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This device is aimed at ensuring that the sample is uniformly and equivalently reacted with the antibody
on the NC membrane in each test when the microfluidic liquid system is introduced to the chip. In this
study, the developed microfluidic chip can avoid the presence of the sample and conjugate pads in the
chip,while the precision of the chromatography system can be greatly improved using the sameparticles,
NCmembrane and antibody alongside the traditional strip. The results, taking the detection of cTnI as an
example, revealed that the coefficient of variation (CV) is controlled within [19_TD$DIFF]4%, while the maximum
record of the contrast chromatographic reagent strip can reach 15%. Additionally, the detection
sensitivity canmaintain the same order ofmagnitudes with that of the traditional chromatographic strip.
With the results, the determination correlation of the developed microfluidic chip has been greatly
improved. In addition, the CV of the chip in this study is greatly improved in comparisonwith that of the
traditional strip. The biggest improvement lies in the mixing between the sample and the microspheres,
indicating that this is a new approach to improve the CV of the traditional strip.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Point-of-care testing (POCT) is an emerging specialty and one of
the most rapidly growing areas in laboratory medicine and
diagnostic testing because of its time-saving, convenient opera-
tion, storage, and transportation [1–8]. However, the POCT reagent
strip itself, especially immunochromatographic products, has not
been considered as good qualitative test measurement due to its
low sensitivity, accuracy and large deviation [9–11], and the
accuracy of measurement results is insecure. Compared with
chemiluminescent, latex turbidimetric method, and enzyme-
linked immunosorbent assay (ELISA), immunochromatographic
products are completely heterogeneous systems [12–16]. In fact,
immunochromatography has several intrinsic defects. Firstly, it is
difficult to achieve absolute uniformity of the texture of the
sample-gold-standard pad, whose structures are relatively com-
plex. Secondly, in terms of colloidal gold-based systems, different
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sizes certainly exist among different batches of colloidal gold with
different colors [17–20]. Up till now, different kinds of fluorescent
particles have been adopted in most of the immunochromato-
graphic products to minimize differences among batches [21–25],
while the release of the conjugate pad still exists in the differences.
Thirdly, samples, such as blood or urine, originally have large
differences among individuals. The different samples with differ-
ent colors will lead to a large difference in background color on the
NC membrane, resulting in a greater challenge to obtain accurate
readings. Additionally, some particles may remain on the NC
membrane, which will also lead to errors.

Although in large-scale production, the current immunochro-
matography manufacturers can control the coefficient of variation
(CV) within [20_TD$DIFF]15%, the technology still needs tomodify in addition to
improving the accuracy, in which numerous attempts and efforts
have beenmade [26–29]. To copewith these challenges, oneway is
to control the manufacturing process more precisely via replacing
the batched production line mode into highly automatic stream-
lined production mode, while the other way is to integrate
microfluidic technology, which can precisely control the biochem-
ical reaction process to achieve the purpose of accurate detection
in the chip [30–33]. For example, M. Zinggeler [21_TD$DIFF]et al. developed a
new microfluidic platform to perform immunochromatographic
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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assay with high sensitivity, good linearity, and low variation [30].
Furthermore, Berli [21_TD$DIFF]et al. reported a model for lateral flow assay
(LFA) quality control and proposed that the final reaction signal
strength was affected by sample pad [34], conjugate pad, colloidal
particles, nitrocellulose membrane, antibody, and manufacturing
process. Each of such variables is affected by many factors, which
are very difficult to control. Another way to resolve the poor
repeatability of the detection results is to completely discard the
chromatography membrane and other related membranes
replaced with the microfluidic structure. Furthermore, from the
point of the immune reaction view including, the results of the
reaction are affected by the number of reagents, reaction
temperature, time, and other factors.

Generally, the fluid actuation in microfluidic technology
depends on the complex on-chip valves, including the pneumatic
valves, solenoid valves, and screw valves [35,36]. Typically,
microchannels can be opened or closed through force-induced
deformation of the elastomeric membrane in microfluidic devices
with these valves being placed or pre-fabricated at the defined
location. The adoption of on-chip valves into microfluidic plat-
forms is to achieve sensitive and high-throughput immune-
detection of a variety of analytes, such as insulin-like growth factor
1 receptor (IGF-1R) and clenbuterol [37,38]. Although the various
on-chip valves are small in size, the operation of the valves requires
large external devices, such as gas distribution systems and
pneumatic actuators, which hinder their integration, portability,
and automation [39–43]. Therefore, accurate control of micro-
fluidics is the key to further improve repeatability.

In this paper, a newly designed microfluidic device has been
applied to detecting cTnI. The liquid flow rate is controlled to
ensure the average fluorescence velocity through the NC mem-
brane, inwhich the reactionmembrane is cleansedwith a cleaning
solution to remove unreacted and ineffective adsorption particles
to obtain a POCT detection device with satisfactory precision.

[(Fig._1)TD$FIG]

Fig. 1. Design, fabrication and application of the microfluidic assay system. (A) Design an
chip. (C) The mechanism of detection based on the microfluidic-based chip.
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Cy5 fluorescent microsphere and NC membrane were pur-
chased from Merck, while cTnI antibody (19c7, 560 and 7b9) was
procured from the Hytest. The cTnI antibody [22_TD$DIFF]19c7 was coupled
onto the fluorescent microsphere via EDC/NHS method, while 560
(2mg/mL) and 7b9 (1mg/mL) were loaded on the NC membrane
by spray pointmethod. 0.5mL of thementioned antibodieswas put
on the NC membrane, while the antibodies were coated using
Biodot (XYZ 3210 Dispensing Workstations, Irvine, CA, USA). The
fluorescence quantitative detection equipment is provided by
Getein Biotechnology Co., Ltd.

The microfluidic chip was customized by Getein Biotechnology
Co., Ltd. It consists of two layers of materials, as the pipe in-
between the layers provide the flowof liquids. The upper layer was
a highly transparent material including a binding region of the NC
membrane, which could transmit the generated fluorescence
signal to the fluorescent detector on the other side of the
transparent material unhindered. As shown in Fig. 1, the liquid
from the detected sample would dissolve the fluorescent micro-
spheres and transport them to the NC membrane, while the flow
speed of the reagents and the detected sample is controlled by the
microfluidic piston.

To compare the performance of the developed system, the
traditional immunochromatographic reagent strip was employed
for the contrast test. The method of labeling antibody with
fluorescent microspheres was the same as that of the developed
microfluidic system, and it was sprayed on the labelling pad with
the amount being 1.5mL/cm. Meanwhile, cTnI-antibody 560 (2
mg/mL) and 7b9 (1mg/mL) were also coated on the NCmembrane
with the amount being 0.8mL/cm and assembled on the traditional
chromatographic reagent strip, the strip was test at 15min.

To ensure the sample is uniformly and equivalently reacted
with the antibody on the NC membrane at each time, a stable flow
rate is an important parameter, which can ensure precision
improved. As shown in Fig. 2, the detection sensitivity of the
d fabrication of the microfluidic-based chip. (B) The work process of the developed
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Fig. 2. LOD values for cTnI detection by the developed microfluidic chip with
various flow rates.

[(Fig._4)TD$FIG]

Fig. 4. The relationship between cancentration of sample and CVs of the
development and the traditional chromatography reagent strip.
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developed reagent chips for cTnI detection at different flow rates is
different. When the flow rate was 40mL/min, the LOD value was
13 pg/mL, which is higher than a traditional immunochromato-
graphic reagent strip (10 pg/mL). The weak result might be
attributed to the very fast speed of the reaction solution passing
through the NC membrane, resulting in insufficient binding of the
antibody on the membrane. Moreover, at the flow rate of 20
mL/min, the detection sensitivity was able to meet the require-
ment, and the detection sensitivity of 5 pg/mL for cTnI determina-
tion was obtained, while the elapsed time of 10min can also meet
the demand of clinic determination. The result is consistent with
the traditional immunochromatographic reagent strip. Up till now,
the clinical diagnosis of cTnI abnormalities is considered to be
26 pg/mL, and the developed microfluidic assay strip can meet the
needs. After the flow rate was further decreased, the detection
sensitivity of the developed microfluidic system could obtain a
3 pg/mL at the flow rate of 13.3mL/min in 15min. Hence, except
stated otherwise, the flow rate of 20mL/min is used in the
following experiments.

To evaluate the quantitative performance of the developed
microfluidic chip, the cTnI antigenwas diluted by 1% BSA to obtain
different concentrations for determination. As shown in Fig. 3, the
trend in intensity change with cTnI is illustrated, while the
consistency between the calculated and detection results is shown
in the inset. The quantitative results in Fig. 3 indicated good
linearity between the signals of cTnI detection and the corre-
sponding cTnI concentration (R2 = 0.995). Furthermore, the devel-
opedmicrofluidic system revealed a limit of detection (LOD) as low
as 5 pg/mL for cTnI determination in the range of 5 pg/mL to
1000 pg/mL.

The precision of the strip was assessed via the coefficient of
variation (CV). As shown in Fig. 4, the CV of cTnI determination for
the developed microfluidic system is in the range of [23_TD$DIFF]2%�4%, while
[(Fig._3)TD$FIG]

Fig. 3. The performance of the developed microfluidic system cTnI determination
in the range of [13_TD$DIFF]5–1000 pg/mL.
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that of the traditional immunochromatographic reagent strip
ranges from 8%�15%. The result showed that the microfluidic strip
exhibited a satisfactory precision for cTnI detection and assess-
ment, which could be attributed to the fact that unlike the
traditional reagent strip, the microfluidic chip could fully mix
samples with fluorescent microspheres, thereby avoiding the
challenges such as the inconsistent reaction between the sample
andmicrosphere at different times and batches, as well as avoiding
the possible insufficient release of the microsphere on the
conjugate pad. Additionally, the sample-fluorescent microspheres
mixture can pass through the NC membrane in the same way
through a uniform flow rate and react with the coated antibody,
hence avoiding the inconsistency of pore size and surface
hydrophobicity of the membrane in the traditional reagent strip.

To investigate the clinical applicability and diagnostic capability
of the fabricated microfluidic strip, 30 serum samples collected
from hospitalized patients suffering from cTnI were analyzed by
the Abbott i2000SR chemiluminescence immunoassay (CLIA) and
microfluidic modified immunoassay system. To verify the as-
developedmicrofluidic assay technique, Passing Boblok regression
and Spearman's correlation coefficient were used to analyze the
linear dependence between the two methods. In Fig. 5, the
regression equation and Spearman’s correlation coefficients of
rank correlation of cTnI between CLIA and microfluidic modified
strip detection values are shown. In the inset, the slopes of the
regression equations (0.999) and the Spearman’s correlation
coefficients (0.997) are close to 1, including the [14_TD$DIFF]95% confidence
intervals (CIs) of the corresponding parameters. The result showed
that the detection values of the microfluidic modified strip
displayed a good linear correlation with CLIA values for cTnI
determination. Based on meeting the requirements of sensitivity,

[(Fig._5)TD$FIG]

Fig. 5. Passing Bolok regression lines between the results obtained from the Abbott
i2000SR and microfluidic modified strip for cTnI determination in real serum
samples. The solid lines represent the linear regression line, with the dash lines
showing the range of [14_TD$DIFF]95% CI.
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precision, testing time, and clinic detection, the microfluidic
modified immunoassay system is proposed suitable for the precise
cTnI diagnosis and prognosis in hospitals.

In this study, the developed microfluidic strip can function in
the absence of the sample- and conjugate pads in the chip, while
the precision of the chromatography system can be greatly
improved using the same fluorescentmicrospheres, NCmembrane
and antibody compared with traditional reagent strip. More
importantly, the detection time is controlledwithin 10min for cTnI
determination. Also, the CV is controlled within [24_TD$DIFF]4%, while the
maximum precision of the contrast chromatographic reagent strip
can reach 15%.

Moreover, for the traditional chromatographic strip, sensitivity
and CVs have always been the biggest obstacles to its wider
application. In the research of this chip, many materials used are
the same as those applied in the traditional reagent strips, such as
membrane, antibody and microspheres, the biggest change is that
the process is optimized. Firstly, the microspheres and samples are
mixed evenly, and then the samples pass through the NC
membrane at a uniform speed. The CVs of the chip in this study
is greatly improved in comparison with those of the traditional
strip. The biggest improvement lies in the mixing between the
samples and the microspheres, demonstrating that this is a new
approach to improve the CVs of the traditional reagent strip.

Finally, the detection sensitivity can be kept at the same order of
magnitudes with that of the traditional chromatographic reagent
strip, while the determination correlation of the developed
microfluidic chip has been maintained at a very satisfactory level
with the chemiluminescence system. Hence, the microfluidic
device provided in this study can greatly improve test accuracy.
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