Analytica Chimica Acta 1007 (2018) 33—39

journal homepage: www.elsevier.com/locate/aca

Contents lists available at ScienceDirect

Analytica Chimica Acta

Rotational paper-based electrochemiluminescence immunodevices )
for sensitive and multiplexed detection of cancer biomarkers ML

Xiange Sun * ¢, Bowei Li * ", Chunyuan Tian °, Fabiao Yu ¢, Na Zhou ?, Yinghua Zhan ¢,

Lingxin Chen * "

2 Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences,

Yantai 264003, China

b College of Chemistry and Chemical Engineering, Yantai University, Yantai 264005, China
€ University of Chinese Academy of Sciences, Beijing 100049, China
d Yantai Xinhua Health Outpatient Department, Yantai 264003, China

HIGHLIGHTS

GRAPHICAL ABSTRACT

e The novel rotational paper-based
devices (RPADs) opened a new
avenue for the fabrication of 3D
paper-based devices.

e The integrated paper-based rota-
tional valves could be easily operated
in a simple, low-cost and user-
friendly way.

e Multi-step ECL immunoassays were
conducted for the detection of cancer
biomarkers by the manipulation of
rotational valves.
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This paper describes a novel rotational paper-based analytical device (RPAD) to implement multi-step
electrochemiluminescence (ECL) immunoassays. The integrated paper-based rotational valves can be
easily controlled by rotating paper discs manually and this advantage makes it user-friendly to untrained
users to carry out the multi-step assays. In addition, the rotational valves are reusable and the response
time can be shortened to several seconds, which promotes the rotational paper-based device to have
great advantages in multi-step operations. Under the control of rotational valves, multi-step ECL im-
munoassays were conducted on the rotational device for the multiplexed detection of carcinoembryonic
antigen (CEA) and prostate specific antigen (PSA). The rotational device exhibited excellent analytical
performance for CEA and PSA, and they could be detected in the linear ranges of 0.1—100 ng mL~! and 0.1
—50ngmL~! with detection limits down to 0.07ngmL~! and 0.03 ng mL~!, respectively, which were
within the ranges of clinical concentrations. We hope this technique will open a new avenue for the
fabrication of paper-based valves and provide potential application in clinical diagnostics.
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1. Introduction

Since the concept of microfluidic paper-based analytical de-
vices (WPADs) was firstly proposed by Whitesides' group [1],
WPADs have attracted considerable attention owing to the
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advantages of low cost, simple operation, excellent biocompati-
bility and portability. In addition, driven by the development of
biotechnology, nanotechnology and microfluidic technology,
uPADs have rapidly developed into a new analytical platform
[2—7] for medical diagnostics, food safety as well as environ-
mental monitoring. A variety of detection techniques have been
applied to the development of versatile uPADs, such as color-
imetry [8—10], luminescence [11,12], electrochemical detection
[13—16], fluorescence [17,18] and surface-enhanced Raman scat-
tering [19,20]. Apart from these detection methods, electro-
chemiluminescence (ECL) detection that combined the
advantages of luminescence and electrochemical detection was
also integrated into paper-based sensors [21,22]. Due to the high
sensitivity and wide dynamic range, paper-based ECL detection
has been demonstrated for biological and chemical analysis
[23—26]. For instance, Delaney et al. reported a ECL microfluidic
paper-based sensor for the detection of 2-(dibutylamino)-
ethanol (DBAE) and nicotinamide adenine dinucleotide [27], and
Li et al. developed a simple 3D origami multiple ECL paper-based
immunodevice for the sensitive detection of tumor markers us-
ing multi-labeled nanoporous gold-carbon spheres as tracers to
amplify ECL signal [28].

The fluid flow within the pPADs was driven by capillary forces
rather than the complex pump system. However, this unique
advantage brought some difficulties to the fluid control, which
was challenging for the development of paper-based device with
high analytical performance. Fortunately, several innovative valv-
ing strategies have been proposed to improve the flow-control
capability of paper-based device [29—32]. Whitesides et al. inte-
grated push-button valves into the 3D paper-based device in
which the connection between vertical fluid channels was acti-
vated manually by pressing a ballpoint pen [33], and Fu et al.
described a time-metered valve that actuated by an absorbent
sponge [34]. However, these methods suffered from some re-
strictions such as tedious fabrication or only one-time use. Based
on the change of the fluid velocity within a channel, some
chemical reagents including dissolvable sucrose [32], paraffin wax
[35] and surfactant [36] played the role of valves to delay or
control the fluid flow. But the introductions of chemical reagents
in this strategy maybe bring interference to the detection process.
Therefore, it urgently needed to develop robust, user-friendly and
reusable paper-based valves to meet the requirement of multi-step
or complicated assays.

In this work, we developed a rotational paper-based ECL
immunodevice for the sensitive and multiplexed detection of
cancer biomarkers based on the integration of rotational valves. The
rotational paper-based device was fabricated by assembling three
designed paper discs together using a hollow rivet and the “On/Off”
states of paper-based valves were easily controlled by the rotation
of paper discs. Simple fabrication and easy operation of the rota-
tional valves made it user-friendly to untrained users to conduct
multi-step operations. Different from other valves that used only
once, the rotational valves presented could be dried for reuse and
had short response time. Based on the manipulation of rotational
valves, multi-step ECL immunoassays were conducted on the
rotational device, and immunoreaction processes and ECL detection
were integrated into the rotational paper-based device successfully,
which considerably improved the integration of paper-based de-
vice. Combined with tris-(bipyridine)-ruthenium (II) - tripropyl-
amine ECL ([Ru(bpy)s]>" - TPA) detection system, the rotational
paper-based device provided a new strategy for the simple, low-
cost, rapid and portable immunoassay and exhibited excellent
analytical performance for the quantitative analysis of cancer
biomarkers.

2. Experimental section
2.1. Materials

Carcinoembryonic antigen (CEA), prostate specific antigen
(PSA), capture antibody CEA and PSA, [Ru(bpy)s]*>*-labeled signal
antibody CEA and PSA were purchased from Shanghai Linc-Bio
Science Co. Ltd. Carbon ink (ED423ss) was purchased from Ache-
son. Silver/silver chloride ink (CNC-01) was purchased from Xuzhou
Bohui New Materials Tech. Co. Ltd (Jiangsu, China). Whatman No.1
chromatography paper (46 cm x 57 cm) was obtained from GE
Healthcare Worldwide Company (Pudong Shanghai, China) and
was cut into A4 size for further use. Glutaraldehyde (GA), chitosan,
bovine serum albumin (BSA) and tripropylamine (TPA) were pur-
chased from Sigma-Aldrich. Carboxyl-functionalized multi-walled
carbon nanotubes (MWCNTs) were purchased from Chengdu
Organic Chemicals Co. Ltd. Serum samples were kindly provided by
Yantai Xinhua Health Outpatient Department. All reagents were
analytical grade and used without further purification. Ultrapure
water (>18.2 MQ) used for the whole experiment was obtained
from a Millipore water purification system. Blocking buffer was
10 mM phosphate buffer solution (PBS, pH = 7.4) containing 0.5%
bovine serum albumin (BSA), and washing buffer was 10 mM PBS
(pH = 7.4) containing 0.05% Tween-20.

2.2. Instrumentation

The ECL signals were measured using MPI-E multifunctional
electrochemical and chemiluminescent analytical system (Xi'an
Remex Analytical Instrument Co. Ltd., China). The electrochemical
impedance spectroscopy (EIS) was performed with a CHI 760E
electrochemical workstation (Shanghai Chenhua Instruments Co.,
China). The paper-based device was fabricated using a commercial
solid-wax printer (XEROX Phaser 8560DN, Japan).

2.3. Design and fabrication of the rotational paper-based device

The rotational paper-based device was designed with three
paper discs, as shown in Fig. 1A. The detection disc (57 mm in
diameter) contained four immunozones (white color, 6 mm in
diameter) that screen-printed with carbon working electrodes. The
auxiliary disc (57 mm in diameter) contained four punched holes
(8 mm in diameter) and four hydrophilic zones (8 mm in diameter)
on the surface of which the reference electrode and counter elec-
trode were screen-printed. The three-electrode system could be
constructed by rotating the auxiliary disc, and redox reaction could
occur on the surface of the working electrode with the help of the
reference electrode and counter electrode. The washing disc
(70 mm in diameter) consisted of four punched holes (8 mm in
diameter) and four washing channels that could connect to the
immunozone vertically to carry out washing process through the
rotation of the washing disc, as shown in Fig. 1C. Obviously, two
black cross lines could be seen on three paper discs and this made it
easier to identify the rotational position of paper discs. In addition,
a rivet hole with a diameter of 3 mm was punched on each paper
disc for the assembly of the rotational paper-based device.

The auxiliary disc, detection disc and washing disc within the
rotational paper-based device were fabricated using wax-printing
method and screen-printing technique, and the fabrication pro-
cedures were similar to our previous work [37]. Briefly, the patterns
on paper discs were designed with Adobe Illustrator CS4 software
and printed on chromatography paper using a commercial solid-
wax printer. Then the paper sheet was placed in an oven at
150 °C for 30s to melt the wax, which allowed wax to penetrate
into the back of paper and forme hydrophobic barriers. After the
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Fig. 1. (A) Design of three paper discs within the rotational paper-based device. Electrodes were integrated on the auxiliary disc and detection disc. (B) Fabrication procedures for
the rotational paper-based device. (C) Integration of rotational valves on the rotational paper-based device. The “On/Off” states of upper valves were controlled by rotating the
auxiliary disc, and the “On/Off” states of lower valves were controlled by rotating the washing disc.

paper sheet cooled to room temperature, the working electrode,
counter electrode and reference electrode were screen-printed on
the paper using carbon ink and silver/silver chloride ink, respec-
tively, as shown in Fig. S1. After that, the paper sheet was cut into
individual paper-based disc by a scissor and holes were punched on
paper discs.

The rotational paper-based device was fabricated by assembling
the auxiliary disc, detection disc and washing disc together, as
shown in Fig. 1B and Movie S1. Firstly, the washing disc, detection
disc and auxiliary disc were stacked together in sequence and the
detection disc needed to be placed face-down. Then a hollow rivet
passed through the river hole of three paper discs and was beaten
with a hammer. After that, it could be found that the end of the rivet
expanded about 1.5 times of the original size, which allowed the
auxiliary disc, detection disc and washing disc to assemble together
and obtain the rotational paper-based device.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.aca.2017.12.005.

2.4. ECL immunoassays on the rotational device

ECL immunoassays were conducted on the rotational device for
the multiplexed detection of CEA and PSA based on the manipu-
lation of the rotational valves. As shown in Fig. 2A, the rotational
valves were used to manipulate the multi-step ECL immunoassay
processes. For the incubation process, the auxiliary disc was rotated
to close the upper valves and expose four immunozones outside.
Then the washing disc was also rotated to close the lower valves
and disconnect the washing channel and the immunozone, as
shown in Fig. S4A. After rotational valves were all closed, the re-
agent was added into the immunozone and carried out reaction.
After the reaction process, the washing process was carried out and
the washing disc was rotated to open the lower valves and connect

the washing channel and the immunozone, as displayed in Fig. S4B.
With the aids of the clamps, the washing channels could contact
the immunozones tightly and 30 pL of washing buffer was added to
the immunozone to remove the unbound reagent relying on
capillary forces. The paper-based rotational valves could be air
dried for recovering the wicking ability and the immunozones were
washed three times to reduce the nonspecific adsorption. Subse-
quently the washing disc was rotated again to disconnect the
washing channel and the immunozone to carry out the next step
incubation process. For the sandwich-type ECL immunoassay,
immunoreaction processes mainly involved immobilization of
capture antibody, nonspecific blocking, and incubations of antigen
and signal antibody. Therefore, the incubation and washing oper-
ations in every step immunoreaction process could be carried out
sequentially by rotating the washing disc.

The detailed multi-step ECL immunoassay procedures on the
rotational device were displayed in Fig. 2B. Briefly, 5.0 pL of
MWCNTs was added to the immunozone and dried at room tem-
perature. Then 5.0 pL of 0.25 mg mL~! chitosan was coated on the
immunzone based on the static attraction between positively
charged chitosan and negatively charged cellulose. Subsequently,
5.0 uL of 2.5% glutaraldehyde was used as cross-linker to immobi-
lize capture antibody on the paper. After it reacted with chitosan,
the washing disc was rotated for washing. After that, 5.0 puL of CEA
and PSA capture antibody (20 pgmL~!) were applied to corre-
sponding immunozones and reacted with glutaraldehyde for
40 min, respectively. After the excess antibodies were washed with
washing buffer, the immunozone was blocked with 5.0 puL of 0.5%
BSA solution for 15 min and washed. After that, 5.0 pL of CEA and
PSA were added to corresponding immunozones, respectively,
incubated and washed. Finally, 5.0 uL of 10 pg mL~" [Ru(bpy)s]**-
labeled signal antibody was added, and allowed to incubate at room
temperature. After rotating the washing disc and washing with
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Fig. 2. Valve-controlled ECL immunoassay on the rotational device. (A) Multi-step ECL immunoassay was controlled by the rotational valves. The incubation and washing processes
were controlled by rotating the washing disc, and ECL detection was conducted after the rotation of auxiliary disc and removal of the washing disc. (B) ECL immunoassay procedure

on the rotational device.

washing buffer, sandwich ECL immunoreactions were established
on the rotational device.

For the ECL detection process, firstly the washing disc was
removed from the rotational device, and then the auxiliary disc was
rotated to open the upper valves. The rotation of auxiliary disc
allowed the construction of four three-electrode systems on the
rotational device. With the help of home-made device, the auxiliary
disc could contact the detection disc tightly. The electrochemical
detection was carried out after 40 uL of PBS solution containing
10 mM tripropylamine (TPA) and 0.1 M KCl was added to the elec-
trochemical cell. The ECL intensity was measured in the potential
range from 0.5 to 1.2V at a scan rate of 100mVs~' and a photo-
multiplier tube voltage of 800 V.

3. Results and discussion
3.1. Fabrication of the rotational device

In this work, a new strategy was proposed to control fluid flow
and implement multi-step ECL immunoassay based on the inte-
gration of the rotational valves on the paper-based device. The
rotational device was fabricated easily by assembling three paper
discs together using a hollow rivet, as shown in Movie S1.
Compared with the fabrication method of 3D pPADs that glued
paper-based chips together using the double-sided adhesive tape
[33], it could be found that our fabrication method did not require
the tedious alignment steps and the whole fabrication procedures
was greatly simplified. Besides, the simple, low-cost and rapid
fabrication of the paper-based device was achieved through the
combination of wax-printing method and screen-printing
technique.

Significantly, the auxiliary disc, detection disc and washing disc
could be rotated around the rivet independently so that the rota-
tional valves were integrated into the paper-based device suc-
cessfully. The fundamental mechanism of the rotational valve
utilized here was that the rotation of the channel on one paper disc
caused the connection or disconnection with the channel on the
other paper disc, and Fig. 1C illustrated the integration of rotational

valves on the rotational paper-based device. The upper four valves
consisted of the auxiliary disc and detection disc, and the “On/Off”
states could be controlled by rotating the auxiliary disc. Similarly,
the lower four valves were composed of the detection disc and
washing disc, and the “On/Off” states could be controlled by
rotating the washing disc. Under the control of the upper valve and
lower valve, multi-step ECL immunoassay mainly including incu-
bation, washing and detection processes was conducted sequen-
tially on the rotational device. It could be found that the rotational
valves were easy to operate, and it just needed to rotate the
auxiliary disc and the washing disc manually. What's more, the
valves were reusable and the response time could be shortened to
several seconds. Therefore, the integration of rotational valves
provided a relatively simple, robust and user-friendly strategy for
the multi-step immunoassay compared with the literature [38,39].

3.2. Characterization of ECL immunoassay

To confirm the success of ECL immunoassay on the proposed
rotational device, electrochemical impedance spectroscopy (EIS)
was used to characterize immunoreaction process in 5.0 mM
[Fe(CN)g]>/* containing 0.1 M KCl, as shown in Fig. 3. It could be
found that the bare working electrode had a relatively low resis-
tance (Fig. 3, curve a). After the modification of MWCNTSs, the
resistance decreased significantly (Fig. 3, curve b) on account of the
excellent conductivity of MWCNTs. Then a further decrease (Fig. 3,
curve c) was observed after the chitosan was coated. This could be
explained that the electrostatic attraction between the positively
charged amino group of chitosan and negatively charged
[Fe(CN)g]>/* accelerated electron transfer on the electrode surface.
In contrast, the cross-linking of glutaraldehyde subsequently
reduced amount of amino group and resulted in remarkable in-
crease of resistance (Fig. 3, curve d). It was also observed that the
resistance further increased gradually (Fig. 3, curve e, f, g and h)
with sequential incubations of capture antibody, BSA, antigen and
signal antibody. The possible reason was that the diffusion of
[Fe(CN)g]*/* toward the sensing interface was greatly hindered by
the non-conducting protein layer on the electrode surface. The
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Fig. 3. Electrochemical impedance spectroscopy (EIS) of immunoassay procedure: (a)
bare working electrode; (b) MWCNTs modified working electrode; (c) chitosan/
MWCNTs modified working electrode; (d) glutaraldehyde/chitosan/MWCNTs modified
working electrode; (e) anti-CEA/glutaraldehyde/chitosan/MWCNTs modified working
electrode; (f) after blocking with BSA; (g) incubation with CEA; (h) incubation with
signal antibody CEA.

differences of resistance between every step reaction reflected the
changes of electrode surface, which indicated successful modifi-
cations of MWCNTSs, chitosan, glutaraldehyde, capture antibody,
BSA, antigen and signal antibody on the rotational paper-based
device. In addition, other characterizations such as cyclic voltam-
metry (CV) and scan electron microscopy were also conducted to
demonstrate the success of immunoassay on the rotational device
(details could be found in the Supporting Information).

3.3. ECL emission on the rotational device

The ECL emission behaviors were also studied to demonstrate
the feasibility of the rotational paper-based device. Using CEA as a
model, ECL responses of signal antibody/antigen/BSA/anti-CEA/GA/
chitosan/MWCNTs/working electrode in the presence of TPA were
displayed in Fig. 4A. The ECL peak intensity appeared approxi-
mately at 1.15V in the anodic process due to the generation of
[Ru(bpy)s*]** that was formed by the redox reaction between
[Ru(bpy)3]>" and TPA on the electrode surface. To verify the signal
amplification of MWCNTSs, the capture antibody was coupled to the
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electrode surface without the modification of MWCNTs and a
comparatively lower ECL intensity was obtained (Fig. 4A, curve b),
which suggested the presence of MWCNTSs could accelerate elec-
tron transfer and amplify ECL intensity. Also it could be found that
the ECL intensity in the presence of CEA (Fig. 4A, curve c) was much
higher than that in the absence of CEA (Fig. 4A, curve a), which
revealed the immunoreaction had low nonspecific adsorption of
[Ru(bpy)3]>*-labeled signal antibody. What's more, the fact that the
ECL intensity increased with the increasing concentration of CEA
(Fig. 4A, curve d) further confirmed the rotational ECL immuno-
device could be used for the determination of antigens. Fig. 4B
showed the ECL responses for 15 cycles of continuous potential
scans from 0.5 to 1.2 V at a CEA concentration of 50 ng mL~ Stable
ECL signals were observed obviously and relative standard devia-
tion (RSD) between ECL intensities was only 1.48%, which illus-
trated the ECL intensity had good stability on the rotational device.

3.4. Optimization of experimental conditions

Since pH had great influence on electrochemical immunoassay,
the effect of solution acidity on ECL response was investigated. In
the [Ru(bpy)s]>"-TPA ECL detection system, the solubility of TPA
was closely related to the acidity of the solution. As shown in
Fig. 5A, ECL intensity increased as pH value increased gradually
from 6.0 to 7.4 and then decreased. The ECL intensity for CEA and
PSA reached the maximum at pH 7.4. Thus, pH 7.4 was the most
suitable condition for ECL detection and was selected for the
further study.

The incubation time was also a critical parameter affecting the
ECL intensity. As shown in Fig. 5B, with the increase of antigen
incubation time, ECL intensities for 50 ng mL~! CEA and 25 ng mL™!
PSA increased gradually and then reached a plateau, which
revealed that immunoreaction between antigen and capture anti-
body was almost complete. The short diffusion distance of antigen
was beneficial to shorten the antigen incubation time on the paper-
based device [4]. As the ECL intensity reached stable, the time for
CEA and PSA were 240s and 210 s, respectively. To be convenient
for the simultaneous detection of CEA and PSA on the rotational
device, 240 s was chosen as the optimal antigen incubation time,
and the result was consistent with previous reports [40,41].

3.5. Analytical performance of the rotational device

Under the optimum conditions, CEA and PSA standard solution
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Fig. 4. (A) ECL-potential curves obtained from (a) background without antigen; (b) immunoreaction with 50 ng mL~! CEA in the absence of MWCNTSs; immunoreaction with (c)
25ngmL~" CEA and (d) 50 ngmL~" CEA after the modification of MWCNTS, respectively. (B) ECL emission at a CEA concentration of 50 ngmL~" on the rotational device.
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Fig. 5. (A) Effect of pH on ECL intensity. (B) Effect of incubation time on ECL intensity. 50 ng mL~! CEA and 25 ng mL~' PSA were used in the optimization of experimental conditions.

at various concentrations were applied to immunozones to verify
the analytical performance of the rotational device, and Fig. 6

Table 1
Assay results of human serum samples. (n = 3).

showed the ECL responses and linear calibration curves for two Analytes CEA (ng mL™Y) PSA (ng mL~1)

cancer blomarkers. lt. could be found tha}t good linear re.latlonsh{ps Sample 1 Sample 2 Sample 3 Sample 1 Sample 2

between ECL intensity and concentration were established with

wide dynamic ranges. The linear regression equations obtained for Proposed method = 14607 43+02 2303 055+01 1302
1 2 Reference method 14.9 4.0 2.5 0.53 1.36

CEA and PSA were Icpa = 39.15 Ccpa (ng mL™ ) + 825.0 (R“ = 0.993) Relative error (%) 2,01 750 800 377 A

and Ipsp = 115.34 Cpsa (ng mL™1) + 613.4 (R% = 0.995) with the linear
ranges of 0.1-100ng mL~! and 0.1-50 ng mL~", respectively. The
detection limits at a signal-to-noise ratio of 3 could be found to be
0.07ngmL~! and 0.03ngmL~!, respectively. Because the cutoff
values of CEA and PSA in clinical diagnosis were 5ngmL~! and
4ngmL-! [42,43], respectively, the obtained linear curves had
potential in the determination of CEA and PSA in serum samples.

To verify the feasibility of proposed rotational paper-based ECL
immunodevices in real biological samples, the determination of
CEA and PSA in real human serum was conducted on the rotational
device. And the results were compared with that obtained from
Yantai Xinhua Health Outpatient Department using the chem-
iluminescence method. As displayed in Table 1, the results of two
methods were in agreement within the relative error range
from —8% to 7.5%, which suggested that the rotational paper-based
ECL devices had a strong potential to become a low-cost, user-
friendly and sensitive diagnostic platform for the determination of
CEA and PSA in real samples.

A

6000

4. Conclusions

This work was the first demonstration of the integration of
rotational valves into the microfluidic paper-based ECL immuno-
device for the sensitive and multiplexed detection of cancer bio-
markers. The cleverly designed paper-based device allowed paper
discs to rotate around the center so that rotational valves were
integrated into the paper-based device successfully and their “On/
Off” states could be easily controlled by rotating the paper discs.
The repeated use and short response time could be obtained in the
operation processes, which made the rotational paper-based device
have great advantages in multi-step operations. The functions of
rotational valves were demonstrated by carrying out multistep ECL
immunoassay and the device exhibited excellent analytical per-
formance for the quantitative analysis of cancer biomarkers with
low detection limits. In addition, there was considerable scope for
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Fig. 6. Calibration curves for (A) CEA and (B) PSA on the rotational device (n = 3). Inset: ECL intensities with different concentrations of cancer biomarkers.
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further improving detection limits and sensitivities with various
signal amplification strategies, such as the assistance of enzyme
and the incorporation of nanomaterials. Due to high integration
and easy operation, the rotational paper-based ECL immunodevices
were expected to be a rapid, low-cost and sensitive analytical
platform for point-of-care testing.
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