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Abstract

:

Real-time polymerase chain reaction (real-time PCR) tests were successfully conducted in an aluminum-based microfluidic chip developed in this work. The reaction chamber was coated with silicone-modified epoxy resin to isolate the reaction system from metal surfaces, preventing the metal ions from interfering with the reaction process. The patterned aluminum substrate was bonded with a hydroxylated glass mask using silicone sealant at room temperature. The effect of thermal expansion was counteracted by the elasticity of cured silicone. With the heating process closely monitored, real-time PCR testing in reaction chambers proceeded smoothly, and the results show similar quantification cycle values to those of traditional test sets. Scanning electron microscope (SEM) and atomic force microscopy (AFM) images showed that the surface of the reaction chamber was smoothly coated, illustrating the promising coating and isolating properties. Energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and inductively coupled plasma-optical emission spectrometer (ICP-OES) showed that no metal ions escaped from the metal to the chip surface. Fourier-transform infrared spectroscopy (FTIR) was used to check the surface chemical state before and after tests, and the unchanged infrared absorption peaks indicated the unreacted, antifouling surface. The limit of detection (LOD) of at least two copies can be obtained in this chip.
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1. Introduction


A polymerase chain reaction (PCR) is a fundamental technique for molecular biological tests invented by Mullis [1]. It can amplify deoxyribonucleic acid (DNA) molecules or their fragments with specific sequences in vitro and further detect certain amplicons [2,3,4]. It has had a profound impact on molecular biology and revolutionized DNA profiling research and the synthesis of nucleic acid molecules. Since the late 20th century, PCR and its derivative techniques have been extensively used in genetics [5,6,7], cloning research [8], and forensic science [9,10] due to their specificity and accuracy.



Higuchi et al. [11], in their study, integrated fluorescent molecules (Ethidium bromide (EtBr)) with PCR that can monitor the amplifying process in situ by a video camera and for the subsequent development of quantitative PCR (qPCR or real-time PCR). Heid et al. [12] successfully conducted qPCR tests in a closed tube system with dual-labeled fluorogenic probes in 1996, which became a standard molecular method for molecular biology.



A real-time PCR process involves 40–45 repetitive heating cycles, including two or three temperature stages for each cycle. DNA samples are denatured at 90–95 °C in the first stage, and the system is then decreased to 55–75 °C to anneal the primer with fluorophore ends. DNA samples are doubled in the last stage at 72–78 °C for each cycle [13]. In a general analysis, the second and third stages can be consolidated into one stage at similar temperatures, with the ideal range being 50–60 °C [14]. The fluorescent signal increases exponentially with the fluorophores released into the system during amplification, while the intensity of relative fluorescent units (RFU) is recorded in real time. When the signal crosses a certain threshold, the quantitative cycle (Cq) values are read out as quantitative references [15]. Real-time PCR provides both qualitative and quantitative results within its instant data output, making it widely used in research and practical applications, especially in recent years for diagnosing diseases such as cancer, SARS-Cov-2, monkeypox, and Ebola [16,17,18,19,20,21]. It has also been used for environmental research, husbandry testing, and food safety [22,23].



Metal heating plates and polypropylene (PP) tubes are typically employed in conventional real-time PCR testing, resulting in deficiencies such as slow heating and cooling rates, as well as high sample and reagent consumption [24]. The process is accompanied by nearly 100 ramp-ups and ramp-downs that usually take hours. Wilding et al. [25] realized PCR in a silicon substrate in 1994, which constituted a milestone in microfluidic usage for PCR. Kopp et al. [26] developed the first microfluidic chips for continuous-flow PCR that significantly reduced the time consumption of the process. Since the beginning of the 21st century, the development of micro-electro-mechanical-system (MEMS) and microfluidic techniques has led to the extensive use of microchips in genetic analysis and DNA diagnosis. The smaller scale and organized flow channels and chambers improve the surface-to-volume ratio, resulting in the large energy exchange area [27].



Furthermore, the fast heat and mass transfer of microfluidic chips relative to conventional PCR tubes enables more rapid and efficient PCR tests [28]. The advantages of microfluidic chips, such as high throughput, disposability, portability, low cost, and reduced reagent and sample consumption, make microfluidic chips an ideal method for daily clinical analysis [29,30,31]. Nevertheless, their potential for point-of-care medical diagnostic solutions, food safety, and environmental monitoring has compelled researchers to design system patterns for various applications and integrations in recent years [32,33,34].



These intrinsic advantages of microfluidic PCR are well replicated in real-time PCR tests on chips, opening access to a powerful approach for detecting multiple targets simultaneously with high resolution [35]. Silicon and transparent polymers such as PDMS and PMMA are the most used array substrates. The patterned mold can be fabricated with photolithography or a computer numeric controlled (CNC) machine for polymer-based chips, while the dry-etching technique is necessary for silicon-based chips [36]. Due to the relatively low thermal conductivity and stability of polymers, silicon-based chips remain the top choice for medical diagnostic applications, even though they are more expensive to produce than chips made of polymers. Since 2012, we have reported several self-designed microfluidic chips and a detection system for on-chip real-time PCR integrated with silicon-based microheaters, realizing high-efficiency tests within 25 min [37,38].



Although microfluidic real-time PCR tests are considered an effective and efficient method for clinical analysis, unlike conventional devices, their application in the daily diagnosis of viruses is hampered by capacity concerns and expensive production processes, especially in silicon consumable manufacture and costs. Additionally, the capacity of silicon-based chips is difficult to guarantee if a large number of samples and tests are needed in the short term. Therefore, there is an urgent need to develop a low-cost and mass-producible microfluidic chip to fill this gap in research and industry. To overcome this, suitable materials for silicon replacement should be identified. Plastic is also one of the most common materials in diagnostic applications. However, it always has a much lower thermal conductivity than the metal substrate. For example, the most commonly used polymer, polypropylene (PP), only has a conductivity of around 0.22 W/m•K, even in a high density [39]. In contrast, aluminum and its alloy have a conductivity of 251 W/m•K, increasing as the temperature rises, which is more significant than normal plastic [40]. So far, there has been little research into developing microfluidic chips for PCR using materials other than silicon wafers and PDMS. Metal is considered to have good ductility and thermal conductivity, higher than monocrystalline silicon. However, since metal ions can interfere with the necessary components of nucleic acid detection reagents, there is a general concern that they cannot be used as the substrate for biological analysis.



In this study, the use of aluminum chips in nucleic acid detection can be achieved by employing suitable isolation materials that can prevent metal ions from escaping from the chip surface. Epoxy resin is a commonly used coating material for isolation with excellent adhesive properties and biocompatibility. Furthermore, the cured epoxy resin coating layer has a superior bonding strength with aluminum surfaces of up to 9 MPa. It does not change with the temperature or external contact medium, making it suitable to be the coating material in this study [41,42]. Recently, Cheng et al. [43] developed a rigid microfluidic chip using epoxy resin casting and realized efficient PCR on the chip, indicating its compatibility with PCR. Moreover, silicone modification can further enhance the mechanical property and thermal stability of epoxy resin, making it ideal for chemical and solvent isolation to protect our reaction system from being affected by metal [44].



An aluminum-based microfluidic chip for real-time PCR diagnosis with the designed pattern was developed. The pattern was manufactured by CNC, which is one of the most common methods in the field of manufacturing. It has been applied in many existing studies for mass production, such as flat patterns, microarrays, and electrodes [45,46,47]. Silicone-modified epoxy resin was coated evenly on the chip’s surface to isolate the reaction system from the metal surface, which prevented metal ions from diffusing and degrading the PCR reaction system. Low-ion glass masks for fluorescent detection were bonded with the chip with silicone sealant using the screen-printing technique. Real-time PCR in silicon-based PCR chips and traditional polypropylene tube strips was used as the standard reference. The real-time PCR amplification result from the described chips showed no differences when compared with data from standard groups. All the materials for fabricating chips are readily available. The inexpensive materials and manufacturing can significantly reduce costs, and the high thermal conductivity of metals can improve reaction efficiency. Additionally, its room-temperature production process and portability facilitate the development of reusable, environmentally friendly, and low-cost portable nucleic acid diagnostic equipment. The described chips will be of great use in the future for public health monitoring and intelligent home self-diagnosis for many common diseases.




2. Results and Discussion


Several works and pattern designs for nucleic acid amplification tests of silicon-based chips have been reported in our research in recent years [37,38,48]. When engraving the pattern on the aluminum substrate, the channel arrangement was not changed as compared with our previous study, but the ratio of the inlet and outlet channels was adjusted to allow for a more straightforward spraying process later. The width of inlets and outlets was expanded to 0.5 mm, while the depth remained unchanged at 0.3 mm. The wider inlet and outlet channels enable smoother gas and liquid flow and contribute to protein immobilization as a potential application.



Epoxy resin has been proven to have promising biocompatibility and is used in biological experiments as a substrate or coating material. The coating layer was controlled to 20 μm, which allowed for the separation of the reaction system while preventing blockage. Acetone, a typical solvent for dissolving and diluting epoxy resin, was used to regulate the coating material’s viscosity. The thickness of the coated layer is controlled by measuring the weight of the liquid sprayed onto the chips. The natural silicone sealant used in this study had very low fluidity; therefore, we did not require patterns on the screen during the printing process. After the scraper swept past the surface of the chip, only the convex surface of the chip was covered with the sealant, and the reaction chambers and flow channels were not affected (Scheme 1). Mineral oil was added to adjust the fluidity and viscosity of the sealant before printing. Nevertheless, the elasticity of cured natural silicone can counteract the effect of the thermal expansion difference between the chip substrate and the covering mask. Bonded chips were cured at room temperature, without high-pressure or extreme conditions. The antifouling property of silicone-modified epoxy resin further realizes a low protein absorption and easy recleaning process, realizing the reusability of the aluminum-based chips [49,50]. It is 85% cheaper for batch production than silicon-based chips, which is beneficial for the practical application of this chip.



2.1. Surface Morphology of the Coated Area of Chips


According to our previous findings, metal ions could affect the function of the active ingredients, such as Taq polymerase and fluorescent primers, when the concentration reaches a certain threshold [51]. In this case, one of the critical points for running nucleic acid amplifications in the described chips is to isolate the metal surface from the reaction system, where the coating material plays a role. The SEM images in Figure 1 show the surface morphology of the coated chips, indicating the uniformly coated surface of the reaction chamber. No apparent cracks or micropores were found in the covering layer. Some nanoscale cracks observed on the surface are caused by the thermionic emission of electrons from SEM. White granular traces in the coating layer are evenly distributed. As is well-known, the epoxy resin phase and silicone phase were originally incompatible, and compatibilizers realized the modification. Therefore, it can be inferred that silicone particles cause the aforementioned phenomenon in the resin, which will not affect the surface biocompatibility, uniformity, and subsequent PCR tests. Several earlier reports have established this [44,52,53].



Functional biomolecules, including proteins, could absorb on the rough surface, which would hinder the function of the enzyme and the amplification of the nucleic acid [54]. Meanwhile, a smooth covering layer guarantees the sequestration of metal ions and homogeneous thermal conductivity. Therefore, surface roughness must be ensured for the PCR application of this chip. Figure 1c and Figure 1d show the 3D and 2D tapping-mode AFM images. The height difference of the covering layer was less than 200 nm, and a height difference of less than 100 nm was obtained within the 500 nm × 500 nm area. Some silicone particles can be identified in the image. No cracks or micropores were found in the covering layer either. This further proved the excellent sequestration of metal ions, consistent with the following element analysis and PCR result.




2.2. Surface Elemental Analysis of the Chips


SEM-EDS was used to investigate the elemental composition of the surface at a more microscopic level. For comparison, an aluminum chip without any coatings is also characterized. Figure 2a,b shows the SEM image for the tested area and the EDS mapping result for the Al element in this area, respectively. Only the uncoated convex surface can be observed to be covered with aluminum elements. The reaction chamber and flow channel missing Al signals can be easily identified. Two areas are framed to conduct a more detailed mapping analysis. One area is from the convex surface that is supposed to be bare metal, while the other is from the coated surface of the chip. The mapping analysis for the bare aluminum chips as a reference is also conducted, obtaining the map sum spectrum in Figure S1. The map sum spectrums for the two framed areas are shown in Figure 2c,d, while Table 1 shows the proportion of each element on the chamber surface as determined by each spectrum. When comparing the compositions of the bare chip and the coated surface, the Al mass percentage is reduced from 89% to 0.26%, and the atomic percentage from 79.74% to 0.14%. The percentages of Carbon (C), nitrogen (N), oxygen (O), and silicon (Si) that are supposed to be contained in silicone-modified epoxy resin and its curing agents and compatibilizers increase and dominate the surface element content instead, indicating excellent insulation of the metal elements. The small amount of Al element on the coated surface is deduced to be caused by the polishing and coating process before SEM. The energy peak of the platinum coated on the chip before SEM and SEM-EDS also appears in the spectrum and is not considered. From the mapping result of the convex surface of the coated chip, no apparent changes were found, except the increase in the proportion of the oxygen content. This phenomenon is attributed to the heating process during fabrication, which can promote the oxidation of aluminum surfaces. XPS analysis (Figure 3) for the coated surface further demonstrates the presence of O 2s, Si 2p, Si 2s, C 1s, N 1s, O 1s, O KL1, O KL2, O KL3, and C KL1. This is in line with the result mentioned earlier.




2.3. Thermodynamic Characterization of Coated Aluminum Chips


During the real-time PCR running, the temperature changes of the microheater previously developed were monitored by the built-in sensor, and an external sensor detected the chip sample temperature. Five cycles were randomly chosen as representatives, and the temperature profile for the microheater and the chip are plotted in Figure 4. For the temperature profile of the microheater, it only takes 5 s for the heater to increase from 60 °C to 95 °C, and the cooling process takes 20 s. This is in line with the report of our previous research. As regards the profile of the aluminum chip, only a 1.5 s delay, caused by the conduction of heat between the heater surface and chip surface, was observed during the heating process. This is within expectations and is acceptable. In the described chips, the 45 cycles of a real-time PCR process can be completed in 63 min. On the other hand, conventional tests in Control B, which ran the reaction in traditional polypropylene tube strips, took about 90 min to finish the process and were greatly optimized by this work.




2.4. Real-Time PCR Tests in the Aluminum-Based Chips


Determining if the newly designed chips can be used in our self-built real-time system with the silicon microheater is crucial for this study. From this point, experiments group (Control A). A real-time PCR mix, as prepared, was injected into reaction chambers through inlet channels. Control A chips were tested simultaneously. The compatibility and function of the silicon-based chips used in Control A were thoroughly tested before [48,55]. The quantification cycle (Cq) values were considered for evaluating the function and efficiency of the test in the present study.



The amplification result of the real-time PCR test using the described chips when it tests 10−3 ng HBV templates (about 2.5 × 105 copies in total) is presented in Figure 5a, and that of Control A is shown in Figure 5b. The real-time fluorescent images from the first to the last cycle of reactions in aluminum-based chips are shown in Figure S2, which corresponds with its amplification curve. No significant differences can be observed between the Cq values of the test in aluminum-based chips and silicon-based chips from the amplification curves, indicating the usability of this aluminum chip in the real-time system with the silicon microheater we manufactured [37]. The curve shapes are similar, with smooth S-shaped amplification curves, except for the unidentical slopes of the plateau stage at the last five cycles, which do not affect the judgment of test results. The substrate and the mask we select in this work have a low coefficient of thermal expansion. The effect caused by the thermal expansion of the two components can be counteracted by the cured silicone, as mentioned before. In this case, neither reaction-mix leakage nor solvent evaporation was found when the mix was heated in the chips described, proving our inference. Some bubbles found in the fluorescent images were caused by air trapped on the chip surface and the adhesive layer when the reaction mix was injected into the chamber. It does not affect the accuracy of the result if we select a certain detection area and optimize the result with our PCR analyzer [56].



To determine the limit of detection (LOD) of the described chips, we set a gradient of template concentration from 10−2 ng/reaction (about 2.5 × 106 copies) to 10−8 ng/reaction (about two copies in total) for tests in aluminum-based chips and Control B. The amplification curves of each test are shown in Figure 5c,d, respectively. The same test was repeated 5 times in each of the same chips, and the mean Cq values of amplification curves for testing different template concentrations in all reaction units were read out and are shown in Table 2. All sets of data have standard deviations within 0.5, which is acceptable. There is no significant difference between the amplification Cq value in aluminum-based chips and that in PP tubes when testing more than 10−5 ng templates (around 2500 copies). A Cq value delay of 1.3 to 1.6 cycles appears when the chips test fewer than 10−6 ng of templates (about 250 copies). However, the amplification can still show a significant increase in fluorescence within 40 cycles, which can satisfy the testing requirement and is acceptable in this study. This phenomenon also agrees with the conclusion that the amplification is more likely to be affected by the reaction system and heating properties when the template concentration is low [57]. Since the curved shapes of the plateau stage of the last five cycles mainly depend on the detection equipment itself, the Cq value differences are the only factor considered in the analysis. This result demonstrates that this chip is fully compatible with the microfluidic chip-based system we developed [48,58]. It has the potential for us to find more compatible devices and test technology in the future.




2.5. The Chemical State of the Chip Surface


To ensure that the reaction proceeds normally, the coated surface should not interreact with the PCR reaction system. FTIR analyses were conducted twice for the same chip before and after running the PCR. The spectrum is shown in Figure 6. These two spectrums are highly coincident. Both spectrums show major absorptions at 2925 cm−1 (CH2), 2877 cm−1 (CH3), 2966 cm−1, 1255 cm−1, 804 cm−1 (Si-CH3), 1606 cm−1, 1508 cm−1, 1460 cm−1 (phenyl), 1010 cm−1 (Si-O-Si), and 915 cm−1 (epoxy group). This means there is no apparent discrepancy between the surface chemical state before and after the PCR test. The ingredients in the PCR reaction system neither react with the coating material nor absorb on the chip surface, which is consistent with the unchanged PCR result.




2.6. Metal Ions Escape Analysis (ICP-OES)


Based on the characterization of the surface of the chip, we analyzed the metal ion concentration in the reaction mix. Solutions prepared as mentioned, containing reaction mix before reactions (Solution 1), reaction mix after reacting in coated Al-chips and provided successful amplifications (Solution 2), and reaction mix after processing in un-coated Al-chips (Solution 3) that did not show any amplification signal (data is not shown), were analyzed for metal concentration with ICP-OES simultaneously. Aside from aluminum, aluminum alloy 6061 has a probability of containing magnesium (Mg), silicon (Si), iron (Fe), copper (Cu), chromium (Cr), zinc (Zn), and manganese (Mn). Among these elements, Mg and Si will not affect the PCR process according to our work, and others were set as the targets for us to detect.



The results after calculation are shown in Table 3. For the reaction mix in untreated chips, 3.23 nmol Al ions were solved in the system at the end of the reaction, even higher than the Mg ions we added for enzyme activation during preparation. Other metals had also increased by varying degrees, explaining the failure amplification. In contrast, the reaction mix from the designed chip prevents most of the metal ions from escaping from the metal surface to the reaction mix during the heating process. A slight increase in the concentration of Al and Cu may be caused by a coating defect in one or two chambers or by systematic errors. However, considering the unaffected PCR result and the low trend of increase, this can be ignored. This excellent isolation result agrees with the element analysis and the real-time PCR result.





3. Materials and Methods


3.1. Materials


Aluminum alloy 6061, with a low thermal expansion coefficient and no heavy metals, was chosen as the substrate of the chips. The silicone-modified epoxy resin, ALBIDUR EP 2240 (Evonik), was purchased from Alibaba. The silicone sealant used in this study, GlassSil-Neutral by GE Silicones (Japan), was purchased from Momentive Performance Materials. Low-ion glass slides were customized by Guluo Glass (China). The 420-mesh silkscreens used for the printing technique were obtained from NBC Meshtec (Japan).



Acetone, isopropanol, and ethanol were purchased from Sigma-Aldrich. All raw materials were used as received.



The basic real-time PCR reaction system was prepared following our previous research [59]. Potassium chloride, Trizma® base, hydrochloric acid (36.5–38.0%), magnesium chloride, Tween 20, PCR-grade water, and Axygen® microplate aluminum sealing film were purchased from Sigma-Aldrich. Deoxyribonucleotide triphosphates (dNTPs) in the 25 mM solution were supplied by ThermoFisher Scientific. The template we used is the Hepatitis B virus (HBV) plasmids synthesized by GenScript Biotech, a standard template for verifying PCR tests and material availability. Primers and TaqMan probes customized for the HBV plasmids were also supplied by GenScript Biotech. A 6-carboxy fluorescein (6-FAM) was used as a fluorophore, and black hole quencher 1 (BHQ-1) was used as a quencher (Table S1). All the amplified sequences are the same as in our report of a previous study. Taq polymerase was purchased from Ampliqon A/S. Potassium chloride and magnesium chloride were prepared into 1 M and 0.05 M solutions in PCR-grade water, respectively. Trizma® base and hydrochloric acid were prepared as 1M Tris-HCl buffer solutions at pH 8.09 in PCR-grade water for subsequent use. Primers and probes were merged into a 100 µM mix (p-mix) in PCR-grade water for later use. All materials were prepared in a biosafety laboratory.




3.2. Fabrication of Aluminum-Based Chips


Scheme 1 shows the fabrication procedure of the sealed aluminum chips for the PCR test. The aluminum chips with three reaction chambers were processed by CNC with MIKRON-VCP600 Machining Centre. Silicone-modified epoxy resin was diluted with acetone to reduce the viscosity. The covering layer was directly spray-coated on the surface of the reacting chambers and flow channels by air pressure and a micro nozzle. The coated chips were held at room temperature for 8 h for curing and then transferred to 80 ℃ for post-curing for 24 h. Before bonding with the low-ion glass mask, the coated chips were washed with ethanol, acetone, and isopropanol in sequence to remove unreacted chemicals from the surface. The chips were held at 80 °C for another 1 h to evaporate the remaining solvent. Thereafter, the natural silicone sealant was printed on the convex surface using screen printing technology with a 420-mesh silk screen. Subsequently, low-ion glass masks with high light transmittance were hydroxylated by air plasma with a plasma cleaner (Harrick Plasma, PDC-002) and immediately brought to conformal contact with patterned aluminum chips. The bonded chips were cured at normal pressure and room temperature for 24 h and directly used for real-time PCR tests.




3.3. Surface Morphology, Elemental Characterization, and Chemical State of the Chip Surface


The surface morphology of the coated aluminum chips was examined using a scanning electron microscope (SEM, JEOL-7100), and surface element analysis was conducted with the in-build energy-dispersive X-ray spectroscopy system in the SEM (SEM-EDS, JEOL-7100). The surface roughness of the chips was characterized using atomic force microscopy (AFM) imaging (Dimension Icon). The elemental composition of the coated chip’s surface was also identified using X-ray photoelectron spectroscopy (XPS) with an Axis Ultra DLD X-ray photoelectron spectrometer (Kratos). Attenuated total reflection-Fourier-transform infrared spectroscopy (ATR-FTIR) for the surface of the chip was conducted with Vertex 70 Hyperion 1000 (Bruker).




3.4. Heating Properties Monitoring


In addition to the reaction substrate, the temperature is another crucial point for successful reactions. The self-built SWM-02 real-time PCR system has an in-build temperature monitor to control the temperature of microheaters and reaction chips. The mechanical structure, heating, and detection principle were interpreted in our previous report [55]. During the PCR process, the temperature of the micro-heater was monitored by the built-in temperature sensor, and an external temperature sensor detected the temperature of the reaction chip.




3.5. Real-Time PCR Test in Aluminum-Based Chips


The whole PCR reaction mix required in one reaction chamber was defined as one reaction unit. To each reaction unit, 0.5 μL 1 M KCl, 0.5 μL 1 M Tris−HCl (pH 8.09), 0.10 μL of 1 M (NH4)2 SO4, 0.04 μL of 0.05 M MgCl2, 0.16 μL of 25 mM dNTPs, 2 units Taq polymerase, 0.04 μL of 100 mM p-mix, and corresponding templates were added. Each reaction unit was diluted with PCR-grade water to a final volume of 10 μL and pipetted into reaction chambers. Chip inlets and outlets were sealed with aluminum sealing film. A set of reactions processed in silicon-based PCR chips (Control A), developed in our previous study, and another set of traditional reaction polypropylene tube strips (Control B) were used as the reference. The reactions in the aluminum chips and Control A were performed simultaneously in the SWM-02 real-time PCR system for PCR chips (Shineway), and the reactions in Control B were performed in the CFX96 Touch real-time PCR detection system (Bio-rad). All reactions were conducted with 45 heating cycles, as described earlier.




3.6. Metal Ions Escape Analysis


After running the PCR process in the coated aluminum chips and obtaining amplification data, the reaction mix was pipetted out and collected. Afterward, the mixture was diluted with DI water to form a 1 unit/mL solution. The same procedure was conducted for a group of reactions in uncoated aluminum chips. Another solution with the same concentration but an unreacted PCR mix was prepared as a reference. All three sets of solution were analyzed using an inductively coupled plasma-optical emission spectrometer (ICP-OES, Perkin Elmer-Avio 200). In this case, the amount of metal ions that escape to the reaction mix can be calculated using the following equation,


  E s c =  C M  ,  








where Esc is the number of escaped metal ions in each reaction unit (nmol/unit), C is the concentration of metal ions of the tested solution in ICP-OES (ppb), and M is the molar mass of the corresponding metal ion (g/mol).





4. Conclusions


An aluminum-based microfluidic chip for real-time PCR was developed in this study. Aluminum alloy 6061 sheets are engraved using CNC with reaction patterns and coated with silicone-modified epoxy resin. Neutral silicone sealant bondeds glass slides and the aluminum substrate while offsetting the thermal expansion effect. The preparation process was conducted at room temperature with inexpensive and readily available materials. The covering layer was smoothly coated in the reaction chamber with a height difference of less than 200 nm. ICP-OES analysis shows metal ions that can affect the reaction system are well prevented from escaping from the metal surface to the reaction system. Only a 1.5 s temperature delay between the reaction chips and the microheater was found due to heat conduction. Real-time PCR tests were successfully conducted in the chips, resulting in excellent amplification curves and higher test efficiency. As a result, the standard reaction can be completed in 63 min, which is highly optimized in contrast with the reaction in conventional PP tube strips. The LOD of two copies of templates was reached in the described chips. No interactions between the reaction system and the reaction chamber were observed.



Consequently, the aluminum-based chip developed in this work can be applied for daily nucleic acid tests and diagnosis. Furthermore, the manufacturing procedure eliminates the complex etching process of the silicon-based chip with the benefit of being both cost-effective and environmentally friendly. The fabrication process was conducted at room temperature; no high pressure or extreme conditions were required, making it suitable for mass production. When we use CNC to manufacture the reacting chips instead of photolithography and dry etching, the production expenditures can be reduced by 60% in a typical lab application and reduced by 85% for mass production. Integrating with the portable testing device we developed, it has the potential for practical home-use applications and significantly benefits point-of-care testing for food safety, environmental research, and many common diseases such as HBV, COVID-19, and monkeypox.
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Scheme 1. Schematic representation of process flow for the aluminum-based chips. 
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Figure 1. (a,b) The ×5000 and ×20,000 SEM images, respectively, for the coated reaction chamber surface of aluminum-based chip; (c,d) 3D and 2D tapping-mode AFM images of the coated chip surface from a 5 µm × 5 µm area and a 500 nm × 500 nm area, respectively. 
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Figure 2. (a) SEM image of the tested area for EDS mapping. (b) EDS mapping result for Al element on the tested site; two areas framed in different colors will be plotted in the map sum spectrums. (c) Map sum spectrum for the convex surface of the chip, red frame in Figure 2b. (d) Map sum spectrums for the coated surface of the chip, green frame in Figure 2b. 
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Figure 3. XPS spectrum of the coated aluminum-based chip surface. 
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Figure 4. Schematic diagram of the heating process and temperature changes of the microheater and the aluminum chip in five randomly selected cycles during the real-time PCR process. * The first point in the randomly selected thermal cycles is defined as 0 s. 
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Figure 5. Amplification result of (a) the real-time PCR test in the aluminum-based chip, (b) the real-time PCR test in the silicon-based chip (Control A), (c) the real-time PCR tests in the aluminum-based chips testing 10−2 ng/reaction (about 2.5 × 106 copies) to 10−8 ng/reaction (about 2 copies); (d) the real-time PCR tests in traditional polypropylene tubes (Control B) testing 10−2 ng/reaction (about 2.5 × 106 copies) to 10−8 ng/reaction (about 2 copies). 
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Figure 6. FTIR spectrum of the coated aluminum-based chip surface before and after running a real-time PCR test. 
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Table 1. The element content of the uncoated and coated chip surface.
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Uncoated Chip

	
Coated Chip

(Convex Surface)

	
Coated Chip

(Coated Surface)






	
Element

	
Wt %

	
Atomic %

	
Wt %

	
Atomic %

	
Wt %

	
Atomic %




	
C

	
8.34

	
16.72

	
7.71

	
14.35

	
61.04

	
70.48




	
N

	
0

	
0

	
0

	
0

	
0.09

	
0.09




	
O

	
2.35

	
3.54

	
16.07

	
22.47

	
27.41

	
23.76




	
Al

	
89.31

	
79.74

	
76.22

	
63.18

	
0.26

	
0.14




	
Si

	
0

	
0

	
0

	
0

	
11.20

	
5.53




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00
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Table 2. Cq values of real-time PCR tests with different template concentrations in aluminum-based chips and control B.
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	Template (ng/Reaction)
	Al-Based Chips (Cq)
	PP Tubes (Cq)





	NTC
	N/A
	N/A



	10−2
	18.74
	19.07



	10−3
	22.23
	22.51



	10−4
	26.04
	25.83



	10−5
	29.39
	29.03



	10−6
	33.45
	32.18



	10−7
	35.51
	34.76



	10−8
	38.88
	37.34
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Table 3. Metal concentration (nmol/unit) of the PCR mix before and after reaction process *.
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	Al (nmol/Unit)
	Fe (nmol/Unit)
	Cu (nmol/Unit)
	Cr (nmol/Unit)
	Zn (nmol/Unit)
	Mn (nmol/Unit)





	Solution 1
	0
	0
	0
	0
	0
	0



	Solution 2
	0.01
	0
	0.01
	0
	0
	0



	Solution 3
	3.23
	0.02
	0.04
	0.01
	0
	0.01







* Solution 1: original mix; Solution 2: mix processed in coated chips; Solution 3: mix processed in uncoated chips.
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