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CHAPTER 1 General Introduction



1.1 Point-of-Need Testing

The terms “point-of-need testing” (PONT) and “point-of-care testing” (POCT) are defined to mean
rapid diagnosis that can be performed close to a patient [1]. The PONT concept was introduced in the United
States in the late 1980s, and had previously been interpreted to only mean medical diagnosis [2,3]. However,
the diagnostic targets and applications of PONT have expanded as molecular biology and sensor technology
have developed. The current meaning of PONT has been expanded to include tests that can be performed rapidly
outside of the laboratory and is not limited to medical diagnosis. PONT generally require portability, rapidity,
ease-of-use, and inexpensiveness, and PONT systems with these characteristics will contribute to improving
medical efficiency, quality of life, and to the maintenance of public health. At the present time, the most popular
PONT system is the blood glucose sensor for diabetes management [4,5], which enables the patient to monitor
glucose levels at home by collecting and analyzing blood themselves. The glucose sensor is a pioneering
technology in the PONT field, and many studies into the non-invasive measurement of blood glucose
concentrations continue [6-8]. In addition, more infectious disease diagnoses using PONT systems have been
reported in recent years [9]. In the resource-poor areas of developing countries, the use of PONT is expected to
provide simple diagnostic methods for the detection of viral infection diseases, such as malaria [10], while a
lateral flow device has been used for initial influenza diagnosis in developed countries [11]. In addition, the

recent COVID-19 epidemic has highlighted the importance of PONT testing for infectious diseases.

PONT systems based on a variety of measurement principles have been developed. Molecular analysis
technology for measuring biological samples is the most important basic PONT technology. The glucose sensor,
which is a typical example of a PONT system based on a molecular analysis technology, uses an electrochemical
method to measure the concentration of glucose molecules in the blood [12]. In addition, wearable
electrochemical sensors for the non-invasive measurements of small molecules, such as glucose in sweat, are
being actively developed with the growth of loT technologies and smartphones [13]. Such electrochemical
sensors are often used to analyze lactic acid and uric acid in addition to glucose. Moreover, the number of PONT

systems that target nucleic acids has increased. Although nucleic acids have previously been analyzed in the
2



laboratory using polymerase chain reaction methods, it is currently possible to analyze them using small
platforms [14—-16]. In a similar manner to PONT systems for small molecules and nucleic acids, PONT systems
that target proteins are also being actively developed. Among various molecular analysis technologies,
immunoassays are regarded to be basic technologies for protein quantification in the PONT field. Numerous
immunoassay-based PONT systems have been reported to date [17,18]; however, they are limited in their
applications. The diversifying needs of PONT require the development of an immunoassay system that meets

the high requirements of miniaturization, inexpensiveness, speed, accuracy, and stability.

This dissertation focuses on PONT systems for the quantification of proteins that are used in various
PONT application. The immunoassay was chosen as the basic technology for the PONT system design, with

details provided in the following sections.

1.2 Immunoassays

Immunoassays are analytical methods that rely on specific antibody—antigen recognition. The antibody
selectively recognizes the antigen and the formed antibody—antigen complex is then quantified by physical or
chemical analysis. The greatest advantages of the immunoassay method are its simplicity and high sensitivity.
Accordingly, many immunoassay-based test kits and biosensors have been commercialized, with the value of
the global immunoassay market expected to reach US$ 27.15 billion by 2023 [19]. The history of immunoassays
began with Berson and Yalow in 1959, who reported the first immunoassay technique for the detection of insulin
using radioactive iodine as a label (radioimmunoassay) [20]. Various types of immunoassay based on the
radioimmunoassay principle were subsequently developed in the 1970s and 1980s [21-24]. In particular, the
enzyme-linked immunosorbent assay (ELISA) is an immunoassay technique byword and has been used in
various analytical field to date [25,26]. In recent years, the development of genetic engineering technology has
facilitated the use of artificially produced antibodies with high affinities in immunoassays. The use of artificial
antibodies has enabled precise antibody design and reduced reagent costs. A typical method for artificially
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producing an antibody uses phage display technology and biopanning [27,28]. In addition, the use of fusion
proteins, in which functional proteins, such as enzymes, are genetically bound to antibodies and expressed, have

also been studied [29,30].

The development of immunoassay techniques has also witnessed the diversification of immunoassay
analytes, with the most common analytes being macromolecular antigens. In the medical field, immunoassays
are commonly used to analyze protein biomarkers [31,32] and pathogens, such as viruses and bacteria [33—36].
It is also possible to analyze antibodies (as analytes) rather than using them as recognition molecules [37,38].
On the other hand, haptens, which are small molecules that bind to proteins and elicit immune responses, are
also major immunoassay analytes. For example, immunoassays that target haptens are used to detect mycotoxins

and endocrine disruptors in the food-control [39,40] and environmental-conservation [41,42] fields, respectively.

Immunoassays are categorized into two groups: heterogeneous and homogeneous, according to the
presence or absence of a bound/free (B/F) separation step (Figure 1.1). Each immunoassay type is described in
detail in the following paragraphs. In addition, they can be classified according to the type of labeling molecule
and whether or not the reaction is competitive. The appropriate use of these immunoassay methods depends on
the purpose and application. In addition, new analytical methods that use immunoassays have been developed

through the evolution of related research fields, such as molecular biology and materials engineering.

Immunoassay

@ B/F separation

Heterogeneous Homogeneous
Immunoassay Immunoassay

(2) Ag-Ab Reaction

Non-Competitive Competitive Non-Competitive Competitive

Figure 1.1 Classification of immunoassays. Ag denotes antigen and Ab denotes antibody.



1.21 Heterogeneous Immunoassay

A heterogeneous immunoassay relies on the reaction of an analyte with a solid-phase-immobilized
antibody, with the analyte—antibody complex (bound) requiring separation from the free analyte/antibody (free).
Figure 1.2 shows the mechanism used by a heterogeneous immunoassay, with the “sandwich immunoassay” as
an example. The analytical sample containing the target is added to a container, such as a microplate, on which
the antibody is immobilized. Following incubation, substances other than the antigen bound to the antibody are
removed by washing, after which the labeled antibody is added. The sample is analyzed after washing to remove
free labeled antibodies. In most cases, labeling molecules, which include radioisotopes, enzymes, or fluorescent
molecules, provide signals. ELISA is the most popular of a number of heterogeneous immunoassays. ELISA
relies on enzymes, such as horseradish peroxidase (HRP), alkaline phosphatase (ALP), and B-galactosidase (-
GAL), as labels that react with substrates to produce chromogenic, fluorescent, or luminescent products [43].
ELISA is a highly sensitive analytical method because the enzymatic reaction produces a large amount of
product per analyte. Sandwich ELISA, in which two or more antibodies are bound to one molecule of analyte,
can be used to analyze macromolecular antigens. The sandwich immunoassay is generally difficult to apply to
haptens and competitive ELISA is used instead; however, competitive ELISA is less sensitive than sandwich
ELISA. Therefore, ELISA is an appropriate method for the highly sensitive analysis of trace amounts of
macromolecular antigens. Some researchers have reported sandwich ELISAs for haptens [44,45]; however, they
are not widely used because the required reagents are difficult to prepare. In addition to ELISA,
fluoroimmunoassays (FIAs) and chemiluminescence immunoassays (CLIAs) have been widely studied [46,47].
FIAs use fluorescent-molecule-labeled antibodies. Since FIAs do not contain amplification steps, they are less
sensitive than ELISA. On the other hand, FIA is simple and requires little time. CLIA uses a substance as an
antibody label that catalyzes a chemiluminescent reaction. Despite being a highly sensitive measurement
method compared to ELISA and FIA, it generally requires a photomultiplier tube as the detector. CLIA is also

easily affected by fluctuations in environmental factors such as temperature, which is a disadvantage.
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Figure 1.2 The heterogeneous immunoassay principle.

General problems associated with heterogeneous immunoassays include operational complexity and
long analysis times. Because B/F separation is used, a washing operation is also necessary, which requires a
trained technician. In addition, long incubation times are required for highly sensitive analyses. Commercially
available immunoassay kits that use 96-well plates typically require several washing steps and several hours for
incubation [48]. In addition, signals are often amplified using enzymatic reactions when more sensitivity is

desired, which increases the reaction time and further complicates the analysis procedure.

1.2.2 Homogeneous Immunoassay

A homogeneous immunoassay is a format that does not require B/F separation. Figure 1.3 shows the
mechanism of a homogeneous immunoassay, with a competitive method as the example. Targets labeled with
enzymes or fluorescent molecules and antibodies are used as reagents, with reactions completed by mixing the
labeled target and the antibody in a sample solution containing the target, followed by incubation. No washing
step is required, and any change in the state of the labeling substance due to antibody binding to the labeling
target is detected. Competitive immunoassays, such as the fluorescence polarization immunoassay (FPIA), the
cloned enzyme donor immunoassay (CEDIA), and the enzyme multiplied immunoassay (EMIT), are well-

known representative examples [3,49,50]. Enzyme activity increases with increasing amounts of hapten in the



CEDIA and EMIT methods, and fluorescence or a chromogenic substrate is used for detection. FPIA, which
was first reported in the 1960s, has many applications reported to date [51,52]. In FPIA, the analyte competes
with a fluorescence-labeled analyte (tracer) for binding to the antibody, with detection based on the degree of
fluorescence polarization. Simplicity and rapidity are advantages of this assay, which has been used in PONT
applications and therapeutic drug monitoring with haptens. In addition, some non-competitive homogeneous
immunoassays have also been developed. The luminescent oxygen channeling immunoassay (LOCI) and the
open sandwich immunoassay are representative examples; these assays use the proximity effect associated with

two antibodies binding to an antigen [53,54].

Xy TpirY

o Target Labeled target Y Antibody

Figure 1.3 The homogeneous immunoassay principle.

The detection sensitivities of homogeneous immunoassays are generally lower than those of
heterogeneous immunoassays. In addition, they are easily affected by real sample matrices because no washing
is performed. Therefore, these assay types are suitable for analyses that require rapidity and ease of handling,
such as bedside and initial diagnoses. Most homogeneous immunoassay targets are small molecules, such as
drugs. Therefore, the development of homogeneous immunoassays for large molecules, such as proteins, would

lead to their more widespread use.



1.3 Microdevices for analytical chemistry

1.3.1 The “puTAS” Concept

Research into integrating various chemical operations onto plastic or glass chips has developed rapidly
since around 1990. The development of material-processing technologies, such as soft lithography, has enabled
microfabrication on glass and polymer substrates [55]. Research has led to the downsizing of various chemical
operations using microstructured devices that typically have micro-order channels on a substrate and are referred
to as “microfluidic devices” or “microdevices. The concept of integrating laboratory functions on a microdevice
has been referred to as “Lab-on-a-Chip” [56]. There are various advantages associated with performing chemical
reactions in microchannels. Firstly, significantly lower volumes of samples and reagents are used, which is a
great advantage when rare biological samples or expensive reagents are involved. Secondly, short diffusion
distances and large specific surface areas result in faster chemical reactions in microchannels. These features
contribute to reducing the overall experimental time. In addition, multi-functional integration and the
parallelization of some chemical reactions can be realized on a small platform. Chemical processes that were
previously only performed in the laboratory can now easily be performed anywhere. Due to these advantages,
research aided by microdevices has developed in various chemical fields. Among them, the use of microdevices
in analytical chemistry was examined early on, with the first chemical analyses using microdevices reported by
Terry et al. in 1979 [57]. Subsequently, in 1990 Manz et al. [58] reported the “micro total analysis system”

(UTAS) concept by integrating an analytical system on a microdevice.

UTAS technology enabled the significant downsizing of conventional chemical analysis methods, with
miniaturized chromatography systems representing the earliest applications of pTAS [59]. Chromatography
systems, such as gas chromatography and HPLC, have been significantly miniaturized to date [60-62]. In
addition, the development of analytical techniques based on capillary electrophoresis [63,64] as well as
microreactors [65,66] have been actively studied in the early days of pTAS. Moreover, highly sensitive detectors

applicable to uTAS, such as thermal lens microscopes, have also been developed [67,68]. The development of



such basic uTAS-related technologies has enabled the construction of sophisticated analysis systems with

multiple integrated functions.

1.3.2 Microdevices for Inmunoassays

Among the many analysis applications of microfluidic devices, immunoassays based on microdevices
have been studied since 2000 [69,70]. Compared with conventional immunoassays that use 96-well microplates,
microdevices have successfully led to a significant reduction in sample volume and measurement time. In
addition, miniaturized immunoassay systems, including detectors, have been reported [71,72]. Immunoassay
systems that use microdevices are roughly classified into those that emphasize analysis speed and simplicity,
and those that emphasize analysis sensitivity. Representative immunoassay systems in each category are

introduced below.

1.3.2.1 Immunoassay systems for easy-to-use detection

Many immunoassays based on microdevices that enable simple and rapid analyses have been
developed. A typical immunoassay system that uses a microdevice for simple detection is shown in Figure 1.4.
The most common simple immunoassay platform is the lateral flow immunoassay (LFIA), which usually uses
nitrocellulose or cellulose acetate as the substrate. A LFIA device includes labeled and capture antibodies. When
the analytical sample is injected into the device, capillary forces move the solution in the uniaxial channel
direction. The sample is immunoassayed when it reaches the antibody-immobilized area. The advantage of
LFIA is that it readily analyzes a sample through simple injection, and results are generally judged visually with
no detection device required. With these merits in mind, this method is used for on-site analysis in the medical
[73], food [74], and environmental fields [75]; however, its low sensitivity compared to that of a conventional

microplate immunoassay is a disadvantage. In addition, many LFIA devices only provide qualitative results.



Furthermore, the “prozone phenomenon”, in which false negatives are obtained due to competitive inhibition
of antigens that do not form complexes with labeled antibodies, is a concern when analytes are present in large

excess in the sample [76].

As a device that uses the capillary force of the substrate (such as in an LFIA device), immunoassay
systems that uses paper devices have attracted significant amounts of attention in recent years. In 2007, Martinez
et al. [77] first reported chemical analyses using a paper device patterned with a hydrophobic polymer. Since
then, many devices have been reported for use in immunoassay applications. These devices are referred to as
“microfluidic paper-based analytical devices” (WPADs), and photolithography, wax patterning, and cutting
techniques are commonly used for their fabrication. Antibodies are commonly immobilized on prepared paper
devices and used for immunoassaying purposes, and pPADs are often used in combination with competing
immunoassays [78—80]. Apilux et al. [81] realized a sandwich immunoassay system using a pPAD through
complicated fluid control by designing a two-dimensional channel shape. Chen ef al. [82] developed a three-
dimensional origami device and used a pPAD in a sandwich immunoassay application. The advantages of a
PPAD include its high portability, inexpensiveness, and ease of disposal after use. Therefore, pPADs are
expected to be used in medical diagnosis applications in developing countries. However, in general, the
sensitivity and accuracy of a uPAD are often lower than those of a conventional immunoassay using a plate
reader. Many studies aimed at improving analytical sensitivity and accuracy have been reported [83]; however,

expensive materials, hardware, and software are needed, which offset the advantages of puPAD technology.

Unlike the LFIA and pPAD concepts, simple systems that integrate more complicated immunoassay
reactions and pretreatment into one device have also been developed. “Lab-on-a-disc” or the “centrifugal
microfluidic platform” is a relatively new platform that realizes this concept [84]; this platform uses disc-shaped
devices with microchannels and microchambers. The device is pre-filled with reagents for sample pretreatment
and immunoassaying. After introducing the analytical sample into the device, the disc device is rotated by a
motor to manipulate the solution and to assay the sample. Basically, analysis is completed by simply introducing

the sample into the device and setting it in the detection device; hence, it is a highly convenient analytical
10



method. In addition, compared to LFIA and pPAD, centrifugal microfluidic platforms are very flexible in terms
of immunoassay use. For example, such a platform can be used in combination with ELSIA [85,86], CLIA [87],
and FIA [88]; however, a dedicated device with a detector and a built-in motor for rotating the disc device is
required, with cost and portability significantly inferior to those of LFIA and pPAD systems. In addition,
because many reagents are encapsulated in the disc device, the storage stability of each reagent becomes a

problem.

(a) (b)

1) chitosan
2) glutaraidehyde
3) anti-cotinine
4) BSA blocking
(a)
anti-cotinine

(b) cotinine-HRP

cotinine

¢ Absorbent pad

(c)

/‘/ Absorbentarea

NT-proBNP

“— Cutting line—!

PSbeads

Smm

Open

Pattern 1 Pattern 2

Figure 1.4 Examples of easy-to-use immunoassay systems. (a) A LFIA device. Reprinted with permission from
reference [73]. Copyright 2014 The Royal Society of Chemistry. (b) A pPAD device for competitive
immunoassaying. Reprinted with permission from reference [78]. Copyright 2013 American Chemical Society
(c) A pPAD device for sandwich immunoassaying. Reprinted with permission from reference [81]. Copyright
2013 The Royal Society of Chemistry. (d) A centrifugal microfluidic platform. Reprinted with permission from
reference [86]. Copyright 2012 American Chemical Society.
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1.3.2.2 Highly sensitive immunoassay systems

Improving the sensitivities of immunoassay systems has been one of the most important themes since
immunoassays were first developed. A typical immunoassay system that uses a microdevice for highly sensitive
detection is shown in Figure 1.5. CLIA and ELISA are known to be highly sensitive immunoassays and are
often used in analysis systems that use microdevices to detect trace amounts of analytes [§9-91]. In addition,
sample pre-concentration with a microdevice followed by immunoassaying reportedly provides high
sensitivities [92,93]. However, CLIA and ELISA have long reaction times and are often complicated to operate.
In addition, the combination of pre-concentration and FIA also requires additional operations, which increases
the overall number of steps. In order to solve these problems, a new immunoassay concept that takes advantage

of microdevices has been developed in recent years.

A highly sensitive immunoassay system that has received significant levels of attention in recent years
uses surface-enhanced Raman scattering (SERS). This analytical method takes advantage of the phenomenon
in which the scattered Raman light from a molecule is dramatically enhanced by the localized electric field
caused by the localized surface plasmon resonance of metal nanoparticles [94]. As a result, the intensity of the
Raman scattered light from reporter molecules adsorbed on the surfaces of the metal nanoparticles is
dramatically enhanced. However, the details of the SERS mechanism have not yet been fully elucidated [95].
SERS can be used to effectively detect low-sensitivity signals using antibodies immobilized on metal
nanoparticle. SERS is often used in combination with a sandwich immunoassay, and microdevice-based SERS

immunoassays have also been successfully used to measure protein markers at ~pg/mL levels [96,97].

Highly sensitive immunoassays that take advantage of the characteristics of microdevices have also
been developed. For example, Rissin et al. [98] developed a digital ELISA using a ~50 fL. microchamber. The
beads on which the capture antibodies are immobilized are enclosed in a microchamber to capture the antigen,
after which a single bead is added into one chamber and subjected to ELISA. Compared to the conventional

method, this method enables fluorescence images to be quantified with higher sensitivities. As a result, we
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successfully quantified prostate-specific antigen (PSA) at a detection limit of 14 fg/mL (0.4 fM). Based on this
research, digital ELISAs, as highly sensitive immunoassay systems, were expanded through applied research
[99-101]. As a similar method, Liu et al. [102] reported the immunoassaying of microdroplets generated in a
microchannel. Antibody-immobilized magnetic beads were encapsulated in droplets and used in ELISA. In a
similar manner to digital ELSIA, fluorescence images can be digitally quantified, which led to the successful
analysis of exosomes to a sensitivity of ~10 aM. These methods are overwhelmingly more sensitive than
conventional microplate-based immunoassays. Therefore, it can be said that they are effective methods for
measuring trace markers such as exosomes. However, dedicated and expensive detection equipment is required.
In addition, it is still difficult to miniaturize the system, including the detection system; therefore, it is not a

method suitable for PONT.
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Figure 1.5 Examples of immunoassay system for highly sensitive detection. (a) An ELISA device. Reprinted
with permission from reference [91]. Copyright 2013 The Royal Society of Chemistry. (b) A SERS device.
Reprinted with permission from reference [97]. Copyright 2013 American Chemical Society (c) A digital
ELISA device. Reprinted with permission from reference [99]. Copyright 2012 The Royal Society of Chemistry
(d) A droplet digital ELISA device. Reprinted with permission from reference [102]. Copyright 2018 American

Chemical Society.

14 Objectives of the Thesis

The objective of the present research was the development of a system for the analytical
quantification of biomolecules for PONT based on immunoassays and microfluidic devices. As mentioned
above, many immunoassay systems reportedly use microfluidic devices. However, despite the development of
these elemental technologies, the number of immunoassay systems based on microfluidic devices that are
practically used are still limited. Many immunoassay devices exhibit trade-off relationships between detection

14



sensitivity, analysis time, and procedural complexity, which is a major issue. These factors need to be
compatible for practical use. In addition, miniaturizing such systems, including detection systems, will bring
immunoassay technologies that use microfluidic devices closer to practical use. A PONT application also
requires the analytical system to be easily handled in any location without the need for a professional engineer,
and the rapid detection of the required analyte with the required sensitivity. To apply PONT to many
applications in various fields, a microfluidic-device-based immunoassay system that meets these requirements
of PONT was developed in this research. The target analytes in this research are proteins and viruses in
biological samples, which are used in a wide range of PONT applications. In order to apply the system to various
biomarkers and pathogens, two types of immunoassay system based on the detection of fluorescence signals
were developed. In order to detect trace amounts of analyte-like protein biomarkers for cancer diagnosis, a
highly sensitive immunoassay system based on a heterogeneous immunoassay was developed. To detect
proteins that require rapidity, a simple and rapid immunoassay system based on a homogeneous immunoassay

was developed. These two types of immunoassay system cover a wide range of PONT applications.

Chapter 2 describes the development of an ultrasensitive immunoassay system based on an enzyme
sandwich immunoassay. A three-dimensional polymer structure (immuno-wall) was constructed in the
microchannel, and capture antibodies were immobilized on this immuno-wall. In addition, in order to
significantly improve detection sensitivity, a unique fluorescence signal amplification method that combines
enzyme amplification and molecular concentration by the immuno-wall was developed. The sensitivity of the
developed device was evaluated using human C-reactive protein (CRP) in serum as a model substance. Chapter
3 describes the fluorescence-signal amplification method developed in Chapter 2, and also discusses the

mechanism of fluorescence-signal enhancement.

Chapter 4 describes the development of a non-competitive FPIA for protein quantification.
Conventional FPIA is used as a homogeneous competitive immunoassay, but proteins, in principle, are difficult
to analyze. The non-competitive FPIA concept was verified using a fluorescently labeled Fab fragment for

protein quantification; it was also evaluated using serum CRP as a model substance. Chapter 5 describes the
15



detection of avian influenza virus antigens and antibodies as examples of non-competitive FPIA applications.
A system capable of implementing non-competitive FPIA onsite was constructed using a portable FP analyzer

and a microfluidic device.

The final chapter summarizes the findings of the present research, as well as several prospects for the

future development of this research.
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CHAPTER 2 Ultrasensitive Detection of Disease
Biomarkers Using an Immuno-wall Device

with Enzymatic Amplification
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2.1 Introduction

With the discovery of new biomarkers, there has been a growing interest in diagnosis of diseases by
biomarker detection [1-3]. Numerous research studies on low cost and simple methods to detect biomarkers
have been reported [4-8]. Among them, microfluidic devices are representative solutions for simple and rapid
diagnosis. For example, devices based on lateral flow immunoassays for pregnancy and influenza tests are
widely used and contribute to easy and early diagnosis [9,10]. There are also ever-increasing interests in
detecting trace amounts of biomarkers in samples such as cancer biomarkers by easy-to-use and rapid detection

methods [11-14].

Immunoassays are used for measuring biomarkers [15]. Various immunoassays have been realized using
microdevices and applied to disease diagnosis [16-21]. Many immunoassays are based on optical detection.
They are classified into colorimetric, fluorescence or chemiluminescent methods depending on the nature of the
signal. Colorimetric methods offer simplicity and implementation by inexpensive detectors; however, they are
generally less sensitive than fluorescence and chemiluminescence methods [22,23]. Chemiluminescence
methods are highly sensitive and do not require an excitation light source. However, since chemiluminescence
is strongly affected by environmental factors such as temperature and matrix components, it is necessary to use
a system that takes these into consideration [24,25]. Fluorescence methods are highly sensitive and applicable
to many analytes [26-28]. Moreover, some miniaturized detectors, consisting of simple components, for the
fluorescence signal detection have been reported [29-30].

Tokeshi et al. [31-35] have reported microdevices based on a fluorescence method immunoassay for easy
and rapid detection of disease biomarkers. In these previous papers, they used a cylindrical hydrogel structure
(immuno-pillar) for the immunoassay reaction sites. However, it is difficult to wash thoroughly in the immuno-
pillar and this difficulty leads to a large variation of results. Recently, Tokeshi et al. [36,37] also developed a
new device called the immuno-wall device that has a 3-D wall-like structure made of photopolymer. The 3-D
wall-like structure allow us to easily remove the nonspecifically binding molecules by just injecting washing

buffer. In the immuno-wall device, the immunoassay is performed using an antibody immobilized on the wall
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as a capture antibody and a fluorescence-labeled antibody as a labeling antibody. The fluorescence signal on
the wall surface is detected after protein complex formation. The immuno-wall device provides rapid analysis
(16 min), and requires only a small volume of sample (0.25 pL). However, the sensitivity of the immuno-wall
device is equivalent to that of a commercially available microplate. Improving the sensitivity is indispensable
to detect biomarkers that are only present in trace amounts in a sample.

In the chapter 2, the ultrasensitive immunoassay system using the immuno-wall device with an enzymatic
amplification reaction was developed. Human C-reactive protein (CRP) was used as the model measurement
substance because many microdevices have already been reported for CRP detection; [38-43] that means there
are existing devices to which I can compare performance of our microdevice. A sandwich immunoassay was
performed with an enzyme-labeled antibody, alkaline phosphatase-labeled antibody, as a labeling antibody and
a high concentration of fluorescent molecules was generated by an enzyme reaction in the presence of an excess
amount of substrate. From the fluorescence intensity profile analysis, I found that the immuno-wall efficiently
accumulated the fluorescent molecules. I was able to accomplish ultrasensitive CRP detection with a small

amount of sample by utilizing the wall properties for fluorescence detection.

2.2 Experimental
2.2.1 Materials and reagents

Bovine serum albumin (BSA), hydrochloric acid and magnesium chloride hexahydrate were
purchased from FUJIFILM Wako Pure Chemical Corporation (Japan). Trizma® base and Tween 20 were
purchased from Sigma-Aldrich Co. LLC (USA). Phosphate-buftfered saline (PBS; pH 7.4) solution, 9H-(1,3-
dichloro-9,9-dimethylacridin-2-one-7-yl) phosphate diammonium salt (DDAO phosphate), fluorescein
diphosphate tetraammonium salt (FDP), 4-methylumbelliferyl phosphate free acid (MUP) and 6,8-difluoro-4-
methylumbelliferyl phosphate (DiFMUP) were purchased from Thermo Fisher Scientific, Inc. (USA). 9H-(1,3-

Dichloro-9,9-dimethylacridin-2-one-7-yl) (DDAO) was purchased from Cosmo Bio Corporation (Japan).
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AttoPhos® substrate was purchased from Promega Corporation (USA). Rabbit anti-CRP monoclonal antibody,
DyLight 650-labeled goat anti-rabbit polyclonal antibody and alkaline phosphatase-labeled goat anti-rabbit
polyclonal antibody were purchased from Abcam (USA). Biotinylated mouse anti-CRP monoclonal antibody
and streptavidin were purchased from ProSpec-Tany TechnoGene Ltd (USA). Human CRP and human CRP-
free serum were purchased from Oriental Yeast Co., Ltd (Japan). Azide-unit pendant water-soluble
photopolymer (AWP, 6%) was purchased from Toyo Gosei Co., Ltd (Japan). PBS containing 0.5% Tween-20

and 0.5% BSA was used as a washing buffer.

2.2.2 Fabrication of immuno-wall device

Figure 2.1 (a) shows a photograph and schematic drawing of the immuno-wall device. The immuno-
walls having widths of 40 and 20 pm were fabricated for assays with DyLight 650-labeled antibody and alkaline
phosphatase-labeled antibody, respectively. Although narrower immuno-walls were fragile, they allowed us to
efficiently wash unimmobilized antibodies retained inside the wall. Enzymes of unimmobilized antibodies
remained in the wall affected the reproducibility of the signal, which was amplified with the enzyme reaction.
Therefore, I designed a narrow immuno-wall for the assay with alkaline phosphatase-labeled antibody. The
microchip having 40 straight microchannels was fabricated with cyclic olefin copolymer in Sumitomo Bakelite
Co., Ltd (Tokyo, Japan). Figure 2.1 (b) summarizes the fabrication procedure for the immuno-wall device. At
first, the microchip was aligned with a photomask into the home-made holder. Second, a microchannel was
filled with a mixture (0.25 pL, volume ratio 1:1) of AWP and 10 mg mL™" streptavidin by using a pipette
(PIPETMAN; Gilson S.A.S.; France). Then, the UV light (365 nm, 20 mW) from a mercury lamp (LA-410UV;
Hayashi Watch Works; Japan) was irradiated onto the mixture through the photomask for 8 s. Subsequently,
the uncured AWP was removed by a vacuum pump (SP 20; Air Liquide Medical Systems; France). Finally, a

microchannel was washed with a washing buffer to reveal the resulting structure.
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Figure 2.1 (a) Photograph and schematic illustration of the immuno-wall device. Two types of immuno-wall
devices were fabricated for the detection with (i) enzyme-labeled antibody and (ii) fluorescence-labeled

antibody. (b) Schematic illustration of the immuno-wall device fabrication procedure.
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223 Assay procedure

A schematic flow diagram of the assay procedure is shown in Figure 2.2. All solutions (0.25 pL each)
were introduced into a microchannel in the device by using a pipette within 1 s. The solutions remained in the
microchannel during respective incubations. For immobilizing capture antibodies at the streptavidin-modified
wall, biotinylated anti-CRP monoclonal antibody (50 ug mL™") in 1% BSA-PBS was introduced into the
microchannel and incubated for 1 h. Then, the antibody solution was sucked with a vacuum pump and the wall
was washed with the washing buffer. CRP in PBS or CRP-free serum was injected and incubated for 15 min.
Then, anti-CRP antibody (detection antibody) (50 ug mL™") in 1% BSA-PBS was injected and incubated for 30
s. Next, DyLight 650-labeled antibody (labeling antibody) (50 ug mL™) in 1% BSA-PBS or alkaline
phosphatase-labeled antibody (labeling antibody) (50 ug mL™") in 1% BSA-PBS was injected and incubated
for 30 s. The microchannel was washed after each incubation in the same manner as I mentioned above. For
alkaline phosphatase-labeled antibody, 3 uM fluorogenic substrate such as DiFMUP, MUP, AttoPhos, FDP or
DDAO phosphate in Tris-HCI buffer (pH 8.0, 1 pM Mg*") was introduced into the microchannel. Afterwards,
the immuno-wall device was immediately placed onto a clear heating stage (TPi-KIX; Tokai Hit; Shizuoka,
Japan) equipped with a fluorescence microscope to control the reaction temperature. The fluorescence image of
the immuno-wall device was captured without removing the solution of the reaction mixture remained in the

microchannel.
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Figure 2.2 Schematic illustration of the assay procedure flow. Injection of: (a) a capture antibody; (b) an antigen;
(c) a detection antibody; (d) a DyLight 650-labeled antibody; (e) the alkaline phosphatase-labeled antibody; and
(f) a fluorogenic substrate. Incubation times are: (a) 1 h; (b) 15 min; (c) 30 s; (d) 30 s; and (e) 30 s.

2.2.4 Fluorescence microscope

The fluorescence signal was detected by an inverted fluorescence microscope (BZ-9000; Keyence;
Japan) after assay. Three filter cubes were used: DAPI filter (OP-87762; excitation 360/40 nm, emission 460/50
nm; Keyence; Japan) for DIFMUP and MUP; GFP-B filter (OP-66836; excitation 470/40 nm, emission 535/50
nm; Keyence; Japan) for AttoPhos and FDP; and CyS5 filter (OP-87766; excitation 620/60 nm, emission 700/75
nm; Keyence; Japan) for DDAO phosphate and DyLight 650. Exposure times of the CCD camera were adjusted
to 0.1 s for DiIFMUP and MUP, 2.0 s for AttoPhos and FDP, 3.0 s for DyLight 650 and 5.0 s for DDAO
phosphate. Reaction temperatures of the immuno-wall device were kept using the thermo plate on the

microscope stage.
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2.3 Results and Discussion
2.3.1 Biomarker detection with fluorescence-labeled antibody

CRP is widely used as a biomarker for inflammation and arteriosclerosis. The cutoff value of CRP is
10 ug mL™" for inflammation and 1 ug mL™"' for arteriosclerosis [44]. In order to evaluate the performance with
the DyLight 650-labeled antibody that has been used in the conventional immuno-wall device [36], I prepared
a calibration curve for the standard CRP solution in PBS (Figure 2.3 (b)). Fluorescence was observed from both
sides of the immuno-wall on which the antibody was immobilized (Figure 2.3 (a)). Fluorescence intensity of
the calibration curve was defined as the average value of the fluorescence intensity of each pixel within the
rectangle, red dotted line in Figure 2.3 (a). Increasing fluorescence intensity was confirmed as the concentration
increased. The limit of detection (LOD) was 1.7 ng mL ™' which gave a signal at 3 standard deviations (SDs)
above the background. This value was well below the cutoff values. In addition, the total incubation time was
16 min and the required sample volume was 0.25 pL. The detection range of CRP was from 1.7 to 10000 ng

mL™.
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Figure 2.3 (a) Photograph of a fluorescence image of the immuno-wall device with fluorescence-labeled
antibody. CPR concentration was 1000 ng mL™". (b) Calibration curve of standard CRP solution in PBS. The
dashed line represents the signal level at 3 SDs above the background. BG means the background signal of the

immuno-wall. Exposure time of the CCD camera was 3 s.

2.3.2 Selection of fluorogenic substrates for enzymatic amplification

In order to obtain ultrahigh sensitivity with the immuno-wall device, I investigated whether or not
signal amplification by an enzyme reaction could be applied to the immuno-wall device. The alkaline

phosphatase-labeled antibody was used as a labeling antibody. Fluorescence signals are amplified by an enzyme
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reaction in the presence of an excessive amount of fluorogenic substrate. In order to select the most sensitive
fluorogenic substrate suitable for the immuno-wall device, I examined five representative alkaline phosphatase
fluorogenic substrates: DiFMUP (ex/em 358/455 nm); MUP (ex/em 360/449 nm); AttoPhos (ex/em 435/555
nm); FDP (ex/em 490/514 nm); and DDAO phosphate (ex/em 646/659 nm). In this device, the fluorescent
molecules generated by the enzyme reaction diffuse through the solution. This is distinct from the conventional
device in which the fluorescence-labeled antibody is placed beside the immuno-wall. Therefore, the behavior
of the fluorescent molecules in the microchannel over time was observed in the area around the immuno-wall
(Figure 2.4 (a)). Since the excitation and emission wavelengths are greatly different for each substrate, three
types of fluorescence filters of the fluorescence microscope were used for the experiment. Figure 2.5 shows the
background signal of the immuno-wall of each filter. Using a short wavelength filter led to a high background
signal. This was due to the autofluorescence of AWP having a peak absorption wavelength on the short
wavelength side (~310 nm). Then I confirmed the sensitive detection range of the fluorescence microscope.
Figure 2.6 shows the calibration curves of DDAO in microchannel without the immuno-wall. DDAO is a
fluorescent molecule formed as a product of the enzymatic reaction from DDAO phosphate. The fluorescence
microscope could sensitively detect DDAO when the fluorescence intensity was in the range of 500035 000.
In order to measure the fluorescence intensity in this range after injection of a fluorogenic substrate, I set the
exposure time of the CCD camera in fluorescence microscope to 0.1 s for DiIFMUP and MUP, 2.0 s for AttoPhos

and FDP, and 5.0 s for DDAO phosphate.
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Figure 2.4 (a) Photograph of a fluorescence image of the immuno-wall device with enzyme-labeled antibody.

The red arrow shows the detection range of the fluorescence intensity profile (200 pm). Fluorescence intensity
profiles as a function of the position with: (b) DiIFMUP; (c) MUP; (d) AttoPhos; (e) FDP; and (f) DDAO

phosphate during a single measurement. The fluorescence intensity profiles were obtained at 0 min (black), 10

min (blue), 20 min (green) and 30 min (red) after injection of the fluorogenic substrate. Exposure times of the
CCD camera were (b) and (c) 0.1 s; (d) and (e) 2 s; and (f) 5 s.
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without the immuno-wall. Exposure time of the CCD camera was 5 s.
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Figure 2.4 (b)—(f) show the fluorescence profiles after substrate injection. 1 ng mL ™" CRP was used as an antigen.
The time was defined as 0 min when the substrate was injected into the microchannel. Unlike the fluorescence
image shown in Figure 2.3 (a), the fluorescence was observed from the entire immuno-wall area in this device.
A peak at the background (0 min) was due to the autofluorescence of AWP. As described above, the intensity
of the autofluorescence of AWP depends on the filter. As for DIFMUP, MUP and AttoPhos, the fluorescence
intensity slightly increased only in the wall area over time. The signals of FDP and DDAO phosphate showed
a large difference from their background signals. Particularly in DDAO phosphate, the fluorescence intensity
inside the wall greatly increased with the time. DDAO phosphate provided the highest signal/background (S/B)
ratio among all substrates examined. In order to examine the reason why the fluorescence intensity increased in
the wall area, 0.5 uM DDAO was introduced into a microchannel without any antigen and antibodies injection
(Figure 2.7). The fluorescence intensity of the wall area remarkably increased over time in the same manner as
for the DDAO phosphate introduction. I inferred from this result that DDAO molecules could penetrate into the

wall by diffusion and they accumulated inside the wall.
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Figure 2.7 Fluorescence intensity profile as a function of the position with injection of 0.5 uM DDAO. Exposure

time of the CCD camera was 5 s.

From all these results, I concluded that using DDAO phosphate as a substrate and defining the
fluorescence intensity in the wall area as a signal led to the highest sensitivity. DDAO phosphate was used as

the substrate in subsequent experiments.

233 Biomarker detection with the enzyme-labeled antibody, alkaline phosphatase-labeled antibody

Standard CRP solution in PBS was measured with the alkaline phosphatase-labeled antibody and DDAO
phosphate substrate. The fluorescence intensity was defined as the average value of the fluorescence intensity
of each pixel within the rectangle, red dotted lines in Figure 2.4 (a). The calibration curves of CRP are shown

in Figure 2.8. The reaction temperature after DDAO phosphate injection was set at 25 °C or 45 °C. Figure 2.8
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(a) shows the curves for the alkaline phosphate-labeled antibody (standard samples) and the fluorescence
intensity increased as the concentration increased for both temperature conditions. The LODs of CRP in PBS
were 58 pg mL ™" at 25 °C and 2.5 pg mL ™" at 45 °C. This value was much lower than the that of obtained for
the conventional device with fluorescence-labeled antibody. This sensitivity was comparable or superior to that
of related studies of microdevices based on immunoassay (Table 2.1) [38-43]. Figure 2.8 (b) compares
calibration curves between fluorescence-labeled antibody (25 °C) and enzyme-labeled antibody (45 °C). The
enzyme-labeled antibody showed a sharp increase in the signal in the low concentration region. Comparing the
slope of the calibration curve of 1-10 ng mL™' that is near the LOD when using the fluorescence-labeled

antibody, I saw that the slope of the calibration curve was increased about 40 times.
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Table 2.1 Analytical performance of correlative devices for C-reactive protein (CRP) detection

Sample
Assay time
Method LOD? volume Ref.
(min)
(uL)
Immunoassay on a power-free
17 pg/mL 23 0.5 (38)
microchip
Surface plasmon resonance-based
1.2 ng/mL 5 50 (39)
immunoassay
Label-free immunoassay based on
40 pg/mL 50 10 (40)
electron transfer
Paper-based device 5.0 ug/mL 22 0.5 (41)
Nanoribon sensors using a miniature

bead-based enzyme-linked 50 pg/mL 60 10 (42)

immunosorbent assay

Graphene/polyethylene glycol hybrids
for single-step immunoassay 400 ng/mL 2 - (43)
microdevice
Immuno-wall device
1.7 ng/mL 16 0.25 This work
(Fluorescence-label)
Immuno-wall device
2.5 pg/ mL 46 0.25 This work

(Enzyme-label)

3 LOD, limit of detection
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Subsequently, CRP was spiked into a CRP-free serum and I prepared calibration curves of CRP in CRP-free
serum (Figure 2.8 (c) and (d)). The value of 0 ng mL™' CRP in serum (blank) was higher than that of CRP in
PBS at both temperatures. CRP concentration of the CRP-free serum was guaranteed only below 8 ng mL ™.
Therefore, there was a fair possibility that CRP-free serum contained CRP below the guaranteed concentration
and it affected the signal of the blank. However, the calibration curves of CRP in serum were consistent with
these of CRP in PBS except for the blank at both temperatures of 25 °C and 45 °C. Moreover, there was no
constant tendency in the difference between CRP in serum and CRP in PBS. In conclusion, there was almost no
influence by the blood matrix.

From these results, I judged the sensitivity of detecting CRP to be improved greatly by using alkaline

phosphatase-labeled antibody and DDAO phosphate.

24 Conclusions

In chapter 2, | improved the sensitivity of the immuno-wall device by using enzymatic amplification.
Alkaline phosphatase-labeled antibody was used as a labeling antibody and five representative alkaline
phosphatase fluorogenic substrates were examined. When DDAO phosphate was used, a significant time-
dependent change in fluorescence intensity was observed. The LOD of standard human CRP solution in PBS
was 2.5 pg mL™! with DDAO phosphate. The CRP detection range of this device was 0.0025-10 ng mL™". I
succeeded in developing an ultra-sensitive and simple immunoassay system that can be applied to

immunoassays of a wide range of targets and measurement applications.

In the future, I need to investigate the assay conditions of the enzymatic reaction in detail to further
improve the device sensitivity. Furthermore, I need to consider miniaturizing the fluorescence detection system

for point-of-care diagnosis.
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CHAPTER 3 Simple Approach for Fluorescence Signal
Amplification Utilizing a Poly(vinyl
alcohol)-based Polymer Structure in a

Microchannel
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3.1 Introduction

A lot of efforts have been put into detecting trace amounts of analytes in complex samples like
biological materials in recent years, and the detection of trace amounts of biomarkers in body fluids has attracted
attention for early diagnosis of serious diseases [1,2]. For example, there are demands for sensitive detection
(~ng/mL level) of cancer biomarkers such as prostate specific antigen and carcinoembryonic antigen [3,4]. To
meet these demands, various detection methods for biomarkers using microfluidic devices have been reported
[5-8]. Microfluidic devices are useful tools for miniaturized detection systems. However, it remains challenging

to achieve both high sensitivity and construction of an easy-to-use and rapid detection system.

For point-of-care testing with protein biomarkers, Tokeshi et al. [9-12] have previously developed a
microfluidic device (immuno-wall device) for highly sensitive immunoassay. Capture antibodies were
immobilized on the wall-like structure made from azide-unit pendant water-soluble photopolymer (AWP-wall)
in a microfluidic channel. A sandwich immunoassay was performed by pipette operations, and all reactions for
the immunoassay were completed in an incubation time of several tens of minutes. At the same time, I found a
phenomenon in which the fluorescence signal increased locally inside the AWP-wall. This property was
combined with an enzymatic reaction, which resulted in significant improvement in detection sensitivity of the
immuno-wall device [10]. Since the fluorescence signal was amplified only by injecting the solution into the
microchannel having the AWP structure, the process of signal amplification was simple. However, the
characteristics and mechanism of AWP-wall as a fluorescence signal amplifier have not been discussed.
Clarifying these issues is important for constructing a better method of signal amplification.

In chapter 3, I report that the AWP-wall in the microchannel plays a role as an amplifier of the
fluorescence signal. The proposed method was based on the spontaneous concentration by accumulation of
fluorescent molecules in the AWP-wall. Typical concentration methods of molecules with microdevices include
using liquid-liquid extraction [13,14], nanoporous membranes [15,16], and electrophoresis [17,18]. Although
the concentration efficiency of these methods is high, expensive external equipment and complicated operations

are required for concentration. In the proposed method, fluorescence signal amplification was accomplished
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without external equipment or additional operations (Figure 3.1). I describe the work to characterize the AWP-

wall as a fluorescence signal amplifier in the microchannel and I elucidate the mechanism of fluorescence signal

amplification.
Fill microchannel ) 4
with a solution of ' .
fluorescent molecule < Microchannel |

Microchannel

Signal
amplification

AWP-wall AWP-wall
Fluorescence image

Figure 3.1 Schematic illustration of fluorescence signal amplification by the AWP-wall. The right inset photo

is the fluorescence image of the AWP-wall in a microchannel after the injection of 1 pM DDAO.

3.2 Experimental
3.2.1 Materials

Hydrochloric acid was purchased from FUJIFILM Wako Pure Chemical Corporation (Japan). Trizma®
base was purchased from Sigma-Aldrich Co. LLC (USA). Phosphate-buffered saline (PBS; pH 7.4) solution
and Alexa Fluor™ 647 carboxylic acid were purchased from Thermo Fisher Scientific, Inc. (USA). ATTO 647N
free COOH was purchased from Atto-Tec GmbH (Germany). Cy3 carboxylic acid and Cy5 carboxylic acid
were purchased from Lumiprobe Corporation (USA). 9H-(1,3-Dichloro-9,9-dimethylacridin-2-one-7-yl)
(DDAO) was purchased from Santa Cruz Biotechnology, Inc. (USA). Azide-unit pendant water-soluble

photopolymer (AWP, 6%) was purchased from Toyo Gosei Co., Ltd. (Japan).
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3.2.2 AWP-wall in a microchannel

The AWP-wall in a microchannel was fabricated in accordance with the literature with slight
modifications [10]. In short, [ used the microchip having 40 straight microchannels which was made from cyclic
olefin copolymer (Sumitomo Bakelite Co., Ltd.; Japan). A microchannel was filled with a mixture of AWP and
PBS (volume ratio 1:1). Then, the UV light from a mercury lamp (Hayashi Watch Works LA-410 UV) was
irradiated onto the mixture in the microchannel through the photomask for 8 s. Subsequently, the uncured AWP
was removed by a vacuum pump (SP 20; Air Liquide Medical Systems; France) and washed with PBS to reveal
the resulting structure (AWP-wall). Fig. S1 shows a photograph and schematic illustration of the microchip and

the AWP-wall.

3.23 Evaluation of AWP-wall in a microchannel as a fluorescence signal amplifier

The fluorescent molecule species (DDAO, Alexa Fluor™ 647, ATTO647N, CyS5 or Cy3) in 1 M Tris-
HCI buffer (pH 8.0) was injected into the microchannel having the AWP-wall. After a certain incubation time,
the fluorescence image of the microchannel was captured without removing the solution with an inverted
fluorescence microscope (Keyence BZ-9000). Two filter cubes of the fluorescence microscope were used:
TRITC filter (Keyence OP-66837; excitation 540/25 nm, emission 605/55 nm) for Cy3; and Cy?5 filter (Keyence
OP-87766; excitation 620/60 nm, emission 700/75 nm) for DDAO, Alexa Fluor™ 647, ATTO 647N and CyS5.
The exposure time of the microscope was adjusted appropriately according to each experiment. The
fluorescence image was analyzed with ImagelJ software to calculate the fluorescence intensity. The fluorescence

intensity was calculated as the average value of the fluorescence signals from all pixels in the selected area.
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3.24 Evaluation of transfer of fluorescent molecules to AWP in a microplate

AWP (50 pL) was injected into a well in a 96-well microplate (Thermo Fisher Scientific Nunc™ F96
MicroWell™ Black Polystyrene Plate). Then, the UV light from a mercury lamp (Hayashi Watch Works LA-
410 UV) was irradiated onto the microplate for 16 s. Subsequently, the 1 uM concentration of fluorescent
molecule species (DDAO, Alexa Fluor™ 647, ATTO 647N, Cy5 or Cy3) in 1M Tris-HCI buffer (pH 8.0, 200
pL) was injected into the microplate containing the AWP. After the 2 h incubation, 100 pL supernatant liquid
in the well was moved to an empty well (~10 pL solution of fluorescent molecules was absorbed into the AWP).
The fluorescence intensity of this supernatant liquid was measured with a microplate reader (Tecan Infinite 200
PRO). The excitation filter at 620/20 nm and emission filter at 670/25 nm were used for DDAO, Alexa Fluor™
647, ATTO647N, and Cy5. The excitation filter at 540/25 nm and emission filter at 590/20 nm were used for

Cy3.

3.2.5 Fluorescence spectrum of DDAO

AWP was added to DDAO in 1 M Tris-HCI buffer (pH 8.0). The final concentration of DDAO in the
mixture was 5 uM and that of AWP was adjusted to 5, 10 or 50% (v/v). After the mixing of the DDAO solution
and AWP by the vortex mixer (Scientific Industries Vortex-Genie 2), the mixture (3 mL) was added into a
disposable poly methyl methacrylate cell (Kartell, Italy). Then, the UV light from the mercury lamp was
irradiated onto the mixture for 16 s. The fluorescence emission spectrum of the cured mixture was measured by

a fluorescence spectrophotometer (Hitachi F-7000). The excitation wavelength was 620 nm.
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3.2.6 Prediction of octanol-water partition coefficient

Octanol-water partition coefficient (log P) of the fluorescent molecules was calculated by Swiss
ADME predictor software (http://www.swissadme.ch/). This software predicts log P by combining the

generalized Born and solvent accessible surface area models into a method known as the iLogP method [19].

3.3 Results and discussion

The AWP-wall (40 um % 4 mm % 40 pm) was fabricated in a microchannel as a simple model of the
fluorescence signal amplification by an AWP structure. In chapter 2, I found high fluorescence intensity locally
inside the AWP-wall when alkaline phosphatase was reacted with DDAO phosphate (fluorogenic substrate)
outside the AWP-wall. Therefore, I first investigated the fluorescence signal amplification by the AWP-wall
using DDAO, which is a fluorescent species formed as a product of the enzymatic reaction from DDAO
phosphate. 1 uM DDAO solution was injected into the microchannel having the AWP-wall, and fluorescence
intensity around the AWP-wall was measured (Figure 3.2). Figure 3.2 (a) and (b) show that the fluorescence
intensity inside the AWP-wall was high locally at 1 min after the solution injection. Additionally, the
fluorescence intensity inside the AWP-wall increased over time and reached a plateau at 10 min after the DDAO
injection. I clarified that the AWP-wall worked as a fluorescence signal amplifier even if DDAO was introduced

into the microchannel having the AWP-wall.
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Figure 3.2 Fluorescence signal amplification of DDAO by the AWP-wall. 1 uM DDAO was injected into a
microchannel and incubated for 10 min. The time in this figure refers to incubation time. (a) Fluorescence image
of the AWP-wall in the microchannel. (b) Fluorescence intensity profile as a function of the position around the

AWP-wall. (c) Fluorescence intensity inside the AWP-wall.

Next, I investigated the dependence of DDAO concentration on the fluorescence intensity inside the
AWP-wall. Calibration curves of the DDAO were prepared using the fluorescence intensity inside and outside
the AWP-wall to compare both sensitivities (Figure 3.3). The average value of the fluorescence intensity of
each pixel inside the AWP-wall was defined as /i, and that outside the AWP-wall was defined as Ichannel (Figure
3.3 (a)). Figure 3.3 (b) shows calibration curves with Zyan and Zchannel- Zwant and Ichannel increased linearly as the
DDAO concentration increased. The slope of the calibration curve using /.1 was about five times higher than
that of Ichannet (Figure 3.3 (b)). The limit of detection (LOD) of DDAO was 2.7 nM when using /yau. From the
above results, I found that /a1 was dependent on the DDAO concentration and it could be used for highly

sensitive detection of DDAO.
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Figure 3.3 (a) Photograph of a fluorescence image of the AWP-wall in a microchannel after injection of 1 uM

DDAO. The red dotted rectangle represents the detection area of the AWP-wall. The blue one represents the

detection area of the microchannel. (b) Calibration curves of DDAO with different detection areas. Incubation

time: 10 min.

The increase in fluorescence intensity of DDAO inside the AWP-wall was presumably due to one or

both of the following two factors. The first factor is the increment of the fluorescence quantum yield of DDAO

in the AWP environment. The second one is the accumulation of DDAO inside the AWP-wall. At first, to
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discuss the possibility of increasing the fluorescence quantum yield of DDAO in the AWP, I obtained the
fluorescence spectrum of a mixture of AWP and DDAO solution (Figure 3.4). After thoroughly mixing AWP
and DDAOQ, the mixture was irradiated with UV light to polymerize it, and then the fluorescence spectrum was
measured. When the AWP percentage in the mixture was 10% or less, there were almost no changes in the
fluorescence peak wavelength and fluorescence intensity. When the AWP percentage was 50% (the same as in
the AWP-wall), fluorescence intensity was increased and fluorescence peak wavelength was shifted slightly
(from 658 nm to 662 nm). Although there are few reports available on the fluorescence quantum yield of DDAO,
Gong et al. [20] reported that the fluorescence intensity of DDAO was enhanced by Triton X-100 (nonionic
surfactant). I inferred from these data that the hydrophobic domain of the AWP might lead to an increase in the
fluorescence quantum yield of DDAO. However, since the increase in fluorescence intensity was small, the
change in fluorescence quantum yield of DDAO in AWP was judged to make a trivial contribution to the

fluorescence signal amplification by the AWP-wall.
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Figure 3.4 Fluorescence emission spectra of 5 pM DDAO in the mixture of Tris-HCI buffer (pH 8.0) and AWP.
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To discuss the accumulation of fluorescent molecules in the AWP-wall, I compared the efficiency of
fluorescence signal amplification by the AWP-wall with four fluorescent molecule species in addition to DDAO
(Figure 3.5). AWP has a peak absorption wavelength at ~310 nm, and the autofluorescence of AWP could be
significantly reduced by using long-wavelength excitation light. Therefore, I selected fluorescent molecules
(DDAO, Alexa Fluor™ 647, ATTO 647N, Cy5) that emit far-red fluorescence, and Cy3, which has a structure
similar to Cy5 and emits greenish yellow fluorescence. The chemical structures of these species are shown in
Figure 3.6. Tris-HCI buffer containing each of the fluorescent species individually was introduced into a
microchannel having the AWP-wall, and the Iy and Ilchanet Were obtained over time. The efficiency of
fluorescence signal amplification of the AWP-wall was defined as Zyaii / Ichannet. Zwatl / Ichannet increased over time
for all fluorescent molecule species studied, and the fluorescence signal was amplified in the AWP-wall (Zyan /
Lchanne > 1) (Figures 3.5 (a), (b)). Because Iwan of each species was increased gradually over time, I assumed that
these fluorescent molecules were accumulated inside the AWP-wall by diffusion. Additionally, I clarified that
the amplification of the fluorescence signal by the AWP-wall was not a phenomenon specific to DDAO,

although DDAO showed the highest Jyai / Ichannet at 10 min after injection (Fig. 5 (c)).
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Figure 3.5 Evaluation of the AWP-wall as a fluorescence signal amplifier with five different fluorescent
molecules. The concentration of each fluorescent species was 1 uM. (a) Fluorescence images of the AWP-wall
after injecting the solution of fluorescent molecules. Incubation time: 10 min. (b) Zwai / Ichannet as a function of

time. (¢) Comparison of Zyai / Ichannet among fluorescent molecules. Incubation time: 10 min.
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Figure 3.6 Chemical structures of five fluorescent molecules.

Then, I focused on the properties of fluorescent molecules and AWP to discuss their interactions.
AWP is a polymer based on poly(vinyl alcohol) (PVA) (Figure 3.7) [21]. Baptista et al. [22] presented a
molecular dynamics simulation showing that highly hydrophobic molecules interact with PVA through
hydrophobic interactions and hydrogen bonds. There is also a possibility that molecular size influences the
ability of a molecule to penetrate the AWP-wall. To consider these contribution, I looked at the effects of log P
and molecular weight of each fluorescent molecule on Zyai / Ichannet and this is shown in Figure 3.8. The DDAO
had the highest log P and the lowest molecular weight among the fluorescent molecules I considered. Besides,
there seemed to be a positive correlation between log P (Figure 3.8 (a)) and /lwaii / lchannet, and a negative
correlation between molecular weight and Zyaii / channel (Figure 3.8 (b)). I can deduce that hydrophobicity and
low molecular weight enhance the accumulation of fluorescent molecules in the AWP-wall, which leads to the

high efficiency of signal amplification. Moreover, Chang et al. [23] suggested that the nitrogen atom of the
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pyridine moiety showed a strong intermolecular interaction with PVA because of their electrostatic interactions

and hydrogen bonding. The nitrogen atom in DDAO may lead to a strong intermolecular interaction with AWP.
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Figure 3.7 Chemical structure of AWP (n:m = 100:1) [21].
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Figure 3.8 Correlations of Iyaii / Ichannet With (a) log P and (b) molecular weight of fluorescent molecules.
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Lastly, accumulation behavior of fluorescent molecules in AWP was investigated using another
platform (Figure 3.9). A sample solution of fluorescent molecules was introduced into a well of a microplate
having polymerized AWP on the bottom and the solution was incubated for 2 h. Then, a portion of the
supernatant was transferred to an empty well and its fluorescence intensity was measured (Figure 3.9 (a)). By
measuring the fluorescence intensity of the supernatant, I was able to ignore the effect of the AWP environment
on the fluorescence quantum yield of fluorescent molecules. As indicated in Figure 3.9 (b), the fluorescence
intensity of the supernatant after incubation was decreased compared to the control containing all the fluorescent
molecules. The amount of change in the fluorescence intensity of DDAQO was the highest. These results support
the hypothesis that the accumulation of fluorescent molecules in AWP contributes to fluorescence signal
amplification by the AWP-wall. I found that the fluorescent molecules were accumulated in AWP even when it
was as an AWP-wall in a microplate well. Thus, the proposed method has a good potential for extending its

applications to various fields.
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Figure 3.9 Evaluation of transfer of fluorescent molecules to AWP in a microplate. (a),(b) Schematic
illustrations of experimental procedure for extraction of fluorescent molecules by the AWP layer: (a) control
well and (b) sample well. (c¢) Relative fluorescence intensity of 100 puL supernatant of fluorescence solution
after extraction of AWP for 2 h.

3.4. Conclusions

I determined that the AWP-wall in the microchannel functioned as a fluorescent signal amplifier.
Among the five fluorescent molecule species I considered, DDAO showed the highest efficiency of fluorescence
signal amplification. The calibration curve of DDAO using the fluorescence intensity inside the AWP-wall had
about five times the sensitivity compared to that outside the AWP-wall. The accumulation of fluorescent
molecules inside the AWP-wall contributed to the fluorescence signal amplification. Also, the high specific
surface area of the AWP-wall enabled rapid accumulation of fluorescent molecules in the AWP-wall.
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This method does not require expensive external equipment and complicated operations to concentrate
the molecules. Fluorescence signal amplification is accomplished simply by injecting a solution into a
microchannel having the AWP-wall. Therefore, I expect this method to be utilized for detecting low abundance
analytes. For example, DDAO phosphate and DDAO galactoside are widely used as fluorogenic substrates for
enzymatic reactions. Therefore, by combining these substrates with fluorescence signal amplification by the
AWP-wall, a highly sensitive detection method can be devised. Moreover, since this method is not limited to

use in a microchannel, it has widespread applicability.
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CHAPTER 4 Non-competitive Fluorescence Polarization
Immunoassay Based on a Fab Fragment

for Protein Quantification
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4.1 Introduction

Homogeneous immunoassays, such as fluorescence polarization immunoassay (FPIA), cloned enzyme
donor immunoassay (CEDIA) and enzyme multiplied immunoassay technique (EMIT) are immunoassays that
do not require any bound-free separation or washing operation. In comparison with heterogeneous
immunoassays like enzyme-linked immunosorbent assay (ELISA), the assay procedures for homogeneous
immunoassays are much simpler and do not require a long analysis time. Among these homogeneous
immunoassays, FPIA is one of the most popular homogeneous immunoassays and it is used in many fields, such
as therapeutic drug monitoring, food analysis and environmental analysis [1-5]. However, because FPIA is
mainly used for measuring small molecules, its applications are limited, and new apparatuses for FPIA are rarely
developed. In order to promote the advantages of FPIA, I thought that developing a portable FPIA analyzer
which enabled practical applications of FPIA would be desirable. In fact, Nishiyama, Tokeshi et al. [6-10]
developed a portable FPIA analyzer and have shown various applications such as the detection of mycotoxins
and antibodies. However, to date few reports are available on FPIAs for large molecules. If applications can be
extended to measure large molecules like proteins, more diverse bio-tests can be performed rapidly and easily

owing to the advantages of FPIAs.

FPIA is an analytical method using the degree of fluorescence polarization (P), which is a
dimensionless number, as a parameter. The P value depends on the rotational movement of a fluorescence-
labeled molecule [11]. If the whole molecular weight of the fluorescence-labeled molecule become larger after
an assay reaction, the rotational movement is suppressed, and an increased P value results. As with another
homogeneous immunoassay, FPIA does not require separation steps, giving the advantages of simplicity and
rapidness [11-13]. In conventional FPIAs, one analyte and another fluorescence-labeled analyte (tracer) bind
competitively to an antibody. The higher the difference in molecular weight between the free tracer and the
tracer-antibody complex, the larger the signal/blank ratio, which in turn means the sensitivity is much higher.
Therefore, it has been difficult to apply competitive FPIAs to large molecules. If FPIAs could be widely applied

to large molecules like proteins, the range of applications of FPIAs would be expanded.
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In this chapter, I propose a non-competitive FPIA using a fluorescence-labeled Fab fragment for
protein quantification. A Fab fragment is the antibody binding region of the whole antibody and it is produced
by papain digestion of whole antibody to remove the fragment crystallizable region. Fab fragment has a
molecular weight of about 50 kDa. In this proposed assay, the analyte is bound to the fluorescence-labeled Fab
fragment and the P value is measured after incubation. The relative difference in the molecular weight of the
analyte and the analyte-Fab complex becomes larger than that of the IgG antibody (~150 kDa), and a larger
difference of the P value can be obtained. Urios and Cittanova [ 14] reported a Fab-based non-competitive FPIA
for aldosterone-BSA and IgM antibody quantification. However, to the best of my knowledge, there have been
no reported applications of Fab-based non-competitive FPIA to real biological samples and there are only a few
discussions about the practical realization of Fab-based non-competitive FPIA. On the other hand, non-
competitive assays using aptamers and fluorescence anisotropy as a parameter have been reported [15,16].
These methods used fluorescence-labeled aptamer for non-competitive reaction to an analyte. However, the
binding affinity of aptamers changes significantly due to changes in environmental factors such as ion
concentration [17,18]. In addition, aptamers are subject to nuclease-mediated degradation in biological samples
[19]. These are serious drawbacks for aptamer applications to real biological samples. Fab fragments have
relatively good stability and are used in various biosensors [20-22]. Moreover, they can also be easily produced
from IgG antibody by papain digestion or expression in E.coli [23,24]. Since many IgG antibodies for various
targets are easily available, Fab fragments targeting various molecules can also be easily obtained. In principle,
using the heavy chain of a camelid antibody (VHH antibody, ~15 kDa), a much lower molecular weight antibody,
for non-competitive FPIA gives higher sensitivity [25]. However, the preparation of VHH antibody requires
complicated protein engineering approaches, and few VHH antibodies are commercially available. Therefore,

Fab fragments are much more practical choice than an aptamer and VHH antibody.

In this study, C-reactive protein (CRP; ~105 kDa) was used as a model analyte for Fab-based non-
competitive FPIA. CRP is a non-specific marker of inflammation for many disease processes [26-28]. It

naturally exists in ng/ml level in human blood and may increase to hundreds of pg/ml in 72 h following tissue
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injury [29]. Some studies of the sensitive detection of CRP by immunoassay have been reported, however,
washing procedures and long analysis time were required [30-32]. I tried to apply non-competitive FPIA to the
detection of CRP in human serum for point-of-care testing. First, [ verified the practicability of Fab-based non-
competitive FPIA with CRP standard solution in phosphate buffered saline (PBS). Then, I demonstrated a

diagnosis of inflammation based on CRP in human serum as a practical application.

4.2 Experimental

4.2.1 Chemicals

PBS solution (pH 7.4), Blocker™ Casein in PBS, Pierce™  tris(2-carboxyethyl)phosphine
hydrochloride (TCEP—HCI) and Alexa Fluor™ 488 C5 maleimide were purchased from Thermo Fisher
Scientific, Inc. (USA). Bovine serum albumin (BSA) was purchased from FUJIFILM Wako Pure Chemical
Corporation (Japan). Human CRP and human CRP-free serum were purchased from Oriental Yeast Co., Ltd
Japan). CRP recombinant Fab monoclonal antibody (engineered with a free cysteine) was purchased from BBI
Solutions (UK). Anti-CRP monoclonal IgG antibody was purchased from ProSpec-Tany TechnoGene Ltd
(USA). Fluorescein labeling kit-NH» and HiLyte Fluor™ 647 Labeling Kit-NH, were purchased from Dojindo

Molecular Technologies, Inc. (Japan).

4.2.2 Labeling procedure

Labeling of fluorescein and HiLyte Fluor™ 647 to the amino groups of Fab fragment and IgG antibody
were conducted following the procedures described in the labeling kit manufacturer’s instructions. Labeling of
Alexa Fluor™ 488 to the thiol groups of a Fab fragment was conducted as follows. 5 mM TCEP—HCI (2 pL)
was added to 1 mg/mL Fab fragment in PBS (168 pL) and incubated for 2 h at 37 °C. Then, 5 mM Alexa Fluor™

488 C5 maleimide in PBS (4 uL) was added to the mixture and incubated for 2 h at room temperature. Next,
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unreacted fluorescent molecules were separated using a modified polyethersulfone membrane (Nanosep 3 K
Omega, Pall Corporation, USA). Concentration of fluorescence-labeled Fab fragment was determined based on

absorbance at 280 nm acquired with a fluorometer (NanoDrop One, Thermo Fisher Scientific, Inc.).

4.2.3 Assay procedure

For the measurement of CRP in PBS, CRP, fluorescence-labeled Fab fragment and 1% BSA-PBS
were added to a microtube. The mixing volume ratio was CRP: fluorescein-labeled Fab fragment: 1% BSA-
PBS =8:1:1. The mixture was incubated for 20 min at room temperature. For the measurement of CRP in CRP-
free human serum, the dilution rate of the sample was changed to reduce the effect of the interferences in human
serum. Mixing volume ratio was HiLyte Fluor™ 647 labeled Fab fragment: CRP: 0.125 % BSA-PBS =1:1:8.
The mixture was incubated for 10 min at room temperature. Then, 100 pL. of the mixture was injected into 96-
well black microplates (PROTEOSAVE plates, Sumitomo Bakelite, Japan) and fluorescence polarization was
measured with a microplate reader (Infinite 200 PRO, Tecan, Switzerland). When I measured CRP in human
serum, the microplate was incubated with Blocker™ Casein in PBS for 3 h before use. The degree of
fluorescence polarization was expressed as the amount of change (4P). A4mP is millipolarization units,

equivalent to 1000 x AP.

4.2.4 Fluorescence analysis of human serum

Fluorescence intensity of human serum was measured with the microplate reader. Fluorescence
spectrum of human serum was measured with a fluorescence spectrometer (F-7000, Hitachi High Technologies,

Tokyo, Japan).
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4.2.5 Portable FP analyzer

I used the previously developed portable FP analyzer for FP measurement [9]. This analyzer made the
FP measurement based on the principle of synchronization between the orientation of the liquid crystal
molecules and the sampling frequency of a CMOS [6-8]. Thus, P value could be obtained as a two-dimensional
image. An image of a microdevice captured by the CMOS was processed to produce a P image according to the
formula in the literature [6] using home-built image processing software. The portable FP analyzer had

dimensions of 65 cm (W 35 cm x D 15 cmx H 15 cm) and a weight of 5.5 kg (Figure 4.1 (a)).

4.2.6 Microfluidic device

The basic PDMS microfluidic device was fabricated using the standard soft lithography technique, as
described in the previous work [9]. Briefly, the mold was fabricated from negative photoresist SU-8 3050 and
a silicon wafer (Sumco Co., Tokyo, Japan). The negative photoresist SU-8 3050 was spin-coated onto a silicon
wafer. The PDMS prepolymer with black silicon rubber was poured onto the mold and cured. The cured PDMS
was pasted on a glass slide. Figures. 4.1 (b) and (c) show a photograph and a schematic drawing of the
microfluidic device. I designed the microfluidic device for this experiment based on the basic device. The
microdevice had nine channels arranged in the field of view of the portable FP analyzer, and nine samples could
be measured at one time. The width of the channel was 200 um and the depth is 900 um. The depth of the
microfluidic device was significantly different from the previous device. By employing a channel having a high
aspect ratio, it was possible to increase the fluorescence intensity per unit area and reduce specific surface area.
These features contributed to highly sensitive measurement. The numbers in Figures. 4.1 (c) denote inlets and

outlets, and the solution was injected into the inlet with a pipet (Eppendorf, Hamburg, Germany).
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Detection area

Figure 4.1 (a) Photo of the portable FP analyzer. (b) Photo of the newly designed PDMS microfluidic device.
(c) Schematic diagram of the microfluidic device and fluorescence image of the 1 mM fluorescein remaining in
the detection area. Each microchannel in the detection area was 200 pm wide and 900 pm deep. Sample volume

of each microchannel was ~20 pL.

4.3 Theoretical fluorescence polarization value

Fluorescence polarization (P) was reviewed in the literature [33] and described as follows:

1 1 1 1 3T
G-9-G-D6+2)
P 3 P, 3 p
where P, is the polarization without rotation diffusion, 7 is the fluorescent lifetime of the fluorophore, and p

is the Debye rotational relaxation time. Assuming the fluorophore is a spherical protein, I described p as:

__ 3nMy (V+h)

RT 2)

where 7 is the medium viscosity, My, is the molecular weight, V is the partial specific volume, /4 is the
degree of hydration, R is the gas constant, and T is temperature [13][34]. Therefore, the following equation
was obtained by joining equations (1) and (2).

_ Mw
P = 2,4 B-Po)(RTD) &)
Py W7 3nPo(V+h)

Based on equation (3), I calculated Pcomp— Prree.  Pcomp means the fluorescence polarization of the complex of
CRP and fluorescein-labeled antibody. Prr.c means the fluorescence polarization of free fluorescein-labeled

antibody. For the calculation of fluorescein-labeled Fab fragment, I used the values My, (Comp) = 155,000
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g/mol, My, (Free) = 50,000 g/mol, Py = 0.5 [34], T =298.15K, n =0.89 cP [35], V =0.74 mL/g [34],

and h =0.20 mL/g [34][36].

Fab fragment: Pcomp — Ppree = 0.053

For the calculation of fluorescein-labeled IgG antibody, the molecular weights are My, (Comp) = 255,000

g/mol, My, (Free)= 150,000 g/mol.

IgG antibody: Pcomp — Prree = 0.012

4.4 Results and Discussion

44.1 Development of non-competitive FPIA based on a Fab fragment

I provide a proof-of-concept of the one-step non-competitive FPIA using a Fab fragment for protein
biomarker quantification. In this proposed assay, fluorescence-labeled Fab fragment was used as a recognition
part. Fluorescein, which is often used as a model in theoretical studies of FPIA, was used as a fluorescence label
for concept verification [27]. The assay was performed by mixing CRP in PBS with fluorescein-labeled Fab
fragment and incubated. In a conventional competitive FPIA, it is necessary to mix an antibody with a tracer
and add them to a sample. However, in non-competitive FPIA, the reaction is completed in a one-step mixing
of only the fluorescence-labeled antibody. Since the concentration of fluorescein-labeled Fab fragment is
constant, the amount of CRP-Fab complex in the mixture is determined according to the concentration of CRP.
The CRP-Fab complex has a slower rotational movement than that of free Fab fragment and exhibits a high P
(Figure 4.2). In non-competitive FPIA, the reaction is completed in one-step mixing of only the fluorescence-

labeled antibody with the sample.
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Figure 4.2 Schematic illustration of the non-competitive fluorescence polarization immunoassay using

fluorescence-labeled Fab fragment.

In the first experiment, I confirmed the binding ability of fluorescein-labeled Fab fragment to CRP
and optimized the Fab fragment concentration. Anti-CRP Fab fragment labeled with fluorescein on amino
groups was used. Fluorescein-labeled Fab fragment was mixed with 250 ng/mL of CRP and the change in the
P value before and after binding of fluorescein-labeled Fab fragment and CRP was measured (Figure 4.3). The
bar graph shows the P value at each Fab fragment concentration. The P value difference before and after adding
CRP is indicated by the red dots. The increase in the P value was confirmed after adding the CRP at each Fab
fragment concentration. The P value difference before and after CRP binding reached a plateau at 4 ug/mL.
Therefore, I confirmed that even Fab fragment whose amino group was fluorescence-labeled kept its ability to
bind to CRP. Also, the P value of blank increased with the decrease of tracer concentration. I considered that
the ratio of fluorescein-labeled Fab fragment adsorbed on the well to the total amount of that increased at low
concentrations. The rotational movement of fluorescein-labeled Fab fragment adsorbed on the wall was
suppressed, resulting in a high P value. In the second experiment, Fab fragment concentration of 6 pg/mL was

used.
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Figure 4.3 Effect of Fab fragment concentration on the P value. CRP concentration was 250 ng/mL. The red

line indicates the difference in the P value between with and without adding CRP.

Next, I prepared calibration curves for CRP in PBS (Figure 4.4). For comparison with Fab-based non-
competitive immunoassay, non-competitive FPIA using fluorescein-labeled monoclonal IgG antibody was also
conducted. The P value increased with the increase of CRP concentration for both Fab fragment and IgG
antibody. The difference of the P value between the maximum value and the blank sample was 4Pwmax - 4PBlank
=0.043 for Fab fragment and 4Pwax - 4Piank = 0.009 for IgG antibody. When it is assumed that the fluorescence-
labeled molecule is a rigid sphere, the theoretical values of 4Pwmax - 4Pgiank are 0.053 for Fab fragment and 0.012
for IgG antibody (see the Supporting Information). The AP of the experimental results was in good agreement
with that of the theoretical value. I experimentally proved that the low molecular weight antibody had an effect
on the sensitivity of non-competitive FPTIA. The limit of detection (LOD) of CRP in PBS was 207 ng/mL when
the fluorescein-labeled Fab fragment was used. However, when using Fab fragment which is a labeled
fluorescein at a thiol group that is artificially attached to the end of Fab fragment, AP was significantly smaller

than the theoretical value (Figure 4.5). Since the Fab fragment is fluorescently labeled at a position far from the
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paratope, it is considered that the contribution of the local movement of the fluorescent molecule greatly
influences the P value [13]. Based on the above results, I concluded that Fab fragment whose amino group is

fluorescently labeled is appropriate for non-competitive FPIA targeting protein biomarker.
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Figure 4.4 Calibration curves for CRP in PBS. Non-competitive FPIAs were conducted with fluorescein-labeled

Fab fragment (red) and fluorescein-labeled IgG antibody (blue).
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Figure 4.5 Comparison of calibration curves with -NH, labeled Fab fragment or -SH labeled Fab fragment.

4.4.2 Application: diagnosis of inflammation based on CRP level in serum

As a practical application of the developed non-competitive FPIA, I conducted the quantification of
CRP in human serum for the diagnosis based on the cutoff value of CRP. A common CRP cutoff value for the
diagnosis of inflammation is 10 pg/mL [37]. I constructed a highly sensitive non-competitive FPIA for CRP in

serum around this cutoff value

Homogeneous immunoassays do not require bound-free separation, and the result could consequently
be affected by interferences in a real sample. If the interferences in the real sample emit fluorescence near the
fluorescence wavelength of the fluorescent labeling molecule and its concentration deviates, the result is
strongly affected by fluorescence interferences. Therefore, the fluorescence spectrum and fluorescence intensity
of human serum were measured. Figure 4.6 (a) shows the total fluorescence spectrum and Figure 4.6 (b) shows
the total fluorescence intensity of human serum. At an excitation wavelength of 485 nm, human serum showed
a much higher fluorescence intensity compared to the intensity at an excitation wavelength of 620 nm. It has
been reported that a fluorescent substance having a fluorescence peak wavelength near 500 nm is present in

human serum [38]. Thus, using a long-wavelength fluorescent dye as a fluorescent label for Fab fragment can
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reduce the effect of autofluorescence of serum. Far-red emitting fluorescent dye (HiLyte Fluor™ 647; ex/em
649/672 nm) was labeled to the amino group of Fab fragment and this was used in a non-competitive FPIA for

CRP in serum.

(a)
5000

S5 ——Ex. 485nm

& 4000 | ——Ex. 620nm

2

>

S 3000

S

8

2 2000 |

(0]

Q

3

5 1000 |

=]

[
O L
300 400 500 600 700

Wavelength (nm)

140

120 |
100 |
80 |
60 |
40
20 |

Fluorescence Intensity (a.u.)

ExX/Em 485/535 Ex/Em 620/670

Figure 4.6 (a) Fluorescence spectrum of human serum obtained with a fluorescence spectrometer. (b) Total

fluorescence intensity of human serum obtained with a microplate reader.

The incubation time was optimized to achieve a practical and rapid assay. Figure 4.7 shows the relationship
between the P value and the incubation time after mixing HiLyte Fluor™ 647-labeled Fab fragment with CRP
in serum. The P value became almost constant at the incubation time of 10 min. In the next experiment, the
incubation time was set at 10 min.
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Figure 4.7 The P value of the mixture of HiLyte Fluor™ 647- labeled Fab fragment (20 pg/mL) and CRP

(10 pg/mL) in human serum as a function of incubation time.

Then, I prepared calibration curves for CRP spiked in CRP-free human serum (Figure 4.8). In order to reduce
the effect of the interferences in human serum, I designed the assay protocol in which CRP was diluted 10-fold
in the final mixture. In addition, the Fab fragment concentration was adjusted to change the P value near the
cutoff value. The P value was increased with increasing CRP concentration as with CRP in PBS. Thus, analytes
in serum can be measured by non-competitive FPIA by selecting optimum fluorescence labels and designing
assay protocols. In order to perform highly sensitive measurement near the cutoff value, the calibration curve
was prepared by increasing the Fab fragment concentration from 20 pg/mL to 100 pg/mL (Figure 4.8 (b)). As a
result, the calibration curves had steep slopes around the cut-off value. An area with a steep calibration curve
slope could be easily shifted by adjusting only the Fab fragment concentration. In Figure 4.8 (b), the working
range was from ~5 to ~20 ug/mL and average of coefficient of variation was 10.9 %. Furthermore, the
calibration curve for CRP in human serum under the cut-off value was also constructed (Figure 4.9). LOD of

CRP in human serum was 1.58 pg/mL. This value is sufficient for the diagnosis of inflammation based on CRP.
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In addition, the detection of CRP in serum was also accomplished with the portable FP analyzer (Figure 4.10).
I demonstrated that non-competitive FPIA enabled diagnosis based on the cutoff value of CRP in serum. In this
analytical method, the reaction is completed by simply mixing the fluorescence-labeled Fab fragment with the
sample and incubating for 10 min, and no pretreatment is required. This method is very powerful tool as a simple

quantification method for protein biomarkers.
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Figure 4.8 Calibration curves for CRP in human serum. HiLyte Fluor™ 647- labeled Fab fragment
concentration: (a) 20 pg/mL and (b) 100 pg/mL. The red line indicates the cut-off value of inflammation (CRP:
10 pg/mL).
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Figure 4.9 Calibration curve for CRP in human serum under the cut-off value. HiLyte Fluor™ 647- labeled Fab

fragment concentration: 6 pg/mL.
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Figure 4.10 Calibration curve for CRP in human with the portable FP analyzer. HiLyte Fluor™ 647- labeled
Fab fragment concentration: 100 pg/mL. Mixing volume ratio was HiLyte Fluor™ 647 labeled Fab fragment:
CRP: 0.102 % BSA-PBS =10:10:980.
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4.5 Conclusions

In this chapter, I reported a non-competitive FPIA using a fluorescence-labeled Fab fragment. The
Fab fragment whose amino group is fluorescently labeled is appropriate for non-competitive FPIA for protein
quantification. CRP in human serum was measured without pretreatment by using a far-red emitting fluorescent
dye-labeled Fab fragment around the cut-off value of CRP. It can be applied to point-of-care testing of various
protein biomarkers by using different fluorescent dyes. A portable FP analyzer that can change the measurement
wavelength is now under development. By combining this analyzer with non-competitive FPIA, I expect to

realize a rapid and easy-to-use on-site point-of-care testing system for CRP.
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CHAPTER 5 Application of non-competitive
fluorescence polarization immunoassay for
antigen and antibody detection of HS avian

influenza virus
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5.1 Introduction

Avian influenza is a poultry disease caused by influenza A virus infection. Influenza A virus has many
subtypes based on the type of virus surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA). Wild
aquatic birds are the primary natural host of influenza A virus, and 16 HAs (H1-H16) and 9 NAs (N1-N9) have
been found so far in such birds [1,2]. Avian influenza virus (AIV) usually infects intestinal cells of aquatic birds
and does not show pathogenicity; however, it can infect poultry and cause pathogenicity [3,4]. The virus that
causes a high mortality when poultry were infected is designated as a highly pathogenic avian influenza virus
(HPAIV). To date, some H5 and H7 subtype AIVs have been reported to be HPAIVs [5-8]. HSN1 subtype
HPAIV, which appeared after 1996, has been reported not only in poultry but also in humans. The mortality
rate for humans infected with H5N1 is reported to exceed 50% [9]. If these HPAIVs have acquired human-to-

human infectivity, the deaths of many persons world-wide due to a pandemic become a concern.

Rapid initial response for a suspected infection and continuous surveillance are indispensable to
prevent poultry epidemics of HPAIV and further human threats [10,11]. When a diagnosis is performed at the
site of a disease outbreak, a rapid, simple and accurate antigen detection method is required. The detection of
viral nucleic acid by a polymerase chain reaction (PCR) is used as a gold standard method for the diagnosis of
viral infections [12-14]. PCR testing has good sensitivity and specificity and is suitable for definitive diagnosis.
However, PCR testing requires complicated procedures and long analysis times, conditions which are not
suitable for an initial diagnosis. On the other hand, simple analytical methods for detecting antigens and
antibodies by lateral flow immunoassay (LFIA) have been developed [15-18]. Typical LFIA devices with visual
observation do not have high accuracy and sensitivity. In order to obtain high sensitivity with LFIA devices,
expensive materials such as metal nanoparticles and quantum dots, and read-out equipment are often required

for higher sensitivity. However, these methods compromise the simplicity and inexpensiveness of LFIA.

In the process from a disease occurrence to its cleanup and under a usual surveillance system, antibody

detection to check for previous infections also plays an important role. Even in poultry that do not currently
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have the virus, the history of past infection can be determined by detecting antibodies. This is essential for
investigating the routes of transmission of infectious diseases. As a recent example, antibody tests for severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have received broad attention to prevent the spread
of the novel coronavirus disease (COVID-19) [19,20]. Although some antibody tests, such as the agar gel
immunodiffusion test, hemagglutination inhibition test and enzyme-linked immunosorbent assay are used for
the detection of anti-AIV antibody [21-25], these methods require complicated operations and a long reaction
time. Therefore, it is impractical to use these methods outside the laboratory. If the method is developed that
can rapidly and easily provide antibody test results outside the laboratory, field applications become possible

and the surveillance system using the antibody test can be significantly strengthened.

In this chapter, I developed a system that selectively detected H5-AIV and anti-H5-AIV antibody
using non-competitive FPIA (NC-FPIA) with a portable FPIA analyzer. I prepared a fluorescein-labeled Fab
fragment (F-Fab) for the detection of H5-AIV and fluorescein-labeled H5 subtype HA glycoprotein for the
detection of anti-H5-AIV antibody in serum. For the detection of H5-AIV, I prepared a fluorescein-labeled Fab
fragment (F-Fab). After the F-Fab was reacted with H5-HA on the H5-AIV surface, the P value was measured
with a portable FPIA analyzer. For the detection of anti-H5-AIV antibody, the P value of the mixture of an anti-
AIV serum and fluorescein-labeled H5 subtype HA glycoprotein was measured. If NC-FPIA can be applied to
virus and its antibody detection, it will greatly contribute to speeding up the diagnosis of viral infectious diseases.
Furthermore, unlike ELISA, FPIA has the advantage of being easy to apply to various animal species because
FPIA does not require a suitable secondary antibody for each animal species. As far as I know, this is the first

reported detection of a virus by FPIA.
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5.2 Experimental
5.2.1 Materials

Phosphate-buftfered saline (PBS; pH 7.4) and Micro BCA Protein Assay Kit were purchased from
Thermo Fisher Scientific, Inc. (USA). The Sylgard 184 silicone elastomer kit for polydimethylsiloxane (PDMS)
microdevice fabrication was purchased from Dow Corning Toray Co., Ltd. (Japan). The PDMS included black
silicon rubber to decrease the background signal of fluorescence. A negative photoresist (SU-8 3050) for PDMS
microdevice fabrication was purchased from Nippon Kayaku Co., Ltd. (Japan). Isogen-LS was purchased from
Nippon Gene (Japan). SuperScript III Reverse Transcriptase was purchased from Invitrogen (USA). TaKaRa
Ex Taq was purchased from TaKaRa (Japan). Expression vector pET-32b and Rosetta-gamiTM 2 (DE3) pLysS
were purchased from Novagen (USA). Isopropyl-B-d-thiogalactopyranoside was purchased from Wako Pure
Chemical Industries (Osaka, Japan). Nickel-nitrilotriacetic acid (Ni-NTA) agarose was purchased from Qiagen
(Germany). Bovine serum albumin (BSA) was purchased from FUJIFILM Wako Pure Chemical Corporation
(Japan). HSN1 hemagglutinin polyclonal antibody (anti-H5-HA rabbit IgG polyclonal antibody) was purchased
from Bioss Antibodies (USA). Fluorescein labeling kit-NH, was purchased from Dojindo Molecular
Technologies, Inc. (Japan) for labeling of Fab fragment. Lightning-Link® Rapid Fluorescein was purchased

from Innova Biosciences Co., Ltd. (UK) for labeling of recombinant H5 subtype AIV HA (H5-rHA).

5.2.2 Preparation of purified HSN3 AIV

The purification of H5SN3 subtype AIV (A/duck/Hong Kong/820/1980) and HINT1 subtype influenza A virus
(A/Puerto Rico/8/34) was performed as previously described [26]. Shimane strain and Hong Kong strain were
kindly provided by Dr. Toshihiro Ito (Tottori University, Japan) and Dr. Yoshihiro Sakoda (Hokkaido
University, Japan), respectively. A/Puerto Rico/8/34 strain was purchased from ATCC (Manassas, VA: Catalog
No. VR-95TM). The concentration of H5-rHA and purified HSN3 and HIN1 viruses were measured by the

Micro BCA Protein Assay Kit.
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5.2.3 Preparation of F-Fab

Anti-H5-HA Fab fragment was purchased from Hokudo Co., Ltd (Japan). Fab fragment was produced
by the papain digest of commercial anti-H5-HA rabbit IgG polyclonal antibody (Bioss antibodies). Labeling of
fluorescein on the amino groups of the Fab fragment was conducted following the procedures described in the

manufacturer’s instructions of the fluorescein labeling kit-NH,.

5.2.4 Preparation of Fluorescein-labeled antigen

As an antigen for the FPIA, recombinant H5 subtype AIV HA (H5-rHA) was produced using the
bacterial expression system as Horie ef al. [27] previously described with slight modifications. Briefly, viral
RNA was extracted from H5N3 subtype AIV (A/whistling swan/Shimane/499/1983) [28]. The viral RNA was
extracted from the virus with Isogen-LS, and then reverse transcribed into cDNA by using SuperScript III
Reverse Transcriptase. For amplification of the partial HA gene (aa 284—425), PCR was performed using the
TaKaRa Ex Taq and the following primers: 5’-GGCCATGGAACTGGAGTATGGTAACTGT-3’ and 5°-
GGCCATGGCCATTTTCTTATTTAAATT-3", which include restriction enzyme site sequences (underlined).
The PCR cycle included an initial cycle at 94 °C for 1 min, then 30 cycles at 94 °C for 20's, 58 °C for 30 s, and
72°C for 2 min, and a final extension at 72°C for 7 min. The PCR product was ligated into the expression vector
pET-32b. The expression vector prepared was used to transform the Rosetta-gamiTM 2 (DE3) pLysS, and
isopropyl-p-d-thiogalactopyranoside was used to induce the expression of the partial HA gene. The protein
extracted from the bacteria was purified using nickel-nitrilotriacetic acid (Ni-NTA) agarose. The recombinant
protein obtained was concentrated using an ultrafiltration membrane, and then dialyzed against PBS. The
recombinant protein was identified by Western blotting using anti-H5 mouse serum, and its concentration was
measured by the Micro BCA Protein Assay Kit. The resultant H5-rHA was labeled using the Lightning-Link

Fluorescein Conjugation Kit.
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5.2.5 Anti-AIV sera

The goat antisera against HI-H15 subtypes and the chicken antiserum against H16 subtype AIV were
kindly provided by Dr. Yoshihiro Sakoda (Hokkaido University, Japan). The immunogen of each serum is

shown in Table 5.1.

Table 5.1 Immunogens of goat anti-AlV sera.

Serum name  Strain name (subtype) of immunogen AIV GenBank Accession number
H1 A/swine/Hokkaido/1/1981 (HINT) HA gene: AB434392
H2 A/duck/Hong Kong/278/1978 (H2N9) HA gene: AB292785
H3 A/duck/Hokkaido/5/1977 (H3N2) HA gene: AB277754
H4 A/duck/Czechoslovakia/1956 (H4N6) HA gene: GU052381
H5 A/duck/Hong Kong/820/1980 (H5N3) HA gene: LC042027
Ho6 A/shearwater/Australia/1/1972 (HO6NS) HA gene: AB278600
H7 A/duck/Hong Kong/301/1978 (H7N2) HA gene: AB302789
HS8 A/turkey/Ontario/6118/1967 (H8N4) HA gene: GU053171
H9 A/duck/Hong Kong/448/1978 (HON2) HA gene (partial): AB080224
H10 A/chicken/Germany/N/1949 (H10N7) HA gene: GQ176136
HI11 A/duck/England/1/1956 (H11N6) HA gene: GU052203
H12 A/duck/Alberta/60/1976 (H12NS) HA gene: CY 130078
H13 A/gull/Maryland/704/1977 (H13N6) HA gene: CY 130086
H14 A/mallard/Astrakhan/263/1982 (H14N5) HA gene: CY 130094
H15 A/duck/Australia/341/1983 (H15NS) HA gene: AB295613
H16 A/black-headed gull/Sweden/5/1999 (H16N3) HA gene: AY 684891

5.2.6 Potable FP analyzer

The portable FP analyzer and microfluidic device were same as these described in Chapter 4.
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5.2.7 Measurement procedure of HSN3 AIV

NC-FPIA was demonstrated using a portable FPIA analyzer with a microfluidic device (Fig. S1) [29].
Antigen (purified virus or H5-tHA) in PBS, 80 ng/mL F-Fab and 1% BSA in PBS were added to a microtube.
The mixing volume ratio was antigen: F-Fab: 1% BSA-PBS = 8:1:1. The mixture was incubated at room
temperature for 15 min. Then, 20 pL of the mixture was injected into the microfluidic device and the P value

was measured with the portable FP analyzer.

5.2.8 Measurement procedure of antibody

Anti-AIV serum diluted in a prescribed ratio and 640 ng/mL fluorescein-labeled H5-rHA were mixed
at a volume ratio of 1:1. The mixture was incubated at room temperature for 15 min. Then, 20 pL of the mixture
was injected into the microfluidic device and P value was measured with the portable FP analyzer. The FP
analyzer acquired P images in the detection area. The P value measured was determined by reading out the

luminance on the P image in the detection area of the microdevice.

5.3 Results and Discussion

5.3.1 Virus detection

I constructed a NC-FPIA with a portable FPIA analyzer for virus detection. Unlike conventional
competitive FPIA, only fluorescence-labeled Fab is used as the reagent. F-Fab was added to a virus sample and
the P value was measured after incubation (Figure 5.1). If I apply conventional competitive FPIA to a virus,
antigens that competitively react with the antibody is needed as a tracer. The smaller the molecular weight of
the tracer is, the greater the difference in the P value before and after binding to the antibody is, resulting in
high sensitivity. Therefore, it is desirable to use only a part of the virus like a membrane protein as a tracer.

However, it is difficult to react a small tracer and a virus to the antibody competitively because the diffusion
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coefficient in the solution greatly differs between the small tracer and the virus particle. In this proposed NC-
FPIA, only F-Fab was used as a reagent. When a F-Fab is bound to a virus, the P value becomes high due to the
much slower rotational motion of the virus-Fab complex. High detection sensitivity can be achieved by using a

Fab fragment (~50 kDa) instead of the commonly used IgG antibody (~150 kDa) (Chapter 4).

<— Microchannel —

Anti-H5-HA Fab Polarized
Excitation Light

a—

Depolarized

» . Emitted Light
Fluorescein

H5 Hemagglutinin
(H5-HA)

H5 Avian

Polarized

Influenza Virus » . .
Emitted Light

Figure 5.1 Schematic illustration of the NC-FPIA using F-Fab for H5-AIV quantification.

I prepared a calibration curve for the purified HSN3 AIV (Figure 5.2). The P value increased with
increasing virus concentration, and the detection limit was 2.8 pg/mL. The change of the P value was AmPpax
— AmPyjank = 13.0 mP. I clarified that the Fab-based NC-FPIA can detect viruses as well as protein targets with
equivalent sensitivity. It is possible to change the measurable concentration range by changing of the F-Fab
concentration or using a Fab fragment with different affinity to H5-HA. Then, I evaluated the selectivity of F-

Fab for HSN3 AIV.
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Figure 5.2 Calibration curve for the purified HSN3 AIV in PBS. F-Fab concentration: 80 ng/mL. AmP = 1000
X (Psample *Pblank)-

Figure 5.3 shows the results of the selectivity test for HSN3 AIV using the purified HIN1 virus as a negative
control. The P value after reaction between F-Fab and HSN3 AIV was significantly higher than that of blank
and HIN1 virus. In addition, it was confirmed that F-Fab had the high affinity for H5-rHA (Figure 5.4). These
results indicated that F-Fab had high selectively to HSN3 AIV. To achieve the detection of H5-AIV with much
higher sensitivity and selectively, using the Fab fragment which has a higher selectivity and affinity for H5-HA
is ideal. However, the present results are promising in that Fab-based NC-FPIA has a greater possibility for

achieving the rapid on-site diagnosis of viral infectious diseases.
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Figure 5.3 Selectivity of the F-Fab for NC-FPIA of H5N3 virus. HIN1 virus was used as a negative control.
Concentrations of HSN3 virus and HIN1 virus were each 5 pg/mL. AmP = 1000 X (Psamplc — Pbiank).
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Figure 5.4 Evaluation of the binding ability of F-Fab to H5-rHA. 80 ng/mL F-Fab and 20 pg/mL H5-rHA were
used. AmP = 1000 x (Psample _PF—Fab)-

From the above results, | demonstrated that AIV can be detected by NC-FPIA with an incubation time

of 15 min by using a Fab fragment that selectively binds to a protein on the virus surface. Also, since a portable
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FPIA device is used for measurement, the sample volume required for one assay is 20 pL or less. By preparing
a suitable fluorescently labeled-Fab fragment, this method can be applied to various viral infectious diseases

like COVID-19.

5.3.2 Antibody detection

A free fluorescence-labeled antigen emits random fluorescence when excited by polarized light and it
gives a low P value. When a fluorescence-labeled antigen is bound to an antibody, P value is high due to the
much slower Brownian motion of the antibody-H5-tHA complex [30-31]. Figure 5.5 shows the schematic
illustration of FPIA in this work. When anti-H5 antibody in serum binds to a fluorescein-labeled H5-rHA, P
value becomes high. Therefore, anti-H5-AIV serum containing a large amount of anti-H5 HA antibodies shows

a higher P value than that of the antibody-negative serum.
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Figure 5.5 Schematic illustration of the fluorescence polarization immunoassay for antibody detection.

Figure 5.6 shows the measured P value results after mixing fluorescein-labeled H5-rHA and anti-H5-AIV serum
diluted with PBS. P value increased as the serum dilution rate decreased (increased concentration). The more
antibodies the serum had, the greater the number of antigen-antibody complexes that were formed in the excess
amount of fluorescein-labeled H5-rHA. Increasing P value with increasing concentration of serum meant that
antigen-antibody complexes successfully formed. Therefore, I concluded that this fluorescein-labeled HS5-rHA
could be used for detection of anti-H5 antibody in serum. The limit of detection was about 20-fold dilution. The
microdevice required 20 pL of solution per one channel. Since serum and fluorescein-labeled H5-rHA were
mixed at a volume ratio of 1 : 1, the required serum volume for an analysis was 10 pL. When a serum with 5-

fold dilution was used for the analysis, the required volume of the original serum was 2 uL. It would be

High FP




sufficiently small for application to on-site diagnosis and surveillance. Therefore, 5-fold dilution of antiserum

was used in the next experiment.

x40 x20 x10 x5
Dilution rate of anti-H5 AlV serum

Figure 5.6 Fluorescence polarization as a function of dilution rate of anti-H5 serum.

Next, I verified whether this system could selectively detect anti-H5-AIV serum in anti-H1-H16 AIV
sera. Figure 5.7 shows the P value obtained with anti-H1-H16 sera. The cutoff value for positive anti-H5-AIV
antibody was defined as the average + 3SDs. Anti-H5 serum showed the highest P value among all anti-AIV
sera and all other antisera except anti-H5 was below the cut-off value. Therefore, I showed that there was no
false positive result with other anti-subtype sera. The incubation time was 15 min (total analysis time was within
20 min), which was significantly shorter than the time needed by conventional ELISA-based devices. These

findings showed that this FPIA system selectively detected the anti-H5-AIV serum.
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Figure 5.7 Fluorescence polarization obtained with anti H1-H16 avian influenza virus sera (n = 3). The dashed

line represents the cut-off value.

54 Conclusions

I developed the rapid and easy-to-use system for the FPIA detection of HSN3 AIV and anti-H5-AIV
serum. The reaction is completed by simply mixing the reagent with the sample. Analysis time was within
20 min and required sample volume was only 2 pL. The portable FP analyzer with the microfluidic device makes
it possible to conduct on-site analysis. Further study on blocking of protein adsorption to PDMS devices may
lead to improved sensitivity and selectivity of a detection. By preparing appropriate fluorescence-labeled Fab
and fluorescence-labeled antigen, this system can be applied to antigen and antibody detection for other viruses

such as SARS-CoV-2. In the future, I plan to conduct experiments using real samples acquired in the field.
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CHAPTER 6 Conclusion and Future Prospects
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Analytical systems based on immunoassays and microfluidic devices for the quantification of

biomolecules were developed in the present research and are described in this thesis.

Chapter 2 described the development of an ultrasensitive immunoassay system that uses an immuno-
wall device; an enzymatic amplification reaction was also developed. The ultrasensitive detection of a trace
biomarker was achieved using an alkaline phosphatase label, with the signal provided by an enzymatic reaction
with a fluorogenic substrate in a microchannel. The highest signal/background ratio was obtained using DDAO
phosphate. To evaluate device performance, human C-reactive protein (CRP) was detected as a model
biomarker. The detection limit (LOD) of CRP in phosphate-buffered saline was determined to be 2.5 pg/mL
with a sample volume of 0.25 pL. This LOD is approximately three orders of magnitude lower than that obtained
with the fluorescent-dye-labeled (DyLight 650-labeled) antibody. In addition, the present device provided a
wide (0.0025-10 ng/mL) detection range for CRP. Since the LOD of CRP obtained by the conventional
immuno-wall device using the fluorescence-labeled antibody was 1.7 ng/mL, the application of the enzyme

immunoassay succeeded in significantly improving measurement sensitivity.

Chapter 3 investigated a simple method for fluorescence-signal amplification that uses the AWP
structure in a microchannel. When a solution of fluorescent molecules was introduced into the microchannel
with the AWP-wall, they accumulated inside the AWP-wall by diffusion. Consequently, the fluorescence
intensity inside the AWP-wall was locally higher. Among the fluorescent molecules considered in this chapter,
DDAO showed the highest efficiency during fluorescence-signal amplification. A calibration curve for DDAO
based on the fluorescence intensity inside the AWP-wall was prepared, which revealed a five-fold greater
sensitivity than that observed for the microchannel devoid of the AWP-wall. This method easily improves
fluorescence detection sensitivity. Furthermore, because this method is not limited only to microchannel use, it

is expected to be applicable to a variety of fields.

Chapter 4 described the development of NC-FPIA for the quantification of large molecules using a

fluorescently labeled Fab fragment. Most conventional FPIAs are homogeneous and competitive immunoassays.
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The Fab fragment, with a fluorescently labeled amino group, is appropriate for protein quantification using non-
competitive FPIA. The Fab-based NC-FPIA was validated using CRP as a model substance, with the
quantitative analysis of CRP in phosphate-buffered saline (PBS) successfully demonstrated to a LOD of
207 ng/mL. Moreover, using a far-red emitting fluorescent dye (HiLyte Fluor™647) as a fluorescent compound
for labeling the Fab fragment, CRP in human serum was able to be determined in 10 min without sample
pretreatment, with a CRP cut-off value of 10 pg/mL. The LOD of CRP in human serum was determined to be
1.58 pg/mL. Using the developed method, the reaction was complete through simple one-step mixing with only
one type of reagent for the fluorescence labeling of the Fab fragment, and no washing was required. The total
measurement time was about 15 min, which is equivalent to those of qualitative measurement methods, such as

the lateral flow method. Therefore, the protein was rapidly quantified using a greatly simplified procedure.

Chapter 5 described the development of an analytical system for the selective detection of H5-AIV
and anti-H5-AIV antibodies using NC-FPIA with a portable FPIA analyzer. NC-FPIA, which is a separation-
free immunoassay, was used to detect H5-AIV, along with a fluorescein-labeled Fab fragment that binds to H5
hemagglutinin. H5-AIV was successfully detected using an incubation time of 15 min with a portable FPIA
analyzer. To detect the anti-H5-AIV antibody, a fragment of recombinant H5 subtype AIV hemagglutinin was
produced and labeled with fluorescein and used as a labeled antigen for NC-FPIA. FP was found to increase
proportionately with the concentration of the anti-H5-AIV antibody (serum) and was significantly higher than
that obtained with other sera. The selective detection of anti-HS5 subtype AIV antibody was confirmed. An

analysis time of less that 20 min and a sample volume of less than 20 pL. was used to detect each antibody.

Table 6.1 compares the performance of the two analytical systems reported in Chapters 2 and 4. Both
of these systems detect using fluorescence signals. The two developed immunoassay systems can perform
highly sensitive measurements easily and rapidly. In the future, both the fluorescence-intensity and
fluorescence-polarization detection systems will be integrated in a single detector. The appropriate
immunoassay device will be used depending on the application. The analytical system using the immuno-wall

device described in Chapter 2 ultrasensitively detected small amounts of samples and is expected to be used to
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detect trace biomarkers in early diagnosis applications. Our research group has been working on applying the
immuno-wall to gene mutation testing for the epidermal growth factor receptor and anaplastic lymphoma kinase
lung cancer markers; it is also expected to be used in applications that require quick and convenient diagnoses,
such as intraoperative rapid pathological diagnosis. A portable fluorescence detection device is also being
currently developed and is expected to realize an analytical system that meets all of the requirements of PONT.
Since the AWP-based fluorescence-signal amplification method introduced in Chapter 3 is a very simple and
versatile technology, it is expected to be applied in various fields, including microanalysis. The NC-FPIA
analytical system for protein detection introduced in Chapters 4 and 5 is rapid and easy to operate; it is ideal for
rapid first screening applications in the field when used with the portable FP analyzer developed in this thesis.
Although it does not have the same detection sensitivity as the immuno-wall, CRP, as a model diagnosis
biomarker, could be detected near the cutoff value. In addition, the antigen and antibody tests for diagnosing
viral infections described in Chapter 5 can be performed quickly using the same platform. Recently, the COVID-
19 pandemic has resulted in a strong demand for a rapid method for diagnosing viral infections, and such an
analytical tool would be very powerful. In addition, the developed appropriate fluorescently labeled Fabs and
fluorescently labeled antigens can be used to detect various viral infectious diseases. I am convinced that the

two analytical systems developed herein will innovate the PONT field in the future.
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Table 6.1 Comparing the analytical performance of the immuno-wall device and NC-FPIA for CRP in PBS

Immuno-wall device NC-FPIA
ELISA FPIA
Type of immunoassay
(Heterogeneous Immunoasssay) (Homogeneous Immunoasssay)
Sample volume 0.25 pL. 16 uL
Number of reagents 3 1
Number of washing steps 3 0
Total incubation time 46 min 10 min
Meaurement range 0.0025-10 ng/mL 207-1000 ng/mL
Limit of detection 2.5 pg/mL 207 ng/mL
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