
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
6/

20
26

 5
:0

1:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A sequential liqu
aDepartment of Materials Process Engine

Nagoya University, Nagoya, Aichi 464-8603

tut.ac.jp
bFaculty of Pharmacy and Pharmaceutical Sc

350-0295, Japan
cDepartment of Mechanical Engineering,

Toyohashi, Aichi 441-8580, Japan. E-mail: s
dInstitute for Research on Next-generation Se

Toyohashi University of Technology, Aichi 4
eAustralian Institute for Bioengineering and

Queensland, St. Lucia, QLD 4072, Australia

† Electronic supplementary informa
https://doi.org/10.1039/d4ra04055d

Cite this: RSC Adv., 2024, 14, 22606

Received 3rd June 2024
Accepted 10th July 2024

DOI: 10.1039/d4ra04055d

rsc.li/rsc-advances

22606 | RSC Adv., 2024, 14, 22606–
id dispensing method in
a centrifugal microfluidic device operating at
a constant rotational speed for the multiplexed
genetic detection of foodborne pathogens†

Daigo Natsuhara, *a Yuka Kiba,b Ryogo Saito,c Shunya Okamoto, c

Moeto Nagai, cd Yusuke Yamauchi, *ae Masashi Kitamurab

and Takayuki Shibata *c

This study proposes a sequential liquid dispensing method using a centrifugal microfluidic device operating

at a constant rotational speed for the multiplexed genetic detection of nucleic acid targets across multiple

samples in a single operation. A pair of passive valves integrated into each microchamber enabled the liquid

to fill towards the center of rotation against the centrifugal force, facilitating the complete removal of air

inside the microchamber. Liquid manipulation can be achievable without any surface coating of the

device by exploiting the inherent hydrophobicity of the polymer. Furthermore, design guidelines for the

optimization of microfluidic devices are clarified. Consequently, our proposed method allows direct

liquid dispensing into the reaction chambers without cross-contamination while simultaneously

metering the sample/reagent volume for the colorimetric loop-mediated isothermal amplification (LAMP)

reaction. In addition, we demonstrated the simultaneous detection of four foodborne pathogens

(Salmonella spp., Vibrio parahaemolyticus, Campylobacter spp., and norovirus genogroup II (GII)) across

four samples in a centrifugal microfluidic device within 60 min. Furthermore, the device exhibited high

quantitation (R2 > 0.98) of the DNA concentration in the sample. Our proposed method enables a more

compact design by eliminating the need for metering chambers and offers a point-of-care testing

platform with high simplicity as it operates at a constant rotational speed.
Introduction

Every year, unsafe foods cause millions of foodborne illnesses
and deaths worldwide.1–4 The incidence of foodborne illnesses
from consuming foods contaminated with harmful pathogens
(viruses, bacteria, fungi, and parasites) has consistently
increased in recent years.5 Rapidly identifying the sources of
foodborne illnesses can aid in controlling risks and ensuring
food safety. However, traditional pathogen detection methods
rely on culture, followed by verication, which is time-
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tion (ESI) available. See DOI:

22617
consuming.6 Therefore, there is a demand for a rapid point-of-
care testing tool to detect foodborne pathogens.7,8 The loop-
mediated isothermal amplication (LAMP) method is prom-
ising for on-site detection due to its advantages, such as being
performed at a constant temperature (60–65 °C) in a single
step.9–11 The target nucleic acid can be amplied through the
LAMP reaction by incubation with four to six primers and
a thermostable DNA polymerase with strand displacement
activity. Recently, many studies have demonstrated the feasi-
bility of LAMP for detecting pathogens that cause infectious
diseases in seafood,12–14 meat,15,16 and other foods.17–19 However,
the LAMP assay in a conventional PCR tube requires the prep-
aration and individual testing of multiple sample/reagent
mixtures for each pathogen, which is a time-consuming
process and consumes a substantial volume of reagents (typi-
cally 10–25 mL) for each test.

Centrifugal microuidic technology has been harnessed to
address these concerns for the LAMP assays to detect multiple
foodborne pathogens.20–22 A centrifugal microuidic device
utilizes centrifugal force to realize automated microuidic
operations such as pumping, sample mixing, timed valving,
ow switching, volume metering, and dispensing into multiple
© 2024 The Author(s). Published by the Royal Society of Chemistry
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chambers.23–27 As centrifugal microuidic devices can introduce
multiple samples/reagents simultaneously, they have the
potential for on-site, high-throughput, and multiplexed LAMP
assays in multiple samples. Sayad et al.28 detected nucleic acids
derived from three pathogens (Salmonella spp., Vibrio cholerae,
and Escherichia coli) using LAMP in a centrifugal microuidic
device. This device facilitated mixing LAMP reagents and
primers, metering, and dispensing the mixture into six sets of
ve microchambers, followed by a sealing process to prevent
liquid evaporation in the microchambers. Aer the LAMP
reaction, the microchambers detecting the pathogens exhibited
a color change, indicating a positive reaction without cross-
contamination within 60 min. Furthermore, an endpoint
detection system with an optical sensor was used to assess the
color difference between the positive and negative reactions for
amplicon analysis. Seo et al.29 developed a centrifugal micro-
uidic device for detecting colorimetric, high-throughput
foodborne pathogens. The sample/reagent was divided into 24
aliquoted chambers and injected into each microchamber by
passing it through individual capillary valves. This device
demonstrated the multiplexed detection of Vibrio para-
haemolyticus and E. coli within 60 min based on colorimetric
LAMP. Furthermore, they recently developed a centrifugal
microuidic device aiming toward automated, high-
throughput, sample-to-answer multiplexed nucleic acid detec-
tion in multiple samples.30–34 These advancements can signi-
cantly increase the throughput of on-site detection using large
sample numbers. However, this device requires multiple oper-
ational steps to control the appropriate rotational speed and/or
direction (clockwise and counterclockwise) for liquid manipu-
lation. To ensure complete liquid loading, each step required
a longer rotation and transition times associated with the
changing steps, prolonging the entire process. At least two
rotational speed steps are required to dispense the sample/
reagents into the microchambers to prevent cross-
contamination between the microchambers.35 Moreover,
a hydrophobic coating on the capillary valves is necessary to
withstand the centrifugal force for liquid metering before
dispensing into the microchambers, whereas a hydrophilic
coating on the siphon valve is necessary to ensure reliable
capillary action.33,34 Consequently, the coating condition affects
the stability and performance of the microuidic device,
making long-term storage challenging.

In our previous studies,36–40 we developed a versatile micro-
uidic device for the multiplex detection of target nucleic acids
based on the LAMP method. This technology has applications
in a wide range of elds, including crop disease detection,36

rapid identication of toxic plants for emergency medical
care,37 diagnosis of infectious disease,38 and food allergen
detection.39 The microuidic device allows the sequential
dispensing of sample/reagent mixtures into an array of reaction
microchambers in a single operation without surface coating by
exploiting the inherent hydrophobicity of the polymer. In
addition, we have developed a quantication system for nucleic
acid targets by analyzing the color change in each reaction
chamber from time-lapse images acquired during the LAMP
reaction.40 This microuidics-based system could be a platform
© 2024 The Author(s). Published by the Royal Society of Chemistry
for rapid and easy sample-to-answer diagnostics. However,
using a syringe pump or electric pipette to introduce the
sample/reagent mixture into the microuidic device is time-
consuming because multiple operations are required for each
sample introduction. In this study, we developed a centrifugal
microuidic device capable of sequentially dispensing multiple
sample/reagent mixtures into multiple microchambers not only
at a constant rotational speed but also without any surface
coating. First, we designed a microchamber integrated with
a pair of passive valves capable of inwardly dispensing liquids
into the microchambers. Secondly, we propose a microuidic
ow control theory for sequential liquid dispensing into
multiple microchambers, which provides design guidelines for
device optimization. Herein, we propose a sophisticated
microchannel design to reduce the pressure applied to a passive
valve for its rapid introduction into an array of microchambers.
Moreover, we demonstrated the simultaneous detection of four
foodborne pathogens (Salmonella spp., Vibrio parahaemolyticus,
Campylobacter spp., and norovirus genogroup II (GII)) across
four samples in a centrifugal microuidic device within 60 min
without any cross-contamination.

Experimental
Fabrication process of the centrifugal microuidic device

Fig. 1a shows a fabricated polydimethylsiloxane (PDMS)-based
centrifugal microuidic device for the multiplexed genetic
diagnosis of foodborne pathogens, such as bacteria and viruses,
to ensure food safety and sanitation. The diameter of the
microuidic device was approximately 80 mm. The device
consisted of two sets of ten semi-elliptical microchambers (max.
1 mm in depth and 3 mL in volume) that were connected to
individual one fan-shaped inlet reservoir (2 mm in depth and
190 mL in volume) and one fan-shaped waste reservoir (2 mm in
depth and 40 mL in volume) via two independent rectangular
microchannels (200 mm in width and 100 mm in height). The
waste reservoir was connected to the air exhaust port to exhaust
air from both the microchannel and microchambers during
sequential liquid dispensing into an array of ten micro-
chambers. This device allows simultaneous genetic testing of
up to two samples and ten types of specic nucleic acid (DNA/
RNA) targets in a single operation.

The fabrication process is briey illustrated as follows
(Fig. S1†): initially, a thick negative photoresist (SU-8 3050;
MicroChem, Newton, MA, USA) was patterned on a 4-inch
single-crystal silicon wafer (e-Prize, Yokohama, Japan) as amold
using a single-step photolithography technique. To create deep
microchamber structures (max. 1mm in depth), pieces of wax of
2.7 mg (Ferris File-A-Wax; Freeman Manufacturing & Supply,
Avon, OH, USA) were placed at the center of each SU-8 chamber
pattern. A reow process was then conducted by heating the
mold on a hotplate at 120 °C for 15 min (EC1200-N; AS ONE,
Osaka, Japan).39 Subsequently, 3D printed polylactic acid (PLA)
parts (2 mm in depth) were fabricated using a fused lament
fabrication 3D printer (Flashforge Adventurer 4; Apple Tree,
Osaka, Japan) to create both the inlet and waste reservoirs
(2 mm in depth). They were manually glued with an epoxy
RSC Adv., 2024, 14, 22606–22617 | 22607
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Fig. 1 Schematic of the centrifugal microfluidic devices capable of sequential liquid dispensing for the multiplexed genetic detection of (a) up to
ten types of foodborne pathogens in two samples and (b) up to five types of foodborne pathogens in four samples in a single operation. The
different colors indicate that different samples can be introduced into each set of microchambers.
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adhesive (Araldite, Huntsman Japan, Kobe, Japan) on the
surface of the patterned SU-8 of inlet/waste reservoirs
(Fig. S2a†). The SU-8 master mold with the semi-elliptical wax
structures and 3D printed PLA parts was replicated in PDMS
(Silpot 184; Dow Corning Toray, Tokyo, Japan) aer curing on
a hot plate at 80 °C for 40 min. Aer peeling off the PDMS from
the SU-8 master mold, circular holes (with a diameter of 2.0
mm) for two inlet ports and one air exhaust port were punched
into the PDMS device using a biopsy punch piercing tool (Kai
Industries, Gifu, Japan). In the experiments, the sample/reagent
mixture was introduced into each inlet reservoir by inserting
a micropipette tip (ep Duallter T.I.P.S. 2–100 mL; Eppendorf,
Wesseling-Berzdorf, Germany) through the punched inlet ports.
Finally, both the microchambers and microchannels on the
PDMS surface were sealed with a white polyvinyl chloride (PVC)
plate (EB-235; Hikari, Osaka, Japan) using silicone-based
adhesive double-sided tape (No. 5303 W; Nitto Denko, Osaka,
Japan). This device was used to construct an optimal design
theory for sequential liquid dispensing into an array of multiple
microchambers using centrifugal force.

Furthermore, another microuidic device consisting of four
sets of ve microchambers capable of simultaneous genetic
testing of up to four samples and ve types of specic nucleic
acid targets was used for multiplexed colorimetric LAMP assays
(Fig. 1b and S2b†). This device removes the waste reservoir and
air exhaust port, and the air exhaust microchannel is connected
to the inlet reservoir via a common central position. This
conguration allowed air to be exhausted while the liquid was
introduced into the microchambers to return to the empty
space in the inlet reservoir. Thus, liquid dispensing can be
achieved by centrifugal force even when the inlet port is sealed
(without any air exhaust port), thereby mitigating the risk of
contamination from leakage through the inlet ports (e.g. drop-
lets and aerosols). The fabrication process of the inlet reservoirs
was replaced by a reow process using 40 mg of wax from the
manual adhesive bonding process of the PLA parts, resulting in
the creation of spherical inlet reservoirs (max. 1.8 mm in depth
22608 | RSC Adv., 2024, 14, 22606–22617
and 45 mL in volume), to improve the reproducibility of the
process.
Stroboscopic imaging equipment

The centrifugal microuidic device was tested using a home-
made stroboscopic imaging system (Fig. S3†). A spin coater (MS-
B100; Mikasa, Tokyo, Japan) was used to precisely control the
rotational speed of the microuidic device. The still image per
rotation of the device was acquired using a combination of
a complementary metal-oxide semiconductor (CMOS) camera
(MQ022CG-CM; Ximea, Münster, Germany) with a xed focal
lens (M112FM12; Tamron, Saitama, Japan) and a stroboscope
(LH-15M/CF-15S60; Nisshin Electronic, Saitama, Japan). The
shutter timings of the CMOS camera and the pulsed light of the
stroboscope were synchronized using a microcomputer (Ardu-
ino Leonardo; Arduino, MA, USA) by detecting the slit formed at
one location of the lm mask using a photo interrupter
(CNZ1023; Panasonic, Osaka, Japan). Using the imaging system,
we observed the ow behavior during the sequential dispensing
of the liquid to ll the microchambers under centrifugal force.
Operating procedure for the colorimetric quantitative LAMP
assay in the microuidic device

The operating procedure for the multiplexed colorimetric LAMP
assay in the centrifugal microuidic device for the simulta-
neous genetic diagnosis of foodborne pathogens (three types of
bacteria and one type of virus) is as follows: rst, four specic
primer sets (0.5 mL of Salmonella spp. and Vibrio para-
haemolyticus, 0.3 mL of Campylobacter spp. and norovirus GII)
designed to amplify the targeted nucleic acids were pre-spotted
and dried in each reaction chamber (volume z 3 mL) on a hot
plate at 80 °C for 3 min. Subsequently, the microchambers and
microchannels on the PDMS surface were sealed with a white
PVC plate (diameter of 80 mm) using silicone-based adhesive
double-sided tape. A mixture of a positive control template
(DNA or RNA) and LAMP reagents (35 mL in volume) was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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pipetted through each inlet port into each inlet reservoir.
Subsequently, the inlet ports were sealed with a silicone-based
adhesive double-sided tape. Next, the device was rotated at
a constant rotational speed of 1000 min−1 on the homemade
stroboscopic imaging system, thus simultaneously dispensing
the mixture to ll four sets of ve microchambers within 50 s.
Once the microchambers were lled, the device was secured
using a homemade clamp (Fig. S4†). Finally, the device was
immersed in a hot-water bath (TB-2N; AS ONE, Osaka, Japan) to
amplify target nucleic acids via the LAMP reaction under
isothermal conditions at 60 °C for 60 min. Time-lapse images
were captured every 30 s during the LAMP reaction. Aer the
LAMP assay, the time-dependent color change of each micro-
chamber was automatically analyzed using a homebuilt hue-
based analysis soware from a series of time-lapse images of
the device.40 The operating procedure is illustrated in Fig. S5.†

In this study, the LAMP primer sets for detecting Salmonella
spp. and Vibrio parahaemolyticus were obtained from the studies
of Ou et al.41 and Shen et al.,42 previously. Each positive control
template was designed based on V. parahaemolyticus OpaR gene
(DDBJ/EMBL/GenBank accession no. AF035967) and S. typhi-
murium InvA (accession no. M90846). The LAMP primers and
template sequences used to detect Salmonella and V. para-
haemolyticus were listed in Tables S1 and S2,† respectively. The
primers and templates were purchased from Eurons Geno-
mics (Tokyo, Japan). Commercially available diagnostic kits
containing primer sets and positive control templates for
detecting Campylobacter spp. and norovirus GII were purchased
from Eiken Chemical Co. Ltd. (Tokyo, Japan). The Loopamp®
RNA amplication kit (Eiken Chemical, Tokyo, Japan),
including a 2× reaction mixture and enzyme mix (a mixture of
Bst polymerase and AMV reverse transcriptase), was used to
perform the Reverse Transcription LAMP reactions because the
positive control for norovirus is provided in the form of an RNA
template. Hydroxynaphthol blue (HNB; FUJIFILM Wako Pure
Chemical, Osaka, Japan) was used as an indicator for colori-
metric LAMP reactions, which showed a color change from
violet to sky-blue, indicating a positive reaction. The nal
concentration of HNB in each microchamber was adjusted to
150 mM in the mixture of the template and LAMP reagents. A
total of 37.5 mL of the mixture containing the nucleic acid
sample and LAMP reagents was prepared for colorimetric LAMP
assays in the microuidic device (Table S3†). For comparison,
conventional off-chip 25 mL LAMP assays (Table S4†) were
conducted in 0.2 mL PCR tubes (SnapStrip® II PCR Tubes;
Scientic Specialties, CA, USA) using a real-time turbidimeter
(LoopampEXIA; Eiken Chemical, Tokyo, Japan).

Results and discussions
Outward sequential liquid dispensing into multiple
microchambers

To ensure the sequential dispensing of a sample/reagent
mixture into an array of reaction microchambers for the
LAMP assay, it is necessary to completely eliminate air from the
microchambers. Aer dispensing the mixture, the air in the
microchamber can affect diagnostic accuracy because the
© 2024 The Author(s). Published by the Royal Society of Chemistry
residual air might act as nuclei for the growth of bubbles during
the LAMP assay. Furthermore, it is essential to prevent liquid
backow between the microchambers. This prevents cross-
contamination by leakage of LAMP primer sets xed in the
microchambers beforehand, thereby avoiding false diagnoses.

First, we designed the microchambers integrated with a pair
of passive valves (temporary stop valve S1 and permanent stop
valve S2), as shown in Fig. 2a. In our previous studies,36–40 liquid
was sequentially dispensed into multiple microchambers using
an external pumping system (i.e., a syringe pump or electric
pipette) by controlling the burst pressures of the passive valves
integrated into each microchamber. In brief, the dispensing
procedure was as follows. First, the liquid ow stopped aer
reaching the temporary stop valve S1 (burst pressure P1) because
the liquid–air meniscus was pinned on the back edge of valve S1
and redirected toward the microchamber. Aer the micro-
chamber was lled with liquid, the liquid ow was stopped at
the permanent stop valve S2 (burst pressure P2), and the liquid
owed toward the next microchamber by passing through valve
S1 because P1 < P2. Valve S2 also helps exhaust air in the
microchamber. This process was repeated to sequentially ll all
the microchambers with liquid. Here, the theoretical burst
pressures of temporary stop valve S1 and permanent stop valve
S2, which are designed as single-faced and double-faced stop
valves, respectively, are described as follows:39

PðS1Þ ¼ �g
�
cosðminðqm þ b; 180�ÞÞ þ cos qm

g þ rð1� cos bÞ þ cos qm þ cos qf

H

�

(1)

PðS2Þ ¼ �g
�
2 cosðminðqm þ b; 180�ÞÞ

g þ rð1� cos bÞ þ cos qm þ cos qf

H

�
(2)

where g is the gap between the vertical sidewalls of micro-
channel and convex structure embedded on the opposite side-
wall,H is the height of themicrochannel, qm is the water contact
angle for the surfaces of the top and sidewalls of the micro-
channel at a narrow gap (i.e., qm = 108° for PDMS), qf is the
water contact angle for the bottom surface of the microchannel
(i.e., qf = 102° for the silicone-based adhesive double-sided
tape), and g is the surface tension of the liquid (g = 0.073 N
m−1 for water). When the corner radius r at the back edge of the
convex structure of the valve is not negligible, the denominator
g + r (1 – cos b) in the rst term is the redened gap distance
between a specic position on the corner at an angle b and the
vertical sidewall of the microchannel, where b is the angle
between the direction perpendicular to the longitudinal direc-
tion of the microchannel and the position of the liquid–air
meniscus corresponding to being pinned at the corner of the
convex structure.

Fig. 2b shows a typical experimental result, demonstrating
outward sequential liquid dispensing into ten microchambers
at a rotational speed of 1500 min−1, where green-colored water
(100 mL) was introduced into the inlet reservoir. According to
eqn (1) and (2), the resulting burst pressures of valves S1 and S2
were calculated to be 2.56 kPa and 5.97 kPa for the fabricated
device, where for valves S1 and S2, the gap distances g1 = 39.6
mm and g2 = 20.3 mm, and the corner radius at the back edge of
RSC Adv., 2024, 14, 22606–22617 | 22609
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Fig. 2 Schematic representation of a method for outward sequential liquid dispensing into an array of 10 microchambers along the direction of
centrifugal force. (a) Detailed design of the microchamber integrated with a pair of passive stop valves with different burst pressures. (b)
Experimental results showing liquid dispensing into the microchambers at a rotational speed of 1500 min−1.
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the convex structures was r1 = 6.2 mm (b = 62°) and r2 = 5.4 mm
(b = 53°), respectively. The width and height of the micro-
channel were W = 200 mm and H = 105 mm, respectively. Aer
the liquid reached valve S1 of the rst chamber, the ow was
redirected toward the chamber and reached the chamber
entrance (b-1). However, the liquid droplets formed at the inlet
side of the chamber were ejected, thereby blocking the outlet
side of the chamber (b-2). As a result, air was trapped inside the
chamber, preventing liquid lling. Immediately aer air trap-
ping, the ow toward the second chamber occurred by passing
through S1 of the rst chamber. The same unexpected behavior
was observed up to the h chamber (b-3). In contrast, the sixth
chamber was completely lled with liquid owing from the
outlet side of the h chamber. However, the ow direction of
the liquid is inward, opposite to the direction of the centrifugal
force (b-4). In addition, continuous liquid ow into the chamber
occurred, completely exhausting the air inside the chamber.
Aer the sixth chamber was lled, the ow direction was
changed toward the seventh chamber by passing through valve
S2 of the sixth chamber. Similarly, the liquid was sequentially
dispensed inward up to the tenth chamber.
Inward sequential liquid dispensing into multiple
microchambers

As described above, lling the liquid towards the center of
rotation facilitated the complete air removal inside the micro-
chamber. Therefore, we considered a newly designed valve
conguration in which the arrangement of the two stop valves
was reversed. As shown in Fig. 3a, temporary stop valve S1 and
permanent stop valve S2 were located outward and inward,
respectively, with respect to the center of rotation. The resulting
burst pressure of valve S1 and S2 were calculated to be 2.41 kPa
and 6.15 kPa for the fabricated device, where for valves S1 and
S2, the gap distances were g1 = 43.6 mm and g2 = 20.0 mm, and
22610 | RSC Adv., 2024, 14, 22606–22617
the corner radius at the back edge of the convex structures was
r1= 5.1 mm (b= 65°) and r2= 4.8 mm (b= 54°), respectively. The
width and height of the microchannel were W = 200 mm and H
= 104 mm, respectively.

Fig. 3b shows a typical experimental result, demonstrating
inward sequential liquid dispensing into ten microchambers at
a rotational speed of 1000 min−1, where green-colored water
(100 mL) was introduced into the inlet reservoir. As expected, the
liquid ow stopped aer reaching temporary stop valve S1 of the
rst chamber and was redirected toward the chamber. Subse-
quently, the rst chamber was lled with liquid that continued
to ow against the centrifugal force while simultaneously
completely exhausting the air inside the chamber (b-1). Once
the ow of the liquid was stopped at the permanent stop valve S2
of the rst chamber, the liquid owed toward the second
chamber by passing through the temporary stop valve S1 of the
rst chamber. Similarly, all ten chambers were sequentially
lled with green water within 164 s without air bubbles (b-2 and
Video S1†).

The experimental result of the liquid dispensing process,
when the rotational speed was increased to 1250 min−1, is
shown in Fig. 3c. The liquid owed toward the rst chamber
aer reaching the temporary stop valve S1 of the rst chamber
(c-1). However, before the rst chamber was lled, the liquid
overowed toward the second chamber by passing through
valve S1 in the rst chamber (c-2). This is because when the
liquid ows into the chamber in the radial direction opposite to
the centrifugal force, the centrifugal force pushes back the
leading edge of the liquid–air meniscus, resulting in this force
acting on valve S1. The centrifugal pressure Ph is expressed as
follows:25

Ph ¼ 1

2
ru2

�
R2

2 � R1
2
�

(3)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation of a method for inward sequential liquid dispensing into an array of 10 microchambers against the direction of
centrifugal force. (a) Detailed design of the microchamber integrated with a temporary stop valve S1 and a permanent stop valve S2, were located
outward and inward, respectively, with respect to the center of rotation. Experimental results showing liquid dispensing into the microchambers
at a rotational speed of (b) 1000 min−1 and (c) 1250 min−1.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
6/

20
26

 5
:0

1:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where r and u are the density of the liquid (r= 1.0× 103 kg m−3

for water) and the angular velocity of a rotating device in rad s−1,
which can be calculated, u = 2pN/60, from a rotational speed N
[min−1]. R1 is the radial distance from the center of rotation to
the leading edge of the liquid–air meniscus owing into the
chamber. R2 is the radial distance from the center of rotation to
the central position of the outer microchannel integrated with
valve S1 (R2 = 27.75 mm for the fabricated device).

According to eqn (3), the maximum centrifugal pressure
acting on valve S1 during liquid dispensing into the chamber is
generated immediately aer reaching valve S2 (R1 = 20.95 mm
for the fabricated device). The estimated centrifugal pressure at
a rotational speed of 1250 min−1 was Ph = 2.84 kPa, which was
1.2 times larger than the resulting value P1 = 2.40 kPa for the
device. Therefore, contrary to our expectations, the liquid ow
passed through valve S1 of the rst chamber before lling it with
liquid. In contrast, the estimated centrifugal pressure at a rota-
tional speed of 1000 min−1 was Ph = 1.82 kPa, which can be
within the range of the P1 value. Therefore, valve S1 did not leak
until the chamber was lled, enabling sequential dispensing
into all ten chambers. Based on the above considerations, the
design constraints for valve S1 are as follows:

P1 > Ph (4)

According to eqn (4), in this valve conguration, a signicant
constraint on the rotational speed makes it difficult to shorten
the dispensing time.
A modied method for inward sequential liquid dispensing
into multiple microchambers

To reduce the centrifugal pressure exerted on stop valve S1 while
lling the microchamber with liquid, we propose a modied
valve conguration, as shown in Fig. 4a. Here, temporary stop
valve S1 and permanent stop valve S2 were located inward and
© 2024 The Author(s). Published by the Royal Society of Chemistry
outward, respectively, concerning the center of rotation. This
conguration allowed valves S1 and S2 to be positioned as close
as possible to each other. The resulting burst pressure of valves
S1 and S2 were calculated to be 2.22 kPa and 4.56 kPa for the
fabricated device, where for valves S1 and S2, the gap distances
were g1= 46.0 mmand g2= 26.0 mm, and the corner radius at the
back edge of the convex structures was r1= 8.4 mm (b= 61°) and
r2 = 8.5 mm (b = 50°), respectively. The width and height of the
microchannel were W = 200 mm and H = 110 mm, respectively.

Fig. 4b demonstrates a modied method for inward
sequential liquid dispensing into ten microchambers at a rota-
tional speed of 1500 min−1, where green-colored water (100 mL)
was introduced into the inlet reservoir. First, the liquid
bypassed outward and entered inward into the channel (b-1).
During this process, the liquid ow in the main microchannel
was stopped at temporary stop valve S1 in the rst chamber.
Aer reaching the permanent stop valve S2 of the rst chamber,
the liquid owed toward the second chamber by passing
through valve S1 of the rst chamber because the ow of the
liquid was stopped at valve S1 of the second chamber (b-2).
Furthermore, an air plug was trapped between valve S2 of the
rst chamber and the microchannel, thus signicantly
enhancing the pressure resistance performance (air plug-in
valve reported in our previous study39). This valve congura-
tion also effectively prevents cross-contamination between the
reaction chambers during LAMP assays caused by the leakage of
LAMP primers pre-xed inside the chambers. Similarly, all ten
chambers were sequentially lled with green water within 35 s
without air bubbles (b-3, b-4, and Video S2†). Consequently, the
dispensing time can be reduced to one-h of that achieved by
this device (Fig. 3a).

The sequential liquid dispensing method proposed in this
study offers the advantage of simultaneously measuring
a mixture of the sample and LAMP reagents in each reaction
chamber while dispensing, even at a constant rotational speed,
RSC Adv., 2024, 14, 22606–22617 | 22611
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Fig. 4 Schematic representation of a modified method for inward sequential liquid dispensing into an array of 10 microchambers against the
direction of centrifugal force. (a) Detailed design of the microchamber integrated with a temporary stop valve S1 and a permanent stop valve S2,
were located inward and outward, respectively, with respect to the center of rotation. (b) Experimental result showing liquid dispensing into the
microchambers at a rotational speed of 1500 min−1.
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without the need for a hydrophilic and/or hydrophobic coating
on the surface of the device. This feature enables simple and
rapid operation at a constant rotational speed and results in
a low-cost and reliable device without requiring any surface
coating. Furthermore, microuidic devices can be designed to
be more compact by eliminating the requirement for a metering
chamber.

Fig. 5a shows an experimental result of sequential liquid
dispensing into an array of 10 microchambers when the gap
distance was increased to g = 120.1 mm (i.e., the burst pressure
P1 = 1.14 kPa) for temporary stop valve S1. The device was
rotated at a speed of 1500 min−1. Before the rst chamber was
lled, the liquid overowed toward the second chamber by
passing through valve S1, probably because of the insufficient
pressure resistance of S1. However, sequential dispensing is
achieved in the h and subsequent chambers (Fig. 5b). We
derived a relationship to estimate the required burst pressure P1
of temporary stop valve S1 integrated into each chamber as
follows:

P1 > Pc + DP(L1) + DP(L2) (5)

where Pc is the burst pressure caused at the entrance of the
microchamber, DP(L1) and DP(L2) are the pressure difference
required to ow a liquid in microchannels with characteristic
lengths L1 and L2, respectively (Fig. 4a). The theoretical burst
pressure Pc (ref. 39) and the theoretical pressure dropDP(L)43 are
described as follows:

Pc ¼ �g
�
2 cosðminðqm þ bc; 180

�ÞÞ
W þ 2rcð1� cos bÞ þ cos qm þ cos qf

H

�
ðb# bcÞ

(6)
22612 | RSC Adv., 2024, 14, 22606–22617
DPðLÞ ¼ Q� 12hL

H3W

�
1� 0:630

H

W

��1
(7)

where b is the angle of a specic position corresponding to
being pinned on the rounded corner (corner radius is indicated
by rc) at the intersection of the microchannel and entrance of
the microchamber in eqn (6). However, b must be less than bc,
which is the angle of the intersection of the microchannel and
microchamber. In eqn (7), h is the dynamic viscosity of the
liquid (h = 1 mPa s for water), and Q is the volumetric ow rate.

In this experiment, the estimated burst pressure Pc at the
entrance of the microchamber was 0.81 kPa for rc = 6.3 mm bc =

19.8°. The estimated pressure drop DP(L1) and DP(L2) of the rst
chamber are 1.00 kPa and 0.28 kPa for L1 = 3.6 mm and L2 =

1.0 mm at a rotational speed of 1500 min−1, resulting in
a measured volumetric ow rate Q= 204 mLmin−1 for lling the
rst chamber. According to eqn (5), the pressure resistance
performance of valve S1 should be designed to be at least 2.09
kPa or higher for dispensing into ten chambers at 1500 min−1.
Therefore, liquid dispensing succeeded when using valve S1
with a burst pressure of P1 = 2.22 kPa (g1 = 46.0 mm), as shown
in Fig. 4. In contrast, it failed when using valve S1 with a burst
pressure of P1 = 1.14 kPa (g1 = 120.1 mm), as shown in Fig. 5a.
Interestingly, we found that the centrifugal pressure did not act
on temporary stop valve S1 until the chamber was lled, and the
liquid ow stopped at permanent stop valve S2. Furthermore,
the pressure drop DP(L) in the microchannel did not affect valve
S1 while the liquid was owing radially outward and, except in
the circumferentially and radial inward direction. That is, the
burst pressure of valve S1 should be designed to be higher than
the pressure required for the liquid to ow into the chamber
entrance. Aer reaching the h chamber, the pressure drops
DP(L1) and DP(L2) were decreased to 0.24 kPa and 0.07 kPa,
respectively, owing to a decrease in a measured volumetric ow
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Experimental results showing liquid dispensing behavior into an array of microchambers. The influence of the burst pressure P1 of the
temporary stop valve S1 on the performance of sequential liquid dispensing at a rotational speed of 1500 min−1 (a) before the first chamber was
filled and (b) after the tenth chamber was filled. The influence of the burst pressure on the performance of sequential liquid dispensing at
a rotational speed of (c) 1500 min−1 and (d) 2000 min−1.
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rate Q = 50 mL min−1. As a result, the total pressure acting on
valve S1 decreased to 1.12 kPa, according to eqn (5), which can
be considered within the range of P1. Therefore, sequential
dispensing could be achieved in the h and subsequent
chambers.

Fig. 5c and d show the inuence of the burst pressure P2 of
permanent stop valve S1 on the performance of sequential
liquid dispensing at rotational speeds of 1500 min−1 and
2000 min−1, respectively. Here, a single-faced stop valve (g2 =

29.9 mm) was used as the permanent stop valve S2 to decrease
the bust pressure to 3.23 kPa compared to that of the double-
faced stop valve S2 (P2 = 4.56 kPa), as shown in Fig. 4. On the
other hand, the burst pressure of the temporary stop valve S1 (P1
= 2.64 kPa for g1 = 38.6 mm) was designed to be approximately
the same compared to that of the single-faced stop valve S1 (P1=
2.22 kPa), as shown in Fig. 4. The liquid was successfully
dispensed into all ten chambers sequentially at a rotational
speed of 1500 min−1 (Fig. 5c), whereas the liquid was owed
over the valve S2 of the sixth chamber at a rotational speed of
2000 min−1 (Fig. 5d). This unfavorable ow may cause the pre-
xed LAMP primer inside the chambers to leak, leading to
cross-contamination and potentially resulting in a false diag-
nosis. Therefore, we estimated the required burst pressure P2
for permanent stop valve S2 by deriving the following equation:

P2 > P1 + Ph (8)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where P1 is the burst pressure of temporary stop valve S1. The
centrifugal pressure Ph was calculated as the force acting on
valves S2 (R2 = 21.04 mm) and S1 (R1 = 20.19 mm) according to
eqn (3). The required burst pressures P2 were estimated to be
3.07 kPa and 3.41 kPa at a rotational speed of 1500 min−1 and
2000 min−1, respectively. As a result, the burst pressure P2
exceeded the design constraint of the valve S2 at 1500 min−1,
resulting in successful dispensing. In contrast, burst pressure
P2 fell below the design constraint at 2000 min−1, leading to
dispensing failure. To verify the constraints in eqn (8), the burst
pressure P2 of the permanent stop valve S2 was decreased to P2=
2.50 kPa (designed to be a single-faced stop valve with g2 = 42.1
mm), which was below the design constraint at 1500 min−1.
Here, the burst pressure of the temporary stop valve S1 was kept
at almost the same value (P1 = 2.55 kPa for g1 = 41.3 mm). As
predicted by eqn (8), the liquid owed over valve S2 in all ten
chambers at a rotational speed of 1500 min−1 (Fig. S6†).
According to eqn (8), the design constraint for valve S2 is
stringent. However, this valve conguration minimizes the
distance between valves S1 and S2, reducing Ph.

Multiplexed detection of foodborne pathogens by colorimetric
LAMP

We explored the possibility of rapid, simultaneous detection of
multiple foodborne pathogens, that is, specic DNA targets
from Salmonella spp., V. parahaemolyticus, Campylobacter spp.,
and norovirus GII by the colorimetric LAMP assay. To enable the
RSC Adv., 2024, 14, 22606–22617 | 22613
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multiplexed detection of multiple samples, a centrifugal
microuidic device consisting of four sets of ve micro-
chambers was fabricated, as shown in Fig. 1b. As mentioned in
the previous section, the device does not have a waste reservoir
or air exhaust port, and each air exhaust microchannel is con-
nected to its respective inlet reservoir via a common central
position. The colored water was dispensed sequentially into
multiple chambers at a rotational speed of 1500 min−1, even
though the inlet ports had been sealed with double-sided
adhesive tape (Fig. S7 and Video S3†). In this device, the gap
distances of valves S1 and S2 were g1= 40.8 mm (r1= 3.9 mm) and
g2= 20.9 mm (r2= 4.2 mm), respectively. The width and height of
the microchannel were W = 200 mm and H = 108 mm, respec-
tively. The microscopy images of the detailed fabricated PDMS
device are shown in Fig. S8.†

Fig. 6a shows the experimental results of colorimetric LAMP
detection of Salmonella, V. parahaemolyticus, Campylobacter,
and norovirus GII in the centrifugal microuidic device. S, V, C,
Fig. 6 Colorimetric LAMP assays for the detection of foodborne pathoge
Photograph showing the multiplexed colorimetric LAMP detection of Sal
GII after running the assay at 60 °C for 60min. (b) DNA amplification curv
showing the quantitative LAMP detection of Salmonella with DNA conc
indicated that the Salmonella-specific LAMP primer set was pre-spotted i
template, with eight experiment replicates for each DNA concentration.

22614 | RSC Adv., 2024, 14, 22606–22617
and Nv indicate that Salmonella-specic, V. parahaemolyticus-
specic, Campylobacter-specic, and norovirus-specic primer
sets were pre-spotted and dried in each microchamber,
respectively. The symbol No was used if no primer was pre-
spotted in the chamber. Salmonella DNA and Vibrio DNA
templates with each concentration of 100 pg mL−1 were intro-
duced into the ve microchambers surrounded by red and
green dashed lines, respectively. In addition, positive controls
of Campylobacter DNA template and norovirus RNA template
from each Eiken detection kit, diluted to 1/10 the concentration
of the standard recipe, were introduced into the ve micro-
chambers surrounded by the blue and yellow dashed lines,
respectively. Note that to successfully dispense a mixture of the
sample and LAMP reagents into ve microchambers, it was
required to reduce the rotational speed from 1500 min−1 for
water to 1000 min−1 because the contact angles of the LAMP
reagents containing a surfactant (0.1% w/v Tween 20) were
reduced to qm = 79.0° and qf = 82.0°. In addition, the surface
ns for four different samples in the centrifugal microfluidic devices. (a)
monella spp., V. parahaemolyticus, Campylobacter spp., and norovirus
es representing the hue changes in the microchambers. (c) Photograph
entrations ranging from 10 fg mL−1 to 10 pg mL−1, where red arrows
n the chambers beforehand. (d) The standard curve of Salmonella DNA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tension might be reduced to approximately 0.04 N m−1,
according to a previous study.44 As predicted by eqn (1) and (2),
the burst pressures of valves S1 and S2 are estimated to be
decreased to 0.59 kPa and 2.57 kPa, respectively. Therefore, to
satisfy the constraint of eqn (5) and (8), the required pressure
resistance performance of valves S1 and S2 should be decreased
to 0.50 kPa and 0.67 kPa, respectively, by reducing the rotational
speed to 1000 min−1. Here, the estimated pressure drop DP(L1)
andDP(L2) of the rst chamber were 0.39 kPa and 0.11 kPa for L1
= 3.6 mm and L2 = 1.0 mm, respectively, and the centrifugal
pressure Ph was 0.08 kPa between valves S1 (R1= 20.19 mm) and
S2 (R2= 20.55mm). Because the Ps value (=−0.06 kPa) in eqn (5)
is negative, it does not need to be considered as required
pressure resistance. The above result indicates that the
proposed dispensing theory provides comprehensive design
guidelines for universally applicable microuidic devices,
considering both the properties of the liquid and the material
characteristics of the microchannel. Aer running the LAMP
assay at 60 °C for 60 min, the color of four microchambers with
the LAMP primers matched to the introduced DNA or RNA
templates was changed from violet to sky blue, indicating
positive reactions. The DNA amplication curves representing
hue angle changes in the CIE L*a*b* color space were calculated
using a home-built analysis soware from the time-lapse
images acquired during the LAMP reaction. The curves were
tted to the following theoretical function:40

y ¼ C þ ðF � tÞ
1þ e�Aðt�BÞ þ e�Dðt�EÞ (9)

where A is the parameter of the rst slope of the function, B is
the rst bias of the function, and C is the rst dynamic range of
the function. D represents the parameter used to modify the
second slope of the function, E represents the second slope of
the bias of the function, and F denotes the parameter used to
modify the slope aer the curve reaches a plateau. In our
previous study,40 we attempted to correct the baseline of the
DNA amplication curve by estimating the time at which the
initial hue changed due to the temperature increase upon
device immersion in a hot water bath. The hue changes Dh were
then calculated from this time. However, in the experiments,
even in the negative reaction microchamber, the hue angle
increased linearly with time, contrary to the direction of the
HNB color change from violet to sky blue in positive reactions
(Fig. S9a†). The DNA amplication curves appeared to drop just
before the start of DNA amplication, according to the baseline
correction method used in a previous study, making it difficult
to obtain an accurate DNA amplication curve (Fig. S9b†).
Therefore, in this study, we decided to use changes in the hue
angle (Dh) of each chamber with no pre-spotted primers (indi-
cated with the symbol No) in four independent compartments
as the baseline to correct changes in the hue angle of the other
four reaction chambers. This method eliminated the extraneous
drop in the graphs, accurately displaying the DNA amplication
curves (Fig. 6b and S9c†).

Furthermore, we investigated the linear dynamic range of
quantitation and limit of detection (LOD) of the LAMP assays in
a centrifugal microuidic device. Fig. 6c shows an example of
© 2024 The Author(s). Published by the Royal Society of Chemistry
experimental results showing the detection of Salmonella DNA
templates with varying DNA concentrations ranging from 10 fg
mL−1 to 10 pg mL−1. In this experiment, the Salmonella-specic
LAMP primer set was pre-spotted in all the chambers (indicated
by red arrows) except for one chamber with no pre-spotted
primers in each independent compartment. Two experiments
were performed under the same conditions, and then the
threshold time (Tt value) was determined from each DNA
amplication curve of eight chambers at each concentration
level ranging from 1 fg mL−1 to 100 pg mL−1. Tt values were
automatically calculated as the peak value of the second deriv-
ative of each DNA amplication curve using a home-built
analysis soware.40 As a result, the LOD of the Salmonella
DNA template was estimated to be 1 fg mL−1 in the centrifugal
microuidic device because positive reactions were detected in
all eight chambers (Fig. S10a†). Subsequently, to assess the
linear dynamic range of quantitation in the device, the corre-
lation coefficient (R2) of the standard curve was evaluated from
the resulting Tt values; a range of R2 > 0.98 was within the
quantitative range.45 At DNA concentrations ranging from 1 fg
mL−1 to 100 pg mL−1, the resulting standard curve exhibited poor
quantication (R2 = 0.897) because the Tt values obtained at
a high concentration of 100 pg mL−1 deviated from the standard
curve. There was signicant variation in the Tt values obtained
at a low concentration of 1 fg mL−1 (Fig. S10b†). Similarly, the
correlation coefficients of the standard curves were estimated to
be R2 = 0.864 and R2 = 0.974 at DNA concentrations ranging
from 10 fg mL−1 to 100 pg mL−1 (Fig. S10c†) and from 1 fg mL−1 to
10 pg mL−1 (Fig. S10d†), respectively. As a result, the linear
dynamic range of the Salmonella DNA template was determined
to be between the concentration of 10 fg mL−1 and 10 pg mL−1

with a strong negative correlation (R2 = 0.981), as shown in
Fig. 6d.

For comparison, conventional off-chip LAMP assays were
performed using real-time turbidity measurements in PCR
tubes (25 mL reaction volume), with three experimental repli-
cates for each DNA concentration. The LOD was 0.1 fg mL−1, one
order of magnitude lower than that obtained in the microuidic
device (Fig. S11a†). The linear dynamic range of quantitation
was between 1 and 10 pg (R2 = 0.986), which was one order of
magnitude wider than that obtained using the microuidic
device (Fig. S11b†). To potentially enhance the LOD of micro-
uidic devices, future studies should investigate methods to
prevent the adsorption of target DNA and/or enzymes on the
PDMS surface. In addition, preheating the DNA sample with the
LAMP primer for denaturation and enhancing primer anneal-
ing could improve the LOD.46,47

Conclusions

We developed a centrifugal microuidic device capable of
sequential liquid dispensing into multiple chambers integrated
with a pair of passive valves for the multiplexed LAMP detection
of foodborne pathogens. The proposed microchannel design,
which enables the liquid to ll towards the center of rotation
against the centrifugal force, facilitates the complete removal of
air from inside the microchamber without surface coating by
RSC Adv., 2024, 14, 22606–22617 | 22615
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exploiting the inherent hydrophobicity of the polymer. The
design constraints for each passive valve were claried, and the
experimental results were veried using theoretical models.
This enabled us to predict the rotational speed at which the
liquid could be dispensed into the microchambers from the
properties of the liquid and its contact angle with the device
surface. Furthermore, using the colorimetric LAMP assay, we
successfully demonstrated multiplexed detection of four food-
borne pathogens (Salmonella spp., V. parahaemolyticus,
Campylobacter spp., and norovirus GII) across four samples. The
LOD for the detection of Salmonella DNA template was esti-
mated to be 1 fg mL−1. High quantitation was observed in DNA
concentration ranging from 10 fg mL−1 to 10 pg mL−1 with
a strong negative correlation (R2 > 0.98). Consequently, the
sequential liquid dispensing method proposed here allows
direct liquid dispensing into the reaction chambers without
cross-contamination while simultaneously metering the LAMP
reaction volume. This method provides a simple and rapid
operation at a constant rotational speed and a low-cost and
reliable device without any surface coating. Furthermore,
microuidic devices can be designed to be more compact by
eliminating the requirement for a metering chamber.

In future studies, to develop a sample-to-answer platform, we
will focus on integrating the necessary steps for genetic diag-
nosis, including nucleic acid extraction, purication, and mix-
ing of the sample and LAMP reagents directly onto the
microuidic device. The autonomous operation of all uid
manipulation processes in the device, which operates at
a constant rotational speed, can make the diagnostic system
rapid, easy to use, low-cost, and highly robust. This system
offers exibility for customizing the types of nucleic acid targets
(DNA/RNA) of interest by varying the primer types and combi-
nations pre-spotted in the reaction chambers. Thus, our versa-
tile platform is powerful for the on-site testing of a wide range of
infectious agents (viruses, bacteria, fungi, and parasites) in
humans, animals, and plants, as well as allergens and illegal
substances, without laborious and multiple manual
procedures.
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