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13.1 Introduction

Immunoassays are applied for medical diagnostics, food safety testing, drug discov-
ery, biological researches, etc. (Wild 2005) and they show some of the most remark-
able activities in the field of lab-on-a-chip systems and micro total analysis systems
(Bange et al. 2005; Chin et al. 2007; Henares et al. 2008; Tachi et al. 2007).
Miniaturization of immunoassay systems enables rapid and highly sensitive analy-
sis with a small amount of sample and reagents.

Since the first study of chip-based immunoassay (Chiem and Harrison 1997),
immobilization of antibody on the surface of microbeads has contributed to the
improvement of detection sensitivity and assay time (Sato et al. 2000, 72; Moorthy
et al. 2004; Haes et al. 2006; Shin et al. 2007; Thompson and Bau 2010). This is
called the bead-bed format. We have published papers on the subject of the
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bead-bed format immunoassay devices, in which the capability of this format to
detect human disease markers has been demonstrated (Sato et al. 2001, 2002, 2004
Kakuta et al. 2006; Ohashi et al. 2009; Ihara et al. 2010). However, there exist some
difficulties for this format in liquid handling, though highly sensitive detection and
rapid assay are achieved. In order to pack the microbeads inside the microchannel,
it is necessary to apply relatively high pressure. In addition, the removal of bubbles
from liquid is difficult. Therefore, the development of novel immunoassay chips is
desired for clinical applications such as point-of-care (POC) testing (Delamarche
et al. 2005; Linder et al. 2005; Hosokawa et al. 2006; Gervais and Delamarche
2009). On the other hand, three-dimensional (3-D) hydrogel-based immunoassay
chips have been reported (Zubtsov et al. 2006; Sung et al. 2009). They showed that
the immobilization of antibodies within 3-D hydrogel structures offers several
advantages, such as high immobilization capacity and high antibody activity, over
2-D immobilization.

In this chapter, we introduce two types of new immunoassay microdevices, both
of which can overcome difficulties mentioned above. One is 3-D hydrogel struc-
tures holding antibody-immobilized microbeads. Another device is 3-D hydrogel
structures with chemically bonded antibodies.

13.2 Microbead-Embedded Immunoassay Devices

13.2.1 Fabrication Procedure of Microbead-Embedded
Immunoassay Devices

Antibody-immobilized beads were prepared with polystyrene beads (1 pm in diam-
eter) and antibody solution in a 1.5 mL microtube. The antibody solution was added
to the microbeads, and the suspension was rotated gently at room temperature, fol-
lowed by overnight incubation at 4 °C. After the incubation, the antibodies were
immobilized on the microbeads, but there was space among the antibody molecules
for nonspecific adsorption of proteins such as antigen and detection antibody. In
order to prevent nonspecific adsorption, the microbeads were immersed in 1% BSA
for 45 min at room temperature.

Photocross-linkable prepolymer, photoinitiator, and Millipore water were
mixed in another 1.5 mL microtube and the mixture was stirred using a vortex
mixer. The mixture was added to the antibody-immobilized microbead solution.
Then, the mixture was stirred gently at room temperature. This solution was used
to fabricate microbead-embedded immunoassay devices. Fabrication steps of the
devices are shown in Fig. 13.1. First, 250 nL of the solution was injected into the
microchannel by using a pipette. Second, UV light (365 nm, 20 mW) was irradi-
ated through a photomask covering the microchannel. This process took approxi-
mately 10 s. The exposed areas became hydrogel structures which included many
antibody-immobilized microbeads. Third, the non-polymerized solution was
sucked by using a vacuum pump, and the surface of the microchannel was flushed
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Fig. 13.1 Fabrication steps of the microbead-embedded immunoassay devices

with PBS. Finally, 1% BSA in PBS was injected and then kept in the microchan-
nel for 1 h at room temperature. BSA prevented nonspecific binding of antigens
and detection antibodies to the surface of the microchannel and hydrogel struc-
tures. After removing the BSA solution, the microchannel was flushed with
PBS. Although the hydrogel structures were physically fixed between the roof
and the floor of the microchannel, they did not move or break during the
immunoassay.

13.2.2 Assay Procedures

First, 250 nL of the sample solution was injected into the microchannel with a
pipette. After incubation, free antigen molecules in the sample solution were
sucked with an aspirator, and then the microchannel was flushed three times with
PBS. Second, 250 nL (1 pg mL™!) of the fluorescent-labeled detection antibody
solution was injected into the microchannel. After the incubation, the microchan-
nel was flushed three times with PBS to remove the free fluorescent-labeled sec-
ondary antibody molecules. Finally, the fluorescence signal from the microbeads
in hydrogel structures was detected by using a fluorescence microscope equipped
with a CCD camera and three lasers (488, 532, and 632.8 nm). By using ImageJ
software, the fluorescent intensity per unit area was calculated for each hydrogel
structure.



308 T.Kasama et al.

13.2.3 Immuno-Pillar Device

Firstly, we developed pillar-like hydrogel structure by using a photomask shown in
Fig. 13.2. We call this immunoassay chip the immuno-pillar device (Ikami et al.
2010). Each immuno-pillar has a dimension of 200 pm in diameter and 40 pm in
height. The arrangement of five immuno-pillars is shown in Fig. 13.3.

13.2.3.1 Immunoassay of Disease Markers

First, we evaluated the performance of the immuno-pillar device for standard
C-reactive protein (CRP) solutions (1% BSA in PBS). CRP is a well-known dis-
ease marker relating cardiac events and inflammation. The calibration curves for
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Fig. 13.3 Schematic representation
of the immuno-pillar device
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standard CRP solutions are shown in Fig. 13.4a—c. In our assay procedures, total
assay time was calculated by adding all the times for the incubations, washings,
and detection. The fluorescence intensity represents the average of the fluores-
cence signal intensities of 3—5 immuno-pillars. The error bar denotes their stan-
dard deviation. The background is the sum of the autofluorescence of plastic
substrate, antibody-immobilized microbeads, and UV curable resin. The total
assay times were 4 min, 8 min, and 12 min, respectively. Despite the very short
assay times, fluorescence signal and CRP concentration have positive correlation.
The calibration curve of (B) (total assay time: 8 min) was very similar to that of
(A) (12 min). From (A), (B), and (C) (4 min), the limit of detection (LOD), which
gave a signal at 3 SDs (standard deviations) above the background, was estimated
to be 100 pg mL~'; the slope of the calibration curve of (C) was gentle. The
immuno-pillar devices demonstrated the ability to detect disease marker with high
sensitivity and rapidity in spite of easy assay procedure. For actual diagnosis of
several diseases, the cutoff values of CRP concentration are higher than
100 pg mL~!' (Gabay and Kushner 1999). Also, we could change the detection
range of the immuno-pillar device by using a lower concentration of fluorescence-
labeled secondary antibody or a lower power of the excitation laser beam (data not
shown). In particular, shifting the detection range to higher sample concentrations
is easier than that to lower concentrations. The features of the immuno-pillar
device of rapid assay and high sensitivity were derived from the immuno-pillar
itself and the 1 pm diameter polystyrene microbeads for the immobilization of
capture antibodies. The pore size of the immuno-pillars was likely 100 nm or
more because the fluorescence beads with diameter of 100 nm leaked from the
immuno-pillars in our preliminary experiments. The diffusion kinetics of the anti-
gen and antibody within the immuno-pillars was not slow (Fig. 13.5). Therefore,
protein molecules such as the antigen and antibody could easily penetrate into the
immuno-pillars and could diffuse within the immuno-pillars. According to our
calculation for the present experimental conditions, the number of microbeads
within the immuno-pillar was estimated to be about 32,700. By using the surface
of these microbeads, the number of reaction sites for an antigen—antibody reaction
was dramatically increased.

Next, we tested the performance of the immuno-pillar device for serum samples
which were spiked with the known concentrations of CRP. Figure 13.4 d—f shows
the calibration curves for serum samples with CRP. The immuno-pillar devices
showed good performance also for serum samples. Influence of proteins in the
serum may cause the scattering of the signal intensity in the high-concentration
region. The LOD for the total assay time of 4, 8, and 12 was 100 pg mL".

In addition, we also evaluated the performance of the immuno-pillar devices for
the standard and serum samples of alpha-fetoprotein (tumor marker) and prostate-
specific antigen (prostate cancer marker). These results are summarized in
Table 13.1. In summary, we can conclude that the immuno-pillar devices had great
potential for tests of serum samples and would be suitable as an immunoassay
device for POC diagnostics because it was quick, had high sensitivity, was easy to
use, and needed only small sample and reagent volumes.
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Fig. 13.4 Calibration curves obtained with CRP of standard samples (a—c) and of serum samples
(d-f) (adapted from reference Ikami et al. (2010)). Total assay times were (a) 12 min, (b) 8 min,
(¢) 4 min, (d) 12 min, (e) 8 min, and (f) 4 min. The dashed line represents the signal level at 3 SDs
above the background
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Fig. 13.5 Fluorescence images of the immuno-pillar at the fluorescence-labeled antibody immer-
sion time of (a) 40, (b) 60, (c) 80, (d) 100, (e) 120, (f) 140, (g) 160, and (h) 180 s (reproduced with
permission from reference Ikami et al. (2010))

Table 13.1 Detection sensitivity of the immuno-pillar devices (adapted from reference ITkami
et al. (2010))

Sample Tota assay time
4 min 8 min 12 min
CRP In 1% BSA-PBS ~100 pg mL~! ~100 pg mL~! ~100 pg mL~!
In serum ~100 pg mL~! ~100 pg mL~! ~100 pg mL™!
AFP? In 1% BSA-PBS ~100 pg mL"! ~100 pg mL"! ~100 pg mL"!
In serum ~1 ng mL™! ~1 ng mL™! ~100 pg mL™!
PSA? In 1% BSA-PBS ~5ng mL™! ~1 ng mL™! ~100 pg mL"!
In serum ~5ng mL™! ~5ng mL™! ~100 pg mL"!
Triplex | In serum — — ~100 pg mL™!

In the assay of AFP and PSA, the concentration of the fluorescent-labeled detection antibody solu-
tion was 50 pg mL~" and 50 pg mL~", respectively

13.2.3.2 Multiplex Immunoassay of Disease Markers

The immuno-pillar devices are also available to perform multiplex assay. For exam-
ple, if the immuno-pillars hold three kinds of microbeads (three different antibodies
are immobilized), a triplex assay becomes possible. Schematic illustration of the
immuno-pillar device for the triplex assay is depicted in Fig. 13.6a. Fabrication
process of this immuno-pillar device is the same as that of the above-mentioned
devices. Therefore, the number of each kind of microbeads in the immuno-pillar is
one-third, ca. 10,000. We fabricated a suitable immuno-pillar device and performed
triplex simultaneous assay for CRP, AFP, and PSA. 250 nL of serum solution which
was spiked with CRP, AFP, and PSA was used as the sample. 250 nL of the mixture
solution of fluorescence dye-labeled antibodies was used as the detection antibody
solution. The incubation time was constant at 5 min. Thus, the assay for one sample
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Fig. 13.6 (a) Simplified schematic of the immuno-pillar device for the triplex assay. (b)
Calibration curves of CRP, AFP, and PSA (adapted from reference Ikami et al. (2010))

was finished in 15 min. The results of the multiplex assay are shown in Fig. 13.6b.
All three calibration curves showed the positive correlations between the fluores-
cence signal and the sample concentration, and the LOD for each was 100 pg mL~".
It should be noted that the LODs for three markers in the multiplex assay were
almost the same as that of the single assay. From this analysis, we could conclude
that the immuno-pillar devices had great potential also for multiplex assay of serum
samples. Moreover, optimization of the number of microbeads and/or the concen-
trations of detection antibodies may lead to the shortening of assay time.

13.2.3.3 Immunoassay of Toxins in Food

Immuno-pillar devices could be applied to detect toxins in dairy products (Jin et al.
2013). Here we attempt to detect staphylococcal enterotoxins (SEs) in milk by using
chicken immunoglobulin IgY anti-SE antibody as capture antibody. IgY antibodies,
unlike mammalian IgG antibodies, do not combine with protein A because they pos-
sess a different structure of the Fc region, thereby avoiding nonspecific reactivity
against Staphylococcus aureus. We performed detection tests against SEs in milk.
The total assay time was approximately 12 min. The calibration curves for SEs are
summarized in Fig. 13.7. These results show that fluorescence intensities increased
in a dose-dependent manner for SEs (0-100 ng/mL) in milk. In all cases, each
immuno-pillar device could detect the corresponding SEs with high sensitivity. The
LODs for SEA, SEB, SEC, SED, and SEE are summarized in Table 13.2. High
specificity of the SE immuno-pillar devices was confirmed by measuring the cross-
reactivity against the comparative antigens of 100 ng mL~".

13.2.3.4 Multiplex Immunoassay of Toxins in Food

Several kinds of SEs often coexist in polluted foods. Therefore, we evaluated the
ability of the immuno-pillar devices to detect SEA, SEB, and SED simultaneously
(Kasama et al. 2015a). These are the three worst factors of SE poisoning. In order to
simulate contaminated milk, standard, native SEs with more than 95% purity were
diffused in commercially available milk. The resulting calibration plots for SEA,
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Fig. 13.7 Calibration plots of standard SEs in milk (reproduced with permission from reference
Jin et al. (2013)). All tests were performed in triplicate, and error bars show standard deviation
calculated from fluorescence intensities of 3—5 immuno-pillars. Dashed lines represent the signal
levels at 3 SDs above the background

Table 13.2 Detection limits of immuno-pillar device (ng mL~") (adapted from reference Jin et al.
(2013))

SEA SEB SEC |SED |SEE
Immuno pillar device (in PBS) 0.01 0.1 0.1 0.1 0.1
Immuno pillar device (in milk) 0.1 0.01 0.1 0.1 0.1

SEB, and SED were obtained (Fig. 13.8). The tests for three replicates per sample
were performed. The values and SDs of the fluorescence intensity were calculated
from these results. The LOD for each SE was calculated to be 15.6 pg mL~!, which
is lower than not only those of common SE detection methods (Jin et al. 2013; Rose
et al. 1989; Kuang et al. 2013), but also those of the immuno-pillar devices for single
assays of SEA and SED (Jin et al. 2013). Relaxation of self-quenching (Chen and
Knutson 1988) enhances fluorescence intensity, resulting in lower LODs. In the
immuno-pillars, the antibody-immobilized microbeads formed clusters via hydro-
phobic interaction between the antibodies. In the case of multiplex immunoassay
devices, microbead clusters were composed of three kinds of microbeads supporting
each anti-SE antibody. Consequently, the distance between the same fluorescence-
labeled antibodies was relatively extended in the multiplex immunoassay devices.
The LOD for each SE is much lower than the lowest SE concentration in major food
poisoning outbreaks (380 pg mL™") (Asao et al. 2003). Therefore, contaminated food
that may potentially cause a food poisoning outbreak could be immediately identi-
fied by immunoassay by using the immuno-pillar devices.
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13.2.4 Immuno-Wall Device

13.2.4.1 Immunoassay of Disease Markers

In order to improve the efficiency of bound-free (BF) separation, we modified the
structure of immuno-pillars. Here, we propose immuno-wall device which has a
long and thin hydrogel object inside a microchannel (Fig. 13.9) (Kasama et al.
2014). Unreacted antigens and fluorescence-labeled antibodies were completely
removed by just immersing the device in a washing buffer (PBS with 0.5% Tween
20) for 1 min. In addition, the long structure also allowed us to analyze fluorescence
intensity by using inexpensive desktop fluorescence scanner instead of expensive
fluorescence microscopes.

First, we compared the efficiencies of BF separation of the immuno-wall and
immuno-pillar devices. We prepared DyLight 650-conjugated anti-rabbit IgG anti-
body solution (50 pg mL"), which did not react to the antibody immobilized on the
microbead surface. The devices underwent immersion in the solution (30 s) and the
washing buffer (several minutes). After that, fluorescence intensity was measured
by using a fluorescence microscope. The results are shown in Fig. 13.10. This figure
shows that the unreacted fluorescence-labeled antibodies exited from the immuno-
wall within 1 min by simply immersing the device into a washing buffer. In contrast,
fluorescence-labeled antibodies could not exit from the immuno-pillar even after
9-min immersion. In order to completely remove non-reacted antibodies from
immuno-pillars, it is necessary to squeeze the immuno-pillar by aspiration.

The long structure of the immuno-wall devices allowed us to determine fluo-
rescence intensity by simple fluorescence scanner. Recently, we have developed
microchip-optimized fluorescence scanner (Fig. 13.11). This scanner scanned on
a line of 20 mm length and 100 pm width and obtained the profile of fluorescence
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intensity within 1 min. It was easy to scan across the immuno-wall devices hav-
ing the dimension of 4 mm in length. In contrast, it was difficult to scan the
immuno-pillar devices as small as 200 pm in diameter because this reader had no
objective lens.

By using the immuno-wall devices and the fluorescence scanner, CRP assays
for human sera were performed. The total assay time was 10 min. CRP in human
sera were quantitatively analyzed and the calibration curve was obtained
(Fig. 13.12). The fluorescence intensity was obtained by averaging the fluores-
cence signal intensities of 3—5 areas of the immuno-wall. We achieved the LOD of
10 ng mL~". In addition, the present immunoassay system provided good quantita-
tive capability between 10 ng/mL and 10 pg mL~", offering the application possi-
bility for rapid CRP test.
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Fig. 13.11 Photograph of
the fluorescence reader.
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permission from reference
Kasama et al. (2014))
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13.3 Immuno-Wall Devices with Chemically Bonded
Antibodies

13.3.1 Fabrication Procedure of Inmunoassay Devices
with Chemically Bonded Antibodies

Until now, we presented the immuno-pillar devices and immuno-wall devices which held
antibody-immobilized microbeads in their pores. In this section, we fabricate the immuno-
wall devices with another photocross-linkable polymer, BIOSURFINE®-AWP (Toyo
Gosei Co., Ltd.), which has pendant azide group. Picture and schematic of the
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Fig. 13.13 Photograph of the immuno-wall device made with azido-unit pendant polymer (repro-
duced with permission from reference Kasama et al. (2015b))

immuno-wall device made with BIOSURFINE®-AWP is shown in Fig. 13.13. The device
fabrication process is as follows. High-concentration (10 mg mL™") streptavidin in PBS
was mixed with an equal volume of BIOSURFINE®-AWP in a microtube. The mixture
was introduced into the microchannel by using the pipette. Then, the mixture was irradi-
ated with UV light (320 nm, 20 mW) for 5 s through a photomask covering the microchan-
nel. The irradiated BIOSURFINE®-AWP was cross-linked each other. At the same time,
streptavidin molecules were photo-immobilized to the BIOSURFINE®-AWP. After the
UV irradiation, the uncured BIOSURFINE®-AWP was sucked by using an aspirator.
Then, immuno-wall remained at the center of the microchannel. Finally, the microchannel
was washed with washing buffer. In order to immobilize capture antibody, 1 pL of bioti-
nylated antibody solution was introduced into the microchannel and the device was settled
for 60 min at room temperature. Although the diffusion of proteins including IgG antibody
was observed in the immuno-wall, mostly analytes were captured at the side surface of the
immuno-wall because of ultrahigh-density immobilization of capture antibody. On the
other hand, large substances including cell debris could not penetrate the immuno-wall.

13.3.2 Precision Medicine of Lung Cancer

Lung cancer is the leading cause of cancer-related mortality worldwide.
Approximately 85% of lung cancers are classified as non-small-cell lung cancer
(NSCLC) (Ferlay et al. 2015). Somatic mutations of epidermal growth factor recep-
tor (EGFR) are detected in approximately 10-16% of NSCLC patients in the United
States and Europe (Rosell et al. 2009) and 30-50% in Asia (Sequist et al. 2007).
Approximately 90% of these mutations are the substitution of leucine 858 by argi-
nine in exon 21 (L858R point mutation) (Sequist et al. 2007) and the in-frame dele-
tions in exon 19, especially the E746-A750 deletion (Sequist et al. 2007). Several
studies revealed that these mutations have sensitivity to EGFR-tyrosine kinase
inhibitors (TKIs) (Lynch et al. 2004; Paez et al. 2004). Therefore, EGFR mutation
testing in the clinical setting has been important. Direct sequencing of PCR
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Fig. 13.14 Immunoassay results (reproduced with permission from reference Kasama et al.
(2015b)). Bright-field images (insets) and fluorescence images of the immuno-wall devices are
shown. The red frames of pictures show the results being positive. The side surfaces of immuno-
walls exposed to the sediment lysates emitted fluorescence signals

products is one of the commonly used methods worldwide. However, its clinical
application is limited due to the sensitivity depending on the proportion of tumor
cells in the specimens.

By using the immuno-wall devices, the sandwich-type fluorescence immunoassay
procedure was performed for the sediment lysates obtained from pleural effusion sam-
ples of three NSCLC patients. Their tumors had E746-A750 deletion-mutated EGFR,
L858R point-mutated EGFR, or wild-type EGFR, respectively. The sediments in the
pleural effusion were gathered by centrifugation, and then lysed with lysis buffer.
Mutated EGFR-specific antibodies and total-EGFR antibody were immobilized to the
immuno-walls. Another total-EGFR antibody was employed as detection antibody.

The immunoassay results are summarized in Fig. 13.14. Total assay time was
less than 20 min. We can obviously recognize that the devices detected mutated
EGFRs specifically. This means that the patients having responses to the EGFR-
TKI are successfully distinguished.

13.3.3 Precision Surgery of Brain Tumors

Since the glioma tends to infiltrate into the normal brain tissue, it is difficult to
define the edges of glioma. Therefore, the gliomas are not fully resectable, resulting
in recurrence and eventual fatality. Because R132H mutation in IDH1 is observed in
patients with grade II and III gliomas with approximately 65% (Suzuki et al. 2015;
Gorovets et al. 2012; Hartmann et al. 2009; Parsons et al. 2008; Arita et al. 2015;
Horbinski 2013), IDH1 mutation testing should help us to define the tumor bound-
ary from the normal brain. However, the current methods for analyzing the genetic
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Fig. 13.15 Tumor boundary detection using the immuno-wall devices (adapted from reference
Yamamichi et al. (2016)). The tumor region in a patient was roughly estimated by the magnetic
resonance imaging before tumor removal surgery (Al and B1). Two specimens were collected
(stars in Al and B1). A specimen obtained from the center of the tumor (star in A1) tested positive
in the assay using the immuno-wall device (A2). On the other hand, a specimen obtained from the
edge of the tumor (star in B1), which appeared normal, tested negative (B2)

status of glioma tissue are time consuming, 60 min at least. This makes it difficult
to test IDH1 mutation during the surgery. In order to solve this problem, we fabri-
cated the immuno-wall devices with R132H mutant IDH1-specific capture antibody
and performed immunoassay for a lysate of glioma tissue obtained from brain tumor
patients. The total-IDH1 antibody was adopted as the detection antibody.

The representative immunoassay results for a glioma and its edge tissue are
shown in Fig. 13.15. The fluorescence was observed only on the immuno-wall
device used for the center of tumor, which means that we can define the boundary
between the glioma and normal brain.
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13.4 Summary

Microfluidic immunoassay devices have inherent advantages such as portability and
reduced sample and reagent consumption. In addition, the microchannel can restrict
molecular diffusion, resulting in the rapidity and high sensitivity of the immunoas-
say. We believe that these unique features allow us to use microfluidic immunoassay
devices in the POC cancer diagnosis.

Here we have introduced the immuno-pillar devices and the immuno-wall
devices. It has been demonstrated that these microfluidic immunoassay devices
have great potential for practical immunoassay and POC cancer diagnostics. Also,
the precision medicine and precision surgery have been realized. This implies that
the microfluidic immunoassay devices have possibility of changing the process of
diagnosis.
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