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Abstract

:

Self-driven microfluidic devices enable fully autonomous handling of very small volumes of liquid samples and reagents. However, many applications require an active control mechanism to trigger self-driven flow in microchannels. Here, we report on capillary soft valves (CSVs), which enable stopping a liquid filling front at a precise location inside a microchannel and can resume flow of liquid upon simple actuation. The working mechanism of a CSV is based on a barrier of capillary pressure induced by an abruptly expanding microchannel. We discuss the influence of wetting conditions on the performance of a CSV and the effect of elevated temperatures on a CSV in its closed state. We introduce design features such as pillars and cavities, as well as fabrication techniques for rounded microchannels, which all may broaden the applicability and robustness of CSVs in microfluidic devices. Finally, we present CSV having multiple inlet channels. CSVs further diversify the toolbox of microfluidic functionalities and yet are simple to implement, fabricate and actuate.
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1. Introduction


Microfluidics started to have an impact on economically important applications such as chemical biology [1] and diagnostics [2] because it allows for accurate handling of small liquid volumes and performing reactions in a highly controlled manner. Microfluidic chips are used to transport, split, merge, dilute or mix liquids and can perform reactions involving heating, cooling or dissolution of reagents. Substantial efforts have been made to develop valves that can stop and resume flow of liquids inside a microchannel [3]. Such valves make use, e.g., of pressure-driven elastomeric membranes [4], laser-induced melting of mechanical barriers [5], hydrophobic coatings [6], ice plugs [7], or swelling hydrogels [8]. For many applications it is important that microfluidic devices are simple-to-use, require minimal instrumentation and are relatively low cost to manufacture [9]. In such cases, self-driven microfluidic devices are particularly interesting. We previously reported on capillary-driven microfluidic chips for point-of-care immunodiagnostics [10] as well as for DNA assays [11]. In the latter case, we introduced a first version of a CSV, as a method to temporarily stop flow inside a microchannel because labeling of a target DNA analyte required precise timing and heating of the sample. Here, we present a detailed insight into the working mechanism of CSVs, discuss requirements on wetting conditions of CSVs for different liquids and how CSVs can be adapted for various applications. We introduce advanced CSVs having additional design features, which all may further increase their suitability for a wide field of applications.




2. Experimental Section


Microfluidic chips in silicon were produced using optical lithography (photoresist AZ6612, thickness ~2 μm, exposed with ultraviolet light through a quartz-chrome mask and developed in AZ 400k, diluted 1:4 in H2O) and deep reactive ion etching (AMS-200SE, Alcatel Micro Machining Systems). The chips were then cleaned in an oxygen plasma (300 W, 120 s). The desired surface chemistry was obtained by immersion of the chip for 30 min into solutions of methacryloxysilane, 3-(2-aminoethylamino)propyltrimethoxisilane, glycidyloxypropyltrimethoxysilane, allyltri-methoxysilane, PEG-silane (each 1% v/v in ethanol), Pluronic® (1% w/v in H2O) or combinations thereof. Plastic chips having half-circular channel cross-sections were molded from reflown photoresist. First, a mold was fabricated using a silicon wafer with a 50-μm-thick layer of photoresist (AZ40XT) that was patterned using optical lithography, developed and heated to 140 °C to achieve a reflow of the patterned resist. Then, a two-component epoxy resin (Renlam LY 5210 resin and Ren HY5212 hardener) was mixed, poured onto the mold and cured at 60 °C for 8 hours. Finally, chips were released from the mold, treated with an air-based plasma (100 W, 30 s) and immersed into a solution of Pluronic® for 30 min. Prior to use, both types of chips (silicon and plastic) were covered with a 1-mm-thick layer of PDMS (Sylgard 184, Dow Corning) which had an advancing contact angle for water of 110 ± 5°.




3. Results and Discussion


3.1. Working principle of CSVs


The working principle of a CSV is based on the fact that wetting properties and dimensions of a microchannel strongly influence its capillary pressure. A CSV consists of an abruptly expanding channel, which induces a barrier of capillary pressure and stops a liquid filling front at the inlet of the CSV. (Figure 1a and b) Pressing the top of the CSV using, e.g., the tip of a pen, reduces the pressure barrier and the liquid can proceed. CSVs are small (footprint < 0.6 mm2) and can be etched or molded together with other microstructures of the microfluidic chip. The chip is then sealed with a cover, which can be chosen to be slightly deformable such that it provides access for actuation of the CSVs on chip: CSVs are neutral in terms of fabrication complexity (Figure 1c). The distribution of capillary pressure throughout the microfluidic network is key to the performance of a CSV.



As demonstrated elsewhere, the capillary pressure can be calculated using the following Equation [12]:
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(1)




where γ is the surface tension of the liquid, θb,t,l,r are the advancing contact angles of the liquid on the bottom, top, left and right wall, respectively, and d,w are the depth and width of the microchannel, respectively.
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Figure 1. Capillary soft valves (CSVs). (a) Working principle of a CSV. (b) Fluorescence micrographs of a solution filling a CSV before, during and after actuation of the CSV. (c) Implementation of CSVs into microfluidic networks, which are dry-etched into a silicon chip and sealed with a PDMS cover. (d) Simulation of the capillary pressure throughout the network showing the pressure barrier formed by the CSV in the closed state and during actuation. 
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A simulation of the capillary pressure along a microchannel in the silicon chip of Figure 1c, is shown in Figure 1d. In the closed state the capillary pressure at the inlet of the CSV, increases to positive (repelling) pressures. This is due to the abruptly expanding microchannel, which induces an increased apparent contact angle because the wall bends away from the meniscus. During actuation, the top of the CSV is pressed into the channel and reduces the depth of the channel. The capillary pressure is now dominated by the first term of Equation (1). In the simulation presented here we used an average channel height of the CSV to give an estimation of the capillary pressure in the actuated state. A more adequate model for a microchannel would assume two parallel triangular microchannels along the curved outline of the CSV (see Figure 1b, actuation). However, the actuation of a CSV takes a few seconds and can be released as soon as the meniscus has entered the outlet channel. From there on, the liquid flow can be again adequately described using Equation (1). We define the maximum capillary pressure of a CSV in the closed state as barrier height of the CSV.




3.2. Performance of CSVs at Elevated Temperatures and with Different Liquids


In real applications of CSVs inside microfluidic chips, experimental conditions and physical properties of liquids filling the channels might vary. In the following, we will discuss under what conditions CSVs can be used to stop different liquids filling microchannels and how heating of liquids inside microfluidic chips influences the performance of a CSV. For example, capillary filling of microchannels at temperatures above 60 °C is very challenging because liquid evaporates, condensates further down on the channel walls and forms droplets that eventually fill the entire microchannel and form airbubbles. Therefore, it is preferred to fill the liquid into a heating chamber, then stop the flow temporarily, perform the heating as needed and finally resume the flow of liquid once the temperature has dropped below 60 °C. Figure 2a shows a CSV on a silicon chip, located downstream of a heating chamber. First, the liquid filling front is pinned to the inlet of the CSV (closed state, left image). When the chip is heated to 95 °C, some liquid evaporates and nucleates on the cover. However, evaporation is limited by the small surface area of the liquid meniscus since the meniscus is pinned to the small inlet channel of the CSV. Even after 10 min at 95 °C, droplets do not substantially merge or wet the outlet (center image). Finally, after the chip has cooled, the CSV can be actuated as described before (right image). Different liquids can substantially vary in their wetting properties on a surface. This effect is related to its surface tension and interfacial energies between the solid, liquid and gas phase and expressed in the advancing contact angle θ. The contact angle strongly influences the capillary filling of a microchannel, and thus also the characteristics of a CSV.
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Figure 2. Performance of CSVs in varying experimental conditions. (a) CSVs in closed state at ambient temperature and at 95 °C, and in open state at ambient temperature. (b) Influence of the contact angle of a liquid filling a microfluidic chip on the performance of the CSV. Several different surface chemistries for the microfluidic chips and liquids having different surface tensions were tested. The capillary pressure barrier of the CSV was simulated and related to the filling behavior of liquids observed experimentally. 






Figure 2. Performance of CSVs in varying experimental conditions. (a) CSVs in closed state at ambient temperature and at 95 °C, and in open state at ambient temperature. (b) Influence of the contact angle of a liquid filling a microfluidic chip on the performance of the CSV. Several different surface chemistries for the microfluidic chips and liquids having different surface tensions were tested. The capillary pressure barrier of the CSV was simulated and related to the filling behavior of liquids observed experimentally.



[image: Micromachines 04 00001 g002]





Figure 2b shows experimental results of the filling of liquids having different surface tensions in CSVs on microfluidic chips with different surface chemistries. The simulated height of the pressure barrier of the CSV is presented as black line. CSVs having contact angles above 45° (cos(θ) ≤ 0.7) were able to stop a liquid for at least 5 min (red rectangles). For intermediate contact angles (0.7 ≤ cos(θ) ≤ 0.9) CSVs act as delay valve by slowing down a liquid and letting it pass after less than 5 min without actuation of the CSV (gray circles). CSVs with contact angles below ~25° (cos(θ) > 0.9) mostly fail during filling because liquid creeps along the corners of the CSV and wets the outlet before the entire CSV can be filled (blue triangles).



The simulated capillary pressure supports the classification of stop valves as compared to delay valves. A characteristic of a CSV is the low aspect ratio (d/w << 1). In this regime, the capillary pressure is dominated by the first term of Equation (1) and can reach positive values when the silicon chip is not too hydrophilic and a slightly hydrophobic cover is used. Thus, we classify a CSV to be a stop valve when the capillary pressure barrier of the CSV reaches positive values and therefore repels the liquid at the inlet of the CSV. Furthermore, Figure 2b visualizes the fact, that liquids having a higher surface tension than water (6M NaCl, γNaCl = 83 mJ·m−2; H2O, γH2O = 72 mJ·m−2) are more easily stopped in a CSV. There are two main reasons for this: First, a liquid of high surface tension tend to have a higher contact angle on a surface and second, its capillary pressure varies stronger for different contact angles as compared to a liquid having a lower surface tension. Therefore, liquids with low surface tension, such as those containing surfactants (e.g., 0.6% PBS Tween20, γTween = 37 mJ·m−2) require CSVs having a more hydrophobic surface chemistry and are usually more difficult to handle. The most dominant effect that leads to failure of CSVs is creeping of liquids along the corners of a microchannel. It is energetically favorable for the liquid to wet only a corner of a hydrophilic microchannel because the contact area of the liquid with the channel surface for a volume spread along a corner is larger than for the same volume filling the complete cross-section of the microchannel. This effect, also called wedge formation, was already reported for wide, shallow microchannels with hydrophilic surfaces by Lipowsky et al., who observed vapor condensation in microchannels by means of atomic force microscopy [13].
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Figure 3. Advanced CSVs having auxiliary structures that help to prevent creeping along corners of microchannels using indentations (a), pillars (b) or non-continuous channels (c). 
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3.3. Advanced CSVs


In the following, we propose advanced CSVs having auxiliary structures or half-rounded microchannels, which both address the problem of creeping and may increase the reliability and usability of CSVs for a large variety of liquids. Figure 3a shows CSVs having indentations on the sidewalls that delay the filling front creeping along the corners of the CSV. The indentations increase the path length for the creeping liquid and additionally, the liquid meniscus is pinned to the sharp edges of the indentations. Yeomans et al. reported on capillary filling of patterned microchannels [14]. The authors observed contact line pinning of a liquid meniscus in arrays of micropillars. The implementation of such micropillars at the inlet of a CSV can help to hold back the liquid meniscus. Figure 3b shows a CSV having an array of pillars consisting of (1) a triangular-shaped area of pillars having a circular cross-section at the inlet of the CSV, followed by (2) a line of rectangular pillars placed with a pitch of 10 μm. The liquid coming from the narrow inlet channel is distributed through the array of pillars over the whole width of the line of pinning pillars. These pinning pillars form a parallel network of narrow channels that induces a strong, attractive capillary pressure (see Equation (1)) and the 90°-angle at the outlet of the channels can hold back (“pin”) the liquid meniscus. Additionally, the sudden expansion of the microchannel forms again a barrier of capillary pressure, as described in section 3.1. CSVs can also be designed with non-continuous sidewalls (Figure 3c). Here, creeping liquids will follow the corner until it reaches either a more hydrophobic area, or the rim of the chip. The design can of course be combined with arrays of pinning pillars and/or indentations. However, the designs of CSVs in Figure 3b and c expose a much larger surface area of the meniscus to air and are therefore less suited for use at elevated temperatures. Furthermore, these designs rely on sharp corners and closely placed pillars. Therefore, high-precision methods such as optical lithography and dry etching of silicon are needed for fabrication and molding of such designs in polymer materials is very challenging.



Figure 4 presents advanced CSVs having channels with rounded cross-sections. The use of round microchannels is an efficient method to prevent creeping because the hydrophilic corners of the microchannels are replaced by curved structures. The top corners of the microfluidic chip are facing the slightly hydrophobic PDMS cover and are therefore less favored for creeping. In contrast to the designs of CSVs presented in Figure 3, the fabrication of CSVs shown in Figure 4 can be realized using polymer molding or hot embossing. In this work, chips with half-rounded microchannels were molded from patterned and reflowed photoresist as sketched in Figure 4a. The friction between a molded polymer chip and a master is significantly reduced in case of channels having a half-rounded cross-section as compared to vertical channel walls, which facilitates the release of a fabricated chip from the master. Advanced CSVs can also have multiple inlets (Figure 4b and c), which can be useful to synchronize streams of liquid inside microfluidic chips. Finally, CSVs can be combined in series or parallel in microfluidic networks to allow for more complex flow control.





4. Conclusions


CSVs enable precise timing for dissolving and mixing reagents, binding of analytes to receptors, and rinsing, which are all critical for diagnostic tests. CSVs have an intrinsic venting mechanism which is essential for capillary-driven microfluidics wherein a filling liquid needs to displace air. CSVs are single-use valves, which do not require power before and after actuation and can be triggered within seconds. Finally, CSVs can be fabricated in various materials including polymers and are therefore a useful approach for cost-sensitive applications and for the microfluidics community in general. We believe that advanced CSVs add important control features to self-driven microfluidics and that a profound understanding of the working mechanism of CSVs is crucial for the development of high-performance microfluidic chips.
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Figure 4. Advanced CSVs having half-rounded cross-sections. (a) Fabrication process of microfluidic channels with half-rounded cross-sections. (b) Dual-inlet CSVs and their filling behavior with green colored liquid. (c) Multi-inlet CSVs in epoxy resin. 
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