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Abstract

:

Microfluidic devices have enormous potential and a wide range of applications. However, most applications end up as chip-in-a-lab systems because of power source constraints. This work focuses on reducing the reliance on the power network and expanding on the concept of a lab-on-a-chip for microfluidic devices. A cellulose-based radiator to reflect infrared (IR) radiation with wavelengths within the atmospheric window (8–13 µm) into outer space was fabricated. This process lowered the temperature inside the insulated environment. The difference in temperature was used to power a thermoelectric generator (TEG) and generate an electric current. This electric current was run through a DC-DC transformer to increase the voltage before being used to perform electrical cell lysis with a microfluidic device. This experimental setup successfully achieved 90% and 50% cell lysis efficiencies in ideal conditions and in field tests, respectively. This work demonstrated the possibility of utilizing the unique characteristics of a microfluidic device to perform an energy-intensive assay with minimal energy generated from a TEG and no initial power input for the system. The TEG system also required less maintenance than solar, wind, or hydroelectricity. The IR radiation process naturally allows for more dynamic working conditions for the entire system.
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1. Introduction


Microfluidic devices have been the focal point of many technologies, with promising concepts such as lab-on-chip [1], organ-on-chip, and human-on-chip systems [2,3], with the aim of creating eco-friendly, material-efficient, and energy-efficient testing platforms [4,5,6]. However, the potential of microfluidic devices is limited because of their dependency on large and bulky support machines. Moreover, power source requirements also limit the extensive usage of microfluidic devices in remote areas with little to no access to conventional power networks. Additionally, common alternative power sources, such as solar and wind power, are bulky, expensive, and labor-intensive to set up and maintain [7]. These financial and labor costs are not suitable for remote areas where these technologies are needed the most. However, thermoelectricity is a promising solution for this conundrum. Thermal energy can be converted directly into electric energy using a thermoelectric generator (TEG). Each thermocouple is composed of two different materials with opposite Seebeck coefficients. Thus, a TEG contains neither moving parts nor chemicals. This characteristic enables TEGs to function reliably in harsh environments with negligible maintenance and have a limited effect on the environment. Furthermore, owing to these advantages, considerable research has been devoted toward the potential of integrating TEGs into fabrics and accessories to harvest wasted body heat for powering small devices [8,9,10,11,12,13,14,15,16,17]. Although TEG-woven fabrics have significant potential applications, they are uncommon and expensive. Furthermore, actively maintaining a constant difference in temperature between the two sides of the TEG consumes more energy than the amount of energy generated by the TEG. Therefore, passively cooling one side of the TEG is a promising solution for achieving a temperature gradient. The improvement of technology has widened the range of applications for this type of passive radiative cooling [18,19,20]. The passive cooling process can be realized by exploiting the gap in the infrared (IR) absorption spectrum of the atmosphere, commonly called the IR atmospheric window. The atmosphere is transparent for wavelengths ranging from 8 to 13 µm. The thermal energy of the object is passively and slowly radiated in the form of IR radiation to outer space through the IR atmospheric window [21,22]. If IR radiation removes more thermal energy than the total thermal energy gain from the ambient environment, the object will be cooled [23,24]. A carefully insulated container with an IR emitter inside can reduce the interior temperature to a sub-ambient or below freezing temperature under direct sunlight when the interior of the container is a near vacuum [25,26,27]. Many strategies have been implemented to fabricate and optimize the efficiency of IR radiators. These methods include optimizing IR emissivity via the stimulation and fabrication of a multilayered coating, altering the nature of the material, carefully modifying the nano/microstructure of the surface, or a combination of these approaches to maximize the IR emissions [23,25,28,29,30,31,32,33,34,35,36,37,38].



In a remote area, identifying a sample using molecular diagnostics is not an easy task [39,40]. The lack of equipment and specialized chemicals make the use of conventional cell lysis methods to extract cells’ contents an insurmountable challenge. Electrical cell lysis, on the other hand, does not require specialized chemicals. Thus, it is a simpler, quicker, and less expensive approach for extracting cell molecules. This process uses a strong external electric field to disrupt and open pores in the cell membrane. The cell’s contents flow out, partially owing to the external electrical field. Because membrane disruption agent is not added, the product can be used directly without the need to eliminate the added chemicals. The entire cell lysis process is fast, effective, and labor saving, compared to other methods such as using mechanical force or heat shock. However, electrical cell lysis requires a high voltage for operation [41]. Fortunately, the development of microfluidic technology has enabled the use of minimal voltages to create an external electrical field sufficient to overcome the critical threshold to disintegrate cell membranes [42,43,44,45].



In this study, a small power station was built using a conventional TEG as the main power generator. The TEG was powered by the heat flux generated by reflecting IR radiation, with wavelengths within the atmospheric window, into outer space. The output of the TEG was then stepped up using a DC-DC transformer system and employed to perform electrical cell lysis in a microfluidic device. The final goal of this work is to offer a solution for the power network dependency when operating a microdevice. The concept is illustrated in Figure 1.



In Section 1, a short introduction about the potential of the microfluidic device and the current power source constraints were introduced. The working principle of the TEG, radiative cooling, and electrical cell lysis technique are described. Section 2 presents the materials and the methods used to fabricate and set up the power station and the microdevice. Section 3 discusses on the results. Section 4 describes the advantages and disadvantages, as well as possible future improvement.




2. Materials and Methods


The power station used a TEG as the generator. An IR radiator was employed to power the TEG. The electric current generated by the TEG was amplified by a DC-DC transformer system for the operation of the electrical cell lysis microdevice.



2.1. Materials


An ultra-low voltage boost converter model, MCU-3108 LTC-3108-1, was purchased from Analog Devices Inc., Wilmington, MA, USA. A transformer (ratio 1:100), LPR6235-752SMRB, was purchased from Coilcraft, Taiwan. A CPM-2C Peltier was purchased from CUI devices, Lake Oswego, OR, USA. HeLa cells, trypan blue solution, carbon paste, and silver paste were purchased from Sigma-Aldrich, St. Louis, MO, USA. Dulbecco’s Modified Eagle Medium (DMEM), penicillin-streptomycin solution (1:100), fetal bovine serum (FBS), Ca2+ and Mg2+-free salt solution, Dulbecco’s phosphate-buffered saline (DPBS) (1×, pH 7.4), trypsin/EDTA solution (0.25%), and trypsin neutralization solution were purchased from Sciencell Research Laboratories, Carlsbad, CA, USA. Hemocytometers were purchased from INCYTO, Republic of Korea. PDMS prepolymer (Sylgard 184) and a curing agent were purchased from Dow Corning, Midland, MI, USA.




2.2. Methods


2.2.1. Cell Culture and Harvesting


HeLa cells were seeded in a commercialized Petri dish at a concentration of 105 cells/mL, after which the cells were incubated in a humidified incubator at 37 °C and 5% CO2. The cells were cultured in DMEM and 10% FBS, and the cell medium was exchanged every two days. When confluency reached approximately 90%, DMEM was aspirated, and the cells were gently rinsed with DBPS. Subsequently, the trypsin/EDTA solution was added until the culture surface was completely covered. The dish was incubated at 37 °C for 1–3 min. The morphology of the cells was periodically monitored under a microscope until approximately 90% of the cells were detached from the cultured surface. Then, a trypsin-neutralizing solution was added. Next, the wall of the vessel was gently tapped to dislodge the remaining cells. The solution was then transferred into centrifuge tubes and centrifuged at 1000 rpm for 5 min at 10 °C. The suspension was discarded. The cells were resuspended in DMEM based on the usage. Finally, the cells were seeded at a concentration of 105 cells/cm2 in DMEM in a new culture vessel.




2.2.2. Fabrication of Cell Electrical Lysis Device


The device has a simple structure, as shown in the schematic Figure 2a. The first component of this device is a silicone tube with an outer diameter of 2.0 mm and an inner diameter of 1.0 mm. The second component is the electrodes. The electrodes were four hollow brass tubes with an outer diameter of 1.2 mm and an inner diameter of 1 mm. Figure 2b shows the scale and overall structure of the complete device. To fabricate the device, first, the silicone tube was cut to a suitable length to connect the electrodes. Second, the electrodes were inserted inside the silicone tube. Each electrode was positioned 0.5 mm apart. Then, each electrode was connected using separate wires. The cathode and anode were alternately connected to electrodes using a copper wire, as shown in Figure 2c. The device was designed to take full advantage of the characteristics of the microfluidic device, such as its small size, low cost per unit, and minimal use of samples. Conventional electrical cell lysis devices draw a large amount of energy from the power network to create a strong electrical field to disrupt the cell membrane. Conversely, microfluidic devices use a significantly smaller amount of power with a low voltage input. The microfluidic configuration enabled the electrodes to be placed at smaller intervals. This placement exponentially increases the strength of the electrical field in the microchannel without the need to increase the voltage. The constrictions in the channel also increase the strength of the electrical field to an adequate threshold to disrupt the cell membrane [46,47,48,49]. Additionally, empirical results have shown that a longer duration of direct current releases more cell contents [50].




2.2.3. Fabrication of Radiator


Figure 3a shows the layer composition of the radiator and fabrication process. As shown in Figure 3b, the radiator was fabricated from a base of a commercial cellulose fiber of size A4. First, a layer of carbon paste was carefully painted on the cellulose fiber sheet, leaving no gaps on the sheet when observed over a light source. This cellulose sheet was then allowed to dry in a convection oven at 80 °C for 30 min. The result of this process is shown in Figure 3c. Second, 10 g of the PDMS prepolymer and a curing agent were mixed at a ratio of 10:1 (w/w), and the mixture was spread evenly over the surface of the sheet. The result can be seen in Figure 3d. After the PDMS layer was cured at 80 °C for 30 min, the silver paste was coated on the surface of the PDMS layer. Figure 3e shows the final form of the radiator.




2.2.4. Fourier-Transform Infrared Spectroscopy (FT-IR) Analysis


The radiator was analyzed using an FT-IR analyzer (660-IR Varian, Allegiant Technologies). The absorptivity and emissivity of IR radiation ranging from 2.5 to 25 µm were used. Each sample was scanned using a total of 60 scans at a resolution of 2 cm−1. The data were collected using Resolution Pro.




2.2.5. Setup and Measurement of Thermoelectric Generation


First, a DC-DC transformer (ratio 1:100) was soldered onto the ultra-low voltage boost converter. Second, on the ultra-low voltage boost converter, VAUX, VS1, and VS2 were linked. All GNDs also needed to be linked or grounded for the device to operate. This setup enabled the system to achieve a maximum voltage of 4.9 V. Third, VIN and GND were connected to the TEG to supply power for the system. Finally, the power output was taken from GND and VOUT and connected to the electrical cell lysis device. Details of the connection and solder points of the front and back of the system are shown in Figure 4d,e, respectively.



For indoor testing, the TEG was placed on a heater to generate power. The temperature of the heater was set to be higher than the ambient temperature, ranging from 1 °C to 12 °C. Between each temperature treatment, the TEG was removed from the heater, placed on insulated Styrofoam, and then allowed to cool to room temperature for 10 min. The heater was also provided 10–20 min to stabilize at a new temperature. The output of the transformer system was connected to a multimeter to monitor the power output. The output was recorded five times at intervals of 1 min, and the results were averaged. The experimental setup is shown in Figure 4a.



For outdoor testing, the TEG was encased inside an insulated box. The insulated box had the outside and inside covered with an aluminum sheet, as shown in Figure 4b. The radiator was positioned on top of the TEG, as shown in Figure 4c. The container also had an IR-transparent wind shield composed of polyethylene. The center of the container was cut to expose one side of the TEG to the external environment. All gaps were sealed to create a partially insulated environment. The container was situated 20 cm from the ground on two Styrofoam boxes, with the other side of the TEG exposed to the ambient environment. The TEG was connected to the transformer system, multimeter, and microfluidic device in the same manner as in the indoor experiment. The temperatures of the inner surface of the TEG and the air inside the partially insulated container were measured using a thermocouple thermometer (Oakton Temp 10T) with an accuracy of ±0.1% of the reading or ±0.4 °C.




2.2.6. Electrical Cell Lysis


For the indoor experiment, first, cultured HeLa cells were harvested using the trypsin/EDTA method mentioned above. Second, the cells were suspended and diluted to a concentration of 105 cells/mL. Third, the cell suspension was kept on ice for no more than 5 min until electrical cell lysis was performed. Finally, 1 mL of the cell solution was pumped through the powered electrical cell lysis device at a constant flow rate of 100 µL/min. The power generated by the TEG and transformer system was constantly applied to the electrodes of the device. The sample was collected from the outlet and stained using trypan blue, according to the manufacturer’s instructions. The number of live cells was counted using a hemocytometer under a microscope. The total number of live cells was then recorded.



For the outdoor experiment, the suspended cell solution was prepared in the laboratory using the same method. The cell suspension was manually actuated into the cell lysis device using a syringe over a period of 10 min. The sample was collected from the outlet and stained using trypan blue, according to the manufacturer’s instructions. The number of live cells was counted using a hemocytometer under a microscope. The total number of live cells was then recorded.






3. Results and Discussion


3.1. IR Emissivity of Cellulose-Based Radiator


Passive radiative cooling operates by reflecting and emitting IR radiation in the range of 8–13 µm [51]. When designing this radiator, our goal was to create an inexpensive, simple structure with relatively high IR emission. As shown in Figure 5, the FT-IR spectra of the cellulose-based radiator indicated that the radiator had low IR absorption and strong IR emission between 8 and 13 μm. This high IR emission is contributed by the wide range of IR emissivity from 5 to 20 μm, which was caused by the C–H, C–O, and C–O–C stretching in cellulose molecules, a phenomenon that is also observed in another cellulose-based radiator [52,53]. The Si–O–Si bond has good emissivity in the range of 8–13 µm [54,55,56]. The bilayer structure of polymers and metals is also widely used to maximize IR reflection and emission [57,58,59,60].




3.2. Electrical Cell Lysis Efficiency of Microfluidic Device


3.2.1. Indoor Conditions


To determine the voltage that the system can generate and the lowest temperature at which the system generates the highest voltage, the experiment setup was assembled as shown in Figure 4a. The TEG was placed on the heater and the amount of energy generated by the transformer system was measured. The TEG generated more power when the difference in temperature increased. During the experiment, the room temperature was 25 ± 0.5 °C. When the heater reached and stabilized at 31 ± 0.5 °C, which was approximately 7 °C above room temperature, the TEG stably generated 0.025 V, and the transformer system reached its maximum output at 4.9 V. The output of the transformer system did not increase as the difference in temperature increased, as shown in Figure 6a. Subsequently, the heater maintained a difference of 9 ± 0.5 °C relative to room temperature (25 ± 0.5 °C) and performed electrical cell lysis. For the next step, HeLa cells were diluted to a concentration of 105 cells/mL. Then, using a syringe pump, the cell mixture was pumped at a constant rate of 100 µL/min into the microfluidic device. The treated cell mixture was collected from the outlet, stained using trypan blue, and observed under a microscope. After electrolysis, based on the cell morphology, the concentration of live cells was estimated to have a concentration of 104 cells/mL. The dead cells and cell debris can be observed in Figure 6b,c, respectively.




3.2.2. Outdoor Conditions


To demonstrate the potential of the system to operate in areas without a direct connection to a power network, an outdoor experiment was performed. The experiment was conducted under clear-sky conditions. The coordinates of the testing location were 37.449702-latitude and 127.127294-longitude. The passive cooling radiation system was taken outside after sunset. The experiment was commenced at 8:00 P.M. and halted at 2:00 A.M. The temperature and voltage were recorded once every 6 min. The setup is shown in Figure 4. The outdoor temperature was measured using a desktop digital thermometer. Figure 7 shows the temperature fluctuation of the system over time. The radiator was exposed under the sky and the measured output voltages were recorded as shown in Figure 7. The highest recorded difference in temperature was approximately 5 ± 0.4 °C. The highest voltage that the system was able to produce was approximately 3.877 ± 0.15 V. The number of live cells decreased from 8.7 × 105 cells/mL to 4.3 × 105 cells/mL.



As the data presents, the electrical cell lysis microdevice can achieved a high cell lysis efficiency of 90% in ideal conditions and 50% cell lysis efficiency in the field. This efficiency is relatively low compared to other microdevices with efficiencies of more than 95% [61,62]. However, the design, materials, and fabrication technique are simpler and more accessible. The IR radiator has over 80% emission/absorption for IR wavelength at the atmospheric window, thus, allowing for the radiator to passively cool the insulated space. The cooling process generates a heat flux, and the heat flux, in turn, powers the TEG and allows for the microdevice to operate. The design is simple enough for untrained personnel to build the whole system on site with inexpensive materials in a short period of time. The TEG output is still lower than most of the commonly used power sources, however, this can be improved in the future by employing TEG with high electricity generating capacity. In addition, materials with higher insulating properties would enhance the performance of the electrical cell lysis system.






4. Conclusions


The main purpose of this work was to design a simple and portable power source that allows for the operation of a microfluidic device in areas where electrical supply is scarce or unavailable. The entire power source and cell lysis device were designed to be simple and to minimize maintenance, thus allowing personnel with no prior specialized knowledge to easily fabricate, set up, operate, and maintain the system in remote areas within a short period of less than an hour. Specifically, this work highlighted the potential of the TEG and passive radiative cooling system as a mobile power source for electrical cell lysis performed inside a microfluidic system. This work also illustrated the potential for a microfluidic device with a minimalistic design to be utilized in rural areas. The current design of the system can be used to passively generate power, which can be used to operate low-energy-consuming microfluidic systems, sensors, or small light sources. A more robust and better insulated structure can provide more reliable power and function under harsher conditions. As demonstrated above, a simple electrical cell lysis device can be fabricated without the need to employ complex processes or expensive machinery, requiring no prior knowledge or special training. This microfluidic device achieved 50% cell lysis efficiency with a low voltage of approximately 3.877 V. Although this efficiency is not particularly high, it is acceptable for such a simple device. Furthermore, the potential of TEG power systems cannot be underestimated, because they are considerably more durable and reliable than other power systems as they contain neither moving parts nor chemicals. Therefore, the mechanical wear and tear of components as well as the leakage of harmful chemicals are eliminated. This prolongs the operating time of the power system, lessens the burden of maintenance, and contributes toward the reduction of worldwide waste. Lastly, in the case of poor atmospheric conditions, a TEG can always utilize the waste heat produced by sources such as cooking and body heat to provide the energy to operate microdevices.



However, this system is highly dependent on atmospheric conditions and requires good insulation to achieve higher outputs, which remain challenging issues. Despite the convenience of generating electricity easily, the output of the TEG is lower than conventional power generating systems or commonly used power storage systems such as solar energy, hydroelectricity, or battery. Therefore, a TEG with higher energy generation efficiency could greatly improve the range of applications of not only the power station but also the types of devices which can be utilized, such as small light sources or sensors. There is also a need to find the balance between simple design and function, thus, avoiding the need to use multiple devices to complete a test.
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Figure 1. Overall schematic of the off-grid electrical cell lysis system. 
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Figure 2. (a) Schematic of cell lysis device; photographs of the (b) device and (c) electrode section. 
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Figure 3. (a) Structure of the radiator, (b) pristine cellulose fiber sheet, (c) carbon layer, (d) PDMS layer, and (e) silver layer. 
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Figure 4. (a) Details of connections between devices, (b) connection of microfluidic device, (c) connections at the front of the transformer system, (d) connections at the rear of the transformer system, (e) position of TEG inside the insulated box, (f) radiator setup inside the insulated box, and (g) position of radiator and TEG. 
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Figure 5. FT-IR spectra of the cellulose fiber sheet-based radiator. 
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Figure 6. (a) Correlation between temperature and output voltage, (b) HeLa cells before electrical cell lysis, (1), (2) cells with intact membrane, and (c) HeLa cells after electrical cell lysis, (3) dead cell, (4) cells with disrupted membrane. 
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Figure 7. Temperature fluctuation of the TEG, ambient temperature during the experiment, and voltage generated over time. 
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