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ABSTRACT: Analytical methods with fluorescence detection are in
widespread use for detecting low abundance analytes. Here, we report
a simple method for fluorescence signal amplification utilizing a
structure of an azide-unit pendant water-soluble photopolymer
(AWP) in a microchannel. The AWP is a poly(vinyl alcohol)-based
photocross-linkable polymer, which is often used in biosensors. We
determined that the wall-like structure of the AWP (AWP-wall)
constructed in a microchannel functioned as an amplifier of a
fluorescence signal. When a solution of fluorescent molecules was
introduced into the microchannel having the AWP-wall, the
fluorescent molecules accumulated inside the AWP-wall by diffusion.
Consequently, the fluorescence intensity inside the AWP-wall
increased locally. Among the fluorescent molecules considered in
this paper, 9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl) (DDAO) showed the highest efficiency of fluorescence signal
amplification. We prepared a calibration curve for DDAO using the fluorescence intensity inside the AWP-wall, and the sensitivity
was 5-fold that for the microchannel without the AWP-wall. This method realizes the improved sensitivity of fluorescence detection
easily because the fluorescence signal was amplified only by injecting the solution into the microchannel having the AWP-wall.
Furthermore, since this method is not limited to only the use of microchannel, we expect it to be applicable in various fields.

■ 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 the early diagnosis of
serious diseases.1,2 For example, there are demands for the
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, we have

previously developed a microfluidic device (immuno-wall
device) for a highly sensitive immunoassay.9−12 Capture
antibodies were immobilized on the wall-like structure made
from an azide-unit pendant water-soluble photopolymer
(AWP-wall) in a microfluidic channel. A sandwich immuno-
assay 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, we 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 the AWP-wall as a fluorescence signal
amplifier have not been discussed. Clarifying these issues is
important for constructing a better method of signal
amplification.
Here, we report that the AWP-wall in the microchannel

plays a role of an amplifier of the fluorescence signal. Our
proposed method was based on the spontaneous concentration
by the accumulation of fluorescent molecules in the AWP-wall.
Typical concentration methods of molecules with microdevices
include using liquid−liquid extraction,13,14 nanoporous mem-
branes,15,16 and electrophoresis.17,18 Although the concen-
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tration efficiency of these methods is high, expensive external
equipment and complicated operations are required for the
concentration. In our proposed method, fluorescence signal
amplification was accomplished without external equipment or
additional operations (Figure 1). This feature is a great
advantage for analytical systems that required simplicity and
rapidness. We describe our work to characterize the AWP-wall
as a fluorescence signal amplifier in the microchannel and we
elucidate the mechanism of fluorescence signal amplification.

■ RESULTS AND DISCUSSION

The AWP-wall (40 μm × 4 mm × 40 μm) was fabricated in a
microchannel as a simple model of the fluorescence signal
amplification by an AWP structure (Figure S1). In our
previous work, we found high fluorescence intensity locally
inside the AWP-wall when alkaline phosphatase reacted with
9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl) phosphate
(DDAO phosphate) outside the AWP-wall.10 Therefore, we
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.
A 1 μM DDAO solution was injected into the microchannel
having the AWP-wall, and fluorescence intensity around the

AWP-wall was measured (Figure 2). Figure 2a,b shows 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. We clarified that
the AWP-wall worked as a fluorescence signal amplifier even if
DDAO was introduced into the microchannel having the
AWP-wall.
Next, we investigated the dependence of the DDAO

concentration on the fluorescence intensity inside the AWP-
wall. The calibration curves of DDAO were prepared using the
fluorescence intensity inside and outside the AWP-wall to
compare both sensitivities (Figure 3). The average value of the
fluorescence intensity of each pixel inside the AWP-wall was
denoted as Iwall, and that outside the AWP-wall was denoted as
Ichannel (Figure 3a). Figure 3b shows calibration curves with Iwall
and Ichannel. Iwall and Ichannel increased linearly as the DDAO
concentration increased. The slope of the calibration curve
using Iwall was about 5 times that of Ichannel (Figure 3b). The
limit of detection (LOD) of DDAO was 2.7 nM when using
Iwall. From the above results, we found that Iwall was dependent
on the DDAO concentration and it could be used for the
highly sensitive detection of DDAO.

Figure 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 μM 9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl) (DDAO).

Figure 2. Fluorescence signal amplification of DDAO by the AWP-wall. DDAO (1 μM) 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 as a function of incubation time.
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The increase in the 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 environ-
ment. The second one is the accumulation of DDAO inside
the AWP-wall. At first, to discuss the possibility of increasing
the fluorescence quantum yield of DDAO in the AWP, we
obtained the fluorescence spectrum of a mixture of the AWP
and the DDAO solution (Figure 4). After thoroughly mixing
the AWP and DDAO, 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), the
fluorescence intensity increased and the fluorescence peak
wavelength shifted slightly from 658 to 662 nm. Although
there are few reports available on the fluorescence quantum
yield of DDAO, Gong et al.19 reported that the fluorescence
intensity of DDAO was enhanced by Triton X-100 (a nonionic
surfactant). We 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 the fluorescence intensity was small, the change in
the fluorescence quantum yield of DDAO in the AWP was
judged to make a trivial contribution to the fluorescence signal
amplification by the AWP-wall.
To discuss the accumulation of fluorescent molecules in the

AWP-wall, we compared the efficiency of fluorescence signal
amplification by the AWP-wall with four fluorescent molecule
species in addition to DDAO (Figure 5). The AWP has a peak
absorption wavelength at ∼310 nm, and the autofluorescence
of the AWP could be significantly reduced by using long-
wavelength excitation light.10 Therefore, we selected fluo-
rescent 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 S2. Tris−HCl buffer containing each of the
fluorescent species individually was introduced into a micro-
channel having the AWP-wall, and Iwall and Ichannel were
obtained over time. The efficiency of the fluorescence signal
amplification of the AWP-wall was defined as Iwall/Ichannel. Iwall/
Ichannel increased over time for all fluorescent molecule species
studied, and the fluorescence signal was amplified in the AWP-
wall (Iwall/Ichannel > 1) (Figure 5a,b). Because Iwall of each
species increased gradually over time, we assumed that these
fluorescent molecules were accumulated inside the AWP-wall
by diffusion. Additionally, we clarified that the amplification of
the fluorescence signal by the AWP-wall was not a
phenomenon specific to DDAO, although DDAO showed
the highest Iwall/Ichannel at 10 min after injection (Figure 5c).
Then, we focused on the properties of fluorescent molecules

and the AWP to discuss their interactions. The AWP is a
polymer based on poly(vinyl alcohol) (PVA) (Figure S3).20

Baptista et al.21 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 the molecular size influences the ability
of a molecule to penetrate the AWP-wall. To consider these
contributions, we looked at the effects of the octanol−water
partition coefficient (log P) and the molecular weight of each
fluorescent molecule on Iwall/Ichannel and this is shown in Figure
S4. DDAO had the highest log P and the lowest molecular
weight among the fluorescent molecules we considered.

Figure 3. (a) Photograph of the fluorescence image of the AWP-wall
in a microchannel after injection of 1 μM 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. The plot of the lowest
DDAO concentration was 1 nM. Incubation time: 10 min.

Figure 4. Fluorescence emission spectra of 5 μM DDAO in the
mixture of Tris−HCl buffer (pH 8.0) and the AWP.
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Besides, there seemed to be a positive correlation between
log P (Figure S4a) and Iwall/Ichannel, and a negative correlation
between the molecular weight and Iwall/Ichannel (Figure S4b).
We 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.22 suggested that the
nitrogen atom of the pyridine moiety showed a strong
intermolecular interaction with PVA because of their electro-
static interactions and hydrogen bonding. The nitrogen atom
in DDAO may lead to a strong intermolecular interaction with
the AWP.
Lastly, the accumulation behavior of fluorescent molecules

in the AWP was investigated using another platform (Figure
S5). A sample solution of fluorescent molecules was
introduced into a well of a microplate having a 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 S5a).
By measuring the fluorescence intensity of the supernatant, we
were able to ignore the effect of the AWP environment on the
fluorescence quantum yield of fluorescent molecules. As
indicated in Figure S5b, the fluorescence intensity of the
supernatant after incubation decreased compared to the
control containing all of the fluorescent molecules. The
amount of change in the fluorescence intensity of DDAO
was the highest. These results support our hypothesis that the
accumulation of fluorescent molecules in the AWP contributes
to fluorescence signal amplification by the AWP-wall. We
found that the fluorescent molecules were accumulated in the
AWP even when it was as an AWP-wall in a microplate well.
Thus, our proposed method has good potential for extending
its applications to various fields.

■ CONCLUSIONS

We determined that the AWP-wall in the microchannel
functioned as a fluorescent signal amplifier. Among the five
fluorescent molecule species we 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 5 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 the rapid accumulation
of fluorescent molecules in the AWP-wall.
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, this method could be a new component technology
for developing a simple analytical method. We 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.

■ EXPERIMENTAL SECTION

Materials. Hydrochloric acid was purchased from FUJI-
FILM Wako Pure Chemical Corporation (Japan). Trizma base
was purchased from Sigma-Aldrich Co. LLC. A phosphate-
buffered saline (PBS; pH 7.4) solution and Alexa Fluor 647
carboxylic acid were purchased from Thermo Fisher Scientific,
Inc. ATTO 647N free COOH was purchased from Atto-Tec
GmbH (Germany). Cy3 carboxylic acid and Cy5 carboxylic
acid were purchased from Lumiprobe Corporation. DDAO

Figure 5. Evaluation of the AWP-wall as a fluorescence signal amplifier with five different fluorescent molecules. The concentration of each
fluorescent species was 1 μM. (a) Fluorescence images of the AWP-wall after injecting the solution of fluorescent molecules. Incubation time: 10
min. (b) Iwall/Ichannel as a function of time. (c) Comparison of Iwall/Ichannel among fluorescent molecules. Incubation time: 10 min.
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was purchased from Santa Cruz Biotechnology, Inc. An azide-
unit pendant water-soluble photopolymer (AWP, 6%) was
purchased from Toyo Gosei Co., Ltd. (Japan).
AWP-Wall in a Microchannel. The AWP-wall in a

microchannel was fabricated in accordance with the literature
with slight modifications.10 In short, we used a microchip
having 40 straight microchannels, which was made from a
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).
Figure S1 shows the photograph and schematic illustration of
the microchip and the AWP-wall.
Evaluation of the AWP-Wall in a Microchannel as a

Fluorescence Signal Amplifier. The fluorescent molecule
species (DDAO, Alexa Fluor 647, ATTO 647N, Cy5, or Cy3)
in 1 M Tris−HCl buffer (pH 8.0) was injected into the
microchannel having the AWP-wall quickly (∼0.5 s). 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 Cy5 filter (Keyence OP-
87766; excitation 620/60 nm, emission 700/75 nm) for
DDAO, Alexa Fluor 647, ATTO 647N, and Cy5. The exposure
time of the microscope was adjusted appropriately according
to each experiment. The fluorescence image was analyzed with
ImageJ 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.
Evaluation of the Transfer of Fluorescent Molecules

to the AWP in a Microplate. The AWP (50 μL) 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 μM concentration of fluorescent
molecule species (DDAO, Alexa Fluor 647, ATTO 647N,
Cy5, or Cy3) in 1 M Tris−HCl buffer (pH 8.0, 200 μL) was
injected into the microplate containing the AWP. After 2 h
incubation, 100 μL of the supernatant liquid in the well was
moved to an empty well (∼10 μL of a 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 the emission filter at 670/25 nm were
used for DDAO, Alexa Fluor 647, ATTO 647N, and Cy5. The
excitation filter at 540/25 nm and the emission filter at 590/20
nm were used for Cy3.
Fluorescence Spectrum of DDAO. The AWP was added

to DDAO in 1 M Tris−HCl buffer (pH 8.0). The final
concentration of DDAO in the mixture was 5 μM and that of
the AWP was adjusted to 5, 10, or 50% (v/v). After the mixing
of the DDAO solution and the AWP by a 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 ex-
citation wavelength was 620 nm.

Prediction of the Octanol−Water Partition Coeffi-
cient. The 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.23
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