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Abstract

:

A femtosecond laser can be used for single or multiple writing processes to create sub 10-μm lines or holes directly without the use of masks. In this study, we characterized the depth and width of micro-channels created by femtosecond laser micro-scribing in polydimethylsiloxane (PDMS) under various energy doses (1%, 5%, 10%, 15% and 20%) and laser beam passes (5, 10 and 15). Based on a microfluidic simulation in a bio-application, a DNA distributor was designed and fabricated based on an energy dose of 5% and a laser beam pass of 5. The simulated depth and width of the micro-channels was 3.58 and 5.27 μm, respectively. The depth and width of the micro-channels were linearly proportional to the energy dose and the number of laser beam passes. In a DNA distribution experiment, a brighter fluorescent intensity for YOYO-1 Iodide with DNA was observed in the middle channels with longer DNA. In addition, the velocity was the lowest as estimated in the computational simulation. The polymer processability of the femtosecond laser and the bio-applicability of the DNA distributor were successfully confirmed. Therefore, a promising technique for the maskless fabrication of sub 10-μm bio-microfluidic channels was demonstrated.
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1. Introduction


A femtosecond laser, which emits optical pulses with a femtosecond duration, has been used as a versatile tool for single or multiple writing processes to create lines or holes directly [1]. This laser capability has enabled the expansion of its applications to a wide range of bioengineering and biomedicine applications, such as surgery, treatment, drug screening, detection, diagnostics, drug delivery, and analysis [2,3,4,5,6,7,8,9,10,11,12,13]. There are several other advantages as follows. A femtosecond laser can be used to process a variety of materials, including glasses, semiconductor materials, and polymers [14,15]. Complicated patterns can be generated for a micro-scale to nano-scale without using a mask [16]. An ultrafast laser process can be performed regardless of the clean room classification.



In the 2010s, the femtosecond laser system has become more reliable, robust, and practical. As the heat transfer from bulk thermal conduction becomes longer than the electron–phonon interaction time, damages from laser ablation occur due to heat diffusion into the surroundings. This has been reduced significantly with the increased stability of the high speed (femtosecond) laser process [17]. In addition, the storage of multi-photon absorption inside transparent materials has enabled it to generate three-dimensional internal micro-patterns in transparent materials [18]. The improved features of the femtosecond laser system have facilitated three-dimensional (3D) pattern-embedded micro-fabrication of soft materials as well as high quality surface micromachining. Therefore, the femtosecond laser system is suitable for use in bio-applications.



Polydimethylsiloxane (PDMS) is a soft and transparent material suitable for ultrafast laser machining. PDMS is one of the most popular polymers in microfluidics and bio-applications due to its high thermal stability, low cost, and excellent biocompatibility. This has generated a lot of interest in PDMS-based laser micromachining [4]. Wolfe et al. described the use of a Ti: sapphire laser to create a topographical structure on a flat surface of PDMS [19]. This application has extended the use of soft-lithography to rapid prototyping of the devices. Darvish et al. characterized the key parameters (sample speed, number of passes, and laser power) for ultrafast laser machining of micro-channels fabricated in PDMS [20]. Yong et al. fabricated a low-cost, high-quality, concave PDMS micro-lens array using high-speed line-scanning of femtosecond laser pulses [21]. Lu et al. reported the fabrication of solvent-tunable PDMS micro-lenses using a femtosecond laser direct writing technique through a multi-photon absorption process [22]. Stankova et al. presented an experimental investigation on the effects of process parameters on a medical grade PDMS elastomer processed by a laser source [23]. Surdo et al. presented a direct single-step process to address the challenges encountered in laser nano-patterning of transparent elastomeric membranes with and without tension [24]. Farshchian et al. demonstrated a facile single step laser treatment process to create a superhydrophobic PDMS surface [25]. Selimovic et al. suggested the laser-based fabrication of arrays of conical micro-wells for cell culture applications [26]. Piraino et al. introduced simple-to-use polyester micro-assay microfluidic platform for 3D stem cell research using laser ablation [27]. Kim et al. performed the customization of femtosecond laser ablation at low energy to fabricate microfluidic channels less than 1-μm wide and 2-μm tall [28]. In order to generate and culture multiple 3D cell spheroids, Lopa et al. introduced laser-based rapid prototype techniques for PDMS multi-well chips [29].



In general, obtaining information on the size distribution of DNA in a sample solution has been challenging. Thus, in this study, we proposed a simple and quick method to evaluate the size distribution of DNA in a solution prior to performing the main experiment. A DNA distributor as a bio-application was micromachined using the direct femtosecond laser process. Micro-channels were fabricated on a PDMS block using various energy doses and number of laser beam passes. Then, the width and depth of the ablated micro-channels were characterized. Based on the computational simulation results, the DNA distributor was designed and fabricated with the selected beam conditions. The performance of DNA distribution in the laser-ablated DNA distributor was investigated under a fluorescent microscope.




2. Methods


2.1. PDMS Sample Preparation


This study focused on the fabrication of microfluidic channels for DNA distribution using femtosecond laser micro-scribing in PDMS (Sylgard 184 silicone elastomer kit; Dow Corning, Midland, MI, USA). To prepare a PDMS block (length × width × thickness of 75 mm × 25 mm × 5 mm) for femtosecond laser ablation, the silicone elastomer was mixed with the curing agent at a ratio of 10:1. The mixed silicone elastomer was poured into a glass petri dish, placed in a vacuum desiccator (DURAN Group GmbH, Mainz, Germany) to degas the PDMS for 20 min, and then cured in an oven at 80 °C for 1 h.




2.2. Micro-Scribing with a Femtosecond Laser


A femtosecond pulsed laser system was used to fabricate the microfluidic channels. A seed laser (PHAROS PH1-SP; Light Conversion, Vilnius, Lithuania) can deliver a maximum pulse energy of 1.5 mJ, maximum average power of 6.0 W, and full width at a half maximum (FWHM) of 8.2 nm at a wavelength of 1030 nm. The laser system selected the wavelength among the fundamental (1030 nm), second (515 nm), and third (343 nm) harmonic outputs. The resulting beam used for laser micro-scribing was Gaussian with a beam quality of M2 < 1.3 (TEM00) and a wavelength of λ = 343 nm. The laser wavelength in ultraviolet (UV) region (i.e., 343 nm) has a smaller divergence angle than that of near infrared (NIR) region (i.e., 1030 nm), leading to the increase of the absorption rate of the irradiated laser beam in a transparent material such as PDMS [23]. In addition, when PDMS is scribed with a shorter laser wavelength, ablation and thermal damage can be minimized. Considering these advantages, the wavelength of 343 nm was chosen for laser micro-machining of PDMS.



When using λ = 343 nm, maximum average power and maximum pulse energy were 1.8 W and 0.375 mJ, respectively. The laser micro-scribing was performed using a moving stage (ABG 10000, Aerotech, Inc., Pittsburgh, PA, USA) at a speed of 500 mm/s. The laser beam was focused on the sample using a microscopic objective lens (M Plan Apochromat NUV; Mitutoyo, Kawasaki, Japan) with a numerical aperture (NA) of 0.42. The focal length of lens and the beam spot size were 15 mm and 5 μm, respectively. The central peak of the beam was approximately 1 μm in diameter. The pulse repetition rate (PRR) and pulse duration were 600 kHz and 190 fs, respectively.



A 5-mm thick PDMS block was placed on the jig for micro-scribing in an unenclosed environment, as shown in Figure 1a. To find the exact location of the top surface, the sample was scanned using the focal distance of the attenuated beam in the z-direction. A two-dimensional channel drawing was loaded into the laser system, and laser micro-scribing was performed. To investigate the geometric characteristics of the micro-channels, the PDMS samples were ablated with various laser intensities according to the energy doses of 1%, 5%, 10%, 15% and 20% of the energy peak (Table 1). For each energy dose, the process was performed with 5, 10 and 15 laser beam passes. After the laser micro-scribing, the samples were cross-sectioned using a razor blade. The cross-sectioned surface was sputter-coated with Pt, and then the geometric features were observed using a field-emission scanning electron microscope (FE-SEM; SUPRA 40VP, Carl Zeiss AG, Oberkochen, Germany). The experiments were repeated three times to confirm reproducibility.




2.3. DNA Preparation


A volume of 100 μL of lambda DNA (concentration of 0.3 μg/μL) (SD0011, Thermo Scientific, Waltham, MA, USA) was stained with 7.5 μL of YOYO-1 dye (Y3601, Invitrogen, Carlsbad, CA, USA) and placed in an oven at 55 °C for 2 h. To remove the remaining dye, 100 μL of Tris-Borate-EDTA buffer (TBE) solution (T7527, Sigma-Aldrich, St. Louis, MO, USA) was added to the incubated solution, and then the stained lambda DNA solution was centrifuged with a centrifugal force (RCF) of 12,000 g for 2 min. The washing process was repeated three times. The washed DNA solution was filtered through a 0.2-μm syringe filter. Finally, the filtered DNA solution was diluted to 1:100 in TBE buffer.




2.4. Computer-Aided Simulation for Microfluidic Channel Optimization


A three-dimensional microfluidic simulation model was prepared to conduct the design optimization of the DNA distributor using Comsol Multiphysics Software (COMSOL, Inc., Burlington, MA, USA). Based on the geometrical characterization results of the laser-ablated micro-channels, the computer-aided simulation was performed on the triangular sections scribed at an energy dose of 5% with 5 laser beam passes. The geometry of the DNA distributor consisted of one inlet and one outlet. For the computational analysis, the incompressible Navier–Stokes equation was applied as follows.
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The parameters   ρ   and u are the density and velocity vector, respectively. The parameter F is the volume force vector, and p is the pressure. The dynamic viscosity, μ, was constant at 0.001 Pa s. The flow was laminar with no slip conditions on the wall. The computer-aided simulation was conducted with inlet flow rates of 1, 5 and 15    μ L   /min. To obtain smooth results, second-order Lagrangian mesh elements were applied, and a mesh optimization was conducted until the results converged to less than 0.1% error. After the numerical analysis was completed, the cross-section of the micro-channel was cut and the velocity distribution on the 2D surface was analyzed. In addition, the average velocity for each channel section was calculated at different flow rates.




2.5. Microfluidic Experiment


To prepare the microfluidic experiments, the PDMS block with the fabricated micro-channels from a femtosecond laser was cut to 25 mm × 25 mm. A 1-mm hole was created in the PDMS substrate with micro-channels to prepare the inlet and outlet for the DNA-based microfluidic experiments. To bond the prepared PDMS substrate to a glass slide (25 mm × 75 mm), the PDMS substrate was exposed to plasma discharge (Cute MP; FEMTO science, Yongin, Korea) at a power of 70 W for 40 s. The pressure of the plasma process was maintained at 0.5 torr. The inlet of the microfluidic system was connected to a syringe pump (Pump 11 Elite; Harvard apparatus, Holliston, MA, USA). The DNA solution was infused into the microfluidic channels at flow rates of 1, 5 and 15 μL/min. The DNA distribution in the micro-channels was observed using a fluorescent microscope. The experiments were conducted three times. The difference in fluorescence intensity for YOYO-1 DNA at each channel location was analyzed using Image J software (NIH, Bethesda, ML, USA) developed at the National Institute of Health (NIH).





3. Results and Discussions


3.1. Analysis of Cross-Sectional Images of the Micro-channel


Figure 2 shows the cross-sectional images of the femtosecond laser micro-scribed micro-channels. As the energy doses increased, the width and depth of the micro-channels increased. Specifically, for a larger energy dose, a larger bulging area was observed near the micro-scribed surface due to thermal damage. In addition, the shape of the bottom changed from a sharp to blunt edge as the thermal energy from the laser beam accumulated. The number of laser beam passes was one of the major parameters that affected the micro-channel geometry. When the laser beam passes were repeated, the width and depth were wider and deeper, respectively. As the laser beam pass increased, the equilateral triangle was stretched in the depth direction to form an isosceles triangle. Similar to the energy dose, the sharpness of the bottom area was gradually changed from a sharp to a blunt edge. The repeated laser beam passes caused a larger bulging area because of thermal damage.



Increasing the energy dose and number of laser beam passes had a synergic effect on the generation of the micro-channel. A deeper ablation was observed when the energy dose was 15 laser beam passes than at 5 laser beam passes. This could occur because the accumulated energy from the repeated laser beam passes did not have time to dissipate to the surroundings, thus increasing the thermal damage.



Figure 3a,b show the measured depth and width of the micro-channels using SEM images, respectively. Overall, the depth and width of the micro-channels were proportional to the energy dose and number of laser beam passes. In Figure 3a, the depth at five laser beam passes linearly increased from 1.20 ± 0.40 to 12.99 ± 2.12 μm when the energy dose changed from 1 to 20%. The slope, the ratio of the channel depth to the energy dose, at five laser beam passes was 0.619 (R2 = 0.998). The slopes at 10 and 15 laser beam passes were 1.7 and 3 times greater the slope at five laser beam passes, respectively. Even though the energy dose increased equally, a nonlinear accumulation of total thermal energy could occur as the laser beam passes were repeated.



In Figure 3b, the width at 5 laser beam passes linearly increased from 3.36 ± 0.51 to 7.52 ± 0.63 μm when the energy dose increased from 1 to 20%. The slope, the ratio of the channel width to the energy dose, at 5 laser beam passes was 0.215 (R2 = 0.910). The change in the channel width was smaller than that of the depth of the micro-channels due to the Gaussian distribution and straight laser beam. The slopes at 10 and 15 laser beam passes were 1.6 and 2.5 times greater than the slope at 5 laser beam passes, respectively, due to the analysis previously discussed for Figure 3a.



Figure 4 shows the cross-section of the micro-channel that was normalized to a triangle at 5, 10 and 15 laser beam passes. When comparing the shape of the triangles, the aspect ratios of the depth to width were proportionally increased with an increase in the laser beam passes.



In Figure 4a at a laser beam passes of 5, the aspect ratio changed from 0.71 ± 0.13 to 3.45 ± 0.28 when the energy dose was increased from 1 to 20%. Therefore, the larger energy dose generated a higher aspect ratio. In Figure 4b,c, as the laser beam passes increased to 15 passes, the aspect ratios were increased from 1.33 ± 0.29 to 4.07 ± 0.27 and 1.71 ± 0.79 to 5.50 ± 0.24 at 10 and 15 laser beam passes, respectively. The depth and width of the laser micro-scribed channels were 3 times greater with an increase of the laser beam passes; however, the aspect ratio was approximately 1.6 times greater.




3.2. Computational Analysis of a DNA Distributor


Figure 5a shows the simulated cross-sectional velocity profiles in the 3D modeled micro-channels at DNA solution flow rates of 1, 5 and 15 μL/min. At a flow rate of 1 μL/min, no significant difference in velocity was observed between the channels. As the flow rate of the DNA solution was increased, the velocity demonstrated a larger increase in the outer channel than in the middle channel. This trend became more pronounced when the flow rate increased to 15 μL/min. The peak average velocity in the outer channel was 5.72 m/s, while the minimum average velocity estimated in the middle channel was 4.05 m/s.




3.3. Microfluidic Distribution of the DNA


Figure 5b shows a microscopic image of the fabricated DNA distributor using femtosecond laser ablation (energy dose of 5% at a laser beam pass of 5) based on the computer simulation results. The channel width observed from the top view was uniform, and the bulging phenomenon was minimal around the channel profile. However, at the beginning and end of laser processing, the micro-channels were slightly larger as the laser beam remained longer at the tip. Thus, the channels were further extended over the intersection to prevent laser-machining errors at the beginning and end of laser processing. During fabrication, we found that the dimensions of the crossings between two perpendicular channels became about 1.5 times larger due to double irradiation of the laser beam. However, the double laser-irradiated region was very small compared to the grid spacing (200 μm). Thus, we assumed that the size effect of the double-irradiated crossings on microfluidic flow was negligible.



Figure 5c,d represent a fluorescent image and relative light intensity graph of the YOYO-1 DNA solution distributed using the microfluidics at a flow rate of 5 μL/min. For the microfluidics, the fluorescent intensities varied with the location due to various velocity gradients as the DNA solution passed through the micro-channels. When the fluorescence intensity was the lowest (Figure 5d), the fastest velocity profile was shown in the computational simulation (Figure 5c). Our assumption was that the longer DNA would show the higher fluorescent intensity based on the previously reported reference [30]. For a brighter fluorescent intensity, longer DNA would be distributed at a low flow velocity. The fluorescent intensity was analyzed using a line profile, as shown in Figure 5d. At the highest flow rate of 15 μL/min, the relative light intensity was the strongest at the middle channels (90.84 ± 15.56 at point IV) and the lowest at the outer channel (53.87 ± 5.69 at point I). In this study, we tried to show the feasibility of DNA distributor fabricated by femtosecond laser micro-scribing, which can lead to a novel technique to easily and simply determine how various lengths of DNA are mixed in a solution.





4. Conclusions


To confirm the polymer processability of the femtosecond laser, microfluidic channels of 10 μm or less were fabricated. The shape of the femtosecond laser-processed micro-channels was characterized by the energy dose and the number of laser beam passes. The depth and width of the micro-channels showed a linear proportion as a function of the energy dose and the number of laser beam passes. The DNA distributor was fabricated with an energy dose of 5% at a laser beam pass of 5 based on the optimized design using the computational simulation. In the simulation, a higher velocity in the outer channel than in the middle channel was estimated. From the DNA distribution experiment, a brighter fluorescent intensity for YOYO-1 DNA was observed at the middle channels, where the lowest velocity profile was expected in the computational simulation. Therefore, longer DNA can flow at a low velocity creating a brighter fluorescent intensity. Conversely, shorter DNA can be distributed in the outer channel, where the velocity was fast.



The fabricated DNA distributor was successfully applied to experimentally determine the distribution of DNA with various lengths. Ultrafast laser micro-scribing is a versatile processing technique for the maskless fabrication of various sub 10-μm microfluidic channels in polymer-based bio-applications.
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Figure 1. Schematics of the femtosecond laser micro-scribing system and a microfluidic DNA distributor. Image (a) shows an overall view of the femtosecond laser system; Image (b) shows the jig used for polymer sample fixation; and (c) shows a schematic of the microfluidic DNA distributor (channel spacing 200 μm × 200 μm). 
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Figure 2. Cross-sectional SEM images of the femtosecond laser micro-scribed channels according to the energy doses and number of laser beam passes. All scale bars are 10 μm. 
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Figure 3. Characterization of the (a) depth and (b) width of the femtosecond laser micro-scribed channels. 
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Figure 4. Aspect ratio of the cross-section of the laser-scribed micro-channels at (a) 5 passes; (b) 10 passes; and (c) 15 passes, respectively; (d) a cross-sectional SEM image of micro-channel for aspect ratio measurement. 
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Figure 5. Simulated and experimental results of a microfluidic DNA distributor. Image (a) shows the simulated channel velocity at various flow rates (1, 5 and 15 μL/min); Image (b) shows the DNA distributor fabricated at an energy dose of 5% and a laser beam pass of 5; Image (c) shows a fluorescent image of DNA flowing at various channels with the simulated cross-sectional velocity; and (d) shows the characterization of the relative light intensity for YOYO-1 DNA according to the dotted line profile in (c) with various flow rates in the micro-channels. 
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Table 1. Summary of the laser micro-scribing parameter at various laser intensities in terms of energy doses.
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	Energy Dose (%)
	Pulse Energy (μJ)
	Laser Fluence (J/cm2)





	1
	3.75
	19.11



	5
	18.75
	95.54



	10
	37.50
	191.08



	15
	56.25
	286.62



	20
	75.00
	382.16
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