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Abstract— Practical immunoassay chip devices are high-priority needs in point-of-care testing (POCT) for rapid
diagnoses. Compared to conventional POCT microchip devices, our report describes a manufacturing process involving
laser ablation, inkjet deposition, and cover film sealing that is superior to that used for practical mass production of
microchip devices, and produces devices capable of sensitive and reproducible measurements using a capillary-flow-driven
system at a practical point-of-care setting. To promote sensitivity and reproducibility, circular islands surrounded by 10-pum-
deep grooves were prepared to provide uniformity of printed antibody spots on a capillary flow immunoassay chip. The
island surface enabled dense antibody fixation due to droplet surface tension as well as antibody determination by enzyme
linked immunosorbent assay (ELISA), which demonstrated greater sensitivity than that of a device using a non-island
surface. The luminescence intensity of the spots of the carboxyterminal propeptide of type | procollagen (PICP) exhibited a
good linear relation with PICP concentration in the range 0-600 ng-mL™, which is suitable for clinical estimation in blood.
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l. INTRODUCTION

Analysis of biomarkers when the patient is located is known as point-of-care testing (POCT), and needs to be a simple and
rapid medical diagnostic method [1-3]. Most of the available POCT devices involve immunoassay systems, and enzyme-
linked immunosorbent assay (ELISA) has been utilized as a standard analytical system due to its sensitivity and specificity
[4]. Because a practical and simple POCT device must be easily available to the end user in many environments, a capillary-
driven flow system is a good candidate because it does not require electrical power and is easy to operate. Indeed, a capillary-
driven, flow-based immuno chromatographic assay is considered the simplest commercially available POCT device in the
diagnostic market. Therefore, a capillary-driven, flow-based immunoassay system was developed for an ELISA using a
piezoelectric inkjet printing system [5-7].

Practical approaches for immobilizing antibodies on a microchannel surface include microfluidic patterning [8],
photolithography [9], physical entrapment [10], micro-contact printing [11, 12], and inkjet printing [5-7]. Among these
approaches, printing has many advantages, such as simplicity, flexibility, low cost, minimal consumption of reagents, and
simultaneous patterning of multiple reagents [13]. Many important studies have been successfully reported by printing
technologies, for example, electrohydrodynamic printing [14], water-based inkjet printing [15] and printed wiring board
assembly [16]. These features allow the mass production of this device [17]. Although inkjet printing can precisely deposit a
drop of antibody solution at the picoliter level on a microchannel surface, a high concentration of antibodies can destabilize
the ejection spray from the nozzle head due to its high viscosity, which is a problem for the development of a diagnostic
immunoassay system. Accurate ELISA measurements require printing spots of identical size and equivalent amounts of
antibody immobilization, which ensures reproducible determination by chemical luminescence.

To overcome the viscosity problem, a solution with a high concentration of antibodies was continuously deposited and
immobilized on a circumferentially-grooved island micro surface. The island microstructure enables formation of a spherical
droplet by surface tension, producing a precise antibody spot and the same amount of antibody deposition. In addition, the
droplet does not adhere to the wall of the microchannel surface and the antibody spots have a uniform size, even when the
ejection spray may become uneven.
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For the practical mass production of circumferentially-grooved island microchannel surfaces, laser ablation offers many
advantages over other micromachining techniques, such as a highly precise, fast, and non-contact fabrication process. A
transparent plastic device made of a cyclic olefin copolymer (COC) is more appropriate than other conventional materials,
such as silicon and glass, for this purpose because COC possesses versatile thermal and chemical surface properties. An
ultraviolet (UV) pulsed laser can directly ablate and locally modify a COC surface, with the best surface quality provided by
a KrF laser at 193 nm, a wavelength strongly absorbed by COC [18, 19].

The present study describes a capillary-driven, flow-based immunoassay chip that could be mass produced using a UV
pulsed laser system and a piezoelectric inkjet printing system. Ultraviolet pulse lasers and inkjet printers represent mature
technologies for which antibody immobilization techniques have been established. In addition, a capillary-driven flow
system does not require external power or moving off-chip components. Thus, the development of stable antibody
immobilization on a circumferentially-grooved island on a microchannel surface could provide a model diagnostic POCT
system that is readily adaptable in many POC situations.

1. EXPERIMENTAL WORK
2.1 Reagents

The monoclonal anti-PICP antibody used was Clone PC8-7 (Takara Bio Inc., Otsu, Japan) and was supplied in a Procollagen
type | C-peptide (PIP) EIA Kit (Takara). The blocking and washing solutions were purchased from Sumitomo Bakelite Co.
Ltd, Tokyo, Japan. The microchip was refrigerated at a temperature of 4°C when not in use.

2.2 Equipment

The circumferentially-grooved island structure was formed using a nanosecond pulse laser (LPX-305i, Coherent Inc.), at 500
mJ and 25 W. Movement of the XYZ stages was controlled with a computer under the focused laser spot. A video
microscope system allowed accurate positioning and in situ monitoring of the laser micromachining process.

The inkjet printing head (Pulselnjector®: Cluster Technology Co., Ltd., Osaka, Japan) was a piezoelectric-driven drop-on-
demand plastic head with an epoxy resin; it exhibited very low biomolecular adsorption compared with glass. The inkjet
system deposited and fixed the primary antibodies (Clone PC8-7, Takara) in the spotting buffer (BSX2321, Sumitomo
Bakelite Co., Ltd., Tokyo, Japan) on the microchannel surface. Combining the Pulselnjector® with a dedicated driving unit
(WaveBuilder®: Cluster Technology Co., Ltd., Osaka, Japan) allowed easy adjustment of the ejection drive waveform,
ejection rate, and driving voltage, enabling picoliter droplets to be ejected. A derivative drive waveform produced by a
function generator with a user-friendly interface provided stable ejection, and the droplets were ejected at a frequency of 1
kHz and jetting voltage of 8 V. The volume of a single discharged droplet of primary antibodies was 50 pL, and 100-1000
shots were discharged onto the surface of the microchannel to provide the optimal volume. The Pulselnjector® used a 25-um
diameter ejection hole.

2.3 Microchip fabrication by laser ablation and inkjet printing

A photograph and illustration of the immunoassay chip are shown in Figure 1(a). The chip was fabricated from COC and the
surface treated with a polymer solution containing p-nitro phenyl ester, a commercial polymer coating from Sumitomo
Bakelite Co., Ltd., which binds to amino groups in proteins and immobilizes the antibodies on the microchannel surface [6,
7]. The linear channel was 100-pum deep and 300-um wide. Sample and reagents were introduced into the respective port of
the channel and capillary-driven flow was used to fill the channel (Figure 1(b)). To realize a large quantity of antibody
immobilization, the island surface of the 10-um-deep and 150-um-wide circular groove on the channel was formed by UV
nanosecond laser ablation and antibody droplets were deposited onto the surface of the microchannel using a piezoelectric
inkjet system (Figure 1c). Following deposition, the microchip surface was sealed with a cover film made of 33-um-thick
polymethylmethacrylate (Toyo Ink MFG. Co., Ltd., Tokyo, Japan). All samples and reagents for the sandwich ELISA assay
were infused into the microchannel from a 1.0-mm-diameter inlet reservoir using a dropper. The outlet reservoir was located
on the other side of the microchannel.
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FIGURE 1: SCHEMATIC VIEW OF IMMUNOSENSING MICROCHIP SYSTEM AND CONSECUTIVE ANTIBODY
PRINTING SYSTEM. (A) PHOTOGRAPH AND ILLUSTRATION OF MICROCHIP, (B) CAPILLARY-DRIVEN-FLOW
SYSTEM USING DROPPER AND LUMINESCENCE DETERMINATION BY ELISA, (C) CONSECUTIVE ANTIBODY

PRINTING PROCESS UTILIZING LASER PROCESSING, INKJET DEPOSITION, AND COVER FILM SEALING.

1. RESULTS AND DISCUSSION
3.1 Precise formation of printed antibody spots

Inkjet printing of antibody droplets is advantageous for on-demand manufacturing systems because it enables picoliter
guantities to be deposited and reduces the total number of operations. However, depositing a greater concentration of
antibody solution onto a microchannel surface with adequate reproducibility is difficult. High sensitivity demands that the
primary antibodies are highly concentrated in the microchannel, but this requires a high-viscosity liquid that destabilizes
ejection of the antibody droplet from the inkjet head. Such destabilizing ejection causes the droplets to adhere to the wall of
the microchannel due to surface tension and has a negative effect on the uniformity of the printed spots. To avoid adherence
to the microchannel wall, an island structure on the microchannel surface was formed to allow uniformly printed antibody
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spots. A circumferentially-grooved island structure retains the spherical form of a large droplet due to surface tension. A
circular grooved island surrounded by 10-um-deep grooves was prepared and the uniformity of the printed antibody spots
was compared for the case with and without islands (Figures 2(a,b)). Three spots were prepared on each microchannel, and 9
spots on 3 microchannels were compared. The results showed that good uniformity was obtained using islands (Figure 2(a)),
but not without islands. Surface areas were calculated using Adobe Photoshop, which enables the measurement of the spots
using the ruler tool. The surface area of the printed spots with the islands was 6.02 pm? with a relative standard deviation
(RSD) of 0.9%. The surface area of spots without islands was 5.65 pm? with a RSD was 31.3%. This indicates that grooved-
island surfaces were effective in providing uniformity of printed spots.
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FIGURE 2: COMPARISON OF PRIMARY ANTIBODY DEPOSITION ONTO ISLAND MICROCHANNEL SURFACES AND
NON-ISLAND MICROCHANNEL SURFACES. (A) IMAGE OF ANTIBODY DEPOSITION ONTO ISLAND SURFACE AND
PHOTOGRAPH SHOWING ANTIBODY SPOTS, (B) IMAGE OF ANTIBODY DEPOSITION ONTO A NON-ISLAND
SURFACE AND PHOTOGRAPH SHOWING ANTIBODY SPOTS.
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3.2 Dense antibody deposition onto microchannel surface

The grooved-island structure should limit the spot area of antibody inkjet deposition, which allows dense primary antibody
deposition and the capture of a large amount of antigen, leading to greater sensitivity. To assess this effect, Cy5 conjugated
primary antibodies were prepared by the protocol specified for the Cy5® Fast Conjugation Kit (ab188288, Abcam, Tokyo,
Japan), Cy5 was deposited on island and non-island surfaces, and the signal intensities were compared after 10-min
incubation at room temperature (Figure 3). The resulting images were measured using a confocal laser scanning microscope
(Zeiss LSM 410) equipped with a He-Ne laser (emission wavelength 633 nm) (Zeiss, Oberkochen, Germany). This laser was
used to excite the Cy5 fluorophore using a FT 655 dichroic beam splitter and an RG 665 emission long pass filter.

Number of shot 100 shots 500 shots 1000 shots
! 4
3D diagram (& /) Z L @)

Microscope

Island Image

structure

Cy5-conjugated
antibody
deposition

3D diagram

No Island | Microscope

structure Image

Cy5-conjugated
antibody
deposition

FIGURE 3: SURFACE IMAGES AFTER PRINTING AND MICROSCOPIC IMAGES OF CY5-CONJUGATED ANTIBODY
ON COC MICROCHANNEL SURFACE, AND COMPARISON OF THE RELATIVE FLUORESCENCE INTENSITY AT 100,
500, AND 1000 SHOTS.
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Signal intensities were compared among 100, 500, and 1000 shots. The intensities of island and non-island spots were similar
until 500 shots, but those at 1000 shots were quite different. The non-island surface spots maintained a spherical form up to
500 shots but lost the spherical shape at 1000 shots because the deposited droplets adhered to the wall of the microchannel,
resulting in non-uniform spots. In contrast, spots on the island surface maintained a spherical form even at 1000 shots. In
addition, the intensity of the spots was highest at 1000 shots, indicating that the antibodies were densely deposited and
immobilized on the island surface.

The required sensitivity and reproducibility of sandwich ELISAs necessitates dense immobilization of primary antibodies on
a microchannel surface. Although a high concentration of antibody solution destabilizes the ejection stream due to viscosity,
this circumferentially-grooved island provided not only uniform printed spots but also dense immobilization of antibodies.

3.3 Capillary-driven, flow-based sandwich ELISA on island surface

A capillary-driven flow system allows low volume, fast reaction time, and simple operation without external power. The
potential of a sandwich ELISA on a COC microchip was investigated for rapid and accurate screening (Figures 4(a,b)) [5-7].
Sample and reagent solutions were introduced into the inlet port with a dropper, and the microchannels filled by capillary-
driven flow. After filling the channel, excess solution on the inlet port was removed by contact with absorbent paper. The
microchannels were emptied using the absorbent paper placed in contact with the outlet port between immunoassay steps.

I

Dropper

Inlet Primary antibody
deposition

Capillary force Absorbent
3D view SUCHON 2. paper
= Outlet ) P
Primary antibody Pril.nary \:): t)rrhcn
o antibody pape
Plain view o~
Injection Evacuation
(B) i &
Loisps =\
% " N % " W
\\ —> Washing —> ~=> Washing —> \( =¥
Primary Antigen Second
antibody antibody
N N
L L
Lo P
7 “ W\ 7N
Washing —> ~=> Washing —> ~=> Detection

Enzyme labeled
antibody

FIGURE 4: IMMUNOASSAY PROCESS BASED ON CAPILLARY-DRIVEN FLOW. (A) SCHEMATIC DIAGRAM OF
IMMUNOASSAY USING A DROPPER AND ABSORBENT PAPER, (B) REACTION AND RESULTS OF A SANDWICH
ELISA.
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Circular islands surrounded by a 10-um-deep groove allowed uniformity of printed antibody spots and the solutions in the
microchannel could be completely replaced by capillary-driven flow. Therefore, the suitability of this approach was
examined by measuring the luminescence intensity based on a sandwich ELISA on islanid and non-island surfaces at 0, 100,
500, and 1000 shots (Figures 5(a,b)). The results showed that the luminescence intensity for 5 spots at 300 mg-mL™ PICP
varied with the number of shots. The intensities of island and non-island spots were similar at 0, 100, and 500 shots, but were
different at 1000 shots. The intensity of island spots was greater than that of non-island spots, even though both surfaces had
the same amount of primary antibodies deposited. In addition, the variation in island surface spots at 500 and 1000 shots was
less than that of the non-island spots. The variation was determined by the RSD, which for island surface spots was 2.37% at
500 shots and 4.08% at 1000 shots and for non-island spots was 6.86% at 500 shots and 27.2% at 1000 shots. Thus, the
island surface prevents antibody droplets from adhering to the wall of the microchannel, allows a dense antibody solution to
be deposited and fixed on the island surface. These results indicate that the circumferentially-grooved island surface provides
high sensitivity and reproducibility compared to a non-island surface.
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FIGURE 5: QUANTITATIVE SANDWICH ELISA USING ISLAND AND NON-ISLAND MICROCHANNEL SURFACES AT
0, 100, 500, AND 1000 SHOTS. (A) LUMINESCENCE INTENSITY OF ISLAND SURFACE SPOTS AT 0, 100, 500, AND
1000 sHOTS, (B) LUMINESCENCE INTENSITY OF NON-ISLAND SURFACE SPOTS AT 0, 100, 500, AND 1000 SHOTS.

The effects of the capillary-driven flow channel response on 0-600 ng-mL™ PICP were also investigated for island and non-
island surfaces (Figure 6). The luminescence intensity for both island and non-island spots increased with PICP
concentration. The mean luminescence intensity for 5 different spots was plotted against PICP concentration and provided a
linear relation. The intensity of island surface spots was greater overall than that of non-island surface spots. The 0-600
ng-mL™ PICP concentration is adequate for clinical estimation of PICP in blood [20, 21].
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FIGURE 6: QUANTITATIVE SANDWICH ELISA USING CAPILLARY-DRIVEN FLOW CHANNEL RESPONSE FOR 0-
600 ng-mL‘l PICP ON (@) ISLAND MICROCHANNEL SURFACES AND (©) NON-ISLAND MICROCHANNEL
SURFACES.

These results demonstrated that inkjet deposition of a concentrated antibody solution onto a circumferentially-grooved island
surface produced a device suitable for a capillary-driven-flow microfluidic immunoassay. Thus, this system enables sensitive
and reproducible determination of PIPC concentration and is a promising methodology for a practical POC setting.

V. CONCLUSIONS

A novel and simple approach for developing a sandwich ELISA based on a capillary-driven flow system for sensitive and
reproducible measurement of PICP was developed. The circumferentially-grooved island surface allowed uniformity in
printing of antibody spots onto a microchannel surface, enabling concentrated antibody solution fixation due to the droplet’s
surface tension. Evaluation of the precision of antibody spot printing demonstrated that the variation in the surface area of
spots was 0.05% RSD on the island surface and 31.3% for spots on the non-island surface. The spots on the island surface
maintained a spherical form even at 1000 shots of antibody inkjet deposition, and produced greater luminescence intensity
than those on the non-island surface. In contrast, spots on the non-island surface lost their spherical form after 500 shots and
had slightly reduced luminescence intensity. A concentrated antibody solution was deposited at 1000 shots on the island
surface and the spot intensity in a sandwich ELISA was greater than that for the non-island surface. The intensity of 0-600
ng-mL™ PICP spots showed a concentration-dependent relation and were greater overall than that for spots on non-island
surfaces.

This microfluidic ELISA system using capillary-driven flow possesses many advantages for POC situations, such as simple
operation, minimal sample consumption, and rapid results. The antibody immobilization process was performed
consecutively using laser processing, inkjet deposition, and cover film sealing. This process is driven by mechatronic
operation, which provides high throughput. This report demonstrates the potential of practical POC chip fabrication in the
future.
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