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Abstract: Here we report the improved Cyclo olefin polymer (COP) microfluidic chip and polymerase
chain reaction (PCR) amplification system for point-of-care testing (POCT) in rapid detection of
Carbapenem-resistant Enterobacteriaceae (CRE). The PCR solution and thermal cycling is controlled
by the relative gravitational acceleration (7G) only and is expected to pose minimal problem in
operation by non-expert users. Detection is based on identifying the presence of carbapenemase
encoding gene through the corresponding fluorescence signal after amplification. For preliminary
tests, the device has been demonstrated to detect blapyp.¢ from patients stool samples. From the
prepared samples, 96.4 fg/uL was detected with good certainty within 15 min (~106 thermocycles,)
which is significantly faster than the conventional culture plate method. Moreover, the device is
expected to detect other target genes in parallel as determination of the presence of blanpp-1 and
blapxa-23 from control samples has also been demonstrated. With the rising threat of drug-resistant
bacteria in global healthcare, this technology can greatly aid the health sector by enabling the
appropriate use of antibiotics, accelerating the treatment of carriers, and suppressing the spread.
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1. Introduction

Antibiotic-resistant bacteria cause hundreds of thousands of deaths annually in the
world [1]. Especially the Carbapenem-resistant Enterobacteriaceae (CRE) with threat level
raised from serious in 2013 to urgent level in 2019 as reported by the US Centers for Disease
Control and Prevention (CDC) [2]. Since carbapenem serves as the “antibiotics of last resort”
for the broad spectrum of bacteria, coping with the infection and administering treatment
is rather difficult [3-5]. CRE can spread within and between health facilities or can be
released in the environment as treated wastewater that can contaminate lakes and streams.
In Japan, an epidemiological study by the team of Prof. Tomono at Osaka University
Hospital reported that 11.8% of known CRE have been identified from facility residents at
some local place [6]. In other cases, it has led to nosocomial outbreaks [7]. Culture testing,
which is a typical technique for conventional drug resistance diagnosis, takes 24 h or more
resulting in 48-72 h processing from patient sample to final determination [8]. Further,
it can be overlooked because CRE are susceptible to imipenem as a drug generally used
in culture tests [9]. Therefore, timely determination cannot be executed properly making
infection control difficult.
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Dissemination of antibiotic resistance in bacteria is governed by the transmission of
plasmid, which is a DNA molecule physically separated from the genomic DNA. They may
be present in a bacterium in varying numbers which makes identification and quantification
of antibiotic resistance challenging. For the gene encoding carbapenemase (carbapenem-
degrading enzyme), it may be present in the chromosome or on the plasmid. In particular,
the plasmid-mediated drug resistance genes are present in large numbers such as blanpwm-1,
blapxa-23, and blapyp-g [10], and they can be easily and rapidly transmitted not only between
homologous bacteria but also between heterologous bacteria by horizontal gene transfer [11,12].
Thus, the determination whether or not a drug-resistant gene is present regardless of
bacterial species is of utmost importance. To address this concern, early detection for onsite
utility through POCT (point-of-care testing) device is greatly desired. This would enable
the use of appropriate antibiotics, accelerate the treatment of carriers, and suppress the
spread of infection. For a POCT-oriented genetic testing device, the requirements can be
patterned to devices used by the WHO (World Health Organization) at the outbreak of
Ebola virus in West Africa in 2014 [13]. The operation should be less than three steps and
the analysis time should be less than 30 min in addition to convenience and rapidity for
field-level utility.

With the emergence of new lab-on-a-chip concepts, miniaturization of multiple pro-
cesses and procedures associated with micro total analyses nucleic acids has been proven
influential in developing POCT devices. Miniaturization ensures higher reaction efficiency
associated with mass diffusion and heat conduction and dissipation. Moreover, the reaction
can be performed with a small amount of samples and reagents for decreased operation
cost. However, sufficient mixing is difficult in microfluidic channels which is crucial in
nucleic acid testing. Active mixing based on actuators integrated into a microchannel is
possible but there is a huge drawback since the device becomes complicated and bulky with
additional components. A more desirable mixing method for biological assay application
is passive mixing that utilizes the geometry of the channels (serpentine or zigzag shapes),
the integrated structures (ridges, slanted well, and other three-dimensional structures),
or surface properties (wettability and micropore characteristics) of the channel walls [14].
However, the extent of mixing is limited by the imposed structure configuration and cannot
be turned off if needed that can pose difficulties in obtaining the optimal mixing from a
given device. Another type of passive mixing, that is inherent in a rotating system, is based
on Coriolis force that has been reported to enable rapid fluid mixing [15]. Uniform mixing
can be easily adjusted and regulated based on the rotation speed or the radial position of
the device. By integrating this driving force to multi vortex mixing in a curve channel by
Dean force [16], more efficient mixing for a POCT system can be realized.

For miniaturization of PCR (polymerase chain reaction), a review paper by Lee cate-
gorizes the reported studies as chamber type or continuous flow type [17]. The latter is a
more preferred choice for fully integrated microfluidic devices and is more advantageous
in decreasing the reaction time since the sample flows inside a microchannel that is directly
placed on multiple heaters with fixed temperatures. However, typical continuous flow type
PCR has a large footprint. The walls of the long microchannel require passivation to reduce
the high adsorption of molecules. One solution to this is utilizing a closed-loop channel
that shortens the channel length and enables circulation of the flow. We have previously
reported the use of centrifugation-controlled convection (C3) flow as an alternative method
for fluid flow control in a ring-structured microchannel for PCR and ELISA [18,19]. C3
flow is based on the concept of Bénard convection but substituting the centrifugal field to
the gravity field. This allows the control of thermal convection flow based on the rotation
speed of the configuration when the microchannels are aligned on two heaters with a
certain temperature difference. However, the previous model still requires careful mea-
surement of minute volume to perform the PCR which can pose problems when operated
by non-experts.

For POCT devices, sample delivery and reagent storage are some of the key design
components. This reduces user interaction and minimizes the steps to carry out the test.
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Thus, the user only needs to be familiar with simple operating procedure rather than
multiples ones. More importantly, with this feature, precise pipetting is not necessary
which is a common source of errors from operators. Several technologies are employed
to integrate this functionality in centrifugation type of systems such as passive valves
based on capillary force [20] and hydrophobicity of PDMS [21] for flow process control
and precise aliquoting [22]. The most practical application at present from the viewpoint
of simplification and miniaturization of the PCR is considered to be the “LabDisk” [23],
which performs sample extraction and preconditioning, reagent supply and routing, and
amplification reaction in a chip. The necessary reagent is preloaded in the chip, and at a
certain rotation speed during operation, the container is opened and the reagent filled the
flow channels. However, since one thermocycle of at least 80 s is required for PCR, there is
still an issue in POCT application from the viewpoint of the rapidity of the reaction.

Thus, although various microfluidic devices have been developed, a PCR device
having both rapidity and easy operability to meet the above-mentioned POCT traits is
left unresolved. Here, we have addressed developing a POCT gene test device based on
centrifugal force-assisted thermal convection. The fluid behavior in the ring-structured
microchannel was analyzed. For the preliminary test, we have evaluated the performance
of the centrifugal thermal convection PCR for rapid detection in patient fecal samples
having carbapenem-resistant bacteria to demonstrate its practical application.

2. Materials and Methods
2.1. Chip Fabrication

The microfluidic chips are made of Cyclo olefin polymer (COP, Zeonex480, ZEON Co.,
Tokyo, Japan) resin which has low hygroscopicity, low self-fluorescence, high permeability,
and good formability. Two types of microfluidic chips were utilized in the study; the plain
chip (Figure 1) that was used for measurement calibration and optimization and the POCT
chip (Figure 2) with liquid metering and delivery function that was demonstrated for
practical application. In both types, the dimension of the ring-structured microchannel
remains constant: 6 mm diameter, 500 um width, and 300 pm depth, and chip thickness of
2 mm. The chips were formed by injection molding, which was outsourced from World Co.
Ltd. (Takarazuka, Japan) for the plain chip and Konica Minolta, Inc. (Tokyo, Japan) for the
POCT chip. To seal the molded COP chip, a COP film (188 pum in thickness, ZF14-188, ZEON
Co., Tokyo, Japan) with the same outline as the chip was bonded. Primarily, the COP chip
and the film were cleaned with an ultrasonic bath in IPA for 5 min and dried by blowing
N, gas. Contacting surfaces of the chip and the film were then treated and activated by
oxygen plasma (RDC210, Yamato Scientific, Tokyo, Japan). Treatment conditions of O,
gas, RF time, and RF power were 100 cc, 10 s, and 75 W, respectively. Subsequently, the
surfaces were adhered to one another and placed in the thermal compression apparatus
(X300, SCIVAX, Kanagawa, Japan) for firm bonding. The press was operated at 133 °C
with 1 MPa of pressure in —100 kPa vacuum for 30 min. After bonding, the inside walls
of the microchannel were coated with 1% (w/v) Tween60 (Polyoxyethylene (20) Sorbitan
Monostearate, 168-21572, Wako, Japan) for blocking and to promote a hydrophilic surface.
The solution was introduced into the ring structured microchannel by centrifugation while
the capillary force was utilized in the liquid delivery channel. Then, the chips were placed
onto a hot plate at 100 °C to evaporate the water. This surface modification step prevents
the generation of bubbles during PCR thermal cycling that can obstruct the flow.
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Figure 1. Mechanism and operation of centrifugal-assisted thermal convection polymerase chain reaction (PCR). (a) Schemat-
ics of alignment of the ring-structured channel to the heater block to generate the C3 flow. (b) Applicator holding eight plain
PCR chips; all made up of Cyclo olefin polymer (COP). Inset: plain PCR chip (c) In-house rotating stage with integrated
heaters. (d) Sketch illustrating how the chips are fixed to the stage. (e) Actual assembly of the complete set-up.

2.2. Device Design and Plain Chip

Thermal cycling and fluid flow are driven in the ring-structured microchannel by spin-
ning the device while in thermal contact with two heater blocks as shown in
Figure 1a similar to the previous report [19]. From four chips, the new applicator can
now hold up to eight fabricated chips (Figure 1b). Together with the microfluidic chips,
the device is composed of a rotating stage, heaters, and a motor (Figure 1c). Conversely,
8 pairs of protruding heater blocks (aluminum) were integrated to the stage that conducts
the heat from the ceramic heater element (MS-5, Sakaguchi E.H Voc Corp., Tokyo, Japan) to
the reaction chamber upon contact. A pair of heater blocks consists of a higher temperature
block (95 °C) and a lower temperature block (60 °C). The heater temperature was controlled
by a digital controller (SDC 45, Azbil, Japan) while the stage rotation was controlled by
a brushless motor speed control unit (NexBL US type, Oriental motor, Japan). The PCR
chips were aligned to each protruding heater blocks with the aid of the applicator and were
pressed down by a set of plungers as shown in Figure 1d,e. Currently, the device is capable
of performing PCR simultaneously for eight samples.
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Figure 2. Point-of-care testing (POCT) version of the PCR chip; inclusion of capillary channels. (a) Schematics of fluid
operation. 1: Liquids are dropped at each reservoir. Sample solution in area A, PCR solution in area B, and mineral oil
in area C. 2: The solution is automatically dispensed and metered during rotation. 3: The mixture of the sample solution
and the PCR solution enters the ring-structured channel for on-chip amplification while the mineral oil remains on top.
(b) Applicator holding eight POCT PCR chips; all made up of COP. Inset shows the magnified view of the POCT PCR chip.
(c) Fluid handling in the chip. The reagents are dropped to each respective reservoir. During centrifugation, the liquids enter
the channel but only the PCR solutions enter the ring-structured channels. The oil at the top serves as cover in preventing
the mixed PCR solutions from evaporating that could produce a failed amplification and an error in the readings.

2.3. POCT-Oriented Chip

The on-chip liquid delivery function was an added feature in developing a POCT-
oriented gene testing device. The liquid delivery channel was 450 pm wide and 450 pm
deep. The volumes of area A for sample solution, area B for PCR solution, and area C
for mineral oil were 1.48, 2.65, and 2.65 pL, respectively. After filling the liquids in each
reservoir, the chip is spun and the sample and the PCR solutions at constant volume and
ratio could fill the ring-structured channel (area A + B) by centrifugation only without the
need for precise pipetting. The oil remains at the top that prevents the mixed PCR solutions
from evaporating that could produce a failed amplification and an error in the readings.
The use of centrifugation also drives any bubbles or froth formed during amplification to
buoy up which ensures no obstruction during the PCR cycle. Figure 2b shows the design
and the fabricated chip. The actual fluid handling and mixing are shown in Figure 2¢ and
Video S1.
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2.4. Sample Preparation
2.4.1. Isolates and DNA Extraction

One of the laboratory isolates in the Department of Infection Control and Prevention
was used as the reference of IMP-6. The isolate (laboratory ID: 10803) was confirmed of
E. coli with blapp.¢ via genome sequencing. E. coli (BAA-2469) and A. baumannii (BAA-
10629) were used as the other reference isolates obtained from ATCC (American Type
Culture Collection). DNA was extracted with a QlAamp DNA mini kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s protocol.

2.4.2. Clinical Specimens

The clinical specimens used in this study were collected through surveillance in
Osaka prefecture [24]. Ethical approval was obtained from the ethics committees of Osaka
University, as well as collaborative institutions. A total of 178 specimens were used for this
study. The specimens were cultured in M-ECC medium (CHROMagar ECC supplemented
with 0.25 pg/mL meropenem and 70 pg/mL ZnSOy) for CRE detection.

All procedures performed to harvest the nucleic acids comply with the guidelines set
by the Gene Modification Experiments Safety Committee of Osaka University.

2.4.3. DNA Extraction from Clinical Fecal Samples

Clinical fecal samples were collected through surveillance in Osaka prefecture. Scraped
samples were suspended into 30% glycerol solution. The sample solution was boiled for
deactivation and stocked at —30 °C until examination. For on-chip PCR detection of IMP-6
gene, the fecal sample solution was prepared as 10% (v/v) in the PCR solution.

2.5. On-Chip PCR Assay

For the blapp.¢ gene detection by centrifugal thermal convection PCR, DNA poly-
merase and optimized buffer used was GeneAceHS which was especially custom-made
by Nippon Gene Co., Ltd. (Toyama, Japan). Composition of PCR solution was as follows:
1x GeneAceHS containing 5x DNA polymerase concentration compare with standard
condition, 0.1% (w/v) bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA), 400 nM
Fw primer: 5-CCC ACG TAT GCA TCT GAA TTA ACA AA, 400 nM Rv primer: 5'-CCA
AAC CAC TAC GTT ATC TTG AGT G, 200 nM fluorescence probe: FAM-5-CAA GCC
ACA AAT TCA TTT AGC GGA GTT AAC TAT T-TAMRA (modified version from another
report [25]). Amplicon size was 159 bp. Extracted DNA sample was added as template
DNA. In case of detection for clinical sample, the fecal sample solution described above
was prepared as 10% (v/v) in the PCR solution. The procedures for blanpym-1 and blapxa-23
gene detection are detailed in the supplementary information.

A volume of 2.35 pL of prepared mixed PCR solution was injected into the sample inlet
of the plain PCR chip (Figure 1a) and was transferred to the ring structured microchannel
by centrifugation at 3000 rpm for 10 s. After filling the mixed PCR solution into the ring
structured microchannel, 2.35 puL of mineral oil (M5904, Sigma-Aldrich, St. Louis, MO, USA)
was added to the PCR chip to prevent the PCR solution from evaporating. The PCR chip was
then set onto the device heater which was already set at desired temperatures and warmed
up for 30 s. Then, centrifugal thermal convection PCR was performed by spinning the chips
while in contact with the heater blocks. Various rotation speed (275 rpm-520 rpm/3G-11 G)
and duration were tested to obtain the optimized parameters.

2.6. On-Chip PCR Assay with Liquid Delivery Function

To realize a POCT-oriented gene detection, the PCR chip having a liquid delivery
function was used in patient fecal samples for practical application. The sample and the
PCR solutions were prepared as follow; 78.7% GeneAceHS containing 5 x DNA polymerase
concentration compared with a standard condition, 0.15% (w/v) bovine serum albumin
(Sigma-Aldrich, St. Louis, MO, USA), 630 nM Fw primer: 5'-CCC ACG TAT GCA TCT
GAA TTA ACA AA, 630 nM Ry primer: 5'-CCA AAC CAC TAC GTT ATC TTG AGT G,
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315 nM fluorescence probe: FAM-5'-CAA GCC ACA AAT TCA TTT AGC GGA GTT AAC
TAT T-TAMRA (modified version from another report [25]). Amplicon size was 159 bp.
The stocked fecal sample was diluted to be 30% with TE buffer (pH 7.0). A sufficient
amount of fecal sample solution, PCR solution, and mineral oil were dropped into each
inlet area. After filling the liquid delivery channel of areas A, B, and C by capillary force, the
setup was rotated at 1590 rpm for 10 s to deliver the PCR solutions to the ring-structured
microchannel. Temporarily, the rotation was stopped and heating was started at desired
temperatures. After incubation for 30 s, centrifugal thermal convection PCR was performed
for 15 min at 7G (420 rpm).

2.7. Measurement of Fluorescence Intensity on the PCR Chip

Fluorescence intensity on the ring structured microchannel was measured before and
after amplification. The optical system, with schematics similar to a conventional confocal
microscope, was constructed as described in the previous report [19]. The PCR chip was
set onto a motorized stage and operated at a rate of 100 um/s. The fluorescence signal was
quantified with a data logger (TR-V550, Keyence, Osaka, Japan) through the PMT at 20 Hz
sampling frequency.

For evaluating the PCR product, the presence of the target or a positive result is
indicated by a measured fluorescence intensity above the threshold value of 0.088 a.u
(mean fluorescence intensity of the blank) and negative otherwise after on-chip PCR
process is performed.

2.8. Gel Shift Assay

The chip PCR product was also analyzed by the gel shift assay to verify the amplicon
obtained. A volume of 1 uL of PCR solution was applied to 4% agarose gel (NuSieve 3:1,
Lonza, Rockland, ME, USA) which contains EtBr for DNA staining and was run at 100 V
for 15 min in TBE running buffer. A 100 bp DNA ladder (Bio-Rad, Hercules, CA, USA) was
used for the DNA marker.

2.9. Simulation Analysis of Centrifugal Thermal Convection

Mixing behaviors which were generated by Coriolis force as secondary flow under
centrifugal thermal convection in the microchannel were calculated using COMSOL Mul-
tiphysics Navier-Stokes and Heat transfer modules (COMSOL Inc, Stockholm, Sweden).
The basic equations for Bénard convection were solved at steady-state and at 7G of rela-
tive gravitational acceleration. Details of the conditions were described in the previous
report [19]. Additionally, time-dependent mass diffusion was calculated with and without
Coriolis force. The calculation of mass diffusion was considered as the secondary fluid flow.
The diffusion coefficient was set to be 1 x 10~? (m?/s) as a typical diffusion coefficient of
water. Different concentrations of the model solution (0 and 400 nM) were placed at various
configurations along the circumferential direction of the microchannel. To simplify the
simulation, only the ring channel was studied which is considered as an enclosed system
filled with the solution.

3. Results and Discussion
3.1. Contribution of Coriolis Force to Improved Mixing Efficiency

We have previously reported the generation of secondary flow in the ring-structured
channel by the Coriolis force in addition to the convection flow [19]. Dean force or force
due to the secondary flow in curve channels appears to have negligible effect on the
mixing behavior. Additionally, the orientation of the secondary flow was dependent on
the direction of the rotation (angular vector) of the holder stage; clockwise or counter-
clockwise). This Coriolis-induced secondary flow is expected to enhance the passive mixing
of the fluids in the microchannel which is beneficial for PCR applications. Here, a more
detailed fluid behavior of the secondary flow was investigated by simulation analysis.
Figure 3 illustrates a theoretical case wherein the two solutions with different concentrations
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(2]

(Red—400 nM and Blue—0) were placed as concentric hollow cylinders filling the ring-
structured microchannel. With a high temp source value of 95 °C, low temp source value of
60 °C, 7G relative gravitational acceleration, and set at a steady-state case, the time-depended
mixing and diffusion were studied at cross-section A-A’ (Figure 3a). In the presence of Coriolis
force, uniform mixing was almost achieved after 7.5 s of centrifugal force-assisted thermal
convection (Figure 3b). In the absence of Coriolis force or free convection and diffusion, the
non-uniformity of the solution still remains after 7.5 s. Time-lapse videos (Videos S2 and
S3) of the mixing behavior for both cases reveal that homogenous mixture can be achieved
approximately 20 s in the presence of Coriolis force while 80 s for the free convection; four
times faster (Figure 3c). Several configurations of the solution were also simulated and the
same improvement in mixing was observed but the greatest value of improvement was
observed in this case. More importantly, this result guarantees that the non-uniformity
of the mixture will not be an issue in the operation of the device and that an efficient
amplification can be achieved.

EI With Coriolis force ~ Without Coriolis force

. (nM)
Low temp source High temp source 400
0.0s
\ / 300
255 |
200
5.0s
100
75s 0
c
2
® No Coriolis
H
v 3 TS
§ § Coriolis
Le
€
3
13
80 100

Figure 3. Simulation of concentration gradients in the ring-structured channel for a hypothetical case. (a) Model used
where two solutions at different concentrations (Red—400 nM and Blue—0 were placed as concentric hollow cylinders.
The concentration gradients were analyzed at region A-A’. (b) Time-course gradient distribution for centrifugal-assisted
thermal convection (left) and free convection (right). (c) Graph showing the full time required for a complete mixing in the
two cases studied; 4 times faster in the case with Coriolis force compared to without.

3.2. On-Chip PCR for blapp-¢ Gene

Amplification conditions depend on the target DNA. Here, the thermal convection
velocity is related to the centrifugal force and is controlled by the rotation speed. Thus,
the dependency of the rotation speed to the amplification of the target gene must be
determined.

Figure 4 illustrates the optimization of operating parameters for the detection of
blapvip-g. To determine the ideal centrifugal force, the centrifugal force-assisted thermal
convection PCR was performed for 10 min from 3G to 11G (n = 3) using 0.92 ng/pL of
extracted DNA containing blapp.¢. Figure 4a shows that the increase in the measured
fluorescence intensity signal increases from 3G and starts to plateau at 7G. To verify the
amplification, the products were subjected to gel electrophoresis and the specific band at
159 bp was confirmed (Figure 4b). The band density increased from 3G to 7G and then
remains about the same in 9G and 11G. The increase of amplification from 3G to 7G is
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already saturated in bulk PCR. This apparent decrease in reaction efficiency is associated
with the adsorption of reagents to the walls of the channel and the parabolic flow velocity
distribution of the main flow. For 9G and 11G, the approximate numbers of PCR reaction
cycles in 10 min are 83 cycles (7.2 s/cycle) and 105 cycles (5.7 s/cycle), respectively. Aside
from reaching the saturation point, a low value of fluorescence signal associated with the
amplification is related to a short reaction time that could have reduced the completion of
denaturing, annealing, and extension stages of the PCR. From this result, 7G is the relative
gravitational acceleration set for IMP-6 where one cycle runs for 8.5 s.
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Figure 4. On-chip PCR to detect blapyp.¢ from the laboratory isolate 10,806 and verified with gel electrophoresis. (a)
Fluorescence signal detected at various relative acceleration when operated at 10 min. (b) Corresponding gel electrophoresis

analysis. (c) Fluorescence signal detected at various reaction times at 7G. (d) Corresponding gel electrophoresis analysis.
(e) Fluorescence signals of the prepared dilution series (9.64 fg/uL to 964 pg/uL). (f) Corresponding gel electrophoresis
analysis. All measurements were done in triplicates. Error bar represents standard deviation.

The optimum reaction time was determined by varying the gene amplification dura-
tion from 5 to 17.5 min (n = 3) at 7G. Figure 4c reveals that the fluorescence signal starts
to be noticeable at 7.5 min and significantly increases at 10 min then starts to plateau
at 12.5 min. The same trend was observed to the individual products subjected to gel
electrophoresis where the specific band at 159 bp was confirmed (Figure 4d). The band
intensity reaches saturation at 12.5 min. The corresponding number of cycles for 5, 7.5, 10,
12.5, 15, and 17.5 min are 35.3, 52.9, 70.6, 88.2, 105.9, and 123.5 cycles, respectively. The 52.9
cycles in 7.5 min are usually saturated in bulk PCR which could have stemmed from the
reduced reaction efficiency; similar to the findings in the previously optimized parameter.
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From this result, the reaction time used for succeeding experiments is 15 min to guarantee
to obtain the maximum fluorescence possible.

A dilution series of E. coli purified DNA containing blapp.s was prepared from
9.64 fg/uL to 964 pg/uL and on-chip PCR was performed for each concentration (n = 3).
Figure 4e reveals that 96.4 fg/uL is the lowest concentration prepared that has a fluores-
cence intensity signal value greater than the negative control +30 or the expected limit
of detection based on blank determination. The same trend of an increased signal can be
observed in the electrophoresis analysis results where the specific band at 159 bp was con-
firmed (Figure 4f). Saturated band amplifications were observed at concentrations higher
than 96.4 fg/uL. Conversely, the large error bar near the detection limit is an expected con-
sequence of the matrix effect when preparing low concentration samples manually which
affects the sensitivity of the device. More importantly, no unspecific PCR products were
observed from the gel shift assays which shows that the specificity is not compromised in
this platform. Still, quantitative measurement is not yet possible for the system but should
be competitive enough to determine the presence or absence of antibiotic-resistant genes
for POCT.

Similar experiments were conducted for isolates with blanpwm.1 and blagxa-23. The
lowest concentration detected from prepared samples were 1070 fg/uL for blanpwm-1 and
293.6 fg/uL for blapxa-23 when the system was operated at 7G for 15 min (Figure S1).

3.3. Agreement of On-Chip PCR Test Results with Conventional Culture Test Results

To evaluate the capability for the rapid detection of drug resistance genes of the
centrifugal force-assisted convection PCR, stool samples containing blapp.¢ were studied.
A total of 178 stool samples were tested using the device and the results were compared to
that of the culture tests (24 h incubation) performed at the Infection Control Department of
the School of Medicine at Osaka University.

Figure 5 summarizes the comparison of the results. Out of the 53 positive samples,
47 samples were detected by the on-chip PCR device; 88.7% agreement. One possible
reason for getting a false negative response is that the template DNA introduced in the chip
was too low. Hoping to increase the sensitivity, the experiment was performed at higher
stool sample concentration; from 10% to 32%. However, the result showed a negative
response. Moreover, a problem arises wherein the previously determined positive sample
by the on-chip PCR has been determined negative. The reaction must have been inhibited
by the increase in the amount of feces and glycerol in the PCR solution. Thus, the detection
sensitivity could not be improved by increasing the fecal concentration.

Evaluation of 178 Clinical Samples

Positive Negative
Plate Culture (24 h) 53 125
On-chip PCR 47 107
Agreement (%) 88.7 85.6
Difference 6 18

Figure 5. Comparison of plate culture test and on-chip PCR test for detecting Carbapenem-resistant
Enterobacteriaceae (CRE) from 178 stool samples.
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Aside from the presence of inhibitors and the matrix effect in getting a false negative
result, another reason could be related to the non-enzymatic mechanism for carbapenem
resistance of the pathogen. Even without the gene to encode the enzyme that hydrolyzes
the drug, bacteria can be resistant by preventing the drug from reaching and inactivating
the penicillin-binding proteins (PBPs), which are responsible for maintaining the bacterial
cell wall that is essential for growth and reproduction [10]. This can be done by an active
transport system to expel the drug to the periplasmic space after their entrance [26-28]. In
the case of E. coli, more than 30 considered drug transporter genes exist which can be the
focus in the future study [29] to expand the system’s utility. The pathogen may also have
a mutation and had lost certain outer membrane porins where drugs enter resulting in
diminished permeability and decreased uptake [30,31]. These non-enzymatic mechanisms
cannot be detected currently by this system and will require a separate test to work in
parallel for more accurate detection of the presence of CRE.

It is indeed ideal to minimize the false negatives, especially in medical institutions’
operation. To reduce the false negatives by this method, an extraction and preconcentration
step of drug resistance genes in the stool sample should be considered in the future
development of the system. However, it should be pointed out that despite the lack of a
special sample preparation method, more than 85% of the positive samples from culture
tests could be detected by the system demonstrating its high sensitivity and reliability for
rapid in situ diagnosis.

Out of 125 negative samples, 107 samples were accurately detected by the on-chip
PCR device; 85.6% agreement. The 18 samples not detected by the device was further
tested with gel electrophoresis. The specific band was confirmed and 17 samples resulted
to be positive. These 17 false negative results from the culture tests probably occurred
because the bacteria are already eliminated during the sample preparation and processing.
Furthermore, a false positive result from the on-chip PCR is considered better than a false
negative reading from the viewpoint of preventing the spread of infection. Currently,
the fluorescence measurement of the on-chip PCR device is endpoint detection. False
positives can be avoided by having a real-time measurement of the fluorescence signal
during amplification which can be another direction in developing the system.

3.4. Demonstration of POCT Application

The POCT version of the fluidic chip (Figure 2c, Video S1) enables automatic metering
and delivery of the sample solution, PCR solution, and mineral oil into the ring-structured
channel by simply spinning the applicator without the need for careful measurement of
minute volumes. Figure S2 shows that the excess fluids are prevented from entering the
reaction channel by simply placing absorbent cotton at the inlet reservoir.

Five stool samples, that were prepared in triplicates, were randomly selected from each
of blapp-¢ positive and negative samples identified by both centrifugal thermal convection
PCR and culture test. Figure 6 shows the summary of the test results of the on-chip PCR
and validated by gel electrophoresis based on the specific band at 159 bp. No specific
amplification product was observed in the negative sample (Figure 6b) whereas a specific
amplification product was observed in the positive sample (Figure 6¢). This shows that
the detection performance is preserved in the POCT version at faster amplification time
and reduced sample volume requirement (Figure 6d) and is expected to be useful in rapid
detection for onsite utility.
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Figure 6. On-chip PCR of stool samples using POCT chip. (a) Fluorescence signal detected from test samples that are

validated with gel electrophoresis for (b) five negative and (c) five positive samples containing blapp-¢. (d) Comparison of
POCT on-chip PCR with conventional PCR.

4. Conclusions

Rapid detection of the presence of an antibiotic-resistant gene was successfully demon-
strated using centrifugal force-assisted convection PCR; estimated less than 20 min of
operation from sample preparation to readout for blapp.¢. The performance of the device
for the practical application was made evident by detecting the presence of blayp.¢ from
stool samples which are the most difficult and time-consuming clinical samples to process.
Multi-drug resistant gene detection can be performed with the device if warranted as
detections of blanpwm-1 and blapxa-p3 were already performed. With the integration of the
automatic metering and delivery function to the PCR chip, the POCT utility of the system
has been achieved. This enables ease in operation while still capable of rapid detection of
the carbapenem-resistance gene at high sensitivity. By this system, testings can be signifi-
cantly advanced and quickened, which will be beneficial for therapy and for monitoring the
spread of the resistant organism or resistant genes throughout the medical institutions and
the community. This system can provide a significant technical advancement for a faster
turnaround of patient sampling to final determination leading to improved health care.
In addition, the system is versatile to detect other nucleic acids by simply changing the
primers for the identification of other infectious diseases (i.e., nCoV, tuberculosis, malaria,
dengue, etc.) that will be valuable in low-resource settings.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-8
220/21/4/1225/s1, Figure S1: On-chip PCR to detect blanpy-1 genes from E. coli (BAA-2469) and
blapxa-23 genes from A. baumannii (BAA-10629), Figure S2: Inclusion of absorbent cotton to prevent
excess fluid from entering the PCR channel, Video S1: Fluid handling and mixing, Video S2: Mixing
behavior in the presence of Coriolis force (spinning), Video S3: Mixing behavior in free convection.

Author Contributions: Data curation, K.T. (Kazuya Takahashi), S.U., N.Y,, Y.A,, M.S. and S.H.; formal
analysis, K.T. (Kazuya Takahashi), W.V.E. and M.S.; funding acquisition, M.S.; investigation, M.S.
and Y.A.; project administration, M.S. and K.T. (Kazunori Tomono); supervision, M.S., W.VE., K.T.
(Kazunori Tomono) and E.T.; writing—original draft, W.V.E. and M.S.; writing—review and editing,
W.VE,, N.Y. and M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was sponsored in part by JSPS KAKENHI Kiban B No. 18H01798.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/1424-8220/21/4/1225/s1
https://www.mdpi.com/1424-8220/21/4/1225/s1

Sensors 2021, 21, 1225 13 of 14

Informed Consent Statement: Since stool samples were collected from diapers without any inter-
vention to the participants, Informed consent was omitted, which was approved by the institutional
review boards. Instead patients were informed of the study purpose and the procedures involved in
the research, as well as their right to waive participation in the study, by means of posters at each
facility.

Data Availability Statement: Data available on request due to privacy restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.

12.

13.

14.
15.

16.
17.

18.

19.

20.

21.

22.

Pehrsson, E.C.; Tsukayama, P; Patel, S.; Mejia-Bautista, M.; Sosa-Soto, G.; Navarrete, K.M.; Calderon, M.; Cabrera, L.; Hoyos-
Arango, W.; Bertoli, M.T,; et al. Interconnected microbiomes and resistomes in low-income human habitats. Nature 2016, 533,
212-216. [CrossRef]

Centers for Disease Contorl and Prevention (CDC). Antibiotic Resistance Threats in the United States, 2019; U.S. Department of
Health and Human Services: Atlanta, GA, USA, 2019.

Carmeli, Y.; Akova, M.; Cornaglia, G.; Daikos, G.L.; Garau, J.; Harbarth, S.; Rossolini, G.M.; Souli, M.; Giamarellou, H. Controlling
the spread of carbapenemase-producing Gram-negatives: Therapeutic approach and infection control. Clin. Microbiol. Infect.
2010, 16, 102-111. [CrossRef]

Nordmann, P; Poirel, L. Strategies for identification of carbapenemase-producing Enterobacteriaceae. ]. Antimicrob. Chemother.
2013, 68, 487-489. [CrossRef]

Vrioni, G.; Daniil, I.; Voulgari, E.; Ranellou, K.; Koumaki, V.; Ghirardi, S.; Kimouli, M.; Zambardi, G.; Tsakris, A. Comparative
evaluation of a prototype chromogenic medium (ChromID CARBA) for detecting carbapenemase-producing Enterobacteriaceae
in surveillance rectal swabs. J. Clin. Microbiol. 2012, 50, 1841-1846. [CrossRef]

Yamamoto, N.; Kawahara, R.; Akeda, Y.; Shanmugakani, R.K.; Yoshida, H.; Hagiya, H.; Hara, N.; Nishi, I.; Yukawa, S.; Asada, R.;
et al. Development of selective medium for IMP-type carbapenemase-producing Enterobacteriaceae in stool specimens. BMC Infect.
Dis. 2017, 17, 229. [CrossRef]

Cuzon, G.; Ouanich, J.; Gondret, R.; Naas, T.; Nordmann, P. Outbreak of OXA-48-positive carbapenem-resistant Klebsiella
pneumoniae isolates in France. Antimicrob. Agents Chemother. 2011, 55, 2420-2423. [CrossRef] [PubMed]

Nordmann, P; Poirel, L.; Carrér, A.; Toleman, M.A.; Walsh, T.R. How to detect NDM-1 producers. J. Clin. Microbiol. 2011, 49,
718-721. [CrossRef]

Yano, H.; Ogawa, M.; Endo, S.; Kakuta, R.; Kanamori, H.; Inomata, S.; Ishibashi, N.; Aoyagi, T.; Hatta, M.; Gu, Y,; et al. High
frequency of IMP-6 among clinical isolates of metallo-f-lactamase-producing Escherichia coli in Japan. Antimicrob. Agents
Chemother. 2012, 56, 4554-4555. [CrossRef]

Codjoe, F,; Donkor, E. Carbapenem Resistance: A Review. Med. Sci. 2017, 6, 1. [CrossRef]

Goldstein, FW.; Labigne-Roljssel, A.; Gerbaud, G.; Carlier, C.; Collatz, E.; Courvalin, P. Transferable Plasmid-Mediated Antibiotic
Resistance in Acinetobacter. Plasmid 1983, 10, 138-147. [CrossRef]

Poyart-Salmeron, C.; Carlier, C.; Trieu-Cuot, P; Courvalin, P; Courtieu, A. Transferable plasmid-mediated antibiotic resistance in
Listeria monocytogenes. Lancet 1990, 335, 1422-1426. [CrossRef]

Chua, A.C.; Cunningham, J.; Moussy, F.; Perkins, M.D.; Formenty, P. The case for improved diagnostic tools to control ebola virus
disease in West Africa and how to get there. PLoS Negl. Trop. Dis. 2015, 9, 4-9. [CrossRef]

Ward, K.; Fan, Z.H. Mixing in microfluidic devices and enhancement methods. J. Micromech. Microeng. 2015, 25,094001. [CrossRef]
Steigert, J.; Grumann, M.; Brenner, T.; Riegger, L.; Harter, J.; Zengerle, R.; Ducrée, J. Fully integrated whole blood testing by
real-time absorption measurement on a centrifugal platform. Lab Chip 2006, 6, 1040-1044. [CrossRef]

Sudarsan, A.P.; Ugaz, V.M. Multivortex micromixing. Proc. Natl. Acad. Sci. USA 2006, 103, 7228-7233. [CrossRef]

Lee, N.Y. A review on microscale polymerase chain reaction based methods in molecular diagnosis, and future prospects for the
fabrication of fully integrated portable biomedical devices. Microchim. Acta 2018, 185, 285. [CrossRef]

Espulgar, W.; Tadokoro, T.; Tamiya, E.; Saito, M. Utility of Centrifugation-Controlled Convective (C3) Flow for Rapid On-chip
ELISA. Sci. Rep. 2019, 9, 20150. [CrossRef] [PubMed]

Saito, M.; Takahashi, K.; Kiriyama, Y.; Espulgar, W.V.; Aso, H.; Sekiya, T.; Tanaka, Y.; Sawazumi, T.; Furui, S.; Tamiya, E.
Centrifugation-Controlled Thermal Convection and Its Application to Rapid Microfluidic Polymerase Chain Reaction Devices.
Anal. Chem. 2017, 89, 12797-12804. [CrossRef] [PubMed]

Moore, J.L.; McCuiston, A.; Mittendorf, I.; Ottway, R.; Johnson, R.D. Behavior of capillary valves in centrifugal microfluidic
devices prepared by three-dimensional printing. Microfluid. Nanofluidics 2011, 10, 877-888. [CrossRef]

Andersson, P; Jesson, G.; Kylberg, G.; Ekstrand, G.; Thorsén, G. Parallel nanoliter microfluidic analysis system. Anal. Chem. 2007,
79, 4022-4030. [CrossRef] [PubMed]

Mark, D.; Weber, P; Lutz, S.; Focke, M.; Zengerle, R.; Von Stetten, F. Aliquoting on the centrifugal microfluidic platform based on
centrifugo-pneumatic valves. Microfluid. Nanofluid. 2011, 10, 1279-1288. [CrossRef]


http://doi.org/10.1038/nature17672
http://doi.org/10.1111/j.1469-0691.2009.03115.x
http://doi.org/10.1093/jac/dks426
http://doi.org/10.1128/JCM.06848-11
http://doi.org/10.1186/s12879-017-2312-1
http://doi.org/10.1128/AAC.01452-10
http://www.ncbi.nlm.nih.gov/pubmed/21343451
http://doi.org/10.1128/JCM.01773-10
http://doi.org/10.1128/AAC.00617-12
http://doi.org/10.3390/medsci6010001
http://doi.org/10.1016/0147-619X(83)90066-5
http://doi.org/10.1016/0140-6736(90)91447-I
http://doi.org/10.1371/journal.pntd.0003734
http://doi.org/10.1088/0960-1317/25/9/094001
http://doi.org/10.1039/B607051P
http://doi.org/10.1073/pnas.0507976103
http://doi.org/10.1007/s00604-018-2791-9
http://doi.org/10.1038/s41598-019-56772-6
http://www.ncbi.nlm.nih.gov/pubmed/31882905
http://doi.org/10.1021/acs.analchem.7b03107
http://www.ncbi.nlm.nih.gov/pubmed/29111686
http://doi.org/10.1007/s10404-010-0721-1
http://doi.org/10.1021/ac061692y
http://www.ncbi.nlm.nih.gov/pubmed/17472339
http://doi.org/10.1007/s10404-010-0759-0

Sensors 2021, 21, 1225 14 of 14

23.

24.

25.

26.

27.
28.

29.

30.

31.

Stumpf, E; Schwemmer, F.; Hutzenlaub, T.; Baumann, D.; Strohmeier, O.; Dingemanns, G.; Simons, G.; Sager, C.; Plobner, L.;
Von Stetten, F; et al. LabDisk with complete reagent prestorage for sample-to-answer nucleic acid based detection of respiratory
pathogens verified with influenza A H3N2 virus. Lab Chip 2016, 16, 199-207. [CrossRef]

Yamamoto, N.; Asada, R.; Kawahara, R.; Hagiya, H.; Akeda, Y.; Shanmugakani, R.K.; Yoshida, H.; Yukawa, S.; Yamamoto, K.;
Takayama, Y.; et al. Prevalence of, and risk factors for, carriage of carbapenem-resistant Enterobacteriaceae among hospitalized
patients in Japan. J. Hosp. Infect. 2017, 97, 212-217. [CrossRef]

Swayne, R.; Ellington, M.].; Curran, M.D.; Woodford, N.; Aliyu, S.H. Utility of a novel multiplex TagMan PCR assay for metallo-
-lactamase genes plus other TagMan assays in detecting genes encoding serine carbapenemases and clinically significant
extended-spectrum 3-lactamases. Int. |. Antimicrob. Agents 2013, 42, 352-356. [CrossRef]

Eswaran, J.; Koronakis, E.; Higgins, M.K.; Hughes, C.; Koronakis, V. Three’s company: Component structures bring a closer view
of tripartite drug efflux pumps. Curr. Opin. Struct. Biol. 2004, 14, 741-747. [CrossRef]

Poole, K. Efflux-mediated antimicrobial resistance. J. Antimicrob. Chemother. 2005, 56, 20-51. [CrossRef]

Zwama, M.; Yamasaki, S.; Nakashima, R.; Sakurai, K.; Nishino, K.; Yamaguchi, A. Multiple entry pathways within the efflux
transporter AcrB contribute to multidrug recognition. Nat. Commun. 2018, 9, 124. [CrossRef]

Nishino, K.; Yamaguchi, A. Analysis of a Complete Library of Putative Drug Transporter Genes in Escherichia coli. . Bacteriol.
2001, 183, 5803-5812. [CrossRef]

Nordmann, P; Dortet, L.; Poirel, L. Carbapenem resistance in Enterobacteriaceae: Here is the storm! Trends Mol. Med. 2012, 18,
263-272. [CrossRef]

Warner, D.M,; Yang, Q.; Duval, V.; Chen, M.; Xu, Y.; Levy, S.B. Involvement of MarR and YedS in Carbapenem Resistance in a
Clinical Isolate of Escherichia coli from China. Antimicrob. Agents Chemother. 2013, 57, 1935-1937. [CrossRef]


http://doi.org/10.1039/C5LC00871A
http://doi.org/10.1016/j.jhin.2017.07.015
http://doi.org/10.1016/j.ijantimicag.2013.06.018
http://doi.org/10.1016/j.sbi.2004.10.003
http://doi.org/10.1093/jac/dki171
http://doi.org/10.1038/s41467-017-02493-1
http://doi.org/10.1128/JB.183.20.5803-5812.2001
http://doi.org/10.1016/j.molmed.2012.03.003
http://doi.org/10.1128/AAC.02445-12

	Introduction 
	Materials and Methods 
	Chip Fabrication 
	Device Design and Plain Chip 
	POCT-Oriented Chip 
	Sample Preparation 
	Isolates and DNA Extraction 
	Clinical Specimens 
	DNA Extraction from Clinical Fecal Samples 

	On-Chip PCR Assay 
	On-Chip PCR Assay with Liquid Delivery Function 
	Measurement of Fluorescence Intensity on the PCR Chip 
	Gel Shift Assay 
	Simulation Analysis of Centrifugal Thermal Convection 

	Results and Discussion 
	Contribution of Coriolis Force to Improved Mixing Efficiency 
	On-Chip PCR for blaIMP-6 Gene 
	Agreement of On-Chip PCR Test Results with Conventional Culture Test Results 
	Demonstration of POCT Application 

	Conclusions 
	References

