and become clogged at other gaps, changing the flow direction again. (d) The gaps at the front of the micropillar array become fully clogged. Blue arrows indicate the direction of cell motion.
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Figure 3. Schematic illustration of the repetitive clog-and-release process. (a) Once the clogged cells are released from the gaps in the front row of the micropillar array, they move along the flow and become clogged at gaps in the second row. (b) The cells are again gradually pushed through the gaps and flow toward the third row. (c) This clog-and-release process cascades downstream. (d) The cells are released from the gap at the last row. Blue arrows indicate the direction of cell motion. 
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Figure 4. Schematic illustrations of random release process. The direction and rate of flow change in different ways. (a) The cells flow toward the outer sides. (b) The cells move toward the central area of the microchamber. (c) The cells flow upward/downward when released from the lower/upper gaps. (d) The cells flow in parallel when the timing and direction of their release are identical. Blue arrows indicate the direction of cell motion. 
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2.2. Experimental


2.2.1. Device Design


Figure 5 shows the microfluidic device used to form a uniform cell distribution. It consists of an inlet, an outlet, and a microchamber for storing cells. The microchamber contains the micropillar array for generating the random flow inside the microchamber. The microchamber is 2 mm in width, 14 mm in length, and 50 μm in height. The diameter of the micropillar is 100 μm and the interval between pillars is 5 μm. This interval was determined to satisfy the requirement that the pillars loosely capture the cells and allow them to pass through the gaps with low pressure. In this study, we tested cells of comparable size (10–20 μm) at intervals ranging from 5 to 20 μm in 5-μm steps, and found that an interval of 5 μm was optimal. An interval greater than 5 μm is too large, such that the cells simply passed through the intervals. An interval less than 5 μm is too narrow to fabricate using the fabrication method. The optimal size of the interval may change depending on cell size or stiffness. In characteristic assays of cells or cytotoxicity assays, usually only one type of cell is cultured at the same time. Therefore, the interval of the pillars is set to only one size. The Reynolds number of the water flow through the microchamber was approximately 0.17, which resulted in the laminar flow. This device is designed for disposable use.
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Figure 5. Schematic illustration of microfluidic device. It consists of an inlet, an outlet, and a microchamber containing a micropillar array. The micropillar array generates random flow and achieves uniform cell distribution in the microchamber. 
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2.2.2. Device Fabrication


The microfluidic devices were fabricated using a replica molding method. To prepare the mold, a negative photoresist (SU-8 3000, MicroChem, Newton, MA, USA) 50 μm in thickness was spin-coated onto a silicon wafer. This was exposed to ultra violet (UV) light and developed to obtain the mold. To facilitate the detachment of replicas, the mold was exposed to CHF3 plasma for 1 min and coated with carbohydrate fluoride, using reactive ion etching (RIE; RIE-101L, SAMCO, Kyoto, Japan). The RIE conditions were 50 W input energy, 13 Pa pressure, and 30 sccm flow rate. After fabrication of the mold, the polydimethylsiloxane (PDMS; SILPOT184, Dow Corning Toray, Chiyoda, Japan) base and curing agent were mixed (10:1 weight ratio). The mixed PDMS was poured onto the mold and cured at 100 °C for 1 h. After curing, the PDMS replica was peeled from the mold. Access ports were created with a disposable biopsy punch. To obtain good adhesion between the PDMS replica and a slide glass, they were exposed to O2 plasma for 10 s by using RIE. The conditions were 75 W in input energy, 6.7 Pa in pressure, and 50 sccm in flow rate. They were bonded together under a weight at 100 °C for 1 h. The fabricated microfluidic device is shown in Figure 6a. The microchamber is filled with water, colored with red food dye for visibility. It contains a micropillar array inside the microchamber (Figure 6b).
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Figure 6. Fabricated microfluidic device. (a) Top view of the fabricated microfluidic device filled with water, colored with red food dye to improve visibility. The dashed rectangular line shows the position of the micropillar array. (b) Magnified image of the micropillar array shown in the dashed line rectangular of the figure (a). The diameter of each micropillar is 100 μm and the interval between the micropillars is 5 μm. 
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2.2.3. Cell Culture and Preparation of Cell Suspensions


N87 human gastric cancer cells were used because the cells easily aggregate, which makes it difficult to distribute them uniformly. They were obtained from ATCC (Manassas, VA, USA). The cells were maintained in Dulbecco’s modified Eagle medium (DMEM; D-MEM (high glucose) with l-glutamine, phenol red, and sodium pyruvate, Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS; Fetal Bovine Serum regular, Corning), 100 µg/mL streptomycin, and 100 U/mL penicillin (Penicillin-Streptomycin solution (×100), Wako) in an incubator at 37°C and 5% CO2 concentration. The cells were cultured in cell culture dishes and subcultured every 3 days. Trypsin (0.25% w/v Trypsin solution with phenol red, Wako) was used to detach the cells to prepare a concentrated cell suspension. After detachment, trypsin was diluted sufficiently to be deactivated by DMEM containing FBS. The density of the detached cells was adjusted to obtain a cell suspension of 1.0 × 107 cell/mL in density.




2.2.4. Experimental Setup


A schematic illustration of the experimental setup is shown in Figure 7. It consists of three components: (i) a microfluidic device to disperse cells uniformly; (ii) a syringe pump (KDS200, KD Scientific, Holliston, MA, USA) to introduce a cell suspension and other reagents into the device; and (iii) a microscope (IX-73, Olympus, Shinjuku, Japan) to visualize the introduced cells. A syringe mounted on the syringe pump was connected to the microfluidic device through a silicone tube and a stainless steel pipe. The concentrated cell suspension (1.0 × 107 cell/mL) was introduced into the microfluidic device. The cells in the microchamber were observed under the microscope. To avoid contamination, the microfluidic device was sterilized in an autoclave (KTS-2322, ALP, Hamura, Japan), and exposed to a UV lamp for 10 min after the introduction of deionized water into the microchamber. Phosphate buffered saline (PBS; PBS(-), Wako) was introduced at a flow rate of 40 µL/min for 10 min to wash the microchamber. After washing, DMEM was introduced into the microchamber. The cell suspension was then introduced into the microchamber at a flow rate of 10 µL/min.
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Figure 7. Schematic illustration of experimental setup. Cell suspension is introduced into (i) the microfluidic device by using (ii) a syringe pump. The cells are observed under (iii) a microscope. 
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3. Results and Discussion


3.1. Cell Introduction into Microchamber without Micropillar Array


The N87 cells were introduced into a microchamber without a micropillar array (Figure 8 and Video S1). The N87 cells were introduced from a narrow microchannel 20 μm in width (Figure 8a). Five seconds later, the spread of the N87 cells increased from 20 μm (the microchannel) to 250 μm around the central part of the microchamber (Figure 8b). With this distribution, the N87 cells did not spread uniformly but were concentrated at the center of the microchamber. The cell distribution remained unchanged after 10 s (Figure 8c) and was still similar after 15 s (Figure 8d).
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Figure 8. Serial images of N87 cells introduced into a microchamber without a micropillar array. (a) N87 cells are introduced. Images at (b) 5 s, (c) 10 s, and (d) 15 s after introduction of the cells. Yellow arrows indicate the direction of cell motion. 






Figure 8. Serial images of N87 cells introduced into a microchamber without a micropillar array. (a) N87 cells are introduced. Images at (b) 5 s, (c) 10 s, and (d) 15 s after introduction of the cells. Yellow arrows indicate the direction of cell motion.
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3.2. Cell Introduction into Microchamber with Micropillar Array


The N87 cells were introduced into a microchamber with a micropillar array (Figure 9 and Video S2) from a narrow microchannel 20 μm in width (Figure 9a) as in the case without the micropillar array (Figure 8a). The cells moved straight along the stream lines in the microchamber. However, the cells came across the micropillar array, moved around the micropillar array, and then spread wider at 10 s after the cell introduction (Figure 9b). At 20 s, some cells passed through the micropillar array, and generated random flow down the stream of the micropillar array (Figure 9c). The accumulation of the random flows achieved a uniform distribution of the N87 cells in the microchamber. The number of N87 cells decreased to 47% calculated by counting cell numbers at before and after the micropillar array.
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Figure 9. Serial images of the motions of N87 cells introduced into a microchamber with a micropillar array. (a) The cells flow straight towards the micropillar array. (b) Once they reach the micro pillar array at 10 s, the spread of the cells widens. (c) The cells after the micropillar array spread at 20 s. Yellow arrows indicate the direction of cell motion. 
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3.3. Detailed Motion of N87 Cells in Micropillar Array


The motions of N87 cells in the micropillar array, which achieved uniform distribution of cells in the microchamber, were grouped into the three processes of (1) clogging, (2) repetitive clog-and-release, and (3) random release. Each process was analyzed (Figure 10, Figure 11 and Figure 12). Figure 10 shows the clogging process that causes the flow of N87 cells to widen. The cells flowed towards the micropillar array (Figure 10a) when the cell suspension was introduced into the microchamber with the micropillar array. A central gap of the array was clogged by the first cell to reach it (Figure 10b). The following N87 cells moved around the central occupied gap and clogged other gaps around it (Figure 10c). The cells gradually dispersed owing to this circumvention of clogged gaps (Figure 10d).



Once all the gaps in the front row of the micropillar array were clogged with N87 cells, the cell suspension could flow only through narrow passes among the clogged cells and micropillars. The rate and direction of the flow from the narrow passes were random, and therefore randomly pushed the clogged cells. The cells became further clogged at such narrow passes, which then increased the pressure applied to the clogged cells. With this pressure, some clogged cells were pushed, deformed, and released from the front row of the array. The released cells moved along the random flow and became clogged at gaps in the second row (Figure 11a). The gaps in the second row were also filled by the cells released from the front row. After all gaps in the second row were occupied, the clogged cells were again released and moved toward the third row array (Figure 11b). This clog-and-release process was repeated and cascaded downstream (Figure 11c), resulting in the random motion of the cells inside the micropillar array. With this repetitive process, the cells finally went through the micropillar array (Figure 11d). The clog-and-release process at each row occurred simultaneously and a complex flow was generated.



Figure 12 shows the N87 cells released from the micropillar array. The location of the clogged cells continuously changed because of the random cell motions inside the array. Therefore, the directions and flow rates of the cells passing through the array changed. The direction of cell motion randomly varied among a flow toward the outer side (Figure 12a), a flow toward the center (Figure 12b), a flow toward upward/downward (Figure 12c), and a flow in parallel (Figure 12d). With the accumulation of these random flows, the distribution of N87 cells became uniform. The random changes in direction led to the uniform spreading of cells when enough time had elapsed.
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Figure 10. Detailed observation of cell motion before micropillar array. (a) The cells flow straight toward the micropillar array. (b) When the cells reached the micropillar array, the cells became clogged at gaps between the micropillars. (c) Other cells that arrived at the micropillar array became clogged at other gaps, which again changed the flow direction. (d) The gaps at the front of the micropillar array finally became fully clogged. Yellow arrows indicate the direction of cell motion. 
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[image: Micromachines 06 00409 g010]







[image: Micromachines 06 00409 g011 1024] 





Figure 11. Detailed observation of cell motion inside micropillar array. (a) Once the clogged cells were released from the gaps, they moved along the random flow and became clogged at gaps in the second row of the micropillar array. (b) The cells were again gradually passed through the gaps and flowed toward the third row of the micropillar array. (c) This clog-and-release process was repeated. (d) The cells were released from the gaps in the last row of the micropillar array. Yellow arrows indicate the direction of cell motion. 
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Figure 12. Detailed observation of motion of cells released from micropillar array. The direction and rate of the flow changed in different ways. (a) The cells flowed toward the outer sides. (b) The cells moved toward the central area of the microchamber. (c) The cells flowed upward/downward. (d) The cells flowed in parallel. Yellow arrows indicate the direction of cell motion. 
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[image: Micromachines 06 00409 g012]






3.4. Comparison of Cell Distributions


The distributions of N87 cells in the microchambers with and without the micropillar array are shown in Figure 13a,b, respectively. The micrographs show areas (500 μm in length and 2.0 mm in width) where the cell distributions were analyzed. The area was located 3.6 mm downstream from the microchannel where the N87 cells were introduced into the microchamber. Each of these areas was horizontally divided into ten cell counting areas. Each area is marked off every 200 μm from the top of the microchamber, resulting in cell counting areas of 500 μm × 0.2 mm. The number of N87 cells was counted in each area and normalized by the total number of cells in all cell counting areas. Some N87 cells aggregated in the microchamber without the micropillar array (Figure 13a), whereas no such aggregation was observed in the microchamber with the micropillar array (Figure 13b). The aggregated cells made it more difficult to uniformly distribute the introduced cells within the microchamber.
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Figure 13. Images of N87 cells introduced into microchamber. (a) Microchamber without micropillar array. The cells are concentrated in the center of the microchamber. (b) Microchamber with micropillar array. The cells are uniformly dispersed. 






Figure 13. Images of N87 cells introduced into microchamber. (a) Microchamber without micropillar array. The cells are concentrated in the center of the microchamber. (b) Microchamber with micropillar array. The cells are uniformly dispersed.
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The ratios of the cell numbers in the cell counting areas are plotted in Figure 14. The distribution of cells in the microchamber with the micropillar array is uniform over all the counting area, whereas that in the microchamber without the micropillar array is centered (cells existed only in the areas from 500 μm to 1500 μm) (Figure 14b). We compared the root mean squares of the cell distribution from the ideally uniform cell distribution between the microchambers with and without the micropillar array. The ratio of cell number in each area should be 10% if the cells are ideally dispersed. The root mean square of the distribution from this value was calculated in each area. The averaged root mean square among our experiments inside the microchamber without the micropillar array was 13% (N = 2, 0.30% in standard deviation), and in the microchamber with the micropillar array, it was 4.9% (N = 10, 1.5% in standard deviation). This result shows that the micropillar array effectively achieves uniform distribution of cells inside the microchamber. The N87 cells released from the micropillar array were incubated under standard culture conditions for 50 h. Compared with the initial number of N87 cells, the normalized number of cells increased to 2.6 with a standard deviation of 0.25. This is comparable to the doubling time of 47 h [33] for normal N87 cells. This result suggests that the released N87 cells are not damaged. Furthermore, we obtained similar results in HeLa cells, which are the most common cell line, suggesting that the proposed technique is valid for all deformable cell lines (Figure S1).
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Figure 14. Cell distribution in microchamber without/with the micropillar array. (a) Definition of Cell counting area. (b) Comparison of the ratios of cell number in the microchamber without/with the micropillar array. This graph shows the cell distribution tendency. Error bars show the standard deviation of the ratio of the cell number. The distribution of the cells in the microchamber with the micropillar array is uniform over the counting area, whereas that in the microchamber without the micropillar array is centered (the cells existed only in the areas from 500 μm to 1500 μm). 
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4. Conclusions


We proposed a technique to achieve uniform distribution of cells by employing the deformability of the cells in a micropillar array, and analyzed the cell motions caused by the array. The technique does not restrict the growing direction and area of cells, or limit the cell species. We checked the popular analysis of whether the cells are damaged via tests of cellular propagation and morphology. The cellular propagation rate and morphology are close to normally cultured cells without any stresses. However, our distribution method using the micropillar array could have a wide variety of applications, and therefore damage which cannot be evaluated by the two tests should be further analyzed in special applications. In addition, this method is likely to select for small and elastic cells passing through the micropillar array. Therefore, the influence of variation in cell size and elasticity should be analyzed in individual applications. We believe that this technique will be helpful to reproduce results in cellular research at the microscopic scale or those obtained by using microfluidic devices.
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