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The oral microbiome is an important indicator of health status; however, it has the limitation of varying
significantly over time and under different life conditions. Therefore, rapid and convenient analysis through
automation is required. In this study, we developed an automated oral microbiome analysis platform for the
rapid and convenient diagnosis of health using mouthwash as the sample. Functionalized microbeads coated with
graphene oxide (GO) were employed to concentrate 5 mL of mouthwash sample into 300 pL within 3 min,
achieving an eight-fold concentration. Effective adsorption of bacteria onto the functionalized microbeads was
confirmed using scanning electron microscopy. Furthermore, nucleic acids were extracted from bacteria
adsorbed on the functionalized microbeads via bead beating (3000 rpm) for 3 min, achieving approximately 100
% yield compared with conventional methods. The extracted nucleic acid solution was then automatically ali-
quoted into PCR 8-tube strips (2 pL each) with high accuracy (CV% = 2.63 %) using a simple fluidic aliquoting
structure that incorporated an access channel and retention area. Oral microbiome profiling at the phylum level
was compared between the developed fluidic cartridge method and commercial approaches, including next-
generation sequencing (NGS) analysis. The automated platform, which integrates the developed sample pre-
treatment and aliquoting processes into a fluidic cartridge, successfully analyzed the oral health status of both
humans and companion animals within 3 h, demonstrating analytical accuracy equivalent to that of NGS.

Oral microbiome
Fluidic aliquoting structure
Fluidic platform

1. Introduction

The oral microbiome refers to the community of microorganisms,
such as bacteria, viruses, and fungi, that reside within the oral cavity,
including the mouth, teeth, gums, tongue, and salivary glands [1]. This
microbiome is composed of thousands of diverse species of bacteria,
viruses, fungi, and archaea, among others, which coexist and interact to
form the oral ecosystem [2]. The microorganisms within the oral cavity
perform various functions, with the majority playing beneficial roles in
maintaining oral health [2,3]. Some microorganisms help prevent oral
diseases by breaking down food remnants [4] and preventing tooth
decay [5]. Additionally, certain bacteria regulate the human immune
system, enhancing resistance to oral infections [6].
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The oral microbiome has been associated with various systemic
diseases. Some studies have shown an association between oral health
status and cardiovascular diseases, such as heart disease and stroke.
Bacteria associated with oral inflammation can travel through the
bloodstream to the cardiovascular system, causing inflammation and
damaging blood vessel walls [7-9]. Furthermore, some studies suggest
that changes in the oral microbiome are closely linked with insulin
resistance and the risk of developing diabetes [10,11]. Moreover, al-
terations in the oral microbiome have been associated with inflamma-
tory bowel disease, respiratory infections, Alzheimer’s disease, and
pregnancy complications [12-16].

To analyze the oral microbiome, it is necessary to collect samples
first. Typically, various methods such as the use of swabs, mouthwash,
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dental floss, and mouth rinse are employed for sample collection
[17-19]. However, it is crucial to select the appropriate method based
on the purpose and requirements of the study. Among these, mouthwash
has several advantages compared with other sampling tools, including
1) wide sampling coverage, 2) non-invasiveness and ease of use, 3)
standardization through the use of a specific mouthwash solution, and 4)
preservation of microbial viability by adding preservatives. However, it
also has a severe drawback in that the sample is diluted [20].

The second step of microbiome research is to uniformly extract the
genomic DNA (gDNA) of all bacteria present in the sample. There are
various methods for extracting gDNA and RNA from the cells. Many
studies have already been conducted using chemical methods involving
chaotropic salts and high-concentration detergents, or biological
methods involving the use of proteinase [21-23]. Commonly available
kits for gDNA extraction are also widely used in this regard. However,
chemical methods often encounter issues with differential DNA extrac-
tion efficiency between Gram-positive and Gram-negative bacteria
[24,25]. Additionally, the use of proteinase can lead to inconveniences
regarding kit storage and usage. In recent years, we have reported that a
physical method using bead beating can achieve constant efficiency in
DNA extraction, as demonstrated in previous studies [26-28].

Next-generation sequencing (NGS) is the commonly used method for
analyzing the human microbiome, but requires relatively complex
equipment and consumes significant time and resources [29,30].
Therefore, NGS is unsuitable for studying the oral microbiome, which
requires continuous monitoring due to its compositional fluctuations in
response to time and environmental factors.

This study demonstrated a quantitative PCR (qPCR)-based, fully
automated oral microbiome analysis cartridge and system using gra-
phene oxide (GO)-coated functionalized microbeads and channels for
uniform sample distribution. Most prior studies [31,32], including our
own earlier work [27,28] employing GO-coated beads for bacterial
enrichment and nucleic acid extraction, have evaluated only a single
step (either bacterial concentration or DNA extraction) or have per-
formed sample pretreatment and downstream analysis separately. For
platform integration, we used a PCR-based analytical approach while
aiming to achieve performance similar to conventional one pot NGS
systems. This required a more uniform process for sample preparation
and dispensing. To improve this uniformity, we concluded that
combining and automating these steps would be the most efficient
strategy. Therefore, we integrated the sample preparation and
dispensing processes into a single, streamlined workflow. By using this
platform, all bacteria present in the mouthwash samples were adsorbed
and concentrated on functionalized microbeads. In contrast, mouthwash
samples contain various proteins and impurities that may affect bacte-
rial adsorption efficiency when using GO microbeads. However, previ-
ous studies conducted by our research group have demonstrated
successful concentration of target pathogens—including adenovirus,
S. aureus, and E. coli [27], C. difficile [28], Cyanobacteria [33], Norovirus
[34], SARS-CoV-2 [35]—from a wide range of complex samples rich in
proteins and organic matter, such as river water, fecal samples, and
surface samples. These results indicate that GO microbeads can reliably
adsorb target pathogens even in samples containing substantial amounts
of proteins, organic materials, and contaminants. Therefore, the process
presented in this study can be considered robust and applicable across
diverse sample conditions. Thus, the effectively adsorbed bacteria on the
GO microbeads allowed uniform extraction of 16S ribosomal DNA (16S
rDNA) using a simple bead-beating method, without requiring complex
procedures, high-concentration chemical treatments, or proteinase. The
extracted 16S rDNA sample was divided into eight separate 2 pL aliquots
and transferred into PCR 8-tube strips containing PCR master mixtures
(eight kinds) using a simple aliquoting fluidic method. The efficiency of
the simple 2 pL aliquoting fluidic method was compared with manual
pipetting in terms of PCR efficiency. Microbiome analysis of mouthwash
samples at the phylum level was performed using a qPCR amplification
assay and compared with NGS methods. Finally, the developed
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automatic system was directly applied to canine and feline oral
healthcare, showing excellent correlation with clinical diagnostic
results.

2. Materials and methods
2.1. Materials

Sodium acetate and Triton X-100, both from Sigma-Aldrich (MO,
USA), and acetic acid from Daejung Chemicals & Metals (South Korea)
were used to prepare the binding buffer (sodium acetate, 50 mM, pH 5;
0.5 % Triton X-100). To prepare the lysis buffer (Tris-HCl, 100 mM, pH
9), Trizma base and hydrochloric acid (HCl) were obtained from Sigma-
Aldrich and Samchun Chemicals (South Korea), respectively.

Glass microbeads (40-70 pm; Daihan Scientific, South Korea),
graphite powder, potassium permanganate (KMnOg), triethoxysilane
(Sigma-Aldrich), sulfuric acid (H2SO4), hydrogen peroxide (H205; Dae-
jung Chemicals & Metals), and ethanol (Merck Millipore, Germany)
were prepared for the fabrication of the functionalized microbeads.

2.2. Performance analysis based on bacteria counting by qPCR

The total amount of bacteria was quantified using qPCR (Light-
Cycler® 96 Instrument, Roche, Switzerland) with a commercial nucleic
acid extraction and purification kit (QIAamp DNA Mini Kit, Qiagen,
Germany) and TB Green Premix Ex Taq II Master Mix (Takara Bio,
Japan). In particular, the bacterial nucleic acid extraction method using
the QIAamp DNA Mini Kit was used as a standard protocol for bacterial
quantification. To quantify total bacteria, the PCR primers targeted the
universal region of the 16S rDNA [36].

Before employing real clinical swab and mouthwash samples, an
artificial sample consisting of Staphylococcus aureus (S. aureus, ATCC
6538P) and Salmonella typhimurium (S. typhimurium, ATCC 14028) at a
concentration of 10® CFU/mL was utilized to optimize the operational
conditions.

Binding efficiency (%) was indirectly determined by comparing the
bacterial amount present in the solution entering the sample treatment
chamber with that in the solution exiting the chamber: 100 x [(bacteria
amount in the entering solution — bacteria amount in the exiting solu-
tion) / bacteria amount in the entering solution].

To observe the adsorption of bacteria in mouthwash samples on the
functionalized microbeads, a scanning electron microscope (Emcrafts,
South Korea) was used.

Lysis efficiency (%) was determined based on a vigorous agitation
method using a vortex mixer (Scientific Industries, NY, USA), as
described in our previous research [27], which demonstrated compa-
rable or higher efficiency compared to the commercial lysis method, the
Qiagen method. Lysis efficiency (%) was defined as the ratio of the
amount of 16S rDNA extracted from bacteria adsorbed on the surface of
functionalized microbeads using the lysis module to the amount
extracted using a vortex mixer (50 Hz). Lysis efficiency (%) can be
expressed as (extracted amount of 16S rDNA via bead beating using the
lysis module) / (extracted amount of 16S rDNA via bead beating with
vortex under the same conditions) x 100 (%). The extracted amount was
quantified using calibration of the Ct values obtained through qPCR.

Relative concentration efficiency (%) was defined based on the
performance of the commercial QIAamp DNA Mini Kit with mouthwash
samples, and calculated as follows: 100 x [total 16S rDNA amount
eluted after concentration using fluidic cartridge / total 16S rDNA
amount eluted using commercial kit].

2.3. Mouthwash and swab samples preparation
Mouthwash samples were obtained from eight healthy volunteers.

Each mouthwash sample was collected after at least 30 min of fasting
from food and drink. Volunteers washed their mouths with 5 mL of
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distilled water by gargling 10 times, and the mouthwash sample was
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2.5. Design of integrated fluidic cartridge and operator

collected into a 50 mL conical tube (SPL Life Sciences, South Korea)

containing 1 mL of binding buffer. The mouthwash samples were left
standing for 1 min to allow sedimentation, and the supernatant was used
for the subsequent experiment. All experiments on mouthwash samples
were approved by the IRB of Chung-Ang University Gwangmyeong
Hospital (approval number CAUGH 2503-266-041).

Oral samples from canines and felines were collected by Gyeyang Sky
Animal Medical Center using sterile swabs by rubbing the gingival and
canine tooth margins as well as the oral cavity until the swab was suf-
ficiently soaked. Specifically, back-and-forth movements between the
gums and teeth were performed at least five times, and circular move-
ments within the oral cavity were performed at least five times. The
saliva-containing swabs were then placed into tubes containing 5 mL of
transport medium and stored at —20 °C until further processing. Only
the resulting solution was used for subsequent experiments.

2.4. GO-coated functionalized microbeads for bacteria concentration

GO was synthesized using our previous method [34]. Briefly,
graphite powder was dispersed in concentrated HSO4 and stirred for 12
h. The mixture was allowed to react with KMnO4 for 75 min. To
terminate the oxidation reaction, distilled water and H,O5 were added.
The resulting GO was collected and subsequently washed several times

with HCI and distilled water.

To fabricate the GO-coated functionalized microbeads, the glass
microbeads were pre-cleaned with piranha solution and then function-
alized by incubation with triethoxysilane in 95 % ethanol. Finally, the
silanized glass microbeads were dispersed in a GO-ethanol solution and
subjected to 150 W ultrasonic agitation using a probe-type sonicator
(VCX 750, Sonics & Materials, CT, USA) to achieve uniform coating of

the microbeads.
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The integrated fluidic cartridge consisted of a sample treatment
chamber containing functionalized microbeads, a sample chamber, a
fluidic cartridge, and commercial PCR 8-tube strips (Roche). The di-
mensions of the fluidic cartridge were 110 mm x 60 mm x 90 mm (L X
W x H). All components except the PCR 8-tube strips were made of
polycarbonate. The sample chamber had a maximum capacity of 13 mL
(H = 25 mm; ¢ = 27 mm). It was directly connected to the sample
treatment chamber (H = 44 mm; ¢ = 10 mm), which contained 0.6 g of
functionalized microbeads and a single neodymium magnet (L = 6 mm;
¢ = 3 mm).

The fluidic cartridge consisted of three layers. The 1st layer con-
tained four valves and functioned as a sample treatment chamber
holder. The multi-chamber aliquoting structure was in the 2nd layer.
This multi-chamber aliquoting structure consisted of an access channel
(L = 82 mm; Wx = 2 mm; Hy = 1 mm) and a semicircular retention area
(Rg = 1.6 mm; Hg = 0.5 mm) with a 0.4 mm (¢g) hole in the bottom to
trap the solution. The solution could be released into the PCR 8-tube
strips through this hole. The 3rd layer was composed of two types of
waste chambers: waste chamber 1 (mouthwash) for mouthwash samples
from the sample chamber that moved toward valve 1, and waste
chamber 2 (aliquoting) for lysis buffer that passed through the multi-
chamber aliquoting structure toward valve 4.

The operator (Fig. 1, bottom left) capable of driving the fluidic car-
tridge was 220 mm x 245 mm x 155 mm (L x W x H). The lid, which
had a connecting tube that could supply air while fixing the fluidic
cartridge to the operator, was manufactured to measure 135 mm x 245
mm x 155 mm (L x W x H). The operator consisted of one syringe
pump, two solenoid valves, and one lysis module, with the syringe pump
connected in parallel to the two solenoid valves. When the fluidic car-
tridge was combined with the lid and mounted on the operator, the
program connected to the operator, the syringe pump, the solenoid
valve, and the lysis module, thereby moving the solution inside the
fluidic cartridge.

Sample treatment process
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Sample s
(including
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# &elution
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Fig. 1. Overview of the integrated fluidic cartridge and the microbiome analysis process for the mouthwash sample.
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2.6. Phylum level oral microbiome analysis using gPCR and NGS

The microbiome profiling results of the fabricated fluidic platform
were compared with the results of a well-established commercial
method at the phylum level. For phylum level analysis of the oral
microbiome, five pairs of primers targeting Actinomycetota, Bacillota,
Bacteroidota, Fusobacteria, and Proteobacteria were used (Table S1,
Supplementary Material) [37-40]. As a well-established commercial
method developed for nucleic acid extraction, a QIAamp DNA Mini Kit
was used according to the manufacturer’s instructions, and the NGS
results were provided by Macrogen (South Korea). Relative abundance
(%) was calculated as the ratio of phylum level to the amount of 16S
rDNA extracted from the same sample using a fluidic platform and a
well-established commercial method.

To verify the nucleic acid purity of the samples for analytical com-
parison, the eluted samples were spiked with adenovirus DNA (not
originally present in the sample), and qPCR efficiency was compared to
that obtained when the same DNA was spiked into pure distilled water.
Human adenovirus type 5 was obtained by Professor Dai-Wu Seol
(College of Pharmacy, Chung-Ang University, South Korea), and
adenovirus DNA was extracted using the QIAamp MinElute Virus Spin
Kit (Qiagen, Germany). qPCR analysis was performed following the
protocol described in our previous study [34].

2.7. Oral bacteria profiling using gPCR for the detection of periodontitis in
companion animals

In addition to the phylum level analysis, oral samples from canines
and felines were collected using swabs to analyze seven bacterial spe-
cies—Aggregatibacter actinomycetemcomitans (Aa), Porphyromonas gingi-
valis (Pg), Tannerella forsythia (Tf), Treponema denticola (Td),
Eubacterium nodatum (En), Fusobacterium nucleatum (Fn), and Campylo-
bacter rectus (Cr)—known to be periodontal disease/halitosis factors
(Table S1, Supplementary Material) [41,42]. Species abundance (%)
was calculated as the ratio of the amount of each bacterial species to the
amount of 16S rDNA extracted from the fluidic platform.

3. Results and discussion

3.1. The whole process for microbiome analysis using mouthwash samples
with an integrated fluidic platform

Oral microbiome analysis is largely divided into three steps. The first
step is the sample treatment process, which concentrates bacteria from
mouthwash samples and extracts 16S rDNA. The second step is
dispensing a solution containing the extracted 16S rDNA and finally
performing qPCR. Utilizing the integrated fluidic platform designed in
this study, the collected mouthwash sample/binding buffer is loaded
into the sample chamber, the lid is closed, and when the syringe pump
connected to the lid is operated with positive pressure, the mouthwash
sample/binding buffer mixture is passed through the sample treatment
chamber and moves toward valve 1 (valve 1 on, valves 2, 3, 4 off) to
waste chamber 1. At this time, bacteria are adsorbed on the surface of
functionalized microbeads packed in the sample treatment chamber
(concentration step in the sample treatment process). Afterward, the
solenoid valve in the operator is opened to the lysis buffer chamber side,
and the syringe pump is operated to inject air in the positive direction, so
that 0.5 mL of lysis buffer contained in the lysis buffer chamber moves
toward valve 2 (valve 2 on, valves 1, 3, 4 off) and enters the sample
treatment chamber. By utilizing the rotation of the external lysis mod-
ule, the neodymium magnet inside the sample treatment chamber is
moved, and the functionalized microbeads are disturbed to perform
bead beating, thereby extracting the 16S rDNA from the bacteria (lysis
step in the sample treatment process). The movement of the mouthwash
sample/binding buffer mixture and the lysis buffer is indicated with
arrows in Fig. 1. When the solenoid valve in the operator is opened again
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to the sample chamber side and the syringe pump is operated in the
positive direction, the extracted 16S rDNA moves toward valve 3 (valves
3, 4 on, valves 1, 2 off) and flows into the multi-chamber aliquoting
structure (transfer step in the aliquoting process), and moves along the
access channel to the waste chamber 2 (waste removal step in the ali-
quoting process). When 2 pL of solution is filled in the retention area,
valve 4 is turned off and air is injected into the cartridge using the sy-
ringe pump. Next, the 16S rDNA, aliquoted in 2 pL, is introduced into the
amplification & detection chamber containing the PCR mixture (injec-
tion step in the aliquoting process) and then placed in a PCR device to
perform nucleic acid amplification. The movement of the 16S rDNA
extracted during the aliquoting process is also indicated with arrows in
Fig. 1.

3.2. Bacteria concentration and lysis in the sample treatment chamber
consisted of functionalized microbeads

Fig. 2a illustrates the optimization of the rate for adsorbing bacteria
to functionalized microbeads, which concentrates and isolates bacteria
present in the sample. An artificial sample (10 mL) containing S. aureus
and S. typhimurium is used, and the binding efficiency of the bacteria is
found to be over 80 % at a sample loading rate of up to 9 mL/min, and
over 95 % when adsorbed at 5 mL/min. When the sample loading rate
increases from 1 to 5 mL/min, the binding efficiency decreases by about
5 %, while the binding time decreases significantly from 10 to 2 min.
When the sample loading rate increases from 5 to 9 mL/min, the binding
time decreases from 2 to 1 min, but the binding efficiency decreases by 8
%. Therefore, the optimal sample loading rate is determined to be 5 mL/
min, which drastically reduced the binding time for adsorption without
decreasing the binding efficiency.

To confirm that bacteria are adsorbed on the functionalized
microbeads coated with GO, the bead surface is observed using scanning
electron microscopy (SEM), and it is found that bacteria are adsorbed on
the surface either singly or in aggregates (Fig. 2b). With this result, it is
confirmed that bacteria present in mouthwash samples could be
concentrated by effectively adsorbing them to functionalized
microbeads.

As shown in Fig. 2¢, because an external lysis module is present and
the functionalized microbeads are disturbed by a neodymium magnet in
the sample treatment chamber, the lysis efficiency of the functionalized
microbeads is compared according to the rotational speed of the external
lysis module. When the rotational speed of the lysis module is 3000 rpm,
it is confirmed that the lysis efficiency of the adsorbed bacteria is
equivalent to or higher than that obtained using a vortex mixer (50 Hz).
It is found to be consistent with the 3 min bead beating condition of 50
Hz, which was suggested in our previous study [26] for effective nucleic
acid extraction.

Fig. 2d shows the results of verifying the efficiency (relative con-
centration efficiency) of the entire sample treatment process using an
actual mouthwash sample at the optimized sample loading rate, spe-
cifically, the rotational speed of the lysis module. In addition, to opti-
mize the mouthwash sample volume, the DNA extraction amount (300
pL of the solution volume recovered after the sample treatment process)
and absorbance at a wavelength 600 nm is measured according to the
mouthwash volume (3, 5, and 7 mL), and compared with the method
using a commercial nucleic acid extraction and purification kit
(mouthwash sample volume 500 and 300 pL of the solution volume
recovered after the sample treatment process). As expected, the relative
concentration efficiency increases as the mouthwash sample volume
increases, but although the 5 mL mouthwash sample showed a relative
concentration efficiency that was more than eight times higher than the
result obtained with the commercial kit using 500 pL, the relative con-
centration efficiency did not increase any further when a 7 mL sample
was used. This suggests that as the mouthwash sample volume increases,
not only the total amount of bacteria in the sample but also impurities,
such as proteins, increase, so the concentration of bacteria by adsorption
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Fig. 2. Optimization of sample preparation process condition; (a) the effect of the mouthwash sample loading rate on the binding efficiency, (b) scanning electron
microscopy images of the bacteria adsorbed on the functionalized microbeads surface, (c) bacteria lysis efficiency by rotational speed of lysis module, (d) relative

concentration efficiency of mouthwash sample volume.

on the surface of functionalized microbeads could be inhibited. The
increase in impurity concentration is predicted by measuring the solu-
tion recovered after the final sample treatment process at a wavelength
of 600 nm. As the mouthwash sample volume increases, impurities also
become concentrated and are included in the final product (the solution
recovered after the sample treatment process). Based on the experi-
mental results, the optimal mouthwash sample volume in this study was
determined to be 5 mL.

However, in this study, the system was designed to minimize the
influence of proteins on bacterial adsorption by ensuring sufficient bead
surface area proportional to the volume of the mouthwash sample. The
amount of functionalized microbeads used in the experiments was
selected based on conditions under which the adsorption efficiency of
both proteins and bacteria remains stable within the tested mouthwash
volume. Consequently, in this process, bacterial adsorption efficiency is
governed primarily by the ratio between sample volume and available
bead surface area, rather than by the presence of impurities. Further-
more, considering our previous studies [27,28,33-35], which demon-
strated that GO microbeads can reliably adsorb and concentrate target
pathogens from various complex samples rich in proteins and organic
matter, it can be inferred that the process presented in this work is
applicable for bacterial adsorption regardless of protein content or other
sample impurities.

3.3. Two-microliter aliquoting performance result using a fluidic cartridge

To automatically dispense extracted nucleic acid solutions without
the use of a micropipette, an aliquoting structure is fabricated within a
fluidic cartridge. Its performance was verified. Fig. 3a shows the design
and results of a fast and simple equal distribution fluidic channel based
on the principles of surface tension and pressure drop. The aliquoting
structure consists of an access channel (W5 = 2 mm; Hy = 1 mm) into
which the solution is injected and a retention area (Rg = 1.6 mm; Hg =
0.5 mm; inner volume = 2 pL). At the bottom of the retention area,

which has a H difference of 0.5 mm from the bottom of the access
channel, there is a hole (¢g = 0.4 mm) through which the solution can
move to the PCR 8-tube strips. These structural parameters were
designed through an optimization process, as shown in Fig. S1.

When the nucleic acid solution extracted from the sample treatment
chamber is pushed by injecting air (Fig. 3a @), the solution fills not only
the 2 mm wide access channel but also the retention area, which has a
hole on the bottom through which air can vent. To further explain, the
air present in the access channel and retention area is expelled through
the vent connected to the access channel output and the retention area
output hole. As this air is released, the nucleic acid solution flows in and
fills the retention area, as shown in Step 1. However, the size of the hole
is very small compared to the size of the access channel, so the solution is
not discharged through the hole in the retention area (Fig. 3a @). To
explain this in more detail, because the hydrophobic channel connecting
the output hole of the retention area to the amplification & detection
chamber functions as a hydrophobic valve, the nucleic acid solution
filling the retention area is prevented from exiting through the output
hole [43,44]. If the air is continuously pushed, the air layer removes the
solution existing in the access channel, but the solution in the retention
area does not drain (Fig. 3a ® and ®). At this stage, all remaining so-
lution in the access channel is discharged and directed into waste
chamber 2 (aliquoting). The reason the solution existing in the retention
area is not removed together with the solution filling the access channel
is that the area of the solution existing in the retention area in contact
with the surface of the retention area is approximately 13 mm?, which is
more than eight times the area of the solution existing in the access
channel in contact with the surface (1.6 mmz), thus it is considered that
the solution is easily separated due to the height difference. This can be
explained by the capillary effect, which is expressed in Step 2. Finally,
with the vent connected to the output of the access channel closed off, if
the air is pushed with a short but strong pressure, the solution in the
retention area moves to the PCR 8-tube strips (amplification & detection
chamber) located below through the 0.4 mm (gg) hole located in the
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threshold value).

center of the bottom of the retention area (Step 3).

Fig. 3b shows the comparative results obtained by repeating the
manual method using a micropipette and the aliquoting structure
method 30 times with a 2 pL dispensing amount. Manual pipette ali-
quoting and fluidic aliquoting showed statistically equivalent perfor-
mances, with average volumes of 2.03 + 0.05 and 2.02 £+ 0.05 pL,
respectively (t-test, p-value >0.05). The coefficient of variance (CV%) of
each method was 2.22 % for micropipettes and 2.63 % for fluidics,
demonstrating high reproducibility comparable to that of micropipettes.

To quantitatively verify the performance of the aliquoting structure,
2 pL was dispensed using pipette aliquoting and compared to fluidic
aliquoting. The DNA at different concentrations is verified using qPCR in
the next step (Fig. 3c). At 107 copies/mL of DNA, the average cycle
threshold (Cp) value is 18.89 + 0.11 for fluidic aliquoting and 19.05 +
0.10 for pipette aliquoting, a difference of 0.16. At 10° copies/mL, the
average C; value is 22.88 + 0.10 for fluidic aliquoting and 22.75 4+ 0.16
for pipette aliquoting, a difference of 0.13. At 10° copies/mL of DNA, the
average C; value is 26.20 £ 0.13 for fluidic aliquoting and 26.36 + 0.12
for pipette aliquoting, a difference of 0.16. In this way, a difference of

0.15 in the average C; value is shown at various concentrations, corre-
sponding to a difference of 0.15 cycles, and a quantitative difference of
2015 s approximately 11 %. This can be attributed to pipetting and
equipment noise [45]. As a result, fluidic aliquoting using the fabricated
fluidic cartridge demonstrated similar dispensing performance to
pipette aliquoting, demonstrating that simple and accurate dispensing
can be achieved using the integrated fluidic cartridge fabricated in this
study.

3.4. Comparison with a commercial method for phylum-level microbiome
analysis of mouthwash samples

To verify whether the analytical performance of the qPCR method in
this study is comparable to that of commercial NGS method, it is first
necessary to compare the pretreatment efficiency of the developed
process and the commercial process in terms of the characteristics of the
samples used, as pretreatment constitutes the initial step of the analysis.
All samples analyzed consisted of purified DNA solutions, and verifica-
tion of nucleic acid purity was considered essential to ensure robust
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performance under realistic operating conditions. Accordingly, Fig. 4a
presents the results demonstrating that samples extracted through the
preprocessing process developed in this study exhibited nucleic acid
purity similar to that obtained using a commercial nucleic acid extrac-
tion and purification kit (QIAamp DNA Mini Kit). No statistically sig-
nificant difference in PCR efficiency was observed between the two
methods (t-test, p > 0.05), confirming that the developed process ach-
ieves nucleic acid purity comparable to that of the commercial kit.
Based on this verification, to confirm the feasibility of PCR for
microbiome analysis, the results of qPCR and NGS performed for
microbiome analysis at the phylum level are compared and shown in
Fig. 4b and Fig. 4c. Bacterial 16S rDNA is extracted from mouthwash
samples collected from eight healthy volunteers through a sample
treatment process, and qPCR and NGS were performed on the extracted
samples. The primers used in qPCR are shown in Table S1 (Supple-
mentary Material). Raw data using these primer sets, which are
important for assessing reproducibility, are shown in Table S2. The
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the phylum level using (b) NGS and (c) qPCR method.
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relative abundance (%) of five major phyla (Actinomycetota, Bacillota,
Bacteroidota, Fusobacteria, and Proteobacteria) in the oral microbiome
of eight healthy individuals is compared, and it is found that the QPCR
method is sufficient for phylum level microbiome analysis. Taken
together, these results indicate that both the preprocessing and analyt-
ical workflows perform at levels equivalent to the commercial standard,
supporting the feasibility of this method as a viable alternative.

3.5. Comparison result of the developed integrated fluidic platform with
the commercial method for microbiome analysis of mouthwash sample at
the phylum level

It is known that 96 % of the total bacteria present in the oral cavity of
a healthy person are composed of Bacillota, Bacteroidota, Fusobacteria,
and Proteobacteria [46,47]. In this study, we compared the characteris-
tics of the oral microbial community between the integrated fluidic
process—where DNA extracted using the integrated fluidic platform
developed in this study was analyzed by qPCR—and the commercial
process, in which DNA extracted with the QIAamp DNA Mini Kit, a
commercial nucleic acid extraction and purification kit, was analyzed by
NGS. The primers used for qPCR and the corresponding raw data are
shown in Table S1 and S3. As shown in Fig. 5, we confirm that there is no
difference between the two analysis methods at all phylum levels (t-test,
p-value >0.05). In addition, in both methods, Proteobacteria appeared
similarly as the phylum corresponding to the greatest proportion in most
samples. Likewise, Fusobacteria made up the smallest proportion, con-
firming that the bacterial phylum corresponding to the lowest propor-
tion is the same in both methods. Furthermore, both Bacillota,
representing gram-positive bacteria, and Bacteroidota, representing
gram-negative bacteria, show similar relative abundances between the
commercial process and the integrated fluidic process developed in this
study. Additionally, to perform a more detailed analysis based on mi-
crobial type, the communities analyzed in Fig. 5 were divided into gram-
positive and gram-negative bacteria, and the results of the comparative
analysis between processes are presented in Fig. S2. The relative abun-
dance (%) of gram-negative bacteria was newly defined as the sum of the
relative abundances (%) of Bacteroidota, Fusobacteria, and Proteobac-
teria, excluding Bacillota, which belongs to gram-positive bacteria. The
relative abundance (%) for gram-positive bacteria was maintained as the
relative abundance (%) of Bacillota. Based on this, comparison of the
integrated fluidic platform process developed in this study with the
commercial process (NGS) showed that the analytical patterns were
highly similar between the processes, regardless of classification as
gram-positive or gram-negative. This suggests that the developed plat-
form does not exhibit performance variations based on microbial type.
Accordingly, it demonstrates the potential to reliably process and
analyze diverse microbiota regardless of their characteristics. These
results indicate that the integrated fluidic platform developed in this
study successfully analyzed the oral health status within 3 h and has a
reliable level of reproducibility comparable to well established com-
mercial methods, suggesting that it has the potential to replace or
complement commercial methods in oral microbiome analysis.

3.6. Oral bacteria analysis of swab sample for canines and felines

To confirm the applicability of samples collected from oral swabs as
well as mouthwash samples, oral samples from canines and felines were
used. The oral conditions of 10 canines and 10 felines are evaluated by
dividing them into periodontal disease and halitosis. Regarding peri-
odontal disease, the veterinarian visually observed the disease and
indicated the severity with a number (0 to 3). Halitosis was quantified (0
to 3) by the same veterinarian using measurement results obtained with
a halitosis meter. These numbers are compiled to display a clinical score.
The subjects are listed in order of severity of oral disease, and the results
of analysis using qPCR are shown in Fig. 6. Bacteria related to peri-
odontal disease are Aa, Pg, Tf, Td, En, and Cr, and bacteria related to
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Fig. 6. Oral bacteria profiling using the integrated fluidic platform for the detection of periodontitis in companion animals; (a) canines and (b) felines.

halitosis are Pg, Tf, Td, and Fn [48,49]. The qPCR primer sets and their
raw data is presented in Table S1, S4, and S5. Among the canines, in-
dividuals found to have both periodontal disease and halitosis (clinical
score 4 or higher) have high Pg and Fn ratios. In the case of felines, the
Pg ratio is measured to be relatively high. These results are similar to
those obtained from oral condition diagnosis by veterinarians, suggest-
ing that various types of oral samples can be applied to this fluidic
platform. As the veterinarian’s diagnostic method is expressed only as a
score, it is not possible to immediately determine whether a specific
bacterial species is present. However, the fluidic platform developed in
this study can also confirm the diversity of bacterial species, allowing for
the establishment of a customized treatment strategy accordingly.

4. Conclusion

Most microbiome research and the commercialization of that
research, including the gut microbiome, are based on traditional sample
treatment methods, results derived from NGS, and interpretation
through group samples. However, when conducting longitudinal
studies, such as personalized microbiome analysis or daily health
monitoring, automated equipment that is fast and easy to use is
essential.

To address this issue, we developed a sample treatment process
(concentration and purification) and an automated aliquoting process,
both of which are essential for automated analysis, using GO-coated
beads. Through this integrated approach, we overcame the limitations
of conventional GO-coated bead-based sample preparation methods and
achieved performance comparable to that of one-pot NGS systems. In
this study, mouthwash is used as a sample, and 2 pL of the solution is
dispensed using fluidic technology to fit PCR 8-tube strips. However, this
technology can be applied to various complex samples, such as feces and
food, and the dispensing can be expanded to accommodate the type of
marker to be measured. Furthermore, when using multiplex qPCR, the
number of markers that can be analyzed simultaneously is likely to in-
crease in diversity. Consequently, it is expected that complex nucleic
acid-based analysis processes will be performed automatically, and
fluidic based dispensing technology, rather than micropipette-type
technology, will have a high possibility of expansion in the future.

However, comparison of the relative abundances obtained from the
commercial process and the integrated fluidic process showed that many
microbial taxa produced consistent results, while others exhibited
different patterns. These outcomes suggest that sample-specific charac-
teristics may influence the observed profiles, indicating that the current
findings may have limited generalizability. In addition, we acknowledge
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that the clinical sample sizes used in this study (n = 8 humans, n = 10
canines, and n = 10 felines), while acceptable for technical proof-of-
concept, are limited for biological validation. In future work, we aim
to increase the number of clinical samples and conduct large-scale
validation to demonstrate the robustness of the proposed method. It is
expected that this will further increase the usability of the integrated
sample preparation and PCR analysis platform of this study.
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