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Abstract

Pathogens of Emerging Infectious Diseases (EIDs) have sometimes caused serious public health threats. Researchers have put in significant efforts to not only
explore and improve the existing therapeutic methods but also prevent the spread of the pathogen. The present COVID-19 pandemic requires administrators and
healthcare professionals to make unprecedentedly difficult and rapid countermeasures. The most difficult challenge is that asymptomatic people with infection
can sometimes cause clusters of infections. Identification and tracking have always been delayed since diagnostic confirmation relies solely on real-time reverse
transcription polymerase chain reaction (RT-PCR) analysis, which requires a long time for the analysis and sometimes gives false positive or negative results, creating
further confusion to administrators and healthcare professionals and increasing the risk of infection. This fact indicates that one of the most important keys of
infection control when encountering a new EID, including the latest COVID-19, is the extensive use of an effective diagnostic device that can rapidly characterize
the pathogen and provide quantitative information. It should be noted that serious respiratory infections, such as COVID-19 and SARS, and also some foodborne,
zoonotic, animal, and plant infectious diseases, are a serious threat to the general public. In particular, mutations in zoonotic pathogens that cause human diseases
such as H5N1 and H1IN1 would be a greater threat to the human society both now and in the future. Countermeasures against these infectious diseases will strongly
rely on rapid and precise diagnosis, and the development of diagnostic devices is very crucial. This review describes the requirements and the issues pertaining to
diagnostic devices, strategies to achieve ultra-high sensistivity, and the principles of the recently developed analytic methods, for the benefit of frontline users,

including healthcare professionals and the representatives of the diagnostic equipment at the institutions.

Introduction

Pathogens of Emerging Infectious Diseases (EIDs) have sometimes
caused serious public health threats, such as not only the historical
Spanish flu, butalso the recent severe acute respiratory syndrome (SARS)
and the Ebola outbreaks. Researchers have put in significant efforts to
not only explore and improve the existing therapeutic methods but also
prevent the spread of the pathogen [1]. However, the present COVID-19
pandemic requires administrators and healthcare professionals to make
unprecedentedly difficult and rapid countermeasures.

The most difficult challenge is that asymptomatic people with
infection can sometimes cause clusters of infections. Identification and
tracking have always been delayed since diagnostic confirmation relies
solely on polymerase chain reaction (PCR) analysis, the number of
devices and operators, which have been insufficient. Real-time RT-PCR
requires a long time for the analysis and sometimes gives false positive
or negative results [2-9], creating further confusion to administrators
and healthcare professionals and increasing the risk of infection.

This fact indicates that one of the most important keys of infection
control when encountering a new EID, including the latest COVID-19,
is the extensive use of an effective diagnostic device that can rapidly
characterize the pathogen and provide quantitative information. The
challenge in the diagnostic confirmation of EIDs is mainly due to two
reasons. The genomic information of the pathogen is unknown and the
antibody is, in fact, not prepared, both of which seriously undermine the
control interventions to prevent spread at the initial stage of outbreak.
The former and the latter are related to PCR and immune reaction-
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based assays, respectively. In particular, the antibody is essential to
prepare the virus detection test kit based on immunochromatography,
which is indispensable for rapid inspection at the frontline of infection
defense.

It should be noted that serious respiratory infections, such as
COVID-19 and SARS, and also some foodborne, zoonotic, animal,
and plant infectious diseases, are a serious threat to the general public.
For example, norovirus and the pathogenic Escherichia coli have often
caused outbreaks in local communities [10]; avian flu, swine flu, and
African swine fever have sometimes devastated the poultry and pork
industries in several countries [11-14] In particular, mutations in
zoonotic pathogens that cause human diseases such as H5N1 and
HIN1 would be a greater threat to the human society both now and in
the future [15-17].

As described previously, countermeasures against these infectious
diseases will strongly rely on rapid and precise diagnosis. Therefore,
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the development of diagnostic devices is very crucial. This review
describes the requirements and the issues pertaining to diagnostic
devices, strategies to achieve ultra-high sensitivity, and the principles
of the recently developed analytic methods, for the benefit of frontline
users, including healthcare professionals and the representatives of the
diagnostic equipment at the institutions.

Social needs and requirements for diagnostic devices

Social needs and general requirements: Here, we consider the
social needs and requirements for the diagnostic devices to develop
countermeasures against the newly emerging pathogens. The diagnostic
devices for pathogens are used by a wide variety of institutions,
including hospitals, health care centers, private diagnostic companies,
food plants, food distributors, ranches, and farms. As mentioned above,
not only human infectious diseases but also zoonotic, animal, and
plant infectious diseases have sometimes caused significant social and
economic losses. Even if the same kind of diagnostic device is used, the
operations during normal times and when facing the outbreaks should
be different.

During normal times, it is mainly used for the detection and
surveillance of pathogens, which is important for the appropriate
selection of antibiotics or antiviral agents for patients and for the
prevention of the outbreak. Therefore, the operations can be carried
out by experts at the usual place with minimal difficulties. In contrast,
during an emergency, there are many challenges faced by institutions.
Firstly, a large number of the samples should be inspected with the
highest urgency and hence, sufficient number of diagnostic devices
should be procured, even though they require the individual reagent kits
and protocols. Secondly, the operation of the devices will sometimes be
carried out by non-experts in temporary spaces in poor environments,
making the process even more difficult.

These social needs and operational difficulties reveal the general
and technical requirements for diagnostic devices. The devices are
often manufactured under the pressure of stiff sales competition and
hence, the commercially available devices sometimes require analysis
protocols and/or reagent kits specific to them, even based on the same
principle. These situations are unfavorable during an emergency to
make countermeasures against very rapid expansion of the infection, so
that the specific device, even if it displays very high performance, might
be not helpful. Accordingly, manufacturers are required to provide, at
least, the pretreatment and reaction kits, and the quantification software,
with sufficient commonality to fulfill their social responsibility.

One should remember that the success of the diagnosis must
be determined not by the device itself and its principle, but by the
properties of the primers or antibodies specific for the target pathogen.
Therefore, the research and development activities of the suitable
primers and antibodies should be very significant and prepared for the
possible mutations of the pathogens that might occur [18-21].

Technical requirements: The analytical principles of the pathogens
can be roughly divided into two types of measurements. One is based on
the genetic information, that is, DNA or RNA, of the target pathogen,
and the other is based on the antibodies that specifically recognize
the target pathogen, that is, the ligand binding assay (LBA). Based on
the two analytic principles and the social and general requirements
described above, we consider the technical requirements for the
diagnostic devices.

In general, assays of the samples from patients and individuals
suspected of being infected are much more difficult than those for
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research purposes since they usually contain a very small number of the
target pathogen and/or the key related compounds such as the DNAs
or RNAs and the antibodies, with a very large amount and variety
of contaminants, consisting of proteins, lipids, carbohydrates, and
electrolytes in addition to the DNA, living, and dead bacteria unrelated
to the infection. Moreover, even though the collection procedure of the
sample is ensured, the compositions of the individual samples, which
should be collected by different staff, may be subtly different from each
other [22].

In the case of DNA/RNA-based assays, the DNAs and RNAs
unrelated to the target pathogen may cause an increase in the
background signal and turn out to be false-positive or false-negative,
at worst [23]. In the case of antibody-based assays, the contaminants
may cause the nonspecific binding to increase in the background signal,
thereby reducing the confidence of the assay [24-26]. Therefore, even
if a superior diagnostic device is developed, the pretreatment protocol
of the sample may be a bottleneck for the assay. This is the reason why
most of the efforts have been expended to improve the pretreatment
protocol by the manufacturers as the key step of the development. In
contrast, academic researchers, including us, have been developing a
novel principle and methodology of the assay with scientific interest.
The innovative new principle should be the key technique to realize
next-generation diagnostic devices.

So far, we have described the current scenario of the pathogen
assays to reveal the subjects to be addressed. In the next section, we
describe the features of the recently developed high-performance
diagnostic methods, including our recent results. Some of them have
been commercially available and used as the key tool for preventing the
spread of COVID-19.

Strategies to achieve high-performance of pathogen assays

It is clear that the conventional real-time PCR systems, which are
currently used as the main diagnostic device to fight the COVID-19
pandemic, are not sufficient to address the general and technical
requirements described above. A much higher sensitivity, throughput,
and reliability need to be achieved [27]. It should be noted that digital
detection has made breakthroughs in assay methodologies, which
are closely correlated with the following key strategies. In the DNA/
RNA-based assays, digital PCR [28-31] and Laser PCR’ [32] have made
significant leaps in throughput. In the ligand binding assay (LBA), the
digital detection of the ligand-analyte (pathogen) interaction such
as the ON or OFF signal enables the assay to allow for ultra-high
sensitivity, effective elimination of the background signal, simultaneous
multiplatform, and ultra-high throughput. A typical outcome is
the digital ELISA based on the module for imaging single molecule
arrays ‘SiMoA  [33-35]. Digital detection systems require highly
homogeneous discrete microenvironments such as reaction and/or
detection platforms, such as microdroplets, microbeads, nanoparticles,
microwells, and microarrays, which are sometimes combined and used
together. Practical examples based on digital detection, including our
recent results, are described in the latter sections.

The improvement of the throughput can be realized by diminishing
the sample volume. This strategy is particularly effective in reducing the
PCR cycle time by decreasing the heat capacitance of the sample and the
device. Moreover, diminution of the sample volume leads to more rapid
and noninvasive sampling from patients and individuals suspected
of being infected, and is also cost-effective as it requires only lesser
amounts of the reagent. Simultaneously, however, the signal intensity
should be remarkably reduced, and the noise and background signals
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may disturb the detection correspondingly. The signal-to-background
(S/B) ratio is sometimes more important than the signal-to-noise (S/N)
ratio in the assay of a very small amount of the analyte. Accordingly,
the practical detection limit depends not only on the photodetector
itself, which has been remarkably improved and single-molecule level
detection can be easily performed in recent diagnostic devices [36], but
also on the effective reduction of the optical background signal.

One of the most effective methods for reducing the optical
background is disuse of the excitation light. The chemiluminescence
(CL) or bioluminescence (BL)-based assays are typical examples,
while additional procedures, such as the addition of the luminescence
substrate and the enhancer, are required in the assay, and the resulting
luminescence intensity may be strongly time-dependent, preventing
precise quantification. Electrochemiluminasence (ECL) is an alternative
method to the conventional CL or BL [37]. The practical assay system,
that is, the electrochemiluminescence immunoassay (ECLIA), has been
employed as a powerful diagnostic device for the quantification of the
COVID-19 antibodies [38].

In next-generation diagnostic devices, photoexcitation will still
be very effective not only for detection but also for the heating of the
polymerase, such as photo- or laser-PCR. From this point of view, the
application of near-field optical techniques has remarkably contributed
to the development of next-generation diagnostic devices, in which
the electronic excitation or heating at the nanospace allows for the
realization of ultra-fast PCR and ultra-high sensitivity immunoassay.
Here, we will describe the principle and features of next-generation
diagnostic devices (Scheme 1).

Assay based on quantification of the pathogen gene

Improvement of PCR system based on photothermal cycler: PCR
analysis involves a large number of thermal cycles, consisting of three
steps, namely denaturation, annealing, and extension, conducted at

different temperatures and times [39]. Each cycle requires a rather
long time to achieve satisfactory thermal equilibrium and reaction
yields; therefore, the time for the assay to be performed is at least 20-
30 min. As mentioned above, the diminution of the sample volume is
an effective strategy to achieve high throughput [40]. In practice, there
are two practical approaches. One is the application of microfluidic
devices combining microvolume reactors, and the other is the division
of the sample to microdroplets, both of which is based on photothermal
cycler, and can be combined with digital PCR. A more advanced and
effective heating method is plasmon heating at the nanospace, which is
one of the hottest research topics in near-field optics, and the practical
examples will be described later.

PCR based on infrared (IR) heating: The idea of IR heating to drive
PCR has been reported many years ago using a conventional tungsten
lamp [41-44]. In this method, thermal cycling in the microfluidic
system is usually carried out on the stage of the microscope by using IR
light through an IR long-pass filter (Figure 1), so that the simultaneous
fluorescence measurement for the confirmation and/or quantification
of the PCR is successfully carried out during the thermal cycling (Figure
2). It is to be noted that for parallel heating of several PCR vessels in the
microfluidic device, extremely homogeneous illumination covering a
wide area in the microchip without any interference fringes or shadows
is required. An incoherent light source such as a classical tungsten lamp
or a near-IR LED is more effective than the near-IR laser for this kind
of application. The demonstration of the simple PCR in the microfluidic
chip in the initial studies on this methodology, as well as that of the
quantitative PCR and practical diagnostic assays of the influenza
virus based on RT-PCR, have been reported [43,44]. The virus assay
of a mock nasal swab sample at clinically relevant concentrations was
carried out using a carefully designed, integrated two-chip system
consisting of solid-phase extraction (SPE) and RT-PCR systems [43].
As mentioned above, the pretreatment of the sample is often one of the
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Figure 1. Layout of the infrared heating and fluorescence detection systems. The temperature control system consisted of a W-lamp as the IR source, a thermocouple for temperature
measurement, a compressed air source for cooling, and electrical relays used to turn on and off each of these components. The fluorescence system used a halogen lamp for excitation and
a photomultiplier tube (PMT) for detection. A 775 nm long-pass IR filter and hot mirror were used to decouple the two optical systems. Reproduced from [47] with permission from The

American Chemical Society.
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Figure 2. Simultaneous collection of temperature and fluorescence. In all graphs,
temperature is plotted as the black line and corresponds to the left y-axis, and PMT voltage
from SYBR Green fluorescence is plotted as the blue line and corresponds to the right y-axis.
(A) 107 starting copies of PUC19 were amplified by PCR in 40 cycles. The fluorescence
intensity varied as a function of temperature and cycle, but the overall trend indicated that
the intensity increased starting at approximately the 14th cycle and reached a plateau at
approximately cycle 30. (B) A single temperature cycle and fluorescence data from part A
are shown. As explained further in the text, the stages are shown at the top of the figure and
correspond to different times during the thermal cycling, such as denaturation, annealing,
or extension. Reproduced from [47] with permission from The American Chemical Society.

most significant factors to achieve precise diagnosis by the effective
selection of the pathogen from the contaminants. In the stand point of
view, such a combination of pretreatment and analysis units may be a
good solution to ensure flexibility in the design of the assay system to
confront many kinds of pathogens, for example, viruses and bacteria.
A similar IR-induced quantitative PCR system has also been reported
by other groups [45-48], in which they have expanded the applicability
of the IR-PCR to quantitative determination of the initial copy number
by integrating fluorescence detection during the amplification process
[45] (Figures 1 and 2).

Laser heating PCR in microdroplets on a Petri dish

More effective laser heating PCRs in microdroplets have been
demonstrated by some groups. For example, the illumination of a 1.46
pm diode laser light to the nanoliter droplets arrayed on a Petri dish [49].
A large array of uniform-sized nanoliter droplets of the PCR mixture
with a diameter of 100 um at pitches of 250 um or less between droplets
were generated on a polystyrene Petri dish by a simple contact printing
technique under careful humidity control. After printing, the array was
permanently protected from evaporation by adding mineral oil around
the array until the array was covered (Figure 3, Figure 4a). The use of
this mineral oil, which does not absorb 1.46 um light, should be effective
for rapid photoheating and rapid annealing of the microdroplets upon
photo-thermal cycling. The beam size was measured to be ~ 200 um at
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FWHM with a 10X objective lens. The temperature of the droplets was
controlled by the laser power, and the dependence was calibrated using
a fluorescence probe and the yields of the PCR amplicons. For a typical
droplet with a diameter of ~300 pm, 25 and 50 mW of laser power were
required for the annealing/extension and melting steps, respectively.
The optimized conditions were a combination of an initial 10 s for
enzyme activation, 2 s for melting, and 8 s for annealing/extension,
respectively, allowing completion of 40 amplification cycles in ~6 min.
Moreover, clear time-dependent amplification curves were obtained
from the series of different template DNA concentrations, which can
be used for real-time PCR as well as sufficiently intense end-point
fluorescence intensities than the baseline (Figure 4). Although this

Infrared laser

Figure 3. A IR laser induced PCR on a Petri dish; (a) Illustration of the contact printing
on a Petri dish. A disposable pipette tip is vertically controlled to make a brief contact with
the substrate leaving a droplet on the surface. The Petri dish is positioned by the dual-axis
motorized linear stages. (b) Illustration of the infrared laser heating of a droplet in the
oil phase using an inverted microscope. Reproduced from [49] with permission from The
Royal Society of Chemistry

Figure 4. Bright field (a) and fluorescence (b) images of a 4 by 5 array of PCR mixture
droplets. 10 droplets in the upper right were PCR amplified while the rest were not
amplified. Reproduced from [49] with permission from The Royal Society of Chemistry

Volume 4: 4-13



Kawahara Y (2020) Recent progress in the development of ultra high-sensitive and rapid detection systems for pathogens of emerging infectious diseases

work seems very attractive for many critical applications such as the
amplification of small amounts of template DNA and single cell assays,
the most important and attractive aspect should be the application to
digital PCR, which requires the division of the sample solution into a
large number of highly homogeneous discrete microdroplets before the
PCR cycles, as described later (Figures 3 and 4).

Digital PCR

Real-time PCR has been widely used for gene expression analyses in
biological studies. The gene copy number contained in the sample can
be accurately determined by comparing the position at the beginning of
the exponential phase, the so-called cycle threshold (Ct), with a series
of standard samples containing the target genes [50,51]. In diagnostic
use, the gene numbers of the target pathogen in the samples from
patients and individuals suspected of being infected can be directly
determined in the absence of any immunological information of the
pathogen. Therefore, real-time RT-PCR has been used as a main tool
for the diagnosis of the present COVID-19 outbreaks and pandemic.
Despite numerous advantages, however, conventional real-time PCR
has some disadvantages in terms of quantification reliability and low
throughput. Quantification depending on the standard samples is not
suitable for the detection of ultra-small amounts of the target genes
desired in the pathogen assay, and performing several PCR cycles may
be time consuming.

a)
3
0il = )( € Oil ]
Droplets ll"@;"
b)

Digital PCR is a long-awaited novel approach that can address
problems related to conventional real-time PCR [28-31,52-54]. The
most characteristic feature of digital PCR compared to conventional
real-time PCR is the digital counting of the huge numbers of PCR
results, that is, success (ON=1) or failure (OFF=0), in the discretely
partitioned microsamples prepared from the same sample. During
amplification, fluorescent dye-labeled probes were used to detect the
target genes. When the microsample contains the target gene, even if
it is a single molecule, the PCR to the endpoint level affords sufficient
amount of the amplicon to give the intense fluorescence signal as “On”.
When the microsample does not contain the target gene, on the other
hand, no amplicon is produced, so that the fluorescence signal is not
observed keeping the baseline level as “Off”. Following PCR analysis,
the fraction of negative reactions was used to generate an absolute
count of the number of target molecules in the sample, without the
need for standards or endogenous controls. To account for wells
that may have received more than one molecule of the target gene, a
correction factor is applied using the Poisson model [31,55]. It should
be noted that the most important factor of this assay is the suitable
preparation of the microsamples to contain very small amounts of the
target gene. In the theoretical calculation, the optimized number of
genes in each partition should be 1.6 molecule. Within the pathogenic
assays, however, the usual sample contains a very small amount of the
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Figure 5. Principle of digital PCR [31]: a single PCR sample is partitioned into 20,000 discrete nanoliter-seized droplets by a droplet generator. Target and background DNA are distributed
randomly into the droplets during the partitioning process, (a). Droplets are assigned as positive or negative by thresholding based on their fluorescence amplitude. The number of positive
and negative droplets is used to calculate the concentration of the target and reference DNA sequences and their Poisson-based 95% confidence intervals, (b). Reproduced from [31] with

permission from Bio-Rad Laboratories, Inc.
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target pathogenic genes and one may not pay much attention to this
point (Figure 5).

Advanced PCR based on nanophotonics

The concept of digital PCR is the digital counting of PCR results
from the large numbers of discretely partitioned microsamples, which
are provided by a microdroplet generator or a microfluidic device
having arrayed microvessels. Although the concept of digital PCR is
highly advanced, most of the commercially available systems employ
the old-fashioned conventional thermal cycler [50] instead of advanced
photoheating. Therefore, thermal cycling may be a nasty bottleneck
to improve the throughput, which is required as much as possible,
particularly upon the outbreak and pandemic of EDIs. Fortunately, the
remarkable advances in nanophotonics provide a very effective and
revolutionary solution, that is, surface plasmon (SP) heating based on
the photon-phonon conversion.

SP is the photoelectromagnetic field localized on the metal surface
[56]. There are two types of SPs: one is the propagating SP on a flat
metal surface, and the other is the localized SP (LSP) on the nanosized
metal particles or nanostructures having sharp edges, gaps, pleats, and
both SPs can be easily excited by visible and near-IR light. Since the
SP fields are strongly localized on the metal surface and are effectively
converted to heat energy, one can expect a very rapid and effective
photon-electron-phonon conversion [57,58]. In other words, SPs can
be used as nanosized heaters on the surface by which one can selectively
heat molecules immobilized on the surface or very close to the surface.
It is impossible to achieve such selective heating in the nano-sized
area by conventional light illumination from the far field, even using a
conventional microscope. Accordingly, SP heating should be matched
very well with advanced PCR techniques requiring effective heating at
the nanospace to realize ultra-high sensitivity and throughput. The two
practical applications are described as follows.

W
c

Photonic PCR

Advanced PCR based on photonic heating has been reported
[59]. Although the excitation of the SP on a flat metal surface usually
requires a prism coupler and a p-polarized laser, it can also excite
the SP by fine-tuning the thickness of the metal film. In this case, the
characteristic plasmonic absorption band similar to that of the LSPs
on the nanoparticles appears on the gold film, which can be excited by
a conventional light source such as an LED without a prism coupler.
For example, 65% of the excitation light at the peak wavelength (450
nm) of the excitation LEDs was absorbed in the 120 nm Au film.
Based on this concept, a photonic PCR system with a simple optical
configuration can be constructed on the PMMA substrate with PCR
wells, in which the Au film is evaporated on the bottom surfaces, set on
the excitation LED arrays. The typical PCR thermal cycling, consisting
of three representative temperatures (94°C for denaturation, 60°C for
annealing, and 72°C for extension), was performed 30 times in 5 min.

The amplification of -DNA was performed to verify this photonic
PCR method, and the 98-bp amplicon was selectively obtained by 30
and 60 cycles, similar to the PCR using a conventional thermal cycler,
demonstrating good thermal accuracy of this photonic PCR. The yields
of the amplicons were rather poor than those of the conventional
PCR since the heat capacitance of the thin Au film may be too small
to induce sufficient thermal diffusion into the bulk solution. This
limitation can be overcome by two approaches: one is the utilization
of a three-dimensional (3D) photonic substrate in the PCR chamber
for uniform photothermal heating of the PCR mixture, and the other
by the direct immobilization of the target DNA on the Au surface, as
demonstrated in our approach described in section 3.1.1. The thermal
response of the flat metal film with a rather large heat capacity is much
slower than that of the nanoparticles in Laser-PCR" described in the
following section, while the good uniformity of the illumination should
be adapted to the microfluidic device to achieve high throughput.

%ﬁﬂﬁﬂﬁ
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Figure 6. Ultrafast photonic PCR. (a) Schematic of the plasmonic photothermal light-to-heat conversion and subsequent heating of the surrounding solution (here, the PCR mixture) through
ultrafast photon—electron—phonon couplings. When a light is turned off, fast cooling of heated solution can be achieved by the heat dissipation through the thin Au film. (b) Schematics of
the ultrafast photonic PCR using a thin gold (Au) film as a light-to-heat converter and excitation light from the LEDs. Thermal cycling, consisting of two or three discrete temperatures for
denaturation, annealing and extension, is required for nucleic acid amplification through the PCR. For multiple PCR reactions, each LED could be modulated separately so that there are
unique annealing temperatures for each primer design. LED, light-emitting diode; PCR, polymerase chain reaction. Reproduced from [59] with permission from Springer Nature Limited
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Moreover, SP on the flat metal surface is effective not only for heating
but also for the fluorescence detection of the target molecules by the
specific fluorescence enhancement effect and the suppression of the
excitation light [60-62] (Figure 6).

Laser-PCR’, LSP-induced digital PCR: Nano-sized metal particles
have been known to show characteristic color, and this fact has been
known since the Middle Ages [63]; for example, the stained glasses in
the cathedrals are typical applications of metal colloids. However, the
reason for the coloring has been scientifically elucidated not too long
ago. The deep-red color of gold colloids with a very large extinction
coefficient is due to the plasmonic oscillation of the free electrons
confined in the nanoparticles and coupled with the green light with a
wavelength of approximately 520 nm, resulting in the formation of the
LSP [64,65]. In other words, green light with a wavelength of 520 nm
can be confined to nano-sized (approximately 5-20 nm) gold colloids.
Since the resulting LSP is rapidly converted to phonons and the heat
capacity of the nanoparticles is very small, the selective heating of the
molecules immobilized on the surface or very close to the particle can
be expected upon photoexcitation, whereas the temperature of the bulk
solution surrounding the nanoparticles should be unchanged. This site-
selective heating effect based on LSP, which is sometimes called a ‘nano-
stove, has been intensively studied in recent years and mainly applied
during hyperthermia treatment of cancer cells using surface-modified
gold particles with molecules recognizing cancer cells [57,66].

Laser-PCR’ [32] is, however, a much more attractive and effective
biomedical application of LSP because it can realize the next-generation
of digital PCR. In Laser-PCR system, the micro-partitioning of
the sample mixture for the digital PCR is conducted by the use of
the nanosized gold particles, on which the primers for PCR are
immobilized and act as individual ‘vessels’ for digital detection [32].
Suitable temperatures for the melting, annealing, and elongation of
the DNAs can be readily obtained by controlling the laser power, so
that sufficient PCR cycles can be completed in a very short time, that

is, a million times faster than that required by a conventional thermal
cycler. Moreover, the bulk solution around the particles is not heated
at all, as mentioned above, which is particularly significant for digital
PCR because a background level as low as possible is essential for
digital detection of the PCR results [32]. Laser-PCR" with ultra-high
throughput and wide applicability, therefore, should be one of the most
expected diagnostic devices for countermeasures against the current
and forthcoming EIDs (Figure 7).

The antibody-based assay

The development of a rapid detection chip for the currently
expanding virus is particularly significant for preliminary diagnosis.
Despite the important prerequisite that the highly specific antibody
to the pathogen must be prepared, the antibody-based assay is one of
the best options for preparing diagnostic devices for EIDs because of
their high selectivity, sensitivity, and convenience. In this section, we
describe the novel concepts and principles of advanced immunoassay
systems.

Ultra-high sensitive ELISA: The development of ELISA has
resulted in a revolution in bioassays [67]. The enzyme-catalyzed
reaction amplifies the detection signal from the single antibody-
antigen interaction by the turn-over of the enzyme cycles, which can
be over tens of thousands depending on the reaction time. It is easy
to see that, however, the throughput and sensitivity, which reaches
up to 50 pM [68], are in tradeoff with each other. In other words, one
can remarkably improve the throughput by improving the detection
sensitivity. The sensitivity is remarkably improved by the use of highly
sensitive optical effects, such as fluorescence, chemiluminescence, and
bioluminescence, instead of the conventional colorimetric detection
of the colored end product [69]. The features and limitations of these
detections are outlined as follows.

It is well known that fluorescence detection generally provides
a much higher (10-1000-fold) sensitivity than the conventional

Figure 7. Schematic depiction of pulse controlled amplification of nucleic acids by Laser- PCR®; Laser-PCR® operates on the principle of pulse controlled amplification (PCA). A
high-power laser beam is rapidly pulsed through the PCR reaction to selectively and specifically irradiate gold nanoparticles. Heat generated by the nanoparticles during laser pulsing
dissipates directly into the solution by a steep temperature gradient, effectively heating up only primers or amplicons bound to their surface. As soon as the laser beam stops illuminating the
nanoparticles, they immediately cool down to the set temperature of the reaction solution. Therefore, the bulk liquid of the reaction serves as a built-in cooling reservoir. Rendered images
(Panels A, B and C) show the Pulse Controlled Amplification principle on the nano scale. Panel A) In the Laser-PCR®. reaction mix, gold nanoparticles (yellow) are functionalized with
target-specific primers (light green); (B) the DNA target (red) anneals to the specific primer on the gold nanoparticle, and DNA polymerase binds for elongation; (C) a laser beam scanned
over the sample excites all nanoparticles leading to localized heating and denaturation of amplicons. Effectively, this reaction follows a two-step temperature protocol, allowing nearly
instantaneous thermal ramps and ultra-fast PCR reaction times. Reproduced from [32] with permission from De Gruyter
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colorimetric detection, and the detection of even a single molecule is
allowed without great difficulty. In the ELISA, the peroxidase produces
several numbers of the fluorescent product by the enzyme cycles, so
that the sensitivity is further enhanced compared to direct or indirect
immunofluorescence [70,71]. One of the limitations of fluorescence
detection is the poor quantification quality in the high concentration
region, but this may not usually cause problems in the pathogen assay.
Fluorescence detection requires intense excitation light, which causes
photobleaching of the fluorescent products and background signal,
and it is to be noted that both of them sometimes disturb the detection
of a very small amount of the target antigen. The single-molecule
counting technique (SMC’) [72] is an excellent method that addresses
the disadvantages of fluorescence detection [73]. The characteristic
feature of this method is the digital counting of the numbers of
secondary fluorescent dye-labeled antibodies released into the elute
from the sandwich immune complexes formed on the magnetic beads
by chemical treatment [73]. Using this method, the presence of the
secondary antibody in the elute can be detected as a flash signal of
the fluorescence before photobleaching, and the background signal
from the nonspecific interaction can be effectively eliminated. The
employment of chemiluminescence and bioluminescence for detection
also addresses such limitations of the fluorescence attributed to the
excitation light [74]. The ELISAs based on chemiluminescence and
bioluminescence were named CLEIA [71,75,76] and BLEIA [77-79],
respectively. However, the advantage brings with it a few disadvantages;
further steps for the induction of luminescence should be added to the
general protocol of ELISA, which is already complex and takes a long
time (Figure 8).

Electrochemiluminescence immuno assay (ECLIA): The
electrochemiluminescence immunoassay (ECLIA) is a relatively newly
developed method that provides ultrasensitive detection of the analyte
without the complex protocols required in ELISA [80-84]. In ECLIA,
it is not the enzyme cycles but the electrochemical redox cycles that
produce a large number of the luminescent species from the substrate.
In the sandwich assay, the second antibody having a so called ‘sulfo-tag’
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is employed to induce repetitive electrochemical oxidation of the Ru(II)
complex in the solution, resulting in the Ru(III) complex. A sacrificial
electron-donating substrate such as tripropylamine (TPA) in the
solution is also oxidized to TPA+, giving the highly reductive radical
species (TPA*) by rapid deprotonation. The recombination between
the Ru(IlI) complex and TPA* generates the excited state of Ru(II)
(Ru(Il)*), exhibiting a characteristic intense orange luminescence.
The use of TPA for the indirect recombination of the Ru complex is
necessary to avoid the electrochemical splitting of water on the electrode
in an aqueous medium, which is mostly used for analytical applications.
By this cycle, the binding signal can be amplified and detected with a
very high sensitivity in a wide concentration range of the target antigen.
Moreover, the recombination resulting in luminescence occurs in the
solution apart from the binding site of the sulfo-tag on the electrode,
so that the background and the nonspecific signals can be effectively
suppressed. This feature is particularly effective for the assays of the
samples, including blood plasma serum without rigorous pretreatment.
The assay kit for the detection of anti-SARS-CoV-2 by ECLIA has been
commercially available from Roche [38].

Although the detection of DNA by ECLIA is possible and applied
for some biological studies using a digoxigenin (DIG) - labeled probe
DNA/RNA, the direct detection and quantification of the pathogenic
genes has not been reported at present. The sensitivity may improve
to achieve direct detection in the near future. The disadvantages of the
ECLIA are mainly due to the necessity of the electrode prepared on the
bottom surfaces of the wells, which makes the price of the multi-well
plate more expensive than that of the conventional ELISA plate.

The microfluidic device integrating the ECLIA unit is particularly
expected to realize digital detection transcending the properties of the
digital ELISA, whereas the cost for the assay should be rather expensive
because the production cost of the complex assay platform including
microelectrodes will increase (Figure 9).

The digital ELISA: The digital PCR provides a much higher
performance than conventional PCR, as described in the above section.
In the immunoassay, the digital detection of the antigen-antibody
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Figure 8. ASMCTM system detects fluorescence of the dye-labeled antibodies released from the immune complexes after a sandwich immunoassay. Digital detection of the single molecule
fluorescence pulses effectively eliminates the background fluorescence under the detection threshold. Reproduced from [72] with permission from Merck KGaA
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Figure 10. Ultra-sensitivity through ‘Simoa®’, Courtesy of Quanterix Corporation. Principle of ‘SiMoA®’ digital ELISA system. Paramagnetic SIMoA® beads are used as the solid phase
in a sandwich immunoassay containing an enzymatic label. The labeled beads are mixed with a fluorogenic substrate and loaded into an array of femtoliter-size wells on the SIMoA® disc,
where the beads settle into individual wells. The wells are sealed with a layer of oil, which prevents the beads from diffusing out of the wells and allows the fluorescent enzyme product to
accumulate at high concentrations, enabling detection of a single enzyme molecule. Fluorescence imaging and data reduction is used to calculate the concentration of each analyte in the
assay. This figure and caption are Courtesy of Quanterix® Corporation
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interaction as the ON or OFF signal is also expected to improve the
sensitivity and throughput, and to suppress the background signal
and the consumption of expensive reagents simultaneously. The idea
of digital detection has been presented about a decade ago and has
been realized in practical diagnostic systems. The presented systems
are principally based on the microbeads as the ‘solid phase), on which
the primary antibody is immobilized. After the reaction with the
sample, the microbeads were treated with the fluorescent dye-labeled
secondary antibody, washed, delivered into the discrete microcavities
or microwells prepared in the microfluidic device, and analyzed by
two-dimensional imaging of the fluorescence, giving the digital data.
Although the principle is simple, there are many difficulties in each
process to realize the practical level. Therefore, only a few systems are
commercially available at present. One of the successful products is the
single-molecule array [33-35], ‘SiMoA, which is employed not only as
the ultra-high sensitive ELISA getting closer to the attomolar sensitivity
[85] but also for advanced clinical applications such as single-cell
diagnosis of the diseases [86] (Figure 10).

Ultra-sensitive detection of the pathogen assisted by SP enhanced
isothermal DNA elongation: As mentioned in the laser-PCR section,
SP is very effective for site-selective heating at the scale of single
particles or single molecules. We have presented a novel method of
digital detection of antigen-antibody complexes wrapped with DNA,
which are isothermally elongated by the ‘molecular-selective’ heating
based on the surface plasmon resonance (SPR) phenomenon [87].
The most characteristic feature of this method is the employment of
isothermal rolling circle amplification (RCA) of the DNA, which is
totally unrelated to the pathogen gene itself, for the selective signal
amplification of the pathogen-antibody binding on the substrate. In
RCA, the replication isothermally occurs from a small primer without
any temperature change by using a circular template and a polymerase
with strand displacement activity.

The concept of this method is described as follows, with the
experimental procedures in some detail to be easily understandable.
The plasmonic medium, a 50 nm Au film, was prepared on the glass
substrate by vacuum evaporation and the surface was annealed by
hydrogen flame to generate the flat polycrystalline Au surface. This
procedure is necessary for the effective excitation of SP as well as for
the effective immobilization of antibodies on the surface. This Au film
on the glass substrate was then attached on a glass prism with an index-
matching oil, illuminated by visible or near-IR light, and the reflectivity
is recorded upon changing the incident angle. The resulting plot of the
reflectivity against the incident angle, ‘SPR curve;, has a sharp and deep
valley at the specific angle defined as the ‘SPR angle’ Since the SPR angle
sensitively increases with an increase in the dielectric constant of the
molecules on the surface, which is consistent with the amount of bound
analyte to the ligand immobilized on the surface, this SPR phenomenon
can be employed as an effective method of LBA.

Based on this principle of an SPR biosensor, we have developed the
selective heating of a single antibody capturing the target pathogenic
particle, as summarized in the Scheme. At the SPR angle, the almost
incident light energy is absorbed by the gold film, transferred to the SPs,
and finally converted to heat. Practical SPR biosensor systems employ
a dim excitation light because the resulting heat disturbs the detection
of ligand-analyte binding. In contrast, we intentionally employ a high-
power near-IR laser as a light source to generate enough heat to drive
the DNA polymerase upon the enhancement process. The pathogen-
specific antibody (‘test’) and the antibody lacking the binding ability
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(‘control’) are linked with the primer sequences for the RCA with the
linker molecules and then immobilized on the Au film as 1 mm ‘test’
and ‘control’ spots, respectively.

The SPR angle increases with increasing amount of the bound
analyte as described above. Accordingly, when we illuminate the high-
power near-IR laser at an incident angle (0), greater than the SPR
angle for the antibodies themselves (0), the SP fields should be mainly
generated at the pathogen-bound antibodies, and the resulting heat
can induce DNA elongation from the primers immobilized on the
antibodies binding the pathogens. The amplified DNA (amplicons)
elongating around the pathogen-bound antibodies contributes more
effectively to the increase in the SPR angle than the initial binding of
pathogens to the antibodies. Here, RCA not only elongates amplicons
linearly, but also introduces many branches on them, using another
primer sequence on the amplicons. As a result, accelerating heat
generation leading to further acceleration of DNA elongation around
the pathogen-bound antibody can be expected. The resulting pathogen
wrapped by the amplicon can be easily detected and counted after
fluorescence staining. The extreme difference in the efficiency of the
DNA elongation between the ligand and control spots should be
particularly effective for the digital detection of pathogens suppressing
the influences of weak background interactions (Scheme 2).

To confirm the validity of this assay, we carried out an experiment
using 3-um IgG-conjugated latex beads as a model of the pathogen.
Anti-IgG and anti-BSA (control) antibodies were modified with
5-NH2-M13M4-primers. A 6-mm silicon rubber through-hole
well was then attached to a 50-nm gold film on a coverslip. Both the
antibody conjugates were immobilized on the gold surface to form
I-mm ‘test and ‘control’ spots, respectively. Following immuno-
reaction with the pathogen models, the surface was immersed in an
RCA solution (comprising M13mp18, Bst polymerase, and dNTPs),
and illuminated by a p-polarized 808-nm 600-mW laser light for 30-
60 min through a glass prism at the incident angle (8”). This offset
incident angle (86, ="-0) is the expected SPR angle for the antigen-
bound antibodies covered with a sufficient amount of the amplicons.
The resulting amplicons were stained with SYBR Green I and observed
via confocal microscopy (~40x magnification). The bright fluorescence
spots were observed specifically at the test spot. The locations of the
fluorescence spots were consistent with those of the particles in the
transmission image at higher magnification. This result indicates that
site-selective SP heating successfully induced RCA at the binding site
of the 3-um latex beads. Although clear imaging and counting of the

anti-lgG spot _

Figure 11. Multispot fluorescence assay based on SP-heating enhanced RCA on gold
surface; a) anti-IgG immobilized test spot, b) anti-BSA immobilized control spot; both
Imm spots were immersed in the solution of primer-bound IgG for 30 min and SP heating
was performed in RCA solution; after fluorescence staining by SYBR-Green I confocal
imaging was performed by 488 nm excitation using a x40 objective lens
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3-um model pathogens can be demonstrated, the size is consistent with
the assay of the pathogenic bacteria.

The most significant and urgent target pathogens are, in fact, the
virus having much smaller sizes (approximately 100 nm) than that of
the model pathogens tested above.

When our method is applied to the virus assay, the main concern
is the decrease in the contrast between the fluorescence intensities of
the virus-bound and the free antibodies. The change in the SPR angle
upon binding the virus by the antibody (§0=0’-8) should be smaller
than that for the bacteria. Accordingly, the difference between the local
reflectances at the immobilization spot of the virus-bound antibodies
and that of the free antibodies at the SPR angle for the virus-bound
antibodies covered with the amplicons (8”) may decrease, leading to a
small difference in the amplicon yields at each site corresponding to the
heat generation efficiencies. Thus, setting the offset angle (_; =6"-8)
will likely be crucial during the practical application of this method.

Since our concept depends on site-selective heating at the single-
molecule scale, the optimization of the illumination angle should be
based not on the SPR measurements of the bulk Au surfaces but on the
estimation of the SP excitation efficiency at the single-molecule scale on
the surface. We then performed the estimation by employing a 100 nm
latex particle as the model of the virus and monitoring the intensities
of the scattering light from the model virus by surface imaging as the
parameter of the SP field intensity around the antibody-bound virus.
Although the bulk SPR curve did not show an obvious change after the
binding of the model virus, the bright scattering spots corresponding
to the model virus were observed at a specific angle, indicating the SPR
angle at the virus-bound antibody. Using this optimization method of
the illumination angle, we may prospect the application of the present
method to virus assays (Figure 11).

Summary

We have described the recent progress of the methods for pathogen
assays and their applications to practical diagnostic devices. Both the
methods, the genome base and the antibody base, have remarkably
progressed by the incorporation of novel concepts such as digital
detection and the application of SP as a nano-scaled heating method,
and new models of diagnostic devices with specific features have been
launched. However, each method does not seem to achieve a satisfactory
outcome as stand-alone at present as some of the properties originating
from the assay concept are in tradeoff relation. Therefore, the combined
use of both the methods to complement the benefits should be effective
and necessary for the infection control of COVID-19 and the new EIDs.

We hope that this review will be useful not only for healthcare
professionals to improve the accuracy and throughput of the routine
assays, but also for the representatives of diagnostic equipment at the
institutions, considering the purchase of next-generation assay devices
by understanding their principles and features.
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