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Abstract

:

The microfluidic device (MFD) with a glass–PDMS–glass (G-P-G) structure is of interest for a wide range of applications. However, G-P-G MFD fabrication with an ultra-thin PDMS film (especially thickness less than 200 μm) is still a big challenge because the ultra-thin PDMS film is easily deformed, curled, and damaged during demolding and transferring. This study aimed to report a thickness-controllable and low-cost fabrication process of the G-P-G MFD with an ultra-thin PDMS film based on a flexible mold peel-off process. A patterned photoresist layer was deposited on a polyethylene terephthalate (PET) film to fabricate a flexible mold that could be demolded softly to achieve a rigid structure of the glass–PDMS film. The thickness of ultra-thin patterned PDMS could reach less than 50 μm without damage to the PDMS film. The MFD showcased the excellent property of water evaporation inhibition (water loss < 10%) during PCR thermal cycling because of the ultra-thin PDMS film. Its low-cost fabrication process and excellent water evaporation inhibition present extremely high prospects for digital PCR application.
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1. Introduction


The concept of digital polymerase chain reaction (dPCR) was first introduced by Vogelstein in 1999 [1]. By dispersing a sample into tens to tens of thousands of reaction units, each unit contains either a few or no DNA target molecules, which are analyzed statistically according to the fluorescence signal of each reaction unit after PCR thermal amplification [2,3,4]. Compared with conventional PCR, dPCR has the advantages of lower regent consumption, detection of more reaction units simultaneously, and not relying on calibration curves to quantify [5,6,7].



The problem of the easy evaporation of the sample in the reaction unit is a big challenge for the dPCR microfluidic device (MFD), which influences the accuracy and reliability of the dPCR results [8,9,10,11,12]. A sandwich structure of a microfluidic device, glass–PDMS–glass (G-P-G), can solve this problem. Compared with the traditional PDMS device, a cover glass is present on the top of the PDMS bulk, which can effectively suppress the sample loss in the reaction unit in the vertical direction during PCR thermal cycles [13,14,15,16,17,18]. However, the PDMS sidewall contacting the air leads to water losses through the porous PDMS layer to the outside. The rate of water losses is related to the area of the contact air, which is the thickness of the PDMS layer. Therefore, controlling the thickness of the middle PDMS layer is a critical issue. Tian proposed a G-P-G MFD with a vapor-proof layer (VPL) to moisturize or restrain evaporation caused by the gas permeability of PDMS under thermal cycling to solve the evaporation problem of the G-P-G MFD [19]. The water injected into the VPL in advance can effectively solve the evaporation problem. Still, the multi-layer structure makes its fabrication complex, and the liquid injection step needs to be used in combination with a pre-degassed PDMS pump.



Moreover, the ultra-thin PDMS layer in the G-P-G MFD is another effective method to inhibit water loss, but its fabrication is a significant challenge. The ultra-thin PDMS layer, with a thickness of less than 200 μm, is easily deformed, curled, or even damaged during the peel-off operation. Recently, many scholars have researched methods to solve the G-P-G MFD fabrication challenge. Inglis released a rigid PDMS film–glass from a rigid master with a blade, but it easily damaged the PDMS film and rigid master [20]. A flexible holder was used as a temporary tool to peel off a PDMS film to avoid damage to the rigid master. After peeling off the flexible holder and PDMS film from a rigid master, the rigid PDMS film–glass was bonded to a rigid glass cover and removed from the temporary holder [21]. The bonding strength between the holder and the PDMS film damaged the PDMS film. Liu reported a method to fabricate the G-P-G MFD using a 0.5 kg weight to extrude the excessive PDMS prepolymer [22]. This fabrication method had a limitation in that it could not control the thickness of the PDMS film precisely. Zhou proposed a caramel sacrificial mold to avoid peeling off between rigid materials [23]. The caramel sacrificial mold with complex removal steps and multiple molding processes makes its fabrication complex and inefficient. Moreover, all the aforementioned methods could not control the PDMS film thickness by pressing the PDMS prepolymer on the master. The methods based on a spin-coated PDMS layer to fabricate microfluidic channels by reactive ion etching (RIE) [24,25,26] and laser pyrolysis [27] were proposed to control the PDMS film thickness, both of which needed special and expensive equipment with low efficiency and high cost to fabricate.



Compared with the soft lithography PDMS fabrication process with demolding of the soft PDMS bulk from a rigid SU8-Si wafer mold [28], we presented a fabrication process with the demolding of a flexible patterned mold from a rigid PDMS film–glass cover for G-P-G MFD fabrication. A flexible patterned mold was developed and fabricated by one-step lithography on the polyethylene terephthalate (PET) film. The flexible patterned mold ensured that the rigid PDMS film–glass was not damaged or deformed after peeling off. This method proposed a simple manufacturing process and a low-cost and high-yield G-P-G microfluidic device fabrication process, which made the G-P-G microfluidic devices more accessible to researchers. Finally, a water loss inhibition experiment under PCR thermal conditions was presented to verify the excellent prospect in the dPCR application of the G-P-G MFD with the ultra-thin PDMS film.




2. Materials and Methods


2.1. Manufacturing Process Design


A flexible mold with patterned photoresist (PR) structures was fabricated by a lithography process on a PET film. A commercially available PET film (3M, Saint Paul, MN, USA) with a thickness of 100 μm was chosen to ensure flexibility and no easy deformation. The melting point of the PET film is about 260 °C [29,30], which is significantly higher than the baking and reflow temperatures of the typical PR. Because of its good chemical resistance, the PET film is not easily degraded or dissolved by typical organic solvents, including regular PR developers. Moreover, PET is an extremely low-cost material, 1000 times lower than a silicon wafer. The PR on the PET film was AZ 4620-positive PR (MicroChem, Round Rock, TX, USA), which could reflow to form a quake valve [31]. Moreover, the adhesion of AZ4620 PR on the PET film was much better than that of SU8 negative PR on the PET film.



The fabrication process of a flexible mold is shown in Figure 1a–j. First, a PET film cut into a 4-inch round shape was attached to the surface of a reusable 4-inch Si wafer to ensure the fabrication process compatibility with the standard lithography process (Figure 1a). The PET surface was oxygen plasma-treated with an EMITECH K1000X plasma asher (Quorum Technologies, Wealden, UK) at 100 W for 60 s to improve the adhesion between AZ4620 PR and PET (Figure 1b). Then, a layer of AZ 4620 PR with a height of 15 μm was spin-coated on the treated PET surface, which required one spin-coating at 1500 rpm for 30 s with prebaking at 115 °C for 180 s (Figure 1c). The first layer of AZ 4620 PR was pattern-exposed using an MA6 mask aligner (SUSS, Munich, Germany) with 1400 mJ/cm2 (Figure 1d) and then developed into an AZ 326 MIF developer (MicroChem, Round Rock, TX, USA) for 4 min (Figure 1e). The wafer was baked on a hot plate at 160 °C for 2 h to change the photosensitivity of the first AZ 4620 PR layer so as to ensure that the first layer structure was not influenced by the second lithography (Figure 1f). Then, the second layer of AZ 4620 PR with a height of 30 μm was spin-coated on the first PR layer, which needed twice spin-coating at 1500 rpm for 30 s with prebaking at 110 °C for 80 s and 115 °C for 180 s, respectively (Figure 1g). The second PR layer was pattern-exposed with 2000 mJ/cm2 and developed for 10 min (Figure 1h,i). Finally, after hard baking at 110 °C for 120 s, a flexible PET mold with two patterned AZ 4620 PR structure layers of 15 μm and 30 μm in height was fabricated (Figure 1j).



Based on the PET flexible mold, the fabrication process of the G-P-G MFD is shown in Figure 1k–o. A 10:1 mixture of Sylgard 184 PDMS (Dow Corning, Midland, TX, USA) was spin-coated on the flexible mold at 1500 rpm for 30 s after silanization. A 50 μm-thick PDMS film with a patterned structure on the flexible mold was kept for 1 h and baked in an oven at 70 °C for 2 h to level and cure the PDMS layer (Figure 1k). The flexible mold with the PDMS layer was detached from the silicon wafer to remove the rigid substrate (Figure 1l). After washing with acetone and isopropyl alcohol, the silicon could be reused to save cost. The PDMS layer and a cover glass with 50 μm thickness were plasma bonded after oxygen plasma treatment at a power of 100 W for 60 s (Figure 1m). Then, the flexible mold was bent and peeled off softly from the rigid PDMS film–glass structure (Figure 1n). A laser-drilled glass with 100 μm thickness was aligned and bonded with the PDMS film after oxygen plasma treatment to fabricate a 200 μm-thick G-P-G MFD (Figure 1o). Optionally, a PDMS holder with through-holes was alignment bonded on the top of the cover glass for tubing.




2.2. Design of Digital PCR MFD


A chamber cdPCR (cdPCR) MFD with 2160 digital microchambers, which could form the partitioned droplets, was designed to validate the G-P-G MFD dPCR application. Its inhibition ability of water evaporation was evaluated using the water volume loss rate in the partitioned chambers under PCR thermal cycling. Every microchamber was connected to the main channel with its branch channel. All the rooms were 30 μm in height and 150 μm in diameter. The branch channels were 15 μm in height and 40 μm in width. The main channels were 30 μm in height and 80 μm in width (Figure 2a). Besides, we designed a cdPCR G-P-G MFD with an S-shaped main channel compared with the parallel-shaped main channel to investigate the influence of the distance from the inlet and outlet on water evaporation (Figure 2b). A leakage test experiment platform was set up to test the leakage of the G-P-G MFD under the microfluidic operation condition. After the outlet was plugged, a Flow EZ pressure pump (Fluigent, Le Kremlin-Bicetre, France) was connected with a reagent reservoir to inject the liquid into the G-P-G MFD and observe it under a Ti-E inverted microscope (Nikon, Minato, Japan) (Figure 2c).




2.3. Experimental Setup and Evaluation of Evaporation Characteristics


The operating procedure of the cdPCR G-P-G MFD is shown in Figure 3a–g. A water-phase simulation PCR regent (food dye) was injected into the MFD, and the main channels were filled with it using a pressure pump at 40 mBar pressure via a PDMS holder (Figure 3a). After a tubing was plugged in the outlet port to ensure that the liquid in the MFD did not flow out, the inlet pressure increased to 500 mBar. The water-phase reagent squeezed out the air in the chamber and then filled the entire chamber because of the gas permeability of PDMS (Figure 3b). After removing the plug tubing, an FC 3283 fluorinated oil (3M, Saint Paul, MN, USA) was injected into the main channels in the MFD with the pressure pump at 30 mBar. It pushed the water-phase reagent in the main and branch channels out of the MFD and replaced them to separate the water-phase regent in the chambers (Figure 3c). An inverted microscope was used to observe the water volume loss rate in the chamber under every PCR thermal cycling condition. After plugging the inlet and outlet ports, the cdPCR G-P-G MFD was transferred to a MasterCycler Nexus flat thermocycler (Eppendorf, Hamburg, Germany) to perform PCR thermal cycling (Figure 3d). According to the cdPCR amplification thermal condition [32,33,34], the simulation PCR thermal condition was set up in two steps. First was a “hot start” at 95 °C for 10 min to activate the Taq DNA polymerase, followed by 45 cycles of 95 °C for 20 s and 60 °C for 40 s to amplify the target DNA. The principle of the evaporation test is shown in Figure 3e–g. The G-P-G MFD with a 5 mm-thick PDMS film had a serious water volume loss (Figure 3f). In contrast, the G-P-G MFD with a 200 μm-thick PDMS film showcased a rather low water volume, whose fluorescence could be detected under a fluorescence microscope (Figure 3g).





3. Results and Discussion


3.1. Fabrication of Flexible Mold


Assembling a PDMS film with structures and rigid glass without damaging and deforming the PDMS film is a big challenge for G-P-G MFD fabrication because of the fragile PDMS film [35]. We proposed a G-P-G fabrication process involving the peel-off of a flexible mold, which replaced the flexible PDMS bulk peel-off of the soft lithography process. The flexible mold was softly demolded from a rigid PDMS film–glass structure to fabricate the G-P-G MFD efficiently and without damage.



As the most critical technology for the fabrication process, the flexible mold with patterned PR structures was fabricated by lithography on a PET film surface. Compared with the wettability of the silicon wafer, PET wettability was much more hydrophobic, influencing the adhesion with PR. SU8 PR, the most used PR for soft lithography, could not be spin-coated directly on a PET surface. In contrast, AZ 4620 PR had a better adhesion with a PET surface and could be spin-coated directly. However, directly spin-coating on the PET surface could not achieve enough adhesion for PDMS mold demolding. The oxygen plasma treatment of the PET surface was a simple and effective method to alter the wettability [36], thereby improving the adhesion with PR. The wettability of the PET surface influenced by different oxygen plasma and standing times is shown in Figure 4a. The plasma treatment could significantly improve the PET surface hydrophilicity, lasting several days. More plasma treating time could extend the hydrophilicity time of the PET surface. After plasma treatment, AZ 4620 and SU8 PRs could spin coat on the PET surface well. However, the SU8 patterned structures could not attach to the bending PET film after plasma treatment, while the AZ 4620 patterned structures attached to the PET film excellently.



The PET surface reflection coefficient and the thickness between it and the silicon wafer, which was the holder to ensure compatibility with the MEMS process, influenced the exposure dose because of the optical transparency of a PET. A single-side undercut of a 20 μm-height PR structure under different exposure doses is shown in Figure 4b. The exposure dose on the PET film was significantly more compared with the exposure dose of the minimal undercut, which was the optimal width, on a bare silicon substrate. The underexposure PR dissolution needed much more development time, dissolving the unexposed area because of the extension of time. The reflection lights exposed the edges under the patterned mask structure when the exposure dose exceeded the optimal dose. The underexposure and over-exposure doses resulted in an increase in the undercut of the PR structure.



Due to the exposure area dissolution property of positive PR, it was difficult to fabricate a multi-layer structure similar to the negative PR, such as SU8 [37]. The chemical properties of AZ 4620 PR could be changed to not dissolve in the developer after exposure by reflow baking. The reflowing AZ 4620 PR could fabricate the multi-layer structure, and its curved top surface was used in the quake-valve application [38]. The reflowing temperature of AZ 4620 PR is 160 °C, which is lower than the melting point of PET, but higher than its glass transition temperature [39]. After baking at 160 °C for hours, the PR patterned structure on the PET film–silicon wafer was not deformed because of the softening PET at above glass transition temperature attached to the rigid silicon wafer. Figure 4c,d shows the whole wafer picture and SEM picture of two-layered PR structures with 15 μm-height reflow PR and 30 μm-height PR on the PET film–silicon wafer. The AZ 4620 PR multi-layer structure was formatted uniformly on the PET film with solid adhesion (Figure 4e), which was stable for at least five replica moldings.




3.2. Fabrication of G-P-G MFD


The G-P-G MFD thickness could be thinner and more precisely controllable by the PDMS spin-coating process, which has a massive prospect for thickness-sensitive applications. Since the AZ4620 PR-PET surface was different from the SU8-Si surface, the PDMS thickness on the PET film with different ratios, rotation speeds, and rotation times was developed (Figure 5a). The PDMS film thickness ranged from 19.4 to 187.1 μm, which could fit mostly ultra-thin G-P-G MFD. After spin-coating and curing, the PDMS film was still attached to the rigid structure of the silicon wafer. Removing the silicon wafer substrate was necessary to form a flexible PDMS-PET film structure before PDMS–glass bonding so as to avoid the peel-off process among two rigid substrates. A flexible PDMS film with PET mold showed an excellent bending property (Figure 5b). The rigid PDMS film–glass structure was formatted by plasma bonding with a cover glass and then peeling off the flexible mold. After plasma bonding with a cover glass, a rigid PDMS film–glass structure was formatted by peeling off the flexible mold (Figure 5c), which needed a porous ceramic chuck table to fix the cover glass when the glass thickness was less than 100 μm. A G-P-G MFD with a total thickness of 200 μm was fabricated and is shown in Figure 5d.




3.3. Sample Filling and Self-Partition


We designed a pressure pump injection filling method for the cdPCR G-P-G MFD, which was more straightforward with a more friendly operating condition than the methods needing a vacuum condition [40,41,42]. In this method, a reagent was injected into the MFD using a pressure pump with a certain pressure after a plug blocked the MFD outlet port to ensure that the liquid could not flow out of the MFD. The reagent with positive pressure pushed out the air in a chamber and filled the chamber because of the air permeability of PDMS. When pushing out air with a certain pressure, it was crucial to ensure the bonding strength and tightness of the inlet and outlet ports of the G-P-G MFD. The G-P-G MFD with the PDMS holder was verified to withstand pressures above 2 Bar without any leakage using the leakage test experiment platform in Figure 2c. In addition, a thermal stability experiment was set up and verified that the channel deformation was only 0.7% in the 200 μm-diameter chamber of the G-P-G MFD with a 200 μm-thick PDMS film under the temperature variation from 20 °C (room temperature) to 200 °C. The difference in CTE between the borosilicate glass (3.3 × 10−6/°C) [43] and PDMS (291 × 10−6/°C) [44] little influenced the G-P-G MFD.



After filling the chambers with the reagent, a fluorinated oil was injected into the channels to partite the reagent in the chambers and form the droplets. A red food dye solution is simulated as the PCR regent for filling and partitioning to visually demonstrate the functionality of the cdPCR MFD. First, the food dye was injected into the MFD with a low pressure (40 mBar) to fill the main channel when the outlet port was not blocked (Figure 6a). The chambers could not be filled by pushing out the air now because of no pressure difference between the chamber and the outside world. After blocking the outlet port and increasing the injection pressure to 500 mBar, the pressure in the MFD was much higher than the outside pressure because the liquid could not flow out. The fluid with higher pressure compressed the air in the chamber, resulting in higher compressing air pressure than that outside. The air was discharged from the chamber through the PDMS film, and the process is shown in Figure 6b. Removing the plug tubing ensured that the liquid could flow out of the MFD again. A fluorinated oil was injected into the MFD and pushed the excess reagent in the channels out of the device, which separated the reagent in the chambers to form droplets (Figure 6c). A larger number of independent droplets, the base of the dPCR MFD, could be automatically created without any valve or external device. Figure 6d shows the filling time of different chamber diameters in the MFDs with different PDMS thicknesses under 500 mBar injection pressure. For the G-P-G MFD, the reagent filling speed was significantly related to the PDMS thickness due to the existence of a glass cover on the top of the PDMS film. The filling speed decreased significantly with the decrease in the PDMS thickness. The decreasing PDMS thickness resulted in a decrease in the area of the PDMS sidewall used for air discharge, thereby reducing the air discharge speed. The filling time increased from 3 min to 5.5 min for a chamber with a 500 μm diameter with the PDMS thickness decreasing from 5 mm to 200 μm. Even when the time increased significantly, the total operation time was still lower than that for the reported vacuum chamber methods [45,46,47]. Moreover, the whole operation process of this method could be achieved under normal pressure, which made the operation process easier.




3.4. Evaluation of Evaporation of the G-P-G MFD


Water evaporation loss is a severe challenge for the dPCR system, which may increase the concentration of PCR reagent and thereby inhibit PCR. A glass cover attached to the top of PDMS MFD to form a G-P-G sandwich MFD is an effective solution. Compared with previously reported barrier methods such as parylene coating [48,49] and polymer embedding [50,51], the glass cover has much lower vapor permeability, about four orders less than propylene. However, still some water evaporation loss occurs in the G-P-G MFD, especially in the periphery area near the PDMS sidewall, under the PCR thermal cycles [6]. According to Fick’s law of diffusion, the amount of water vapor is proportional to the diffusion area, which is the PDMS sidewall area of the G-P-G MFD contacting outside. Therefore, the thickness of the PDMS film is significantly related to the water evaporation in the G-P-G MFD. We proposed a G-P-G MFD of an ultra-thin PDMS film to inhibit water evaporation by reducing the PDMS thickness. The inhibitory effect of the PDMS thickness, especially the ultra-thin PDMS film, on evaporation under the PCR thermal condition was investigated to demonstrate the performance and validity of the G-P-G MFD in reducing water loss.



An S-shape main channel cdPCR G-P-G MFD with 5 mm-thick PDMS bulk was designed and investigated to evaluate the influence of distance from the inlet and outlet ports on the evaporation inhibition, as shown in Figure 7a. The water loss of areas in the chambers at different distances from the ports and PDMS sidewall is shown in Figure 7b. The water loss of areas at 1#, 2#, and 3# was almost the same, implying that the water loss effect in the periphery area was unrelated to the distance from the inlet and outlet ports. However, the water loss in areas at 1# and 4# was not the same, verifying that the water loss was related to the distance from the PDMS sidewall.



The variations in the food dye loss percentage in the chambers with the change in the number of thermal cycles were investigated to quantify the effect of the PDMS thickness in the G-P-G MFD on evaporation inhibition. Figure 8 shows the food dye loss in the central and peripheral chambers of cdPCR MFDs with the different thicknesses of the PDMS film under PCR thermal cycling, and the location schematic of the chambers in the cdPCR MFD is shown in Figure 8a. For the G-P-G MFD with 5 mm thickness of the PDMS bulk, the food dye loss percentage in the chamber increased significantly with the progress of thermal cycling. In contrast, the food dye loss percentage in the chamber of the G-P-G MFD with 200 μm thickness increased little, as shown in Figure 8b. The food dye loss percentage in the chamber increased with the increase in the thickness of the PDMS film in G-P-G MFDs, and the difference was more significant as the number of PCR thermal cycling increased, as shown in Figure 8c. The reason was that the PDMS film thickness determined the sidewall area connecting the air, which could influence the water loss speed. Moreover, the water evaporation inhibition of the glass cover on the top of the PDMS was verified by comparing it with the effect of a 5 mm-thick PDMS bulk in the G-P-G and PDMS–glass MFD. Compared with the ones in the central chambers, the food dye loss percent in the peripheral chambers was much more because the smaller distance from the PDMS sidewall improved the evaporation speed. For the G-P-G MFD with a 500 μm-thick PDMS film, the food dye loss percentage in the central chambers was about 50%, but the ones in the peripheral chambers increased to almost 80%, which seriously influenced the dPCR detection, which is shown in Figure 8d. However, when the thickness was reduced to 200 μm, the food dye loss percentage in the peripheral chambers decreased significantly. The thicknesses in the central and peripheral chambers were less than 10% after the PCR thermal condition, which did not influence the dPCR detection. It demonstrated that the proposed G-P-G MFD of the ultra-thin PDMS film (thickness less than 200 μm) had an extremely low water loss percentage under the PCR thermal condition, especially in the peripheral chambers, due to its ultra-thin PDMS film. The G-P-G MFD of the ultra-thin PDMS film presents excellent application prospects in digital PCR and other high-temperature microfluidic biochemical reactors.





4. Conclusions


This study demonstrated a low-cost facile process to fabricate a G-P-G MFD based on a flexible mold peel-off. A PET flexible mold with multi-level microstructures was fabricated by researching the lithography of AZ 4620-positive PR on an ultra-low-cost PET film. A low-cost, thickness-controllable, high-fabrication yield G-P-G MFD fabrication process was developed based on the PET flexible mold, which greatly improved the feasibility of G-P-G MFD fabrication. A straightforward operation cdPCR microfluidic platform was demonstrated using the G-P-G MFD with the ultra-thin PDMS film. Moreover, the evaporation inhibition of the G-P-G MFD with the PDMS films of different thicknesses was investigated by quantifying the water loss percentage in the chambers under PCR thermal cycling. The G-P-G MFD with the ultra-thin PDMS film (<200 μm) showed excellent water evaporation inhibition, which is highly promising for digital PCR applications.







Author Contributions


Conceptualization: Y.X., S.M. and L.S.; methodology: Y.X., S.M. and L.S.; software: Y.X., X.C. and C.Z.; validation: Y.X., X.C. and N.W.; formal analysis, Y.X., X.C. and C.Z.; investigation: Y.X., X.C., C.Z., N.W. and J.Y.; resources: Y.X., X.C. and C.Z.; data curation: Y.X. and X.C.; writing—original draft preparation: Y.X. and X.C.; writing—review and editing: Y.X. and S.M.; visualization: Y.X., X.C. and N.W.; supervision: S.M. and Y.J.; project administration: Y.X. and L.S.; and funding acquisition: S.M., L.S. and Y.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key Research and Development Program of China (Grant No. 2019YFB2204900).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors would like to thank Xiaobao Cao for the idea of the device fabrication.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vogelstein, B.; Kinzler, K.W. Digital PCR. Proc. Natl. Acad. Sci. USA 1999, 96, 9236–9241. [Google Scholar] [CrossRef] [PubMed]

	



Sreejith, K.R.; Ooi, C.H.; Jin, J.; Dao, D.V.; Nguyen, N.T. Digital polymerase chain reaction technology—Recent advances and future perspectives. Lab Chip 2018, 18, 3717–3732. [Google Scholar] [CrossRef]

	



Martin, B.; Linacre, A. Direct PCR: A review of use and limitations. Sci. Justice 2020, 60, 303–310. [Google Scholar] [CrossRef] [PubMed]

	



Fajardo, V.; González, I.; Rojas, M.; García, T.; Martín, R. A review of current PCR-based methodologies for the authentication of meats from game animal species. Trends Food Sci. Technol. 2010, 21, 408–421. [Google Scholar] [CrossRef]

	



Choi, K.; Ng, A.H.; Fobel, R.; Wheeler, A.R. Digital microfluidics. Annu. Rev. Anal. Chem. 2012, 5, 413–440. [Google Scholar] [CrossRef]

	



Quan, P.-L.; Sauzade, M.; Brouzes, E. dPCR: A Technology Review. Sensors 2018, 18, 1271. [Google Scholar] [CrossRef]

	



Tan, L.L.; Loganathan, N.; Agarwalla, S.; Yang, C.; Yuan, W.Y.; Zeng, J.; Wu, R.G.; Wang, W.; Duraiswamy, S. Current commercial dPCR platforms: Technology and market review. Crit. Rev. Biotech. 2022. [Google Scholar] [CrossRef]

	



Xu, T.; Wu, L.; Wang, X.; Zhu, X.; Bao, Y.; Cai, S.; Li, G.; Li, X. A PDMS-based digital PCR chip with vacuum aspiration and water-filling cavity integrated for sample loading and evaporation reduction. In Proceedings of the 2018 IEEE Micro Electro Mechanical Systems (MEMS), Belfast, UK, 21–25 January 2018; pp. 1142–1145. [Google Scholar]

	



Ahrberg, C.D.; Manz, A.; Chung, B.G. Polymerase chain reaction in microfluidic devices. Lab Chip 2016, 16, 3866–3884. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Song, Q.; Zhang, B.; Gao, Y.; Lou, K.; Liu, Y.; Wen, W. A Rapid Digital PCR System with a Pressurized Thermal Cycler. Micromachines 2021, 12, 1562. [Google Scholar] [CrossRef]

	



Zec, H.; Keefe, C.O.; Ma, P.; Wang, T.H. Ultra-thin, evaporation-resistent PDMS devices for absolute quantification of DNA using digital PCR. In Proceedings of the 2015 Transducers—2015, 18th International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS), Anchorage, AK, USA, 21–25 June 2015; pp. 536–539. [Google Scholar]

	



Hu, H.; Cheng, J.; Wei, C.; Li, S.; Yu, C.; Meng, X.; Li, J. Pre-Degassed Microfluidic Chamber-Based Digital PCR Device for Meat Authentication Applications. Micromachines 2021, 12, 694. [Google Scholar] [CrossRef]

	



Xie, T.; Wang, P.; Wu, L.; Sun, B.; Zhao, Q.; Li, G. A hand-powered microfluidic system for portable and low-waste sample discretization. Lab Chip 2021, 21, 3429–3437. [Google Scholar] [CrossRef] [PubMed]

	



Fu, Y.; Zhou, H.; Jia, C.; Jing, F.; Jin, Q.; Zhao, J.; Li, G. A microfluidic chip based on surfactant-doped polydimethylsiloxane (PDMS) in a sandwich configuration for low-cost and robust digital PCR. Sens. Actuators B Chem. 2017, 245, 414–422. [Google Scholar] [CrossRef]

	



Chen, Q.; Li, G.; Nie, Y.; Yao, S.H.; Zhao, J.L. Investigation and improvement of reversible microfluidic devices based on glass-PDMS-glass sandwich configuration. Microfluid. Nanofluid. 2014, 16, 83–90. [Google Scholar] [CrossRef]

	



Suzuki, M.; Sakashita, T.; Hattori, Y.; Yokota, Y.; Kobayashi, Y.; Funayama, T. Development of ultra-thin chips for immobilization of Caenorhabditis elegans in microfluidic channels during irradiation and selection of buffer solution to prevent dehydration. J. Neurosci. Methods 2018, 306, 32–37. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, M.; Sakashita, T.; Funayama, T. Immobilization of Live Caenorhabditis elegans Individuals Using an Ultra-thin Polydimethylsiloxane Microfluidic Chip with Water Retention. Jove-J. Vis. Exp. 2019, 145, e59008. [Google Scholar] [CrossRef]

	



Xu, G.; Si, H.; Jing, F.; Sun, P.; Zhao, D.; Wu, D. A Double-Deck Self-Digitization Microfluidic Chip for Digital PCR. Micromachines 2020, 11, 1025. [Google Scholar] [CrossRef] [PubMed]

	



Tian, Q.; Song, Q.; Xu, Y.; Zhu, Q.; Yu, B.; Jin, W.; Jin, Q.; Mu, Y. A localized temporary negative pressure assisted microfluidic device for detecting keratin 19 in A549 lung carcinoma cells with digital PCR. Anal. Methods 2015, 7, 2006–2011. [Google Scholar] [CrossRef]

	



Inglis, D.W. A method for reducing pressure-induced deformation in silicone microfluidics. Biomicrofluidics 2010, 4, 026504. [Google Scholar] [CrossRef]

	



Kung, Y.C.; Huang, K.W.; Fan, Y.J.; Chiou, P.Y. Fabrication of 3D high aspect ratio PDMS microfluidic networks with a hybrid stamp. Lab Chip 2015, 15, 1861–1868. [Google Scholar] [CrossRef]

	



Liu, C.; Cui, D.; Cai, H.; Chen, X.; Geng, Z. A rigid poly(dimethylsiloxane) sandwich electrophoresis microchip based on thin-casting method. Electrophoresis 2006, 27, 2917–2923. [Google Scholar] [CrossRef]

	



Zhou, L.; Zhuang, G.; Li, G. A facile method for the fabrication of glass-PDMS-glass sandwich microfluidic devices by sacrificial molding. Sens. Actuators B Chem. 2018, 261, 364–371. [Google Scholar] [CrossRef]

	



Oh, S.R. Thick single-layer positive photoresist mold and poly(dimethylsiloxane) (PDMS) dry etching for the fabrication of a glass–PDMS–glass microfluidic device. J. Micromech. Microeng. 2008, 18, 115025. [Google Scholar] [CrossRef]

	



Plecis, A.; Chen, Y. Improved glass-PDMS-glass device technology for accurate measurements of electro-osmotic mobilities. Microelectron. Eng. 2008, 85, 1334–1336. [Google Scholar] [CrossRef]

	



Plecis, A.; Chen, Y. Fabrication of microfluidic devices based on glass-PDMS-glass technology. Microelectron. Eng. 2007, 84, 1265–1269. [Google Scholar] [CrossRef]

	



Min, K.; Lim, J.; Lim, J.H.; Hwang, E.; Kim, Y.; Lee, H.; Lee, H.; Hong, S. Fabrication of Perforated PDMS Microchannel by Successive Laser Pyrolysis. Materials 2021, 14, 7275. [Google Scholar] [CrossRef]

	



Xia, Y.; Whitesides, G.M. Soft Lithography. Angew. Chem. Int. Ed. 1998, 37, 550–575. [Google Scholar] [CrossRef]

	



Tian, X.Y.; Ruan, C.J.; Cui, P.; Liu, W.T.; Zheng, J.; Zhang, X.; Yao, X.Y.; Zheng, K.; Li, Y. Isothermal Crystallization and Subsequent Melting Behavior of Poly (Ethylene Terephthalate)/Silica Nanocomposites. Chem. Eng. Commun. 2007, 194, 205–217. [Google Scholar] [CrossRef]

	



Bin, Y.; Oishi, K.; Yoshida, K.; Matsuo, M. Mechanical properties of poly (ethylene terephthalate) estimated in terms of orientation distribution of crystallites and amorphous chain segments under simultaneous biaxially stretching. Polym. J. 2004, 36, 888–898. [Google Scholar] [CrossRef]

	



Tonin, M.; Descharmes, N.; Houdre, R. Hybrid PDMS/glass microfluidics for high resolution imaging and application to sub-wavelength particle trapping. Lab Chip 2016, 16, 465–470. [Google Scholar] [CrossRef]

	



Ning, Y.; Cui, X.; Yang, C.; Jing, F.; Bian, X.; Yi, L.; Li, G. A self-digitization chip integrated with hydration layer for low-cost and robust digital PCR. Anal. Chim. Acta 2019, 1055, 65–73. [Google Scholar] [CrossRef]

	



Dong, L.; Meng, Y.; Sui, Z.; Wang, J.; Wu, L.; Fu, B. Comparison of four digital PCR platforms for accurate quantification of DNA copy number of a certified plasmid DNA reference material. Sci. Rep. 2015, 5, 13174. [Google Scholar] [CrossRef] [PubMed]

	



Sanders, R.; Huggett, J.F.; Bushell, C.A.; Cowen, S.; Scott, D.J.; Foy, C.A. Evaluation of Digital PCR for Absolute DNA Quantification. Anal. Chem. 2011, 83, 6474–6484. [Google Scholar] [CrossRef]

	



Lim, H.J.; Lee, J.J.; Park, S.; Choi, K.B.; Kim, G.H.; Park, H.H.; Ryu, J.H. Replication of a Thin Polydimethylsiloxane Stamp and Its Application to Dual-Nanoimprint Lithography for 3D Hybrid Nano/Micropatterns. J. Nanosci. Nanotechnol. 2012, 12, 5489–5493. [Google Scholar] [CrossRef] [PubMed]

	



Demina, T.S.; Piskarev, M.S.; Romanova, O.A.; Gatin, A.K.; Senatulin, B.R.; Skryleva, E.A.; Zharikova, T.M.; Gilman, A.B.; Kuznetsov, A.A.; Akopova, T.A.; et al. Plasma Treatment of Poly (ethylene terephthalate) Films and Chitosan Deposition: DC- vs. AC-Discharge. Materials 2020, 13, 508. [Google Scholar] [CrossRef] [PubMed]

	



Oyunbaatar, N.E.; Lee, D.H.; Patil, S.J.; Kim, E.S.; Lee, D.W. Biomechanical Characterization of Cardiomyocyte Using PDMS Pillar with Microgrooves. Sensors 2016, 16, 1258. [Google Scholar] [CrossRef]

	



Zheng, Y.; Dai, W.; Wu, H. A screw-actuated pneumatic valve for portable, disposable microfluidics. Lab Chip 2009, 9, 469–472. [Google Scholar] [CrossRef]

	



Auras, R.; Harte, B.; Selke, S. An overview of polylactides as packaging materials. Macromol. Biosci. 2004, 4, 835–864. [Google Scholar] [CrossRef]

	



Zhu, Q.; Qiu, L.; Yu, B.; Xu, Y.; Gao, Y.; Pan, T.; Tian, Q.; Song, Q.; Jin, W.; Jin, Q.; et al. Digital PCR on an integrated self-priming compartmentalization chip. Lab Chip 2014, 14, 1176–1185. [Google Scholar] [CrossRef]

	



Cui, X.; Wu, L.; Wu, Y.; Zhang, J.; Zhao, Q.; Jing, F.; Yi, L.; Li, G. Fast and robust sample self-digitization for digital PCR. Anal. Chim. Acta 2020, 1107, 127–134. [Google Scholar] [CrossRef]

	



Hu, J.; Chen, L.; Zhang, P.; Hsieh, K.; Li, H.; Yang, S.; Wang, T.H. A vacuum-assisted, highly parallelized microfluidic array for performing multi-step digital assays. Lab Chip 2021, 21, 4716–4724. [Google Scholar] [CrossRef]

	



Bouras, N.; Madjoubi, M.A.; Kolli, M.; Benterki, S.; Hamidouche, M. Thermal and mechanical characterization of borosilicate glass. In Proceedings of the 11th Maghreb Days Conference on Materials Science/JMSM 2008, Mahdia, Tunisia, 4–8 November 2008; pp. 1135–1140. [Google Scholar]

	



Shen, H.; Cai, C.; Guo, J.; Qian, Z.C.; Zhao, N.; Xu, J. Fabrication of oriented hBN scaffolds for thermal interface materials. Rsc Adv. 2016, 6, 16489–16494. [Google Scholar] [CrossRef]

	



Li, G.; Luo, Y.; Chen, Q.; Liao, L.; Zhao, J. A “place n play” modular pump for portable microfluidic applications. Biomicrofluidics 2012, 6, 14118–1411816. [Google Scholar] [CrossRef]

	



Si, H.; Xu, G.; Jing, F.; Sun, P.; Zhao, D.; Wu, D. A multi-volume microfluidic device with no reagent loss for low-cost digital PCR application. Sens. Actuators B Chem. 2020, 318, 128197. [Google Scholar] [CrossRef]

	



Xu, L.; Lee, H.; Jetta, D.; Oh, K.W. Vacuum-driven power-free microfluidics utilizing the gas solubility or permeability of polydimethylsiloxane (PDMS). Lab Chip 2015, 15, 3962–3979. [Google Scholar] [CrossRef] [PubMed]

	



Shin, Y.S.; Cho, K.; Lim, S.H.; Chung, S.; Park, S.-J.; Chung, C.; Han, D.-C.; Chang, J.K. PDMS-based micro PCR chip with Parylene coating. J. Micromech. Microeng. 2003, 13, 768–774. [Google Scholar] [CrossRef]

	



Heyries, K.A.; Tropini, C.; Vaninsberghe, M.; Doolin, C.; Petriv, O.I.; Singhal, A.; Leung, K.; Hughesman, C.B.; Hansen, C.L. Megapixel digital PCR. Nat. Methods 2011, 8, 649–651. [Google Scholar] [CrossRef] [PubMed]

	



Hatch, A.C.; Fisher, J.S.; Tovar, A.R.; Hsieh, A.T.; Lin, R.; Pentoney, S.L.; Yang, D.L.; Lee, A.P. 1-Million droplet array with wide-field fluorescence imaging for digital PCR. Lab Chip 2011, 11, 3838–3845. [Google Scholar] [CrossRef] [PubMed]

	



Prakash, A.R.; Adamia, S.; Sieben, V.; Pilarski, P.; Pilarski, L.M.; Backhouse, C.J. Small volume PCR in PDMS biochips with integrated fluid control and vapour barrier. Sens. Actuators B Chem. 2006, 113, 398–409. [Google Scholar] [CrossRef]








[image: Micromachines 13 01667 g001 550] 





Figure 1. A fabrication process of the G-P-G MFD with an ultra-thin patterned PDMS film by a flexible soft mold peel-off process: (a) PET film attached to a 4-inch silicon wafer. (b) Oxygen plasma treatment on the PET surface. (c) First AZ 4620 PR layer with a height of 15 μm spin-coating. (d,e) Exposing and developing to form branch channel structures. (f) First AZ 4620 PR layer reflowing. (g) Second AZ 4620 PR layer with a height of 30 μm spin-coating. (h,i) Exposing and developing to form main channels and chamber structures. (j) A 3D image of the flexible mold. (k) A 10:1 mixture of PDMS spin-coating. (l) A flexible mold with PDMS film detaching from the rigid wafer. (m) Oxygen plasma bonding between PDMS surface and a cover glass. (n) Flexible mold peel-off from the PDMS film–glass structure. (o) Oxygen plasma alignment bonding between a rigid glass–PDMS film structure and a laser-drilled glass. 
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Figure 2. Schematic of the G-P-G MFD design with different main channel shapes: (a) parallel-shaped and (b) S-shaped, which is with different distances from I/O ports, the distance increase from 1# to 4#. (c) Schematic of the G-P-G MFD leakage test experiment platform setup. In the schematic, the red color is the reagent, and the yellow one is oil. The Aquamarine color is PDMS chip, and the blue one is glass cover. 
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Figure 3. Operation procedure of the cdPCR G-P-G MFD: (a) filling the main channels with reagent using a pressure pump. (b) Plugging the outlet with a plugged tube and filling the chamber with the reagent. (c) Unplugging the tube in the outlet and injecting fluorinated oil to move out the reagent in the main channels to partite the water-phase reagent in the chambers. (d) After removing the injection tube, plugging inlet, and outlet. (e) Top view schematic of microchambers in cdPCR G-P-G MFD. (f) Serious water volume loss in the G-P-G MFD with a 5 mm-thick PDMS film after PCR thermal cycling. (g) Pretty low water volume loss in the G-P-G MFD with a 200 μm-thick PDMS film after PCR thermal cycling. The red color is the reagent, the yellow one is oil. The Aquamarine color is PDMS chip, and the blue one is glass cover. The white color is air after reagent evaporation, and the green one is fluorescence. 
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Figure 4. Fabrication results of the flexible mold: (a) influence on the contact angle of the PET surface with different oxygen plasma treatment time and standing time. (b) Effect of different exposure doses on single-side undercut width of the 20 μm-height PR structure. Two-layered PR structures with 5 μm-height reflow PR and 30 μm-height PR on the PET film: (c) 4-inch wafer picture and (d) SEM picture. (e) Excellent adhesion and flexibility of AZ 4620 PR on the PET film. 
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Figure 5. Fabrication results of G-P-G MFD: (a) data of the PDMS thickness under different spin-coating parameters and PDMS mixture ratios. (b) Flexible patterned mold with the PDMS film. (c) Process of PET flexible mold peeling off from the PDMS film with a glass cover. (d) G-P-G MFD with a total thickness of 200 μm. 
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Figure 6. Sample filling and self-partition: (a) the food dye injection at 40 mBar. (b) Filling the chambers with the food dye at 500 mBar. (c) Process of the fluorinated oil pushing the excess reagent out of the main channels. (d) Filling time of chambers in the G-P-G MFD with different diameters and PDMS thicknesses. 






Figure 6. Sample filling and self-partition: (a) the food dye injection at 40 mBar. (b) Filling the chambers with the food dye at 500 mBar. (c) Process of the fluorinated oil pushing the excess reagent out of the main channels. (d) Filling time of chambers in the G-P-G MFD with different diameters and PDMS thicknesses.



[image: Micromachines 13 01667 g006]







[image: Micromachines 13 01667 g007 550] 





Figure 7. (a) Schematic of different evaluated locations in the cdPCR MFD with an S-shape main channel, the red color is the reagent, the yellow one is oil, and the Aquamarine color is PDMS chip. (b) Water loss percentage in the chambers at different distances from the ports and PDMS sidewall. 
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Figure 8. Evaporation result of the central and peripheral chambers in cdPCR MFD: (a) location schematic of the central and peripheral chambers in the cdPCR MFD, the red color is the reagent, the yellow one is oil, and the Aquamarine color is PDMS chip. (b) Water loss process in the peripheral chambers under PCR thermal cycling of G-P-G MFDs with 5 mm and 200 μm-thick PDMS films. Water loss percentage in the chambers with PCR thermal cycling in the G-P-G MFD with different PDMS film thicknesses: (c) central chambers and (d) peripheral chambers. 
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