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Abstract

:

A perfluoropolyether (PFPE)-based microfluidic device with cross-junction microchannels was fabricated with the purpose of producing uniform droplets. The microchannels were developed using CO2 laser engraving. PFPE was chosen as the main material because of its excellent solvent resistance. Polyethylene glycol diacrylate (PEGDA) was mixed with PFPE to improve the hydrophilic properties of the inner surface of the microchannels. The microchannels of the polydimethylsiloxane microfluidic device had a blackened and rough surface after laser engraving. By contrast, the inner surface of the microchannels of the PFPE-PEGDA microfluidic device exhibited a smooth surface. The lower power and faster speed of the laser engraving resulted in the development of microchannels with smaller dimensions, less than 30 μm in depth. The PFPE and PFPE-PEGDA microfluidic devices were used to produce uniform water and oil droplets, respectively. We believe that such a PFPE-based microfluidic device with CO2-laser-engraved microchannels can be used as a microfluidic platform for applications in various fields, such as biological and chemical analysis, extraction, and synthesis.
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1. Introduction


Microfluidic devices with microchannels have attracted considerable attention in a variety of scientific and industrial fields. Microfluidic devices can be used for the production of lipid nanoparticles and uniform droplets; the synthesis of chemical and biological molecules; the analyses of protein, DNA, and mRNA; and so on [1]. The key issues that must be considered in microfluidic devices are the properties of the device material; the pattern, dimension, and surface morphology of the microchannel; and the fabrication method. For example, the device material should be carefully selected in consideration of its hydrophilicity, chemical stability, mechanical properties, and non-specific adsorption of introduced ingredients for a specific application.



Monodisperse emulsion droplets have received considerable attention in many areas of research and industry. Emulsions can be characterized as a function of many factors, such as the properties of the dispersed and continuous phases, the volume fraction of the dispersed phase, the particle size distribution of the droplets, and the stability. There are three major types of emulsions: water-in-oil (W/O) emulsions, oil-in-water (O/W) emulsions, and complex emulsions such as water-in-oil-in-water (W/O/W) emulsions [2].



Droplet-based microfluidics has a wide range of applications in biomedicine, including particle synthesis, biomolecule analysis, cell biology, diagnostics, drug delivery, and drug screening. In biological studies, for example, droplet-based microfluidic devices have been used to extract DNA [3] and to perform DNA sequencing [4]. Zubaite et al., used droplet-based microfluidic systems for the separation, amplification, and condensation of single DNA molecules from 3 pL volume droplets and converted them into DNA–magnesium–inorganic pyrophosphate particles ~1300 nm in size [5]. In addition, in the pharmaceutical industry, it is essential to design drug delivery systems with small droplet size and narrow size distribution to avoid variability in drug release behavior and to prevent the accumulation of microspheres at undesirable sites in the body [6].



The microfluidic emulsification strategy enables the production of emulsions with low polydispersity (less than 5%) in a highly reproducible manner [7,8]. A narrow size distribution is also desirable as it mitigates Ostwald ripening by reducing the effective La-place pressure difference that induces mass transfer [9]. It can provide 100% encapsulation efficiency and ensure the precise and independent control of droplet size and droplet production rate [10]. In addition, different functional ingredients can be added to the droplets independently and individually during or after the droplet generation [11,12,13]. The generation of monodisperse emulsions with small microfluidic devices has led to many studies in different fields and many excellent reviews, including food applications [11].



A variety of materials have been used for the fabrication of microfluidic devices, including polydimethylsiloxane (PDMS), organic polymers (e.g., polystyrene), silicon wafer, and glass. PDMS and organic polymers have been widely used in microfluidic devices due to their optical transparency, biocompatibility, low cost, and ease of fabrication [14].



Oil droplet generation is key to several microfluidic applications, including the synthesis of advanced nano- and micro-materials in oil droplet microreactors. O/W emulsions are widely used in food processing [15], pharmaceutical or clinical production [16], material production [17], cosmetics [18], the petroleum industry [19], etc. O/W emulsions usually require the use of organic solvents capable of dissolving polymers [20]. However, the high hydrophobicity and swelling properties of organic solvents of PDMS and organic polymers have limited their expanded use [21]. Therefore, it is not easy to produce O/W emulsions with microfluidic devices using these materials.



In response, there have been efforts to modify the surface of PDMS to make it hydrophilic. Oxidation of the polymer surface using plasma or ultraviolet (UV) irradiation is a well-established approach to produce hydrophilic PDMS surfaces. However, as the uncured hydrophobic polymer chain migrates to the surface, this effect is temporary and the hydrophobic properties of PDMS return after a few minutes of plasma or UV exposure [22]. In addition, the main drawbacks of silicon wafer or glass microfluidic devices are the complexity and cost involved in manufacturing.



Therefore, a perfluoropolyether (PFPE) elastomer has recently emerged as an alternative material in microfluidic devices due to its attractive properties, such as its low surface energy and toxicity, along with well its high chemical and solvent resistance rates [23]. The low surface energy of PFPE is imparted by fluorination, and the difluoromethylene (-CF2-), difluoromethyl (-CF2H), and trifluoromethyl (-CF3) groups were found to exhibit surface energies of ~18 mN/m, ~15 mN/m, and ~6 mN/m, respectively [24]. In addition, the maximum swelling ratio of 3D-printed PFPE methacrylate was reported to be about 14% in tetrahydrofuran and about 11% in dichloromethane, which is 10-fold lower compared to PDMS [25]. The PFPE elastomer can be crosslinked by the addition of photoinitiator under UV light, thus suggesting its excellent processability. Despite the above advantages, PFPE still has limitations in its various applications, particularly in the production of oil-in-water emulsions, due to its hydrophobic properties [26].



The methods that can be used in the fabrication of microfluidic devices generally include injection molding [27], replica molding, three-dimensional (3D) printing [28], soft lithography [29], micromachining (e.g., laser engraving), and some combination of these techniques. Several researchers have fabricated microfluidic devices with micro- or nanochannels using these methods. Li et al., demonstrated this microfluidic approach through injection molding for single-cell analysis, which can organize up to 10,000 single cells [30]. Jans et al., developed a 3D-printed parallelized microfluidic device platform for the fabrication of dual emulsion and microgel capsules [31]. Bartlett et al., fabricated round-shape microchannels using soft lithography techniques [32]. Soft lithography technology is based on optical projection printing system technology and is one of the key processes for processing and fabricating microchannels. It is a technology that reduces the image on the mask using a high-aperture lens system and projects it onto a photoresist-coated substrate to engrave patterns on the surface of the substrate [33]. It is commonly used to fabricate microfluidic devices because of its high reproducibility and accuracy. Despite these advantages, the method requires a complicated process and expensive fabrication equipment [34].



However, the laser engraving technique has the notable advantages of high resolution and precision, non-contact qualities, and high-speed fabrication [35,36]. Moreover, laser engraving machines are commercially available and do not require high levels of user training for efficient operation [37]. Micropatterning using CO2 laser engraving is based on the photothermal effect. When the focused beam is focused onto the surface, the local temperature rapidly increases, and the materials melt and immediately evaporate, ultimately creating microchannels [38]. The laser beam rapidly raises the temperature of the small area on the surface of the material due to the pulsed nature and small spot size [39]. Therefore, CO2 laser engraving is more suitable for the processing of materials with low thermal conductivity (non-metals), such as polymers like polymethylmethacrylate (PMMA) [40]. For example, Yang et al., developed a PMMA-based microfluidic device for the encapsulation of ampicillin in chitosan microparticles using CO2 laser engraving [41]. Nayak et al., evaluated the effects of CO2 laser power and velocity on surface profiles, such as the depth and width of the microchannels of PMMA substrates [42]. Yuan et al., carried out experimental and theoretical investigations on the processing of PMMA substrates using CO2 laser engraving [43]. However, when organic solvents diffuse into PMMA, PMMA expands, causing local stress or deformation and cracking due to the diffusion-induced movement of PMMA chains. Therefore, PMMA is not suitable for organic solvents and its use in microfluidic devices is difficult [44]. In addition, the surface achieved on CO2-laser-engraved PMMA microchannels is rough. Roughness typically ranges in a few microns [45,46,47]. Initially, the influence of the CO2 laser parameters on the microchannel dimensions and the laser–PMMA interaction theory received much attention [48]. The increase in surface roughness can be easily explained by the increased formation of polymer residues due to variations in convective material ejection. This is exacerbated at higher power, due to raster scanning and the Gaussian power distribution of the laser. As the power is increased to achieve greater engraving depth, the size of the resulting grooves increases. This effect could be minimized using solvent vapor polymer reflow cleaning [49].



In addition, most polymers leave contamination and soot when exposed to CO2 lasers, so only some polymers are suitable for CO2 laser engravings. For example, polycarbonate leaves a brown mark when exposed to CO2 lasers [50]. As a result, CO2 lasers have the disadvantage of being limited to the materials that are available.



The aim of this study, which overcomes these limitations, is to produce microfluidic chips using hydrophilic-modified UV-cured PFPE polymers with high thermal stability in a simple way using CO2 laser engraving. Also, hydrophilic modification is easily achieved by UV curing after mixing a fluorinated polymer with a hydrophilic polymer [51].



In this work, we used CO2 laser engraving to fabricate a PFPE-based microfluidic device with cross-junction microchannels. Polyethylene glycol diacrylate (PEGDA), a hydrophilic macromonomer, was added to increase the hydrophilicity of the inner surface of the microchannels. The dimensions (width and depth) of the microchannels were controlled by adjusting the power and speed of the laser. We demonstrated the production of uniform water or oil droplets using PFPE and PFPE-PEGDA microfluidic devices, respectively. To our knowledge, this is the first demonstration of a PFPE-based microfluidic device micropatterned using a CO2 laser.




2. Materials and Methods


2.1. Materials


PDMS elastomers and curing agents (Sylgard® 184) were purchased from Sewang Hitech (Gimpo, Republic of Korea). PFPE (Fluorolink MD 700, Solvay, Brussels, Belgium), PEG diacrylate (PEG-DA, Mn = 575, Sigma-Aldrich, St. Louis, MO, USA), and 2-hydroxy-2-methylpro-piophenone (Darocur 1173, Sigma-Aldrich) were used to fabricate the microfluidic device. Poly(vinyl alcohol) (PVA, Aldrich) was used as the surfactant for the continuous water phase. Isododecane (Alfa Aesar, Haverhill, MA, USA) was used for the oil phase.




2.2. Laser Engraving onto PDMS and PFPE-PEGDA Slabs


A PDMS mixture (PDMS elastomers and curing agents in a 10:1 weight ratio) was poured into a petri dish. After degassing for 30 min, the petri dish was placed in an oven at a temperature of 60 °C for 5 h for curing, after which a PDMS slab was obtained. A mixture of PFPE and a photoinitiator with or without PEGDA (20 wt.% against PFPE) was poured between two glass plates containing a spacer (0.5 mm thickness) and then exposed to UV light for 100 s using UV curing equipment (Innocure 850, Lichtzen, Gunpo-si, Republic of Korea). PFPE and PFPE-PEGDA20 slabs were obtained after washing with ethanol.



The obtained PDMS and PFPE-PEGDA slabs were engraved using a CO2 laser (40W, ML4040, Machine Shop, Paju-si, Republic of Korea). The laser power ranged from 6.4 to 9.1% at a speed of 1.0 mm/s, whereas the laser speed ranged from 0.5 to 5.0 mm/s at a power of 7.0%. After laser engraving, the inner surface morphology of the micropattern was observed using a scanning electron microscope (SEM, S-4800, Hitachi, Tokyo, Japan). The width and depth of the micropatterns were measured from the SEM images using ImageJ software 1.54 (National Institutes of Health, Bethesda, MD, USA).



Atomic force microscopy (AFM, MultiMode E-8-AM, Bruker, Ettlingen, Germany) was used to evaluate the roughness of the engraved micropatterns in PDMS, PFPE, and PFPE-PEGDA20 slabs. The laser power and speed were adjusted to 7.0% and 5.0 mm/s, respectively. The scanning area was 5.0 μm × 5.0 μm and the scanning rate was 0.8 Hz. The mean surface roughness (Ra) and root mean square roughness (Rq) were measured using a Nanoscope (Veeco Instruments Inc., Plainview, NY, USA) (n = 5).




2.3. Fabrication of Microfluidic Devices


A microfluidic pattern was designed using Adobe Illustrator software 2020 (Adobe Systems, San Jose, CA, USA). The microfluidic device consisted of one PDMS layer and two PFPE-based layers. The top PDMS layer had three holes for the inlet and outlet. The second layer was a PFPE slab with three holes matched to the top PDMS layer. The third PFPE-based layer had microchannels that were engraved using the CO2 laser at 6.7% power and a 1.0 mm/s speed. The CO2 laser engraving for the cross-junction was conducted at 6.4% power and a 1.0 mm/s speed to minimize the dimensions of the microchannels. The laser speed and power for all holes were 1.0 mm/s and 11.0%, respectively. The three layers were combined and fixed between the two acrylic plates using screws. The inlet and outlet holes were connected to the syringe pumps (KDS 100, KD Scientific, Boston, MA, USA) using Tygon® tubes (1/32 inch I.D. × 1/16 inch O.D.).




2.4. Production of Emulsion Droplets


For the oil-in-water emulsion, isododecane and an aqueous PVA solution (2 wt.%) were used as the discontinuous and continuous phases, respectively, in the PFPE-PEG microfluidic device. Meanwhile, for the water-in-oil emulsion, water and isododecane with Span 80 (2 wt.%) were used as the discontinuous and continuous phases, respectively, in the PFPE microfluidic device. The flow rate of the continuous phase was varied from 1.0 to 8.0 mL/h at 0.2 mL/h of the flow rate of the discontinuous phase. The emulsion droplet formation was observed using a high-speed camera (CR3000x2, Optronis, Kehl, Germany) to obtain time-lapse images. The produced droplets were collected on a concave glass and observed through optical microscopy (BX-43, Olympus, Tokyo, Japan). The average sizes and standard deviations of the droplets were calculated using ImageJ (National Institutes of Health, Bethesda, MD, USA) (n = 100). The coefficient of variation (CV) was calculated by dividing the standard deviation by the average value.





3. Results and Discussion


3.1. Fabrication of the Microfluidic Device


Scheme 1 presents schematic illustrations of the laser engraving and the fabrication of the PFPE-based microfluidic device for uniform droplet generation. The microfluidic device consisted of three layers: a PDMS top layer with inlet/outlet holes, a second PFPE-based layer with inlet/outlet holes, and a third PFPE-based layer with microchannels engraved by a CO2 laser. There were two inlets for the introduction of continuous and discontinuous phase and an outlet for the outflow of the resulting emulsion droplets. The continuous phase introduced through the inlet was divided into two flow streams. The discontinuous phase was in contact with the continuous phase at the cross-junction and grew over time, pinching off to form emulsion droplets [52].




3.2. Surface Roughness of Engraved Microchannel


Figure 1 shows the optical microscopy and SEM images of the PDMS, PFPE, and PFPE-PEGDA20 microchannels engraved at the different power rates of 7.0 and 8.5%. PEGDA Mn 575 exhibited more miscibility to PFPE and stronger mechanical properties. As shown in Figure 1A, the PDMS microchannel engraved at 7.0 and 8.5% power rates exhibited a scorched and rough surface. It is known that the thermal defects of the scorching, shrinkage, and re-solidification of PDMS after laser ablation are prone to form on the surface [53,54]. Moreover, the depth of the engraved microchannel was relatively low. By contrast, the surfaces of PFPE-based microchannels remained unburnt and smooth (Figure 1B,C). The depths of the PFPE and PFPE-PEGDA20 microchannels were greater than the depth of the PDMS microchannel due to the thermal stability of PFPE [55,56]. The cross-section of the microchannels can have the shape of a triangle or a semicircle. The rectangle cross-section cannot be fabricated with this laser engraving method.



The surface roughness of the microchannels affects the fluid flow characteristics and adsorption of the introduced molecules [57,58]. A smoother surface of the microchannel might generally be preferable in most microfluidic devices. Therefore, AFM analysis was conducted to quantitatively evaluate the surface roughness of the engraved microchannels.



Figure 2A–C show topographic images of the PDMS, PFPE, and PFPE-PEGDA20 microchannels, respectively. A brighter color represents an area with higher height in the AFM topography images. The PDMS microchannel exhibited many sharp peaks and valleys, thus suggesting a rough surface. Meanwhile, the PFPE-based microchannels showed relatively smooth surface morphology. Figure 2D shows the quantified Ra and Rq values of the three different microchannels. The Ra (94.06 ± 26.83 nm) and Rq (122.7 ± 35.69 nm) values of the PDMS microchannel were much higher than those of the PFPE and PFPE-PEGDA20 microchannels. The PFPE microchannel (Ra 3.65 ± 0.73 nm and Rq 4.78 ± 0.97 nm) exhibited a smoother surface than the PFPE-PEGDA20 microchannels (Ra 20.78 ± 8.26 nm and Rq 26.77 ± 10.49 nm). This can be attributed to the fact that PFPE exhibits high chemical and thermal stability due to the strong C-F and C-C bonding and shielding of the polymer backbone via the sheathing of the unpaired electrons of the fluorine atoms [59].




3.3. Dimension Control of Laser-Engraved Microchannel


The PDMS, PFPE, and PFPE-PEGDA20 slabs were engraved by varying the laser power and speed, and then the dimensions of the microchannels were examined in terms of width and depth. To observe the effect of laser power, it was varied from 6.5 to 9.0% at a laser speed of 1.0 mm/s. Meanwhile, to observe the effect of laser speed, it was adjusted from 1.0 to 6.0 mm/s at a laser power rate of 7.0%. In all the slabs, a higher laser power resulted in higher energy transfer and more heat, which increased the width and depth of the microchannel [60,61]. As the laser speed increased, the energy transfer per unit length decreased, thus resulting in reductions in both the width and depth of the microchannel [60].



By changing the laser power and speed, the microchannel width and depth of the PDMS slab could be controlled in the ranges of 96.78 ± 1.74 to 326.03 ± 6.89 μm (for the range of width depending on the power), 48.19 ± 8.27 to 87.23 ± 6.49 μm (for the range of depth depending on the power), 106.80 ± 3.04 to 214.18 ± 9.70 μm (for the range of width depending on speed), and 29.48 ± 9.00 to 59.04 ± 3.15 μm (for the range of depth depending on speed), as shown in Figure 3A. The width and depth of the microchannels of the PFPE slabs were in the range of 147.51 ± 4.56 to 246.77 ± 1.72 μm (for the range of width depending on the power), 83.32 ± 33.77 to 405.31 ± 10.16 μm (for the range of depth depending on the power), 158.87 ± 4.60 to 201.91 ± 2.75 μm (for the range of width depending on speed), and 42.20 ± 9.94 to 265.54 ± 31.39 μm (for the range of depth depending on speed), as shown in Figure 3B. For the PFPE-PEGDA20 slab, the width and depth were controlled from 115.09 ± 5.32 to 235.90 ± 0.87 μm (for the range of width depending on the power), from 44.30 ± 24.98 to 390.23 ± 8.82 μm (for the range of depth depending on the power), from 149.25 ± 5.22 to 205.47 ± 8.75 μm (for the range of width depending on speed), and from 25.53 ± 9.55 to 192.79 ± 41.20 μm (for the range of depth depending on speed), as shown in Figure 3C.



Relative to the depth, the width of the microchannel in the PDMS slab was found to be highly dependent on the laser power and speed [62]. However, the depth of the microchannels in the PFPE-based slabs was substantially affected by the laser power and speed. This tendency might also be attributable to the thermal stability of PFPE. These results confirm that the dimensions of the microchannels can be easily adjusted based on the laser conditions.




3.4. Production of Emulsion Droplets


By utilizing the effect of the laser condition on the microchannel dimension, the PFPE and PFPE-PEGDA20 microfluidic devices were fabricated for the purpose of generating uniform emulsion droplets. The laser power and speed were determined appropriately for the inlet and outlet microchannels and cross-junction of the microfluidic device. The width and depth of the inlet and outlet microchannels fabricated at the conditions of 7.3% and 4.10 mm/s were 203.19 and 214.82 μm, respectively. In general, the size of the generated droplet was affected by the microchannel dimension of the cross-junction. Therefore, the laser power and speed for the cross-junction were set to 6.4% and 1.0 mm/s, respectively, to fabricate microchannels with small widths and depths.



In general, the hydrophobic and hydrophilic microchannels were found to be suitable for the generation of the W/O and O/W emulsion system, respectively. Therefore, the PFPE and PFPE-PEGDA20 microfluidic devices were successfully used for the continuous generation of the water and oil droplets, respectively. Figure 4A shows optical microscopy images and the variation in the sizes of water droplets generated in the PFPE microfluidic device. The flow rate of the continuous phase was varied from 1.0 to 8.0 mL/h. An increase in the flow rate of the continuous phase led to a decrease in droplet size from 169.43 ± 1.71 μm to 87.46 ± 1.49 μm, while the CV values remained under 3%, therefore suggesting high uniformity. Figure 4B shows time-lapse images of water droplet formation taken by the high-speed camera. One emulsion droplet was produced every 0.065 s at the PFPE cross-junction.



Figure 5A shows optical microscopy images and variations in the sizes of the oil droplets that were formed in the PFPE-PEGDA20 microfluidic device. An increase in the flow rate of the continuous phase from 1.0 to 8.0 mL/h led to a decrease in droplet size from 169.24 ± 2.45 μm to 99.07 ± 1.94 μm, while the CV was kept at less than 2%. The time-lapse images revealed that one emulsion droplet was produced every 0.060 s in the PFPE-PEGDA20 microfluidic device (Figure 5B).





4. Conclusions


We successfully fabricated a PFPE-based microfluidic device using a CO2 laser and demonstrated the continuous production of the uniform water or oil droplets. The CO2 laser engraving method can be a flexible, fast, low-cost, and versatile technique for the rapid prototyping of microchannels of PFPE-based microfluidic devices. The main features of our approach are as follows: (1) the fabrication of microchannels by employing laser engraving, (2) the creation of hydrophilic microchannels by adding PEGDA to PFPE, and (3) the production of monodisperse water or oil droplets with tunable sizes. Laser processing parameters (such as power and speed) showed a relationship with microchannel dimension. The dimensions of the microchannels can be easily controlled by adjusting the laser processing parameters. Both the sizes of the water and oil droplets were controlled to less than 100 μm by changing the dimensions of the cross-junction. We believe that the use of PFPE-based microfluidic devices can overcome the drawbacks of PDMS-based microfluidic devices. Beyond emulsion production, our next goals are focused on the fabrication of uniform microspheres using organic solvents for various applications, such as in the pharmaceutical, food, and cosmetic industries.
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Scheme 1. Development of microchannels using the CO2 laser engraving and fabrication of microfluidic devices for droplet generation. 
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Figure 1. Optical microscopy and SEM images of microchannel morphology at different laser power rates (7.0 and 8.5%) and laser speed of 1.0 mm/s for (A) PDMS, (B) PFPE, and (C) PFPE-PEGDA20 slabs. Scale bars are 200 μm and 400 μm. 
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Figure 2. Atomic force microscopy images of the laser-engraved microchannels for (A) PDMS, (B) PFPE, and (C) PFPE-PEGDA20 slabs. (D) Quantified surface roughness of average surface roughness (Ra) and root-mean-square roughness (Rq) of three different slabs. 
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Figure 3. Variations in microchannel width and depth at different laser power rates and speeds for (A) PDMS, (B) PFPE, and (C) PFPE-PEGDA20 slabs. 
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Figure 4. (A) Size and CV variations in water droplets with respect to the flow rate of the continuous phase in the PFPE microfluidic device and (B) representative time-lapse images at the cross-junction (1 mL/h of the continuous-phase flow rate). 






Figure 4. (A) Size and CV variations in water droplets with respect to the flow rate of the continuous phase in the PFPE microfluidic device and (B) representative time-lapse images at the cross-junction (1 mL/h of the continuous-phase flow rate).



[image: Micromachines 15 00599 g004]







[image: Micromachines 15 00599 g005] 





Figure 5. (A) Size and CV variations in oil droplets with respect to the flow rate of the continuous phase in the PFPE-PEGDA20 microfluidic device and (B) representative time-lapse images at the cross-junction (1 mL/h of the continuous-phase flow rate). 
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