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Abstract

:

Microfluidic gradient generators (MGGs) provide a platform for investigating how cells respond to a concentration gradient or different concentrations of a specific chemical. Among these MGGs, those based on Christmas-tree-like structures possess advantages of precise control over the concentration gradient profile. However, in designing these devices, the lengths of channels are often not well considered so that flow rates across downstream outlets may not be uniform. If these outlets are used to culture cells, such non-uniformity will lead to different fluidic shear stresses in these culture chambers. As a result, cells subject to various fluidic stresses may respond differently in aspects of morphology, attachment, alignment and so on. This study reports the rationale for designing Christmas-tree-like MGGs to attain uniform flow rates across all outlets. The simulation results suggest that, to achieve uniform flow rates, the lengths of vertical channels should be as long as possible compared to those of horizontal channels, and modifying the partition of horizontal channels is more effective than elongating the lengths of vertical channels. In addition, PMMA-based microfluidic chips are fabricated to experimentally verify these results. In terms of chemical concentrations, perfect linear gradients are observed in devices with modified horizontal channels. This design rationale will definitely help in constructing optimal MGGs for cell-based applications including chemotherapy, drug resistance and drug screening.
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1. Introduction


Human body cells grow in a complex micro-environment with the presence of extracellular matrix (ECM), carbohydrates, lipids and other cells. They function properly via in vivo interacting with their neighbors and responding to a variety of environmental stimuli. These extracellular clues can be either physical, such as light, electric field (EF) and shear stress, or chemical, such as chemical gradients of biomolecules. For example, chemotaxis and electrotaxis refer to directional cell migration in response to certain chemicals and EF, respectively [1,2]. Traditionally, petri dishes and microplates are commonly used for in vitro cell-based studies due to their easy operation in cell culture/observation and high-throughput. A 96- or 384-well microplate can perform multiple experiments in parallel. However, these macro-scaled devices possess drawbacks such as evaporation of culture medium, large consumption of reagents and cells and static (non-circulating) environment. To overcome these shortcomings, micro-fabricated devices integrated with fluidic components such as pumps and valves have recently been developed as an alternative platform for cell studies [3]. In the 1980s and early 1990s, microfluidic chips were mainly prepared on silicon and glass substrates, where a high-class clean room with expansive equipment was required. In the late 1990s, polydimethylsiloxane (PDMS)-based devices, fabricated by using the standard soft lithography technique, have become popular because of their biocompatibility, transparency, elasticity and gas permeability. Such devices have been used in a variety of cell-based studies including chemotaxis [4], electrotaxis [5], cell sorting/separation [6], single-cell analysis [7] and even on-chip polymerase chain reaction (PCR) [8]. More recently, laser ablation and writing on compact materials such as polymethylmethacrylate (PMMA) and polyethyleneterephthalate (PET) have made constructing microfluidic chips even cheaper and more feasible. Applications of these devices include, but are not limited to, electrotaxis [9], phototaxis [10], electrophoretic separation [11], wound-healing assay [10] and analysis of biomolecules [12,13].



For targeted therapies, various gradient generators have been proposed for investigating how tumor cells react to concentration gradients of anti-cancer drugs [14]. These studies provide useful insight into cancerous processes such as metastasis, differentiation and apoptosis [15]. For example, Dai et al. reported a prototypic microfluidic platform capable of generating stepwise concentration gradients for real-time study of cell apoptosis [16]. The PDMS-based chip integrated with a sensitive apoptotic analysis method was used for monitoring the apoptosis of HeLa cells in response to the anti-cancer drug etoposide, of various concentrations [16]. Another microfluidic device for generating both an oxygen gradient in a chamber and a chemical concentration gradient between adjacent chambers was fabricated to investigate tumor cell-drug interactions with two tumor cell lines (human lung adenocarcinoma A549 cells and human cervical carcinoma HeLa cells) and two anti-tumor drugs (tirapazamine and bleomycin) [17]. A concentration gradient generator can be either diffusion-based or flow-based. The former relies on the passive diffusion across a large area from the source to the sink flows. By leveraging the inherent pressure balance at the cross section of a microchannel, a diffusion-based gradient generator simply made of plastic films and double-sided tapes was developed for monitoring cellular response to an intermittent chemical gradient of cycloheximide (CHX), an inhibitor of protein synthesis [18]. Another PDMS diffusion-based gradient generator was reported to maintain concentration gradients of soluble molecules for up to 96 h with 24 h replenishment of the source and sink reservoirs [19]. Although these diffusion-based systems can be easily constructed, it is usually difficult to precisely control the distribution of concentrations within such devices.



As a result, a variety of flow-based, microfluidic gradient generators (MGGs) have been developed due to their effective controllability over generated concentrations. These MGGs can have different designs such as straight, Y-shaped, T-shaped and Christmas-tree-like channels. A microfluidic device, combining a chamber for cell culturing, an oxygen gradient generator and an integrated optical sensor, was reported for studying bacterial growth under different oxygen concentrations [20]. This device consisted of PMMA-made straight channels, an oxygen-permeable PDMS layer and a glass slide-sealed culture chamber made of ethylene tetrafluoroethylene (ETFE) foil [20]. To quantify bacterial chemotaxis, a Y-shaped MGG was proposed to generate a linear concentration gradient of chemoattractant simply, by convective and molecular diffusion, and the hydrodynamic focusing technique was used to introduce bacteria into the main channel of the chip [21]. Mao et al. presented a T-shaped MGG for bacterial chemotaxis, in which a gradient of chemoeffectors was established via diffusion between parallel streams of liquids in laminar flow [22]. There were a total of 22 outlet ports, with each having its own distinct chemical concentration [22].



Although Christmas-tree-like MGGs are more complicated than others, they possess advantages of precise control over the concentration gradient profile. In addition, with separate culture chambers, these devices enable high-throughput cell-based screening [23,24]. The first such device was reported in 2000 by Jeon et al. [25] This system was based on controlled diffusive mixing of species in solutions flowing laminarly at low Reynolds numbers [25]. It could generate gradients of different size and resolution and, by varying the relative flow velocities of the input fluids, the shape of the gradients could be continuously changed [25]. A Christmas-tree-like MGG consisting of eight separate chambers served as a platform for analyzing chemotherapy resistance of lung cancer [26]. Human squamous carcinoma cells were incubated inside these chambers, containing anti-cancer drug VP-16 of different concentrations, for studying the correlation between the expression of glucose regulated protein-78 (GRP78) and drug resistance [26]. Ye et al. described a microfluidic device containing eight identical Christmas-tree-like structures for multi-parametric measurements of cellular responses in human liver carcinoma (HepG2) cells [27]. A total of 64 culture chambers enabled parallel analysis of how tumor cells responded to several drugs of various concentrations [27]. In these Christmas-tree-like MGGs, mixing areas with turning channels, either rectangular or rounded, are required to ensure linear concentration gradients [24,25]. However, in designing such chips, the lengths of these turning channels are often not well considered. Since the flow rate is affected by the resistance of the channel, and this resistance is directly proportional to the channel length, inappropriate designs will result in non-uniform flow rates across downstream culture chambers. Given that the fluidic shear stress is directly proportional to the flow rate, cells in various chambers will be subject to different shear stresses. Fluidic shear stresses were shown to affect cells in various respects including morphology, attachment, alignment, living cycle and damage [28,29,30,31]. Additionally, in the molecular level, these external stimuli might change gene expression and signaling cascades [32,33]. For example, Lo et al. found that more reactive oxygen species (ROS) were generated in lung cancer cells under larger shear stress [24]. It was reported that shear stress accelerated the wound-healing process in human umbilical vein endothelial cells (HUVECs), human coronary artery endothelial cells (HCAECs) and mouse embryonic fibroblast NIH/3T3 cells [10,34]. Therefore, to attain uniform flow rates (shear stresses) in all culture chambers of a Christmas-tree-like MGG, it is important to properly design the device.



This study presents the rationale for designing a Christmas-tree-like MGG to achieve uniform flow rates in all downstream outlets. In this way, cells are not affected by the variation in shear stresses and respond only to applied chemical gradients. By using the commercial COMSOL Multiphysics software, the distributions of fluid velocities (which are linearly proportional to flow rates) and chemical concentrations inside microfluidic devices of various designs were simulated. The lengths of both horizontal channels (the splitting channels) and vertical channels (the mixing channels) were adjusted to attain the optimal distribution, i.e., uniform fluid velocities and a linear concentration gradient. This was achieved by changing the ratio of the vertical length to the horizontal length as well as the partition of the horizontal channels. Moreover, corresponding PMMA-based Christmas-tree-like microfluidic chips were fabricated to verify simulation results. We believe that this rationale will serve as a useful template in designing MGGs for applications in cell-based studies, especially in chemotherapy, drug resistance and drug screening.




2. Materials and Methods


2.1. Design Rationale


Figure 1a shows a five-layered, Christmas-tree-like MGG having two inlets and five outlets. When two chemical solutions with different concentrations are injected from inlet 1 and inlet 2, respectively, they will be repeatedly split (for example, see Point 1 (P1) in the figure), combined (for example, see P2 in the figure) and mixed (for example, see P3 in the figure). After three repeats, a linear chemical gradient is supposed to be established across five outlets. For convenience, the layer with n vertical (mixing) channels is labeled as Ln (which stands for Layer n). As indicated in the figure, this chip consists of L2~L5. From left to right, the vertical channels are labeled as V1~Vn. For example, L4 contains V1~V4. The Hagen–Poiseuille equation is used to describe the pressure drop of an incompressible and Newtonian fluid in laminar flow as it flows through a long cylindrical pipe of constant cross section. This equation is in the form   Δ P =   8 μ L Q   π  R 4     , where ΔP, μ, L, Q and R are the pressure difference between two ends, the dynamic viscosity of the fluid, the length of the pipe, the volumetric flow rate of the fluid and the radius of the pipe, respectively. This relationship among pressure, fluidic resistance and flow rate is analogous to Ohm’s law, V = IR, concerning voltage (V), resistance (R) and current (I). Both the fluidic and electrical resistances are proportional to the length of the device, but in the Hagen–Poiseuille equation, the resistance is inversely proportional to πR4 instead of the cross-sectional area πR2 in Ohm’s law. Therefore, to analyze the splitting and combining of fluidic flows, the structure of the MGG can be analogized to an equivalent electric circuit. As mentioned previously, the goal of the design is to attain uniform flow rates in all downstream outlets. Theoretically, this can be fulfilled by simply assuming that, in the circuit, the resistance of the horizontal (splitting) channels (RH) is negligible compared to that of the vertical channels (RV), i.e., RH << RV. With this assumption held in all branches, the normalized splitting ratios in each branching point (for example, see Branching Point 1 (BP1)~BP4 in the figure) can be derived as (L + 1 − V)/(L + 1) to the left and V/(L + 1) to the right, where L and V are the numbers of the layer and vertical channel at that point, respectively [25]. For example, in BP1, L = 4 and V = 1 lead to 4/5 to the left and 1/5 to the right. In BP2, L = 4 and V = 2 give 3/5 to the left and 2/5 to the right. With the left–right symmetry of the device, 2/5 to the left and 3/5 to the right is achieved in BP3, and 1/5 to the left and 4/5 to the right is obtained in BP4. As shown in the figure, a uniform relative volumetric flow rate of 4/5 is attained in outlet 1 (4/5), outlet 2 (1/5 + 3/5), outlet 3 (2/5 + 2/5), outlet 4 (3/5 + 1/5), and outlet 5 (4/5). To test this assumption, four different ratios of RV/RH, RV = RH, RV = 5RH, RV = 10RH and RV = 20RH, will be used to simulate the flow rates in all outlets.



Next, the resistance in the horizontal channels should be further taken into account. Again, since the fluidic resistance is directly proportional to the channel length, the flow rate is inversely proportional to the length. By applying mass conservation in each branching point, the ratio of the partition in the horizontal channel should be modified from simple 1:1 to desired values as indicated in Figure 1b. In this three-outlet design, the unmodified ratio of 1:1:1:1 leads to flow rates of 1:2:1 in three outlets. With a modified ratio of 1:2:2:1, flow rates of 1:1:1 can be achieved in three outlets. This design can be further extended to, for example, a five-outlet device, as shown in Figure 1c. Therefore, this length ratio in the horizontal channels will also be modified to see how it affects the flow rates in all outlets. Since the fluidic resistance is directly proportional to the channel length, RV/RH is the total length of vertical channels to that of horizontal channels.




2.2. COMSOL Simulation


The commercial software COMSOL Multiphysics (ver. 5.2a, COMSOL, Burlington, MA, USA) was used to numerically simulate the distribution of fluid velocities and chemical concentrations inside the microfluidic chip. After designing the device in AutoCAD (Autodesk, San Rafael, CA, USA), the pattern was loaded into COMSOL. For simplicity, the two-dimensional (2D) geometry with extremely fine mesh was applied, and stationary (time-independent) studies were conducted. Figure 2 shows an example of the modified, five-outlet design with a part of the mesh. The width of the microfluidic channels is 60 μm. The “creeping flow” and “transport of dilute species” modules were selected to simulate the flow and concentration distributions, respectively, with the following parameters and settings: the boundary condition for inlets is “velocity”: normal inflow velocity; the boundary condition for outlets is “pressure”: 101,300 Pa with normal flow and suppress backflow; diffusion coefficient = 5 × 10−10 m2/s for fluorescein isothiocyanate (FITC) [25]; inlet fluid velocity = 0.001 m/s; concentration = 0 and 100 mole/m3 for FITC in two inlets (see Figure 2). Here, FITC, a derivative of fluorescein with a molecular weight of about 400 Da, is used for mimicking small molecules. Since water is an incompressible fluid, the following Navier–Stokes equations were applied:   0 = ∇ ·  [  − ρ I + μ  (  ∇ u +    (  ∇ u  )   T   )   ]  + F   and   ρ ∇ · u = 0 ,   where ρ is the fluidic density in kg/m3, u is the velocity vector in m/s, I is the unit matrix, μ is the fluidic viscosity in Cp and F is the force density vector in N/m3. This “creeping flow” interface is suitable for simulating systems with small geometrical length scales such as microfluidic devices and microelectromechanical systems (MEMS). In this study, distributions of fluid velocities and chemical concentrations inside five-outlet microfluidic chips with different RV/RH ratios, both unmodified and modified, were simulated and investigated.




2.3. Chip Fabrication and Experimental Procedure


Microfluidic chips were designed in AutoCAD and the patterns were loaded into a CO2 laser scriber (MS640D, Ming-Cheng Technics Corp., Changhua County, Taiwan) to ablate desired patterns on PMMA substrates and double-sided tapes (8018, 3M). Figure 3 shows both unmodified (right) and modified (left) microfluidic chips with RV = RH. The microfluidic chip consisted of a 1-mm-thick PMMA substrate as the bottom, a 0.33-mm-thick double-sided tape with the pattern as fluidic channels, and another 1-mm-thick PMMA substrate as the top. The top layer had two holes serving as fluidic inlets. The height and width of the microfluidic channels were 0.33 and 0.8 mm, respectively. To perform experiments, FC-40 (3M, Maplewood, MN, USA), a fluorinated oil for minimize interfacial friction, is continuously flowed into the two inlets of the microfluidic chip. Driven by syringe pumps (NE-300, NewEra, Farmingdale, NY, USA), the flow rate of both inlets was set to be 30 mL/h. The gravimetry method was used to get the weights of outflow liquids. In brief, the outlets were connected to separate tubes for collecting outflow liquids. These tubes were weighted and calibrated to obtain the volumetric flow rates in all outlets. In addition, both unmodified and modified microfluidic chips with RV = 5RH were also fabricated and tested.





3. Results and Discussion


3.1. Simulation of Fluid Velocities


Figure 4 shows designs of unmodified microfluidic chips with four different ratios of RV/RH from 1 to 20. The simulated fluid velocities in all outlets along red lines in Figure 4 are recorded and plotted in Figure 5a. As explained in Section 2.3 (see Figure 1b), for an unmodified microfluidic chip, an equipartition in all horizontal channels leads to a binominal distribution in fluid velocities across all outlets. For example, in the unmodified five-outlet device, a fluid velocity ratio of 1:1 in layer 2 will give ratios of 1:2:1, 1:3:3:1 and 1:4:6:4:1 in layers 3, 4 and 5, respectively. For a device with even more outlets (e.g., n outlets), these ratios can be expressed as an array of Pascal’s triangle (e.g.,    C 0  n − 1     :    C 1  n − 1     : …   :    C  n − 2   n − 1     :    C  n − 1   n − 1    ). This discrete binominal distribution can be approximated by the continuous normal distribution, as indicated in all curves of Figure 5a. To quantitatively analyze the uniformity in fluid velocities across all outlets, the standard deviations (SDs) for four different ratios of RV/RH were calculated and plotted in Figure 5b. A lower SD indicates better uniformity, and vice versa. For unmodified Christmas-tree-like MGGs with five outlets, the SD in outlet fluid velocities decreased from 5.4 × 10−5 m/s for RV = RH to 1.6 × 10−5, 9.9 × 10−6 and 5.6 × 10−6 m/s for RV = 5RH, RV = 10RH and RV = 20RH, respectively. The SD was reduced by an order of magnitude (about 90%) when the length of vertical channels was elongated to 20 times that of horizontal channels. Therefore, to attain uniform fluid velocities in all downstream outlets, the assumption that the resistance (and accordingly the length) of horizontal channels (RH) is negligible compared to that of vertical channels (RV), i.e., RH << RV, should be fulfilled.



Next, the effects of modifying the partition in horizontal channels on the uniformity of outlet fluid velocities were investigated. Such partition is illustrated in Figure 1c. Designs of modified microfluidic chips with four different ratios of RV/RH are shown in Figure 6. Figure 7a shows simulated fluid velocities recorded in all outlets along red lines in Figure 6. Plotted with the same scale as in Figure 5a, these curves, except the RV = RH one, are flat without showing the bell-shaped normal distribution. Again, the SDs for four different ratios of RV/RH were calculated and plotted in Figure 7b. The data suggested the SD in outlet fluid velocities decreased from 2.6 × 10−6 m/s for RV = RH to 3.4 × 10−7, 1.7 × 10−7 and 6.2 × 10−8 m/s for RV = 5RH, RV = 10RH and RV = 20RH, respectively. When the length of vertical channels was elongated to 20 times of that of horizontal channels, the SD was reduced by about 98%. This once again verifies that elongating the length of vertical channels to achieve RV >> RH helps in attainment of uniform outlet fluid velocities. To further compare unmodified and modified devices, the SDs for these two types of chips with different ratios of RV/RH are shown in Figure 8. After the horizontal modification, the SDs were reduced by 95%, 98%, 98% and 99% for RV = RH, RV = 5RH, RV = 10RH and RV = 20RH, respectively. In addition, it was found that the SD for the modified chip with RV = RH (2.6 × 10−6 m/s) was lower than that for the unmodified chip with RV = 20RH (5.6 × 10−6 m/s). Modifying the partition of horizontal channels is more effective than elongating the length of vertical channels in achieve uniform outlet fluid velocities. However, the length of vertical channels should still remain long enough to ensure enough mixing. From the data in Figure 8, modified MGGs with RV ≧ 5RH are considered optimal in attaining uniform fluid velocities (and accordingly shear stresses) across all outlets. Moreover, representative mesh independence studies were conducted, indicating that these results were in general mesh independent (see Figure S1 in Supplementary Materials).




3.2. Experiments


Fluid velocities of unmodified and modified microfluidic chips with RV = RH and RV = 5RH were verified experimentally with PMMA-based Christmas-tree-like devices, as shown in Figure 3. These two sets of data show the most significant differences in fluid velocities, as indicated in Figure 8. As the fluorinated oil FC-40 was continuously flowed into the two inlets of the chip, outflow liquids from five outlets were collected and then weighted to get the volumetric flow rates. These flow rates were converted to fluid velocities after dividing them by the cross-sectional area of the channel. Figure 9a shows these values for both unmodified and modified devices with RV = RH. For the unmodified one, a clear normal distribution-like curve was observed, verifying the simulated results. The fluid velocity in outlet 3 was about 1.36 times greater than that in outlets 1 and 5 (this value was around 1.25 in simulation). The SD in fluid velocities was calculated to be around 2.8 × 10−4 m/s. This non-uniformity in fluid velocities across all outlets will lead to different shear stress-induced responses of cells as they are incubated in the downstream of the device. After the partition in horizontal channels was modified, fluid velocities seemed to be much more uniform across all outlets, as shown in Figure 9a. In this case, an SD of only about 5.2 × 10−5 m/s in fluid velocities was derived, corresponding to an 81% reduction compared to the unmodified one (this reduction value was about 95% in simulation). For devices with RV = 5RH, the fluid velocities were indicated in Figure 9b, and the SD was reduced from 1.5 × 10−4 m/s to 4.3 × 10−5 m/s after horizontal modification. In addition, for unmodified devices, changing from RV = RH to RV = 5RH reduced the SD in fluid velocities by about 46%. These experimental results verified simulation predictions that the horizontal modification greatly reduced the variation in flow velocities across all outlets.




3.3. Simulation of Chemical Concentrations


The present microfluidic device is aimed to generate a concentration gradient to investigate how cells respond to a specific chemical of different concentrations. For unmodified devices, the simulated chemical concentrations of FITC in all outlets along red lines in Figure 4 are recorded and plotted in Figure 10. As shown, for all ratios of RV/RH, a nearly perfect gradient was observed. For example, in the case of RV = RH, chemical concentrations of 100, 76.4, 50.3, 23.8 and 0 mole/m3 were attained from outlets 1 to 5, respectively. A linear regression gave an R2 of 0.9996, indicating a very good linearity between the concentration and position. When the ratio was increased to RV = 20RH, chemical concentrations of 100, 74.9, 50, 25 and 0 mole/m3 were achieved from outlets 1 to 5, respectively. A perfect R2 of 1 was derived from linear regression. For horizontally modified chips, simulated FITC concentrations in all outlets along red lines in Figure 6 are recorded and plotted in Figure 11. Again, good linearity in all ratios was clearly observed. When RV = RH, chemical concentrations of 100, 75.5, 49.9, 24.4 and 0 mole/m3 were attained from outlets 1 to 5, respectively, resulting in a R2 of 0.9999 after linear regression. A linearity of R2 = 1 was achieved in horizontally modified devices with RV/RH = 5, 10 and 20. These results suggested that, to serve as a perfect MGG capable of generating a linear concentration gradient across all outlets, an unmodified device with at least RV = 5RH or a modified device with RV ≥ RH was considered necessary. Again, representative mesh independence studies showed that these results were, in general, mesh-independent (see Figure S2 in Supplementary Materials).




3.4. Extension to MGGs with Multiple Outlets


Although the present study focuses on five-outlet MGGs, the design rationale in modifying the partition of horizontal channels can be further extended to those with multiple outlets. The principle is that the fluidic resistance is directly proportional to the channel length, so the flow rate is inversely proportional to this length. By applying mass conservation in each branching point, Figure 12 shows the design of a ten-outlet MGG as an example. Numbers in each horizontal layer indicated relative ratios of partitions, and lengths are not to scale. For even more layers, the design rationale is as follows. From the (n − 1)th layer to the nth layer, ratios of 1:(n − 1), 2:(n − 2), 3:(n − 3),……, (n − 3):3, (n − 2):2, and (n − 1):1 are set in the first, second, third,……, (n − 3)th, (n − 2)th, and (n − 1)th branches, respectively. The ratio is “the length of the left partition”:“the length of the right partition”, and the branches are counted from left to right.





4. Conclusions


In this study, the design rationale for constructing Christmas-tree-like MGGs to attain uniform flow rates across all outlets was presented. By adjusting the lengths of both horizontal channels (RH) and vertical channels (RV), simulation results indicated that, to achieve consistent in outlet fluid velocities, RH << RV should be fulfilled to the greatest extent possible, and the partition of horizontal channels should be modified. PMMA-based microfluidic chips with RV = RH were fabricated to experimentally verify the fluid velocities, and it was found that the modification in the partition of horizontal channels greatly reduced the variation in fluid velocities. With respect to chemical concentrations, an unmodified chip with at least RV = 5RH or a modified one with RV ≥ RH was shown to attain a perfect linear gradient. We believe that this design rationale will enable the fabrication of optimal Christmas-tree-like MGGs for applications in a variety of cell-based studies.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/chemosensors11010002/s1, Figure S1: Mesh independence studies on fluid velocity; Figure S2: Mesh independence studies on concentration. Mesh independence studies for unmodified and modified, both with RV/RH = 5, devices were conducted under three different mesh settings (extremely fine, normal and extremely coarse). Figure S1 shows the simulated fluid velocities recorded in all outlets under three different mesh settings. Although the values among different mesh settings were not the same, the overall profiles were almost identical. Quantitatively, for unmodified device, the calculated SDs were 1.53 × 10−5, 1.23 × 10−5 and 1.46 × 10−5 m/s for extremely fine, normal and extremely coarse mesh settings, respectively. For the modified one, the calculated SDs were 3.84 × 10−7, 2.77 × 10−7 and 3.01 × 10−7 m/s for extremely fine, normal and extremely coarse mesh settings, respectively. Even under different mesh settings, these values all correspond to a 98% reduction in SD after horizontal modification. Figure S2 shows the simulated concentrations recorded in all outlets under three different mesh settings. These values were almost the same for all three mesh settings. These results suggest that the conclusion drawn in the manuscript was, in general, mesh-independent. In other words, we can come to the same conclusion even with the extremely coarse mesh setting.
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Figure 1. (a) Five-layered, Christmas-tree-like MGG with two inlets and five outlets. Scale bar = 2 mm. (b) Top: Unmodified and modified three-outlet designs. Bottom: flow of liquids upon branching points. (c) Modification ratios of a five-outlet design. P1~P3: Point 1~Point 3; L2~L5: Layer 2~Layer 5; BP1~BP4: Branching Point 1~Branching Point 4; V1~V4: Vertical channels; RH: resistance of the horizontal (splitting) channels; RV: resistance of the vertical (mixing) channels. 
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Figure 2. Modified, five-outlet design with a part of the mesh in COMSOL simulation. The extremely fine mesh was applied. Scale bar = 2 mm. 
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Figure 3. Unmodified (right) and modified (left) microfluidic chips with RV = RH. Scale bar = 5 mm. 
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Figure 4. Designs of unmodified microfluidic chips with four different ratios of RV/RH. 
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Figure 5. Simulation of fluid velocities for unmodified devices. (a) Fluid velocities in all outlets along red lines in Figure 4. (b) SDs in fluid velocities for four curves in (a). 
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Figure 6. Designs of modified microfluidic chips with four different ratios of RV/RH. 
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Figure 7. Simulation of fluid velocities for modified devices. (a) Fluid velocities in all outlets along red lines in Figure 6. (b) SDs in fluid velocities for four curves in (a). 
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Figure 8. Comparison of SDs for unmodified and modified chips with four different ratios of RV/RH. y-axis scales are different in the top and bottom panels. 
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Figure 9. Experimentally measured fluid velocities for unmodified and modified microfluidic chips with (a) RV = RH and (b) RV = 5RH. 
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Figure 10. Simulation of chemical concentrations for unmodified devices with different ratios of RV/RH. 
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Figure 11. Simulation of chemical concentrations for modified devices with different ratios of RV/RH. 
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Figure 12. Design of a ten-outlet MGG. Numbers in each horizontal layer indicated relative ratios, and lengths are not to scale. 
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