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Abstract

:

Increasing research efforts have been recently devoted to the coupling of microfluidic chip-integrated ionization sources to mass spectrometry (MS). Considering the limitations of microfluidic chips coupled with MS such as liquid spreading, dead volume, and manufacturing troubles, this paper proposed a new three-dimensional (3D) flow focusing (FF)-based microfluidic ionizing source. This source was fabricated by using the two-layer soft lithography method with the nozzle placed inside the chip. The proposed FF microfluidic chip can realize two-phase FF with liquid in air regardless of the viscosity ratio of the continuous and dispersed phases. MS results indicated that the proposed FF microfluidic chip can work as a typical electrical ionization source when supplied with high voltage and can serve as a sonic ionization source without high voltage. The electro-sonic FF ionization microfluidic chip is expected to have various applications, particularly in the integrated and portable applications of ionization sources coupling with portable MS in the future.
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1. Introduction


Electrospray ionization (ESI) mass spectrometry (MS) is vital to biological analysis because of its excellent ability to detect a great number of analytes with high sensitivity while also identifying the structural information of detected species [1,2,3]. Given the rapid development of miniaturization technology, microfluidic chips have an important function in metabolomics, proteomics, and other biochemical analyses owing to their efficient and fast separations [4,5] in integrating complex sample pretreatment functions and their automatic manipulation of small sample volumes [6,7,8,9,10]. Therefore, the coupling of microfluidic chips with MS has received considerable research interest [11], particularly the design and improvement of chip-based microfluidic ionization sources coupled with MS, which has been comprehensively reviewed by a large number of research groups [12,13,14,15].



Chip-based ESI sources are generally divided into three types. The first type is the monolithic source, which involves direct spraying from the edge of a microfluidic chip, and was earlier reported by Karger et al. [16] and Ramsey et al. [17]. Although this approach is relatively simple, the ionization source encountered liquid spreading problems along the edge of the chip, thus resulting in the formation of a large Taylor cone. Tapered fused-silica capillaries, which served as electrospray tips, were inserted into the end of the channels in the microfluidic chips to overcome this problem [18]. However, the fabrication process of this approach was complicated. Moreover, large dead volumes were generated at the interfaces between the capillaries and micro-channels, thus causing a possible degradation of electrospray performance. In recent years, an increasing number of research efforts adopted the design of integrating a nozzle in the microfluidic chip during the fabrication process [6,14]. This approach undoubtedly possesses distinct advantages compared with previous methods. Moreover, this integrated nozzle was also developed from one to multi-nozzles for high-throughput analysis [19,20]. However, all of these microfluidic chip ionization sources have only one channel of liquid for spraying and a lack air for atomization which is usually used in macro-ionization [21].



Various materials have been employed to fabricate microfluidic chips, such as silicon [22,23], polymers (SU-8) [24,25,26], polymethyl methacrylate [27], glass [28,29,30,31] and poly (dimethylsiloxane) (PDMS) [1,6,32,33]. Koster et al. [14] conducted a thorough summary of the materials used for microfluidic chips. The fabrication process of integrated nozzles on microfluidic chips was generally easier with polymers than with glass [34,35]. Among these polymers, PDMS was a widely used material for microfluidic chips because of its chemical inertness, low cost, and rapid fabrication process by soft lithography [36]. Furthermore, compared with the hydrophilic surface of glass, the hydrophobic surface of PDMS can effectively prevent the solution from wetting the nozzle; otherwise, the wetted surface may preclude the operation at nano-ESI flow rates and lead to unstable electrospray [1,37]. However, forming an excellent electrospray nozzle integrated on the microfluidic chip was difficult because the PDMS was soft and the tip was too small to cut at the two sides of the micro-channel front end. A raised layer cutting method by two-layer soft lithography was proposed in our previous work [38]. Furthermore, the electrospray nozzle was exposed outside and was prone to damage [1,6,32,33,39,40].



Inspired by flow focusing (FF) technology [41,42,43,44,45,46,47,48,49], we designed an inner electrospray nozzle that has a Taylor cone at the front end of the liquid (dispersed phase) channel focused by the air (continuous phase) inside the microfluidic chip. This water in the air FF regime was first implemented by using a coaxial capillary tube closed to a small hole in a thin plate [50,51,52,53,54]. However, the fabrication processes were complicated and coupling such devices with other microfluidic modules was difficult. For microfluidic FF, two-dimensional (2D) microfluidic FF chips always require dispersed and continuous phases with low viscosity ratios (approximately 0.1) [55], such as water in oil [41] and air in water [47]. The high viscosity ratio is also barely implemented because the 2D micro-channel will form a shear flow and the dispersed phase will not break [56,57,58,59]. Alternatively, the three-dimensional (3D) microfluidic FF chip, in which the dispersed phase was suspended in the continuous phase without contacting the micro-channel wall, can guarantee the formation of extensional flow. This 3D microfluidic FF chip is suitable for applications with low viscosity ratios, such as generating submicron emulsion droplets and cell counting [49,60,61] and high viscosity ratios. Although the 3D microfluidic FF chip was recently implemented by Trebbin et al. [62] at a high viscosity ratio to produce liquid jets and droplets, we conceived and designed a similar 3D microfluidic FF chip independently and differently. Compared with the three-layer structure of Trebbin et al., we fabricated the microfluidic chip by two soft lithography layers with the nozzle inside the microfluidic chip to simplify the fabrication and alignment processes and protect the nozzle from damage. Furthermore, the 3D microfluidic FF chip implemented in the current paper was adopted as an ionization source. MS data were collected to verify the ionization performances with different applied voltages. In the rest of the paper, we mainly demonstrated the fabrication process of the proposed microfluidic chip by two-layer soft lithography. A corresponding 2D microfluidic FF chip was also fabricated, and the spray effects of the 2D and the 3D microfluidic chips were compared. The jet diameter of the dispersed phase from the 3D microfluidic chip was measured with the changes of the dispersed phase flow rate and the continuous phase pressure. Furthermore, we also show the simple application of the proposed microfluidic chip coupled with MS. The results indicated that such a microfluidic chip can obtain stable MS signals with and without high voltage supply. We called this microfluidic chip with an ion source the electro-sonic FF ionization (ESFFI) microfluidic chip, which has a potential for portable and on-site applications in the future.




2. Materials and Methods


2.1. Materials and Equipment


HPLC-grade methanol and acetic acid were purchased from Merck KGaA (Darmstadt, Germany). PDMS elastomer base and curing agent (Sylgard 184) were purchased from Dow Corning (Midland, MI, USA). SU-8 photoresist was obtained from Microchem Co. (Naton, MA, USA). All dispersed and continuous phases were supplied to the microfluidic chip through short stainless steel tubes embedded in the reservoirs using a pneumatic pressure controller (MFCS, Fluigent, Paris, France). This pneumatic pressure controller allowed almost non-fluctuating flow, which was essential to form a steady Taylor cone. The high voltage generated by a power supply module (Dongwen High Voltage Power Supply Co., Ltd, Tianjin, China) was applied on the stainless steel tube of the dispersed phase. A high-speed camera (ORCA-flash, Hamamatsu, Shizuoka, Japan) mounted on an inverted optical microscope (Eclipse TE 2000-U, Nikon, Tokyo, Japan) was used to observe the experiments. An ion trap mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) was coupled to the microfluidic chip, and MS data were collected by the computer.




2.2. ESFFI Microfluidic Chip Design


In most cases, the top and bottom halves of the nozzle tend to separate at the tip, thus seriously affecting the spray effect. A Taylor cone was generated inside the microfluidic chip in this paper to avoid this drawback. Moreover, the proposed structure and corresponding fabrication process avoided the trouble of cutting along the edge of the nozzle outlet. The trumpet-shaped outlet was instead cut far from the nozzle (Figure 1a), thus greatly improving the craftwork and allowing the rapid mass production of microfluidic chips. The ESFFI microfluidic chip was designed by using AutoCAD (Autodesk, Inc., San Rafael, CA, USA). The photo mask and nozzle size of the ESFFI microfluidic chip are presented in Figure 1. In this paper, two photo masks (patterns illustrated in Figure 1a) were manufactured by Qingyi Precision Mask Making Co., Ltd (Shenzhen, China). The heights of the liquid and air channels were approximately 25 and 320 μm, respectively. An air channel higher than the liquid channel leads to a better focus effect because a higher air channel is beneficial for the dispersed phase to suspend in the continuous phase without coming into contact with micro-channel walls.
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Figure 1. Photo mask and nozzle size of the ESFFI microfluidic chip. (a) Photo mask of the ESFFI microfluidic chip. (b) Nozzle size of the ESFFI microfluidic chip. 
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2.3. Fabrication of the ESFFI Microfluidic Chip


The ESFFI microfluidic chip was fabricated by using standard multilayer soft lithography techniques [63,64]. The fabrication process is shown in Supplementary Materials Figure S1. First, a 3 inches silicon wafer template was treated in oxygen plasma (PDC-M, Chengdu Mingheng Science & Technology Co., Ltd, Chengdu, China) to prevent SU-8 photoresist from spalling. The negative photoresist (SU-8 2025) was then poured on the silicon wafer. After spinning and soft-baking, the photoresist was exposed via photo mask A, which served as the liquid channel layer, providing an orifice and a channel for the dispersed phase. After post-baking and cooling, a second layer of negative photoresist (SU-8 2100) was applied at the top of the liquid channel layer without developing uncross-linked photoresist. After spinning and soft-baking, photo mask B, which was aligned with the liquid channel layer by a UV aligner, was placed on the second layer photoresist for exposure. This second layer served as the air channel layer with the channels and orifice for the continuous phase. After post-baking and cooling, the SU-8 photoresist layers were developed in propylene glycol methyl ether acetate and were then placed on the thermostatic platform for hard-baking. This SU-8 master mold served as the top layer of our micro-channel structure. Another SU-8 master mold with patterns of photo mask B only was prepared on another 3 inches silicon wafer template for the bottom PDMS micro-channel half-devices. This SU-8 master mold only had an air channel; thus, the fabrication process needed exposure only once. The final structures of the SU-8 master mold are illustrated in Figure 2.
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Figure 2. (Top)Top and bottom SU-8 master molds; (Middle) Top and bottom structures of PDMS under SEM; (Bottom) monolithic microfluidic chip. 






Figure 2. (Top)Top and bottom SU-8 master molds; (Middle) Top and bottom structures of PDMS under SEM; (Bottom) monolithic microfluidic chip.



[image: Micromachines 06 01463 g002]





The SU-8 master molds were modified with vapor-phase TMCS (Chlorotrimethylsilane) to assist the release of PDMS membranes. PDMS base monomer and curing agent were mixed at 10:1 and 5:1 weight ratios and then poured on the top and bottom SU-8 master molds, respectively. After degassing under vacuum, these two half-pieces were cured in an oven at 80 °C for 2 h. Subsequently, two PDMS slabs were peeled off from the two master molds and the inlet holes were drilled at the top by using a punch (tip diameter of 0.75 mm). Figure 2 also shows the two PDMS slabs under a scanning electron microscope (SEM). In general, great attention should be paid in removing the excess PDMS along the nozzle tips with a razor blade. However, in this paper, a razor blade was only required to cut off the excess PDMS along the expansion trumpet-shaped outlet far from the nozzle. Both PDMS slabs, which were treated in oxygen plasma (PDC-M, Chengdu Mingheng Science & Technology Co., Ltd, Chengdu, China), were then bonded together by using an xyz-manipulator (Beijing Optical Century Instrument Co., Ltd., Beijing, China). Following assembly, the PDMS microfluidic chip was cured at 80 °C for 72 h to enhance the strength of the bonding and to eliminate the MS background from PDMS. The final monolithic microfluidic chip is shown in Figure 2.





3. Results and Discussions


For the 2D micro-channel, most research efforts have focused on the low viscosity ratio of the dispersed phase and continuous phase, such as water in oil [41] and air in water [47]. For comparison, a corresponding 2D micro-channel was fabricated in this paper and the high viscosity ratio of the dispersed phase and continuous phase was performed. The spray effect of the 2D microfluidic chip in Figure 3 shows that the dispersed phase was separated into two layers (arrow pointed). The shear force caused by the viscosity of the walls prevented the dispersed phase from separation.
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Figure 3. Spray effect of the 2D and 3D microfluidic chips. Pressures on the continuous and dispersed phases were 300 and 210 mbar, respectively. High voltage (2 kV) was added on the dispersed phase. The arrow pointed to the two layers of the liquid separated by the shear force of the walls. 
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However, for the 3D microfluidic FF chip proposed in this paper, the dispersed phase was suspended in the continuous phase without contacting the micro-channel walls, thus allowing this phase to separate at the high viscosity ratio. Figure 3 shows the perfect spray effect of the 3D microfluidic chip, in which a steady thin liquid jet was smoothly emitted from the Taylor cone inside the microfluidic chip and extended over several millimeters out of the microfluidic chip; this effect was similar to the liquid jet from the macrostructure device [54] and microfluidic chip [62] for FF. Under this circumstance, dead volume and liquid spreading problems, which often occur in microfluidic chips for MS, were successfully settled. Figure 4 shows the details of the jet diameters with the changes of the dispersed phase flow rates. With increasing dispersed phase flow rates, the liquid jet diameters increased in power (Figure 5). The dispersed phase flow rates varied from 120 to 8400 μL/h, and the pressures on the continuous phase were 150 and 300 mbar. However, the jet diameters in our study were larger than the data calculated from the theoretical formula [54] as shown in Equation (1):


    d j  =    (    8  ρ l     π 2  ∆  P g     )    1 / 4    Q  1 / 2     



(1)




where     ρ l     is the density of the dispersed phase,    ∆  P g     is the pressure drop of the continuous phase, and Q is the dispersed phase flow rate; these phases presented similar power function relationships, thus revealing that such a microfluidic liquid jet system may share the same underlying physics with the well-studied orifice plate configuration [62]. The differences between the rectangular channels and circular pipelines might contribute to the error. Moreover, the selected position of the jet diameter and measurement error might also introduce data dissimilarity. In general, the liquid jet diameter was proportional to the ratio of the pressure applied on the dispersed phase and continuous phase.



This microfluidic chip can be widely used in various fields in which micron or sub-micron liquid jets are generated, such as inkjet printing, pharmaceutical formulations [62] and MS. As an example application of this ESFFI microfluidic chip, we presented the experiment of coupling this microfluidic chip with MS. Figure 6 displays the configuration of the ESFFI microfluidic chip with the mass spectrometer. The microfluidic chip was held by a laboratory-built platform and coupled to the ion trap mass spectrometer. The distance between the microfluidic chip emitter and the MS inlet orifice is about 2–10 mm, which was adjusted by a xyz-manipulator.
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Figure 4. Jet diameter changes with dispersed phase flow rates under the gas pressure of 150 mbar. The red box presents the position of the liquid jet diameter. 
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Figure 5. Comparison of experimental data with theoretical predictions for jet diameter and breakup transition analyses. 
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Figure 6. The configuration of the xyz-manipulator microfluidic chip with the mass spectrometer. 
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Figure 7 shows the MS signal of 41.5 μM Reserpine in 3/1 (v/v) methanol/water with 0.2% formic acid, the gas pressures for the liquid channel and air channel were about 250 mbar and 300 mbar, respectively, the high voltage added on the liquid channel was 5 kV. Figure 7a is the 10 min mean signal of reserpine and the signal stability is shown in Figure 7b; the relative standard deviation (RSD) for the total ion current (TIC) was 5.02%. To further demonstrate the stability of this microfluidic chip, the batch-to-batch reproducibility of three chips were displayed in Figure 8. The experimental conditions were the same as the signal shown in Figure 7. The mean TICs for chip 1 to 3 were 1.17 × 106, 8.87 × 105, and 8.4 × 105, respectively; chip 1 had a slightly high TIC. However, the base peak mean intensity of these three chips was about 5.32 × 104, which verified the batch-to-batch reproducibility and stability of the proposed ESFFI microfluidic chip. Moreover, several samples with lower-concentration Rhodamine B solution were tested, and the MS spectra with a 0.01 μM analyte is shown in Figure 9. The Rhodamine B signal intensity is at the level of 102 ion counts, and can be estimated to be more than three times larger than the nearby baseline signal (although there are existing several miscellaneous peaks with the same level). Thus, we can speculate that, though not rigorously, the limit of detection of such an electro-sonic flow focusing ionization microfluidic chip for Rhodamine B can be lower than 0.01 μM.
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Figure 7. MS signal of 41.5 μM Reserpine in 3/1 (v/v) methanol/water with 0.2% formic acid, the gas pressures for the liquid channel and air channel were about 250 mbar and 300 mbar, respectively, and the high voltage added on liquid channel was 5 kV. (a) Reserpine ion counts of the 10 min mean signal. (b) Reserpine signal stability of 10 min; TIC mass range from 550 to 850. 
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Figure 8. The batch-to-batch reproducibility of three chips. The conditions for three chips were the same: 41.5 μM Reserpine in 3/1 (v/v) methanol/water with 0.2% formic acid, the gas pressures for the liquid channel and air channel were about 250 and 300 mbar, respectively, and the high voltage added on the liquid channel was 5 kV. TIC mass range from 550 to 850. 
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Figure 9. MS signal of 0.01 μM Rhodamine B in methanol with 0.2% formic acid, the gas pressures for the liquid channel and air channel were about 250 and 300 mbar, respectively, and the high voltage added on the liquid channel was 5 kV. 
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Figure 10 shows the MS signal of 6 μM Rhodamine B in methanol with 0.2% formic acid, which was the mean signal within 30 s. Figure 10a shows the signal of the ESFFI microfluidic chip without high voltage (i.e., the sonic FF ionization (SFFI) mode). Figure 10b demonstrates the signal of the ESFFI microfluidic chip with high voltage (4 kV) (i.e., the ESFFI mode). Figure 10c shows the signal of the commercial ESI source with high voltage (4 kV). The signal-to-noise ratios (SNR) of the SFFI mode, the ESFFI mode, and the commercial ESI source were 54, 31, and 14, respectively. The SNR of the SFFI mode was nearly two times larger than that of the ESFFI mode and three times larger than that of the commercial ESI source. Although the signal intensity can be enhanced greatly with high voltage (Figure 10b,c), the relative intensity without high voltage (Figure 10a) was enough to analyze the samples because of the high SNR. The characteristics of the SFFI mode with high SNR and low signal intensity were consistent with sonic spray ionization (SSI) [65,66].
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Figure 10. MS spectra of the 6 μM solution of Rhodamine B molecules in methanol with 0.2% formic acid. The flow rate of the solution was 20 μL/min, and the gas pressure for the ESFFI microfluidic chip was 300 mbar. (a) ESFFI microfluidic chip without high voltage; (b) ESFFI microfluidic chip with 4 kV; (c) Commercial ESI sources with 4 kV. 






Figure 10. MS spectra of the 6 μM solution of Rhodamine B molecules in methanol with 0.2% formic acid. The flow rate of the solution was 20 μL/min, and the gas pressure for the ESFFI microfluidic chip was 300 mbar. (a) ESFFI microfluidic chip without high voltage; (b) ESFFI microfluidic chip with 4 kV; (c) Commercial ESI sources with 4 kV.



[image: Micromachines 06 01463 g010]





In most cases, a high voltage was always applied on the ESI sources except for the SSI [65,66]. In the present paper, an ionization source coupled with MS without high voltage was realized in the ESFFI microfluidic chip, thus possibly introducing significant convenience when a high voltage is unavailable. Under such an SFFI mode, given that the velocity of the gas flow in the outlet was estimated to be similar to the sonic speed, we supposed that the mechanism of this gaseous ion formation might be the same as SSI; this mechanism was mainly assumed to be the charge residue model [67]. However, when electricity was applied on the ESFFI microfluidic chip, such an ESFFI mode was mainly similar to the ESI source. Electricity was the main energy source for gaseous ion formation even though high-velocity gas flow also made contributions to gaseous ion formation. In both cases, gas flow played an important role of FF and assisted liquid atomizing, thus successfully settling the problems of dead volume and the limitation of ionization methods in the microfluidic chip. Furthermore, the pressure on the gas flow was nearly an order of magnitude lower than the macrostructure SSI. Therefore, the SFFI mode was more suitable for portable and integration applications on MS in the future, whereas the ESFFI mode could be applied to analyze various samples. For detailed applications, interested readers could refer to the macrostructure of electro-SSI [68]. Although the intensity of the SFFI mode was low in this report, recent works [69,70] have alleviated the ion suppression effect. On the basis of the current work, efforts will be performed in our future work to optimize the structure to realize self-aspirated samples by using the negative pressure caused by the high-velocity gas flow in the microfluidic chip. The driven forces for the liquid channel might be ignored, which will further simplify the accessory equipment for portable applications.




4. Conclusions


A new 3D ESFFI microfluidic chip structure was proposed to successfully realize steady water in air FF with the nozzle inside the microfluidic chip by simple fabrication craft. This ESFFI microfluidic chip combined the liquid and air in one channel; this process was beneficial for liquid atomizing. The measurement results demonstrated that this approach fully avoided the disadvantages of the microfluidic chips coupled with MS including liquid spreading, dead volume, and manufacturing troubles. This approach also realized sample ionization in the microfluidic chip without the assistance of high voltage. These properties might make significant contributions to the integration and portable applications of ionization sources coupled with MS. In addition to the MS field, this microfluidic chip might also be widely used in other fields such as inkjet printing and microfiber spinning in which micron liquid jets are needed.
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