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Abstract

:

Various viral diseases can be widespread and cause severe disruption to global society. Highly sensitive virus detection methods are needed to take effective measures to prevent the spread of viral infection. This required the development of rapid virus detection technology to detect viruses at low concentrations, even in the biological fluid of patients in the early stages of the disease or environmental samples. This review describes an overview of various virus detection technologies and then refers to typical technologies such as beads-based assay, digital assay, and pore-based sensing, which are the three modern approaches to improve the performance of viral sensing in terms of speed and sensitivity.
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1. Introduction


Globalization has facilitated long-distance travel of people and goods. On the one hand, this promoted progress in technologies and the global economy due to technology transfer; on the other hand, this resulted in the rapid worldwide spreading of viruses. Some of these viruses are pathogenic, and they often cause a global pandemic with serious social disruption. In recent years, we have often heard of the damages due to not only viral infectious diseases that infect humans, such as the recent novel coronavirus infection (COVID-19) [1], severe acute respiratory syndrome (SARS) [2], and Middle East respiratory syndrome (MERS) [3], but also viral infections that infect livestock or agricultural products, such as Avian influenza [4], swine fever [5], and foot-and-mouth disease [6].



Rapid virus detection technology is of great importance in sustaining global economics while preventing the spread of pathological viruses. The detection of viral infection at an early stage helps to contain viruses and limits its spreading, e.g., the early detection of the Ebola virus has limited the spreading of the Ebola virus mainly within West Africa in 2014–2015 [7], while failure to do so is among the reasons which turned both SARS outbreaks into global pandemics. Therefore, the development of highly sensitive rapid virus detection technology is an important proactive measure to construct the safety net to prevent the spread of infection, such as screening and infection risk assessment and management in living spaces, by detecting a very small amount of virus even from asymptomatic people in the early stages of infection and from the environment to cause the contact or airborne transmission [8,9,10].



While virus detection technology is important in the public health and medical sectors, it is a challenging task due to the small size and obligate intracellular functions of viruses [11]. Biological detection methods, such as optical microscopy, are not applicable for virus detection. Conventionally, viruses are detected by a serological approach in which the result of immune response to viral infection, e.g., the production of immunoglobulin, is observed and evaluated. The infectious viral titer assays observe whether the virus can infect cultured cells by conducting either plaque assay [12] or a 50% tissue culture infectious dose (TCID50) method [12,13]. The titer assays have the advantage of being able to detect only infectious virions. However, the serological approach for virus detection is cumbersome and low in throughput. Therefore, various virus detection technologies other than the serological approach have been developed to fulfill the need for the rapid and highly sensitive detection of viruses. The principle of these virus detection technologies differs depending on which part of the virus is targeted. Figure 1 shows the schematic structures of viruses. Viruses are classified according to nucleic acid structure (DNA or RNA, single-stranded or double-stranded, linear, circular, segmented, etc.) and morphological properties. As one way of morphological classifying, viruses can be broadly classified into two types: enveloped viruses with an outer membrane (envelope) derived from the lipid bilayer of the host cell, and non-enveloped viruses with exposed capsid proteins [14]. Despite their differences, nucleic acids and proteins are basic components in all viruses, and they are virus-specific, which we can exploit for virus detection. Most rapid and highly sensitive virus detection technologies developed are based on the detection of the molecular fingerprint of viruses.



A representative example of virus detection technology that targets nucleic acids is polymerase chain reaction (PCR), particularly quantitative PCR (qPCR) [15]. This method has become the golden standard for nucleic acid quantitation and has become widely known due to the COVID-19 pandemic. It has been used both as a screening test and a confirmatory test in the diagnosis of viral infection. In addition to qPCR, other methods which allow for nucleic acid amplification at a constant temperature, e.g., loop-mediated isothermal amplification (LAMP) methods [16] and nicking enzyme amplification reaction (NEAR) methods [17], were also used in nucleic acid detection.



On the other hand, another molecular fingerprint of virus, i.e., proteins, were detected and quantified mainly with immunoassays. These assays are also widely known as antigen tests [18,19]. Antibodies that recognize and bind to specific epitopes of viral proteins are used to capture the protein. Following that, another antibody, which was labelled with labelling substances, was bound to either the antigen or capturing the antibody for detection. Immunochromatography [18], for instances, is often used as a rapid test for viral infection based on coloration label. The test usually takes only 10 to 20 min and does not require additional equipment, making it a suitable component for point of care testing. For highly sensitive applications, highly sensitive antigen tests (antigen quantitative tests) [19] are used. This method relies on chemiluminescent label for detection, and the measurement time is 20 to 30 min, while the detection limit is 2 to 3 orders of concentration lower than the rapid test. As this method requires specific equipment for detection, it is generally used in a more professional setting, e.g., in the airport for border control.



In the development of virus detection technologies, progress has aimed mainly at two directions: the reduction of limit of detection (LOD) and the improvement of speed of detection. However, these two directions are in a trade-off relationship, as shown in Figure 2. For example, while PCR has the highest level of sensitivity for virus detection, it is time-consuming (1 to 4 h), and is subject to contamination. On the other hand, the immunochromatographic method can be tested in a short time 10 to 20 min, but the LOD is three to four orders higher than that of PCR. Considering the cases of false negatives, it cannot be used for a definitive negative diagnosis [20]. Recently, nucleic acid-targeted rapid test equipment that can complete the test from sample collection to completion in 10 to 20 min has appeared, but LOD is two to three orders of concentration higher than normal PCR [21]. For the efficient screening of asymptomatic patients, a high-performance method in which the LOD is equivalent to or better than PCR and speed is equivalent to or better than immunochromatography is desirable. A breakthrough is required to overcome the current trade-off relationship between LOD and speed of detection.



This review describes an overview of efforts to improve the LOD and speed of detection of virus detection technologies, with particular attention to three approaches: bioassays using micro- or nanoparticles (bead-based assays), digital bioassays, and pore-based sensing. These approaches have a common characteristic: the use of nm-size or μm-size components, such as magnetic nanoparticles, μm-scale well-arrays, and nm-scale pores.




2. Bead-Based Assays for Virus Detection


The characteristics of viruses, as described in the previous section, is a factor which has limited the sensitivity and speed of detection. The small size of virus particles has limited the use of conventional biological detection methods, e.g., microscopic examination to detect virus particles in biological sample; its property with obligate intracellular functions has increased the difficulty for in vitro detection of viruses (Figure 3a). To address these problems, bead-based assays have been proposed for virus enrichment and detection.



Bead-based assays are indirect virus detection methods in which virus particles in biological samples were captured and enriched with microbeads (0.5–500 μm). Following that, the signals generated from these microbeads were detected.



While the concept to apply particles in the biological study was introduced by Wagner et al. in 1964 [22], it was not until after 2004 when Langer and Tirrell proposed methods for surface modification of materials for medicine [23] that bead-based assays were optimized. Today, both magnetic and non-magnetic beads are used for virus detection, with the optical detection of non-magnetic beads the most popular method used, as the signal can be evaluated with equipment available in most biochemical laboratories.



2.1. Bead-Based ELISA


For the optical detection of viruses captured by microbeads, captured antibodies will be coated on fluorescence microbeads, e.g., Luminex microbeads. The coating can be achieved either by passive adsorption of antibody on the surface of microbeads, binding through biotin-avidin binding, or by the covalent binding through amine groups. Virus particles are captured by the capture antibody on the surface of microbeads and detected by detection antibody and fluorochrome. The beads–virus complex will be analyzed with flow cytometer by detecting the fluorescence signal emitted from the fluorochrome on detection antibody (Figure 3b). This method can be considered as a form of enzyme-linked immunosorbent assay (ELISA), and each bead represents an independent assay. However, bead-based assay is more efficient and cost-saving than conventional ELISA, as the surface area to volume ratio of sphere is larger than the flat surface used in conventional ELISA, and the free moving microbeads could increase the probability of collision with target molecule. Furthermore, by using two fluorescent dyes in beads and precisely controlling the ratio of dyes, it is possible to conduct multiplex analysis with the bead-based method, which could greatly reduce the sample volume required for analysis, e.g., Khan et al. have demonstrated successful multiplex detection of six target analytes with <1 μL serum [24].




2.2. Bead-Based Electrochemical Assay


In addition to optical detection, bead-based detection based on the electrochemical properties of materials was also exploited and used in virus detection. Some enzymes catalyze the oxidation of substrate, in which electrons will be released into its environment after enzymatic reaction. The flow of electrons into a reaction buffer can be measured as a current. By correlating the magnitude of current with the concentration of antigen, we could thereby quantify the concentration of viruses with the magnitude of current. However, the measurement of current in nA–μA magnitude is difficult with distance between analyte and electrode. Although it is possible to adsorb antibodies on electrodes by coating a layer of polymer on an electrode to facilitate the passive adsorption of proteins, the polymer might interfere with the detection of weak currents generated by enzymes when the concentration of the target virus is low. To address this problem, Gehring et al. proposed capturing the target analyte with antibody-coated magnetic nanoparticles and localizing these magnetic nanoparticles on electrodes with a magnet to increase the sensitivity of current detection (Figure 3c). This method is known as enzyme-linked immunomagnetic electrochemistry (ELIME) [25]. Generally, alkaline phosphatase, which could oxidize 1-naphthyl phosphate to 1-naphthol, was used in ELIME for its high stability. As color development or the use of tertiary antibody is not required for ELIME, it could reduce the time of ELISA from 8 h to 2 h. As an example, ELIME assay has been employed in the direct quantification of the hepatitis A virus. The low titer and the undefined structure of proteins from hepatitis A virus [26] render it difficult to be quantified by ELISA. Currently, hepatitis A virus is detected by the presence of hepatitis A virus antibodies, which has prevented the early detection of hepatitis A virus in patients. ELIME assay provided a solution for the direct quantitation of hepatitis A virus between 10−10–5 × 10−7 IU/mL range with a detection limit of 10−11 IU/mL [27]. The results obtained from hepatitis A virus ELIME correlated to results obtained from RT-qPCR, with high coefficient of correlation, suggesting that the quantitation is feasible.



In addition to ELIME, label-free electrochemical bead-based assay, e.g., immunomagnetic impedance metric sensor, was also developed. An antigen-antibody reaction will result in changes in electrochemical impedance, which allows for label-free detection of the target. In this method, first, streptavidin-coated magnetic microbeads are immobilized on the surface of gold electrode with a magnetic bar to ease the process of regeneration of sensing surface when necessary. Next, the biotinylated antibody was coated on magnetic microbeads followed by introduction of the sample. The concentration of target was correlated to changes in electron transfer resistance differences   ∆ R _ m  , and   ∆ R _ m   is defined as


  ∆ R _ m = R _ ( e t ( A b ) ) − R _ ( e t ( A b − A g ) )  








where   R _ ( e t ( A b ) )   is electron transfer resistance after antibody immobilization and   R _ ( e t ( A b − A g ) )   is electron transfer resistance after antigen binding to antibody [28].



Other than proteins, nucleic acid can also be captured and analyzed with bead-based assay. Either peptide nucleic acid or a fragment of complementary DNA was immobilized on the surface of magnetic beads to trap target DNA from samples. Magnetic beads were used instead of direct immobilization of complementary DNA on probes or electrodes, as it is difficult for long fragments of DNA to hybridize directly short fragment of nucleic acid attached on the surface of electrodes. After incubation, magnetic beads were collected with magnets, and the non-complementary DNA was removed by washing. Then, intercalators were introduced, the beads were collected after reaction, and the electrochemical signal from the intercalator was measured. This method is known as genomagnetic electrochemical bioassay [29,30]. The limit of detection of genomagnetic electrochemical bioassay depends on the properties of the intercalator. For example, when Meldola’s blue was used as an intercalator, the system had a detection limit of 2 pmol/L, a dynamic range of 2–20 pmol/L, and a hybridization time of 20 min [31].




2.3. Bio-Barcode Assay


To further reduce the limit of detection of bead-based method to amol/L order, the bio-barcode method has been proposed [32,33]. The bio-barcode generally consists of two components: (1) magnetic beads bearing probes (either monoclonal antibody or DNA) to capture target; (2) gold nanoparticles bearing detection probes (DNA or polyclonal antibody) and a custom-designed oligonucleotide which will be used to identify the gold nanoparticle. This custom oligonucleotide is also known as bio-barcode.



In bio-barcode assay, first, the target will be captured with magnetic beads. Then, nanoparticles with detection probes and barcode are incubated with magnetic beads–target complexes. Magnetic beads–target–nanoparticles complexes are isolated with magnetic field, and the barcode will be dehybridized from nanoparticles. Either barcode DNA or nanoparticles will be detected (Figure 3d). The amount is correlated to the concentration of the target. Therefore, it can be used to quantify the concentration of target. The limit of detection of bio-barcode assay depends on the choice of components, reagents, and the species of viruses. For example, the limit of detection for hepatitis B virus was 1 pmol/L [34], 100 fg/L for bluetongue virus [35], and 100 pg/L for human immunodeficiency type 1 capsid antigen [36]. Nevertheless, evaluating the limit of detection in ideal setting suggested that the sensitivity of bio-barcode system is almost similar to PCR method, which is approximately 500 zmol/L, or approximately 10 copies in a 30 μL sample [37].




2.4. External Force-Assisted Near-Field Illumination Biosensor


In addition to the detection of targets captured by particles, motion-based sensing has also attracted considerable attention due to its potential in real-time detection and high spatial resolution [38,39]. However, it was difficult to control and analyze the motions of many particles in high-resolution in the bulk solution, which resulted in lower sensitivity of these systems than the PCR assay, i.e., 103 virus particles/mL. To address this issue, our group has an External Force-Assisted Near-field Illumination (EFA-NI) biosensor [40,41] that uses magnetic force as the bead driving force, which helps to reduce false positivity by simultaneous detection of optical signals from markers and particle movements.



In and near the evanescent field from near-field illumination, the EFA-NI biosensor uses an external force (magnetic force) to move the target which has bound to antibody-modified magnetic particles. This movement of particles is used to distinguish signal from noise. While various studies have demonstrated the use of magnetic particles for target manipulation, EFA-NI is the first to combine the movement of magnetic particles and optical signal detection to reduce false positivity. Our approach has enhanced the contrast between signal and noise by detecting the “moving optical signal”, thus increasing the signal-to-noise ratio [40,41]. Since the entire space that the near-field illumination reaches becomes the detection area, it is possible to use the concentration effect of the surface. Simultaneously, because of the movement, it is also possible to avoid the influence of noise due to non-specific adsorption on the surface of detection [40]. The EFA-NI biosensor does not require a washing process, and even samples containing many contaminants can be measured simply by mixing the sample with a detection solution (including antibody-modified magnetic particles and optical markers) and injecting it into the device [40,41].



Figure 4 shows a detailed schematic diagram of the detection chamber of the EFA-NI biosensor. The sensor chip is mounted on a trapezoidal prism. An s-polarized parallel light is incident on a trapezoidal prism at an angle parallel to the chip surface. In this setting, the angle of incident light on the surface of the sensor chip, which serves as a reflective surface, is designed to be greater than or equal to the critical angle. The incident light is totally reflected at the surface of the sensor chip, and the vicinity of the sensor chip surface is illuminated by the near-field light.



For the electric field enhancement of near-field light, the surface plasmon resonance based on a thin metal film on the surface (a leaking electric field with a height of approximately 100–200 nm) is often used for immunosensors. However, in the detection area up to about 200 nm in height, the detection target easily leaves the detection area with the EFA-NI biosensor that does not capture the detection target on the surface. Therefore, to use a wider space as the detection area, we adopted a waveguide mode excitation mechanism using a multi-layered waveguide, which is capable of forming a highly enhanced electric field with a height of approximately micrometers.



A mixture that included the sample, the antibody-modified magnetic particles, and the antibody-modified optical markers was introduced into the liquid cell formed on the sensor chip. The targeted virus was detected as a moving optical signal by applying a magnetic field from a sandwiched complex with the antibody-modified magnetic particles and the antibody-modified optical signal marker. Contaminants, which are noise sources, do not move in the same manner as magnetic particles when a magnetic field is applied, so optical signals originating from contaminants can be easily distinguished as noise.



We demonstrated the detection ability of the EFA-NI biosensor by detecting Norovirus Virus-Like Particles (NoVLPs) [42,43]. Norovirus is a pathogen that has been reported to be infected all over the world, and it is reported that there is a possibility of infection even if only about 20 virus particles are orally ingested [44,45]. Therefore, prevention of norovirus infection requires the detection of even very small amounts of norovirus in specimens suspected of viral contamination. The EFA-NI biosensor exhibits high detection ability in the range of 102–104 NoVLPs/mL (which the LOD ≈ 1 order of magnitude smaller than other motion-based methods, e.g., Pt-nanomotors based method [39]) and can measure for samples containing rich contaminants, such as sewage-treated water, even without a washing process [40,41]. Due to its high contamination resistance, this technology is expected to be applied to environmental virus detection.





3. Digital Bioassays Technologies in Virus Detection


To this point, the discussions revolve around virus detection technologies based on bulk analysis in a single reactor with large volume (>10 μL). These methods are known as analogue assays, in which the concentration of target,   C  , is proportional to the relative intensity of readout signals,   I   (  I ∝ C  ) (Figure 5a). When the concentration of target is low, the probability of detection and relative signal intensity reduced, which results in false negativity. Furthermore, the sensitivity of detection based on analogue assays is incompatible to the detection of disease at the early stages of disease development. For instance, patients in the first two weeks of human immunodeficiency virus (HIV) infection have concentration range of p24 capsid antigen from 50 amol/L to 15 fmol/L [46], while the LOD of analogue assays is >pmol/L [47], rendering it challenging for the diagnosis and detection of viral infection at an early stage. Therefore, there is an urgent need for the development of technologies for ultrahigh sensitivity detection system to realize early diagnosis and the detection of viruses at low concentrations.



Two methods have been proposed to address the issue of limited sensitivity of detection in bulk system: (1) increase sensitivity of sensors. However, the sensitivity of sensors is constrained by a trade-off among the physical principles of sensors and its fabrication process which has come to its limitations. (2) The compartmentalization of the reaction system to enrich the target molecules in each compartment, thus increasing signal intensity and probability of detection. Theoretically, all compartments with target molecules can be detected as endpoint entity and are thus categorized as positive and negative compartments. Then, the number of both positive and negative compartments will be collected and statistically analyzed. Absolute quantitation of target molecule is defined as the product of average number of target molecules per compartment,   λ ,   and the number of positive compartments.


  λ = − ln ⁡ 〖 R _ E 〗  



(1)




where   R _ E   is the fraction of negative compartments. This method is known as digital assays in contrast to its analogue counterpart, for its nature of binary detection. Sensitivity of detection can be easily increased by reducing the volume of each compartment, which makes compartmentalization a more favorable and cost-effective method compared to increasing the sensitivity of sensors (Figure 5b).



Bioassay through compartmentalization was first introduced by Lwoff and Gutmann in their study of lysogeny of Bacillus megatherium in 1950 [48]. Lwoff and Gutmann detected the lysogeny through the disappearance of Bacillus megatherium in droplets, followed by the release of hundreds of bacteriophages. This method allowed for the quantitation of a fraction of lysogenic bacteria which produced bacteriophages with ultrahigh sensitivity, which led to the award of the Nobel Prize in Physiology and Medicine in 1965 [49]. Digital assays later extended from single cell analysis [48,50] to protein and nucleic acid analysis, which has in turn facilitated the development of ultrahigh sensitivity virus detection technology.



3.1. Digial Polymerase Chain Reaction


Nucleic acid analysis is one of the standards, and the most used method in virus detection in contemporary society. It was invented by Kary Mullis in 1983, commercialized as Thermal Cycler by Certus and Perkin-Elmer in 1987, and it came to replace the Northern blot developed in 1977 [51] as a common practice in RNA analysis. Today, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) is the gold standard for nucleic acid and virus quantitation (For a detailed review of application of RT-qPCR in virus detection, the readers are advised to refer to reference, e.g., [52]). While RT-qPCR has high dynamic ranges (>9 log), a low operating cost, and supports multiplexing, a complicated optimization process is required for qPCR to obtain reliable and reproducible results [53]. The sensitivity was low (  ≈  106 copies/mL), and its property as a tool for relative quantitation has resulted in large interlaboratory variation (  ≈  27%) [54]. Therefore, there was an urgent need for a new method for nucleic acid analysis which could reduce the error of RT-qPCR and act as a reliable method for nucleic acid analysis.



Combining the methodology of limiting dilution and compartmentalization, as proposed by Lwoff and Gutmann, Vogelstein and Kinzler developed a method which could detect the presence of specific DNA fragment as either negatives or positives in 1999, which they named the method “digital PCR (dPCR)” [55]. As the target DNA is limiting diluted, the probability distribution of target DNA detected in each event was approximate to Poisson distribution (Equation (2)) [56],


  P ( n ) = ( λ ^ n e ^ ( − λ ) ) / n !  



(2)




where   n   is the number of molecules detected in each event. The absolute number of copies of DNA approximates the product of DNA in each compartment and the fraction of positive compartment. Apparently, when each compartment contains only 1 copy of DNA or no DNA, the sensitivity of the system is limited by the number of compartments screened. For instance, Vogelstein and Kinzler noted that by increasing the number of compartments from 96 to 1536, theoretical sensitivity in mutation detection could be reduced to   ≈  0.1% [55]. As we increase the number of compartments formed, the sensitivity will be limited only by polymerase error. By increasing the compartment to 20,000 to 30,000 compartments, various studies have shown that dPCR is more sensitive than RT-qPCR in virus detection under the same experimental conditions [57,58].



Today, there are generally two approaches in which compartmentalization was conducted: (1) chip digital PCR (cdPCR) based on microwell array, and (2) droplet digital PCR (ddPCR) based on microdroplets suspended in oil generated by microfluidic chips or vortex mixing.



Both approaches have been commercialized. The Fluidigm BioMark system and Thermo Fisher Quantstudio 3D are commonly used systems for cdPCR; Bio-Rad QX100/200, the RainDance RainDrop system, and the Stilla Naica system are commonly used ddPCR systems (Figure 6a).



Technically, cdPCR has larger compartment volume compared to ddPCR as the cost of fabrication increases exponentially with the reduction in size of the microwell. ddPCR also offers higher dynamic ranges (5–6 log) compared to cdPCR (2–5 log), and sensitivity for rare mutation detection. RainDance RainDrop dPCR system could detect 0.071 copies/μL [59], while the detection limit of Thermo Fisher Quantstudio 3D was 1.51 copies/μL [60], which is 3 times greater than the Bio-Rad QX100/200 ddPCR system (0.5 copies/μL) and 21 times greater than the RainDance RainDrop dPCR system. ddPCR has gradually become a more popular option compared to cdPCR for its lower operation cost and higher sensitivity. Nonetheless, both dPCR platforms are capable of performing direct quantitation of viruses without nucleic acid extraction [61], which could effectively prevent the loss of information in the nucleic acid extraction process.



Although the method demonstrated by Vogelstein and Kinzler relied on limiting dilution, it is unnecessary for digital assays. To ensure a sufficient number of empty compartments for quantification described in Equation (1), the range of   λ   is usually maintained within the range of 0.001 to 6 [62]. In other words, a maximum of six targets can be encapsulated in each compartment to conduct digital assays. By combining digital and analogue assays, i.e., setting the threshold value for signal intensity in each droplet corresponded to 1–6 copies of target DNA encapsulated and collecting the statistics of positive droplets, it is possible to counteract the consequence of encapsulating more than 1 copy of DNA in each droplet, which will further increase the accuracy of quantitation (Figure 5c).



A concern that remained for ddPCR compared to cdPCR is the volume uncertainty of droplets. Unlike microwell array, the volume of droplets is not constrained by the volume of container, and therefore there is higher volume variation in droplets (2–8%) compared to the microwell array (<1.0%). To address this issue, Pinheiro et al. have revised an equation (Equation (3)) which could counteractively correct the result of measurement with volume uncertainty [63].


  u = K √ ( ( u _ c ) ^ 2 + ( u _ V / V ) ^ 2 )  



(3)




where   u   is the uncertainty of target in droplets,   K   is the coverage factor ranging from 2.05 to 2.18 for 95% confidence interval,   u _ c   is the uncertainty of compartment,   u _ V   is the uncertainty of volume of compartment, and   V   is the mean volume of compartment. From Equation (3), we can note that uncertainty decreases as the number of compartments increases. It is possible to reduce the influence of uncertainty by increasing the number of compartments generated and analyzed.



With the recent development of vortex ddPCR [64], the cost of ddPCR can further be reduced as the requirement for specialized equipment and apparatus is eliminated. Furthermore, our group has recently developed a hydrogel capsule-based dPCR method [65]. By encapsulating the PCR reaction assay into a hydrogel capsule (which is composed by hydrogel shell and sol core), we eliminated the use of fluorinated oil and surfactant to stabilize the interface of droplets without compromising the efficiency of ddPCR. The cost has been reduced by 4000-fold compared to ddPCR as both soybean oil and hydrogel were cheap alternatives compared to fluorinated oil and surfactant. Furthermore, higher fluorescence intensity was also obtained at endpoint measurement due to the better dispersity of gel capsule in soybean oil compared to fluorinated oil, as fluorinated oil is denser than water. This property is particularly useful to detect nucleic acid, which is difficult to amplify. These technologies might further increase the attractiveness of ddPCR and enable its employment in a laboratory with limited resources.




3.2. Flow Virometry


When a portion of suspension is compartmentalized into a vast amount (102–106) compartment, statistic collection becomes a cumbersome task. Therefore, it is important to combine high-throughput analysis technology with digital assays for the practical application of digital assays. Before the advent of microscale analytic systems, various methods were developed to quantify colloidal particles aligned as single particles in fluid flow, based on photoelectric effect [66], electrical impedance [67], and fluorescence [68]. Combined with technology for the electronic separation of cells [69], these methods have contributed to the development of fluorescence-activated cell sorting (FACS) [70]. FACS generally employ a large suspension buffer-to-particle ratio to ensure that only a single particle is analyzed in each measurement (event).



With recent advances in FACS technology, which have allowed for the detection of particles size ranging from 100–1000 nm, it became possible to detect viruses with FACS. The first attempt to detect viruses and bacteriophage with FACS dated back to 1979 when Hercher et al. developed a custom flow cytometer for virus detection. By focusing the core of the stream to 2–20 μm and magnifying the laser with microscope magnifiers, the scattering signal from T2 bacteriophage (70–200 nm) and reovirus (60–80 nm) could be distinguished from background noise [71]. By changing the position of photodetector from 0.5°–15° to 15°–70°, a higher intensity of signal can be observed as forward scattering, which reduces the detection limit from μm order to 50 nm [72]. Although this technology is not informative, i.e., it did not provide much information about the virus, nevertheless, it is a breakthrough which has opened a new field of study known as flow virometry (Figure 6b).



The progress of flow virometry has been accelerated by the development of stable nucleic acid stain, which allows for the labelling and identification of DNA viruses [73]. The invention of bead-based assay (as discussed in Section 2) has allowed for the enrichment of viruses with microparticles and for te detection of viruses bound on microparticles [74,75,76]. By coating specific lectins on the surface of beads and employing beads containing fluorophore with different wavelengths, it is possible to identify viruses with viral glycoprotein on their surface besides the quantitation of virus particles.



Furthermore, the invention of flow virometry has also changed the paradigm of virus’s characterization. It has always troubled researchers and health workers that viral stocks generally contain large fractions of defective viruses compared to infectious viruses. Analogue assays usually measured the sample as bulk, which does not provide useful information on the composition of proteins in viruses. With flow virometry, El Bilali et al. demonstrated that it is possible to sort Herpes simplex virus 1 by infectivity based on tegument proteins VP16 and VP22 [77].



On the other hand, the development of microfluidic devices since the beginning of the 21st century has enabled customizable fluid manipulation in microelectromechanical systems. The successful generation of droplets in microfluidic devices [78] has allowed the integration of droplet-based methods invented by Lwoff and Gutmann [48] into this precise liquid manipulation system. With microfluidic, droplets at fL–nL scale can be generated at high-throughput, which has provided three great advantages for digital assays: (1) smaller compartment volume increases the relative concentration of samples in each compartments, thus the sensitivity of assays, and (2) smaller compartment size has reduced the field of illumination, thus, a brighter signal can be obtained from each compartment, (3) miniaturization increases the speed of reaction by   l ^ 2  , where   l   is the length of reaction. To date, various sorting modules based on droplet microfluidics have been invented, which includes fluorescence [79], fluorescence lifetime [80], absorbance [81,82], scattering [83,84], Raman spectrum [85], X-ray [86], and UV-vis spectrum [87], which are particularly useful for virus sensing.



With the help of enrichment technology, e.g., bead-based enrichment [88,89], enrichment by specially designed probes [90], and droplets-encapsulating technology [91], the analysis of species of virus has become feasible. A virus can be captured, trapped, and lysed, and the nucleic acid can be amplified and detected, which has expanded the potential application of flow virometry.




3.3. Digital Enzyme-Linked Immunosorbent Assays


Protein analysis is another important approach for virus identification and quantitation. Among various methods for protein quantitation, ELISA has emerged as the golden standard for protein quantitation. As analogue assays, the LOD of analogue assays of ELISA is pmol/L. This LOD does not meet the sensitivity required for the early detection of a virus (several tens amol/L). Therefore, a single-molecule detection method with high sensitivity is required to detect proteins at amol/L. In 1961, Rotman reported a method to encapsulate single β-galactosidase molecule into emulsion and successfully measured the activity of individual molecules [92]. By observing the rate of change of fluorescence intensity in each droplet, Rotman discovered Poisson distribution in the trend, which is typical in digital assays. After several tens of years from Rotman’s pioneering work, digital enzyme assays using an array of microwells of femtoliter volumes for encapsulating enzyme molecules were reported [93,94,95], which provided the technical basis of single enzyme molecule detection.



Based on the technology of digital enzyme assays, Duffy’s group (Quanterix Corporation) has developed and reported the first digital ELISA (dELISA) system that employed targeted molecules capturing by immunomagnetic beads and enzyme labeling in 2010 [96]. The schematic diagram of dELISA is shown in Figure 7. First, an analyte containing target protein molecules was mixed with antibody-functionalized immunomagnetic beads (typically 3 μm in diameter) to capture target proteins in suspension (Figure 7a,b). Enzyme labels then bonded to the target molecules via antibody (Figure 7c). An immunocomplex containing antibody-functionalized magnetic beads, target molecules, and enzyme labels were formed. The immunocomplex was encapsulated into a microwell array (103–105 of wells with femtoliter volumes) with fluorogenic substrate (Figure 7d). When the immunocomplex is present in the microwell, fluorescence signal is generally generated through enzymatic reactions, and the statistic of positive wells was collected (Figure 7e). By using a microwell array which could only accommodate a single magnetic bead per well, e.g., a microwell with a diameter of 4.5 μm and a depth of 3.25 μm for a magnetic bead with a diameter of 2.7 μm [96], the ratio of the luminescent wells was equal to the ratio of the number of immunocomplex to total number of magnetic beads, which is used to evaluate the average enzyme number per bead. The first dELISA used approximately 50,000 microwells fabricated by processing optical fiber bundles, and a prostate-specific antigen (PSA) in serum was detected with the LOD of 200 amol/L (8 fg/mL) [96]. The result was 1000 times superior to the LOD of analogue ELISA (≈10 pg/mL for PSA). After the first report, the research group of Quanterix Corporation continued to develop digital ELISA-related technologies, including the dynamic range broadening of assays by using the average enzyme number per bead measured with digital and analogue hybrid methods [97], polymer-based microwell sensing plate with fluidic channel for automation of assays [98], and the theoretical analysis of digital assays [99], and commercialized the automated digital ELISA systems such as the Simoa series [100]. Simoa series has been widely used in viral protein detection, which includes the detection of HIV (LOD = 2.5 fg/mL in serum) [101], influenza virus (LOD = 0.59 fmol/L and 0.99 fmol/L for nucleoprotein and hemagglutinin in buffer solution) [102], and SARS-CoV-2 (20 fg/mL for N protein in nasopharyngeal swab) [103,104,105]. The sensitivity of dELISA is approximately 1000-fold higher than analogue ELISA. Also, several assays using CRISPR-based technology to target nucleic acids were established in a manner that mimics immunoassay detection systems such as immunochromatography [106]. Being a similar system to digital ELISA, CRISPR-based amplification-free digital RNA detection was recently developed to detect viral RNA (LOD = 5.7 fmol/L of SARS-CoV-2 RNA extract) using microwell arrays and CRISPR-Cas13 [107]. Besides, interferometric techniques can also be applied to the digital assay. Using interferometric scattering of the small particles, the size and count of the particles are visualized in the microscopic image [108,109]. By combining interferometry and sandwich immunoassay techniques, a commercialized device based on the principle of Single Particle Interferometric Reflectance Imaging Sensing has successfully detected extracellular vesicles (EV) with the LOD of 106 to 109 EV/mL [109].



dELISA technology flourish around the Simoa series, and various progress has been obtained, e.g., Kim et al. increased the number of microwell in dELISA by 1 order of magnitude, which lowered the LOD of dELISA to 2 amol/L [110]; Leirs et al. extended the application of dELISA from PSA detection to nucleoprotein detection [111]; dELISA without magnetic beads were developed by exploiting viral enzymes, e.g., neuraminidase of influenza virus [112]. The portability of dELISA was enhanced by using the camera of a smartphone and evanescent light illumination, which produced a portable dELISA system with 100 times higher sensitivity compared to rapid diagnostics kit [113]. The variation of dELISA with air as sealant instead of oil was also developed to enable solution exchange of microwells for performing multiple condition assays on the same target enzyme molecules [114].



Further studies have been conducted to improve the LOD of dELISA to zmol/L. While increasing the number of microwells is effective to improve LOD as a larger volume of suspension can be sampled [110], the field of observation has limited the maximum number of microwells to ≈106 wells; reducing the number of magnetic beads could also improve the sensitivity of dELISA as it increased the fraction of immunocomplex analyzed, e.g., reducing the number of magnetic beads by 100-fold could improve sensitivity by 189-fold [115]. Nevertheless, low concentration of magnetic beads resulted in a longer reaction time for antigen capturing, which reduced the speed of detection [115].



Balancing the trade-off of sensitivity and speed of detection is a challenging task in dELISA with the current design, which allows for only single bead per well. A breakthrough is needed to achieve high sensitivity, such as rapid dELISA.




3.4. Multiparticle-Concentrated Digital Immunoassay


As mentioned above, dELISA for virus detection [101,102,103,104,105] achieves high sensitivity by combining the principle of digital detection and the efficient capture, concentration, and washing of targets with the help of magnetic particles. However, to increase the resolution of detection, it is preferable that only one magnetic particle is accommodated in a well. Therefore, it is desirable to have only one target bind to a magnetic particle. As dELISA measures viral proteins from lysed virion, it is difficult to know whether the virus particles maintain their particle shape, which may have a negative effect on the quantification of enveloped viruses, for their wide range of particle sizes and diversity in the number of proteins contained in each particle. In addition, the number of magnetic particles which could be used in dELISA is determined by the number of wells available. Even if more magnetic particles than the number of wells is used, they cannot be accommodated in the wells, which will increase the probability of false negativity. Therefore, it is difficult to speed up the capturing, concentrating, and washing processes by using high-concentration magnetic particles.



To address this issue, our group has proposed a lysis-free method that could simplify the complex and cumbersome sample preparation process, while achieving similar sensitivity to the PCR method, which we call a multiparticle-concentrated digital immunoassay (MCDIA) [116,117]. Figure 8 shows an outline of the detection principle of MCDIA. MCDIA uses digital detection technology, similar to the dELISA [101,102,103,104,105] which has been described above. The well array used consists of pL-sized holes which can accommodate many magnetic particles per well. Highly concentrated (>108 particles/mL) antibody-modified magnetic particles can quickly capture viruses in the sample. Next, the enzyme-labeled antibodies are bound to the virus and unbound enzyme-labeled antibodies are removed. By rapidly guiding the complexes into the well array using a magnetic field, the viruses sandwiched with the magnetic particles and the labeled antibodies are concentrated in a short time. Almost all the particle–virus complexes and magnetic particles can be accommodated in the well array. Furthermore, they are enclosed in the well array together with fluorogenic substrates that react with the enzyme label. Fluorophore was released, and fluorescent signals are detected only in the wells, including the viruses. Viruses in the sample can be detected and quantified by counting the wells that emit fluorescent signals.



Theoretically, the MCDIA can achieve detection within a few to a few tens of minutes with a sensitivity equal to or greater than that of the PCR method. Both rapid virus-capturing and high sensitivity can be realized by introducing a multi-particle concentration method into the digital detection technology. We have successfully developed an influenza A virus (IAV) detection system [116] and a SARS-CoV-2 detection system [117] based on the MCDIA. Using the developed IAV detection system, the LOD of 100 copies/mL of IAV has been demonstrated, which is more sensitive than the PCR method, approximately 30 min from the mixing of the antibody-modified magnetic particles with the sample [116]. In addition, the SARS-CoV-2 detection system succeeded in detecting UV-inactivated SARS-CoV-2 equivalent to 100 TCID50/mL in a reaction time of 3 min, for which the concentration is approximately the lowest virus concentration (titer) that can be detected in the saliva of SARS-CoV-2 patients [118,119,120,121]. This indicates that this system can cover the clinical detection range. These demonstrations suggest that MCDIA is a high-performance system that could be used to detect low concentrations of viruses within minutes.



In future works, while maintaining sensitivity, we aim to shorten the entire detection time by automating and improving the efficiency of the procedure part and will achieve both the highest-level sensitivity and fastest-level sensitivity required for screening tests for asymptomatic people and for evaluating the risk of infection in a certain space. If a highly sensitive and reliable rapid on-site test is put into practical use, it is possible to control the spreading of viruses before it evolves into a pandemic by screening asymptomatic patients and reducing the risk of aerosol transmission. In the event of an infectious disease pandemic, we can also expect to avoid situations that cause huge social and economic losses, such as declaring a state of emergency or pre-emergency measures in the global pandemic of viral infection.





4. Pore-Based Sensing for Virus Particles Detection


Pore-based sensing is a promising candidate for the early detection of extremely small particles such as molecules, proteins, and viruses (50–200 nm). This method is known as “Coulter principle” or “resistive pulse sensing”. Pores usually consist of a nano- to micrometer hole within a substrate which forms a barrier between two electrolyte-filled reservoirs. A pair of electrodes are placed on each side of substrate, and voltage is applied to the pore and measures the ion current flowing through it (Figure 9). Particles can be counted in real time by modulation in an ion current derived from obstructing the pore in the translocation process. Since the magnitude of the ion current depends on the size of particles, pore-based sensing can measure the size of individual particles then output them as statistics such as transmission electron microscopy [122]. Notably, pores on the nanometer scale are called “nanopores” and are particularly suitable for measuring nanometer-sized viruses.



Nanopores are widely used in biochemical and single molecule detection, and could be made of biomacromolecule or synthetic materials. For example, molecular measurements using nanopores, in which α-hemolysin with cyclodextrins inside is embedded in lipid membranes, was reported [123,124], and pore-based sensing was recognized as a method for single molecule analysis. On the other hand, pore-based sensing using naturally occurring pores has limited the size of measured particles. Therefore, artificially fabricated pores have been developed for particle measurement. Viral particle sensing using artificially fabricated pores will be discussed in this chapter.



4.1. Fabrication of Pores for Sensing


An important aspect of nanopore measurement is techniques for making pores. There are many ways to penetrate thin membranes for the fabrication of pores such as ion beam drilling, electron beam lithography, electrochemical etching, etc. [125,126,127,128,129]. For example, it has been reported that the fabrication of pores in glass with sub-micrometer diameter uses a femtosecond-pulsed laser [126,130] to measure paramecium bursaria chlorella virus 1 with a diameter of 175–190 nm [131,132]. Other reports have also shown the use of a single heavy ion to fabricate pores [125,133,134], while in another method, a needle is used to penetrate a membrane [135]. This method is used for pore preparation, sold as a pore membrane for qNano and Exoid by Izon Science, and is a necessary process for tunable resistive pulse sensing (TRPS) (The details of TRPS are discussed below).



An advantage to using pores for particle measurement is that not only the size of the particles can be estimated, but also the waveform of electric current varies with the shape of nanoparticles. Therefore, the preparation of pores with precisely controlled geometry is also of great importance to obtain highly reproducible measurement. For example, precisely uniformed low-aspect ratio pore prepared by electron beam lithography and reactive ion etching can obtain the specific current waveform derived from the shape of measured particles [136,137,138]. Pore fabrication methods are developing according to the parameters of the particles to be measured.




4.2. Quantification of Virus Using Pore-Based Sensing


The conventional technique to measure viruses does not depend on the amount of virus particles but on infection titer such as hemagglutination inhibition assay and plaque assay, as viruses cannot be detected directly. PCR is also a conventional assay by measuring the number of viral nucleic acid, which can measure viruses quantitatively at first glance. However, viral integrity must be maintained for infectivity, and the detection of viral nucleic acid does not necessarily indicate risk of infection. Although the infectivity of the counted virus particles cannot be measured, the virus can be quantified from a different perspective than PCR because particles that have the shape of a virus can be counted.



A main challenge of pore-based sensing is that the detection opportunity depends on a stochastic factor, that is, it relies on the probability that a viral particle in the vicinity of a pore will pass through the pore. The frequency of passing particles increases with the density of particles. Therefore, this concentration range is the dynamic range of the pore sensor. Note that a passing efficacy is not only depends on a particle concentration but characteristics of particles. The main driving force for particles to pass through the pores is electrophoresis caused by the application of voltage. Accordingly, particles with higher or lower surface potential relative to their environment are more likely to pass through the pores, while particles with no charge rarely pass through the pores by electrophoresis. Electroosmotic flow also allows particles to pass through the pore [139], but the drive by electroosmotic flow is limited in scope. Therefore, the frequency of particles passing through is difficult to be directly treated as particle concentration.



The problem of pore-based sensing can be improved by external forces. Pore sensors, in which a pore is provided in a stretchable membrane and the size of the pore is changed by stretching, are called tunable resistive pulse sensing and are commercially available under the product names qNano and Exoid [140,141,142]. In the case of TRPS, the particles are forced to pass through the particles regardless of their surface charge because of the pressure-driven mechanism that allows the solution to flow through the pores. There have been reports of using TRPS to measure and evaluate the amount of vesicular stomatitis virus [143]. According to this study, the passing rate of viral particle is 1 particle per minute when 1.0 × 107 particles/mL viral suspension was applied, which is roughly viral concentration at the limit of detection by single pore-based sensing. Although this value requires more virus than the PCR detection limit of 100 copies/mL, it should be considered that the viral particles are measured as they are without any manipulation, such as gene extraction or gene amplification. The fact that PCR involves dozens of amplification operations also indicates that pore-based sensing is inherently capable of detecting very small amounts of virus. Apart from this, the upper limit should also be considered. According to this report, the limit of linearity between counting rate and concentration of virus is approximately 1.0 × 1010 particles/mL viruses [143]. This is because high concentration of the virus results in miscalculation derived from temporary clogging, and the virus concentration must be adjusted for quantitative evaluation.



Pore-based sensing is a useful technique to measure the virus in the suspension quantitatively. Since the parameter of physical quantity of virus is essentially different from virus titer and number of nucleic acids, these different parameters should be matched at a viewpoint of infection risk. It is a challenging problem to quantify the risk of infection, and virus evaluation by pore-based sensing may be one tool to solve this.




4.3. Advanced Techniques of Pore-Based Sensing for Virus Detection


In the previous subsection, we discussed the property of virus counting quantitatively. However, an actual sample, including viruses, certainly has other impurities, which sometimes prevents a viral particle measurement. While pore-based sensing is an attractive method for evaluating each measured particle individually, the properties of the particles obtained are limited to physical parameters such as size and charge density. Therefore, pore-based sensing performance must be advanced to selectively measure biological particles such as viruses. Clogging of the pore, which is one of the most troubling problems for pore-based sensing, should also be solved, because the impurities contained in virus suspension could prevent the viruses from passing through the pore.



Hydrophilic plasma treatment is commonly used to prevent the clogging of pores. However, facilities for plasma irradiation are required, and the effect is lost over time. Surface functionalization of a pore is one effective technique to improve the performance of pore-based sensing. For example, preventing unwanted adhesion is a required technique in the field of biomaterials and biosensing, which is mostly solved by surface functionalization. It is known that polyethylene glycol can give the non-fouling character on a surface by preventing impurity approaches because of excluded volume effects derived from a hydrophilic chain [144]. Zwitterion-based materials are also effective candidates for preventing pore clogging. An adhesion mechanism is strongly related to the state of water condition around the materials, which is called bound water or non-freezing water [145], which promotes adhesion via the dehydration of bound water molecules. On the other hand, zwitterionic surface minimizes bound water and prevents adhesion [146]. It has been reported that the surface modification of zwitterions and polyethylene glycol to the pore inhibited pore clogging [147].



There are some methods for the specific detection of target particles. One technique is to use a specially shaped pore for sensing. As mentioned previously, a low aspect ratio pore can obtain a detail of particle shape based on current waveform. For example, several kinds of viruses, such as vesicular stomatitis virus, tobacco mosaic virus [148], bafinivirus, and ronivirus, have distinctive shapes and can be easily distinguished by their waveforms. High aspect pores provide accurate volume information because the entire particle enters the pore, and shape information can also be obtained, although not as much as with low aspect pores [149,150,151]. However, many kinds of viral particles are near spherical shape, which makes it difficult to distinguish the virus species. Therefore, a further advanced technique is required.



Another approach is surface functionalization to capture the target. Conventional biosensors such as surface plasmon resonance (SPR) and quartz crystal microbalance (QCM) sensors use the ligands on the surface of the sensor for specific detection. Since ligands are provided on the surface of the pore or near pore and measuring the passing time of particles significantly reveals how the target is captured through molecular recognition (Figure 10), pore-based sensing has been reported not only for viruses but also for proteins [152,153,154,155,156,157,158]. On the other hand, the capturing of the target on pore surface has a risk of pore clogging because molecular recognition keeps the targets on pore surface, which results in congestion. Therefore, pore-based sensing by molecular recognition on the pore surface requires ingenuity in adjusting target concentration and binding strength.



Apart from this, the conjugation approach has also been suggested to identify the virus. For example, when the virus and antibody interact specifically, the volume of the virus increases because the virus is covered by the antibody due to complex formation. Therefore, the presence of the virus can be determined by changing the size of the viral particle [130]. It has been reported that artificial nanomaterials are used because they undergo significant size changes upon compositing (Figure 11). In this case, human influenza virus specific ligands are immobilized on 20 nm of gold nanoparticles, which can be used as virus recognition nanoparticles [159]. Since the typical size of influenza virus is 80–120 nm, the binding of nanoparticles gives the statistical change of virus particle size.



As a recent trend, artificial intelligence (AI) technologies for pore-based sensing have been investigated [139,155,157,160,161]. In this approach, the AI identifies the virus species by learning the characteristics of the pulse shape measured from each virus [160]. It is reported that AI techniques can identify not only the virus species but also the virus subtype such as influenza A H1N1 and H3N2 [139]. Although AI-based virus identification is a promising technology, it is important to note that this approach is not based on biological analysis such as traditional detection methods. It is difficult to explain on what basis the AI identifies the type of virus, so careful discussion is needed for its use as a diagnostic method. The combination of molecular recognition and AI are also investigated [155,157]. As mentioned above, if target particles bind strongly on the pore surface, serious pore clogging will occur easily. However, as the interaction is weakened, the difference in pulse shape becomes smaller, making simple identification more difficult. Therefore, AI technology capable of identifying subtle differences in pulse waveforms would be useful.



In this chapter, pore-based sensing technologies for virus detection have been discussed. This method is still an emerging technology and needs further development to become a general sensing technology. However, the method of detecting and analyzing viruses in their particle form is unprecedented and is expected to lead to rapid diagnosis. Since pore-based sensing only measures current values, it does not require optical devices, etc., and can be miniaturized. It is anticipated that pore-based sensing will be widely used as a particulate measurement method in the future.





5. Conclusions


The COVID-19 pandemic has caused tremendous damage to society and the economy around the world. While we hope that the tragedy can be prevented, unfortunately, the development of human society with dense traffic and the nature of cross-species virus transmission through random mutation [162] has dictated that the emergence of human viruses is inevitable. Therefore, it is important to continuously establish novel virus detection technology which could achieve high sensitivity and detecting speed, in addition to low cost and easy implementation to the society to prevent the development of virus emergence into a pandemic.



In this article, we provided an overview of various virus detection technologies (Table 1). As shown in Table 1, in general, conventional sensing technologies were limited by their capability to achieve both high sensitivity and high speed. Among these technologies listed in Table 1, we focused on some of them, applying three approaches using μm- or nm-scale components, i.e., bead-based assays, digital bioassays, and pore-based sensing technologies. They are potential technologies that could simultaneously achieve high sensitivity and rapid testing. Bead-based assays and digital bioassays (except flow virometry) are mainly based on chemical techniques, while pore-based sensing and flow virometry are methods based on physical approaches. In the chemical approach, the research community has focused on developing the methods to recognize the molecular fingerprints of viruses, i.e., (1) reagents for virus capturing with high specific recognition performance and (2) carrying out the amplification process until the absolute amount exceeds the lower limit of detection to increase the number of target or signal substances. To achieve the above-mentioned aim, two components are essential. Molecular design with high specific recognition is essential for aim (1), but practical measures are also necessary to increase the collision frequency between the target and the reagent. Also, in aim (2), the key lies in the method to improve the efficiency of the amplification process. Bead-based assays have the advantage of increasing the surface area to volume ratio for detection surface and the disadvantage to increase surfaces causing non-specific adsorption of the markers. Overcoming the issue of non-specific adsorption, bead-based assays could be implemented in rapid diagnostic for point-of-care multiplex virus detection. Digital assays have the advantage of absolute quantitation of viruses without the need for a calibration curve; the disadvantage is its need to divide samples quickly and efficiently. Overcoming the issue of sample loss and high-speed dividing, digital assays would be the optimal point-of-care virus detection methods.



On the other hand, physical approaches focus on the measurement of native signals generated from viruses, e.g., light scattering and electrical impedance. The label-free nature of physical approaches has made them an attractive approach in virus detection, as reagents to label viruses, e.g., antibodies are not basically necessary. However, it should be noted that viruses are not completely isomorphic and have a wide range of physical properties. Therefore, physical approaches exhibit less specificity compared to chemical approaches. For the reason above, the advanced techniques such as molecular recognitions and machine learning technology, mentioned in the relevant section, might help to improve the specificity of virus detection based on physical approaches by extracting and clustering the signal pattern specific to certain types of viruses.



In recent years, the introduction of digital measurement technology for virus detection has contributed to increasing the effective SNR of signals and reducing the LODs. In addition, the practical application of an extreme imaging device that realizes single photon counting has been announced [163,164]. The device may bring more than an order of magnitude improvement in the SNR compared to a conventional image sensor, which suggested that the reaction time of assay and detection time of signal can be further shortened. Furthermore, as can be understood by comparing one-dimensional measurement systems such as flow cytometry with two-dimensional measurement systems such as microwell arrays, it is also effective to improve throughput by increasing the dimensionality of the specimen.



In this way, various technological innovations have been boosted in recent years. By combining the innovations of these technologies, there is no doubt that the ideal virus testing method, which has both high enough detection sensitivity equivalent to that of PCR and quick testing time such as within 1 min, would be established in the near future.







Author Contributions


Conceptualization, M.Y. and T.F.; writing—original draft preparation, M.Y., Z.L.T., Y.H., H.A. and T.F.; writing—review and editing, M.Y., Z.L.T., Y.H., H.A. and T.F.; visualization, M.Y., Z.L.T., Y.H., H.A. and T.F.; supervision, M.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical Features of Patients Infected with 2019 Novel Coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [Google Scholar] [CrossRef]

	



Ksiazek, T.G.; Erdman, D.; Goldsmith, C.S.; Zaki, S.R.; Peret, T.; Emery, S.; Tong, S.; Urbani, C.; Comer, J.A.; Lim, W.; et al. A Novel Coronavirus Associated with Severe Acute Respiratory Syndrome. N. Engl. J. Med. 2003, 348, 1953–1966. [Google Scholar] [CrossRef]

	



de Groot, R.J.; Baker, S.C.; Baric, R.S.; Brown, C.S.; Drosten, C.; Enjuanes, L.; Fouchier, R.A.M.; Galiano, M.; Gorbalenya, A.E.; Memish, Z.A.; et al. Commentary: Middle East Respiratory Syndrome Coronavirus (MERS-CoV): Announcement of the Coronavirus Study Group. J. Virol. 2013, 87, 7790–7792. [Google Scholar] [CrossRef]

	



Creager, H.M.; Zeng, H.; Pulit-Penaloza, J.A.; Maines, T.R.; Tumpey, T.M.; Belser, J.A. In Vitro Exposure System for Study of Aerosolized Influenza Virus. Virology 2017, 500, 62–70. [Google Scholar] [CrossRef]

	



Edwards, S.; Fukusho, A.; Lefèvre, P.-C.; Lipowski, A.; Pejsak, Z.; Roehe, P.; Westergaard, J. Classical Swine Fever: The Global Situation. Vet. Microbiol. 2000, 73, 103–119. [Google Scholar] [CrossRef]

	



Jamal, S.M.; Belsham, G.J. Foot-and-Mouth Disease: Past, Present and Future. Vet. Res 2013, 44, 116. [Google Scholar] [CrossRef]

	



Kaner, J.; Schaack, S. Understanding Ebola: The 2014 Epidemic. Glob. Health 2016, 12, 53. [Google Scholar] [CrossRef]

	



Orenes-Piñero, E.; Baño, F.; Navas-Carrillo, D.; Moreno-Docón, A.; Marín, J.M.; Misiego, R.; Ramírez, P. Evidences of SARS-CoV-2 Virus Air Transmission Indoors Using Several Untouched Surfaces: A Pilot Study. Sci. Total Environ. 2021, 751, 142317. [Google Scholar] [CrossRef]

	



Breshears, L.E.; Nguyen, B.T.; Mata Robles, S.; Wu, L.; Yoon, J.-Y. Biosensor Detection of Airborne Respiratory Viruses Such as SARS-CoV-2. SLAS Technol. 2022, 27, 4–17. [Google Scholar] [CrossRef]

	



Oba, J.; Taniguchi, H.; Sato, M.; Takamatsu, R.; Morikawa, S.; Nakagawa, T.; Takaishi, H.; Saya, H.; Matsuo, K.; Nishihara, H. RT-PCR Screening Tests for SARS-CoV-2 with Saliva Samples in Asymptomatic People: Strategy to Maintain Social and Economic Activities While Reducing the Risk of Spreading the Virus. Keio J. Med. 2021, 70, 35–43. [Google Scholar] [CrossRef]

	



Louten, J. Virus Structure and Classification. In Essential Human Virology; Academic Press: Cambridge, MA, USA, 2017; pp. 19–29. ISBN 978-0-12-800947-5. [Google Scholar]

	



Xue, J.; Chambers, B.S.; Hensley, S.E.; López, C.B. Propagation and Characterization of Influenza Virus Stocks That Lack High Levels of Defective Viral Genomes and Hemagglutinin Mutations. Front. Microbiol. 2016, 7, 326. [Google Scholar] [CrossRef]

	



Yezli, S.; Otter, J.A. Minimum Infective Dose of the Major Human Respiratory and Enteric Viruses Transmitted Through Food and the Environment. Food Environ. Virol 2011, 3, 1–30. [Google Scholar] [CrossRef] [PubMed]

	



Yamauchi, Y. Virus Cell Biology and Microscopy. Kenbikyo 2021, 56, 23–30. [Google Scholar] [CrossRef]

	



Higuchi, R.; Dollinger, G.; Walsh, P.S.; Griffith, R. Simultaneous Amplification and Detection of Specific DNA Sequences. Nat. Biotechnol. 1992, 10, 413–417. [Google Scholar] [CrossRef] [PubMed]

	



Nakagawa, N.; Ito, M. Rapid Subtyping of Influenza a Virus by Loop-Mediated Isothermal Amplification: Two Cases of Influenza Patients Who Returned from Thailand. Jpn. J. Infect Dis. 2006, 59, 200–201. [Google Scholar]

	



Qian, C.; Wang, R.; Wu, H.; Ji, F.; Wu, J. Nicking Enzyme-Assisted Amplification (NEAA) Technology and Its Applications: A Review. Anal. Chim. Acta 2019, 1050, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Azar, M.M.; Landry, M.L. Detection of Influenza A and B Viruses and Respiratory Syncytial Virus by Use of Clinical Laboratory Improvement Amendments of 1988 (CLIA)-Waived Point-of-Care Assays: A Paradigm Shift to Molecular Tests. J. Clin. Microbiol. 2018, 56, e00367-18. [Google Scholar] [CrossRef]

	



Gili, A.; Paggi, R.; Russo, C.; Cenci, E.; Pietrella, D.; Graziani, A.; Stracci, F.; Mencacci, A. Evaluation of Lumipulse® G SARS-CoV-2 Antigen Assay Automated Test for Detecting SARS-CoV-2 Nucleocapsid Protein (NP) in Nasopharyngeal Swabs for Community and Population Screening. Int. J. Infect Dis. 2021, 105, 391–396. [Google Scholar] [CrossRef]

	



Ministry of Health. Labour and Welfare Guidelines Regarding Use of SARS-CoV-2 Antigen Detection Kits 2020; Ministry of Health: Tokyo, Japan, 2020.

	



Tu, Y.-P.; Iqbal, J.; O’Leary, T. Sensitivity of ID NOW and RT–PCR for Detection of SARS-CoV-2 in an Ambulatory Population. eLife 2021, 10, e65726. [Google Scholar] [CrossRef]

	



Wagner, H.N.; Sabiston, D.C.; McAfee, J.G.; Tow, D.; Stern, H.S. Diagnosis of Massive Pulmonary Embolism in Man by Radioisotope Scanning. N. Engl. J. Med. 1964, 271, 377–384. [Google Scholar] [CrossRef]

	



Langer, R.; Tirrell, D.A. Designing Materials for Biology and Medicine. Nature 2004, 428, 487–492. [Google Scholar] [CrossRef] [PubMed]

	



Khan, I.H.; Mendoza, S.; Yee, J.; Deane, M.; Venkateswaran, K.; Zhou, S.S.; Barry, P.A.; Lerche, N.W.; Luciw, P.A. Simultaneous Detection of Antibodies to Six Nonhuman-Primate Viruses by Multiplex Microbead Immunoassay. Clin. Vaccine Immunol. 2006, 13, 45–52. [Google Scholar] [CrossRef] [PubMed]

	



Gehring, A.G.; Brewster, J.D.; Irwin, P.L.; Tu, S.-I.; Van Houten, L.J. 1-Naphthyl Phosphate as an Enzymatic Substrate for Enzyme-Linked Immunomagnetic Electrochemistry. J. Electroanal Chem. 1999, 469, 27–33. [Google Scholar] [CrossRef]

	



Lemon, S.M. Hepatitis A Virus: Current Concepts of the Molecular Virology, Immunobiology and Approaches to Vaccine Development. Rev. Med. Virol. 1992, 2, 73–87. [Google Scholar] [CrossRef]

	



Micheli, L.; Fasoli, A.; Attar, A.; Donia, D.T.; Divizia, M.; Amine, A.; Palleschi, G.; Salazar Carballo, P.A.; Moscone, D. An ELIME Assay for Hepatitis A Virus Detection. Talanta 2021, 234, 122672. [Google Scholar] [CrossRef]

	



Helali, S.; Martelet, C.; Abdelghani, A.; Maaref, M.A.; Jaffrezic-Renault, N. A Disposable Immunomagnetic Electrochemical Sensor Based on Functionalised Magnetic Beads on Gold Surface for the Detection of Atrazine. Electrochim. Acta 2006, 51, 5182–5186. [Google Scholar] [CrossRef]

	



Wang, J.; Kawde, A.-N.; Erdem, A.; Salazar, M. Magnetic Bead-Based Label-Free. Analyst 2001, 126, 2020–2024. [Google Scholar] [CrossRef] [PubMed]

	



Paleček, E.; Fojta, M.; Jelen, F. New Approaches in the Development of DNA Sensors: Hybridization and Electrochemical Detection of DNA and RNA at Two Different Surfaces. Bioelectrochemistry 2002, 56, 85–90. [Google Scholar] [CrossRef]

	



Kerman, K.; Matsubara, Y.; Morita, Y.; Takamura, Y.; Tamiya, E. Peptide Nucleic Acid Modified Magnetic Beads for Intercalator Based Electrochemical Detection of DNA Hybridization. Sci. Technol. Adv. Mater. 2004, 5, 351–357. [Google Scholar] [CrossRef]

	



Stoeva, S.I.; Lee, J.-S.; Thaxton, C.S.; Mirkin, C.A. Multiplexed DNA Detection with Biobarcoded Nanoparticle Probes. Angew Chem. Int. Ed. 2006, 45, 3303–3306. [Google Scholar] [CrossRef]

	



Nam, J.-M.; Thaxton, C.S.; Mirkin, C.A. Nanoparticle-Based Bio-Bar Codes for the Ultrasensitive Detection of Proteins. Science 2003, 301, 1884–1886. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Mao, H.-J.; Zang, G.-Q.; Zhang, H.-L.; Jin, Q.-H.; Zhao, J.-L. Detection of Hepatitis B Virus Deoxyribonucleic Acid Based on Gold Nanoparticle Probe Chip. Chin. J. Anal. Chem. 2010, 38, 1133–1138. [Google Scholar] [CrossRef]

	



Yin, H.; Jia, M.; Shi, L.; Yang, S.; Zhang, L.; Zhang, Q.; Wang, S.; Li, G.; Zhang, J. Nanoparticle-Based Bio-Barcode Assay for the Detection of Bluetongue Virus. J. Virol. Methods 2011, 178, 225–228. [Google Scholar] [CrossRef]

	



Tang, S.; Zhao, J.; Storhoff, J.J.; Norris, P.J.; Little, R.F.; Yarchoan, R.; Stramer, S.L.; Patno, T.; Domanus, M.; Dhar, A.; et al. Nanoparticle-Based Biobarcode Amplification Assay (BCA) for Sensitive and Early Detection of Human Immunodeficiency Type 1 Capsid (P24) Antigen. J. Acquir Immune Defic. Syndr. 2007, 46, 231–237. [Google Scholar] [CrossRef] [PubMed]

	



Nam, J.-M.; Stoeva, S.I.; Mirkin, C.A. Bio-Bar-Code-Based DNA Detection with PCR-like Sensitivity. J. Am. Chem. Soc. 2004, 126, 5932–5933. [Google Scholar] [CrossRef]

	



Visser, E.W.A.; van IJzendoorn, L.J.; Prins, M.W.J. Particle Motion Analysis Reveals Nanoscale Bond Characteristics and Enhances Dynamic Range for Biosensing. ACS Nano 2016, 10, 3093–3101. [Google Scholar] [CrossRef]

	



Draz, M.S.; Lakshminaraasimulu, N.K.; Krishnakumar, S.; Battalapalli, D.; Vasan, A.; Kanakasabapathy, M.K.; Sreeram, A.; Kallakuri, S.; Thirumalaraju, P.; Li, Y.; et al. Motion-Based Immunological Detection of Zika Virus Using Pt-Nanomotors and a Cellphone. ACS Nano 2018, 12, 5709–5718. [Google Scholar] [CrossRef]

	



Yasuura, M.; Fujimaki, M. Detection of Extremely Low Concentrations of Biological Substances Using Near-Field Illumination. Sci. Rep. 2016, 6, 39241. [Google Scholar] [CrossRef]

	



Yasuura, M.; Shirato, H.; Higo-Moriguchi, K.; Fujimaki, M. Detection of Norovirus-like Particles with an External Force-Assisted near-Field Illumination Biosensor. Jpn. J. Appl. Phys. 2019, 58, 071005. [Google Scholar] [CrossRef]

	



Ball, J.M.; Hardy, M.E.; Atmar, R.L.; Conner, M.E.; Estes, M.K. Oral Immunization with Recombinant Norwalk Virus-Like Particles Induces a Systemic and Mucosal Immune Response in Mice. J. Virol. 1998, 72, 1345–1353. [Google Scholar] [CrossRef]

	



Hansman, G.S.; Natori, K.; Shirato-Horikoshi, H.; Ogawa, S.; Oka, T.; Katayama, K.; Tanaka, T.; Miyoshi, T.; Sakae, K.; Kobayashi, S.; et al. Genetic and Antigenic Diversity among Noroviruses. J. Gen. Virol. 2006, 87, 909–919. [Google Scholar] [CrossRef]

	



Teunis, P.F.M.; Moe, C.L.; Liu, P.E.; Miller, S.; Lindesmith, L.; Baric, R.S.; Le Pendu, J.; Calderon, R.L. Norwalk Virus: How Infectious Is It? J. Med. Virol. 2008, 80, 1468–1476. [Google Scholar] [CrossRef]

	



Hall, A.J. Noroviruses: The Perfect Human Pathogens? J. Infect Dis. 2012, 205, 1622–1624. [Google Scholar] [CrossRef] [PubMed]

	



Barletta, J.M.; Edelman, D.C.; Constantine, N.T. Lowering the Detection Limits of HIV-1 Viral Load Using Real-Time Immuno-PCR for HIV-1 P24 Antigen. Am. J. Clin. Pathol. 2004, 122, 20–27. [Google Scholar] [CrossRef] [PubMed]

	



Giljohann, D.A.; Mirkin, C.A. Drivers of Biodiagnostic Development. Nature 2009, 462, 461–464. [Google Scholar] [CrossRef]

	



Lwoff, A.; Gutmann, A. Recherches Sur Un Bacillus Megatherium Lysogène. Ann. Inst. Pasteur. 1950, 78, 711–739. [Google Scholar]

	



NobelPrize.org André Lwoff-Facts. Available online: https://www.nobelprize.org/prizes/medicine/1965/lwoff/facts/ (accessed on 13 March 2023).

	



Weaver, J.C.; Williams, G.B.; Klibanov, A.; Demain, A.L. Gel Microdroplets: Rapid Detection and Enumeration of Individual Microorganisms by Their Metabolic Activity. Nat. Biotechnol. 1988, 6, 1084–1089. [Google Scholar] [CrossRef]

	



Alwine, J.C.; Kemp, D.J.; Stark, G.R. Method for Detection of Specific RNAs in Agarose Gels by Transfer to Diazobenzyloxymethyl-Paper and Hybridization with DNA Probes. Proc. Natl. Acad. Sci. USA 1977, 74, 5350–5354. [Google Scholar] [CrossRef]

	



Mackay, I.M.; Arden, K.E.; Nitsche, A. Real-Time PCR in Virology. Nucleic Acids Res. 2002, 30, 1292–1305. [Google Scholar] [CrossRef]

	



Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al. The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments. Clin. Chem. 2009, 55, 611–622. [Google Scholar] [CrossRef]

	



Evans, D.; Cowen, S.; Kammel, M.; O’Sullivan, D.M.; Stewart, G.; Grunert, H.-P.; Moran-Gilad, J.; Verwilt, J.; In, J.; Vandesompele, J.; et al. The Dangers of Using Cq to Quantify Nucleic Acid in Biological Samples: A Lesson From COVID-19. Clin. Chem. 2021, 68, 153–162. [Google Scholar] [CrossRef]

	



Vogelstein, B.; Kinzler, K.W. Digital PCR. Proc. Natl. Acad. Sci. USA 1999, 96, 9236–9241. [Google Scholar] [CrossRef]

	



Shapiro, H.M. Practical Flow Cytometry, 4th ed.; Wiley-Liss: Hoboken, NJ, USA, 2003. [Google Scholar]

	



Ahmed, W.; Smith, W.J.M.; Metcalfe, S.; Jackson, G.; Choi, P.M.; Morrison, M.; Field, D.; Gyawali, P.; Bivins, A.; Bibby, K.; et al. Comparison of RT-QPCR and RT-DPCR Platforms for the Trace Detection of SARS-CoV-2 RNA in Wastewater. ACS EST Water 2022, 2, 1871–1880. [Google Scholar] [CrossRef] [PubMed]

	



Arvia, R.; Sollai, M.; Pierucci, F.; Urso, C.; Massi, D.; Zakrzewska, K. Droplet Digital PCR (DdPCR) vs Quantitative Real-Time PCR (QPCR) Approach for Detection and Quantification of Merkel Cell Polyomavirus (MCPyV) DNA in Formalin Fixed Paraffin Embedded (FFPE) Cutaneous Biopsies. J. Virol. Methods 2017, 246, 15–20. [Google Scholar] [CrossRef] [PubMed]

	



Milbury, C.A.; Zhong, Q.; Lin, J.; Williams, M.; Olson, J.; Link, D.R.; Hutchison, B. Determining Lower Limits of Detection of Digital PCR Assays for Cancer-Related Gene Mutations. Biomol. Detect. Quantif. 2014, 1, 8–22. [Google Scholar] [CrossRef] [PubMed]

	



Jia, R.; Zhang, G.; Liu, H.; Chen, Y.; Zhou, J.; Liu, Y.; Ding, P.; Wang, Y.; Zang, W.; Wang, A. Novel Application of Nanofluidic Chip Digital PCR for Detection of African Swine Fever Virus. Front. Vet. Sci. 2021, 7, 621840. [Google Scholar] [CrossRef]

	



Pavšič, J.; Žel, J.; Milavec, M. Digital PCR for Direct Quantification of Viruses without DNA Extraction. Anal. Bioanal. Chem. 2016, 408, 67–75. [Google Scholar] [CrossRef]

	



Bizouarn, F. Introduction to Digital PCR. In Quantitative Real-Time PCR; Biassoni, R., Raso, A., Eds.; Methods in Molecular Biology; Springer: New York, NY, USA, 2014; Volume 1160, pp. 27–41. ISBN 978-1-4939-0732-8. [Google Scholar]

	



Pinheiro, L.B.; Coleman, V.A.; Hindson, C.M.; Herrmann, J.; Hindson, B.J.; Bhat, S.; Emslie, K.R. Evaluation of a Droplet Digital Polymerase Chain Reaction Format for DNA Copy Number Quantification. Anal. Chem. 2012, 84, 1003–1011. [Google Scholar] [CrossRef]

	



Sun, C.; Liu, L.; Vasudevan, H.N.; Chang, K.-C.; Abate, A.R. Accurate Bulk Quantitation of Droplet Digital Polymerase Chain Reaction. Anal. Chem. 2021, 93, 9974–9979. [Google Scholar] [CrossRef]

	



Tan, Z.L.; Yasuura, M.; Horiguchi, Y.; Ashiba, H.; Fukuda, T. Hydrogel Capsule-Based Digital Quantitative Polymerase Chain Reaction. Microchimica Acta 2023, 190, 247. [Google Scholar] [CrossRef]

	



Gucker, F.T.; O’Konski, C.T.; Pickard, H.B.; Pitts, J.N. A Photoelectronic Counter for Colloidal Particles. J. Am. Chem. Soc 1947, 69, 2422–2431. [Google Scholar] [CrossRef] [PubMed]

	



Coutler, W.H. Means for Counting Particles Suspended in a Fluid. U.S. Patent US2656508A, 1953. [Google Scholar]

	



Van Dilla, M.A.; Truiullo, T.T.; Mullaney, P.F.; Coultex, J.R. Cell Microfluorometry: A Method for Rapid Fluorescence Measurement. Science 1969, 163, 1213–1214. [Google Scholar] [CrossRef] [PubMed]

	



Fulwyler, M.J. Electronic Separation of Biological Cells by Volume. Science 1965, 150, 910–911. [Google Scholar] [CrossRef] [PubMed]

	



Hulett, H.R.; Bonner, W.A.; Barrett, J.; Herzenberg, L.A. Cell Sorting: Automated Separation of Mammalian Cells as a Function of Intracellular Fluorescence. Science 1969, 166, 747–749. [Google Scholar] [CrossRef]

	



Hercher, M.; Mueller, W.; Shapiro, H.M. Detection and Discrimination of Individual Viruses by Flow Cytometry. J. Histochem. Cytochem. 1979, 27, 350–352. [Google Scholar] [CrossRef]

	



Steen, H.B. Flow Cytometer for Measurement of the Light Scattering of Viral and Other Submicroscopic Particles. Cytometry 2004, 57A, 94–99. [Google Scholar] [CrossRef]

	



Brussaard, C.P.D.; Marie, D.; Bratbak, G. Flow Cytometric Detection of Viruses. J. Virol. Methods 2000, 85, 175–182. [Google Scholar] [CrossRef]

	



Arakelyan, A.; Fitzgerald, W.; King, D.F.; Rogers, P.; Cheeseman, H.M.; Grivel, J.-C.; Shattock, R.J.; Margolis, L. Flow Virometry Analysis of Envelope Glycoprotein Conformations on Individual HIV Virions. Sci. Rep. 2017, 7, 948. [Google Scholar] [CrossRef]

	



Zicari, S.; Arakelyan, A.; Fitzgerald, W.; Zaitseva, E.; Chernomordik, L.V.; Margolis, L.; Grivel, J.-C. Evaluation of the Maturation of Individual Dengue Virions with Flow Virometry. Virology 2016, 488, 20–27. [Google Scholar] [CrossRef]

	



Gaudin, R.; Barteneva, N.S. Sorting of Small Infectious Virus Particles by Flow Virometry Reveals Distinct Infectivity Profiles. Nat. Commun. 2015, 6, 6022. [Google Scholar] [CrossRef] [PubMed]

	



El Bilali, N.; Duron, J.; Gingras, D.; Lippé, R. Quantitative Evaluation of Protein Heterogeneity within Herpes Simplex Virus 1 Particles. J. Virol. 2017, 91, e00320-17. [Google Scholar] [CrossRef]

	



Thorsen, T.; Roberts, R.W.; Arnold, F.H.; Quake, S.R. Dynamic Pattern Formation in a Vesicle-Generating Microfluidic Device. Phys. Rev. Lett. 2001, 86, 4163–4166. [Google Scholar] [CrossRef] [PubMed]

	



Baret, J.-C.; Miller, O.J.; Taly, V.; Ryckelynck, M.; El-Harrak, A.; Frenz, L.; Rick, C.; Samuels, M.L.; Hutchison, J.B.; Agresti, J.J.; et al. Fluorescence-Activated Droplet Sorting (FADS): Efficient Microfluidic Cell Sorting Based on Enzymatic Activity. Lab. Chip 2009, 9, 1850. [Google Scholar] [CrossRef] [PubMed]

	



Blaha, M.E.; Hasan, S.; Dusny, C.; Belder, D. Fluorescence Lifetime Activated Droplet Sorting (FLADS) for Label-Free Sorting of Synechocystis Sp. PCC6803. Lab. Chip 2022, 22, 1604–1614. [Google Scholar] [CrossRef]

	



Gielen, F.; Hours, R.; Emond, S.; Fischlechner, M.; Schell, U.; Hollfelder, F. Ultrahigh-Throughput–Directed Enzyme Evolution by Absorbance-Activated Droplet Sorting (AADS). Proc. Natl. Acad. Sci. USA 2016, 113, E7383–E7389. [Google Scholar] [CrossRef] [PubMed]

	



Probst, J.; Howes, P.; Arosio, P.; Stavrakis, S.; deMello, A. Broad-Band Spectrum, High-Sensitivity Absorbance Spectroscopy in Picoliter Volumes. Anal. Chem. 2021, 93, 7673–7681. [Google Scholar] [CrossRef]

	



Pacocha, N.; Bogusławski, J.; Horka, M.; Makuch, K.; Liżewski, K.; Wojtkowski, M.; Garstecki, P. High-Throughput Monitoring of Bacterial Cell Density in Nanoliter Droplets: Label-Free Detection of Unmodified Gram-Positive and Gram-Negative Bacteria. Anal. Chem. 2021, 93, 843–850. [Google Scholar] [CrossRef]

	



Liu, X.; Painter, R.E.; Enesa, K.; Holmes, D.; Whyte, G.; Garlisi, C.G.; Monsma, F.J.; Rehak, M.; Craig, F.F.; Smith, C.A. High-Throughput Screening of Antibiotic-Resistant Bacteria in Picodroplets. Lab. Chip 2016, 16, 1636–1643. [Google Scholar] [CrossRef]

	



Wang, X.; Ren, L.; Su, Y.; Ji, Y.; Liu, Y.; Li, C.; Li, X.; Zhang, Y.; Wang, W.; Hu, Q.; et al. Raman-Activated Droplet Sorting (RADS) for Label-Free High-Throughput Screening of Microalgal Single-Cells. Anal. Chem. 2017, 89, 12569–12577. [Google Scholar] [CrossRef]

	



Probst, J.; Borca, C.N.; Newton, M.A.; van Bokhoven, J.; Huthwelker, T.; Stavrakis, S.; deMello, A. In Situ X-Ray Absorption Spectroscopy and Droplet-Based Microfluidics: An Analysis of Calcium Carbonate Precipitation. ACS Meas. Au 2021, 1, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Duncombe, T.A.; Ponti, A.; Seebeck, F.P.; Dittrich, P.S. UV–Vis Spectra-Activated Droplet Sorting for Label-Free Chemical Identification and Collection of Droplets. Anal. Chem 2021, 93, 13008–13013. [Google Scholar] [CrossRef]

	



Horejsh, D.; Martini, F.; Capobianchi, M.R. BeadCons: Detection of Nucleic Acid Sequences by Flow Cytometry. CP Cytom. 2005, 34, 13.5.1–13.5.13. [Google Scholar] [CrossRef]

	



Robles-Remacho, A.; Luque-González, M.A.; González-Casín, R.A.; Cano-Cortés, M.V.; Lopez-Delgado, F.J.; Guardia-Monteagudo, J.J.; Antonio Fara, M.; Sánchez-Martín, R.M.; Díaz-Mochón, J.J. Development of a Nanotechnology-Based Approach for Capturing and Detecting Nucleic Acids by Using Flow Cytometry. Talanta 2021, 226, 122092. [Google Scholar] [CrossRef]

	



Zhao, Y.; Lin, C.; Wu, P.; Chen, X.; Zhao, Y.; Li, Y.; Chen, L.; Nilsson, M.; Ke, R. Single Cell RNA Expression Analysis Using Flow Cytometry Based on Specific Probe Ligation and Rolling Circle Amplification. ACS Sens. 2020, 5, 3031–3036. [Google Scholar] [CrossRef] [PubMed]

	



Sun, C.; Chang, K.-C.; Abate, A.R. Sequencing Ultrarare Targets with Compound Nucleic Acid Cytometry. Anal. Chem. 2021, 93, 7422–7429. [Google Scholar] [CrossRef] [PubMed]

	



Rotman, B. Measurement of Activity of Single Molecules of β-D-Galactosidase. Proc. Natl. Acad. Sci. USA 1961, 47, 1981–1991. [Google Scholar] [CrossRef]

	



Rondelez, Y.; Tresset, G.; Tabata, K.V.; Arata, H.; Fujita, H.; Takeuchi, S.; Noji, H. Microfabricated Arrays of Femtoliter Chambers Allow Single Molecule Enzymology. Nat. Biotechnol. 2005, 23, 361–365. [Google Scholar] [CrossRef]

	



Rissin, D.M.; Walt, D.R. Digital Readout of Target Binding with Attomole Detection Limits via Enzyme Amplification in Femtoliter Arrays. J. Am. Chem. Soc. 2006, 128, 6286–6287. [Google Scholar] [CrossRef]

	



Rissin, D.M.; Gorris, H.H.; Walt, D.R. Distinct and Long-Lived Activity States of Single Enzyme Molecules. J. Am. Chem. Soc. 2008, 130, 5349–5353. [Google Scholar] [CrossRef]

	



Rissin, D.M.; Kan, C.W.; Campbell, T.G.; Howes, S.C.; Fournier, D.R.; Song, L.; Piech, T.; Patel, P.P.; Chang, L.; Rivnak, A.J.; et al. Single-Molecule Enzyme-Linked Immunosorbent Assay Detects Serum Proteins at Subfemtomolar Concentrations. Nat. Biotechnol. 2010, 28, 595–599. [Google Scholar] [CrossRef]

	



Rissin, D.M.; Fournier, D.R.; Piech, T.; Kan, C.W.; Campbell, T.G.; Song, L.; Chang, L.; Rivnak, A.J.; Patel, P.P.; Provuncher, G.K.; et al. Simultaneous Detection of Single Molecules and Singulated Ensembles of Molecules Enables Immunoassays with Broad Dynamic Range. Anal. Chem. 2011, 83, 2279–2285. [Google Scholar] [CrossRef] [PubMed]

	



Kan, C.W.; Rivnak, A.J.; Campbell, T.G.; Piech, T.; Rissin, D.M.; Mösl, M.; Peterça, A.; Niederberger, H.-P.; Minnehan, K.A.; Patel, P.P.; et al. Isolation and Detection of Single Molecules on Paramagnetic Beads Using Sequential Fluid Flows in Microfabricated Polymer Array Assemblies. Lab. Chip 2012, 12, 977–985. [Google Scholar] [CrossRef] [PubMed]

	



Chang, L.; Rissin, D.M.; Fournier, D.R.; Piech, T.; Patel, P.P.; Wilson, D.H.; Duffy, D.C. Single Molecule Enzyme-Linked Immunosorbent Assays: Theoretical Considerations. J. Immunol. Methods 2012, 378, 102–115. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, D.H.; Rissin, D.M.; Kan, C.W.; Fournier, D.R.; Piech, T.; Campbell, T.G.; Meyer, R.E.; Fishburn, M.W.; Cabrera, C.; Patel, P.P.; et al. The Simoa HD-1 Analyzer: A Novel Fully Automated Digital Immunoassay Analyzer with Single-Molecule Sensitivity and Multiplexing. SLAS Technol. 2016, 21, 533–547. [Google Scholar] [CrossRef]

	



Cabrera, C.; Chang, L.; Stone, M.; Busch, M.; Wilson, D.H. Rapid, Fully Automated Digital Immunoassay for P24 Protein with the Sensitivity of Nucleic Acid Amplification for Detecting Acute HIV Infection. Clin. Chem. 2015, 61, 1372–1380. [Google Scholar] [CrossRef]

	



Hasegawa, T.; Shibayama, S.; Osumi, Y.; Sentsui, H.; Kato, M. Quantitative Performance of Digital ELISA for the Highly Sensitive Quantification of Viral Proteins and Influenza Virus. Anal. Bioanal. Chem. 2023, 415, 1897–1904. [Google Scholar] [CrossRef]

	



Olsen, D.A.; Brasen, C.L.; Kahns, S.; Madsen, J.B.; Kierkegaard, H.; Christensen, H.; Jensen, A.; Sydenham, T.V.; Møller, J.K.; Madsen, J.S.; et al. Quantifying SARS-CoV-2 Nucleocapsid Antigen in Oropharyngeal Swabs Using Single Molecule Array Technology. Sci. Rep. 2021, 11, 20323. [Google Scholar] [CrossRef]

	



Shan, D.; Johnson, J.M.; Fernandes, S.C.; Suib, H.; Hwang, S.; Wuelfing, D.; Mendes, M.; Holdridge, M.; Burke, E.M.; Beauregard, K.; et al. N-Protein Presents Early in Blood, Dried Blood and Saliva during Asymptomatic and Symptomatic SARS-CoV-2 Infection. Nat. Commun. 2021, 12, 1931. [Google Scholar] [CrossRef]

	



Favresse, J.; Bayart, J.-L.; David, C.; Gillot, C.; Wieërs, G.; Roussel, G.; Sondag, G.; Elsen, M.; Eucher, C.; Dogné, J.-M.; et al. Serum SARS-CoV-2 Antigens for the Determination of COVID-19 Severity. Viruses 2022, 14, 1653. [Google Scholar] [CrossRef]

	



Javalkote, V.S.; Kancharla, N.; Bhadra, B.; Shukla, M.; Soni, B.; Sapre, A.; Goodin, M.; Bandyopadhyay, A.; Dasgupta, S. CRISPR-based assays for rapid detection of SARS-CoV-2. Methods 2022, 203, 594. [Google Scholar] [CrossRef]

	



Shinoda, H.; Taguchi, Y.; Nakagawa, R.; Makino, A.; Okazaki, S.; Nakano, M.; Muramoto, Y.; Takahashi, C.; Takahashi, I.; Ando, J.; et al. Amplification-Free RNA Detection with CRISPR–Cas13. Commun. Biol. 2021, 4, 476. [Google Scholar] [CrossRef]

	



Wagner, C.; Fuchsberger, F.F.; Innthaler, B.; Lemmerer, M.; Birner-Gruenberger, R. Quantification of Empty, Partially Filled and Full Adeno-Associated Virus Vectors Using Mass Photometry. Int. J. Mol. Sci. 2023, 24, 11033. [Google Scholar] [CrossRef] [PubMed]

	



Frigerio, R.; Musicò, A.; Strada, A.; Bergamaschi, G.; Panella, S.; Grange, C.; Marelli, M.; Ferretti, A.M.; Andriolo, G.; Bussolati, B.; et al. Comparing digital detection platforms in high sensitivity immune-phenotyping of extracellular vesicles. J. Ex. Bio. 2022, 1, e53. [Google Scholar] [CrossRef]

	



Kim, S.H.; Iwai, S.; Araki, S.; Sakakihara, S.; Iino, R.; Noji, H. Large-Scale Femtoliter Droplet Array for Digital Counting of Single Biomolecules. Lab. Chip 2012, 12, 4986. [Google Scholar] [CrossRef]

	



Leirs, K.; Tewari Kumar, P.; Decrop, D.; Pérez-Ruiz, E.; Leblebici, P.; Van Kelst, B.; Compernolle, G.; Meeuws, H.; Van Wesenbeeck, L.; Lagatie, O.; et al. Bioassay Development for Ultrasensitive Detection of Influenza A Nucleoprotein Using Digital ELISA. Anal. Chem. 2016, 88, 8450–8458. [Google Scholar] [CrossRef]

	



Tabata, K.V.; Minagawa, Y.; Kawaguchi, Y.; Ono, M.; Moriizumi, Y.; Yamayoshi, S.; Fujioka, Y.; Ohba, Y.; Kawaoka, Y.; Noji, H. Antibody-Free Digital Influenza Virus Counting Based on Neuraminidase Activity. Sci. Rep. 2019, 9, 1067. [Google Scholar] [CrossRef] [PubMed]

	



Minagawa, Y.; Ueno, H.; Tabata, K.V.; Noji, H. Mobile Imaging Platform for Digital Influenza Virus Counting. Lab. Chip 2019, 19, 2678–2687. [Google Scholar] [CrossRef]

	



Honda, S.; Minagawa, Y.; Noji, H.; Tabata, K.V. Multidimensional Digital Bioassay Platform Based on an Air-Sealed Femtoliter Reactor Array Device. Anal. Chem. 2021, 93, 5494–5502. [Google Scholar] [CrossRef] [PubMed]

	



Kan, C.W.; Tobos, C.I.; Rissin, D.M.; Wiener, A.D.; Meyer, R.E.; Svancara, D.M.; Comperchio, A.; Warwick, C.; Millington, R.; Collier, N.; et al. Digital Enzyme-Linked Immunosorbent Assays with Sub-Attomolar Detection Limits Based on Low Numbers of Capture Beads Combined with High Efficiency Bead Analysis. Lab. Chip 2020, 20, 2122–2135. [Google Scholar] [CrossRef]

	



Ashiba, H.; Yasuura, M.; Fukuda, T.; Hatano, K.; Fujimaki, M. Quick and Ultra-Sensitive Digital Assay of Influenza Virus Using Sub-Picoliter Microwells. Anal. Chim. Acta 2022, 1213, 339926. [Google Scholar] [CrossRef] [PubMed]

	



Yasuura, M.; Ashiba, H.; Fukuda, T.; Kawaguchi, A.; Nakakido, M. Development of SARS-CoV-2 detection system based on multiparticle digital assay. In Proceedings of the Sensor Symposium on Sensors, Micromachines, and Applied Systems, Tokushima, Japan, 14 November 2022. [Google Scholar]

	



To, K.K.-W.; Tsang, O.T.-Y.; Yip, C.C.-Y.; Chan, K.-H.; Wu, T.-C.; Chan, J.M.-C.; Leung, W.-S.; Chik, T.S.-H.; Choi, C.Y.-C.; Kandamby, D.H.; et al. Consistent Detection of 2019 Novel Coronavirus in Saliva. Clin. Infect Dis. 2020, 71, 841–843. [Google Scholar] [CrossRef] [PubMed]

	



To, K.K.-W.; Tsang, O.T.-Y.; Leung, W.-S.; Tam, A.R.; Wu, T.-C.; Lung, D.C.; Yip, C.C.-Y.; Cai, J.-P.; Chan, J.M.-C.; Chik, T.S.-H.; et al. Temporal Profiles of Viral Load in Posterior Oropharyngeal Saliva Samples and Serum Antibody Responses during Infection by SARS-CoV-2: An Observational Cohort Study. Lancet Infect Dis. 2020, 20, 565–574. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.; Guo, J.; Xu, Y.; Chen, X. Viral Dynamics of SARS-CoV-2 in Saliva from Infected Patients. J. Infect 2020, 81, e48–e50. [Google Scholar] [CrossRef]

	



Yazawa, S.; Igarashi, E.; Itamochi, M.; Inasaki, N.; Saga, Y.; Kawashiri, C.; Tani, H.; Oishi, K. Comparative analysis of SARS-CoV-2 cultivation isolated from nasal cavity, nasal swab and saliva of patients. Infect. Agents Surveill. Rep. 2022, 43, 20–22. [Google Scholar]

	



Anderson, W.; Kozak, D.; Coleman, V.A.; Jämting, Å.K.; Trau, M. A Comparative Study of Submicron Particle Sizing Platforms: Accuracy, Precision and Resolution Analysis of Polydisperse Particle Size Distributions. J. Colloid Interface Sci. 2013, 405, 322–330. [Google Scholar] [CrossRef] [PubMed]

	



Gu, L.-Q.; Braha, O.; Conlan, S.; Cheley, S.; Bayley, H. Stochastic Sensing of Organic Analytes by a Pore-Forming Protein Containing a Molecular Adapter. Nature 1999, 398, 686–690. [Google Scholar] [CrossRef]

	



Kasianowicz, J.J.; Brandin, E.; Branton, D.; Deamer, D.W. Characterization of Individual Polynucleotide Molecules Using a Membrane Channel. Proc. Natl. Acad. Sci. USA 1996, 93, 13770–13773. [Google Scholar] [CrossRef]

	



Siwy, Z.; Apel, P.; Baur, D.; Dobrev, D.D.; Korchev, Y.E.; Neumann, R.; Spohr, R.; Trautmann, C.; Voss, K.-O. Preparation of Synthetic Nanopores with Transport Properties Analogous to Biological Channels. Surf. Sci. 2003, 532–535, 1061–1066. [Google Scholar] [CrossRef]

	



Uram, J.D.; Ke, K.; Hunt, A.J.; Mayer, M. Label-Free Affinity Assays by Rapid Detection of Immune Complexes in Submicrometer Pores. Angew. Chem. Int. Ed. 2006, 45, 2281–2285. [Google Scholar] [CrossRef]

	



Harrell, C.C.; Choi, Y.; Horne, L.P.; Baker, L.A.; Siwy, Z.S.; Martin, C.R. Resistive-Pulse DNA Detection with a Conical Nanopore Sensor. Langmuir 2006, 22, 10837–10843. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Park, S.R.; Ling, X.S. Lithography-Free Formation of Nanopores in Plastic Membranes Using Laser Heating. Nano Lett. 2006, 6, 2571–2576. [Google Scholar] [CrossRef] [PubMed]

	



Fried, J.P.; Wu, Y.; Tilley, R.D.; Gooding, J.J. Optical Nanopore Sensors for Quantitative Analysis. Nano Lett. 2022, 22, 869–880. [Google Scholar] [CrossRef] [PubMed]

	



Uram, J.D.; Ke, K.; Hunt, A.J.; Mayer, M. Submicrometer Pore-Based Characterization and Quantification of Antibody–Virus Interactions. Small 2006, 2, 967–972. [Google Scholar] [CrossRef]

	



Van Etten, J.L. Algal Viruses (Phycodnaviridae). In Encyclopedia of Virology, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 1999; pp. 44–50. [Google Scholar]

	



Van Etten, J.L.; Meints, R.H. Giant Viruses Infecting Algae. Annu. Rev. Microbiol. 1999, 53, 447–494. [Google Scholar] [CrossRef] [PubMed]

	



Siwy, Z.S. Ion-Current Rectification in Nanopores and Nanotubes with Broken Symmetry. Adv. Funct. Mater. 2006, 16, 735–746. [Google Scholar] [CrossRef]

	



Yamaki, T.; Nuryanthi, N.; Koshikawa, H.; Asano, M.; Sawada, S.-I.; Hasegawa, S.; Maekawa, Y.; Voss, K.-O.; Trautmann, C.; Neumann, R. Investigation of Nanopore Evolution in Track-Etched Poly(Vinylidene Fluoride) Membranes. Trans. Mater. Res. Soc. Jpn. 2012, 37, 223–226. [Google Scholar] [CrossRef]

	



Sowerby, S.J.; Broom, M.F.; Petersen, G.B. Dynamically Resizable Nanometre-Scale Apertures for Molecular Sensing. Sens. Actuators B Chem. 2007, 123, 325–330. [Google Scholar] [CrossRef]

	



Tsutsui, M.; Hongo, S.; He, Y.; Taniguchi, M.; Gemma, N.; Kawai, T. Single-Nanoparticle Detection Using a Low-Aspect-Ratio Pore. ACS Nano 2012, 6, 3499–3505. [Google Scholar] [CrossRef]

	



Sou, R.; Makusu, T.; Yuhui, H.; Kazumichi, Y.; Akihide, A.; Takanori, M.; Masateru, T.; Tomoji, K. Rapid Structural Analysis of Nanomaterials in Aqueous Solutions. Nanotechnology 2017, 28, 155501. [Google Scholar]

	



Goyal, G.; Mulero, R.; Ali, J.; Darvish, A.; Kim, M.J. Low Aspect Ratio Micropores for Single-Particle and Single-Cell Analysis. Electrophoresis 2015, 36, 1164–1171. [Google Scholar] [CrossRef]

	



Arima, A.; Tsutsui, M.; Harlisa, I.H.; Yoshida, T.; Tanaka, M.; Yokota, K.; Tonomura, W.; Taniguchi, M.; Okochi, M.; Washio, T.; et al. Selective Detections of Single-Viruses Using Solid-State Nanopores. Sci. Rep. 2018, 8, 16305. [Google Scholar] [CrossRef] [PubMed]

	



Willmott, G.R.; Vogel, R.; Yu, S.S.C.; Groenewegen, L.G.; Roberts, G.S.; Kozak, D.; Anderson, W.; Trau, M. Use of Tunable Nanopore Blockade Rates to Investigate Colloidal Dispersions. J. Phys. Condens. Matter. 2010, 22, 454116. [Google Scholar] [PubMed]

	



Vogel, R.; Willmott, G.; Kozak, D.; Roberts, G.S.; Anderson, W.; Groenewegen, L.; Glossop, B.; Barnett, A.; Turner, A.; Trau, M. Quantitative Sizing of Nano/Microparticles with a Tunable Elastomeric Pore Sensor. Anal. Chem. 2011, 83, 3499–3506. [Google Scholar] [CrossRef]

	



Kozak, D.; Anderson, W.; Grevett, M.; Trau, M. Modeling Elastic Pore Sensors for Quantitative Single Particle Sizing. J. Phys. Chem. C 2012, 116, 8554–8561. [Google Scholar]

	



Akpinar, F.; Yin, J. Characterization of Vesicular Stomatitis Virus Populations by Tunable Resistive Pulse Sensing. J. Virol. Methods 2015, 218, 71–76. [Google Scholar] [CrossRef]

	



Horiguchi, Y.; Nagasaki, Y. Softinterface on Biosensing. In Encyclopedia of Biocolloid and Biointerface Science 2V Set; Wiley: Hoboken, NJ, USA, 2016; pp. 211–219. [Google Scholar]

	



Tanaka, M.; Hayashi, T.; Morita, S. The Roles of Water Molecules at the Biointerface of Medical Polymers. Polym. J. 2013, 45, 701–710. [Google Scholar]

	



Holmlin, R.E.; Chen, X.; Chapman, R.G.; Takayama, S.; Whitesides, G.M. Zwitterionic SAMs That Resist Nonspecific Adsorption of Protein from Aqueous Buffer. Langmuir 2001, 17, 2841–2850. [Google Scholar] [CrossRef] [PubMed]

	



Horiguchi, Y.; Miyahara, Y. Surface Modification to Suppress Small Pore Clogging in Resistive Pulse Sensing. Appl. Phys. Express 2020, 13, 115002. [Google Scholar] [CrossRef]

	



Wu, H.; Chen, Y.; Zhou, Q.; Wang, R.; Xia, B.; Ma, D.; Luo, K.; Liu, Q. Translocation of Rigid Rod-Shaped Virus through Various Solid-State Nanopores. Anal. Chem. 2016, 88, 2502–2510. [Google Scholar] [CrossRef]

	



Qiu, Y.; Hinkle, P.; Yang, C.; Bakker, H.E.; Schiel, M.; Wang, H.; Melnikov, D.; Gracheva, M.; Toimil-Molares, M.E.; Imhof, A.; et al. Pores with Longitudinal Irregularities Distinguish Objects by Shape. ACS Nano 2015, 9, 4390–4397. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Edwards, M.A.; German, S.R.; White, H.S. Multipass Resistive-Pulse Observations of the Rotational Tumbling of Individual Nanorods. J. Phys. Chem. C 2016, 120, 37. [Google Scholar] [CrossRef]

	



Maugi, R.; Hauer, P.; Bowen, J.; Ashman, E.; Hunsicker, E.; Platt, M. A Methodology for Characterising Nanoparticle Size and Shape Using Nanopores. Nanoscale 2020, 12, 262–270. [Google Scholar] [CrossRef]

	



Gyurcsányi, R.E. Chemically-Modified Nanopores for Sensing. Trends Anal. Chem. 2008, 27, 627–639. [Google Scholar] [CrossRef]

	



Wei, R.; Gatterdam, V.; Wieneke, R.; Tampé, R.; Rant, U. Stochastic Sensing of Proteins with Receptor-Modified Solid-State Nanopores. Nat. Nanotechnol. 2012, 7, 257–263. [Google Scholar] [CrossRef] [PubMed]

	



Ren, R.; Zhang, Y.; Nadappuram, B.P.; Akpinar, B.; Klenerman, D.; Ivanov, A.P.; Edel, J.B.; Korchev, Y. Nanopore Extended Field-Effect Transistor for Selective Single-Molecule Biosensing. Nat. Commun. 2017, 8, 586. [Google Scholar] [CrossRef]

	



Arima, A.; Harlisa, I.H.; Yoshida, T.; Tsutsui, M.; Tanaka, M.; Yokota, K.; Tonomura, W.; Yasuda, J.; Taniguchi, M.; Washio, T.; et al. Identifying Single Viruses Using Biorecognition Solid-State Nanopores. J. Am. Chem. Soc. 2018, 140, 16834–16841. [Google Scholar] [CrossRef]

	



Miyagawa, T.; Hongo, S.; Nakamura, N.; Horiguchi, Y.; Miyahara, Y.; Shibata, H. A Novel Diagnostic System for Infectious Diseases Using Solid-State Nanopore Devices; IEEE: Honolulu, HI, USA, 18 July 2018; pp. 2833–2836. [Google Scholar]

	



Horiguchi, Y.; Naono, N.; Sakamoto, O.; Takeuchi, H.; Yamaoka, S.; Miyahara, Y. Methodology to Detect Biological Particles Using a Biosensing Surface Integrated in Resistive Pulse Sensing. ACS Appl. Mater. Interfaces 2022, 14, 20168–20178. [Google Scholar] [CrossRef] [PubMed]

	



Ding, D.; Gao, P.; Ma, Q.; Wang, D.; Xia, F. Biomolecule-Functionalized Solid-State Ion Nanochannels/Nanopores: Features and Techniques. Small 2019, 15, 1804878. [Google Scholar] [CrossRef]

	



Horiguchi, Y.; Goda, T.; Matsumoto, A.; Takeuchi, H.; Yamaoka, S.; Miyahara, Y. Gold Nanoparticles with Ligand/Zwitterion Hybrid Layer for Individual Counting of Influenza A H1N1 Subtype Using Resistive Pulse Sensing. Langmuir 2019, 35, 1798–1806. [Google Scholar] [CrossRef]

	



Arima, A.; Tsutsui, M.; Yoshida, T.; Tatematsu, K.; Yamazaki, T.; Yokota, K.; Kuroda, S.; Washio, T.; Baba, Y.; Kawai, T. Digital Pathology Platform for Respiratory Tract Infection Diagnosis via Multiplex Single-Particle Detections. ACS Sens. 2020, 5, 3398–3403. [Google Scholar] [CrossRef] [PubMed]

	



Taniguchi, M.; Minami, S.; Ono, C.; Hamajima, R.; Morimura, A.; Hamaguchi, S.; Akeda, Y.; Kanai, Y.; Kobayashi, T.; Kamitani, W.; et al. Combining Machine Learning and Nanopore Construction Creates an Artificial Intelligence Nanopore for Coronavirus Detection. Nat. Commun. 2021, 12, 3726. [Google Scholar] [CrossRef] [PubMed]

	



Parrish, C.R.; Holmes, E.C.; Morens, D.M.; Park, E.-C.; Burke, D.S.; Calisher, C.H.; Laughlin, C.A.; Saif, L.J.; Daszak, P. Cross-Species Virus Transmission and the Emergence of New Epidemic Diseases. Microbiol. Mol. Biol. Rev. 2008, 72, 457–470. [Google Scholar] [CrossRef] [PubMed]

	



Morimoto, K.; Iwata, J.; Shinohara, M.; Sekine, H.; Abdelghafar, A.; Tsuchiya, H.; Kuroda, Y.; Tojima, K.; Endo, W.; Maehashi, Y.; et al. 3.2 Megapixel 3D-Stacked Charge Focusing SPAD for Low-Light Imaging and Depth Sensing. In Proceedings of the 2021 IEEE International Electron Devices Meeting (IEDM), San Francisco, CA, USA, 11–16 December 2021; pp. 20.2.1–20.2.4. [Google Scholar] [CrossRef]

	



Canon Developing World-First Ultra-High-Sensitivity ILC Equipped with SPAD Sensor, Supporting Precise Monitoring Through Clear Color Image Capture Of Subjects Several Km Away, Even In Darkness. Available online: https://www.canon-europe.com/press-centre/press-releases/2023/04/canon-developing-world-first-ultra-high-sensitivity-ilc-equipped-with-spad-sensor/ (accessed on 11 May 2023).








[image: Sensors 23 06830 g001 550] 





Figure 1. Schematic of viral structures. Whether the virus has an envelope, the virion has specific proteins and nucleic acid sequences. 
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Figure 2. Trade-off relation of the LODs and required times of viral detection methods. For screening and risk management of infections, a breakthrough is desired to overcome the current trade-off relation. The desirable specification for the rapid virus detection is indicated as “!!” in the figure. 
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Figure 3. Bead-based assay for virus detection. (a) Conventional methods for virus detection. Viruses were usually too small to be detected by direct observation of virus particles. They are generally detected with their proteins via ELISA or nucleic acid via quantitative PCR. (b) Virus detection through bead-based ELISA. Multiplex analysis of viruses allows the detection of multiple proteins on viruses or multiple viruses in a single assay. (c) ELIME assay. 1-NPP is oxidized into 1-NP, followed by the release of electrons into the reaction buffer. The current produced by the electron is related to the concentration of the antigen. (d) Bio-barcode assay. The target is sandwiched between captured microbeads and barcode beads. Next, the microbeads were trapped with a magnet, and barcode DNA was dehybridized. The barcode DNA and nanoparticles will be quantified to investigate the number of targets in each assay. 
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Figure 4. Schematic diagram of the EFA-NI biosensor. The target viruses are sandwiched by antibody-modified magnetic particles and optical markers. Using magnets and near-field illumination, the complexes, including the target viruses, are detected as moving optical signals. 
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Figure 5. Digitalization of bioassays. (a) Analog bioassay. The relative concentration of the target in the analyte is estimated by the relative intensity of the signal generated from the target. Signal intensity is correlated with a concentration within the dynamic range. (b) Digital bioassay. Bioassay is compartmentalized either by microwell array or a microdroplet so that each compartment contains either 1 or 0 copy of the target. Then, the presence of the target in each compartment was detected, and statistics were collected. Digital bioassays allow for absolute quantification of the target in the analyte. (c) Digital–analog bioassays. More than 1 target was encapsulated in each compartment. Next, both the presence of the signal and the relative intensity of the signal generated from a target in each compartment were used to quantify the number of copies of the target. ☆ indicates target molecule, while other shapes indicate non-target molecules. Magenta indicates signal to be detected, which has been emitted by label molecule after reacting with target molecule. 
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Figure 6. Digital bioassays for virus detection. (a) ddPCR assay. Target nucleic acid is amplified and detected in a compartment, which allows for high sensitivity of detection. The positive droplets are indicated as purple-overlayed droplets. (b) Flow virometry. Scattering of the laser was used to detect the presence of a virus in an analyte. Some patterns of particles are used to indicate various viruses. 
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Figure 7. Schematic diagram of digital ELISA. (a) Before and (b) after capturing the target by immunomagnetic beads. (c) Formation of bead-target-enzyme immunocomplex. (d) Applying the immunocomplex and the beads to microwells. (e) Observation of sealed microwell array. P: positive well/bead, N: negative well/bead, B: blank well. The numbers of P and P + N are counted from fluorescence images and used to quantitate the concentration of the target. 
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Figure 8. Schematic diagram of MCIDA. After capturing the targets by antibody-modified magnetic beads, bead–target–enzyme immunocomplexes are applied to microwells. Different from the digital ELISA, many immunocomplexes and beads are introduced in each microwell. After sealing and enzyme reaction, the sealed microwell array is observed, and we counted how many wells indicate fluorescence. Green arrows indicate the direction of the magnetic field. Yellow arrows indicate the reaction of the substrates changing to the fluorescent substance. 
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Figure 9. Schematic illustration of pore-based sensing. An electrolyte is divided by a pore membrane, and electrodes are placed on each (a). When voltage is applied to the electrodes, an ion current is generated that passes through the pore membrane, and the small particles (indicated as purple circles) in the solution pass through the pores by electrophoresis or electroosmotic force. Particles passing through the pore (One particle moves to ➀, ➁, ➂ in order) block the ion current (b), and the corresponding current value change is measured as a pulse (c). 
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Figure 10. Molecular recognition on the pore surface. When a target analyte passed through the pore, molecular recognition prolonged the passing time by capturing the analyte on the pore. This translocation process has been recorded as a pulse waveform that can identify the target analyte. 
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Figure 11. Molecular recognition using nanomaterials. If target particles exist in a sample solution, the target particles are covered with molecular recognition particles that shows the particle size changes (simultaneously, the signals change from ‘Original’ to ‘After molecular recognition’ as shown in the right graph of the figure). 






Figure 11. Molecular recognition using nanomaterials. If target particles exist in a sample solution, the target particles are covered with molecular recognition particles that shows the particle size changes (simultaneously, the signals change from ‘Original’ to ‘After molecular recognition’ as shown in the right graph of the figure).



[image: Sensors 23 06830 g011]







[image: Table] 





Table 1. The list of viral detection assays introduced in this review summarizes the characteristics of targets, required time, LOD, and quantitative.






Table 1. The list of viral detection assays introduced in this review summarizes the characteristics of targets, required time, LOD, and quantitative.





	
Type of Assay

	
Targeted

Element

	
Required Time

	
Limit of Detection

	
Quantitative?

	
Related Section






	
Nucleic acid

amplification [15,16,17] (PCR, LAMP, NEAR, etc.)

	
Nucleic acid

	
1~4 h (a)

Rapid type [22]:

10~20 min

	
100~1000 copies/mL

(~aM level)

Rapid type:

3000~20,000 copies/mL

	
Yes

	
1




	
CRISPR-based [106]

	
Nucleic acid

	
25~90 min (a)

SATORI [107]: 5 min

+RNA extraction time

	
3000~50,000 copies/mL

SATORI:

3,000,000 copies/mL

	
Partially yes

	
3.3




	
Bio-barcode [32,33]

	
Protein

Nucleic acid

	
<1.5 h

	
3 aM

	
Yes

	
2.3




	
dPCR [55]

	
Nucleic acid

	
5 h

	
1 copy (theory)

0.5 copies/μL

(considering noise)

	
Yes

	
3.1




	
Flow virometry

[71,72,73,74,75,76,77]

	
Viral particle Nucleic acid Protein

	
N/A; Volume,

concentration, and

flow cytometer dependent

	
1 particle/analysis

	
Yes

	
3.2




	
Pore-based [143]

	
Viral particle Protein

	
10–20 min

	
1 × 107 particles/mL

	
Partially yes

	
4




	
Conventional immunoassay [18,19]

(ELISA, CLEIA,

Immunochromatography (IC))

	
Protein

	
ELISA, CLEIA [19]:

20 min~4 h (a)

IC [18]: 10~20 min

	
ELISA, CLEIA [19]:

	
fM~pM (a)

	
ELISA, CLEIA [19]: Yes

IC [18]: No

	
1




	
IC [18]:

	
~pM (a)




	
Bead-based ELISA [24]

	
Protein

	
3 h

	
0.001 RU/mL

	
Yes

	
2.1




	
Bead-based electrochemical [27]

	
Protein

	
2 h

	
10–11 IU/mL

	
Yes

	
2.2




	
EFA-NI [40,41]

	
Protein Viral particle

	
~30 min

	
~100 viral particles/mL

(VLP detection)

	
Partially yes

	
2.4




	
dELISA [110]

	
Protein

	
5 h

	
10 zM

	
Yes

	
3.3




	
MCDIA [116,117]

	
Protein Viral particle

	
~30 min

	
~100 copies/mL

(Not lysised virus)

	
Yes

	
3.4




	
Infectious viral titer [12,13]

	
Active virus

	
Plaque [12]: ~4 days

TCID50 [12,13]: ~4 days

	
Plaque:

>1 pfu/loading volume (a)

TCID50:

>0.5 TCID50/loading volume (a)

	
Plaque: Yes

TCID50: Yes

	
1








(a) It significantly varies depending on the protocols and targets.
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