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Nucleic acid detection (NAD) based on real-time polymerase chain reaction (real-time PCR) is gold stan-
dard for infectious disease detection. Magnetic nanoparticles (MNPs) are widely used for nucleic acid
extraction (NAE) because of their excellent properties. Microfluidic technology makes automated NAD
possible. However, most of the NAD microfluidic chips are too complex to be applied to point-of-care
(POC) testing. In this paper, a simple-structure cartridge was developed for POC detection of infectious
diseases. This self-contained cartridge can be divided into a magnetic-controlled NAE part, a valve-piston
combined fluidic control part and a PCR chip, which is able to extract nucleic acid from up to 500 puL
of liquid samples by MNPs and finish the detection process from “sample in” to “answer out” automat-
ically. Performance tests of the cartridges show that it met the demands of automated NAD. Results of
on-cartridge detection of hepatitis B virus (HBV) demonstrated that this system has good uniformity and
no cross-contamination between different cartridges, and the limit of detection (LOD) of this system for
HBV in serum is 50 IU/mL. Multiplex detections of severe acute respiratory syndrome coronaviruses 2
(SARS-CoV-2) with a concentration of 500 copies/mL were carried out on the system and 100% positive
detection rate was achieved.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Since the 21t century, there have been frequent outbreak of in-
fectious diseases such as severe acute respiratory syndrome (SARS),
Middle East respiratory syndrome (MERS) [1], Zika and Ebola [2,3].
Especially the current corona virus disease 2019 (COVID-19) caused
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has become the most serious challenge in the world [4,5]. In the
past two years, a large number of detection methods have been
developed for the rapid detection of SARS-CoV-2, such as recom-
binase polymerase amplification (RPA) [6], loop-mediated isother-
mal amplification (LAMP) [7], antigen-based detection methods [8],
as well as CRISRP-based methods [9,10]. However, these meth-
ods still have shortcomings in terms of accuracy and sensitiv-
ity. Reverse transcription real-time polymerase chain reaction (RT
real-time PCR) is still the gold standard for detecting SARS-CoV-2
[11,12]. However, most of the current mainstream nucleic acid de-
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tection (NAD) kits are applied for sample processing, amplification
and detection step by step, which involve a lot of manual opera-
tions and require a laboratory environment as well as various of
equipment. Too many manual operations will increase the risk of
cross-contamination, which may lead to false test results. In order
to solve these shortcomings, many research teams have developed
integrated NAD devices based on microfluidic chips to automati-
cally realize “sample-in to result out”, greatly improving the effi-
ciency of NAD [13-19]. For example, Huang et al. developed a mi-
crofluidic chip-based PCR-array system to complete the detection
of 21 pathogens in a fully integrated manner [20]. The system used
a microfluidic chip packaged with all the reagents required, and
sample lysis, nucleic acid extraction/purification and real-time PCR
are sequentially implemented on the same chip. Zong et al. pre-
sented an automated centrifugal microfluidic chip to achieve hep-
atitis B virus (HBV) genotyping from whole blood only in about
1 h [21]. Li et al. constructed a self-contained fluidic cassette for
multiplex detection of bacteria for rapid diagnosis of urinary tract
infections [22]. The kit was successfully applied to detect four ma-

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Fang, Y. Wang, L. Zhu et al.

o

Venthole

Filter

Chinese Chemical Letters 34 (2023) 108092

Piston

B The first push valve

he second push valve

Insert

Amplification chip

Final closed

Valve 1 closed, valve 2 open

Fig. 1. Schematic of the integrated cartridge. (A) Photo of the cartridge, which can be divided into three parts: (I) the magnetic-controlled NAE part, (II) the valve-piston
combined fluidic control part and (11I) the PCR chip; (B) The 3D illustration of the cartridge in an exploded view; (C) Detailed structure of the cartridge components, (I)
sectional view of the first push valve, (II) sectional view of the second push valve, (I1I) combination status of the piston and the control lever, (IV) the structure of the PCR

chip; (D) The principle of valve-piston combined fluidic control.

jor pathogenic bacteria in Urinary tract infections (UTIs). Trick et al.
developed an imaging-based portable droplet magneto-fluidic car-
tridge platform, which can detect multiple SARS-CoV-2 variants or
other respiratory pathogens [23].

In summary, most of the microfluidic chip-based integrated
NAD devices reported so far contain complex structures of flow
channels and chambers, or require additional pumps or valves for
precise fluidic control, which will undoubtedly increase the man-
ufacturing difficulty and use cost [24,25]. On the other hand, due
to size constraints, the microfluidic chips can only handle a few
tens of microliters or even a few microliters of sample, which will
greatly reduce the sensitivity of the assay and easily cause false-
negative results at low sample concentrations [26,27].

Based on the previous work of our research group [28-31], in
this paper, an integrated cartridge with simple structure was de-
veloped for automatic nucleic acid extraction (NAE), amplification
and fluorescence detection. The current simple-structure cartridge
only has six components and can be divided into three functional
parts of magnetic-controlled NAE part, valve-piston combined flu-
idic control part and a PCR chip. The NAE part can process up
to 500 pL of liquid samples, and quickly complete nucleic acid
processing step in 10 min. All reagents required for detection are
preloaded into the appropriate wells, after loading the sample,
the whole workflow including sample lysis, nucleic acid binding
to magnetic nanoparticles (MNPs), washing, nucleic acid elution,
mixing the nucleic acid template with amplification reagents, dis-
tributing the mixture into the chip, and real-time PCR, is automati-
cally executed. This simple-structure and easy-to-use cartridge sys-
tem is suitable for point-of-care (POC) testing of various infectious
disease pathogens.

Performance evaluations of this system have been conducted,
and the results demonstrated that the designed cartridge was good
at magnetic control and fluidic control, and on-cartridge NAE had
better efficiency than manual extraction which involved multiple
centrifugation steps. In addition, the four cartridge channels in the
device have good uniformity and there is no cross-contamination

between cartridges. The limit of detection (LOD) of this system for
HBV in serum is 50 IU/mL. Multiplex detections of severe acute
respiratory syndrome coronaviruses 2 (SARS-CoV-2) with a concen-
tration of 500 copies/mL were carried out on the system and 100%
positive detection rate was achieved.

Magnetic nanoparticles (MNPs) are new materials with rapid
development and great application value in many fields of mod-
ern science [32]. In the cartridge, MNPs based NAE was chose
to extract and purify nucleic acids from samples to be tested for
downstream detection. Fig. S1 (Supporting information) shows the
schematic diagram of the NAE, in which a magnetic rod as well
as a magnetic rod sleeve were cooperated with each other to com-
plete the operation of mixing, adsorption and transfer of the MNPs.

Depending on the function, the integrated cartridge (11.5
cm x 3.5 cm x 1.5 ¢cm) can be divided into three parts (Fig. 1A): (I)
the magnetic-controlled NAE part, (II) the valve-piston combined
fluidic control part and (III) the PCR chip. The exploded view of
the cartridge (Fig. 1B) indicates that the simple-structure cartridge
only consists of six components: the main body of the cartridge,
two push valves, a piston, an insert and a PCR chip. The main body
and the body of the PCR chip were injection molded by Shenzhen
KK Medical Technology Co., Ltd. (Shenzhen, China). Two pressure-
sensitive adhesive films (ARseal 90697, Adhesives Research China
Co., Ltd.) are covered on both sides of the chip. Apart from the
main body and the PCR chip, other components were manufac-
tured by three-dimensional (3D) printing.

Fig. 1C further shows detailed of the cartridge components. The
sectional view shows the internal structure of the two push valves.
As we can see, both valves have a channel passing through the
valve body in a lower position. Besides, the second push valve has
a second channel in a higher position connecting with a reservoir.
A filter is installed between the reservoir and the venthole, which
can prevent the aerosol escaping into the air. To improve the seal-
ing of the valves, we set flexible silicone pads around the channel
to ensure a tight fit between the valve and the main body of the
cartridge. To realize push and pull actions of the piston, we de-
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signed a complementary structure for the piston and the control
lever so that they can combine and separate automatically. When
combined with the piston, the control lever can pull and push the
piston to pump the liquid in and out. The PCR chip which contains
a reaction chamber (30 pL) and two channels was designed to be
flattened to improve heat transfer efficiency. The two channels of
the chip are match for the channels on the second push valve so
that the PCR reagents can be pumped into the chip through the
push valve. Fig. 1D indicates the principle of valve-piston combined
fluidic control: (I) The two push valves are initial closed and the
piston is at the bottom of the well; (II) The first valve is pushed
down to open, then the piston can pump the liquid in and out
through the first valve; (11I) The first valve is pushed down again
to close while the second valve is pushed down to open, then the
piston can pump the mixed reagents into the PCR chip; (IV) The
second valve is pushed down again to close to form a sealed envi-
ronment for PCR.

The cartridge system proposed in this work is designed for
“sample-in to answer-out” NAD of infectious disease pathogens.
The reagents and detection processes may be slightly different for
different kinds of samples. A typical workflow of the cartridge in-
cluding nine steps in total is demonstrated in Fig. S2 (Support-
ing information), of which only the first step needs manual op-
eration. All required reagents have been preloaded into the appro-
priate wells, and a specific arrangement of the reagents loading is:
400 pL of lysis & binding buffer in the well 1#, 20 pL of MNPs with
400 pL of pure water in the well 2#, 500 puL of washing buffer 1
in the well 3#, 500 pL of washing buffer II in the well 4#, 80 pL
of elution buffer in the well 6# and 40 pL of PCR mixture in the
piston well. Detailed procedure can be found in Supporting infor-
mation.

After completing the construction of the cartridge system, a se-
ries of validation experiments were conducted to evaluate the per-
formance of the system. The reagents and samples used in the val-
idation experiments are listed in Supporting information.

A series of performance tests of the designed cartridge were
carried out for evaluating whether it could meet the demands
of NAD. First, the operation of mixing, adsorption and transfer of
MNPs in the cartridge were tested. Three liquid systems with total
volumes of 500 pL (300 pL lysis buffer and 200 pL serum sam-
ples), 700 pL (400 pL lysis buffer and 300 pL serum samples) and
1000 pL (500 pL lysis buffer and 500 pL serum samples) were set
up and 20 pL of MNPs were added to each system and gathered
to the bottom of the tube by a magnet. Then, cartridges with the
set-up liquid systems were loaded to the device and the magnetic
rod sleeve mixed the liquid system by vibrating up and down at
high speed (6 times per second) for 30 times. For different vol-
umes, the oscillation amplitude of the magnetic rod sleeve will be
adjusted to adapt the liquid level. Fig. 2A shows the comparison
image of before and after mixing of the MNPs, indicating that the
magnetic sleeve had excellent mixing effect on the MNPs in both
large and small volume liquid systems. Besides, Fig. 2B shows the
comparison image of before and after transferring MNPs from well
1# to well 3#. As we can see, after completing the transfer, no
MNPs remained in well 1# while the beads transferred to well 3#
could restore uniform suspension state easily.

After that, fluid control performance of the cartridge was tested.
Firstly, the ability to dissolve the lyophilized PCR reagents was
tested. As shown in Fig. 2C, before dissolution, elution buffer was
in well 6# while the lyophilized PCR reagent was in the piston
well. To begin the dissolution, the first push valve was pressed
down to open the channel, and then the piston was moved up and
down 5 times to drive the liquid in-and-out of the piston well re-
peatedly to fully dissolve the lyophilized PCR reagent in the pis-
ton tube. Fig. 2D shows the workflow of transferring reagents from
well 6# to PCR chip: (I) The reagents were in well 6# and the two
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Fig. 2. Images of performance evaluation results of the cartridge. (A) Comparison of
before and after mixing of MNPs at different volumes of samples. (B) Comparison
of before and after transferring MNPs from well 1# to well 3#. (C) Comparison of
before and after dissolving lyophilized PCR reagents under control of the piston and
the push valve. (D) Workflow of transferring reagents from well 6# to PCR chip: (I)
The reagents were in well 6#; (II) piston aspirated the reagents with the coopera-
tion of the first push valve; (III) piston injected the reagents into PCR chip with the
cooperation of the second valve.

push valves were closed; (II) The first push valve was pressed to
open the first channel and the piston was lifted upwards to ab-
sorbed the reagents into the piston well; (III) The first push valve
was pressed again to close the first channel while the second push
valve was pressed to open the second channel and then the piston
was pressed down to injected the reagents into PCR chip.

Four groups of serum samples containing HBV at concentrations
of 5x103 IU/mL, 5x104 1U/mL, 5x105 IU/mL, and 5x106 IU/mL
were selected, and 200 pL of each sample were extracted manu-
ally and automatically by this cartridge system. To increase com-
parability, the steps for manual extraction are the same as those
for automatic extraction. After that, the purified samples were am-
plified and detected using the StepOnePlus Real-time PCR System
(Applied Biosystems, America). Figs. 3A and B indicate the real-
time PCR results comparison of the two extraction methods which
demonstrated that the nucleic acid extraction efficiency of this car-
tridge system was slightly higher than that of the manual method.

Serum samples with HBV concentration of 5x10° IU/mL were
used in this test. Four cartridges with 200 pL of samples re-



Y. Fang, Y. Wang, L. Zhu et al.

[l On-cartridge =
354 [ ]Manual

il

Ct Value
n
o
I

Chinese Chemical Letters 34 (2023) 108092

—=— 5x10° IU/mL -- On-cartridge

50000 5x10° JU/mL -- On-cartridge 2
—=— 5%10% IU/mL -- On-cartridge jor’
>40000] 5x10* IU/mL -- On-cartridge H
¢

#-- 5%10° IU/mL -- Manual Ts
--#-- 5x10° IU/mL -- Manual ¥
--@-- 5x10* IU/mL -- Manual , ]
--®-- 5x10° IU/mL -- Manual 4
20000 { —e— Negative control

30000

Fluorescence Intensity

2 10000
0 p
5%10°IU/ML  5%10°5IU/mL  5%10°IU/mL  5%10° IU/mL 0 10 20 30 40 50
C D
104 —«— Cartridge 1 (Ct = 27.88) 104 o Cartridge 1 (Ct = 25.00)

- —e— Cartridge 2 (Ct = 27.31) & —e— Cartridge 2 (Negative)

8 0.8 —— Cartridge 3 (Ct = 27.55) 8 9.8 —— Cartridge 3 (Ct = 24.87)

S —v— Cartridge 4 (Ct = 27.27) ] Cartridge 4 (Negative)

506 5064

3 3
I I
§ 044 g 044
5 5

£ £

502 5 0.2
4 -

0.0 0.0 v adda
0 10 20 30 40
Cycle

E

S

®

[=2]

[

5 [DIDDDDDD eefelelele mEN]iE

) 7 7

/N O|oDo0oaN B

8

Q.

[Seleeleele mER]i S

Fig. 3. (A) Average cycle threshold (Ct) values comparison HVB at the concentrations of 5x106 [U/mL, 5x10° IU/mL, 5x10* IU/mL and 5x10® IU/mL extracted by this cartridge
system and by manual method respectively. (B) The real-time PCR fluorescence curves of these purified nucleic acid samples from StepOnePlus Real-time PCR System.
(C) Real-time PCR fluorescence curves of the four channels cartridges with the calculated Ct values of 27.88, 27.31, 27.55 and 27.27. (D) Real-time PCR fluorescence curves
of the four cartridges. (E) The cartridge setting for cross-contamination testing. (F) Electrophoretogram of the amplicons in cartridge 1 to cartridge 4. M represents the DNA

marker, N represents the negative control without template.

spectively were loaded into the device for simultaneous NAD. Fig.
3C shows the fluorescence curves and their Ct values of the four
channels with the coefficient of variation (CV) of 0.88%. The fluo-
rescence curves and the calculated Ct values demonstrate the good
uniformity of these four channels of the system.

For testing if there was cross-contamination between different
cartridges when more than one cartridge was loaded in the de-
vice, positive serum samples with HBV at a concentration of 5x106
IU/mL and the negative control that without HBV were used. 200
puL of the positive samples were added to the cartridge 1 and
3, while the negative controls were added to cartridge 2 and 4
(Fig. 3E). Then, the four cartridges were loaded into the device for
NAD, and the results of the test were analyzed (Fig. 3D). In ad-
dition, the amplicons of all cartridges were carefully pipetted out
and evaluated by gel electrophoresis (Fig. 3F). The results demon-
strated that there was no cross-contamination between different
cartridges in a same detection processing.

To test the detection sensitivity of this cartridge system, the
serum samples with 5x103 IU/mL of HBV were diluted with nega-
tive control serum samples to obtain three groups of samples with
HBV at the concentrations of 5x10% [U/mL, 50 IU/mL, and 5 IU/mL.
Combing with the negative control sample and the original sam-

ples of four concentrations (5x10® IU/mL, 5x10° IU/mL, 5x10%
IU/mL, and 5x103 IU/mL), totally eight kinds of samples (200 pL
of each) were divided into two groups for integrated NAD on this
system. As shown in Figs. 4A and B, the LOD for HBV in serum
samples by this cartridge system is about 5x102 IU/mL, which
is close to the LOD (20 IU/mL) of the detection kit used in this
paper.

In order to evaluate the multi-detection capability of this sys-
tem, ORF1ab gene and N gene of SARS-CoV-2 were detected simul-
taneously on the homemade system. Here, we used nucleic acid
releaser to release nucleic acids from SARS-CoV-2 without nucleic
acid extraction step. The SARS-CoV-2 pseudoviruses at an original
concentration of 2x10% copies/mL were diluted to 500 copies/mL
by the nucleic acid releaser. Then, 45 pL of the above mixture was
added to each cartridge that has been pre-loaded with lyophilized
PCR reagent to carry out multiplex real-time RT-PCR. A total of 10
sets of parallel experiments were conducted, and Fig. 4C shows the
real-time fluorescence curves of the results. Table 1 presents 10
sets of Ct values of the fluorescence curves. The results indicated
that for SARS-CoV-2 with a concentration of 500 copies/mL 100%
positive detection rate of both genes was achieved on our home-
made cartridge system.
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Fig. 4. The real-time RT-PCR fluorescence curves (A) and the standard curve (B) of the serum samples with HBV concentration of 5 IU/mL to 5x10° IU/mL. (C) The real-time
fluorescence curves of ORFlab gene and N gene of SARS-CoV-2 with the concentration of 500 copies/mL.

Table 1
10 sets of Ct values of ORFlab gene and N gene of SARS-CoV-2.
Ct
Set#
1 2 3 4 5 6 7 8 9 10
ORFlab 33.16 33.35 32.18 33.77 33.31 32.26 33.95 32.64 344 31.16
N 33.81 33.69 31.88 34.01 33.66 31.95 34.34 3243 34.39 31.51

In this study, an integrated cartridge was developed for POC nu-
cleic acid testing of infectious disease pathogens. Compared with
the microfluidic chips, this cartridge has no complicated structure
and does not require pumps to provide liquid driving force, but
it is able to dispose up to 500 pL liquid samples, which can im-
prove the detection sensitivity by enriching the target from large-
volume samples. Performance evaluations results demonstrated
that the designed cartridge was good at magnetic control and
fluidic control, and on-cartridge NAE had better efficiency than
manual extraction. In addition, the four cartridges in the device
have good uniformity and there is no cross-contamination be-
tween them. Serum samples with HBV concentration of 5 IU/mL
to 5x10% IU/mL were detected by the cartridge system. The LOD
of this system for HBV in serum is 50 IU/mL. Finally, Multiplex
detections of severe acute respiratory syndrome coronaviruses 2
(SARS-CoV-2) with a concentration of 500 copies/mL were car-
ried out on the system and 100% positive detection rate was
achieved.

In the following research, based on the current cartridge sys-
tem, we will develop various kits for different detection methods,
and conduct more NAD tests for different pathogen types and sam-

ple types.
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