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Abstract:



The application of microfluidic technology to manipulate cells or biological particles is becoming one of the rapidly growing areas, and various microarray trapping devices have recently been designed for high throughput single-cell analysis and manipulation. In this paper, we design a double-slit microfluidic chip for hydrodynamic cell trapping at the single-cell level, which maintains a high capture ability. The geometric effects on flow behaviour are investigated in detail for optimizing chip architecture, including the flow velocity, the fluid pressure, and the equivalent stress of cells. Based on the geometrical parameters optimized, the double-slit chip enhances the capture of HeLa cells and the drug experiment verifies the feasibility of the drug delivery.
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1. Introduction


Microfluidic technology has become a research hotspot in recent years [1], and has received significant attention in various fields, including biomedical science [2] and biochemical studies [3]. Among these fields, cell biology is an important field of microfluidic technology application [4]. Due to the heterogeneity of cells [5], it makes single cell analysis significantly meaningful to study the differences.



In the field of single cell analysis, it is necessary to obtain a large number of single cells for statistical analysis. Compared with conventional methods [6], microfluidics can meet this request of high-throughput single cell analysis. Furthermore, it has various advantages, such as reagent volume control, cell handling, device automation, and multiple component integration [7]. Therefore, microfluidic chip technology in single cell analysis is widely used for intercellular dynamics research, drug screening, and immune response, which greatly promotes the progress of biomedical and cellular biology.



The first critical step for single cell analysis is single cell capture. Currently, a variety of approaches have been reported to capture single cells on microfluidic chips, including dielectrophoresis (DEP) [8], patch clamping [9], optical tweezer [10], and hydrodynamic trapping [11]. Among these methods, hydrodynamic trapping has shown various advantages, including easy operation, high biocompatibility, and high trapping efficiency (passively) [12].



In hydrodynamic trapping, only the fluid force appears during the operation. Cells in the fluid are trapped by similar-size microstructures in the microfluidic device by hydrodynamic effects. To effectively capture cells, various cell trap structures are proposed. A bowl-shaped micro-trap structure was designed for single cell capture and this structure was used to capture individual cells that were used to study cell attachment, death, and division [13]. The microfluidic device based on the hydrodynamic trapping of cancer cells in controlled geometries was developed, and the formation of spheroids was enhanced by maintaining compact groups of the trapped cells due to continuous perfusion [14]. Subsequently, the researchers presented a microfluidic device containing a dense array of weir-based passive hydrodynamic cell traps. Using a novel geometry and a three-step loading protocol, it could immobilize and pair thousands of cells immediately [15]. Furthermore, the researchers developed a microfluidic capture system for single cell detection that had the ability to monitor cell dynamics over time [16].



However, in previous studies, few researchers have focused on the geometric effects on the flow field in microfluidic chips. Since some important controllable variables have not been systematically studied, the capture efficiency of many single cell capture experiments in microfluidic chips is unstable, and is not conducive to subsequent manipulation such as cell culture, cell analysis, and cell dose. Therefore, it is critical to study these controllable variables. Investigations of flow behaviour in the micro-environment are not only beneficial to a better understanding of capture process, but also makes the process more controllable. To optimize the efficiency, a number of simulation works have been carried out. Computational fluid dynamics (CFD) can simulate complex and coupled physics rapidly at low cost [17,18,19,20,21,22]. Researchers use CFD simulation to investigate hydrodynamic trapping mechanisms and cell mechanical environments [22].



In this paper, we designed a double-slit microfluidic device for hydrodynamic cell trapping at the single cell level, and the mechanism of hydrodynamic trapping was applied to study flow behaviour in the microfluidic chips. To optimize the chip design and implement basic research, the geometric effects on flow behaviour in the chip micro-environment were analysed in detail. Then, the double-slit chip was geometrically optimized for enhanced capture of HeLa cells and the feasibility of the drug delivery function was verified. The study established a method to explore more practical microfluidic chip architectures, and provided reference and guidance to further study in cell-trap flow behaviour, chip optimization, and structure innovation.




2. Problem Formation


The main purpose of the cell capture chip is to enable the capture and retention of cells. Therefore, it is critical to design the capture structure with good effect, and its structure should match the trapped particle geometry. A series of index parameters are also required to be taken into consideration, including the capture efficiency and loading time of the cell, the pressure and velocity distribution of the fluid, the deformation, and the equivalent stress of the cell. Based on the hydrodynamic cell capture method [23] and our previous study [24,25], three types of microstructures were designed, including seamless, single-slit, and double-slit traps, as shown in Figure 1.


Figure 1. The schematic diagram of three types of capture structures: (a) seamless; (b) single-slit; (c) double-slit.
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In a previous study, the researchers designed a microfluidic chip for the capture and signal transmission analysis of hematopoietic stem cells, enabling parallel analysis of hundreds of single cells [26]. This demonstrated that double-slit arrays enhanced the capture of living hematopoietic cells. Furthermore, in our previous studies [27], it was found that the double-slit trap structure had better capture ability compared to seamless and single-slit structures. In the seamless chip, the cells could enter into the micro-trap at a high inlet velocity, making the internal pressure of the chip larger, easily causing leakage and other issues. In the single-slit chip, the critical velocity was greatly reduced compared to the seamless chip. However, due to the presence of the single slit, the cell was accelerated and the equivalent stress increased sharply as well, resulting in greater deformation and damage.



Therefore, this study focuses on the double-slit chip design. The geometry of a single trap and its surrounding microfluidic channels were optimized using finite element method (FEM). Compared with the work by Wlodkowic et al. [26], the angle of the double slit designed by us had a certain inclination to make the fluid flow stable, which was also beneficial to enhance the possibilities of capture. Meanwhile, we focused on single cell capture and the optimization of micro-traps. The behaviour and mechanism of flow were investigated to enhance capture ability. Due to the inconsistent size of the individual cells, the cells were considered to be microspheres with a radius of 5 μm in the process of calculation and simulation. Because of the high computational demand in 3D fluidic dynamics simulations, the simulations were done in 2D. Polydimethylsiloxane (PDMS) walls were considered to be rigid, and the fluid was considered to be incompressible when simulating fluid—structure interaction.




3. Materials and Methods


3.1. Design and Fabrication of the Microfluidic Chip


All parts of microfluidic device were designed by Auto-CAD and fabricated using the standard soft lithography method [28]. The schematic diagram of the overall structure of the chip is shown in Figure 2a. The structure of the chip was designed into a narrow shape, including inlet and outlet reservoir, support and disperse pillars, channel, microarray, and transition structure. The inlet and outlet reservoirs are used for fluid transition, and avoid fluid flowing directly into the chip. Because their areas are larger than inlet and outlet, it ensures the stability of fluid flow within the chip. In the inlet channel, the cells are separated by the dispersed strands so that they can enter into the capture array more uniformly. The design of the transition structure is mainly for the connection of the inlet and outlet channels with the capture area, which can avoid the generation of vortices owing to the different cross-sectional area of their channels and the capture area.


Figure 2. The schematic diagram of the chip: (a) the overall structure; (b) the double-slit structure.
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In the trap array device, the number of micro-traps was designed to be 351 distributed in 26 rows, while the number of micro-traps in each row was 13 in odd rows or 14 in even rows. Each row of traps was offset horizontally with respect to the one above it. This offset ensures that the trapping function of the next row is not influenced by the row above it. The double-slit microarray geometry is shown in detail in Figure 2b.The radius of the microsphere is defined as R; the radius of the groove as r; the height of the microarray as h; the length and the bottom width of the groove walls as l and t, respectively; the opening angle of the trap as α; the widths of the trap opening and double-slit as u and b, respectively; and the horizontal and vertical spacing of trap arrays as m and n, respectively. The spacing ratio was defined as m:n.




3.2. Computational Models and Trapping Mechanism


Computational fluid dynamics (CFD) was applied to investigate the flow field in the micro-environment. For modelling the double-slit chip, the incompressible Navier–Stokes equations with a continuity equation were employed to determine the fluid flow as follows:


[image: ]



(1)
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(2)




where ρ, p, and μ are the density, pressure, and kinematic viscosity, respectively. u and v are the velocity components in x- and y-directions.



The chip uses the hydrodynamic trapping method to capture cells and employs fluidic resistance engineering to achieve it [29,30,31]. Therefore, it is critical to study the hydrodynamics trapping mechanism. The schematic diagram of cell capture process based on the hydrodynamic method is shown in Figure 3. Path P1 (red line) and path P2 (blue line) are the trapping and bypassing paths, respectively. Its main capture process is mainly divided into four processes: fluid flow, cells before entering, cells entering, and bypassing. Before filling the cell suspension, the flow of the pure fluid is dominant in the chip and some of the fluid enters into the micro-trap. Because the cells generally follow the streamline within the channel, once the cell enters into the micro-trap, the corresponding streamline is cut off and the next cell becomes difficult to access, bypassing the trap under the action of the fluid. Therefore, the array geometry should be designed so that the trapping path P1 for an empty trap has a lower flow resistance than the bypassing path P2.


Figure 3. Schematic diagram of the cell capture process based on the hydrodynamic method.
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Based on the optimization method proposed by Xu et al. [20], the microfluidic cell-trap arrays should ensure a single cell in each trap and satisfy other design criteria, such as avoiding channel clogging and multiple microspheres trapping at one trap location, satisfying the trap array device’s micro-fabrication tolerance and feasibility, and obtaining stable trapping of the cells.



Therefore, the geometry of the double slit should be limited within an appropriate range. The value of b was required to be smaller than the microsphere’s diameter, and u should be smaller than the sum of two microsphere diameters, which ensured that a microsphere would be trapped in a trap and reduced the chance that multiple microspheres would be in one trap. The value of h should also be larger than one microsphere’s diameter to guarantee the microsphere would be immobilized in the trap. The value of r was required to be larger than the radius of the microsphere to ensure that a microsphere would be retained in a trap and not swept away due to the transient flow motion around the trap. The value of n should be larger than the diameter of one microsphere to allow others to flow through the channel during the bypassing process. For fabrication feasibility, the values of t and l should be limited within an appropriate range. Too small a value of t is difficult to fabricate using soft lithography and too large a value of l/t leads to easy collapse.



Therefore, the geometric parameters for the microfluidic microsphere-trap array were fixed as in Table 1.


Table 1. The geometric parameters for the microfluidic microsphere-trap array.





	Parameters
	r
	h
	l
	t
	b
	u
	α
	m
	n



	Values (μm)
	7
	15
	50
	4
	5
	16
	25
	40
	20










3.3. Materials and Cell Preparation


Dulbecco’s Modified Eagle Medium (DMEM), foetal bovine serum, penicillin-streptomycin, trypsin- trypsin-Ethylenediaminetetraacetic acid (EDTA), and HeLa cells were all purchased from Sangon Biotech Co., Ltd., (Shanghai, China). Polystyrene microspheres were purchased from Tianjin Beisi Technology Development Center (Tianjin, China). Cisplatin, phosphate buffered saline (PBS), and trypan blue dye were obtained from Tongji Hospital (Wuhan, China). Cisplatin powder (10 mg) was mixed with 100 mL of 0.9% normal saline and dissolved. Trypan blue of 0.4% stock solution was diluted with PBS to a final concentration of 0.04% in 9:1 ratio.



HeLa cells were cultured in DMEM with 10% foetal bovine serum and 1% penicillin-streptomycin. Cells were cultured in a 37 °C incubator under 5% CO2 and passaged every 2 days by dissociation with 0.25% trypsin-EDTA. Before use, adherent cells were harvested by trypsinization with 0.25% trypsin-EDTA at 37 °C and centrifuged at 800–1000 rpm for 3 min. The cells were then suspended in fresh supplemented DMEM for use.




3.4. Microsphere and Cell Manipulation


The microfluidic platform was built to utilize microfluidic chips for microsphere and cell manipulation. The cell capture experiment platform was detailed as demonstrated in Appendix A.



Two microchips were needed in this experiment. The microchips were first sterilized with 75% ethanol for 5 min prior to loading. Sterile PBS was then used to fill the device. Mixed with 0.8 mL of polystyrene suspension and 4 mL of deionized water, the suspension was introduced into the chip at a rate of 0.1 μL/s. The cell suspension was introduced at a rate of 0.1 μL/s into the other chip for 5 min to achieve a stable capture effect. After cells were trapped to the desired density, cisplatin diluted with culture medium was introduced into this chip. After the drug was completely absorbed, it was added to the prepared trypan blue dye and stained for about 3 min. Microspheres and cells in the microfluidic chip were imaged on a display through a microscope.





4. Results and Discussion


Considering the slight effect of other sizes on the double-slit structure and machining accuracy, the optimization was focused on the values of spacing and opening angle. According to the results of optimization, the fluid distribution in the chip was studied in detail.



4.1. The Optimization of Micro-Trap Spacing


First, the parameter h was set to be 15 μm, for microspheres of radius 5 μm. Based on experimental testing results, we chose h = 3r and the spacing ratio m:n = 2:1. As shown in Figure 4, the horizontal spacing and opening angle were fixed as 40 μm and 25° at first, and its horizontal spacing ranged 40 μm from 55 μm. The inlet velocity was selected as 10 μm/s at first.


Figure 4. (a) The movement of the microsphere at the horizontal spacing of 50 μm; (b) The final capture of the microsphere in different horizontal spacings (40, 45, 50, 55 µm, left to right); (c) The stress of the microsphere in different horizontal spacings; (d) The fluid pressure in different horizontal spacings.
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Figure 4a shows the movement of the microsphere in the chip at the horizontal spacing of 50 μm. The microsphere moved close to the micro-trap at 6.149 s. After a period of movement, the microsphere entered into the micro-trap at 11.93 s. Because fluid flows quickly in contraction areas and slowly in extending areas [32], the flow moved quickly through the gaps among the micro-traps and slowly through the micro-traps. Further, only the flow in close proximity to the microsphere was affected by the microsphere’s motion, and the other areas were not influenced. Therefore, the displacement of the microsphere was mainly along the x-axis, while the displacement in the y-direction was small.



Figure 4b shows the final capture of the microsphere in different horizontal spacings. The capture time became longer due to the increase of horizontal spacing. With the increase of the displacement of the microsphere’s motion, the loading time of the microsphere became longer. The streamlines also show that there were no vortices in the creeping flow, which ensured the stable flow of fluid and the state of the microsphere.



However, with the increase of horizontal spacing, the equivalent stress of the microsphere became smaller. The change in the equivalent stress of the microsphere over time is shown in Figure 4c. The equivalent stress can be used to determine whether the microsphere can yield to a complex force. Due to the different value of the force inside the microsphere, the maximum and minimum values are also shown in the figure. When the horizontal spacing increased, the fluid in the chip flowed fully and stably. In the course of the movement, the equivalent stress of the microsphere as well as the fluctuation were relatively small. Only when the microsphere was trapped did the stress on the microsphere increase, because of the force from the micro-trap. When the chip is applied to capture biological cells, the presence of stress can cause cell deformation, fusion, or even death. Therefore, low equivalent stress is critical, which is conducive to maintaining the state of cells.



Finally, the fluid pressure in the chip was studied. Figure 4d shows the fluid pressure in different horizontal spacings. The fluid pressure in the chip decreased with increasing spacing. When the microsphere was close to the micro-trap, the pressure between the microsphere and the micro-trap increased and imposed negative force on the microsphere. When the microsphere was immobilized in the micro-trap, the pressure in the very small gap between the microsphere and the micro-trap became larger than that at the inlet. In order to ensure the stable trapping of the microsphere, stable pressure is critical. The presence of the double slit gives the fluid more choice to flow. When the microsphere was close to the wall of the micro-trap, the compressed fluid could be flowed from the double slit correspondingly. This can relieve the pressure of the fluid imposed upon the microsphere. Furthermore, increasing spacing also contributes to the decrease of the fluid pressure, which is conducive to the state of chips.




4.2. The Optimization of the Opening Angle


Combined with the above analysis, a microfluidic chip with short capture time and low equivalent stress of the microsphere and fluid pressure was needed. Based on the above discussion, the horizontal spacing was fixed as 50 μm. The optimization of the opening angle was performed as in Figure 5.


Figure 5. (a) The final capture of the microsphere in different angles; (b) The stress of the microsphere in different angles; (c) The fluid pressure in different angles.
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As shown in Figure 5a, the opening angle ranged 25° from 31°, and the capture time became longer with the increase of the opening angle. Similarly, as shown in Figure 5b, the equivalent stress of the microsphere was also studied. With the increase of opening angle, the equivalent stress of the microsphere became smaller. The fluid pressure in different angles at the double-slit in the chip is shown in Figure 5c. The fluid pressure decreased with the increase of opening angle.



It can be seen from the figure that the capture time was shortest when α was 25°. However, the equivalent stress of the microsphere and the fluid pressure were both high. The presence of sharp corners at the groove resulted in high equivalent stress of the microsphere and the fluid pressure, which is not conducive to the state of cells. When α was 28°, the capture time was longer than the angle of 25°. The equivalent stress of the microsphere and the fluid pressure were lower than the angle of 25°, which is conducive to the state of cells and chips. Although the equivalent stress of the microsphere and the fluid pressure were lowest while α was 31°, the capture time was longest. Considering its comprehensive effect, α was fixed at 28°.




4.3. Fluid Velocity Distribution


According to the discussion above, the geometric parameters for the microfluidic microsphere-trap array are summarized in Table 2.


Table 2. The geometric parameters for the microfluidic microsphere-trap array.





	Parameters
	r
	h
	l
	t
	b
	u
	α
	m
	n



	Values (μm)
	7
	15
	50
	4
	5
	16
	28
	50
	25









For a double-slit chip, the microsphere could be captured at a very low critical rate. The capture time should be fully taken into account to increase the actual efficiency of the chip. Therefore, the inlet velocity was studied. The change of velocity of the microsphere is shown in Figure 6.


Figure 6. The change of velocity of the microsphere.
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At the beginning, the microsphere was located in the middle of the two pillars. With the increase of cross-sectional area, the speed gradually decreased. Then, as the fluid flowed, the speed began to increase. When passing between two micro-traps, the speed of the microsphere reached the maximum value. After the microsphere entered into the micro-trap, it moved at a stable speed, and the final speed dropped to 0, and the microsphere was captured.



The microsphere in the chip mainly suffered from fluid resistance and viscous drag force. As the microsphere continuously approached the micro-trap, the resistance increased and the drag force decreased, which made the speed of the microsphere decrease rapidly. When it entered into the interior of the micro-trap, the resistance and the drag remained consistent and the microsphere moved at a stable speed. Then, the resistance was greater than the drag, and the microsphere began to slow down until stopped. With increasing inlet velocity, the speed of the microsphere between two micro-traps became higher and the high speed of the microsphere in the chip was not beneficial to capture cells. It also caused the increase of the equivalent stress of the microsphere and fluid pressure, which made the chip easy to cause leakage. The equivalent stress of the microsphere is shown in Figure 7a.


Figure 7. (a) The equivalent stress of the microsphere at different inlet velocities; (b) The fluid pressure in the chip at a velocity of 50 μm/s.
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With the increase of inlet velocity, the equivalent stress of the microsphere also increased. When the inlet velocity was 50 μm/s, the maximum equivalent stress of the microsphere was 9.25931. It was below 10, which is not sufficient to produce deformation of the cells [33,34]. This low equivalent stress is conducive to maintaining the state of cell when capturing them. Furthermore, as shown in Figure 7b, the pressure field of the flow at a series of time points became smaller, which was conducive to the use of chip and cell capture.




4.4. Cell-Trap and Drug Delivery in the Microfluidic Chip


The developed microfluidic device was utilized for cell capture and antitumor drug delivery to explore the potential application in clinical oncology. In our experiment, polystyrene microspheres and HeLa cells were introduced into the chips. The size of HeLa cells is basically the same as that of the microspheres. The cell-trap and drug delivery results are shown in Figure 8. The dead cells allowed trypan blue dye to penetrate the cell membrane and disintegrate DNA due to the degeneration of the cell membrane. The entire dead cells were disseminated with a dye solution and turned blue. The living cells and their edges were clear, showing transparency. The stained cells were immersed by blue dye, showing black under the microscope.


Figure 8. The cell-trap and drug testing results: (a) microspheres; (b) HeLa cells; (c) normal cell; (d) drug dosing; (e) comparison of experiment and simulation.
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As shown in Figure 8a,b, through the capture experiment, it can be found that when the microsphere and the cell entered into the double-slit micro-trap, it moved toward a seam in the double-slit until it stopped. Due to the rigidity of microspheres, they did not deform like cells. As shown in Figure 8c,d, through the drug experiment, it can be found that the living cells and their edges were clear. After drug delivery, the stained cells were immersed by blue dye, showing black under the microscope, effectively illustrating that this chip could capture the cell and verifying the feasibility of the drug delivery function. In addition, it can be seen from Figure 8e that the experimental results were basically the same as the simulation results, reflecting that the double-slit chip could achieve a good capture effect.



However, due to the problem of processing, the design of the micro-trap within the space was larger than the original design, which caused the existence of a few microspheres and cells in the micro-trap, and the microspheres moved into a seam in the double-slit. Otherwise, the deformation of cells also caused the cells move into a seam. During our experiment, it can be found that most micro-traps could capture a single cell. Some micro-traps had two cells, and few micro-traps had more cells. The ratio of cells’ number in micro-traps is shown in Table 3.


Table 3. The ratio of cells’ number in micro-traps.





	Number
	Single
	Double
	More
	Empty





	Ratio (%)
	70
	16
	8
	6











5. Conclusions


In this study, we designed a double-slit microfluidic chip and investigated a single cell capture process in different microfluidic cell-trap array chips. Through the optimization of spacing and opening angle, the equivalent stress that cells suffered was low and stable. The fluid pressure in the double-slit chip was also low, which was conducive to the state of the cells and the chip. The geometry of double-slits were fixed eventually. According to the results of optimization, we found that the chip had the best capture condition when the inlet velocity was 50 μm/s.



Furthermore, we conducted an experiment according to the simulation conditions. The experiment illustrated that the double-slit chip could capture single cells and could be used for antitumor drug delivery. Through the drug experiments to verify the feasibility of the drug delivery function of this chip, the establishment of a unit model in microfluidic platform provides research value for the optimization of chip integration and platinum drug development. Future work will continuously concentrate on the optimization of the double slit to achieve better capture effects. Due to the complex flow of fluids in micro-scale and the elastic properties of cells, the real fluidic conditions within the traps were not completely the same as predicted by CFD models. We will also investigate the actual flow behaviour and mechanism in the chip and continuously combine CFD models and experiment.
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Appendix A


A schematic diagram of the cell capture experiment platform is shown in Figure A1. The microfluidic platform built to utilize microfluidic chips for microsphere and cell manipulation consisted of four major parts: (1) An inverted microscope in Particle Image Velocimetry (PIV) System (Beijing Microvec Pte. Ltd., Beijing, China) with a charge coupled device (CCD) camera (Beijing Microvec Pte. Ltd., Beijing, China)was used to observe and photograph the microfluidic channels and microsphere or cell; (2) A computer connected to the CCD camera was used to capture images; (3) A syringe pump (JiaShan Ruichuang Sci-Tec Co., Ltd., JiaShan, China) was used for solution injection; (4) 1 mL disposable syringes and polyethylene (PE) pipes ( Shenyang-Lab Science and Trade Co., Ltd, Shenyang, China) were used for the connection of the device.


Figure A1. Schematic diagram of the cell capture experiment platform: (a) The main equipment used in the experiment; (b): The overall cell capture experiment platform.



[image: Micromachines 09 00157 g0a1]










References


	1. 
Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. [Google Scholar] [CrossRef] [PubMed]

	2. 
Sackmann, E.K.; Fulton, A.L.; Beebe, D.J. The present and future role of microfluidics in biomedical research. Nature 2014, 507, 181–189. [Google Scholar] [CrossRef] [PubMed]

	3. 
Lerchner, J.; Wolf, A.; Wolf, G.; Baier, V.; Kessler, E.; Nietzsch, M.; Krügel, M. A new micro-fluid chip calorimeter for biochemical applications. Thermochim. Acta 2006, 445, 144–150. [Google Scholar] [CrossRef]

	4. 
Velve-Casquillas, G.; Le Berre, M.; Piel, M.; Tran, P.T. Microfluidic tools for cell biological research. Nano Today 2009, 5, 28–47. [Google Scholar] [CrossRef] [PubMed]

	5. 
Walling, M.A.; Shepard, J.R.E. Cellular heterogeneity and live cell arrays. Chem. Soc. Rev. 2011, 40, 4049–4076. [Google Scholar] [CrossRef] [PubMed]

	6. 
Klepárník, K.; Foret, F. Recent advances in the development of single cell analysis—A review. Anal. Chim. Acta 2013, 800, 12–21. [Google Scholar] [CrossRef] [PubMed]

	7. 
Lecault, V.; White, A.K.; Singhal, A.; Hansen, C.L. Microfluidic single cell analysis: From promise to practice. Curr. Opin. Chem. Biol. 2012, 16, 381–390. [Google Scholar] [CrossRef] [PubMed]

	8. 
Huang, W.H.; Ai, F.; Wang, Z.L.; Cheng, J.K. Recent advances in single-cell analysis using capillary electrophoresis and microfluidic devices. J. Chromatogr. B 2008, 866, 104–122. [Google Scholar] [CrossRef] [PubMed]

	9. 
Sinclair, J.; Pihl, J.; Olofsson, J.; Karlsson, M.; Jardemark, K.; Chiu, D.T.; Orwar, O. A cell-based bar code reader for high-throughput screening of ion channel-ligand interactions. Anal. Chem. 2002, 74, 6133–6138. [Google Scholar] [CrossRef] [PubMed]

	10. 
Werner, M.; Merenda, F.; Piguet, J.; Salathé, R.P.; Vogel, H. Microfluidic array cytometer based on refractive optical tweezers for parallel trapping, imaging and sorting of individual cells. Lab Chip 2011, 11, 2432–2439. [Google Scholar] [CrossRef] [PubMed]

	11. 
Jin, D.; Deng, B.; Li, J.X.; Cai, W.; Tu, L.; Chen, J.; Wu, Q.; Wang, W.H. A microfluidic device enabling high-efficiency single cell trapping. Biomicrofluidics 2015, 9, 014101. [Google Scholar] [CrossRef] [PubMed]

	12. 
Nilsson, J.; Evander, M.; Hammarström, B.; Laurell, T. Review of cell and particle trapping in microfluidic systems. Anal. Chim. Acta 2009, 649, 141–157. [Google Scholar] [CrossRef] [PubMed]

	13. 
Di Carlo, D.; Wu, L.Y.; Lee, L.P. Dynamic single cell culture array. Lab Chip 2006, 6, 1445–1449. [Google Scholar] [CrossRef] [PubMed]

	14. 
Wu, L.Y.; Carlo, Di. D.; Lee, L.P. Microfluidic self-assembly of tumor spheroids for anticancer drug discovery. Biomed. Microdevices 2008, 10, 197–202. [Google Scholar] [CrossRef] [PubMed]

	15. 
Skelley, A.M.; Kirak, O.H.; Suh, H.; Jaenisch, R.; Voldman, J. Microfluidic control of cell pairing and fusion. Nat. Methods 2009, 6, 147–152. [Google Scholar] [CrossRef] [PubMed]

	16. 
Wang, Y.; Tang, X.; Feng, X.; Liu, C.; Chen, P.; Chen, D.; Liu, C. A microfluidic digital single-cell assay for the evaluation of anticancer drugs. Anal. Bioanal. Chem. 2015, 407, 1139–1148. [Google Scholar] [CrossRef] [PubMed]

	17. 
Yazdi, S.A.; Ardekani, M. Bacterial aggregation and biofilm formation in a vortical flow. Biomicrofluidics 2012, 6, 044114. [Google Scholar] [CrossRef] [PubMed]

	18. 
Liu, Z.B.; Huang, F.J.; Du, H.; Shu, W.L.; Feng, H.T.; Xu, X.P.; Chen, Y. Rapid isolation of cancer cells using microfluidic deterministic lateral displacement structure. Biomicrofluidics 2013, 7, 011801. [Google Scholar] [CrossRef] [PubMed]

	19. 
Sun, J.S.; Liu, C.; Li, M.M.; Wang, J.D.; Xianyu, Y.L.; Hu, G.Q.; Jiang, X.Y. Size-based hydrodynamic rare tumor cell separation in curved microfluidic channels. Biomicrofluidics 2013, 7, 011802. [Google Scholar] [CrossRef] [PubMed]

	20. 
Xu, X.X.; Sarder, P.Z.; Li, Y.; Nehorai, A. Optimization of microfluidic microsphere-trap arrays. Biomicrofluidics 2013, 7, 014112. [Google Scholar] [CrossRef] [PubMed]

	21. 
Hegab, H.M.; ElMekawy, A.; Stakenborg, T. Review of microfluidic micro-bioreactor technology for high-throughput submerged microbiological cultivation. Biomicrofluidics 2013, 7, 021502. [Google Scholar] [CrossRef] [PubMed]

	22. 
Shen, F.; Li, X.J.; Li, P.C.H. Study of flow behaviors on single-cell manipulation and shear stress reduction in microfluidic chips using computational fluid dynamics simulations. Biomicrofluidics 2014, 8, 014109. [Google Scholar] [CrossRef] [PubMed]

	23. 
Karimi, A.; Yazdi, S.; Ardekani, A.M. Hydrodynamic mechanisms of cell and particle trapping in microfluidics. Biomicrofluidics 2013, 7, 021501. [Google Scholar] [CrossRef] [PubMed]

	24. 
Chen, S.L.; Liu, K.; Liu, C.B.; Wang, D.Y.; Ba, D.C.; Xie, Y.H.; Du, G.Y.; Ba, Y.S.; Lin, Q. Effects of surface tension and viscosity on the forming and transferring process of microscale droplets. Appl. Surf. Sci. 2016, 388, 196–202. [Google Scholar] [CrossRef]

	25. 
Liu, K.; Su, D.; Wang, D.Y.; Ba, D.C.; Wu, Z.Y.; Shang, J.Y.; Lin, Q. Simulation of coupled transport processes in single cell trapping on microfluidic chips. In Proceedings of the 5th International Coferrence of Colloid and Interface Science, Amasterdam, Holland, 21–24 June 2015. [Google Scholar]

	26. 
Faley, S.L.; Copland, M.; Wlodkowic, D.; Kolch, W.; Seale, K.T.; Wikswoe, J.P.; Cooper, J.M. Microfluidic single cell arrays to interrogate signalling dynamics of individual, patient-derived hematopoietic stem cells. Lab Chip 2009, 9, 2659–2664. [Google Scholar] [CrossRef] [PubMed]

	27. 
Liu, K.; Jiang, Y.; Hao, M.; Chen, S.L.; Ning, Y.C.; Ning, J.X.; Ba, D.C. Study of cell-Trap microfluidic chip for platinum drugs treating cancer cell tests. In Proceedings of the 2017 IEEE 12th International Conference on Nano/Micro Engineered and Molecular Systems, NEMS, Los Angeles, CA, USA, 9–12 April 2017; pp. 689–693. [Google Scholar]

	28. 
Campbell, S.A. The Science and Engineering of Microelectronic Fabrication; Oxford University Press: New York, NY, USA, 2001; pp. 487–495. ISBN 978-01-9513-605-0. [Google Scholar]

	29. 
Tan, W.H.; Takeuchi, S. A trap-and-release integrated microfluidic system for dynamic microarray applications. Proc. Natl. Acad. Sci. USA 2007, 104, 1146–1151. [Google Scholar] [CrossRef] [PubMed]

	30. 
Kirby, B.J. Micro- and Nanoscale Fluid Mechanics: Transport in Microfluidic Devices; Cambridge University Press: London, UK, 2010; pp. 60–75. ISBN 978-05-2111-903-0. [Google Scholar]

	31. 
Bruus, H. Theoretical Microfluidics; Oxford University Press: New York, NY, USA, 2007; pp. 37–65. ISBN 978-01-9923-509-4. [Google Scholar]

	32. 
Tam, C.K.W.; Kurbatskii, K.A. Multi-size-mesh Multi-time-step Dispersion-relation-preserving Scheme for Multiple-scales Aeroacoustics Problems. Int. J. Comput. Fluid Dyn. 2003, 17, 119–132. [Google Scholar] [CrossRef]

	33. 
Eggleton, C.D.; Popel, A.S. Large deformation of red blood cell ghosts in a simple shear flow. Phys. Fluids 1998, 10, 1834–1845. [Google Scholar] [CrossRef] [PubMed]

	34. 
Jeong, J.H.; Sugii, Y.; Minamiyama, M.; Okamoto, K. Measurement of RBC deformation and velocity in capillaries in vivo. Microvasc. Res. 2006, 71, 212–217. [Google Scholar] [CrossRef] [PubMed]































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
a5
S Vetopmgs | 70 s V=20 um/s
- %, 60,
T 35 so| | 1
£ 30{ + I PR Fod
<2 " v
£ 2 300
5 15 20 5
3 10 e
10/ —
5 o e
i e T % W # 012 3465 6
Time(s) Time(s)
350
200 wm/s | 300 V;=60 um/s
E1s0 \ 250
£ P 200
2100 A 150
§ \
s 100
s 50
2 e | 50
o .

o
0 0510 15 20 25 0 05 10 15 20 25
Time(s) Time(s)





media/file4.png
H

LML





media/file18.png
(b)

(a)

W & W
IR RYRY
VRYRY YA

YRR
ANV Y
Y/ /Y
AR Y T
NS
VIR Y

-

i- W Y W






media/file3.jpg
M






media/file7.jpg
B

@ﬂ\ T





media/file10.png
4201
(a) I . ' : ' ‘ — = 200

160

120

t=4.047s t=6.149s | t=11.93s o

t=10.84s t=11.05s t=11.93s t=12.98s
(c)
0.70- il == MaX 45 (d)
| 0.50 "y
.0.65 0.45
O
& 4
go.eo 0.40-
£
0.55. 0.35-
o0} . . . . . 10304 —— —
2 4 6 8 10 2 4 6 10 12
Time(s) Time(s)
0.40+ 0.40- - max 55
-=— Min _ B
—0.35- 0.35- o \
20.30 0.30- 0.2785 | £,
2 0.2123 @
& 0.25 0.25- o
a.
1- —
0.20- 0.20-
"2 4 6 8 10 12 "2 4 6 8 10 12 14 40 45 50 55

Time(s) Time(s) Horizontal spacing (um)





media/file19.png





media/file14.png
451
40
35
30
251
20
15
10-

Velocity (um/s)

Velocity (um/s)
Y
o
S

V; =10 um/s

'''''''''''''''''''''''''

12 16 20 24
Time(s)

[ V. ,=50 um/s

|
-

0 05 1.0 15 2.0

Time(s)

2.5

70
60-
50-
40-
30-
20-
10-

V; =20 um/s

350"
300-
250
200+
150-
100-
50-
:

Ve

0

0.5 1.0
Time(s)

1.5 2.0






media/file11.jpg
Stress(Pa)

Stress(Pa)

0.40-

035

0.30-

0.25

0.20-

0.40
2 6§ 8 10 12

o Time(s)

) 3.

B

F25

2

£20

15 .
E3 31

28
Angle (* )





media/file6.png
(a) | (b)

Inlet channel Micro-array

Transition structure
\

| \

Inlet reservoir  Support and disperse pillars Outlet channel Outlet reservoir






media/file15.jpg
o)

—max

1042063

T % % 4% % &
Inet velocity (um/s)

=138






nav.xhtml


  micromachines-09-00157


  
    		
      micromachines-09-00157
    


  




  





media/file16.png
(a) T il . 2.06
y ‘ S (N =~ §2.04
o —Mmax
= 10.42063 =
1.77
__10-
S 1.39
]
S 0.96
& 9.25931
2 0.7
8.5 | — 0.27
T v T v T T T T T ¥ T 0
= - - = = - *.9.56 X 105
Inlet velocity (um/s)





media/file2.png
The cell capture experiment platform (b)

B

1
| Cell suspension drive| Cell capture imaging {Post-processing
I 1






media/file5.jpg
@ ] o

Inlet reservolr  Support and dispers pillars  Outetchannel  Outletreservor





media/file1.jpg
(o) | The cell capture experiment platform

o camers

o

The syringe pump.

The inverted microscope.

Collsspersondive)  Cellcapture imaging Pt procesing





media/file12.png
t=11.24s

—
o
S

o
N
n

-
N
o

Stress(Pa)

—@—max 25°

- Min

0.7265
0.7212

t=11.93s

Time(s)

-g-Mmax 28°
-=— Mmin

0.5042
0.5005

Stress(Pa)

- min

Time(s)

=@ max 31°

N
n

pressure(Pa)

D
e

e
n

6 8 10 12
Time(s)

28 31

Angle ( ° )






media/file9.jpg
NN

>
»e

1105

o -
]
o
R
= ]
$os a0
0.20; 0.201 mes;

IR RO 3
Timels)

©

&% 3
orizontal spacing (m)






media/file0.png





media/file8.png
[






media/file17.jpg
(b)

(@

W% % M g
% &% % &% %
% % % % 4

% &% % % %
004 00n_ 0 101
N
EZEE
B
W9 W

W






