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Abstract:



In this study, we describe a microbead-based method using dielectrophoresis (DEP) for the fast detection of DNA amplified by polymerase chain reaction (PCR). This electrical method measures the change in impedance caused by DEP-trapped microbeads to which biotinylated target DNA molecules are chemically attached. Using this method, measurements can be obtained within 20 min. Currently, real-time PCR is among the most sensitive methods available for the detection of target DNA, and is often used in the diagnosis of infectious diseases. We therefore compared the quantitation and sensitivity achieved by our method to those achieved with real-time PCR. We found that the microbead DEP-based method exhibited the same detection limit as real-time PCR, although its quantitative detection range was slightly narrower at 10–105 copies/reaction compared with 10–107 copies/reaction for real-time PCR. Whereas real-time PCR requires expensive and complex instruments, as well as expertise in primer design and experimental principles, our novel method is simple to use, inexpensive, and rapid. This method could potentially detect viral and other DNAs efficiently in combination with conventional PCR.
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1. Introduction


DNA amplification is an essential step in most nucleic acid-based diagnosis methods, including those used in the diagnosis of infectious diseases. Polymerase chain reaction (PCR), involving the amplification of specific DNA sequences from single molecules using multiple enzymatic reaction cycles, is the best-known DNA amplification method, although others, including isothermal amplification methods, have also been developed [1]. In real-time PCR, which is also known as quantitative PCR (qPCR), optical methods are used to measure amplicon levels after each cycle. Real-time PCR has a broad dynamic range of 7–8 logarithmic decades, and is particularly useful for quantitative measurements [2,3,4]. Disadvantages of real-time PCR include the need for expensive reagents and optical detection apparatus, as well as the need for specialist knowledge for designing specific DNA probes. Although conventional PCR is easier and less expensive than real-time PCR, it requires a time-consuming DNA detection process, whereas real-time PCR results are obtained immediately. In conventional PCR, amplicons are generally separated by agarose gel electrophoresis before detection. Although agarose gel electrophoresis is the gold standard approach, it is relatively complicated and time-consuming. Thus, if amplicons from conventional PCR methods could be measured quantitatively and promptly, the combination of PCR and novel DNA detection methods could provide a viable alternative to real-time PCR.



Recently, we proposed a novel DNA amplicon detection method, using dielectric microbeads and a simple electrical setup, that was simple and able to yield results in approximately 15 min (Figure 1) [5,6]. In this method, amplicons are attached to dielectric microbeads, which have a negative dielectrophoretic (DEP) property. The DNA attachment changes the direction of the DEP force of the dielectric microbeads from negative (repulsive) to positive (attractive), because DEP is greatly affected by the surface conductance; as the DNA phosphate backbone is negatively charged, the attached DNA increases the surface conductance of the microbeads, resulting in the dynamic change of the DEP force. The DNA-labeled microbeads are then trapped on a microelectrode by positive DEP, and are detected by measuring changes in the impedance of the microelectrode (dielectrophoretic impedance measurement, DEPIM) [7,8,9].


Figure 1. Schematic illustration of the microbead DEP-based DNA detection method.
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The combination of PCR and microbead DEP-based DNA detection provides sensitive, easy, and inexpensive detection of targets. PCR can theoretically amplify specific DNA exponentially from a single target molecule. PCR also enables chemical modification of amplicons such that only specific amplicons can be attached to microbeads. The attachment of amplicons is performed by simply mixing the PCR solution and microbeads. Then, the microbead DEP enables faster DNA detection than agarose gel electrophoresis. The electrical operation, generating DEP force and measuring impedance, enables easy operation and inexpensive setup and reagents compared to fluorescent detection of DNA. Although the combination requires a longer time to detect targets than real-time PCR, this method can be performed using inexpensive microbeads and microelectrodes. It might be possible to attach amplicons to microbeads during PCR using techniques such as BEAMing [10]. If this is realized, the detection time will be similar to that of real-time PCR.



In this study, we aimed to demonstrate the quantitative detection of a viral genome using a dielectric microbead-based DNA detection method, and showed that the detection limit and dynamic range of this method are comparable to those of real-time PCR.




2. Theory


2.1. DEP of a Small Dielectric Particle


DEP is the electrokinetic motion of a dielectric material placed in a non-uniform electric field [11,12]. The DEP force (FDEP) acting on a spherical particle is given by the equation
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(1)




where r is radius of the particle, εm is the permittivity of the surrounding medium, E is the magnitude of the applied electric field, and Re[K(ω)] is the real component of the Clausius–Mossotti (CM) factor K(ω). The CM factor is given by the equation
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(2)




where εp* and εm* are the complex permittivities of the particle and the surrounding medium, respectively. The complex permittivity is given by the equation
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(3)




where ε is permittivity, σ is conductivity, and ω is the angular frequency of the applied electric field. When Re[K(ω)] is positive, the particle moves towards the high electric field region (positive DEP), and conversely, the particle moves away from this region when Re[K(ω)] is negative (negative DEP).



The conductivity of a solid dielectric particle σp is given by the equation
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(4)




where σb and KS are the bulk conductivity and surface conductance of the particle, respectively [12,13]. In the case of dielectric particle, σp is almost zero. Equations (1)–(4) suggest that the DEP force acting on a smaller particle should be more dependent on the surface conductance than that acting on a larger particle. KS can be divided into two distinct components: Stern layer conductance, KStern and diffuse layer conductance, KDiff [13]. Equation (4) can be written as
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(5)







The Stern layer conductance is given by the equation
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(6)




where ρq,Stern and μStern are the equivalent surface charge density and ion mobility in the Stern layer. Equations (5) and (6) show that if the surface charge density increases, the Stern layer conductance increases, resulting in increased conductance of the particle. When σp increases, it results in increasing Re[K(ω)]. Figure 2 shows the relationship between KS and Re[K(ω)] of a latex microparticle calculated by Equations (2)–(4).


Figure 2. Theoretical calculation of the dependence of Re[K(ω)] of a dielectric microbead (r = 2.8 μm) on its surface conductance. The parameters for the calculation are: εp = 2.4 × ε0 F/m, εm = 78 × ε0 F/m, ε0 = 8.854 × 10−12 F/m, σm = 2 × 10−3 S/m, and ω = 2π × 105 rad/s. The surface conductance is typically 1 nS for latex particles [13].
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2.2. DEP of DNA-Labeled Microbeads


As surface conductance affects the DEP of the microbeads (Equations (1)–(6)), DNA immobilization thus switches the microbead DEP from negative to positive mainly because of negative charges on the DNA molecule. Generally, a double-stranded DNA molecule has two negative charges per base pair on its phosphate backbone [14]. We propose a novel detection method for DNA amplicons, utilizing the DEP of microbeads (Figure 1). Following PCR, amplicons are chemically immobilized onto the surface of microbeads having an initial negative Re[K(ω)] value, switching the DEP property to positive. The DNA-labeled microbeads are then trapped onto a microelectrode by the positive DEP, and are readily quantified by measuring the microelectrode impedance.




2.3. DEPIM of DNA-Labeled Microbeads


Using the DEPIM method, the impedance increase occurs when target materials are trapped by a positive DEP is measured, allowing real-time quantification of these materials [7]. If the target is dielectric, the impedance of the trapped target can be modeled as a parallel circuit of the conductance (G) and the capacitance (C). Increasing the number of trapped targets is equivalent to increasing the elements of the parallel circuit. Therefore, the number of targets can be quantified by measuring the change of G and/or C. It was previously demonstrated that DEPIM could realize quantitative detection of bacteria and viruses [8,9]. DEPIM detects the targets collected on a microelectrode under the action of positive DEP force while the target suspension flows over it. Previously published theoretical evaluations suggest that the DEPIM conductance curve could be fitted to an exponential function of elapsed time, and that the tangent slope of the curve at t = 0 (t, time) should be proportional to the target concentration [7].



In this study, the DNA-labeled microbead suspension was placed onto the microelectrode, and thus the DEP collection of targets is considered to be performance in a static solution. Such DEP collection is explained by the Fokker–Planck equation, as described in previous studies showing that the DEP collection of targets at a microelectrode also increased exponentially with time [15,16,17,18,19]. These studies show that the tangent slope of the collection curve at t = 0 is proportional to the magnitude of the DEP force. As predicted by the theoretical calculation shown in Figure 2, increasing the surface conductance KS changes the DEP force from negative to positive. Because DNA is negatively charged, an increasing number of the amplicons attached on the surface will increase the surface conductance due to the dependence of the surface conductance on the charge density of the surface [13]. Generally, the number of amplicons labeled on the surface is proportional to their concentration in the liquid. The tangent slope of the DEPIM curve at t = 0, which is proportional to the magnitude of DEP force, is thus dependent on the amplicon concentration.





3. Materials and Methods


Norovirus is a common cause of gastroenteritis globally, leading to outbreaks in various epidemiological settings [20]. In this study, we used a segment of the norovirus GII genome as target DNA, and created amplicons by real-time PCR using a verified norovirus detection kit. These amplicons were then used in our DEP microbead-based method.



3.1. Real-Time PCR


Norovirus DNA amplification and detection by real-time PCR was performed using a qPCR norovirus (GI/GII) typing kit (TaKaRa Bio Inc., Tokyo, Japan), which utilizes TaqMan probe technology [21], according to the manufacturer’s instructions. The positive control DNA included with this kit, which is derived from norovirus GII, was used as the target DNA. The primers, designed to produce a biotin-labeled 98 bp amplicon [22], were: COG2F: 5′-biotin-CAR GAR BCN ATG TTY AGR TGG ATG AG; COG2R: 5′-TCG ACG CCA TCT TCA TTC ACA (where R = A or G, and B = C, G or T). The reaction volume was adjusted to 50 μL. Real-time PCR reactions were performed using LightCycler Nano (Roche Diagnostics, Rotkreuz, Switzerland), and target DNA concentrations in the range of 10 to 107 copies/reaction were examined. The reaction composition and thermal cycling (45 cycles) conditions were as recommended by the manufacturer.




3.2. DNA Detection Using the Microbead-Based DEPIM Method


The real-time PCR products were mixed with Dynabead M-280 magnetic microbeads (Life Technologies, Rockville, MD, USA), which have a diameter of 2.8 μm and are coated with biotin-binding streptavidin. The microbeads were prewashed three times and then resuspended in B & W buffer (5 mM Tris-HCl, 0.5 M EDTA, 1 M NaCl). Then, 10 μL of the buffer, containing 6–7 × 105 microbeads, was mixed with an equal volume of real-time PCR product. The mixture was then incubated at room temperature for 15 min to immobilize the amplicons on the surface of microbeads. The resulting DNA-labeled microbeads were washed three times in deionized water before resuspension in 40 μL of deionized water.



For DEPIM studies of the DNA-labeled microbeads, a chromium castle-walled microelectrode with a gap of 5 μm at its narrowest point, fabricated on a glass substrate, was used, along with an electrical apparatus that was similar to those described previously [5,6]. The DNA-labeled microbead suspension (40 μL) was applied to the microelectrode. The microbeads settled on the microelectrode during 1 min of sedimentation before an AC voltage of 2 VPP and 100 kHz was applied to the microelectrode. The DEPIM conductance curve was then fitted to an exponential function using KaleidaGraph software version 4.1 (Synergy Software, Paramus, NJ, USA).





4. Results and Discussion


First, real-time PCR, with monitoring of the optical intensity after each cycle, was performed using serially diluted target DNA (Figure 3). The threshold cycle (Ct) at which the amplicon signal was distinguishable from background noise was then plotted for each input DNA copy number, and the effective detection range was determined. We found that target DNA at concentrations of 10–107 copies/reaction could be accurately detected using real-time PCR, with a lower detection limit of 10 copies/reaction (Figure 3b).


Figure 3. Real-time PCR of target DNA. Shown are typical real-time PCR intensity curves (a) and threshold cycles (Ct; b) for each of the indicated target DNA initial copy numbers. In (b), mean values are shown; the error bars are the standard deviation from three independent experiments. The solid line is the fitted line (R2 = 0.996). R2 is the coefficient of determination.
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The biotinylated DNA amplified using real-time PCR at each initial starting copy number was then detected as a conductance change using the microbead DEP-based method described above. The real-time PCR intensity curves and the DEPIM conductance curves are shown in Figure 4a,b, respectively. The conductance of the microelectrode increased with time and with increasing initial target DNA copy number (Figure 4b). The DEPIM curve for 106 copies showed less conductance increase than that for 105 copies because in this case, the amplification from 106 copies reached saturation at an earlier cycle rather than that from for 105 copies (Figure 4a). Additionally, DEPIM curve of 107 copies was similar to that of 105 copies because of saturation (plateau).


Figure 4. DNA detection using the microbead DEP-based method. Shown are the real-time PCR intensity curve (a), the changes in conductance using amplicons of (a,b), and the initial tangent slope (d) for each initial target DNA copy number. A magnification around t = 0 of (b) is shown in (c). In (d), mean values are shown; errors bars are the standard deviation from three independent experiments. The blue solid line is the fitted line in the range of 10 to 105 copies (R2 = 0.988). The green solid line is the fitted line in the range from 10 to 107 copies (R2 = 0.954).
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In Figure 4d, the tangent slope at t = 0 for each DEPIM conductance curve is plotted. In the case of DEPIM for a flowing solution, this slope is proportional to the amount of target present when a constant voltage is applied. In contrast, in a static solution, this slope is proportional to the magnitude of the target DEP force, as described above. In this case, the DNA-labeled microbead DEP force increases with the amplicon amount; thus, the tangent slope also corresponds to the amplicon level. Indeed, Figure 4d shows a linear relationship between the tangent slope and the initial DNA copy number, similar to the case of real-time PCR.



An initial target DNA concentration of 10 to 105 copies/reaction could be effectively quantified using our microbead-based DNA detection method (R2 = 0.988 for 10 to 105 copies/reaction), whereas initial concentrations of 106 and 107 copies/reaction could not be accurately detected because the number of amplicons produced by real-time PCR reached a plateau, giving a saturated signal (R2 = 0.954 for 10 to 107 copies/reaction). Therefore, although the lower detection limit of the microbead-based method was equivalent to that of real-time PCR, its dynamic range of detection was narrower. As the method depends on PCR as a first step, this limitation is unavoidable.



It is concluded that the detection limit of the method is similar to that of real-time PCR, and the dynamic range of the method is 10–105 copies/reaction, which is narrower than that of real-time PCR (10–108 copies/reaction).



Saturation of the tangent slope corresponding to the DEP force on the DNA-labeled microbeads was observed (Figure 4d). This could have been caused by a plateau of PCR as mentioned above. However, other reasons for the saturation can be considered. The change in the DEP force caused by attachment of the amplicons can also be saturated as shown in Figure 2. To investigate this, the relationship between the DNA amount and the tangent slope was measured as shown in Figure 5. To evaluate the relationship, PCR-amplified 391-bp DNA was used. The DNA was prepared as described in [6]. The slope, corresponding to the magnitude of the DEP force, tended to linearly increase in the investigated range (3–300 ng/μL) in a semi-logarithmic graph. It should be noted that the amount of streptavidin on the microbeads may vary to some extent. However, this variability is acceptable for DNA detection, as shown by the small error bars in Figure 5. Figure 6a shows the agarose gel electrophoresis of the amplicons generated by norovirus real-time PCR (Figure 4a,b). The concentrations of the amplicons estimated using ImageJ are plotted as a function of the initial DNA copy number in Figure 6b. The concentration was estimated by comparing the fluorescence intensity of the band (100 bp) of the size marker, which is known, with that of the band of the amplicons. Note that the small amplicon in lane 7 could be non-specific products. Therefore, the DNA amount of the products in lane 7 was omitted from Figure 6b. The concentration of amplicons tended to be saturated at over 105 copies of the initial DNA. The saturation concentration was approximately 10 ng/μL, whereas the tangent slope as a function of the DNA concentration was not saturated at 300 ng/μL. Therefore, the saturation of the tangent slope shown in Figure 4d can be interpreted as the saturation of the PCR amplification.


Figure 5. Relationship between amplicon concentration and the tangent slope of the DEPIM curve. PCR-amplified 391-bp DNA was used to evaluate the relationship. Mean values are shown; error bars are the standard deviation from 2 to 4 independent experiments.
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Figure 6. Amplicons of real-time PCR. (a) Agarose gel electrophoresis of the amplicons of real-time PCR (Figure 4a,b). M, molecular weight marker; 1–7, amplicons from initial copy numbers of 106–100. (b) Plot of the concentration of the amplicons as a function of the initial DNA copy number.
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A potential limitation of this method is that residual biotinylated primers remain in the PCR solution that is combined with the microbeads, potentially causing aberrant binding effects. However, control experiments showed that the primer alone did not significantly alter the DEP of the microbeads, most likely because the charge of the single-stranded 26-mer primer is negligible compared with that of the approximately 100-bp double-stranded amplicons (data not shown). It is also possible that non-specific products, including primer dimers and other long DNAs, could be amplified by DNA amplification methods similar to PCR. This problem could potentially be minimized by using a sequence-specific attachment scheme, such as previously described hybridization-based DNA-microbead attachment methods [23]. We will examine this in future studies.



There are several methods to detect DNA, such as fluorescence-, electrochemical-, and impedance-based methods. Fluorescence-based methods utilizing miniature real-time PCR have been proposed [24,25]. They require optical setting and fluorescent regents, and are thus costly. There are commercially available portable optical DNA quantification devices, such as Qubit (fluorescence, ThermoFisher Scientific, Waltham, MA, USA) and Nanodrop (fluoerescence/absorptivity, ThermoFisher Scientific), which are used for quantitating the concentration of purified DNA solution. Electrochemical-based detection requires a rather complicated scheme to detect DNA molecules, such as sandwich immobilization on the electrode [26,27,28]. To the best of our knowledge, the detection limit of the electrochemical-based methods is lower than that of our PCR combined method (10 copies/reaction). Electrochemical real-time monitoring methods for amplicons have been also developed [29,30]. These methods can monitor amplicons during PCR without PCR; however, the detection limit is currently not sufficiently sensitive. Surface plasmon resonance-based methods can be performed using a simpler scheme than the electrochemical-based method [31,32]. Recently, a method employing signal enhancement by using a graphene sheet and gold nanoparticles achieved a detection limit of ≈500 aM (≈300 copies/μL) of ssDNA [33]. Impedance-based methods detecting amplicons without oligonucleotide probes such as electrochemical-based methods have been published [34,35]. Although they are simple and easy, there is a risk of false-positive findings because the signal of non-specific products cannot be separated from that of the target in principle. Microbead-based DNA detection methods have been studied [23]. In most of them, DNA attached on the microbeads is detected by fluorescence.



DNA detection using DEP has been reported in several studies [36,37] that employed DEP to collect DNA to a microelectrode. In this case, non-target DNA and protein are also collected by the DEP because their DEP properties are quite similar [38]. In our case, the method consists of PCR and impedance measurement. PCR is used because it provides specific amplification of the target from a very small amount, and modification of the amplicon. Only amplified DNA can be detected because the amplicon has the chemical modification to attach to the microbeads. Moreover, before the impedance detection, the DNA-labeled microbeads are cleaned. Because the microbeads are much larger than impurities such as DNA and protein, the impedance change caused by the impurities should be much smaller than that caused by the microbeads, even though impurities remain in the solution.



Our microbead-based DNA detection method gives a level of quantitation and sensitivity that is equivalent to that of real-time PCR, while also being more cost-effective. Indeed, a DEPIM-based bacteria detection apparatus (Bacterial counter, Panasonic Healthcare, Tokyo, Japan) based on our previous research [39] can be purchased at a lower cost than the standard real-time PCR apparatus. Furthermore, it is our expectation that conventional PCR and microbead-based DNA detection functions can be integrated into one device. Such a device would need to incorporate a buffer exchange system, as DEP is affected by the electrical properties of the surrounding medium, with conductivity in particular being affected by salt concentration. Several types of microfluidic PCR devices have been described previously [24,40].




5. Conclusions


In this study, we compared the sensitivity and dynamic range of norovirus genome detection between real-time PCR and a microbead DEP-based DNA detection method. The detection limit of both methods was 10 copies/reaction, although real-time PCR had a larger dynamic range (10–107 copies/reaction) than the DEP-based method (10–105 copies/reaction). The microbead DEP-based method detected amplicons within 20 min. These results suggest that the microbead DEP method, combined with conventional PCR, could offer an alternative to real-time PCR.
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