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Abstract

:

In our work, we produced PDMS-based microfluidic devices by mechanical removal of 3D-printed scaffolds inserted in PDMS. Two setups leading to the fabrication of monolithic PDMS-based microdevices and bonded (or stamped) PDMS-based microdevices were designed. In the monolithic devices, the 3D-printed scaffolds were fully inserted in the PDMS and then carefully removed. The bonded devices were produced by forming imprints of the 3D-printed scaffolds in PDMS, followed by bonding the PDMS parts to glass slides. All these microfluidic devices were then successfully employed in three proof-of-concept applications: capture of magnetic microparticles, formation of droplets, and isotachophoresis separation of model organic dyes.
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1. Introduction


Microfluidics represents a continuously growing research field with many applications in chemistry, physics, engineering, biology, and/or biomedical research [1,2,3,4,5,6]. The small amounts of liquid required for experiments as well as the physics of fluids at the microlevel make microfluidics one of the interdisciplinary fields par excellence. The most popular material used for the fabrication of microfluidic devices is polydimethylsiloxane (PDMS), which is cheap and easy to manipulate, produces fine and consistent shapes, is gas permeable, and has a refractive index close to that of glass [7,8,9]. To manufacture these PDMS devices, generally, a master is needed, which is usually obtained by clean-room lithography facilities. PDMS is then poured onto the master. After curing, PDMS is carefully peeled off the master and subsequently chemically bonded to another surface after its activation with oxygen plasma. The major drawback of the setup is the cost of the clean-room facilities, including the investment as well as the contract production of the master. When the user has the master and uses it repeatedly, the costs are greatly reduced. In the case of the need of a new master (new design), one should count greater costs. This can be an issue for early-stage career researchers as well as for people from low-income countries. Hence, there is an interest in the production of so-called low-cost microdevices.



3D printing seems to be an interesting solution. It provides a new approach that offers simplicity in the design of microchips as well as in production, and it allows using materials that may be more compatible with commercial needs. Moreover, significant improvements in 3D printing during the past decade have enabled the production of microfluidic devices within hours for a few dollars. 3D printing is widely adopted in microfluidics using stereolithography (SLA) principles, fused deposition modeling (FDM), and photopolymer inkjet printing. These techniques and their applications have been reviewed many times [10,11,12,13,14].



Most papers deal with the direct 3D printing of materials and the formation of microfluidic devices directly from 3D printers. The printer directly prints PDMS or more commonly different polymeric materials, such as PMMA or fluorinated polymers [15,16,17,18,19,20]. In this approach, the 3D-printed structure forms the surroundings of the channels. The second approach is less traditional. The 3D-printed structures are removed from the final PDMS microdevice. Here, the 3D-printed scaffolds are placed in PDMS and are removed after it has cured. PDMS forms the surroundings, while the 3D-printed structures form the channels. This approach was presented for the first time in two pioneering works in 2015. Hwang et al. [21] mechanically removed the scaffolds by rotating the molds. They also investigated the surface roughness, resolution, and replication of the process used. Saggiomo and Velders [22] created the ESCARGOT methodology where ABS polymer scaffolds were printed, inserted into PDMS, and then removed by dissolving ABS in acetone. This is interesting work because it allows for the printing of three-dimensional microfluidic structures, including spirals that are not easily produced by common silicon wafer-based lithography. In 2018, Dahlberg et al. [23] used a water-soluble polyvinyl alcohol (PVA) filament for the rapid production of PDMS microfluidic devices using the same methodology.



In our work, we studied the production of PDMS microdevices by using 3D-printed scaffold removal. Two setups leading to the fabrication of monolithic PDMS-based microdevices and bonded (or stamped) PDMS-based microdevices were designed. The microdevices were used for three proof-of-concept applications: capture of magnetic microparticles, formation of droplets, and isotachophoresis separation of model organic dyes. We tried to build up a platform for fast and low-cost preparation of microdevices that can be fabricated and also used for a little or non-trained personnel, which seems to be the future of the testing market in the post-COVID era.




2. Materials and Methods


2.1. Chemicals and Materials


All the chemicals, hydrochloric acid, 2-(N-morpholino)ethanesulfonic acid (MES), histidine, 2-hydroxyethylcellulose, bromophenol blue, magnetic microparticles (cat. no. 00239-10ML-F), Fluorinert FC-770, amaranth red, and methanol, were bought from Sigma-Aldrich (St. Louis, MO, USA). Deionized water of 18.2 MΩ.cm was prepared using the Milli-Q system from Millipore (Burlington, MA, USA). The prepolymer of polydimethylsiloxane (PDMS) and the curing agent known as Sylgard 184 were purchased from Elchemco (Prague, Czech Republic). A neodymium magnet (field strength 332 mT) was bought from Neomag, s.r.o. (Třinec, Czech Republic). Syringes (B. Braun type) with the Luer connection were purchased from the local pharmacy.




2.2. 3D Printing


All the structures were created using Autodesk Fusion 360 software (Autodesk, San Rafael, CA, USA). The conversion of the structures to .stl files was done by Autodesk Meshmixer software (San Rafael, CA, USA). The .stl files can be found in the Supporting Material. They were sliced by KISSlicer software v. 1.5 (http://www.kisslicer.com/ accessed on 13 September 2018) and transferred as G-codes to the 3D printer. The TRILAB DeltiX Mini FDM 3D printer using delta kinematics printing (TriLAB Group, Brno, Czech Republic) and a 0.4 mm nozzle was used for printing the structures. Filaments with a diameter of 1.75 mm contained PLA, ABS, ASA, Flexfill 92A (Fillamentum Manufacturing Czech, Hulín, Czech Republic), and BVOH (Verbatim, Tokyo, Japan). The 3D-printed structures were baked for 12 h at 60 °C to prevent inhibitory effects on PDMS.




2.3. Preparation of Monolithic PDMS Microdevices


The 3D-printed structures for monolithic microdevices were precisely placed into a 3D-printed container without touching its walls. PDMS was then poured into the container; it was prepared beforehand by mixing the prepolymer and the curing agent (Sylgard 184) at a ratio of 10:1, stirring properly, and degassing in vacuum for 15 min. The amount of PDMS was adjusted for full immersion of the 3D-printed channels in PDMS (ideally, at least 2 mm of PDMS under as well as over the channel). Then, the container with the 3D-printed structures and PDMS was inserted into the desiccator under vacuum and kept there for at least 48 h at room temperature (~25 °C). Subsequently, the 3D-printed input parts were mechanically removed (broken and removed), and then the 3D-printed channel parts were removed through the free inputs using common tweezers by bending the whole device. Finally, the channels were rinsed with deionized water using a common syringe (the syringe insert fits the input parts of the microdevice).




2.4. Preparation of Bonded PDMS Microdevices


Plane 3D-printed structures were gently glued (using the PDMS prepolymer) on a cleaned Petri dish. Then, PDMS (prepared beforehand by mixing the prepolymer and the curing agent (Sylgard 184) in a ratio of 10:1, stirring properly, and degassing in vacuum for 15 min) was carefully poured into the dish. The dish with the 3D-printed structures and PDMS was inserted into the desiccator under vacuum and kept there for at least 48 h at room temperature (~25 °C). Subsequently, PDMS and the 3D-printed structures were removed from the Petri dish (like the standard procedures for the preparation of PDMS-based microdevices). The 3D-printed parts were removed by inserting the whole device into acetone (for ABS and ASA filaments) or water (for the BVOH filament) for 30 s and then mechanically removed using common tweezers. The PDMS parts with the imprinted channels were rinsed with deionized water and kept dry under the desiccator. Then, they were cut into parts that fit common glass slides. The inserts were cut with a Miltex biopsy punch with a 1.5 mm plunger (Biogen, Prague, Czech Republic). Finally, the PDMS parts were bonded to the glass slides using the hand-held corona treater BD-20AC (Electro-Technic Products, Chicago, IL, USA) [24]. Finally, the channels were rinsed with deionized water.




2.5. Isotachophoresis


Isotachophoresis separation of the two model organic dyes—amaranth red and bromophenol blue—was performed as follows (the conditions were adopted from [25,26,27]). First, the channels were rinsed with 1 mg.mL−1 of 2-hydroxyethylcellulose in deionized water. They were then filled with electrolytes. The leading electrolyte was 10 mmol.L−1 of HCl titrated by histidine to pH 6.0, and the terminating electrolyte was 10 mmol.L−1 of MES titrated by histidine to pH 6.0. Both dyes were diluted in the terminating electrolyte. The separation was driven by the application of a 200 V voltage using the Consort EV 243 power supply (Labicom, Olomouc, Czech Republic).





3. Results and Discussion


The first aim of our work was to adopt the ESCARGOT methodology [22] to produce PDMS-based microfluidic devices for electrodriven separation. Linear channels were produced from ABS filaments and poured into PDMS. The microdevices were then put into acetone and sonicated. However, the ABS structures were quite stable; they rested for more than 8 h. Hence, we put the microdevices into only acetone and kept them at room temperature. The ABS structures were fully removed after 2 weeks. This led us to test the use of a BVOH filament, which is dissolvable in hot water (BVOH is also more user-friendly for 3D printing because similar conditions to PLA are used). The BVOH structures were poured into PDMS, and the microdevices were inserted in hot water and sonicated. When using water at ~60 °C, the BVOH structures dissolved after more than 12 h. While using water near the boiling point (~90 °C), the BVOH structures dissolved in approximately 6 h. This is much better than using ABS, but it is still a bit too long.



This led us to the study of the mechanical removal of the 3D-printed structures to produce PDMS-based microdevices. Two production concepts were designed, which led to the fabrication of (i) monolithic PDMS microdevices and (ii) bonded PDMS microdevices (see Figure 1). The monolithic microdevices are produced similarly to the ESCARGOT devices. The 3D-printed channel structures are fully inserted in PDMS. These 3D-printed structures should also contain printed inlets (which should be out of PDMS). The channels are inside the microdevice after the 3D-printed structures’ removal, and they are ready to be used. On the other hand, the bonded (stamped) microdevices are based on the formation of 3D-printed plane channels (i) floating on PDMS or (ii) glued to the base of the Petri dish where PDMS is poured. After the removal of the 3D-printed structures, the PDMS part (with imprints) should be bonded, e.g., to the glass slide, using a standard oxygen plasma procedure.



3.1. Monolithic PDMS Microdevices


The key aspect of the monolithic PDMS microdevices is the mechanical removal. It should not destroy the internal structure made by the 3D printing. Moreover, the channels’ dimension should be as small as possible, but the limitation is also given by the 3D printer (FDM in our case). We studied the use of straight channels formed from one, two, three, and four layers of the printed material (PLA and ASA filaments). The channels were ended with cylinders with a diameter that fit the input of a common syringe. After pouring PDMS, the removal of the 3D-printed structures started with the removal of the cylinders by breaking their connection with the channels by simply bending the whole PDMS device (see Figure S1 in the Supporting Material). Then, the channels were removed by using tweezers, together with bending the device. Concerning the more complicated structures (T-channels or cross-channels), the joint should also be broken.



Then, we studied the effect of the number of 3D-printed layers. One layer meant the formation of a small channel, but the 3D-printing process was not repeatable, and the 3D-printed channels could be easily bent (overall, less than 5% of all the printed channels could be used). The four-layer-based channel was strong and easy to operate with quite a bigger diameter of the final channel. However, it was difficult to break the joints when inserted into PDMS. The mechanical removal also mostly led to the damage of the channels’ structure. The two-/three-layer-based channels were in between. As optimal channels, we chose the three-layer-based channels since they are easier to operate and they can also be easily broken inside PDMS. The channel cross section is shown in Figure S2a in the Supporting Material. The production procedure (3D-printed structure removal) can theoretically damage PDMS. Hence, we studied the reproducibility of the preparation. First, the channels were checked under an optical microscope to avoid any visible destruction. We did not observe any wrong device during our study. Then, we studied the repeatability of migration times of two model dyes using isotachophoresis; see the procedure below. Here, the repeatability (device-per-device, N = 5) was higher than 90%, which represents quite a good result for such a low-cost and fast approach. We also checked the width of the channel in PDMS, measuring 10 points in at least a 3 mm distance (in one microdevice). The relative error was calculated to be about 8%.




3.2. Bonded PDMS Microdevices


As described before, the two methodologies were studied to form bonded PDMS microdevices: (i) floating 3D-printed structures on PDMS before curing and (ii) adhesion of 3D-printed structures to the base of the Petri dish where PDMS was poured (Figure S3 in the Supporting Material). The floating methodology was easier for production because the 3D-printed object was carefully placed on PDMS before it was cured. However, this was only possible for lighter objects that could float on PDMS. In addition, the size of the channels (depth) was given by the weight of the 3D-printed object. After PDMS was cured, the 3D-printed object could be easily removed mechanically or by using the appropriate solvent (acetone for ABS or water for BVOH), which disturbed the contact of the filament and PDMS, and then the 3D-printed object could be mechanically removed easily. The second possibility was more laborious, but the production was more reproducible. The 3D-printed object was glued to the base of the Petri dish where PDMS was poured. We studied the use of common double-sided adhesive tape, common fast-acting (super)glue, and the PDMS prepolymer. The adhesive tape interacted with PDMS, and PDMS’s structure was destroyed. Using superglue and the PDMS prepolymer gave similar results (both could be used), but the PDMS prepolymer was cheaper in our low-series production because it was also used in subsequent steps. The removal of the 3D-printed structures after PDMS’s curing was quite easy because PDMS was removed frequently without the 3D-printed object. Finally, PDMS was cut and bonded to the glass slides using oxygen plasma. The example of the channel cross section is shown in Figure S2b in the Supporting Material. The number of 3D-printed layers had a similar effect, as described in the previous paragraph. Moreover, the fewer number of layers was profitable when using the floating methodology. Contrary to the previous setup, this production procedure is not so sensitive for the PDMS damage. However, we studied the reproducibility of the preparation, too. First, the channels were checked under an optical microscope, and then the repeatability of migration times of two model dyes using isotachophoresis was analyzed. Here, the repeatability (device-per-device, N = 5) was higher than 92%. The width of the channel in PDMS, measuring 10 points in at least a 3 mm distance (in one microdevice), was measured, too, with a relative error of about 5%.




3.3. Proof-of-Concept Applications


Both the monolithic and the bonded PDMS microdevices were tested in the three proof-of-concept applications: capture of magnetic microparticles using a straight-channel microdevice, formation of droplets using a T-channel microdevice, and the isotachophoresis separation of model organic dyes using a cross-channel microdevice. The applications were chosen based on their increasing difficulty as well as the potential applicability of the devices.



First, straight-channel-based microdevices were prepared using both setups. A strong neodymium-based magnet (field strength 332 mT) was put in the middle of the device, and commercial magnetic microparticles dispersed in deionized water were inserted into the channel using a common syringe. The microparticles were captured in the channel. Then, they were then rinsed with deionized water with a blue dye. There was no visible release of the microparticles (Figure 2). Hence, these microdevices can be used for capturing magnetic particles and then for capturing other compounds if the particles are properly modified. Both setups (monolithic and bonded) gave the same results and therefore opened the way for the low-cost production of simple bioassays.



We then prepared T-channel microdevices to study the formation of droplets. Droplet microfluidics is important in many research fields, for example, medicine and biology [28,29,30]. Aqueous droplets are formed in an inert, non-polar, biocompatible solvent. As a proof-of-concept, we used deionized water with red dye as the aqueous phase and Fluorinert FC-770 as the non-polar phase. First, the whole microdevice was rinsed with Fluorinert FC-770. Next, we applied the flow of the aqueous phase from the channel perpendicular to the main straight channel. The flow was regulated by the pressure applied on the syringes. Figure 3 represents the results (a video can also be found in the Supporting Material). Both setups to produce PDMS microdevices are successful. The droplets are quite big compared to the classical microfluidic way. However, they are formed at low cost without using commercial instruments. If pressure regulators or commercial pumps are used, the droplets will be more precise in terms of their size as well as frequency. However, generally, we proved that both the production processes can be used in droplet microfluidics.



Finally, cross-channel microdevices were prepared to test the possibility of the isotachophoresis separation of the two model organic dyes: amaranth red and bromophenol blue. The leading electrolyte was 10 mmol.L−1 of HCl titrated by histidine to pH 6.0, and the terminating electrolyte was 10 mmol.L−1 of MES titrated by histidine to pH 6.0. A mixture of both dyes was diluted by the leading electrolyte. The dyes were electrokinetically loaded into the main channel from the side channels; then, separation occurred in the main channel. The operation is given in detail in Figure S4 in the Supporting Material. As can be seen in Figure 4 (and Figure S5 in the Supporting Material), separation was possible.



This proved that both setups (monolithic and bonded) can be used to produce PDMS-based microdevices for separation. Moreover, the structure of the channel (including its surface inequalities due to both 3D printing of more lines and the removal of 3D-printed parts) did not have a negative effect on the isotachophoresis separation. This is important from the point of view of preparation of microdevices in the comparison with traditional PDMS microdevices. Our setup does not need any highly expensive way of production, and it can be used for a few purposes. There are some other low-cost preparation methods, including laser cutting and scribing adhesive tape [31,32,33]. However, lasers are still more expensive. Scribing and cutting are interesting but should be done carefully to obtain repeatable channels. In our work, we tried to build up a platform for fast and low-cost preparation of microdevices that can be fabricated and also used for little or non-trained personnel. This is of great importance in the testing market. The post-COVID era will increase the needs for small numbers of high-tech labs and lots of self-testing devices. In addition, we believe our approach, including isotachophoresis separation, can be one of the self-testing solutions.





4. Conclusions


In this work, we developed two setups for the low-cost production of PDMS microdevices by using 3D-printed scaffold removal. The first consisted of the production of monolithic PDMS devices using mechanical removal of 3D-printed channels. The second represented the production of a PDMS device with stamped 3D-printed channels (using their chemical as well as mechanical removal), which needed to be bonded to glass slides by oxygen plasma. Both setups were successfully used in three proof-of-concept applications: capture of magnetic microparticles, formation of droplets, and isotachophoresis separation of model organic dyes. Hence, both low-cost production setups can be used in many applications in the field of microfluidics. Monolithic microdevices are, of course, limited in their complexity since they require slow and precise mechanical removal of the 3D-printed parts. Bonded microdevices do not seem to be as limited, and they can be produced with a little bit more precision. Hence, we believe that bonded microdevices are more advantageous for electrodriven separations as well as microfluidics.
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Figure 1. Design of PDMS-based microdevices using 3D-printed scaffold removal: (a) monolithic microdevices; (b) bonded microdevices. 
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Figure 2. Example of the capture of microparticles; the arrow indicates microparticles. 
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Figure 3. Example of the production of droplets using a monolithic PDMS-based device: (a) scheme of the setup; (b) formation of droplets. 
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Figure 4. Example of isotachophoresis on a bonded PDMS microdevice: (a) injection of the sample (t = 0 s), (b) injection of the sample (t = 30 s), (c) injection of the sample (t = 60 s), (d) separation (t = 0 s), (e) migration of the dyes (t = 20 s), and (f) separation. Arrows show the separated dyes; blue cable “+” and red cable “−”. 
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