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Abstract

:

Influenza A viruses are often present in environmental and clinical samples at concentrations below the limit of detection (LOD) of molecular diagnostics. Here we report an integrated microfluidic preconcentration and nucleic amplification system (μFPNAS) which enables both preconcentration of influenza A virus H1N1 (H1N1) and amplification of its viral RNA, thereby lowering LOD for H1N1. H1N1 virus particles were first magnetically preconcentrated using magnetic nanoparticles conjugated with an antibody specific for the virus. Their isolated RNA was amplified to cDNA through thermocycling in a trapezoidal chamber of the μFPNAS. A detection limit as low as 100 TCID50 (50% tissue culture infective dose) in saliva can be obtained within 2 hours. These results suggest that the LOD of molecular diagnostics for virus can be lowered by systematically combining immunomagnetic separation and reverse transcriptase-polymerase chain reaction (RT-PCR) in one microfluidic device.
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1. Introduction


The influenza virus causes acute infectious diseases in the human respiratory tract [1,2,3,4,5]. The World Health Organization (WHO) has estimated over 1 billion cases of influenza globally each year. Unless it is detected at an early stage and proper medication is applied [3,6], it can easily spread and cause an influenza outbreak [3] with higher transmissibility [4]. Various diagnostic methods, such as virus isolation [5,7,8,9,10], enzyme-linked immunosorbent assay (ELISA) [5,8,9,10], and reverse transcriptase-polymerase chain reaction (RT-PCR) [7,8,9,10,11] are used to detect influenza virus. RT-PCR is the most widely used method for the amplification of microbial genes, due to its accuracy and technical maturity [9,12,13]. However, its use in clinical samples such as saliva often fails to obtain sensitive results due to the presence of impurities that interfere with PCR [14,15,16,17,18]. Previous reports showed that saliva inhibited PCR and cumbersome sample preparation steps were required to extract the viral genome [17,18].



Sample preparation methods, such as preconcentration and nucleic acid purification of pathogens, are required for the amplification of target genes of the pathogens in clinical samples [16,19,20,21,22,23,24]. Thus, various sample preparation methods, including immunomagnetic separation (IMS) using antibody-conjugated magnetic nanoparticles (Ab-MNPs), were used to preconcentrate pathogens and cancer cells in order to improve the sensitivity of PCR and immunoassays [21,25,26]. However, these methods usually rely on manual operation, which is very time consuming and requires highly skilled personnel with a variety of equipment and dedicated laboratory space [23,24]. Because of these drawbacks, they are not considered suitable for use in molecular diagnostics where either rapid detection is required, or modern laboratory facilities are remote or absent [27]. For detection in these circumstances, simple and easy sample preparation techniques should be developed.



In this regard, a microfluidic device (μFD) is considered an excellent platform for employing the sample preparation methods due to its high speed and ease of integration and automation [26,28,29,30,31,32]. Previously, we demonstrated that the limit of detection (LOD) for a bacterial pathogen in a large volume of samples can be improved by combining IMS with PCR in a μFD [20]. This improvement was possible due to the fact that the high surface area of the μFD allows pathogens and Ab-MNPs to rapidly interact with each other [33], while the narrow channel of the μFD allows Ab-MNPs to be easily and quickly captured to the permanent magnet underneath the channel [20].



In this study, we report a microfluidic preconcentration and nucleic amplification system (μFPNAS) that enhances the sensitivity of PCR-based detection of influenza A virus (H1N1) by first preconcentrating H1N1 virus particles in saliva with Ab-MNPs and then amplifying their RNA. It consists of a trapezoidal preconcentration chamber, a microchamber, two inlets and two outlets. RNA of concentrated H1N1 virus was amplified by RT-PCR using a thermo cycler placed under the µFPNAS (Figure 1a).




2. Materials and Methods


2.1. Influenza A Virus (H1N1) and Its Titration


H1N1 strain (A/California/04/2009) and anti-H1N1 antibody were provided by the Korea Research Institute of Bioscience and Biotechnology (KRIBB, Daejeon, Korea). It was titrated in Madin–Darby canine kidney (MDCK) cells to determine the 50% tissue culture infective dose (TCID50) by the Reed and Muench method [34]. MDCK cells were maintained in Dulbecco’s modified Eagle medium (DMEM; Therem Fischer Scientific, Waltham, MA, USA) containing 5% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO. USA).



Sample solutions containing H1N1 at different concentrations (1–105 TCID, tissue culture infective dose, 50/mL) were prepared in phosphate-buffered saline (PBS, pH 7.4) through 10-fold dilution. Their RNA was extracted using AccuPrep® Viral RNA Extraction Kit (Bioneer Co., Daejeon, Korea). Extracted RNA was amplified by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) using a LightCycler® Nano (Roche, Basel, Switzerland). The primers used to amplify a 244-bp of M gene coding matrix in H1N1 were ATGAGYCTTYTAACCGAGGTCGAAACG for the forward primer and TGGACAAANCGTCTACGCTGCAG for the reverse primer [35]. The following conditions were used for qRT-PCR: isothermal incubation at 50 °C for 15 min, and 45 cycles of three temperatures (95 °C for 15 s, 60 °C for 10 s, and 72 °C for 30 s). A standard curve for H1N1 was generated by plotting quantification of cycle (Cq) versus the logarithm of the H1N1 concentrations.




2.2. Preparation of Antibody-Conjugated Magnetic Nanoparticles (Ab-MNPs)


Amine-functionalized magnetic nanoparticles (MNPs) with 50 nm diameter (Chemicell Co., Berlin, Germany) were suspended in 2-(N-morpholino)ethanesulfonic acid (MES) buffer (200 mM, pH 6.0) and sonicated for 40 s to eliminate the aggregation of MNPs. A solution of the MNPs (1 mg/mL) in MES buffer was then made to react with glutaraldehyde (2.5% v/v) at room temperature (RT) for 1 h using a rotary incubator and then washed with borate buffer (10 mM, pH 8.4) to remove residual glutaraldehyde solution. MNPs functionalized with aldehyde were mixed with anti-hemagglutinin alpha-1 monoclonal antibody from KRIBB (50 μg/mL, final conc.) and incubated overnight at 4 °C. Ab-MNPs were washed with borate buffer and the free unreacted aldehyde was blocked with 1% bovine serum albumin (BSA) (Thermo Fisher Scientific) at 4 °C for 1 h. Borate buffer was used to wash and remove residual BSA. Sodium cyanoborohydride (20 mg/mL, final conc.) in borate buffer was used to treat the Ab-MNPs. Ab-MNPs were washed with Tris-HCl buffer (pH 8) and stored in PBS (pH 7.4) at 4 °C [16].




2.3. Microfabrication and Assembly of Microfluidic Preconcentration and Nucleic Amplification System (μFPNAS)


It consists of three layers. All the three layers were individually designed in Inventor® professional (Autodesk Inc., Seoul, Korea) (Figure 1b). The top layer (lid layer) contained a chamber (60 mm × 20 mm) for flowing in sample solutions. The middle layer (concentration layer) contained a truncated trapezoidal-shaped preconcentration chamber (30 mm × 20 mm and 4 mm × 8 mm) for preconcentrating H1N1. The bottom layer (PCR layer) contained a channel (1 mm × 5 mm × 0.5 mm) and a PCR chamber (4 mm × 8 mm × 0.5 mm).



For fabrication, the moulds for each layer were printed using a digital light-processing (DLP) 3D printer (Carima Co., Seoul, Korea). They were then exposed to ultraviolet (UV) light for 10 min to complete the crosslinking of the polymeric resin. The surface structure of each mould (Figure S1) was replicated onto a polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Midland, MI, USA) layer by soft lithography. The inlet and outlet holes were punched onto the first layer with a biopsy punch (1 mm). The layers were aligned and bonded to each other through oxygen plasma treatment (CUTE-MPR, Femto science, Hwasung, Korea) at 60 watts for 30 s. Finally, the channel and chamber surface were passivated with BSA by filling 100 μL of BSA (50 μg/mL) in PBS (pH 7.4) into the μFPNAS and incubating at 80 °C for 1 h to inhibit non-specific absorption of Ab-MNPs and MSBs into the PDMS surface [36].




2.4. On-Chip Preconcentration of H1N1 in Phosphate-Buffered Saline (PBS) and Saliva


Ten millilitres of PBS containing Ab-MNPs (1012 particles/mL) were mixed with 100 μL of PBS containing H1N1 at 104 TCID50/mL in a 50 mL conical tube and incubated at 37 °C for 30 min before the preconcentration on μFPNAS.



Saliva was obtained from healthy volunteers according to the Institutional Review Board (IRB) of Sungkyunkwan University (SKKU) (approval number SKKU 2017-11-006). H1N1 (102–104 TCID50/mL, final conc.) was spiked into 1 mL saliva and the spiked sample was mixed with 9 mL of PBS containing Ab-MNPs (1012 particles/mL, final conc.). Then, the mixture was incubated at 37 °C for 30 min.



After the incubation, samples containing H1N1 were introduced into the μFPNAS at 2 mL/min through the inlet with the aid of a syringe pump (Harvard Apparatus, Holliston, MA, USA) while the neodymium magnet was located underneath the μFPNAS. After 5 min, only virus-Ab-MNPs complexes were preconcentrated in the chamber, while other waste molecules flowed through the outlet (Figure 1c). Once the preconcentration step was done, preconcentrated H1N1 in the μFPNAS was directly removed from the preconcentration chamber by a pipette and moved to a propylene tube (15 μL) after cutting the top lid layer with a razor blade. 2 μL of the preconcentrated sample in the tube was used for qRT-PCR to calculate virus-capturing efficiency and preconcentration fold.




2.5. Virus-Capturing Efficiency


To calculate the relative capturing efficiency, we first obtained the standard curve of Cq values at concentrations (1–105 TCID50/mL) of H1N1 in PBS. Using the standard curve, the Cq value of a preconcentrated sample by μFPNAS was converted to a virus concentration. Then, the relative capturing efficiency was calculated by the preconcentrated virus concentration in the μFPNAS divided by the theoretical virus concentration of the same sample when the virus in the sample was assumed to be 100% captured.



Based on the relative capturing efficiency, its respective preconcentration fold was calculated using the following formula.


  P r e c o n c e n t r a t i o n   f o l d =  (  C . E .  )   (    V i   V p    )   








where C.E. is the relative capturing efficiency, Vi and Vp are the volumes of the initial and preconcentrated samples.




2.6. Numerical Analysis of Heat Transfer in μFPNAS during Thermocycling


Heat transfer in the μFPNAS during thermocycling was simulated with ANSYS Student Version (Ansys Inc., Canonsburg, PA, USA) to determine the temperature difference between the thermocycler and the PCR chamber as the thickness of the μFPNAS has an effect on heat transfer. For numerical analysis for heat transfer in the μFPNAS during thermocycling, the analysis domain for heat-transfer simulation was divided into four different sections; air, mineral oil, PCR fluid and PDMS (Figure 2a) and their own mechanical properties (molar mass, density, specific heat capacity and thermal conductivity) (Table S1) were individually set. Then, the simulation started with the application of heat at 95 °C from the bottom of the μFPNAS and the average temperature of PCR fluid was measured every 2 min for 14 min using a thermocouple during the experimental procedure.




2.7. On-Chip Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)


Once the virus preconcentration step was completed, a two-temperature PCR was performed with the integrated PCR system by adding 25 μL of PCR master mix to the PCR chamber via the PCR reagents inlet (Figure 1d). The PCR master mix containing 1× PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM KCl, 6 mM MgCl2), dNTPs (0.2 mM), and Taq DNA polymerase (5 U/μL) was purchased from Promega (Madison, WI, USA). The same primers for M gene used for qRT-PCR was used as well. To prevent evaporation of the PCR mixture, 200 μL of mineral oil was added to the chamber to cover PCR reagents during thermal cycling (Figure 1d). The μFPNAS was placed on a heat block (10 cm × 10 cm) modified from a C1000 Touch™ thermocycler (Bio-RAD, Hercules, CA, USA) (Figure S2). RT-PCR was performed by setting the temperature of the microchamber at the following temperatures for the respective time: 52 °C for 33 min for reverse transcription, 102 °C for 20 s for denaturation, 62.5 °C for 45 s for annealing and 75 °C for 40 s for extension. The three phases were repeated for 40 cycles and the final extension was at 75 °C for 5 min. The same primers were used as with the qRT-PCR.



RT-PCR products were confirmed by separating DNA in a 2% tris-acetate-EDTA (TAE) agarose gel at 100 V for 30 min. Agarose powder (DyneBio Inc., Seongnam, Korea) was mixed with 1× TAE buffer and heated in a microwave oven for 1 min. Gels were observed using UNOK-8000 electrophoresis gel documentation system (Korea Biotech, Daejeon, Korea).




2.8. Statistical Data Analysis


All the data displayed here was based on the mean ± standard deviation of three separate experiments. We used Student’s t-test to compare experiments performed in different settings. If the p-value is less than 0.05, it was considered significant.





3. Results


3.1. Simulation of Heat Transfer Profiles at PCR Chamber


Temperature changes of PCR fluid in the μFPNAS were analysed by graphically depicting temperature distributions on the cross-section of the analysis domain every 2 min (Figure 2a,b). The heat transfer tendency was confirmed by the comparison of experimental and numerical results (Figure 2c). The results showed that the heat was gradually transferred from the heat source to the PCR fluid. The temperature in the PCR chamber reached 50 °C, 60 °C, 72 °C and 95 °C, respectively, when the temperature of the heater was maintained at 52 °C, 62.5 °C, 75 °C and 102 °C, indicating that there were some temperature differences between the heater and PCR chamber, potentially due to the thickness of the PDMS.




3.2. Effect of Sample Volume on Capturing Efficiency and Preconcentratin Fold


The standard curve for H1N1 (Figure 3a) showed that the Cq values of qRT-PCR for H1N1 were logarithmically dependent on the concentrations (1–105 TCID50/mL). The curve was used to evaluate the effect of sample volumes on on-chip preconcentration. Without the on-chip preconcentration, its Cq value at 102 TCID50/mL was 29.5 (Figure 3b). When H1N1, at the same concentration in different volumes (10 and 100 mL) of PBS, was preconcentrated using μFPNAS, their respective Cq values were reduced to 23.1 and 19.9, respectively. This showed that the on-chip preconcentration enhanced the amplification (Figure 3b) and this enhancement was dependent on the volume (Figure 3c). Although the sample volume negatively affected the virus-capturing efficiency, the capturing efficiency, even in 100 mL, was still maintained at about 80% (Figure 3c). When the data were converted into the preconcentration fold as shown in Figure 4d, the results indicate that the preconcentration fold increased as the sample volume increased.




3.3. On-Chip RT-PCR for Preconcentration of H1N1 Virus and Amplification of Target RNA in PBS


H1N1 RNA amplified by µFPNAS was confirmed by gel electrophoresis. This result showed that up to 102 TCID50/mL was detectable in PBS (Figure 4b). As a result, the virus preconcentration and RT-PCR conducted on the µFPNAS improved the LOD by 10 orders of magnitude as compared to a non-treated sample (Figure 4a). The intensity levels of the gel electrophoresis was analysed with ImageJ (Figure 4c,d), showing an increase of the intensity level of the treated samples as compared to the untreated sample.




3.4. Spike Test in Saliva


After preconcentration of 102–104 TCID50/mL influenza A virus H1N1 from 1 mL of saliva with the µFPNAS, RT-PCR was carried out. Figure 5c,d shows the analysis of the gel electrophoresis intensity levels by using ImageJ for the red rectangular area in Figure 5a,b respectively. It was possible to detect up to 100 TCID50/mL (Figure 5b). This is about 1000 times more sensitive than the results obtained from the sample without the use of the µFPNAS (Figure 5a).





4. Discussion


Previous reports have suggested that saliva inhibits PCR [17,18], resulting in decreased PCR activity. As a result, RNA extracted from viruses may be degraded by RNase. By separating and preconcentrating the target virus, PCR-inhibiting compounds were removed. The μFPNAS enabled effective separation and preconcentration of the target virus from the saliva sample, lowering the detection limit to 102 TCID50/mL. Compared to the LOD of the non-treated sample, the pre-treated sample, shows that the LOD for the treated sample was improved 10 times in PBS and 1000 times in saliva. A microfluidic device for the preconcentration of a virus using Ab-MNPs and on-μFPNAS RT-PCR have been reported earlier [37]. This microfluidic device has a complicated structure, which makes the fabrication process difficult. However, our system has simple to fabricate preconcentration and amplification chambers capable of integrated preconcentration of virus and amplification of the target gene in the same device and the same location. Furthermore, our system minimized target loss due to movement of the preconcentrated sample from one chamber to other chambers. Unlike the previous published device handling 100 µL of sample, our device can handle a large volume (up to 100 mL) and obtain a higher preconcentration fold. The electromagnet used in the previous published device has a weaker magnetic force as compared to a permanent magnet, so the time required to preconcentrate the same amount of virus from the same volume sample is much longer. As a result, it cannot handle large volume samples. However, our system was able to preconcentrate 10 mL of sample in 5 min by flowing the sample at a higher flow rate (2 mL/min) and using a permanent magnet for the collection of the virus Ab-MNPs complex. The final volume of the virus Ab-MNP complex after preconcentration is approximately 2 µL, so the final concentration of the sample is 200 times that of the initial sample. The results confirm that influenza A virus H1N1 present at low concentrations in saliva cannot be detected directly by RT-PCR (Figure 5a). In the μFPNAS, the viruses were preconcentrated on a chip using Ab-MNPs while the RT-PCR was performed on the target gene of the preconcentrated virus. If further RNA extraction and purification steps are added to the μFPNAS, a more concentrated and pure RNA can be obtained, which might improve the detection limit even further. The primer used for the detection of influenza A virus H1N1 is based on the M gene (244 bp), but the use of primer that is based on the hemagglutinin is required for the identification of their subtypes.



The thermocycler (Figure S2) for RT-PCR in our microfluidic device is too large to be used for detection of the virus in situ. By replacing it with a commercially available palm-size thermocycler, our microfluidic system could be used for detection of influenza A virus H1N1 in situ.




5. Conclusions


In this study, we have developed a microfluidic device, the µFPNAS, consisting of a trapezoidal preconcentration microchamber and a RT-PCR chamber. This device improved the LOD for molecular detection of influenza A virus H1N1 and reduced the sample pre-treatment time required for the detection of H1N1 virus from saliva. Since the requirement for specialized equipment was reduced by the simple operation of the microfluidic device, it can be used as a point-of-care detection device. Furthermore, the microfluidic device was capable of preconcentrating a large volume sample (up to 100 mL) within 2 hours. As a result, the limit of detection was improved. Automation of the µFPNAS-based system can provide a powerful tool for the rapid diagnostic of infectious diseases such as influenza A virus H1N1 and as a quantitative virion analyser if integrated with optical sensors.
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Figure 1. Design of microfluidic preconcentration and nucleic amplification system (µFPNAS) and its operation. (a) Its schematic describing on-chip preconcentration and nucleic acid amplification. (b) Its layers (top: lid, middle: concentration, bottom: polymerase chain reaction (PCR)), two chambers (preconcentration and PCR), and two inlets and two outlets showing their respective dimensions. (c) A schematic describing its operation protocol. (d) Images of µFPNAS mounted on a on a heat block (10 cm × 10 cm) modified from C1000 Touch™ thermocycler (Bio-RAD, Hercules, CA, USA). 
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Figure 2. Heat-transfer profiles in the µFPNAS. (a) A cross section image of the µFPNAS. (b) Temperature changes in the PCR chamber for 6 min. (c) Comparison of experimental and numerical results. The numerical analysis was performed with ANSYS (Ansys Inc., Canonsburg, PA, USA). 
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Figure 3. Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) assays for evaluating the performance of the on-chip preconcentration. (a) A standard curve for H1N1 at different concentrations (1–105 TCID50 (50% tissue culture infective dose)/mL) in phosphate-buffered saline (PBS). The Cq values plotted for each concentration are the mean of three replicates. (b) On-chip preconcentration of influenza virus H1N1 in different volume of samples containing 102 TCID50/mL. (c) Effect of sample volume on viral capture efficiency. (d) Preconcentration fold. *: p < 0.05. **: p < 0.01. Student’s t-test. Sample number = 3. 
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Figure 4. Validation of on-chip preconcentration and RT-PCR of H1N1 in PBS by gel electrophoresis. Gel electrophoresis of PCR products (M gene) from 1 mL PBS containing influenza A virus H1N1 at different concentration (102–104 TCID50/mL) without preconcentration (a) and with on-chip preconcentration and RT-PCR using µFPNAS. (c,d) Analysis of the intensity levels at the red rectangular areas in (a,b), respectively. 
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Figure 5. Validation of on-chip preconcentration and RT-PCR of H1N1 in saliva by gel electrophoresis. Gel electrophoresis of PCR products (M gene) from 1 mL saliva containing influenza A virus H1N1 at different concentration (102–104 TCID50/mL) without preconcentration (a) and on-chip preconcentration and RT-PCR using µFPNAS (b). (c,d) Analysis of intensity levels for the red rectangular areas in (a,b), respectively. 
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