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A fully automated and integrated chemiluminescence immunoassay, carried out on a compact disc (CD)-
type microfluidic platform, for the detection of alkylphenol polyethoxylates (APnEOs) is described. The
pattern of the CD-type microchip was designed so as to permit the sequential solution delivery of the
sample solution, the washing solution and the luminol solution, which are required in the chemilumi-
nescence immunoassay process, along with a designed rotation program for spinning the CD-type
microchip. The procedure for flowing the washing solution, the volume of which was limited on the CD-
type microchip, was optimized by using a recycled spinning-pausing rotation program to overcome the
non-specific adsorption of the horseradish peroxidase labeled APnEOs at the detection area. The
detection limit of the immunoassay is about 10 ppb.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Research on analytical techniques using CD-type or centrifugal
platforms has progressed in last decades [1-6], and has resulted in
an increasing recognition of the potential of the technique for use
in biochemical analyses. Various laboratory functionalities such as
sampling, mixing, metering, reaction and detection can be inte-
grated on a CD-type microchip, and many analytical processes
such as immunoassays, nucleic acid assays, and flow analyses can
be accomplished using specifically designed CD-type microfluidic
platforms. The solutions, which are located in corresponding
reservoirs, are delivered by the centrifugal force generated from
the rotation of the disc through the microchannel. This delivery
system does not require any additional components such as
pumps, sample tubes as well as switch valves. An analytical system
fabricated on a CD-type microfluidic platform represents the latest
innovation in the development of flow based analytical chemistry,
since, as opposed to many other techniques, the solutions can be
delivered without pumping systems, compared with common
microchips.

Polydimethylsiloxane (PDMS) is one of the most widely used
materials for fabricating a CD-type microfluidic platform as well as
a common microchip, due to its unique properties such as excellent
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transparency, good thermal and oxidative stability, ease of fabrication
and the fact that sealing can be accomplished with various materials.
However, the hydrophobic property of PDMS continues to pose a
barrier that needs to be overcome ifa analytical process on a PDMS-
based CD-type microfluidic platform is to ne generally applied, since
the non-specific adsorption of proteins on the surface of the micro-
channel walls can occur, due to the fact that the hydrophobicity of
PDMS can influence the quantification of analytes [7]. In order to
decrease the adsorption of proteins, many attempts have been made
to modify the surface of the PDMS-based microchip from hydrophobic
to hydrophilic through plasma treatment and silanization [8-12],
chemical vapor deposition [13,14], curing with co-polymers [15-18],
polymer grafting [19-32] as well as modification with nanoparticles
[33-35]. Although the physical adsorption of proteins can be
decreased to a certain degree compared with the bare PDMS surface,
the procedure used for the surface modification makes the technique
more complicated, which introduces additional difficulties associated
with the preparation of the microchip. As a result, the modified layers
are sometimes unstable and recycling becomes limited.

In our previous study [36], we carried out a semi-batch
chemiluminescence immunoassay for the determination of a type
of widely used nonionic surfactants, namely, alkylphenol poly-
ethoxylates (APnEOs) using a CD-type microchip. A series of
biodegradation products produced from these surfactants are
suspected to act as endocrine disrupters, and there a number of
methods for the determination of APnEOs have been reported,
including chromatography [37-47], ELISA [48], sequential injection
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analytical (SIA) systems [49] and related techniques. Since the most
of them are somewhat time-consuming and tedious, in order to
develop a more rapid and simpler analytical method for APnEOs, we
proposed a chemiluminescence immunoassay on a CD-type micro-
chip for APnEOs in our previous paper [36]. However, one problem
is that the washing efficiency for removing the non-specifically
adsorbed HRP-labeled APnEOs (abbreviated as HRP-APnEOs) from
the detection area is very low. Because of this, it was necessary to
carry out the washing operation separately in a test tube and it was
not possible to integrate the entire analytical process on the CD-
type microchip.

In this study, a specifically designed rotation program was used
to deliver the washing solution, thus improving washing efficiency
by using a limited volume (~250 pL). This permits the entire
chemiluminescence immunoassay process to be carried out on one
CD-type microchip. The proposed method has the advantages of
integration, miniaturization, simplicity of operation, portability
and it is low-cost. This is the first report concerning improving
washing efficiency by controlling the flow of the washing solution
on a CD-type microchip. The developed analytical system has the
potential for use in monitoring APnEOs as well as other low
molecular weight analytes which can also be detected by chemi-
luminescence immunoassay methodology in environmental water
samples.

2. Experimental
2.1. Design of CD-type microfluidic platform

Fig. 1 shows the 1/6 part of the CD-type microfluidic platform.
The reservoirs are used for storing the solutions, and are linked to
the detection area by microchannels. Fig. 2(a) shows the initial
state of the microfluidic platform. A sample solution (containing
HRP-APnEOs at a constant concentration and APnEOs at different
concentrations), a washing solution (pH 8.4 Tris-HCl buffer con-
taining a surfactant, Tween 20 at 0.1 wt%) and a luminol solution
(containing p-iodophenol, hydrogen peroxide) are placed in reser-
voirs 1, 2 and 3 respectively. A U-turn shaped microchannel
functions as the detection area located downstream, where an
anti-APnEOs antibody immobilized magnetic microbeads was
previously inserted and fixed by a permanent magnet imbedded
in the substrate platform.

The chemiluminescence immunoassay for APnEOs involves
3 steps. In the 1st step, the sample solution in reservoir 1 flows
as the result of the centrifugal force caused by the rotation of the
microfluidic platform, and a part of the sample solution is main-
tained in the detection area due to the equal actions of the
centrifugal force at the two ends of the solution in the U-shaped

microchannel. The competitive immunoreaction between the
HRP-APnEOs and the free APnEOs in the bulk solution and the
anti-APnEOs antibody immobilized on the surface of magnetic
microbeads occurs in the detection area, as shown in Fig. 2(b).

In the 2nd step, the washing solution in reservoir 2 flows across
the detection area to remove HRP-APnEOs that are non-specifically
adsorbed on the surface of the magnetic microbeads and the
PDMS walls of the microchannel, as shown in Fig. 2(c). In this
research, in order to increase washing efficiency for the non-
specifically adsorbed HRP-APnEOs, the washing solution in reser-
voir 2 is allowed to flow by a recycled spinning-pausing rotation
program, details of which are discussed below.

In the 3rd step of the chemiluminescence immunoassay, the
luminol solution in reservoir 3 flows across the detection area by
the rotation of the platform. Similarly a part of the luminol
solution is retained in the U-turn shaped microchannel, and due
to the activity of the HRP enzyme, the luminol in the solution is
oxidized to the excited state, which will transfer to the ground
state immediately and emit a chemiluminescence signal at the
same time, as shown in Fig. 2(d). The intensity of the chemilumi-
nescence signal can be used for quantification, since it is propor-
tional to the amount of the HRP-APnEOs-antibody complex on the
surface of the magnetic microbeads which is determined by the
concentration of the free APnEOs in the sample solution.

As has been explained in detail in many previous reports, as
well as in the Supporting information of this report, the rotation
speed required for the delivery of the solution in a certain
reservoir is determined by a series of parameters such as the
distance between the outlet of the reservoir and the center of the
platform, the cross sectional size of the microchannel, the height
of the solution in the reservoir in the radial direction, the surface
property of the solution and so on. In this research, in order to for
the sample solution, the washing solution and the luminol solu-
tion to sequentially flow through the detection area, the related
parameters mentioned above of each reservoir must be adjusted
(see Supporting information). To observe the conditions of the
solution in reservoirs 1, 2 and 3 during the rotation of the CD-type
microchip, 44 pL and 250 pL of 0.5 mM Rose Bengal solutions
(0.1% Tween 20) were placed in reservoirs 1 and 2 respectively,
and a 12 pL aliquot of the 0.5 mM Rose Bengal solution without
Tween 20 was placed in reservoir 3. The CD-type microchip was
set on a turn table (fabricated by Kyushu Keisoku Co., Ltd., Japan),
and its speed of rotation was controlled by the applied voltage
using the LabView software program. A high speed CCD camera
(VW-Z1, Keyence, Co., Japan) was used to observe the real-time
status of the solutions on the microchip and to judge the rotation
speed required for the delivery of each solution. The relationship
between the rotation speed and the applied voltage was prelimi-
narily calibrated using a stroboscope.

Fig. 1. Design of the CD-type microfluidic platform.
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Fig. 2. Chemiluminescence immunoassay process for APnEOs on a CD-type microfluidic platform.

2.2. Recycled spinning-pausing controlled washing procedure
for enhancing the washing efficiency

In our previous work [36], a semi-batch chemiluminescence
immunoassay for APnEOs on a CD-type microchip was carried out.
Namely, after the immunoreaction of an anti-APnEOs antibody on
the magnetic microbeads with APnEOs and HRP-APnEOs in a test
tube, the magnetic microbeads were washed with a buffer solution
containing Tween 20. The resulting magnetic microbeads were
then placed in a downstream reservoir on a CD-type microfluidic
platform, and a luminol solution was allowed to flow to the
microbeads from an upstream reservoir by rotating the microchip.
The chemiluminescence signal was observed, and the APnEOs was
then quantified from the chemiluminescence signal.

In this work, in order to fully integrate the reported chemilu-
minescence immunoassay, the efficiency by the washing solution
was increased to reduce the amount of the adsorbed HRP-APnEOs
at the detection area. A recycled spinning-pausing rotation pro-
gram was designed to permit the washing solution in reservoir
2 to flow, step by step, across the detection area, so that the
adsorption-desorption balance of the HRP-APnEOs is repeatedly
shifted to the desorption side and the surface concentration of the
adsorbed HRP-APnEOs will be continuously decreased.

As shown in Fig. 3, after flowing the sample solution and
performing the competitive immunoreaction, the washing solu-
tion is delivered to the detection area by executing a recycled
spinning-pausing rotation program. In the first spinning step, the
rotation speed is first increased to 668 rpm within 5 s, and is then
maintained for 2 s at 668 rpm, and then decreased back to O rpm
within 2 s. In this short period, a small volume of the washing

solution will be allowed to flow through the detection area, so that
the desorbed HRP-APnEOs will flow out from the detection area.
During the period of pausing 1, a new adsorption-desorption
balance of the HRP-APnEOs will be built up at the detection area,
and the concentration of the HRP-APnEOs adsorbed on the surface
(HRP-APnEOs) will be decreased. Similarly in the following, second
spinning step, another small volume of the washing solution is
allowed to flow through the detection area and to flow out the
desorbed HRP-APnEOs. In the period of the following pausing step
2, a new adsorption—desorption balance will be built up and the
desorbed HRP-APnEOs will flow out at spinning step 3. During the
repeated recycled spinning and pausing steps the concentration of
adsorbed HRP-APnEOs will be gradually decreased at the
detection area.

In order to optimize the washing procedure, 5 different rotation
programs including different numbers of spinning-pausing cycles
(2,9,17, 25 and 30) were designed by adjusting the rotation speed
and maintaining the time period for the spinning steps. Detailed
information regarding these programs can be found in the
Supporting nformation. For evaluating the washing efficiency of
each recycled spinning-pausing rotation program, 44 pL of an
HRP-APnEOs solution (500 ppb, 0.1% Tween 20), 250 pL of the
washing solution (pH 8.4 Tris-HCl buffer, 0.1% Tween 20) and
12 pL of the luminol solution were placed in reservoirs 1, 2 and 3,
respectively, and in the detection area, a 0.4 mg sample of bare
magnetic microbeads was previously loaded to monitor the effect
of only the physical adsorption of the HRP-APnEOs. The CD-type
microchip was set on the turn table, and rotated up to a speed of
518 rpm, which was then maintained at the same speed for
10 min. Under these conditions, the HRP-APnEOs solution in
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Fig. 3. Schematic diagram of removing the physically adsorbed HRP-APnEOs by using the recycled spinning-pausing rotation program.

reservoir 1 was allowed to flow through the detection area and
a part of the solution was allowed to remain in the U-turn shaped
detection area. The rotation speed of the microchip was then
adjusted according to each designed recycled spinning-pausing
rotation program for the stepwise flow of the washing solution.
After finishing the washing step, the luminol solution was allowed
to flow to the detection area at a rotation speed of 1568 rpm. The
chemiluminescence light was emitted due to the reaction of
luminol with the physically adsorbed HRP-APnEOs at the detection
area. A lower chemiluminescence intensity indicates a better
washing efficiency for removing non-specifically adsorbed HRP-
APnEOs.

2.3. Chemiluminescence immunoassay for APnEOs on CD-type
microfluidic platform

In order to carry out a chemiluminescence immunoassay for
APnEOs on the CD-type microchip, a 44 pL volume of sample
solution ([HRP-APnEOs]=500 ppb and [APnEOs]|=0, 1, 10, 50, 100,
500 and 1000 ppb, respectively, in pH 8.4 Tris-HCI buffer contain-
ing 0.1% Tween 20), a 250 pL volume of the washing solution (pH
8.4 Tris-HCI buffer containing 0.1% Tween 20) and a 12 pL volume
of the luminol solution (0.5 mM luminol, 0.4 mM p-iodophenol
and 4 mM H,0,) were placed in reservoirs 1, 2 and 3, respectively
on the CD-type microchip. Anti-APnEOs antibody immobilized
magnetic microbeads (d=30 pm), prepared by the same method
as reported in our previous study [36], was previously placed in
the detection area and fixed by a permanent magnet imbedded in
the substrate platform.

The CD-type microchip was set on the turn table, and was
rotated to s speed of 518 rpm and maintained at this speed for
10 min to permit the competitive immunoreaction to proceed.
After the immunoreaction, the rotation speed of the microchip
was adjusted according to the optimized recycled spinning-
pausing rotation program for the flow of the washing solution in
reservoir 2 to physically remove adsorbed HRP-APnEOs from the
detection area, the luminol solution in reservoir 3 was allowed to
flow under a rotation speed of 1568 rpm for chemiluminescence
detection. The intensity of the chemiluminescence signal was

proportional to the amount of HRP-APnEOs-anti-APnEOs antibody
complex on the surface of the magnetic microbeads, which was
determined by the concentration of the free APnEOs in the sample
solution, thus permitting the APnEOs to be quantified by chemi-
luminescence detection.

3. Results and discussion

3.1. Automated sequential solution delivery on CD-type microfluidic
platform

A 0.5 mM Rose Bengal solution (red colored) was placed in
reservoirs 1, 2 and 3 for the visual observation of the status of the
solutions on the CD-type microchip during the rotation. A high-
speed CCD camera was used for monitoring the flow of the
solutions on the CD-type microchip, and some still-frames of the
solutions in reservoirs 1, 2 and 3 under the different rotation
speeds together with the rotation program are shown in Fig. 4.
Fig. 4(a) shows the initial state of the CD-type microfluidic plat-
form before rotation, in which 44 pL and 250 pL of the 0.5 mM
Rose Bengal solutions (0.1% Tween 20) were placed in reservoirs
1 and 2, respectively, and a 12 pL volume of the 0.5 mM Rose
Bengal solution without Tween 20 was placed in reservoir 3. The
rotation speed of the microchip was first increased up to 518 rpm
and then maintained at that speed for 10 min. During this period,
the Rose Bengal solution in reservoir 1 flowed through the
detection area, as shown in Fig. 4(b), and the red color of the
solution in reservoir 1 disappeared as observed by the high-speed
CCD camera. In a period of 10 min, the Rose Bengal solution was
maintained at the detection area, and this time interval corre-
sponded to the process of the immunoreaction in the present
immunoassay.

After the Rose Bengal solution had completely flowed out,
another Rose Bengal solution in reservoir 2, which corresponds to
the washing solution for the immunoassay, was started to flow
according to the designed recycled spinning-pausing rotation
program. During this operation, a 250 pL volume of the Rose
Bengal solution in reservoir 2 was flowed stepwise through the
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Fig. 4. Automated sequential delivery of the solutions in reservoirs 1, 2 and 3 on the designed CD-type microchip.

detection area by each triangle-shaped spinning step, while the
flow of the solution was stopped during the pausing steps. The
liquid level of the Rose Bengal solution in reservoir 2, which was
observed by the CCD camera, was decreased, as shown in Fig. 4(c).
Along with the decrease in the liquid level of the solution in
reservoir 2, the required rotation speed in the spinning steps was
increased in order to generate sufficient centrifugal force, and after
30 spinning-pausing cycles, all of the 250 pL Rose Bengal solution
was allowed to flow out and the time was adjusted to 15 min. This
operation for the delivery of the 250 pL Rose Bengal solution (0.1%
Tween 20) was adopted as the washing step in the present
immunoassay.

As shown in Fig. 4(d), after the 250 pL Rose Bengal solution in
reservoir 2 had completely flowed out, the 12 pL of the Rose
Bengal solution containing no Tween 20 was still maintained in
reservoir 3. This solution in reservoir 3 corresponds to the luminol
solution in the present immunoassay. When the rotation speed of
the microfluidic platform was increased up to 1568 rpm and
maintained at the same speed for 2 min, the solution in reservoir
3 was delivered to the detection area, as shown in Fig. 4(e). As
shown in the rotation program in Fig. 4, the rotation speed was
decreased to 60 rpm after being maintained at 1568 rpm for 2 min,
and an electromagnet which was located under the detector was
switched on in order to stop the rotation and the detection area is
adjusted so as to be precisely aligned beneath the detector
position. For the present immunoassay, the chemiluminescence
signal is monitored for 60 min after the rotation stops.

3.2. Evaluation of the washing efficiency with different recycled
spinning-pausing rotation programs

In order to evaluate the performance of the stepwise delivery of
the washing solution in reservoir 2 driven by the 5 designed
rotation programs with different numbers of alternative spinning-
pausing cycles, video frames of the solution in reservoir 2 during
the pausing steps under each rotation program were recorded
using a CCD camera, and the results are included in Supporting
information. As one example, a still-frame of the stepwise delivery

of the washing solution by 30 recycled spinning-pausing steps is
shown in Fig. 4(c).

The average volume of the washing solution delivered to the
detection area by each spinning step in each rotation program was
estimated from the area of the still-frames of reservoir 2, details of
which are included in Supporting information. In these cases, the
total volume of the washing solution was kept constant at 250 pL,
and the average volume of the washing solution delivered by each
spinning step in all cases is larger than the volume of the solution
phase in the detection area (about 3 pL), indicating that the
washing solution was completely replaced, which is beneficial
for the removal of the physically adsorbed HRP-APnEOs at the
detection area.

As described in experimental Section 2.2, the washing effi-
ciency was evaluated by chemiluminescence detection by flowing
a luminol solution after washing the detection area, in which a
500 ppb HRP-APnEOs solution was preliminarily flowed. As shown
in Fig. 5, the intensity of the chemiluminescence signal decreased
with increasing number of spinning-pausing cycles in the rotation
program. Since the intensity of the signal was proportional to the
amount of physically adsorbed HRP-APnEOs at the detection area,
a higher signal intensity is indicative of a lower washing efficiency
of the corresponding rotation program. By using the rotation
program which includes 30 spinning-pausing cycles, the intensity
of the chemiluminescence signal reached the background level,
indicating an excellent washing efficiency. Therefore in the follow-
ing experiments for preparing a calibration curve of APnEOs, a
rotation program comprised of 30 spinning-pausing cycles was
used as the washing step in the present immunoassay.

3.3. Quantification of the chemiluminescence immunoassay
for APREOs

In this work, the chemiluminescence immunoassay for APnEOs
including sequential steps of immunoreaction, washing and
chemiluminescence detection was carried out on a CD-type
microfluidic platform. Namely, the sample solutions containing
APnEOs (0-1000 ppb) and the HRP-APnEOs at a concentration of
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500 ppb, the washing solution (pH 8.4 Tris—HCl buffer containing
0.1% Tween 20) and the 0.5 mM luminol solution containing p-
iodophenol, hydrogen peroxide were placed in reservoirs 1, 2 and
3, respectively, on the CD-type microchip, and the resulting
microchip was rotated according to the program shown in Fig. 4.
The time-courses for the chemiluminescence signals resulting
from the reaction between Iuminol and the HRP-APnEOs-
antibody complex on the surface of magnetic microbeads are
shown in Fig. 6. The chemiluminescence signals were monitored
for 60 min after starting the rotation for the third step, when the
luminol solution reached the detection area. Each data point is the
average of 3 measurements for the same sample, and the error bar
is shown in the figure. The error bars in the present immunoassay
range from 3% to 14%. This is due to the fact that the chemilumi-
nescence immunoassay process includes a multi-step procedure.
Indeed, when the chemiluminescence signals were obtained by a
simple reaction of a luminol solution in the reservoir with the HRP
immobilized at the detection area, the error bars were within 5%.
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Fig. 7. Calibration curve for APnEOs obtained by the chemiluminescence immu-
noassay on the CD-type microfluidic platform. The curve is calculated by using Eq.
(1) for fitting the observed data.

In our previous study [49], a theoretical equation describing the
ratio between the HRP-APnEOs-anti-APnEOs antibody complex
and the total anti-APnEOs antibody immobilized on the magnetic
microbeads was derived and is expressed as follows:

[Ab—HRP— APnEOs]/[Ab]" = K5Cygp — apneos/(1 +K1Capneos +K2Crirp— ApnEos)
(1)

where [Ab]" and [Ab-HRP-APnEOs] denote the total surface con-
centration of the anti-APnEOs antibody immobilized on the
magnetic microbeads, and the surface concentration of the
antibody-HRP-APnEOs complex. K; and K> are the binding con-
stants between the antibody immobilized on the microbeads with
the APnEOs and HRP-APnEOs. Capneos and Cyrp-apneos Can be
assumed to be the initial concentration of the APnEOs and HRP-
APnEOs in the sample solution, because these values remain
nearly unchanged when considering the large difference between
the amount of the anti-APnEOs antibody immobilized on the
magnetic microbeads and the amount of the APnEOs and the
HRP-APnEOs molecules in the solution.

In the competitive immunoreaction between the free APnEOs and
HRP-APnEOs in the solution with the anti-APnEOs antibody immobi-
lized on the magnetic microbeads, the ratio between the HRP-
APnEOs-antibody complex ([Ab-HRP-APnEOs]) and the total concen-
tration of the antibody ([Ab]") is determined by the concentration of
the free APnEOs in the sample solutions, since the concentration of the
HRP-APnEOs is maintained constant. The intensity of the chemilumi-
nescence signal is proportional to the amount of HRP-APnEOs on the
magnetic microbeads, which is to say, the intensity of the chemilu-
minescence signal is proportional to the ratio, [Ab-HRP-APnEOs]/[Ab]",
so that the experimental calibration curve for the APnEOs can be fitted
according to the theoretical expression as a function of the concentra-
tion of APnEOs in the sample solutions using K; and K, as parameters
and Cugp. apneos Of 1.2 x 1078 M (500 ppb), as shown in Fig. 7. The
fitted calibration curve is a typical sigmoidal curve, and the ICgq value
was calculated to be about 10 ppb which is similar to that reported in
our previous research [36,49] and is comparable to the value reported
by Goda et al. [48] using an ELISA method. According to our previous
report dealing with a chemiluminescence immunoassay for the same
analyte in the SIA system [49], when river water samples were spiked
with 20 ppb APnEOs, a good recovery (100% + 10%) was obtained. Due
to the fact that the same procedure of chemiluminescence immu-
noassay for APnEOs is applied in this study, the proposed analytical
system can be concluded to show an analytical performance similar or
superior to that in our previous study [49].



106 S. Guo et al. / Talanta 133 (2015) 100-106

4. Conclusion

We describe a fully integrated and automated chemilumines-
cence immunoassay for APnEOs on a CD-type microfluidic plat-
form, where the sample solution, the washing solution and the
luminol solution are placed in reservoirs and delivered sequen-
tially to the detection area by rotating the CD-type microchip
according to a predetermined rotation program. Compared with
our previous report on a semi-batch chemiluminescence immu-
noassay for the same analyte, we were able to successfully over-
come the effect of the non-specific adsorption of HRP-APnEOs by
developing a recycled spinning-pausing rotation program in order
to increase washing efficiency. The analytical performance of the
proposed method was evaluated and a reasonable calibration
curve for APnEOs was obtained. The detection limit was found to
be similar to that obtained in the sequential injection analytical
(SIA) system [49] as well as our previous semi-batch chemilumi-
nescence immunoassay method [36]. Further work is currently
under the way for monitoring APnEOs in actual, environmental
samples, such as the tap water or river water.

Improvements to the proposed method with the respect to
reducing the detection time, simultaneous multi-sample detection
on a single chip and so on are currently in progress by evaluating
the use of electrogenerated chemiluminescence detection. The
proposed method is universal for the analysis of small molecular
analytes in which a competitive immunoassay is used, and it has
the potential for use in the monitoring of environmental waters as
well as sewage effluents in waste-water-treatment plants.
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