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Abstract

A rapid and sensitive enzyme-linked immunosorbent assay (ELISA) is required for on-site clinical
diagnosis. Previously, a microfluidic ELISA in which antibody-immobilized beads are packed in a
microchannel for a high surface-to-volume (S/V) ratio was developed, but utilizing beads lead to
complicated fluidic operations. Recently, we have reported nanofluidic ELISA that utilizes antibody-
immobilized glass nanochannels (10>-10° nm) to achieve high S/V ratio without beads, enabling even
single-molecule detection, but it is not applicable to clinical diagnosis owing to fLL sample volume
much smaller than nL-puL. sample volume in clinical diagnosis. Here, we propose an antibody-
immobilized, thin-layered microfluidic channel as a novel platform. Based on the method of
nanofluidic ELISA, the channel width was expanded from 103 nm to 10° mm to expand the volume of
the reaction field to 10% nL, while the channel depth (103 nm) was maintained to retain the high S/V
ratio. A device design which incorporate a taper-shaped interface between the thin-layered channel
and microchannel for sample injection was proposed, and the uniform introduction of sample into the
high-aspect-ratio (width/depth ~ 200) channel was experimentally confirmed. For the proof of concept,
a thin-layered ELISA device with the same S/V ratio as the bead-based ELISA format was designed
and fabricated. By measuring a standard C-reactive protein solution, the working principle was verified.
The limit of detection was 34 ng/mL, which was comparable to bead-based ELISA. We believe the
thin-layered ELISA can contribute to medicine and biology as a novel platform for sensitive and rapid

ELISA.

(247 words)
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1. Introduction

Sensitive and rapid analysis of proteins is required for on-site clinical diagnosis. For example, an
increasing demand exists for sensitive detection (~ng/mL) of biomarker proteins (PSA, Her2, etc.) for
early diagnosis of severe diseases (e.g., cancers).!?> Enzyme-linked immunosorbent assay (ELISA) is
a widely used method of quantifying proteins due to its high reproducibility and selectivity.? However,
conventional 96-well plate ELISA requires multiple washing steps and long incubation times for each
step of the reaction, making the assay laborious and time-consuming (typically, half-a-day for the total
assay time). Therefore, a sensitive and rapid ELISA format is required.

To meet this demand, miniaturization of ELISA using microfluidic devices has been investigated.*
10 Microfluidics has many advantages over conventional macroscale chemistry, including faster
reaction due to limited diffusion length, ease of automation, reduced amount of precious and expensive
reagents, etc.'! In 2000, we reported the first format for microfluidic ELISA that utilizes packed beads
in a microfluidic channel.* Highly sensitive (~ng/mL) and rapid (12 min) quantification has been
achieved by increasing the surface-to-volume (S/V) ratio 102-fold (compared to a 96-well plate) with
packing of antibody-immobilized beads in the microfluidic channel.’> This format was applied for
detection of Immunoglobulin A,* Immunoglobulin E, Interferon v,° carcinoembryonic antigens’ and
brain natriuretic peptide® and has already been commercialized. Also, this beads-based format is
reported using magnetic beads,’ or in a centrifugal microfluidic layout.!® However, some operational
issues exist including a requirement for a complicated fluidic system for filling in/out of beads and
difficulties with removing bubbles in between the densely packed beads.

Those issues can be solved by creating a high S/V reaction field without packing beads, and some
bead-free formats for microfluidic ELISA have been proposed.'>'® In one case, a microfluidic channel
with an antibody-immobilized surface is used as a reaction field.!>"'® Although this method enables
operation without a complicated fluidic system and easy removal of bubbles, the S/V ratio is still lower
(10'-fold of a 96-well plate) than the bead-based format (10%-fold of a 96-well plate). Although some
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methods to increase the sensitivity in this format are (e.g. enhancing the enzymatic amplification by
modifying the detection antibodies)'® are proposed, to realize high detection sensitivity in such low-
S/V-ratio reaction field, long incubation time (typically >30 min.) is required for each step, leading to
a long assay time (~h) Another method that uses 3-dimensional hydrogel co-polymerized with
antibody-immobilized solid supports was proposed.'”-'® Although this method achieves a high S/V
inside the hydrogel (>102-fold of a 96-well plate) and is free from operational difficulties, the increase
in the S/V ratio is limited to the hydrogel, and could lead to potential escape of the analyte protein.

On the other hand, our group has expanded research on microfluidics to the even smaller space of
10'-103 nm, which we designate as an extended nanospace. We have established a fabrication method
on a glass substrate of well-regulated nanochannels,!® a fluidic control method by external pressure,?°
and a surface control method by bottom-up modification.?! Based on those basic technologies, we have
recently developed a nanofluidic ELISA.?? Utilizing the high S/V reaction field of the nanochannel
(103-fold of a 96-well plate), the nanofluidic ELISA can capture target antigens quickly (<1 min) and
efficiently (almost 100%) and enables even single-molecule detection. Although this is a powerful tool
for analyzing ultra-small amounts of proteins (e.g., proteins from single cells), this device is not
applicable to clinical diagnosis due to the ultra-small size of the nanochannels. The reaction field of
nanofluidic ELISA is picoliter range and makes analysis time unrealistic (~500 h) for processing
clinical sample volumes (102-103 nL). Although analyzing a small portion (picoliter range) of the
sample is a possible solution, analysis of a diluted sample is difficult due to the limited number of
molecules inside the sample (10° pL x 10° pM = 0.6 molecule). Therefore, a novel ELISA format that
has both a nanoliter-volume reaction field and high S/V is desired.

Here we propose a novel format for thin-layered microfluidic ELISA by expanding the concept of
nanofluidic ELISA. A millimeter-wide and micrometer-deep thin layer formed by a glass
microchannel was utilized as a nanoliter volume and high S/V reaction field for ELISA. To introduce

the sample evenly into the high-aspect-ratio (width/depth = 103) channel, a device design which
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incorporate a taper-shaped interface between the thin-layered channel and microchannel for sample
injection was proposed. In this proof-of-concept study, fluidic control and introduction of the sample
were first confirmed using fluorescent molecules. Then, by measuring a standard C-reactive protein
(CRP) solution, the working principle of thin-layered ELISA was verified, and the detection

performance was evaluated.

2. Concept and Principle
2.1. Concept behind the thin-layered microfluidic ELISA

Figure 1 shows a comparison of the reaction fields of bead-based ELISA,* thin-layered ELISA, and
nanofluidic ELISA.?> Bead-based ELISA has antibody-immobilized beads (diameter: 40 um) in a
microchannel with a width/depth of 10? um, enabling rapid and sensitive detection of analyte proteins
due to a high S/V reaction field (10> m™!). This format has a reaction field volume of 10> nL, which
can be used to process a clinical sample volume (10%-103 nL) and has been used in on-site blood tests
of inflammation* and allergy.> However, a simpler format without beads is required for further
robustness of operation. On the other hand, the nanofluidic format??> uses an antibody-immobilized
nanochannel with a width/depth of 10>-10° nm, enabling single-molecule detection due to an ultra-
high S/V (10°® m™!) reaction field without beads. However, the volume of the reaction field is 10° pL,
and this format cannot be used to process clinical sample volumes.

As shown in Figure 1, we propose a thin-layered ELISA by expanding the concept of nanofluidic
ELISA and aiming for a reaction field with a high S/V (10°-10° m™!) and large volume capacity (10?
nL) without beads. From the nanofluidic ELISA format, the channel width and length were expanded
103- and 10'-fold, respectively, to increase the volume. The channel depth was maintained as the S/V
ratio of the reaction field is determined only by channel depth and is not dependent on channel width
(as details in the calculation described in the experimental section).

The high-aspect-ratio (width/depth = 10°) of the ELISA reaction field is created on glass due to its

5
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high morphological stability, rigidity, optical transparency, resistance to a wide range of solvents,?
and availability of high-density surface modification by silane coupling reagents.>*
2.2. Conceptual design and working principle

As shown in Figure 2(a), the thin-layered microfluidic ELISA was designed based on the
methodology of micro unit operation (MUQ), which was established by our group.>> The flow of the
conceptual design is as follows: (1) A flow chart of chemical process was formulated, (2) The flow
chart was divided into unit operations (e.g., antigen-antibody reaction, bound/free separation, etc.), (3)
Unit operations were converted into MUOs, which are the unit operations realized in microspace, and
(4) Finally, the MUOs are integrated into a microfluidic device.

Figure 2(b) shows an overview of the thin-layered microfluidic ELISA. A thin-layered channel is
located on the center of the device, connecting two microchannels for sample injection (transporting
channels). A taper-shaped interface was attached to the inlet and the outlet of the thin-layered channel
to introduce the sample solution evenly into a high-aspect-ratio channel and to detect most of the
reacted substrates collectively by optical detection. Reagents are transported from reagent vials to the
thin-layered channel via the transporting channels by external pressure. Using two pressure controllers,
the direction of the flow in the thin-layered channel can be controlled, which is important when
switching reagents. While replacing the reagent in the transporting channel, the thin-layered channel
can be protected from contamination by introducing wash buffer from the other side. Capture
antibodies are immobilized on the center of the thin-liquid layer channel (antibody-immobilized region,
pink-colored zone in Figure 2(b)), and this antibody-immobilized region functions as the reaction field
of ELISA.

The bottom of Figure 2(b) shows the working principle of the thin-liquid ELISA based on the flow
chart described in Figure 2(a). The flow of the assay is as follows: (i) For analyte capture by the
antigen-antibody reaction, analyte proteins are introduced into the thin-layered channel. While passing

through the antibody-immobilized region, the analyte proteins interact with the capture antibodies and
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are probabilistically captured. (ii)) For bound/free separation, wash buffer is introduced, and the
channel is washed thoroughly to remove non-specific binders of analyte proteins or enzyme-labeled
antibodies. (iii) For antigen-antibody reaction, enzyme-labeled antibody is introduced into the thin-
layered channel, and the sandwich structure of the capture antibody, analyte protein, and enzyme-
labeled antibody is formed. (iv) For bound/free separation, wash buffer is introduced again. (v) For the
enzymatic reaction, the channel is filled with substrate solution, and the flow is stopped for the
enzymatic reaction, allowing accumulation of the colored substrates. (vi) For detection, the flow is re-
started, and the colored substrates generated by the enzymatic reaction are detected downstream as a
peak by a detector.

The time window of the colored substrates on the antibody-immobilized region (pink zone in
Figure 2(b)) to reach the detection point can be calculated from the flow velocity. The peak, whose top
is located within the time window, is recognized as a specific signal peak, and the other peaks are

considered non-specific peaks. The height of the specific signal peak is taken as the ELISA signal.

3. Experimental
3.1. Materials

Borosilicate substrates with thin-layered microfluidic ELISA channels were purchased from the
Institute of Microchemical Technologies, Co., Ltd. (Kawasaki, Kanagawa, Japan). (3-aminopropyl)
triethoxysilane (APTES) and ethanolamine were purchased from Sigma Aldrich (St. Louis, MO, USA).
Bovine serum albumin (BSA) was purchased from Johnson and Johnson (New Brunswick, NJ, USA).
CRP and anti-CRP mouse IgG were purchased from Oriental Yeast, Co. Ltd. (Tokyo, Japan) and used
as an analyte protein and a capture antibody respectively. Glutaraldehyde was purchased from
Fujifilm-Wako Pure Chemical, Co. Ltd. (Tokyo, Japan). Horseradish peroxidase (HRP)-conjugated
anti-CRP monoclonal antibody was purchased from Abcam (Cambridge, UK) and used as an enzyme-

labeled antibody. Premixed solution of 3,3',5,5'-tetramethylbenzidine and hydroperoxide solution
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were purchased from Seracare Life Sciences, Inc. (Milford, MA, USA) and used as a substrate solution.
Silane-polyethylene-glycol (PEG, molecular weight = 5,000) was purchased from Nanocs (New York,
NY, USA).
3.2. Design of thin-layered microfluidic ELISA device

Figure 3(a) shows the detailed design of the thin-layered channel. As a first step of verification,
the S/V ratio of the thin-liquid layer ELISA device was matched with that of the bead-based ELISA to
compare the detection performance. The S/V ratio of the thin-layered microfluidic ELISA was
calculated according to the equation below:

The area of the functional surface(um?)

S/V ratio = #(1)
The volume of the reaction field(um?3)
Lw
=Iwd #(2)
1
=7 #(3)

where L represents the length of the functional surface, I represents the width of the channel, and
d represents the depth of the channel.

In the bead-based format, the S/V ratio was calculated as below:

S/V ratio =

#(4
Vchannel(l _p) ( )

where N represents the number of embedded beads, a represents the total area of a bead, Ve juuner
represents the volume of the bead-packing part of the microchannel, and p represents the packing factor.
N is calculated as follows:

Vchannel p
N=————#(5)
Vbead

where Vj..q represents the volume of a bead. Also, the area and the volume of a bead can be

calculated as:

4
Vbead = 57‘1’1‘3 #(6)
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a= 4nr*#(7)
where r represents the radius of a bead. Thus, finally, the S/V ratio of the bead-based format is

calculated as follows:

ap
Vhead(1 —p)
3 p
r(1-p)

S/V ratio = #(8)

#(9)

From this calculation, the S/V ratio of the bead-based format was 0.19 um™' using a bead radius r
= 20 um and packing factor p = 0.56. Using equation (3), the depth of the channel of thin-layered
microfluidic ELISA was determined to be 5.2 um to match the S/V ratio with that of the bead-based
ELISA.

To introduce the sample evenly into the broad thin-liquid layer channel, the taper-shaped channel
was attached to the inlet and outlet of the thin-layered channel. The widths of the narrow part and wide
part were set to 50 um and 1000 pum, respectively. The length of the antibody-immobilized region was
set to 10 mm to match the bead-based ELISA. The final design of the thin-layered ELISA is shown in
Figure 3(a).

3.3. Fabrication and surface modification

The borosilicate substrates with the designed channel were purchased from the Institute of
Microchemical Technologies, Co., Ltd. For surface modification and bonding of the substrates, the
low-temperature bonding method developed by our group?' was used. Briefly, APTES (Sigma
Aldrich) was modified on the cover substrate using vapor phase modification. Subsequently, the
modified surface of APTES was partially removed with vacuumed-ultra-violet light. Then, the two
substrates were bonded and heated at 110 °C for 3 h. The fabricated device is shown in Figure 3(b).

Antibody was immobilized on the channel surface according to the reported procedure.?! Briefly,
the remaining APTES was first activated by flowing 2.5% glutaraldehyde/borate buffer for 1.5 h. Then,

the captured antibody was immobilized by flowing 25 pg/mL anti-CRP mouse IgG (Oriental Yeast)
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in phosphate-buffered saline (PBS) for 1 h. Unreacted sites were quenched by ethanolamine by flowing
5 M ethanolamine/PBS for 10 min. To prevent non-specific adsorption of analyte proteins and enzyme-
labeled antibodies, the channel was modified with PEG by flowing 1.0 mg/mL silane-PEG (molecular
weight = 5,000, Nanocs) for 1.5 h before the immobilization of antibodies. The channel was also coated
with BSA by flowing 2.0% BSA/PBS for 30 min just before the experiment. The schematic of the
surface treatment of the thin-layered channel is shown at the bottom of Figure 3(a).
3.4. Experimental setup

The device was set in the device holder. The two inlet holes of the device were connected to reagent
vials, pressure controllers (MFCS-EZ, Fluigent, Paris, France), and an air compressor using capillaries
(ICT-55P, Institute of Microchemical Technologies, Tokyo, Japan), connectors (UF-C, Institute of
Microchemical Technologies, Tokyo, Japan), and o-rings (AS001, Air Water Mach, Inc., Nagano,
Japan), respectively. The liquid inside the channel was controlled by external pressure. For the readout
of ELISA, a microscope Eclipse 801 (Nikon Corporation, Japan) equipped with our original detector,
a differential interference contrast thermal lens microscope (DIC-TLM)?¢ was used. A fluorescence
microscope [X-71 (Olympus, Tokyo, Japan) was used for visualization of the flow.
3.5. Measurement of standard CRP solution with thin-layered microfluidic ELISA

Standard CRP solution (50 nL of 0.0-3.3 pg/mL) was introduced into the thin-layered channel, and
subsequently, the channel was washed with wash buffer (2.0% BSA, 0.05% Tween-20 in PBS). Then,
1.4 uL of 0.1 pg/mL enzyme-labeled antibody solution (dissolved in PBS) was introduced, and
subsequently, the channel was washed with wash buffer. After washing, 1.8 pL substrate solution
(Sure Blue, Seracare Life Sciences) was introduced, and the flow was stopped for 30 s for enzymatic
reaction. Finally, the flow was re-started, and the colored substrates generated by the enzymatic
reaction were detected downstream with the DIC-TLM?® (excitation beam at 660 nm, 20 mW, probe

beam at 532 nm, 1.5 mW).

10



Page 11 of 28 Analyst

oNOYTULT D WN =

4. Results and Discussion
4.1. Confirmation of fluidic control in the thin-layered channel

To investigate the uniform introduction of solutions in the high-aspect-ratio channel of the thin-
layered microfluidic ELISA device, the movement of the fluid was visualized with a fluorescent
solution. Initially, 1 pM sodium fluorescein/PBS and wash buffer were introduced into the two
transporting channels, and the thin-layered channel was filled with wash buffer by applying external
pressures of 50 kPa and 70 kPa for the fluorescein solution and wash buffer, respectively. When the
external pressure for the wash buffer was turned off, as shown in Figure 4(a), introduction of the
fluorescent solution into the thin-layered channel was observed. Figure 4(c) shows the time course of
fluorescence images when the fluorescent solution was introduced into the thin-layered channel by
applying 50 kPa. A plug-like edge of the fluorescent solution was observed although the sides of the
channel were curved due to the longer travel distance in the sides. Thus, uniform introduction of the
sample solution into the high-aspect-ratio thin-layered channel via the taper-shaped interface was
confirmed.

Then, the controllability of flow velocity in the thin-layered channel was investigated. The average
velocity was determined using the arrival-time difference of the fluorescent solution at two different
points in the thin-layered channel as shown in Figure 4(a). Figure 4(b) shows the typical time-course
monitoring of fluorescence intensity at two different points when 50 kPa is applied. A sharp increase
in fluorescence intensity was observed at different time points with different location points. The
average velocity was calculated by dividing the distance between the two different points (L [mm]))
by the time difference of the onset of the fluorescence increase (¢ [s]). Figure 4(d) shows the average
velocity plotted against the applied external pressure (50, 100, 150 kPa). We confirmed that the average
velocity was linearly correlated with the applied pressure. Thus, good controllability of the flow
velocity (1.1-3.4 mm/s) in the thin-layered channel by external pressure (50-150 kPa) was confirmed.

Based on this result, a sequence of external pressures for ELISA was designed and programmed using

11
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the software (script module of MAESFLO313) for MFCS-EZ (Fluigent).
4.2. Verification of the working principle by measuring the standard CRP solution

The working principle of thin-layered microfluidic ELISA was investigated by measuring standard
solutions (0.0-3.3 pug/mL) of CRP. The procedure for measurement is as follows. Initially, two
transporting channels and a thin-layered channel were filled with wash buffer. For the start of (i)
antigen-antibody reaction, the standard solution of CRP was injected into one of the transporting
channels by applying 200 kPa for 70 s while the thin-layered channel was protected by the counterflow
of wash buffer by applying 250 kPa. Then, 50 nL standard solution was introduced into the thin-layered
channel by applying 100 kPa for 6 s. Then, for (ii) bound/free separation, the thin-layered channel was
washed by wash buffer at 200 kPa for 20 s. For (iii) antigen-antibody reaction, 0.1 ng/mL HRP-labeled
antibody solution was injected into the microchannel by applying pressure (200 kPa) for 70 s, and
subsequently the HRP-labeled antibody was introduced into the thin-layered channel at 300 kPa for 40
s. For (iv) bound/free separation, the thin-layered channel was washed with wash buffer at 200 kPa for
20 s. For (v) enzymatic reaction, the substrate solution was injected to the transporting channel by
applying 200 kPa for 90 s. Then, the substrate solution was introduced into the thin-layered channel at
340 kPa for 80 s, and the pressure was turned off and the flow was stopped allowing for the enzymatic
reaction. After 30 s, for (vi) detection, the substrate solution was introduced again at 340 kPa, while
the light absorption at 660 nm due to the colored substrate was monitored downstream with DIC-
TLM.?¢ The signal was obtained within 6 s after restarting the flow. The timing for each step of the
assay was summarized in table 1. The time for each micro unit operation (MUO) can be divided into
the time to inject reagent in microchannel (injection time) and the time for operation (operation time).
While the operation time is essentially required to realize the assay, the injection time can be reduced
by improving the device design. The total assay time was ~7 min for single sample, which is
comparable to the beads-based microfluidic ELISA (12 min)’ and faster than the microfluidic ELISA

methods without using beads (~h.).!
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Figure 5 shows the time course signal of light absorption by DIC-TLM. Specific signal peaks and
non-specific signal peaks were distinguished using the time window of the antibody-immobilized
region. When the peak top was inside the time window of the antibody-immobilized region, the peak
was considered to be a specific signal peak. When the peak top was outside of the time window, the
peak was considered to be a non-specific signal peak. As a result, no peaks were observed outside the
time window, suggesting that the surface blocking of the nanochannel using PEG (MW = 5,000) and
BSA successfully prevented non-specific adsorption of CRP or the HRP-labeled antibody outside the
antibody-immobilized region. On the other hand, a non-zero signal was obtained from the blank
measurements. This can be attributed to non-specific adsorption of the HRP-labeled antibody to the
antibody-immobilized region, where the surface is covered mostly with APTES instead of PEG.

All the specific signal peaks were observed at the location close to the later edge of the time
window, and no other peaks were observed within the time window. Considering that the later edge of
the time window corresponds to the inlet edge of the antibody-immobilized region, these results
suggest that most of the analyte was captured immediately after entering the antibody-immobilized
region. This observation supports the possibility that the antibody-immobilized thin-layered channel,
which has a high S/V reaction field without beads, can efficiently capture target proteins.

As shown in Figure 5, the heights of specific signal peaks were correlated with the concentration
of CRP. Thus, the working principle of thin-layered ELISA was verified. The heights of specific signal
peaks were defined as signal values, and as shown in Figure 6(a), a calibration curve was obtained by
plotting signals against concentration. The limit of detection (LoD) was 34 ng/mL using the standard
deviation of blank measurements (3.3c). The obtained LoD was lower than the general cut-off values
of CRP (1.0 or 3.0 pg/mL), which are the threshold values used for categorize the patients according
to the future risk of cardiovascular events; <1.0 pg/mL for low risk, 1.0 - 3.0 pug/mL for intermediate
risk, and >3.0 pg/mL for high risk.?” Thus, the thin-layered ELISA achieved sufficient sensitivity for

usage in clinical diagnosis without beads.
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To compare the detection performance of thin-layered ELISA with the commercialized bead-based
ELISA, a series of standard CRP solutions with different concentration (0.0-4.0 ug/mL) was measured
with bead-based ELISA*8. As shown in Figure 6, a calibration curve was obtained by plotting peak
heights against concentration, and the LoD was 12 ng/mL. The LoD of thin-layered ELISA (34 ng/mL)
was comparable to that of bead-based ELISA (12 ng/mL) using the standard deviation of blank
measurements (3.3c). This result suggests that when the S/V ratio is matched, the thin-layered ELISA
can, without beads, detect proteins with similar sensitivity as the commercialized bead-based ELISA.
Also, this result supports the concept that the S/V ratio is the determinant of detection sensitivity, and
thus, comparable detection performance was achieved without beads.

Based on the concept that detection sensitivity can be controlled by the S/V ratio of the reaction
field, thin-layered ELISA has the potential to further improve the detection sensitivity. In thin-layered
ELISA, the S/V ratio of the reaction field is inversely proportional to the channel depth as shown in
the experimental section. The depth of the current version of the thin-layered channel is 5.2 um, and
an additional decrease is possible, considering that the depth of nanofluidic ELISA?? is ~800 nm. As
almost 100% capture of target proteins and single-molecule-level sensitive detection were confirmed
in nanofluidic ELISA, decreasing the depth of thin-layered ELISA will potentially increase the S/V
ratio further and enable the detection of even lower concentrations of proteins (e.g., pg/mL), which are
difficult to detect by current ELISA systems. To realize an even thinner thin-layered channel, we
consider that a device made of glass would be an important factor. The high morphological stability
of glass® prevents channels from swelling even when the aspect ratio of the channel is high
(width/depth >200), and the availability of high-density modification of antibodies (~100
molecules/um?)?! on a glass surface using silane coupling reagents is expected to contribute to the
efficient capture of target proteins.

In medicine, potential needs for ultra-low detection of proteins exist. For example, detection

of pg/mL or lower concentrations is required for early detection of cancer, because a large number of
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important cancer biomarkers exist at very low levels at early stages of cancer?®. Moreover, ultra-low
detection levels are also important for the immediate detection of relapse after cancer treatment®®. For
such purposes, several potential analytical methods have been developed. For example, liquid
chromatography-mass spectrometry (LC/MS) is a high-standard methodology enabling both
quantitative and qualitative analysis.?*3? However, in perspective of time for analysis, it requires time-
consuming pre-processing including reduction, alkylation, and digestion of proteins,®'? and thus is
currently more oriented for basic research of biology. On the other hand, immunoassay can accomplish
sensitive and selective detection of the target protein more rapidly than analysis using LC/MS. For
example, bulk immunoassay combined with surface enhanced Raman spectrometry (SERS)* or
surface plasmon resonance (SPR)3* detection were developed to achieve highly-sensitive detection of
CRP at ng/mL However, the long incubation time (~1 h) for antigen antibody reaction is necessary
owing to low S/V ratio of the reaction field. To increase the S/V ratio, microfluidic approach is
beneficial. Beads-based microfluidic approaches, where the antibody immobilized beads are packed
in the microchannel for reaction, have high S/V ratio (10%-fold of a 96-well plate) and can realize
sensitive (ng/mL) and rapid (12 min.) detection,*> but it requires complicated fluidic operation.
Meanwhile, approaches without using beads, where the capture antibodies are immobilized on the
microchannel wall, are free from the complication of fluidics caused by beads, but as the S/V ratio is
10!-fold of a 96-well plate and lower than the beads-based approach, long incubation time (~30 min.)
is necessary for highly-sensitive detection, leading to the long assay time (~h).'® Compared to those
approaches, the thin-layered ELISA, presented in this study, has high-S/V-ratio reaction field (more
than 102-fold of a 96-well plate) and achieved detection of CRP at LOD of 34 ng/mL within 10 min.
Furthermore, as mentioned above, the detection sensitivity can be further increased by downsizing the
depth of the channel. Though the method requires fluidic control with high pressure (up to 400 kPa)
for operation, we believe the thin-layered ELISA can contribute to medicine and biology as a novel

platform of sensitive and rapid ELISA. In order to achieve such applications, the optimization of the
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assay conditions including S/V ratio of the channel, blocking conditions, concentration of HRP-labeled
antibody, velocity of sample introduction and duration of B/F separation are required, and it will be

reported in future work.

5. Conclusions

To realize sensitive and rapid ELISA without beads, we propose a thin-layered microfluidic
ELISA as anovel platform based on our original nanofluidic ELISA. A thin-layer microfluidic channel
with millimeter width and micrometer depth was designed to create the reaction field for a large
volume (102 nL) and high S/V (10°-10° m™!), which will lead to large-volume capacity (10>-10° nL)
and high detection sensitivity (ng/mL), respectively. For the proof of concept, a thin-layered
microfluidic channel (1.0 mm wide and 5.2 um deep) with a taper-shaped channel interface was
designed and fabricated on borosilicate substrates. Uniform introduction of sample solution into the
high-aspect-ratio (200:1) channel was confirmed by visualization of the flow of a fluorescent solution.
By measuring a standard CRP solution, the working principle of thin-layered ELISA was verified. The
limit of detection (34 ng/mL) was comparable to that of the commercialized bead-based ELISA (12
ng/mL), whose reaction field has the same S/V ratio. Thin-layered ELISA has the potential to further
improve the detection sensitivity by further increasing the S/V ratio with lower depth. We believe that
thin-layered ELISA can contribute to medicine and biology as a novel platform of sensitive and rapid

ELISA.
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Figure captions

Figure 1. Concept of thin-layered microfluidic ELISA.

Figure 2. (a) Conceptual design and (b) working principle of the thin-layered microfluidic ELISA

device. Ag, Ab, and B/F represent antigen, antibody, and bound/free, respectively.

Figure 3. Detailed design and fabricated thin-layered microfluidic ELISA device. (a) Detailed design

and surface coating of the thin-layered channel. (b) Photographic images of the fabricated device.

Figure 4. Confirmation of fluidic control by visualization of the flow of a fluorescent solution. (a)
Schematic diagram showing monitoring of the fluorescence intensity. (b) Time course of
fluorescence intensity at positions A and B. The time difference of the onset of the fluorescence
increase was used to calculate the velocity. (c) Typical time course of fluorescence images when 50

kPa is applied. (d) Average velocity plotted against the applied pressure.

Figure S. Obtained ELISA signal from measurement of a standard CRP solution. The concentrations

of CRP are at (a) 0.0 ug/mL, (b) 0.4 pg/mL (c) 1.0 pg/mL and (d) 3.3 pg/mL.

Figure 6. Comparison of the calibration curve of CRP measurement by (a) thin-layered microfluidic

ELISA and (b) Beads-based microfluidic ELISA. Error bars represent 2c (N = 3).
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Table 1. Timing for each step of the assay by 6 MUOs. The time for each MUO is divided into the
time to inject reagent in microchannel (injection time) and the time for operation (operation time)

No. MUO Injection time (s) Operation time (s) Total (s)
(i) Ag-Ab reaction 70 6 76
(i1) B/F separation 0 20 20
(ii1)) Ag-Ab reaction 70 41 111
(iv) B/F separation 0 20 20
(v) Enzymatic reaction 170 30 200
(vi) Detection 0 6 6
Total 310 123 433
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An antibody-immobilized thin-layered glass microfluidic channel with the high surface-to-volume

ratio was developed for rapid and sensitive enzyme-linked immunosorbent assay.
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