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Abstract: Continuous-flow PCR (CF-PCR) can realize rapid DNA amplification because of the high

temperature variation rate. However, off-line detection methods for PCR may induce cross contami-

nation. To overcome this problem, we herein fabricated an integrated CF-PCR and electrophoresis

microfluidic chip. The optimal voltage applied in the electrophoresis part of the microfluidic chip

was achieved by simulation in COMSOL. Coating the inside wall of the microchannel can inhibit elec-

troosmotic flow and improve the resolution for DNA fragments. The temperature distribution of the

lCJTJedc:t?sr serpentine part can meet the PCR and has no obvious suppressive effect on sample separation. Finally,

we have performed the amplification of target genes for Porphyromonas gingivalis, Tannerella forsythia,
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and Treponema denticola and detected the corresponding PCR products in the microfluidic chip within
11 min. Such work provides a new method for the rapid detection of bacteria.
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1. Introduction
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Polymerase chain reaction (PCR) is a biotechnology used for the amplification of
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nucleic acid in vitro. It has been widely employed in the rapid detection of pathogenic

Received: 8 March 2023 microorganisms since its invention [1]. However, the temperature variation rate of the
Revised: 6 April 2023 traditional PCR thermal cycles has been about 4-6 °C/s, and thus the low temperature
Accepted: 17 April 2023 variation rate has greatly restricted its efficiency.

Published: 21 April 2023 So far, many technologies based on microfluidic chip have been proposed for the rapid

PCR. Among those methods, continuous-flow PCR (CF-PCR) can realize rapid temperature
variations by continuously moving the sample throughout the serpentine microchannel
= placed on the surface of relevant heating blocks, which maintain a static temperature
throughout the PCR process [2,3]. CF-PCR has attracted much research interest since it
was first proposed by Manz’s group [4]. To reduce the cost of the fabrication process, Qi
et al. fabricated a PMMA substrate microfluidic chip using a low-power CO, laser ablation
conditions of the Creative Commons _ t€Chnique and finished the amplification of Pseudomonas [5]. Lee et al. fabricated a glass—
Attribution (CC BY) license (https:/,  POlytetrafluoroethylene (PTFE) —glass sandwich CF-PCR for the detection of foodborne
creativecommons.org/licenses /by / pathogens [6]. They folded the PFTE tube into a serpentine form, sandwiched it between
40/). two glass slides, and then performed the on-site detection of PCR products using the
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fluorescence from the SYBR Green I and DNA mixture. Our lab also performed series
research about CF-PCR. We have developed an automated sample injection system to
replace the syringe pump. Such work is helpful for the development of compact CF-
PCR systems [7]. To make the CF-PCR more efficient, we have performed the multiplex
amplification of DNA in the CF-PCR microfluidic chip [8]. We have also developed a CF-
PCR array microfluidic chip to increase its throughput [9]. Moreover, we have developed
droplets CF-PCR in order to reduce the evaporation from the polydimethylsiloxane (PDMS)
and to ensure that the PCR products can be determined by the fluorescence [10]. However,
the fluorescence can also be induced via false positive PCR products; hence, it is not reliable
if one only determines the PCR products based on fluorescence. Sui’s group also developed
the CF-PCR microfluidic chip integrated with DNA hybridization [11], but the cost of
the probe was high and the target-probe hybridization took a long time, having been
completed in about 1 h at 55 °C.

Microfluidic chip electrophoresis (MCE) is a versatile tool for the discrimination of
DNA [12] because it is based on the separation of nucleic acid by its molecular weight [13].
Herein, we develop an integrated microchip that consists of CF-PCR and MCE and which
can realize amplification of DNA and on-site detection of PCR products within a short
period of time. Finally, we validate the system via the detection of the typical periodontal
pathogens, which are harmful for people’s health.

2. Materials and Methods
2.1. Reagents

Bovine serum albumin (BSA) and polyvinyl pyrrolidone (PVP) were bought from
Aladdin (Shanghai, China). SpeedSTAR HS DNA Polymerase was obtained from Takara
(Dalian, China) and 10x TBE and 10,000 x SYBR Green I were bought from Solarbio (Beijing,
China). Polydimethylsiloxane (PDMS) was purchased from The Dow Chemical Company
(Midland, MI, USA). The glass slides were obtained from Shitai Equipment (Nantong,
China). A 100 bp DNA ladder was purchased from RuichuBio (Shanghai, China). A
quantity of NaOH powder dissolved in ultrapure water to a final concentration of 40 g/L.
3-methacryloxypropyltrimethoxysilane (LS-3380) was obtained from Shin-Etsu Chemical
(Tokyo, Japan). Ammonium persulphate (APS) was purchased from Sangon (Shanghai,
China). The N, N, N/, N'-Tetramethyl ethylenediamine (TEMED) was purchased from
Sinopharm Chemical Reagent (Shanghai, China). Acrylamide was obtained from Wako
Pure Chemical (Osaka, Japan). The primers listed in Table 1 were synthesized by Sangon
(Shanghai, China).

Table 1. The primers of Porphyromonas gingivalis, Treponema denticola, and Tannerela forsythia [14-16].

Primers The Nucleotide Sequence (5'—3) Amplicons Bacteria

PG197-F  TGTAGATGACTGATGGTGAAAACC
PG197-R  ACGTCATCCCCACCTTCCTC
TD311-F  AAGGCGGTAGAGCCGCTCA
TD311-R  AGCCGCTGTCGAAAAGCCCA
TF641-F GCGTATGTAACCTGCCCGCA
TF641-R  TGCTTCAGTGTCAGTTATACCT

197 bp Porphyromonas gingivali
311 bp Treponema denticola

641 bp Tannerela forsythia

2.2. Preparation of the PCR Solution

To reduce the absorption of Taq polymerase, BSA was added into the PCR solution. The
50 pL PCR reagent consisted of 2.0 uL. DNA template, 4.0 uL ANTP mixture (2.5 mM), 5.0 uL
10x Fast Buffer I, 1.0 uL forward and backward primer (10 pM), 4.0 uL PVP (0.085 mM),
0.25 uL SpeedSTAR HS DNA Polymerase (5 U uL—1) (Takara, Dalian, China), 10.0 uL BSA
solution with a final concentration of 0.2 ng/uL, and 20.25 pL of ultrapure water.
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2.3. Fabrication of CF-PCR-MCE Microfluidic Chip

Briefly, the replica was fabricated using lithography (MJB4, SUSS MicroTec, Sternenfels,
Germany) after SU-8 photoresist was spin-deposited on a silicon wafer. Next, the PDMS
prepolymer and curing agent were mixed evenly at a ratio of 10:1, and the PDMS was
subsequently molded onto the replica mold. The inlet and outlet of the microchannel was
drilled using a 0.9 mm diameter needle. Finally, the microfluidic chip was bonded on a
slide after they were both activated by plasma cleaner. The CE-PCR-MCE chip (Figure 1A)
consisted of two parts of PDMS. In the PDMS block containing the PCR channel, a 1 mm
diameter hole was punched at the reserved position. The PCR solution was able to flow
into the microchannel from this hole. The PDMS block was then bonded to a glass substrate
and the PDMS block containing the MCE part was bonded on top of the PDMS surface.
This ensured that there was a through-hole between the upper and lower PDMS blocks.

Figure 1. (A) Schematic and (B) protype showing the CF-PCR-MCE chip and the principle of
electrophoresis chip for fluorescence detection; (B) shows the CF-PCR-MCE system.

2.4. Construction of the CE-PCR-MCE System

The CF-PCR-MCE system (Figure 1B) consists of a microfluidic pump (PHD2000, Har-
vard Apparatus), a temperature control unit, a high-voltage linear adjustable power supply,
and a CF-PCR-MCE chip. The microfluidic pump drives the liquid into the microchannel
through silicone tube of the chip. It consists of two heating modules, temperature sensors,
and a PID controller. The temperature control unit can output a constant temperature of
96 °C and 65 °C, with a sensitivity of 0.1 °C. The high-voltage linear adjustable power
supply includes two power modules (Koso Electronics, Shanghai, China). Each one can
output voltages ranging from 0 V to 2000 V. The PCR microchannel in the chip contains
40 serpentine cycles, with a length of 1.46 m and a rectangular cross-section of 100 pm. The
injection channel and the separation channel of the cross-shaped CE structure have a length
of ab: 10 mm and cd: 35 mm, respectively. The intersection of the injection channel and
the separation channel is 0.5 cm away from the negative electrode end ¢, and the detection
window is located 0.5 cm away from the positive electrode end d. The CF-PCR-MCE
chip is placed on the temperature control unit, with a distance of 12 mm between the two
heating blocks.

2.5. The Self-Built Capillary Electrophoresis System

All the PCR products were validated in a self-built CE system. In brief, it was com-
posed of a confocal optical system, a MODEL 610E high voltage power supply (TREK,
Chapel Hill, NC, USA), and a photomultiplier (PMT) (R928, Hamamatsu photonics, Tokyo,
Japan). The confocal optical system was based on a BX51 epi-illumination microscope
(Olympus, Tokyo, Japan). The light centered at 490 nm was achieved using a mercury
lamp. Then, it passed through the mixture of DNA and SYBR Green I in the capillary.
The fluorescence from the mixture was collected by the PMT. NI-USB-6212 card (National
Instrument, Austin, TX, USA) and a self-built LabVIEW software were used for signal
processing. All the separations were performed in the dark and at room temperature.
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2.6. Experimental Protocol for Coating the Microchannels

First, the silicone tubes at both ends a and b of the injection channel were sealed with
clamps. Then, a vacuum pump was used to pump the coating solution slowly into the
separation channel. The separation channel was successively exposed to NaOH, ultrapure
water, and methanol for a duration of 15 min. Subsequently, a mixed solution of 100 uL
methanol, 8 pL. LS-3380, 1 pL acetic acid, and 1891 uL water was prepared. The separation
channels were flushed with the mixed solution for 2 h. The channel was rinsed with methanol
for 15 min. Then, 20 mg of APS and 0.7 g of acrylamide (AM) were diluted in 20 mL water.
The solution was degassed and 20 uL TEMED was added to it. The channel was coated with
the solution for 2 h. Finally, the microchannel was rinsed with ultrapure water.

3. Results and Discussion
3.1. Simulation of Sample Flow State

The flow characteristics of DNA molecules in the microchannel affected by the applied
voltage were analyzed using COMSOL Multiphysics software [17]. Current, diluted matter
transfer, and peristaltic flow were chosen in the physical field tree. The diluted matter transfer
technique was employed to resolve the Nernst—Planck equation [18]. The model presumed that
the charged sample’s concentration was significantly lower in comparison to the other ions
that were dissolved in the solution, signifying that the sample concentration did not impact
the solvability of the solution [19,20]. Through the simulation of the voltage profiles during
injection and separation phases, the voltage distribution at each point during injection and
separation were determined. For the sample injection, the voltage value applied to point b
was 500 V, while the voltage values of a, ¢, and d were 0 V. During separation, the applied
voltages on a, b, ¢, and d were 300 V, 300 V, 0 V, and 800 V, respectively.

The simulation results are presented in Figure 2, where the samples are represented
as red and yellow regions, and the green region in the surrounding area represents the
background buffer. The initial step observed in Figure 2A involves sample injection, whereby
the application of an electric field propels the sample from the orifice to the cross-sectional area
of the channel, concomitant with simultaneous “squeezing” from the adjacent side channel.
The sample can flow stably from a to b without spillover to ¢ and d ports. Figure 2B shows
the sample flow state in the cross area at the initial stage of the separation phase. The sample
in the cross area begins to flow to the outlet d, and the remaining sample flows back to the
inlet a and outlet b, without affecting the separation channel. Figure 2C,D shows how the
samples moved toward the outlet d with different separation times. As the separation time
increased, the DNA samples began to spread, which may be caused by different molecular
weight. Thus, the microfluidic chip and voltages can be employed for DNA separation.

A V=0V B V,=300 V

V,=300 V s 200V
YN v,=800 v V=0 V| Y a8l
== = —
I
l |
V,=300V V=300V

Figure 2. (A): the stage of sample injection; (B-D): the flow state of the sample in the stage of separation.
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3.2. The Impact of Coating on Electrophoresis

The separation performance of CE can be notably impacted by the occurrence of
electroosmotic flow (EOF) [21,22]. To reduce the adverse effects of EOF, a promising
strategy involves the chemical modification of microchannel surfaces through coating
techniques [23]. We investigated the effect of the coating on the electrophoretic separation
performance of DNA. DNA Ladders with different molecular weights (100 bp, 200 bp,
300 bp, 400 bp, 500 bp, 600 bp) were analyzed using coated electrophoresis chips and
uncoated chips under the same electrophoretic conditions. Figure 3A,B shows the DNA
passing through the detection window in the process of electrophoresis in the uncoated
chip and the coated chip, respectively. These images show that the fluorescence intensity
of DNA in the uncoated chip is low, and there is a comet trailing phenomenon, which
may be due to the EOF decreasing the migration velocity of DNA. Figure 3C shows the
electrophoresis results of the coated and uncoated chips. The results showed that although
all six peaks of the DNA ladder were separated in the uncoated chip, the fluorescence
signal was relatively low. The separation performance can be evaluated using resolution
(R), which is defined as:

o 2t~ ()]
Wa +Wp

where (tr)a and (tr)p are the migration times of samples A and B, where (tr)p > (tr)a, and
W, and W are the corresponding peak widths of samples A and B. Through Figure 3C, we
can see that R between 100 bp and 200 bp was approximately 1.212 and 1.614 for uncoated
and coated microchannel, respectively. Thus, coating the chip is effective for DNA isolation.

A B

C
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Figure 3. The fluorescence of DNA banding during electrophoresis in (A) uncoated microchannels

and (B) coated microchannels. (C) The electropherogram of 100 bp DNA ladder in the coated and
uncoated microchannel.
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3.3. Temprerature Distribution in the CF-PCR-MCE Chip

As shown in Figure 1B, we used two XH-W2023 PID temperature controllers to
precisely control the temperature of the aluminum block. Temperatures of 65 °C and 95 °C
were set according to the temperature needed for denaturing, annealing, and extension. The
temperature control instrument can automatically adjust the heating current to make the
aluminum heating block connected to it reach the corresponding temperature. After 1.5 min,
the two aluminum heating blocks reach their respective temperatures and then maintain a
constant temperature. We evaluated the temperature distribution of the aluminum block
(Figure 4A), CF-PCR chip (Figure 4B), and CF-PCR-MCE chip (Figure 4C,D) using an IR
camera (Testo 865, Testo, Inc., and Germany). Results showed that the isothermal region
matched well with the temperature required for the PCR process. In addition, although
the temperature of the electrophoresis part of the chip increased slightly, the entire PCR
process remained below 50 °C within 505 s, indicating that although the PDMS material
has a certain thermal conductivity, the heat required for the PCR process does not have a
suppressive effect on the electrophoresis [24].

Figure 4. (A) The temperature distribution of the heating aluminum block; (B) the temperature
distribution of the CF-PCR chip after heating on the aluminum block; (C) the temperature distribution
of the CF-PCR-MCE chip after heating on the aluminum block for 1 min; (D) the temperature
distribution of the CF-PCR-MCE chip after heating on the aluminum block to reach a steady state.

3.4. Amplification of P.g, T.d, and T.f in the CF-PCR-MCE System

Finally, we performed the detection of P.g, Td, and If in the CF-PCR-MCE system.
First, we connected an injector containing the PCR solution to the inlet of the PCR section
of the chip. Next, a 1% HEC bulffer solution was injected into the outlet end (d-end) of the
MCE section until it filled the entire MCE section. During this process, the inlet and outlet
of the PCR section were sealed due to the connection of the injector, which created a seal. As
a result, only a small amount of HEC buffer appeared at the outlet of the PCR section due to
the pressure effect of the channel during the injection of the HEC buffer solution. Then, the
points b, ¢, and d in the MCE section were sealed, and the temperature control module was
activated to reach the PCR temperature. The PCR solution was pumped into the serpentine
part and the flow time from the inlet to the outlet of the channels in the PCR section was
approximately 505 s. The PCR products finally flowed from the outlet to the point a in the



Separations 2023, 10, 271

7 of 10

MCE section. By adjusting the voltages at the points a, b, ¢, and d, we achieved the sample
injection and separation of the PCR products in the MCE section. The electrophoretic
results of the PCR products were compared with the 100 bp DNA Ladder (Figure 5), and
we found that only one clear peak appeared in each of the electropherograms. Furthermore,
the migration times of the three product peaks corresponded to the migration times of the
100, 200, 300, 400, 500, and 600 bp bands in the 100 bp DNA ladder (R? ~ 0.9899). The
present findings demonstrate the successful amplification and expeditious detection of P.g,
T.d, and T, thereby attesting to the efficacy of the chip utilized in this study.
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Figure 5. The electropherogram of periodontal pathogens after they were amplified in the CF-PCR-
MCE system.

4. Conclusions

In summary, we have designed an integrated CF-PCR-MCE microfluidic chip that can
transport PCR products to the electrophoresis microchannel inside the chip. We have built
a system for amplification and detection of periodontal pathogens, simulated the injection
and separation conditions, analyzed the effect of coating the microchannel on the resolution
during electrophoresis, and analyzed the thermal distribution of the chip on the heating
module. Finally, we have successfully amplified and detected P.g, T.d, and T.f in the CF-
PCR-MCE system using the integrated chip. The results showed that the amplification of
Pg, T.d, and Tf took 505 s, while its detection can be completed within 2’40, with the entire
experimental time being approximately 11 min. Therefore, CF-PCR-MCE has a significant
advantage in speed, and the design of the integrated structure is more convenient. The
outcomes of this study can serve as a valuable point of reference towards realizing the goal
of integrated point-of-care testing diagnostic platforms.
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