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detection of carcinoembryonic antigen based on
immunomagnetic separation and droplet arrays†

Haoran Hu, ‡a,b,c Gaozhe Cai,‡b Zehang Gao, b,d Cheng Liang,e Fengna Yang,a,c

Xiaohui Dou,a,c Chunping Jia,b Jianlong Zhao,b Shilun Feng*b and Bei Li*a,c

Diagnosis of cancer by biomarkers plays an important role in human health and life. However, current lab-

oratory techniques for detecting cancer biomarkers still require laborious and time-consuming operation

by skilled operators and associated laboratory instruments. This work presents a colorimetric biosensor

for the rapid and sensitive detection of carcinoembryonic antigen (CEA) based on an automated immuno-

magnetic separation platform and a droplet array microfluidic chip with the aid of an image analysis

system. Immunomagnetic nanoparticles (MNPs) were used to capture CEA in the samples. CEA-detecting

antibodies and horseradish peroxidase (HRP) were modified on polystyrene microspheres (PS), catalysing

hydrogen peroxide and 3,3’,5,5’-tetramethylbenzidine (TMB) as signal outputs. Color reaction data were

analyzed to establish a CEA concentration standard curve. The movement of MNPs between droplets in

the microfluidic chip is achieved using an automatically programmable magnetic control system. This col-

orimetric biosensor has been used for the simultaneous detection of six CEA samples ranging from 100

pg mL−1 to 100 ng mL−1 with a detection limit of 14.347 pg mL−1 in 10 min, following the linear equation:

y = −4.773 ln(x) + 156.26 with a correlation of R2 = 0.9924, and the entire workflow can be completed

within 80 minutes. The microfluidic immunosensor designed in this paper has the advantages of low cost,

automation, low sample consumption, high throughput, and promising applications in biochemistry.

1. Introduction

In recent years, more and more people are concerned about
cancer because of the high incidence and mortality rate.
Cancer is a serious threat to human health and life, ranking
second in the list of causes of death, after cardiovascular
disease in 2020; cancer causes nearly 10 million deaths.1 Early
diagnosis, intervention and curative effect monitoring of

cancer are necessary to improve patient survival and signifi-
cantly reduce patient suffering. Studies have shown that the
occurrence of malignant tumours is closely related to the
changes in the gene expression of related proteins in cells.2

Therefore, a rapid, accurate, and sensitive method for detect-
ing cancer cells and their gene expression levels is significant
for cancer pathogenesis research, early diagnosis, treatment,
and disease monitoring. Among them, the detection of cancer-
related protein markers has become one of the most widely
used clinical and laboratory detection methods.3

A large amount of clinical data shows that carcinoembryo-
nic antigen (CEA), as a broad-spectrum cancer marker, has
important clinical value in the differential diagnosis, disease
monitoring, and efficacy evaluation of cancers such as
gastric cancer, lung cancer, and colorectal cancer.4 Current
CEA detection methods mainly include enzyme-linked
immunosorbent assay (ELISA),5,6 electrochemistry,7,8 surface
plasmon resonance,9,10 biosensors,11,12 and fluorescence
immunoassay.13,14 Among all these methods, biosensors have
been widely researched and developed as a tool in the medical,
environmental, food, and pharmaceutical fields. Easy, rapid,
low-cost, highly sensitive and highly selective biosensors con-
tribute to advances in next generation pharmaceutical techno-
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logies such as individualized medicine and ultra-sensitive
point-of-care detection of biomarkers for different diseases.
Feng et al. developed an enzyme immunoassay (EIA) chip
using an electrochemical biosensor for prostate-specific
antigen (PSA) detection.15 Wang et al. developed an ELISA bio-
sensor to measure CD4+ T lymphocyte counts using an auto-
mated micro-a-fluidic platform.16 Xu et al. found a new ultra-
sensitive sandwich-type immunoassay biosensor to detect the
CEA concentration with a detection limit of 0.07 pg mL−1 and
a linear detection range from 0.1 pg mL−1 to 200 ng mL−1.17

However, these methods need complex sample preparation
processes or bulky detection equipment, which restricts their
application in resource-limited settings and point-of-care
testing (POCT) away from central laboratories. In biosensing
detection, microfluidic devices have recently received increas-
ing attention. Microfluidic devices offer a new solution for bio-
sensor assays because of their advantages such as low biologi-
cal sample consumption and precise control. However, most of
these microfluidic devices require supporting external instru-
ments and are not suitable for immediate use. For example,
most microfluidic devices contain complex microfluidic com-
ponents such as microvalves, micropumps, and interface con-
nections. Additionally, traditional microfluidic bioanalytical
systems often require bulky and expensive peripheral acces-
sories such as various pressure pumps and corresponding
control systems that are not portable.18

One primary form of the microfluidic device is a droplet-
array microfluidic device. Its applications range from rapid

analytical systems or synthesis of advanced materials to bio-
assays of proteins. Precise control of the droplet volume and
reliable manipulation of individual droplets such as coalesc-
ence, mixing of their contents, and classification combined
with rapid analytical tools allows us to perform chemical reac-
tions inside droplets under defined conditions.19 Droplet-array
microfluidic devices manipulate droplets on a concave surface.
Such droplets function both as reaction chambers and fluid
transportation units.20 At the same time, immiscible liquids
can be used to isolate samples and reagents from the environ-
ment. Many actuation methods have been developed to control
the droplet movement, including passive actuation and active
actuation, such as surface acoustic waves,21–23 electrowetting,24–26

or magnetic forces.27–29 The magnetic-based operating method
offers particular advantages because of its flexibility and ease
of operation. The use of permanent magnets avoids the need
for an external fluid control unit, thus significantly reducing
manufacturing and operating costs.

In this paper, a microfluidic immunosensor based on an
automated magnetic control system is designed to detect the
CEA concentration. Enrichment of CEA in the detection
sample using the immunomagnetic separation technique to
improve the detection performance of the immunosensor. As
shown in Fig. 1A & E, the microfluidic chip is composed of a
PDMS channel layer with holes and a glass substrate layer. We
developed a magnetic control system which is shown in
Fig. 1B to automatically control the magnetic nanoparticles
(MNPs) in the droplet. The magnetic control system mainly

Fig. 1 Overall schematic diagram of this work. (A) A design drawing of the chip. The upper layer is a perforated PDMS channel layer and the lower
layer is a glass supporting layer; (B) schematic diagram of the working system; (C) schematic diagram of liquid phase reagent filling and the section
of the chip; (D) schematic diagram of the detection principle; and (E) picture of the chip used in this work.
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consists of a USB camera that can be used to observe the
entire automated workflow, a 3D printed holder for placing
the microfluidic chip, a magnet array and a displacement plat-
form for controlling the MNPs. The detection process of the
microfluidic system is shown in Fig. 1C. Before detection, the
microfluidic chip was filled with mixed mineral oil (3.6%, w/w,
EM90; 0.12%, w/w, Triton X-100). The CEA capture antibody
was modified on the surface of the MNPs to capture and
enrich CEA in the sample. In addition, the CEA detection anti-
body and horseradish peroxidase (HRP) were modified on the
polystyrene microspheres (PS). The MNPs were first enriched
and moved to the sample droplet by the magnet array for cap-
turing CEA, followed by washing with PBST and reacting with
immune-PS to form the MNP–CEA–PS complex. Finally, the
complex was moved to the droplet containing 3,3′,5,5′-tetra-
methylbenzidine (TMB) and hydrogen peroxide (H2O2). HRP
on the complexes catalyzes TMB and H2O2, prompting a color
change in the chamber filled with the reaction solution
(Fig. 1D), which is used to determine the concentration of CEA
in the sample. In order to improve throughput, we designed 6
detection channels on the same chip, so the chip in this paper
can detect 6 samples at the same time.

2. Materials and methods
2.1 Materials and reagents

Magnetic nanoparticles were purchased from Allrunnano
(Shanghai, CN). Polystyrene microspheres (PS) were purchased
from Bangs Lab (Indiana, USA). The capture antibody and
detection antibody were purchased from Medix Biochemica
(Shanghai, CN). Carcinoembryonic antigen (CEA) was pur-
chased from Lee Biosolutions, Inc (Maryland Heights, MO USA
63043). 3-(Ethyliminomethylideneamino)-N (EDC) and
N-hydroxysulfosuccinimide (NHSS) for magnetic bead acti-
vation were purchased from Sigma-Aldrich (St Louis, MO,
USA). TMB color reagent A solution (3,3′,5,5′-tetramethyl-
benzidine) and TMB color reagent B solution (peroxide solu-
tion) were purchased from Aladdin (Shanghai, CN). Horseradish
peroxide (HRP) and Proclin 300 were purchased from Solarbio
(Beijing, CN). A silicone elastomer kit for fabricating a polydi-
methylsiloxane (PDMS) chip was purchased from Dow Corning
(Sylgard 184, Auburn, MI, US). Phosphate buffered saline
(PBS), phosphate buffered (PB), Tween-20, and Triton X-100
were purchased from Sangon Biotech Co. Ltd (Shanghai, CN).
EM 90 was purchased from Biohope Inc (Shanghai, CN). A
Formlabs Form3 3D printer was purchased from Formlabs
(Somerville, Massachusetts, USA).

2.2 Design and fabrication of the microfluidic
immunosensor chip

The microfluidic immunosensor chip is the key component of
this detection system. The chip consists of two layers: a PDMS
top layer with microfluidic channels (thickness: 4 mm) and a
glass bottom layer (thickness: 0.5 mm). A chip has six droplet
microfluidic channels for CEA detection, each channel has

seven square chambers (length: 3 mm and height: 150 µm) for
filling with different reagents. These chambers are arranged in
a straight line. The link channel between the two square
chambers (width: 700 μm and height: 150 μm) is used to facili-
tate the passage of MNPs and to confine the reagent droplets
filling the through-holes. The detailed design of the microflui-
dic chip can be found in Fig. S1.† The mould of the PDMS
layer was fabricated by patterning a negative photoresist (SU-8
3050, Microchem, Durham Magneto Optics, UK) on a silicon
wafer using a direct laser writing system (MicroWriter ML3,
Durham Magneto Optics, UK). The manufacturing process of
the chip is shown in Fig. S2.† Then, the PDMS prepolymer and
the curing agent were mixed well in a ratio of 10 : 1, vacuumed
for 10 min, and the mixture was poured on the silicon wafer
mould after the air bubbles were removed and cured at 80 °C
for 2 hours. After that, the PDMS layer was peeled off from the
mould and punched at the middle area of the square chamber
to form circle through-holes (diameter: 3 mm). Then, the glass
was washed with anhydrous ethanol and bonded to the PDMS
layer using oxygen plasma treatment (PDC-002, Harrick
Plasma, Ithaca, NY, US). After bonding two layers, the chip was
placed in a 60 °C oven to enhance the bonding effect.

2.3 Preparation of immune MNPs

A 10 mL glass bottle was soaked in chromic acid overnight and
cleaned with pure water before preparation, followed by
washing with 5 mL of PB (0.01 M, pH 6.0) three times. Then,
50 μL of MNPs (10 mg mL−1) was added to the bottle and
washed with 3 mL of PB (0.01 M, pH 6.0) three times. After
washing, the MNPs were dissolved with 3 mL of PB (0.01 M,
pH 6.0), followed by adding 50 μL of EDC (10 mg mL−1 in 0.01
M PB, pH 6.0) and 50 μL of NHSS (10 mg mL−1 in 0.01 M PB,
pH 6.0) and activated for 1 h at room temperature (180 rpm).
After that, the activated MNPs were washed with 3 mL of PB
(0.01 M, pH 8.4) three times and dissolved in 3 mL of PB (0.01
M, pH 8.4), followed by adding 10 μL of capture antibody
(5 mg mL−1) and incubating for 2 h at room temperature (180
rpm). After antibody conjugation, 1% of skim milk solution
was added into the above solution to block for 1 h at room
temperature (180 rpm). Finally, the immune MNPs were
washed with PBS (0.01 M, pH 7.4) three times and dissolved in
1 ml of special reconstituted solution (25% sucrose, 1% skim
milk, and 0.7% Proclin), and stored at 4 °C for further use.

Electron scanning microscopy (SEM) was used to observe
the MNPs without and with modification of the antibody. As
shown in Fig. 2A and B, the surface of the immune MNPs
changed roughly after conjugation with capture antibodies,
which indicated the successful modification of the capture
antibodies.

2.4 Preparation of immune PS–HRP

A 10 mL glass bottle and a magnetic stirrer were soaked in
chromic acid overnight and cleaned with pure water before
preparation, followed by washing with 5 mL of PB (0.01 M, pH
6.0) three times. Then, 30 μL of PS (10 mg mL−1) was added to
1 mL of PB (0.01 M, pH 6.0) in a 1.5 ml centrifuge tube. After
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uniform mixing and centrifuging for 20 min (12 000 rpm,
4 °C), 1 mL of PB (0.01 M, pH 6.0) was added for resuspension.
After that, 2.5 mL of PB (0.01 M, pH 6.0) and 66 μL of centri-
fuged PS solution were added into the glass bottle, followed by
adding 5 μL of detection antibody (5 mg mL−1) and 175 μL of
HRP (1 mg mL−1 in 0.01 M PB, pH 6.0) to react for 1 h (800
rpm). Then, 30 μL of EDC (1 μg μL−1 in 0.01 M PB, pH 6.0) was
added once an hour for a total of three times. After conju-
gation, 300 μL of skim milk solution (10%, 0.01 M PB, pH 6.0)
and 50 μL of EDC (1 μg μL−1 in 0.01 M PB, pH 6.0) were added
to the reaction system at room temperature and reacted for 1 h
(800 rpm). Then, the reagent in the glass bottle was transferred
into a centrifuge tube for centrifugation (10 000 rpm, 4 °C,
20 min) and the supernatant was removed, followed by dissol-
ving the precipitate in 500 μL of special reconstituted solution
(25% sucrose, 1% skim milk, and 0.7% Proclin). Finally, the
immune PS–HRP solution was stored at 4 °C for further use.

2.5 Surface treatment of the microfluidic immunosensor chip

Since the PDMS layer and the glass layer are bonded by oxygen
plasma treatment, which greatly enhances the hydrophilicity of
the glass and PDMS surfaces, the bonded chip remains hydro-
philic. This can easily cause the droplets to adhere to the wall
and some MNPs are adsorbed on the inner wall of the chip
together with the droplets, which will affect the transfer
efficiency of the MNPs between two droplets and cause reagent
leakage between adjacent cavities. In addition, it can adversely
affect the program positioning function. Therefore, it is
necessary to change the microfluidic chip to a hydrophobic
state. In this paper, 110 °C is used as the treatment tempera-
ture to study the recovery of the hydrophobic state of the chip
at different treatment times.

As shown in Fig. 3A, 0.05% PBST (pH 7.4) was mixed with
yellow dye as the liquid phase, and it can be seen that the dro-
plets stick to the wall and are in an irregular form when there
is no high temperature baking. When treated at 110 °C for
5 minutes, it can be seen from the top view that some droplets
are still adhering to the wall. When maintained at 110 °C for
10 minutes of treatment, the droplets were essentially located
in the center of the chamber, away from the walls. From the
side view, it can also be noticed that each droplet shows a
good droplet shape in the chip. Therefore, the microfluidic

chip was pre-treated at 110 °C for 10 minutes before the experi-
ment to ensure the accuracy of the detection.

In addition, a washing efficiency experiment was performed
to determine the number of appropriate washing chambers.
0.05% PBST (pH 7.4) with blue dye was used to remelt the
MNPs and it was filled into the chip. Then, a magnet was used
to move the MNPs. As shown in Fig. 3B, after moving the
MNPs to the fourth chamber, there was little blue dye left in
the droplet of the third chamber. By analyzing the collected
image data, we obtained the gray value of each chamber and
the relationship between the blue dye left in the chamber and
the gray value is shown in Fig. 3C. After washing twice, about
93.3% blue dye was washed out. Therefore, we set up two
chambers in front of the color reaction chamber for filling
with washing reagent droplets.

3. Results and discussion
3.1 The workflow of the immunosensor

The workflow of this proposed immunosensor is shown in
Fig. 4. Prior to the detection, a mixed mineral oil is pre-filled
into the chip to isolate the droplets from the environment. In
the first chamber, we injected 10 μL of mixed mineral oil
and the remaining chambers were filled with 8 μL of mineral
oil. Next, we filled the chambers with reagents, each chamber
is filled with 5 μL of the corresponding reagents. Then, the
chip is placed into the system for detection. First, the MNPs
are enriched and moved to the second chamber to capture
the CEA in the sample droplet and form an MNP–CEA
complex. Then, the MNP–CEA complex is moved to the
fourth chamber to react with immunized PS–HRP to form
MNP–CEA–PS–HRP complexes through a washing chamber
which is filled with 0.05% PBST (pH = 7.4). Finally, the
complex is moved to the last chamber after two washing
chambers. The HRP on the complex could catalyse a mixture
of TMB and H2O2 in the chamber to induce a color change,
which could be referred to as the concentration of CEA. By
taking the picture of the last chamber using a USB camera
and processing the collected image data, the standard curve
of the color index and the CEA concentration could be estab-
lished. The detection procedure can be completed within

Fig. 2 (A) SEM image of pure MNPs; (B) SEM image of immune MNPs.

Paper Analyst

1942 | Analyst, 2023, 148, 1939–1947 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

02
3.

 D
ow

nl
oa

de
d 

by
 C

ha
ng

ch
un

 I
ns

tit
ut

e 
of

 O
pt

ic
s,

 F
in

e 
M

ec
ha

ni
cs

 a
nd

 P
hy

si
cs

, C
A

S 
on

 4
/1

7/
20

24
 7

:4
2:

02
 A

M
. 

View Article Online

https://doi.org/10.1039/d2an01922a


Fig. 4 Schematic diagram of CEA detection workflow. (a) Using a magnet to enrich MNPs; (b) MNPs capture CEA in the sample; (c) 0.05% PBST (pH
7.4) wash MNPs and CEA; (d) MNPs and CEA bond PS–HRP; (e) 0.05% PBST (pH 7.4) first wash MNPs, CEA and PS–HRP; (f ) 0.05% PBST (pH 7.4)
second wash MNPs, CEA and PS-HRP; and (g) color reaction of the TMB mixed solution catalyzed by HRP.

Fig. 3 (A) Top and side views of the droplet morphology in the chip after 110 °C treatment at 0 minutes, 5 minutes and 10 minutes; (B) 0.05% PBST
with blue dye remelted MNP washing test; (C) the relationship between the blue dye left in the droplet of different chambers and the gray value and
error bars show the standard deviations of measurements from at least three separate experiments.

Analyst Paper

This journal is © The Royal Society of Chemistry 2023 Analyst, 2023, 148, 1939–1947 | 1943

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

02
3.

 D
ow

nl
oa

de
d 

by
 C

ha
ng

ch
un

 I
ns

tit
ut

e 
of

 O
pt

ic
s,

 F
in

e 
M

ec
ha

ni
cs

 a
nd

 P
hy

si
cs

, C
A

S 
on

 4
/1

7/
20

24
 7

:4
2:

02
 A

M
. 

View Article Online

https://doi.org/10.1039/d2an01922a


80 minutes. Besides, the workflow of the system taken using
the USB camera is shown in ESI Video S1.†

3.2 Optimization of the microfluidic immunosensor chip

After the MNPs move to the next chamber, the transfer
efficiency of the MNPs between two chambers is an important
parameter in this work. The magnet moving speed, the width
of the link channel and the surface tension between the oil
phase and the liquid phase directly affect the amounts of
beads left in the droplet in the previous chamber after move-
ment. We compared the transfer efficiency of MNPs under
these different conditions. The average gray value of the MNP
droplet image was used to compare the transfer efficiency. The
image of the previous droplet after the magnetic movement
was taken using a camera and analysed by ImageJ software.
After analyzing the gray value of the detected area of the
image, information on the concentration of MNPs can be
derived from the results. The lower the gray value, the less
MNPs remain in the previous droplet after transfer. As shown
in Fig. 5A, the linear relationship between the gray value and
the concentration of MNPs is confirmed and it can be
expressed as y (gray value) = −0.098x (concentration) + 157.72
(R2 = 0.9885).

As shown in Fig. 5B, the gray value of the previous droplet
decreased with the magnet moving speed increases, which
means that a lower transfer efficiency of the MNPs was
obtained with an increase in the magnet moving speed. It can
be explained that when the magnet moving speed was too fast,
the MNPs have no enough time to form aggregates for separ-
ating from the droplet. Besides, when the magnet speed was

lower than 500 μm s−1, there was no obvious difference in the
gray values. Considering the time-consuming automation
work, 500 μm s−1 was chose as the optimal speed of the
magnet. The optimization of the width of the link channel was
also performed. As shown in Fig. 5C, an increase in the
channel width from 200 to 700 μm resulted in a higher gray
value. However, when the width remains increasing to
1200 μm, the gray value of the droplet decreased. It was
believed that a narrow width such as 200 μm or 500 μm will
hinder the movement trend of MNPs and decrease the transfer
efficiency of MNPs. In addition, a large channel width such as
1000 μm or 1200 μm will decrease the transfer efficiency of
MNPs and increase the risk of reagent leakage in the chamber.
Therefore, 700 μm was selected as the optimal width of the
link channel. The surface tension between the oil phase and
the liquid phase also affects the transfer of the MNPs between
two droplets. 3.6% EM 90 and 0.12% Triton X-100 were added
into mineral oil to change the surface tension of the oil–liquid
phase and the transfer efficiencies of the MNPs were compared
in the pure mineral oil and the mixed mineral oil. From the
results in Fig. 5D, it is found that when a mixed mineral oil is
used, the gray value of the transferred droplet increased a lot.
The residual amount of MNPs was calculated as nearly 10%
less than that of pure mineral oil. Thus, a mixed mineral oil
was used in this work.

3.3 CEA detection in the microfluidic system

First, to evaluate the CEA detection performance of this micro-
fluidic immunosensor, parallel tests on CEA with different
concentrations from 100 pg mL−1 to 100 ng mL−1 in sterile

Fig. 5 Optimization data of the microfluidic immunosensor chip. Error bars show the standard deviations of measurements from at least three sep-
arate experiments. (A) Linear relationship diagram of the magnetic bead concentration and gray value, this followed a linear equation: y = −0.098x +
157.72 with a correlation of R2 = 0.9885; (B) the relationship between the speed of the magnet and the image gray value; (C) the relationship
between the residual width of the link channel and the image gray value; and (D) the relationship between the different filled oil phases and the
image gray value.
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PBS were conducted under optimal conditions. According to a
previous work,30 the red index of the collected image data was
selected as the signal. Fig. 6A shows that the red index
obtained using a camera decreased from 100.164 to 133.069
when the concentration of CEA changed from 100 pg mL−1 to
100 ng mL−1. A linear relationship between the red index (y)
and the concentration (x) was obtained and calculated as y =
−4.773 ln(x) + 156.26 (R2 = 0.9924). The detection limit of this
immunosensor for CEA was calculated to be 14.347 pg mL−1,
which is three times that of the signal-to-noise ratio.

To investigate the specificity of this immunosensor, CEA,
glucose, and BSA with the same concentration at 10 ng mL−1

were tested. As shown in Fig. 6B, the signal of CEA is lower
than those of the control, glucose and BSA. It can be seen
from the data in the figure that the immunosensor in this
paper has an ideal response to CEA and good specificity for
CEA detection.

Table 1 shows the CEA detecting work of other groups. The
main reference detection methods are electrochemical, impe-
dance method and MNPs. Electrochemical-based detection
methods are more sensitive and have a lower LOD. However,
the synthesis of electrode materials is usually more complex.
The impedance-based detection method has a higher LOD.
Whether based on electrochemical or impedance methods,
they do not have an automated workflow. Our work has the
characteristics of a lower detection limit, a large linearity
range, a high throughput and automated detection.

4. Conclusion

In conclusion, this work developed a microfluidic immunosen-
sor for the automatic detection of CEA based on immunomag-
netic separation and droplet arrays. Capture antibody modified
MNPs could be manipulated and transferred between different
droplets with the help of an automated magneto-control
system. Combining with HRP and detection antibody modified
PSs, the detection of CEA with a LOD of 14.347 pg mL−1 in the
droplet-array microfluidic chip was achieved within 80 min.
This followed the linear equation: y = −4.773 ln(x) + 156.26,
with a correlation of R2 = 0.9924. Meanwhile, according to the
high-throughput demand, this proposed system can detect six
samples at the same time. This immunosensor exhibited high
sensitivity, a wide detection range, and good selectivity and it
also has the advantages of low cost, automatic operation, lower
sample consumption, and a higher throughput than others.
However, this proposed method for CEA detection still
required 80 min from samples to results, which may affect the
on-site application. Future work can be focused on shortening
the detection time by replacing a two-step immunobinding
reaction with a one-step immunobinding reaction, or using
some other probes such as nanoantibodies or aptamers. This
developed droplet-array microfluidic immunosensor system
has great compatibility in the field of biological detection and
broad application prospects in biochemistry by changing
different probes.

Fig. 6 Error bars show the standard deviations of measurements from at least three separate experiments. (A) The relationship between the
different concentrations of CEA and the red index, this followed the linear equation: y = −4.773 ln(x) + 156.26 with a correlation of R2 = 0.9924 and
the LOD is 14.347 pg mL−1; and (B) specificity comparison with the control, CEA, glucose and BSA.

Table 1 Comparison of some characteristics of this work with recently reported work of immunosensors for CEA detection

Method Linearity range Throughput LOD Time consumption Automation Ref.

Electrochemical 0.3–2.5 ng mL−1 1 sample 10 pg mL−1 20 min NO 31
Electrochemical 0.01–10 ng mL−1 1 sample 300 pg mL−1 3 h NO 32
Impedance — 1 sample 1 ng mL−1 80 min NO 33
Lateral flow test strip 1–100 ng mL−1 1 sample 45 pg mL−1 — NO 34
ELISA 0.6–7.2 ng mL−1 — 156 pg mL−1 — NO 35
Droplet-array colorimetric 0.1–100 ng mL−1 6 samples 14.347 pg mL−1 80 min YES This work
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