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Abstract: Several bacteria are known to cause food poisoning; therefore, diagnostic systems that
detect bacteria are essential. Nucleic acid-based testing methods that involve polymerase chain
reaction (PCR) amplification are of great interest due to their high sensitivity and specificity. Herein,
we developed a syringe-based one-step DNA extraction device that streamlines the extraction of
genomic DNA (gDNA) from bacteria within 2 min, enabling versatile application of nucleic acid-
based testing in the field. Notably, the bolt-nut structured case coupled with the syringe enables
control of the volume of solution dispensed for enabling DNA extraction without the need for bulky
centrifuge equipment. Using the proposed system, the gDNA of a model bacterium, Escherichia
coli, was extracted at a good quantity and quality and amplified via PCR. The DNA extracted was
comparable to that extracted via a centrifugation-based procedure. In addition, bacteria that were
artificially spiked in common samples, including a work cloth, a work bench, and meat, were
successfully detected with high accuracy.

Keywords: DNA extraction; syringe-based device; centrifugation-free extraction; food contamination;
quantitative polymerase chain reaction

1. Introduction

Food poisoning caused by bacteria or viruses is a major public health problem that
additionally incurs various social problems [1]. To prevent the risk of food poisoning, the
development of diagnostic systems that detect specific target bacteria is essential. In partic-
ular, coliforms that produce the enzyme [3-galactosidase are widely used as an indicator
of the microbial safety of food, processed products, and drinking water [2,3]. Escherichia
coli (E. coli) is one of the most studied coliforms and several studies have attempted to
develop diagnostic systems for E. coli. The standard method used to discriminate E. coli
involves microbial culturing using selective media, such as MacConkey agar, that contains
different chromogenic or fluorogenic substrates [4-6]. However, culture-based methods
require 1-2 days or more to generate results [7], and may produce false-positive results.
For example, lactose-fermenting bacteria, such as Lactobacillus spp., which are non-coliform
bacteria, can generate the same results as those obtained using E. coli, resulting in false-
positive results because MacConkey agar can only differentiate bacteria based on their
ability to ferment lactose. Therefore, polymerase chain reaction (PCR)-based nucleic acid
testing, especially quantitative PCR (qPCR), owing to its high accuracy, is widely used as an
alternative method to detect bacteria, such as E. coli and other coliforms, that cause food poi-
soning [8-11]. The first step in gPCR involves the extraction of genomic DNA (gDNA) from
target bacteria [12,13]. Two representative methods are widely used for gDNA extraction:
organic extraction and solid-phase extraction [14]. The organic extraction method is inex-
pensive and can extract a large amount of gDNA. However, it requires toxic chemicals and
is time-consuming, owing to several steps, such as phenol-chloroform extraction, ethanol
precipitation, and washing. In contrast, the solid-phase extraction method, which uses
a silica membrane for interacting with DNA in the presence of chaotropic salts, presents
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a better option for the rapid extraction of gDNA because it is performed using a single
tube and is a relatively simple procedure [15,16]. Several commercial kits manufactured
and marketed by different companies are available. In principle, gDNA that is bound to
silica membranes in the presence of chaotropic salts via the formation of salt bridges is
eluted by changing the salt concentration after multiple washing steps [17]. While it is
a simple and quick operation, centrifugation is required in each step, which is not desirable
in field applications, especially in a resource-limited setting [18]. In addition, there is an
attempt to skip DNA extraction, which is termed Direct-PCR. As the name indicates, this
method can directly amplify target nucleic acids without the need for DNA extraction from
the sample [19,20]. Because it simplifies the whole assay procedure and shortens the total
analysis time, it has attracted special attention as an excellent alternative to the traditional
DNA detection methods. However, Direct-PCR buffer that effectively lyses the sample
and neutralizes PCR inhibitors is not compatible with other DNA amplification methods,
such as recombinase polymerase amplification and helicase dependent amplification. Fur-
thermore, Direct-PCR reagents are expensive and cannot completely minimize some PCR
inhibitors, leading to inefficient PCR amplification and reduced detection sensitivity.

In this study, we developed a centrifugation-free and syringe-based one-step DNA ex-
traction device for in-field detection of bacteria that cause food poisoning, which maximizes
user convenience and reduces the duration of the overall assay. A bolt and nut-structured
case was designed to fit a syringe, allowing the user to control the volume of the solution
dispensed while avoiding the need for bulky centrifugation equipment. As a model target
bacterium, E. coli was selected and its gDNA was extracted using both the proposed and
standard, centrifugation-based procedures. We confirmed that gDNA extracted using
the syringe-based system was of a suitable quantity and quality required for subsequent
gPCR analysis, and was comparable to gDNA extracted via centrifugation-based assays. In
addition, bacteria spiked in various samples were successfully detected with high accuracy.

2. Materials and Methods
2.1. Primer Design

DNA primers (forward primer: 5'-GCCATTGCACCGACAAAACT-3'; reverse primer:
5'-ACCAAGCATTCCGCCGATAA-3') were designed using the Basic Logical Alignment
Search Tool of the National Center for Biotechnology Information (National Institutes
of Health, Bethesda, MD, USA) and were synthesized by Bionics (Seoul, Korea). The
DNA primers were specific to the ybbW gene of E. coli that encodes a putative allantoin
transporter and is recently found to be present in most strains of E. coli [21,22].

2.2. Bacterial Cultivation and Centrifugation-Based DNA Extraction

All bacterial strains used in this study (E. coli (KCTC 2441), Enterobacter cloacae (KCTC
2519), Klebsiella pneumoniae (ATCC 70063), Pseudomonas aeruginosa (ATCC 27853), and
Staphylococcus aureus (ATCC 29213)) were purchased from the Korean Collection for Type
Cultures (Daejeon, Korea). After the bacteria were grown in Luria-Bertani (LB) medium
(BD, Franklin Lakes, NJ, USA) at 37 °C for 24 h, the culture solution was centrifuged at
5000x g for 5 min to obtain the cell pellet. The gDNA was then isolated using the Total
DNA Extraction S&V kit (Bionics) according to the manufacturer’s instructions. Briefly,
a bacterial cell lysate was prepared by adding 200 pL of lysis buffer and 20 uL of Proteinase
K to the bacteria cells, which were incubated at 56 °C for 30 min and subsequently mixed
with 500 puL of GDX buffer. Subsequently, binding, washing, and elution were performed to
obtain the purified gDNA. Between each step, centrifugation was performed at 13,000 g
for 2 min. The amount of extracted DNA was evaluated using a Nanodrop instrument
(Spectramax iD5 multi-mode microplate reader; Molecular Devices, San José, CA, USA).

2.3. Fabrication of Syringe-Based DNA Extraction Device

The syringe-based DNA extraction device contained three major components. The
first component is a silica membrane filter that binds to gDNA at a high salt concentration.
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The second component is a syringe (Korea Vaccine, Seoul, Korea) whose inner space is
compartmentalized to sequentially flush the bacterial cell lysate, wash buffer, and elution
buffer. A punctuated rubber packing at the center with an inverted bowl shape was
placed inside the syringe (Figure 1A). The upper compartment was filled with 200 uL of
elution buffer, and the lower compartment was filled with 750 pL of wash buffer. The final
component involved a bolt and nut-structured case constructed using a Creality Ender 5 3D
printer (Shenzhen, China), and was coupled with the syringe for enabling consistent control
of the solution dispensed. The silica membrane filter, wash buffer, and elution buffer were
all obtained from the Total DNA extraction S&V Kit.
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‘Wash buffer
Syringe
Silica
membrane filter Bolt part
B
0 mm
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:;IJ Nut part Nut part
= (Side view) (Top view) L
1 B ;
; 0 ¢
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membrane filter (Side view)

Figure 1. Syringe-based one-step DNA extraction device. (A) Schematic illustration of each com-
ponent of the syringe-based DNA extraction device. The elution buffer and wash buffer fill the
syringe, compartmentalized with the inverted bowl-shaped rubber packing. (B) Photographs of each
component of the syringe-based DNA extraction device.

2.4. Operation of Syringe-Based DNA Extraction Device

Bacterial cell lysates were prepared as described in Section 2.2. The prepared bacterial
cell lysates were then drawn using the syringe, which was then assembled together with
the bolt and nut-structured case and silica membrane filter. By turning the bolt and nut-
structured case, the bacterial cell lysate and 750 uL of wash buffer present in the syringe
were sequentially ejected through the silica membrane filter. Finally, 200 pL of elution
buffer present in the syringe was ejected through the silica membrane filter to collect the
purified gDNA, which was then analyzed via qPCR.

2.5. gPCR Assay

gqPCR assays were performed using a CFX Connect Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA); the reaction mix (total volume, 10 uL) comprised TOPreal
qPCR 1X PreMIX (SYBR Green with low ROX) (Enzynomics, Korea), forward/reverse
DNA primers (100 nM), and the extracted gDNA at different concentrations. Amplification
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conditions were as follows: 10 min at 95 °C, followed by 40 cycles of 15s at 95 °C, 15 s at
58 °C, and 30 s at 72 °C.

2.6. Spike-and-Recovery Analysis

Three model samples (size, 10 cm x 10 cm) found in the food industry, including
work clothes (sample 1), work bench (sample 2), and meat (sample 3), were spiked with
cultures of E. coli at different concentrations. Specifically, the solution containing E. coli
was poured onto our model samples, which were then distributed with a pipette and
dried. Subsequently, the spiked E. coli were collected using pipette swabs, which were
immediately submerged in 10 mL of saline containing 0.85% sodium chloride (3M Pipette
Swab Plus; 3M, Saint Paul, MN, USA). Finally, 1 mL of the solution was spread onto LB
agar plates, and the number of cells was determined as colony-forming units (CFU)/mL
by plating 10-fold serial dilutions. Simultaneously, 1 mL of solution was used to extract
gDNA using the syringe-based DNA extraction device, which was analyzed via qPCR as
described in Section 2.5.

3. Results and Discussion
3.1. Design of the Syringe-Based DNA Extraction Device

Figure 1A shows the schematic illustration of the syringe-based one-step DNA extrac-
tion device comprising three major components: (i) a silica membrane filter that is capable
of binding to gDNA at a high salt concentration; (ii) a syringe where the inner space is
filled with wash and elution buffers in each compartment by the inverted bowl-shaped
rubber packing with a small hole at the center; (iii) a bolt and nut-structured case that
enables the users to eject the solution through a silica membrane filter in a controlled and
consistent manner. Figure 1B shows photographs of the syringe-based DNA extraction
device. It is a portable, one-step device for the in-field detection of target bacteria.

The operational procedure for extracting gDNA from bacterial cell lysates is illustrated
in Figure 2A. In the first step (Step 1), the bacterial cell lysate is sucked into a syringe. Next,
a silica membrane filter is assembled to the syringe inlet, and the cell lysate and wash buffer
present in the syringe are sequentially ejected through a silica membrane filter by turning
the bolt and nut-structured case (Steps 2—4). The rubber packing that contains a small
hole at the center was designed to contain an inverted bowl (arcuate) shape to prevent the
solution from leaking in the absence of pressure. The arch-shaped rubber packing moves to
the bottom of the syringe and changes into the original bowl shape only when pressure is
applied, thereby discharging the solution through the silica membrane filter (Figure S1). In
addition, we created an empty space for air in the compartment containing the wash buffer
because it is advisable to dry the silica membrane filter after the washing step. As shown
in Figure 2B, the proposed syringe-based DNA extraction system assembled with the bolt
and nut-structured case allows for simple and consistent control of solution dispensed
during the DNA extraction procedure. Overall, all the steps are performed using a single
tube within 2 min, and the assay does not require bulky centrifuge devices. Therefore,
the syringe-based one-step DNA extraction device is suitable for in-field diagnosis of
target bacteria.
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Figure 2. Operation procedure of the syringe-based one-step DNA extraction device. (A) Schematic
illustration of the DNA extraction procedure using the syringe-based DNA extraction device.
(B) Photographs of the syringe-based DNA extraction device at each step of the extraction procedure.

3.2. Performance of Syringe-Based DNA Extraction Device

We used the proposed system to extract gDNA from a model bacterium, E. coli, and
estimated the gDNA amount (45.23 ng/pL) and the ratio of absorbance at 260 and 280 nm
(A260/280; 1.64) (Table 1). For comparison of efficiency, we extracted gDNA from E. coli at
the same number (2.2 x 10® CFU) using a commercial centrifugation-based DNA extraction
kit (see the details in Section 2). As shown in Table 1, there was no significant difference in
gDNA extracted using the syringe-based and centrifugation-based methods. Although the
accuracy of the syringe-based method was relatively lower than the centrifugation-based
one, there were no issues with the subsequent PCR amplification.

Table 1. DNA extracted from Escherichia coli using syringe-based and centrifugation-based extraction methods.

. E. coli Concentration .
DNA Extraction Method (Cell Number, CFU) A260/A280 (ng/uL) Time
Syringe-based method 2.2 x 108 1.64 £0.23 4523 +11.7 ~2 min
Centrifuge-based method 2.2 x 108 1.72 £ 0.09 30.83 & 3.6 ~30 min

Data are expressed as mean =+ standard deviation; n = 3 technical replicates. A260/A280, ratio of absorbance at 260 nm to absorbance at
280 nm; CFU, colony-forming unit.

3.3. gPCR Analysis of Extracted gDNA

The extracted E. coli gDNA at different amounts was analyzed via qPCR. As shown in
Figure 3A, a linear relationship was observed for the logarithmic values of E. coli gDNA
concentrations ranging from 20 fg/pL to 2 ng/uL over 6 orders of magnitude (R? = 0.9906).
Similarly, gPCR was performed using different amounts of the extracted E. coli gDNA,
which were compared using the syringe-based DNA extraction device. Both systems were
found to have a high correlation (R? = 0.9875) and could detect a very low concentration
of DNA (20 fg/uL = 4 copies/uL) based on qPCR analysis (Figure 3B). Therefore, gDNA
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extracted using the syringe-based device was of excellent quality, and there was a minor
loss of gDNA during the extraction process.

A B
40 40
y =-3.101" + 21.61
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Figure 3. Detection sensitivity of Escherichia coli gDNA. (A) Linear correlation of the logarithmic
value of Escherichia coli gDNA concentration with Cq values. (B) Comparison of Cq values obtained
using the syringe-based (x-axis) and centrifugation-based (y-axis) extraction procedures. Data are
expressed as mean =+ standard deviation; n = 3 technical replicates. gDNA, genomic DNA; Cq, cycle
quantification value.

To evaluate the selectivity of the procedure, we performed qPCR using gDNA ex-
tracted from different bacteria (E. cloacae, K. pneumoniae, P. aeruginosa, S. aureus, and E.
coli). Since the DNA primer was specifically designed for the ybbW gene of E. coli, it was
expected that PCR amplification would occur only in the presence of E. coli gDNA. As
shown in Figure 4, PCR amplification products were only obtained for E. coli, and were
clearly distinguished from the PCR products of other bacteria (E. cloacae, K. pneumoniae, P.
aeruginosa, and S. aureus). In addition, the change in the quantification cycle (ACq) value of
E. coli, calculated by subtracting the Cq value in the presence of E. coli gDNA from 40 in a
non-template control, was found to be 13.07, which is significantly higher than the ACq val-
ues of other bacteria. These results indicate that gDNA extracted using the syringe-based
device is suitable for performing subsequent amplification using specific DNA primers,
demonstrating that the extracted gDNA can be used in downstream applications.

A B
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L — S.aureus ‘
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500 E.coli
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cycle ACq

Figure 4. Detection specificity of Escherichia coli gDNA. (A) Real-time polymerase chain reaction
amplification curves of gDNA (2 ng/uL) extracted from different bacteria. (B) Heatmap of delta
Cq values of gDNA (2 ng/puL) extracted from different bacteria. The delta Cq was calculated by
subtracting the Cq value of the control from the Cq value of each sample. Data are expressed as
mean =+ standard deviation; n = 3 technical replicates. gDNA, genomic DNA; Cq, cycle quantification;
RFU, relative fluorescence unit; NTC, non-template control.

3.4. Spike-and-Recovery Analysis

Finally, a spike-and-recovery test was performed to determine the utility of the syringe-
based one-step DNA extraction device in practical applications. Three samples (work cloth,
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work bench, and meat) that are susceptible to contamination in food factories were selected
and spiked with E. coli at different concentrations. After performing a lysis of the collected
samples, the gDNA was extracted using our syringe-based device and analyzed via both
qPCR and cell culturing (see the details in Section 2). The number of cells obtained using
the gqPCR and culturing methods was similar, with excellent recovery rates of 98-103%
and a relative standard deviation (RSD) of <15% (Table 2). These results confirm that the
proposed syringe-based device can be used to extract DNA and detect bacteria present in
common samples.

Table 2. Results of spike-and-recovery assay using syringe-based DNA extraction device.

Cell Count in Spiked Sample  Cell Count Detected Via Syringe Method

Samples (CFU/mL) (CFU/mL) Recovery (%)  RSD (%)
Sample 1 5 5

(work cloth) 2.6 x 10 2.68 x 10 103.00 0.37
Sample 2 - ;

(work bench) 33 x 10 3.34 x 10 101.23 14.93
S?Egte)S 45 x 10° 441 x 106 98.08 596

CFU, colony-forming unit; RSD, relative standard deviation.

4. Conclusions

In summary, we developed a simple, syringe-based one-step DNA extraction device
comprising a silica membrane filter, a commercially available syringe, and a specially
designed bolt and nut-structured case. The proposed system was used to extract gDNA
of good quantity and quality, which was successfully used in a downstream application,
qPCR. In addition, E. coli present in spiked samples were successfully detected with ex-
cellent recovery rates and RSD. The performance of our system is comparable to that of
commercial, centrifugation-based procedures; however, the syringe-based method com-
pletes the extraction process within 2 min without the need for bulky centrifuge equipment.
We believe that this portable, one-step device in combination with isothermal nucleic acid
amplification methods has practical potential for use in the on-field detection of various
bacteria, especially in resource-limited settings.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/chemosensors9070167/s1, Figure S1: The operational procedure showing how different
solutions are sequentially dispensed. Green, red, and blue arrows indicate the pressure uniformly
distributed over the rubber packing, the pressure concentrated on the center of the rugger packing,
and the pressure that does not applied on the rubber packing, respectively.
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