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Introduction
Caries is a bacterial disease with a high prevalence and widespread distribution, affecting more than one-third

of the global population and 60–90% of school-aged children [1]. Thus, caries is a common oral condition and one
of the most common illnesses in humans [2]. Along with cancer and cardiovascular illnesses, dental caries has
been identified by the World Health Organization as one of the three major diseases that can be prevented and
cured [3]. Caries can cause tooth defects and lead to tooth loss if left untreated, which seriously affects quality of
life. Therefore, wide-range general surveys should be conducted to promote its early diagnosis and prevention. 

Bacteria form biofilms by adhering to and aggregating on the tooth surface, which produce acid and break
down carbohydrates. Indeed, biofilm formation by microorganisms is considered to be the initiating factor of
caries. The gram-positive bacterium Streptococcus mutans is the main constituent of dental plaque biofilms and is
thus considered to be responsible for tooth decay [4]. Early-stage caries is difficult to observe, although it can
contain up to 10-times the number of S. mutans in healthy plaques. Histopathology, microbiology [5],
immunohistochemistry [6], and molecular techniques [7] are commonly used for detecting S. mutans. In
particular, nucleic acid amplification through polymerase chain reaction (PCR) is widely used to detect pathogens
and plays an important role in laboratory confirmation owing to its high precision and specificity [8, 9]. Indeed,
PCR is regarded as the “gold standard” for detecting the presence of disease-causing pathogens [10]; however, its

Streptococcus mutans is the primary causative agent of caries, which is one of the most common
human diseases. Thus, rapid and early detection of cariogenic bacteria is critical for its prevention.
This study investigated the combination of loop-mediated isothermal amplification (LAMP) and
microfluid technology to quantitatively detect S. mutans. A low-cost, rapid microfluidic chip using
LAMP technology was developed to amplify and detect bacteria at 2.2–2.2 × 106 colony-forming
units (CFU)/ml and its detection limits were compared to those of standard polymerase chain
reaction. A visualization system was established to quantitatively determine the experimental
results, and a functional relationship between the bacterial concentration and quantitative results
was established. The detection limit of S. mutans using this microfluidic chip was 2.2 CFU/ml, which
was lower than that of the standard approach. After quantification, the experimental results showed
a good linear relationship with the concentration of S. mutans, thereby confirming the effectiveness
and accuracy of the custom-made integrated LAMP microfluidic system for the detection of
S. mutans. The microfluidic system described herein may represent a promising simple detection
method for the specific and rapid testing of individuals at risk of caries.
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complexity and the necessity for advanced equipment prevent it from being widely applied in outpatient clinics
and private dentistry offices. Hence, better, rapid, precise, sensitive, and specific tools to detect S. mutans are
urgently needed for monitoring and preventing caries progression.

Since it was first reported, the isothermal amplification technology has been widely used to enhance nucleic
acid detection for different applications [11-14]. In particular, loop-mediated isothermal amplification (LAMP) is
a simple, rapid, and specific method for nucleic acid amplification [15]. It employs a DNA polymerase from
Bacillus stearothermophilus that has cycling-strand displacement DNA activity [16] and primers designed to
target specific parts of a gene, the gene products are then exposed to isothermal conditions to form a loop-
structure product, so that the target gene can be amplified efficiently, quickly, and specifically [17, 18]. Compared
with conventional PCR, LAMP does not require template thermal denaturation or temperature cycling; therefore,
it is less time-consuming. This technology is comparable to or even better than PCR, in terms of sensitivity,
specificity, detection range, and other parameters [19, 20]. Moreover, the cost is equal to or even lower than that of
PCR. Hence, LAMP is a promising technique for rapid and on-site detection of cariogenic bacteria. Despite the
aforementioned benefits, the LAMP technology still requires professional laboratory personnel and equipment;
thus, there are still some restrictions on the capability of this technology to rapidly detect pathogens in medical
settings, which may be overcome by recent advancements in microfluidic technologies.

A microfluidic system is an automated operating system composed of micropumps, valves, drainpipes, and
channels for content analysis [21]. Microfluidic systems can combine various detection techniques, such as
sample processing, reagent handling, bioreaction, and detection, on a single platform. These techniques are
characterized by rapid detection, ease of use, cost-effectiveness, lack of expensive equipment and specialized
personnel, lack of contamination risk, and high accuracy of pathogen detection [22, 23]. The miniaturized
microfluidic technology has been rapidly developing since it was first described by Terry et al. in 1979 [24],
particularly for pathogen detection. Currently, this technology is considered a complementary method for
diagnostic procedures in the setting of infectious diseases [25]. Noteworthily, the combination of LAMP and
microfluidic technology can maximize their merits and minimize their flaws. Fang et al. developed a microfluidic
chip with integrated LAMP that directly analyzed 0.4 μl of DNA in less than 1 h, with a detection limit of 10 fg/μl
for Pseudorabies virus [26]. Nguyen et al. reported a sample-in-result-out device for the automatic detection of
three pathogenic bacteria (Escherichia coli O157:H7, Salmonella typhimurium, and Vibrio parahaemolyticus)
using LAMP on a centrifugal disc within 1 h and with a low detection limit of 102 cells/ml [27]. Nevertheless, the
microfluidic technology has not been widely applied in stomatology, being mainly employed to detect or simulate
mucous membrane illnesses and tumors; moreover, it is less frequently used for the rapid detection of microorganisms.
The microfluidic technology was first applied for oral disease diagnosis in 2007 [28]. Li et al. used a microfluidic
chip for rapid DNA amplification and onsite detection of three oral pathogens (Porphyromonas gingivalis,
Treponema denticola, and Tannerela forsythia), with significantly shortened detection time and a detection limit of
125 colony-forming units (CFU)/μl [29]. Of note, to the best of our knowledge, microfluidic devices to detect
causative microorganisms of dental caries have not been reported to date.

In this study, a LAMP-based microfluidic detection platform for the rapid and quantitative detection of
S. mutans was developed. To the best of our knowledge, this is the first proposed LAMP-based microfluidic
platform for S. mutans. Our pathogen detection platform is expected to eliminate the traditional tedious manual
operation steps and the possibility of contamination, simplify detection conditions, and shorten detection time in
the clinical setting. This device may represent a promising point-of-care testing tool for S. mutans, which can be
extended for the detection of other cariogenic bacteria.

Materials and Methods
Chemicals and Reagents

LAMP amplification and detection reagents were provided by HaiGene Biotech (China). LAMP primers were
synthesized by Sangon Biotech (China). The lysis buffer for microorganisms was purchased from Takara Bio
(Japan).

Bacterial Culture and CFU Test
S. mutans UA159 strain was provided by Jilin University (China). Porphyromonas gingivalis (P. gingivalis),

Porphyromonas endodontalis (P. endodontalis), and Enterococcus faecalis (E. faecalis) were provided by China
Medical University (China). The S. mutans were inoculated on brain–heart infusion agar and cultured in an
anaerobic environment at 34°C for 48 h. The other 3 bacteria were inoculated on blood agar and cultured in an
anaerobic environment at 37°C for 48 h. Subsequently, gram staining and identification of the bacteria were
performed under a microscope (Fig. S1). Finally, the colonies in the plate were photographed and counted, and the
average number of three replicate plates was recorded. 

Primer Design
DNA sequences of the target genes were obtained from the National Center for Biotechnology Information

(http://www.ncbi.nlm.nih.gov). The gene sequences of dexA, gtfB, and spaP of S. mutans were selected as
alternative sequences. Primer Explore V5 online LAMP primer design software (Eiken Chemicals Co., Japan) was
used for primer design. One set of primers was chosen from 43 sets of LAMP primer schemes that were screened
using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
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Microfluidic Chip Design and Fabrication
A schematic diagram of the microfluidic chip is shown in Fig. 1A. The chip had a size of 50 × 40 × 5 mm and

included a serpentine channel (height × width, 1 × 0.8 mm) for the LAMP reaction, a valve, and a detection
chamber (height × diameter, 1 × 5 mm) (21 μl lyophilized orange-green dye preloaded) to monitor the color
(Fig. 1B).

A positive temperature coefficient (PTC) ceramic heater (Sangni Electronics Co., China) was placed under the
serpentine channel and heated to 65°C. The microfluidic chip was fabricated using a polydimethylsiloxane
channel layer and a glass substrate using oxygen plasma bonding. The mold for the polydimethylsiloxane channel
layer was first designed using SolidWorks software (Dassault Systèmes Solidworks Corp., USA) and then printed
using a 3D printer (Form 3; FormLabs, USA). The elastomer and curing agent were mixed at a mass ratio of 10:1
and heated to 55°C for 4 h. The actuation system consisted of one microfluidic chip, one syringe pump, and one
dual-output power supply (Figs. 1C and 1D). A dual-output power supply was used to provide voltage to the PTC
ceramic heater. The syringe pump was set to push the mixture of the lysed sample and the LAMP reagent at a flow
rate of 20 L/min. The Heat Transfer Module in COMSOL Multiphysics software (Comsol, USA) was used to
simulate and analyze the heating process of the PTC heater. A moving plug was used as the valve in the
microchannel to prevent backflow. Magenta and potassium chloride (KCl) solutions were used to evaluate the
effects of the valve. The inlet and outlet of the microvalve chip were connected to the positive pole of the power
supply (provided a 3.3 V constant voltage) and an oscilloscope, respectively (Fig. 2A). The oscilloscope recorded
the voltage changes when the valve was opened and closed.

Construction of the Detection System
Python high-level scripts were used to program the OpenMV camera such that it possessed image acquisition

and recognition functions. To guarantee the consistency of image capture and recognition of each result, the
OpenMV camera was integrated into a 3D printed bracket (Fig. 3). A white light source and black light-absorbing
fabric were inserted into the bracket to ensure consistency of the exterior circumstances throughout image
acquisition and recognition.

Benchtop LAMP Assay
For nucleic acid extraction, a simple lysis method was used. DNA lysis buffer (50 μl) and bacterial solution (2 μl)

were mixed and incubated in an 80°C water bath for 15 min. For assay sensitivity, the bacterial solution was serially
diluted 10-fold with double-distilled water (ddH2O) from 2.2 × 106 to 2.2 CFU/ml. Each reaction was performed
in triplicate. To test the specificity of the LAMP assay, three common oral bacteria were used-P. gingivalis,
P. endodontalis, and E. faecalis—at a concentration of 108 CFU/ml. RNase-free ddH2O was used as a negative
control.

The LAMP reaction was performed in a 21 μl system containing 15 μl of LAMP OG reagent, 2 μl of LAMP
primer mix, 2 μl of ddH2O, and 2 μl of lysed solution. The reaction was conducted in a 65°C water bath for 30 min.
Afterward, the OG dye was added to the reaction, and the solution was gently mixed and shaken for 30 s. The tubes
were then placed upright to observe the outcomes.

Fig. 1. Construction of the microfluidic detection system. (A) Schematic diagram of the microfluidic chip. (B)
Photograph of the microfluidic chip. (C) Photograph of the actuation system. (D) A PTC ceramic heater was placed under the
serpentine channel of the microfluidic chip.
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LAMP-Based Microfluidic System Protocol
The lysed bacteria were placed in a LAMP chamber that had already been preloaded with the LAMP reaction

mixture. A PTC ceramic heater was used to increase and maintain the temperature at 65°C for 30 min. At this
stage, the valve was closed to ensure that the mixture was not pushed into the detection chamber, thereby
terminating the reaction. When the LAMP reaction was complete, the valve was opened so that the reaction
solution could be transported to the detection chamber, which was preloaded with OG dye using a syringe pump
system. After mixing, the microfluidic chip was observed and analyzed using the OpenMV camera, which was

Fig. 2. Capacity of the valve in the microfluidic detection system. (A) Schematic of the system used to test the
microvalve. The inlet and outlet of the chip were connected to the positive pole of a power supply (3.3 V constant voltage) and
an oscilloscope, respectively. When the valve was open, the KCl solution formed a loop with the power supply system and the
voltage was measured by the oscilloscope. When the valve was closed, the solution was blocked, the loop was broken, and the
voltage value became 0. (B) Schematic and micrograph of the ON and OFF state of the valve. When the valve was opened, the
magenta solution passed through and filled the microchannel. When the valve was closed, the magenta solution was blocked,
and the red solution was detected in the downstream portion of the microchannel. Scale bar = 1 mm. (C) Voltage variation
when the plug was ON and OFF. When the valve was pressed down, the voltage decreased to almost 0, which indicated the
blocking capacity of the valve.

Fig. 3. Construction of the detection system. (A) Photograph of the assembled detection system with a three-
dimensional-printed bracket, OpenMV camera, and black light-absorbing cloth. (B) Photograph of the OpenMV camera.
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programmed to automatically segment the colored samples, convert the color signal to L*a*b* (lightness, red/
green, and blue/yellow) color values (which is a mode for measuring colors based on the Commission International
Eclairage [30]), and calculate the average Lab value of the region. Finally, the signal data were collected.

PCR Amplification
The PCR reaction system contained 2 μl of S. mutans genomic DNA, 10 μM of each primer (F3 and B3), 5 μl of

2 × Es Taq MasterMix (Cwbio, China), and 2 μl of ddH2O. Primers F3 and B3 were used to amplify the same
specific region of spaP detected in the LAMP assay. The PCR amplification was performed as follows: initial
denaturation at 94°C for 3 min; 28 cycles of 94°C for 30 s, 53°C for 30 s, and 72°C for 30 s; and final extension at
72°C for 2 min. After amplification, the PCR products were separated on a 1.0% agarose gel at 120 V for 30 min.
DNA Marker DL2000 (Bioer, China) was used for size reference.

Results and Discussion
Primer Design and Target Sequence

Detection effectiveness is significantly influenced by the melting temperature of the primers and GC content of
the target sequence. Noteworthily, the amplification reaction is favored in sequences with GC concentrations
within 40–60%. Hence, a spaP sequence with a GC content of 40–60% was selected for further analysis (GenBank
Accession No. APQ13_RS04955; from 2,339 to 2,545 bp), and the LAMP primers were designed accordingly
(Fig. 4). LAMP is usually more specific than conventional PCR because it employs three pairs of primers to
recognize the target DNA. The sequences of the primers that were designed for pathogen detection are shown in
Table 1. 

Performance of the Detection System and Microfluidic Chip
Validation of the chip. This LAMP-based microfluidic chip had two essential components for determining the

effectiveness and efficiency of the reaction: the valve and the PTC heater. The LAMP assay needs to be performed
at 65oC so that the reaction solution expands, causing the liquid to flow backward or into the reaction chamber.
Therefore, a valve was incorporated into the chip to prevent the reaction liquid from refluxing. First, the channel of
the chip was filled with a magenta solution to evaluate the ability of the valve to seal any leaks (Fig. 2B); when the
plug was pressed down, the liquid did not flow through the channel. Additionally, a 0.1 M KCl solution was
utilized to facilitate conduction (Fig. 2C), allowing the voltage to decrease from approximately 3.3 V to almost 0 V
when the valve was closed. This experiment demonstrated that the valve successfully regulated fluid flow.

To assess the heating effects of the system, finite element analysis was performed to simulate the temperature
distribution of the liquid in the chip. Overall, the temperature of the liquid in the serpentine tubes was evenly
distributed and reached the reaction temperature; the longer the tube length and diameter were, the larger the

Fig. 4. Schematic of the Streptococcus mutans spaP gene and the corresponding location of each LAMP
primer.

Table 1. Primers used for the LAMP assay.

Primer name Tm 
(°C)

GC 
rate Sequence (5′- 3′)

Target 
gene

SMspaP-F3 54.5 55.6% TTAGGCAGGGTCAAGGTG spaP
SMspaP-B3 51.1 42.9% CAATTGCCATTGTAGGATCAG spaP
SMspaP-FIP (F1c-F2) 69.0 50.0% GAGTTAGGCGCATCTGAACTATCCGGACCATGTATACCAGAGCT spaP
SMspaP-BIP (B1c-B2) 68.3 48.8% GGTATGGTGCTGGTGCTATCCACAAACAAGTGTTGATGAGA spaP 
SMspaP-LoopF 58.1 64.7% CCAGATCCCGGTTCGCT spaP
SMspaP-LoopB 54.8 45.8% GCTTGGTCCTAATAACAGTGTGAC spaP
Tm, melting temperature
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surface area of the liquid in the serpentine tube was (Fig. 5). Therefore, a higher surface-to-volume ratio enabled a
more efficient heat transfer to the LAMP mixture than could be achieved with regular microtubes, which was
conducive for the rapid achievement of reaction conditions.

Validation of the detection system. Unlike most pathogens requiring rapid detection, S. mutans is ubiquitous
in the oral cavity; thus, its qualitative detection alone cannot determine the risk of dental caries, but bacterial
quantification is essential for its early diagnosis and prevention. As LAMP assays can quickly produce a large
number of reaction products and enable visual detection, a programmed OpenMV camera was used herein to
segment, identify, and calculate the Lab average value of the images and quantify the experimental results.

OpenMV is a microcamera embedded in a microcontroller, which has a small volume, low power consumption,
and image processing function, and can be programmed using high-level Python scripts, making it convenient to
manage the complex outputs of machine vision algorithms and high-level data structures. The OpenMV camera
was initially programmed in Python to transform the light wavelength and intensity of the image captured by the
camera into digital signals that the computer could recognize. The digital signal was then sent to a computer,
which then processed the outcomes. In this study, the average Lab value was used as a quantitative measure of the
experimental results. The Lab color model was composed of brightness (L*) and two-color channels (a* and b*).
Channel a* contained three colors: red for high brightness, gray for medium brightness, and dark green for low
brightness. Additionally, there were three hues in channel b*: blue for low brightness, gray for medium brightness,
and yellow for high brightness [31]. The Lab color mode can lessen the impact of brightness on image recognition
compared with the commonly used RGB mode or grayscale value, resulting in a better image processing outcome
[32]. Hence, the OpenMV camera performed quantitative analysis of the experimental results through color
image recognition generated by the LAMP reaction and successfully built a visual detection platform, laying
foundations for rapid S. mutans detection.

Comparative Performance of the Benchtop LAMP and PCR
The LAMP assay allows colorimetric detection of the target output, with the color of samples changing from

yellow to green. Calcein is a metal indicator. By adding manganese ion and calcein to LAMP system, it was found
that the colorimetric change of metal indicator could monitor the process of LAMP reaction. When calcein
combines with Mn2+, there is a quenching effect on the chelating dye. With the synthesis of a large number of DNA
double strands, pyrophosphate ion byproducts produced in the reaction system make Mn2+ combine with
phosphoric acid, calcein is released to complex free magnesium, resulting in bright green color. In visible light, a
color change from orange to yellow-green can also be observed by the naked eye after successful amplification
[33]. In the present study, 10-fold serial dilutions of S. mutans were used to determine the sensitivity of the LAMP
assay (Fig. 6), with the reaction products in the tubes containing S. mutans and a no-target control (NTC) being
green and yellow, respectively, indicating that the LAMP assay could detect as few bacteria as 2.2 CFU/ml. The
amplification products of LAMP and PCR were subjected to gel electrophoresis for limit of detection (LOD)
comparison. Overall, the LAMP assay reached a LOD of 2.2 × 100 CFU/ml, whereas that of PCR was 2.2 × 105

Fig. 5. Heating effect of the PTC ceramic heater in the microfluidic chip. (A) photograph of the PTC ceramic heater
heating the serpentine tube. (B) Infrared thermal image of the system. (C) Finite element analysis of the microfluidic chip. (D)
Simulation results of the heating effect of the PTC.
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CFU/ml (The lane 4 in the Fig. 7 is not clear enough.) (Fig. 7). Furthermore, LAMP required less than 50 min from
start to result determination, whereas PCR took more than 120 min. PCR is usually performed by well-trained
personnel and requires sophisticated instruments that are rarely available in outpatient departments, primary
health units, or resource-limited regions and countries [34]. As PCR requires several temperature-controlled
cycles, the process is relatively time-consuming and tedious. In contrast, LAMP requires only a water bath; thus,
less instrumentation and energy is necessary as compared with that of the PCR approach [35]. Therefore,
compared with PCR, LAMP has several advantages, such as higher sensitivity, better specificity, time- and reagent-
saving, ease of operation, and lack of sophisticated equipment, thereby effectively avoiding the shortcomings of

Fig. 6. LAMP results. NTC: non-target control; 1–7: S. mutans samples with varying concentrations (2.2 × 100–2.2 × 106

CFU/ml).

Fig. 7. LOD of the PCR of specific regions of the S. mutans spaP gene using LAMP primers. Lanes 0–6: DNA of
S. mutans at different concentrations (2.2 × 100–2.2 × 106 CFU/ml); lane M: 500-base pair DNA marker ladder; NTC, non-
target control.

Fig. 8. Specificity of the LAMP method. Samples containing S. mutans, P. gingivalis, P. endodontalis, E. faecalis, and
ddH2O were tested. (A) Visual results. (B) Average L*a*b* quantification of the LAMP results using the detection system. Since
the Lab value varies for different color measurements, different colors were used in the quantization table. Error bars represent
the standard deviation of triplicate experiments.
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PCR [36]. In summary, the present findings demonstrate that LAMP can be used by non-technology-intensive
research institutions for the general detection of organisms causing caries.

Next, three common oral bacteria were used in the LAMP assay. Specificity tests revealed that after 40 min of
reaction, no color change was observed in these bacteria (Fig. 8), demonstrating the specificity of the target DNA
and primers. Because the three pairs of primers are required to hybridize with multiple regions of the target
nucleic acid in the LAMP reaction, it has relatively high specificity [16, 37], which can prevent the influence of
other common oral bacteria and achieve effective detection of S. mutans.

Performance of the LAMP-Based Microfluidic Detection Platform
Pathogen detection was performed using the microfluidic chip, and the results showed that the reaction

products at various concentrations exhibited a green color, indicating that the LOD of the chip also reached
100 CFU/ml. To further investigate the relationship between the bacteria concentration and the color of the
amplification products, the results of the benchtop LAMP and LAMP-based microfluidic chips were analyzed.
Analysis of the L*a*b* values revealed that they increased with increasing bacterial concentration in both the
LAMP assay (Fig. 9A) and microfluidic chip (Fig. 9B). The results showed a good linear relationship between

Fig. 9. A LAMP amplification curve of S. mutans using a benchtop system. Error bars represent the standard
deviation of the triplicates. B LAMP amplification curve of S. mutans using the microfluidic chip. The error
bars represent the standard deviation of triplicate experiments.
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L*a*b* values and bacterial concentration, which was better in the microfluidic chip than in the LAMP assay (R2 =
0.9596 vs. 0.8589, respectively). The probable reason for this difference may be due to the shape of the chip
chamber, which is flatter than the tube, thereby allowing the color to distribute more evenly and facilitate
detection. This linear relationship proved that this microfluidic system could effectively mimic the desired
experimental output. The curve for the microfluidic chip group was similar to that of the LAMP group; therefore,
comparison between the two groups indicated that the LAMP-based microfluidic detection platform was capable
of detecting S. mutans accurately. As the concentration gradient of S. mutans was determined according to the
different colors obtained, the microfluidic chip can be used without the need for a complicated fluorescence
excitation device.

This study has some limitations. First, the detection process requires bacterial lysis to be performed and does
not allow for complete process detection. Second, in-chip detection requires manual valve closure and is not fully
automated. Last, the detection of clinical samples is required to determine the clinical effectiveness of the system.
Therefore, since the biofilm composed of mixed bacteria strains plays an important role in the formation of caries,
we will use this system to detect the target pathogen in the biofilm in future work.

In conclusion, this study reports the successful development of a LAMP-based microfluidic system for the rapid
and quantitative detection of S. mutans. This system, which integrates nucleic acid amplification, LAMP reaction,
and experimental result collection and interpretation, can detect S. mutans at concentrations as low as 2.2 CFU/ml
within 1 h. This microfluidic system may represent a promising detection method that can be used for the direct
detection of multiple bacteria in saliva samples and thereby help diagnose various oral pathologies. 
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LAMP, loop-mediated isothermal amplification; CFU, colony-forming units; PTC, positive temperature

coefficient; LOD, limit of detection; NTC; not-target control; PCR, polymerase chain reaction; ddH2O, double-
distilled water

Author Contributions 
Jingfu Wang: Conceptualization, Methodology, Writing – Original Draft Preparation, Writing – Review & Editing.
Jingyi Wang: Conceptualization, Methodology, Software, Writing – Review & Editing; Visualization, Supervision,

Project Administration, Funding Acquisition.
Xin Chang: Investigation, Resources.
Qin Ma: Methodology, Investigation.
Jin Shang, Yuehui Wang: Validation, Formal Analysis, Investigation, Resources, Data Curation.
Liangliang Shen: Supervision, Project Administration.

Acknowledgments 
This research was funded by the Department of Science and Technology of Liaoning Province, China (grant

number: 2022-BS-175). The funding agency had no role in the collection, analysis and interpretation of data,
writing of the report, or in the decision to submit the article for publication.

Conflict of Interest
The authors have no financial conflicts of interest to declare.

References
1. Li Y, Saraithong P, Chen Z, Leung E, Pattanaporn K, Dasanayake A. 2017. Comparison of real-time quantitative PCR with a chairside

test for Streptococcus mutans assessment. Chin. J. Dent. Res. 20: 199-210. 
2. Loesche WJ. 1986. Role of Streptococcus mutans in human dental decay. Microbiol. Rev. 50: 353-380. 
3. Bai G, Tian Y, Wu J, Gu Y, Chen Z, Zeng F, Liu J. 2019. Construction of a fusion anti-caries DNA vaccine in transgenic tomato plants

for PAcA gene and cholera toxin B subunit. Biotechnol. Appl. Biochem. 66: 924-929.
4. Loesche WJ, Straffon LH. 1979. Longitudinal investigation of the role of Streptococcus mutans in human fissure decay. Infect. Immun.

26: 498-507. 
5. Beighton D, Russell RR, Whiley RA. 1991. A simple biochemical scheme for the differentiation of Streptococcus mutans and

Streptococcus sobrinus. Caries Res. 25: 174-178. 
6. Hamada S, Slade HD. 1980. Biology, immunology, and cariogenicity of Streptococcus mutans. Microbiol. Rev. 44: 331-384. 
7. Smorawinska M, Kuramitsu HK. 1992. DNA probes for detection of cariogenic Streptococcus mutans. Oral Microbiol. Immunol.

7: 177-181. 
8. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. 2020. A pneumonia outbreak associated with a new coronavirus of

probable bat origin. Nature 579: 270-273. 
9. Lazcka O, Del Campo FJ, Muñoz FX. 2007. Pathogen detection: a perspective of traditional methods and biosensors. Biosens.

Bioelectron. 22: 1205-1217. 
10. Kim J, Jung C. 2022. SF-qPCR: strand displacement-based fast quantitative polymerase chain reaction. BioChip J. 16: 41-48. 
11. Vincent M, Xu Y, Kong H. 2004. Helicase-dependent isothermal DNA amplification. EMBO Rep. 5: 795-800.
12. Yao C, Zhang R, Tang J, Yang D. 2021. Rolling circle amplification (RCA)-based DNA hydrogel. Nat. Protoc. 16: 5460-5483. [
13. Choi G, Jung JH, Park BH, Oh SJ, Seo JH, Choi JS, et al. 2016. A centrifugal direct recombinase polymerase amplification (direct-

RPA) microdevice for multiplex and real-time identification of food poisoning bacteria. Lab Chip 16: 2309-2316. 
14. Jang M, Kim S. 2022. Inhibition of non-specific amplification in loop-mediated isothermal amplification via tetramethylammonium

chloride. BioChip J. 16: 326-333.
15. Cao G, Li J, Xing Z, Zhang Z, Zhang W, Li C, et al. 2021. Establishment of scalable nanoliter digital LAMP technology for the

quantitative detection of multiple myeloproliferative neoplasm molecular markers. Sens. Actuators B 346: 130493. 



1110 Wang et al.

J. Microbiol. Biotechnol.

16. Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, Amino N, et al. 2000. Loop-mediated isothermal amplification of
DNA. Nucleic Acids Res. 28: E63. 

17. Kim S, Kim JH, Kim S, Park JS, Cha BS, Lee ES, et al. 2022. Loop-mediated isothermal amplification-based nucleic acid lateral flow
assay for the specific and multiplex detection of genetic markers. Anal. Chim. Acta 1205: 339781.

18. Hu YQ, Huang XH, Guo LQ, Shen ZC, Lv LX, Li FX, et al. 2021. Rapid and visual detection of Vibrio parahaemolyticus in aquatic foods
using blaCARB-17 gene-based loop-mediated isothermal amplification with lateral flow dipstick (LAMP-LFD). J. Microbiol.
Biotechnol. 31: 1672-1683.

19. Nagamine K, Kuzuhara Y, Notomi T. 2002. Isolation of single-stranded DNA from loop-mediated isothermal amplification
products. Biochem. Biophys. Res. Commun. 290: 1195-1198. 

20. Nagamine K, Hase T, Notomi T. 2002. Accelerated reaction by loop-mediated isothermal amplification using loop primers. Mol. Cell.
Probes 16: 223-229. 

21. Park S, Zhang Y, Lin S, Wang TH, Yang S. 2011. Advances in microfluidic PCR for point-of-care infectious disease diagnostics.
Biotechnol. Adv. 29: 830-839. 

22. Drese KS. 2019. Lab on a chip, Internist (Berl.). German 60: 339-344. 
23. Huang G, Huang Q, Xie L, Xiang G, Wang L, Xu H, Ma L, Luo X, Xin J, Zhou X, Jin X. 2017. A rapid, low-cost, and microfluidic chip-

based system for parallel identification of multiple pathogens related to clinical pneumonia. Sci. Rep. 7: 6441. 
24. Terry SC, Jerman JH, Angell JB. 1979. A gas chromatographic air analyzer fabricated on a silicon wafer. IEEE Trans. Electron. Devices

26: 1880-1886.
25. Dittrich PS, Tachikawa K, Manz A. 2006. Micro total analysis systems. Latest advancements and trends. Anal. Chem. 78: 3887-3908.
26. Fang X, Liu Y, Kong J, Jiang X. 2010. Loop-mediated isothermal amplification integrated on microfluidic chips for point-of-care

quantitative detection of pathogens. Anal. Chem. 82: 3002-3006. 
27. Van Nguyen H, Nguyen VD, Lee EY, Seo TS. 2019. Point-of-care genetic analysis for multiplex pathogenic bacteria on a fully

integrated centrifugal microdevice with a large-volume sample. Biosens. Bioelectron. 136: 132-139. 
28. Herr AE, Hatch AV, Giannobile WV, Throckmorton DJ, Tran HM, Brennan JS, et al. 2007. Integrated microfluidic platform for oral

diagnostics. Ann. N. Y. Acad. Sci. 1098: 362-374. 
29. Li Z, Ju R, Sekine S, Zhang D, Zhuang S, Yamaguchi Y. 2019. All-in-one microfluidic device for on-site diagnosis of pathogens based

on an integrated continuous flow PCR and electrophoresis biochip. Lab. Chip. 19: 2663-2668. 
30. Hunt RWG, Pointer MR. 2011. Measuring Colour, 4th Ed. John Wiley & Sons, Ltd., Hoboken, New Jersey.
31. Joiner A. 2004. Tooth colour: a review of the literature. J. Dent. 32: 3-12. 
32. O'Brien WJ, Hemmendinger H, Boenke KM, Linger JB, Groh CL. 1997. Color distribution of three regions of extracted human teeth.

Dent. Mater. 13: 179-185. 
33. Fischbach J, Xander NC, Frohme M, Glökler JF. 2015. Shining a light on LAMP assays--a comparison of LAMP visualization methods

including the novel use of berberine. Biotechniques 58: 189-94. 
34. He Y, Xie T, Tong Y. 2021. Rapid and highly sensitive one-tube colorimetric RT-LAMP assay for visual detection of SARS-CoV-2

RNA. Biosens. Bioelectron. 187: 113330. 
35. Bau HH, Liu C, Mauk M, Song J. 2017. Is instrument-free molecular detection possible? Expert Rev. Mol. Diagn. 17: 949-951. 
36. Nam D, Kim S, Kim JH, Lee S, Kim D, Son J, et al. 2023. Low-temperature loop-mediated isothermal amplification operating at

physiological temperature. Biosensors (Basel). 13(3),367. [doi: 10.3390/bios13030367].
37. Xia L, Zhang H, Lu Y, Cai J, Wang B, Jian J. Development of a loop-mediated isothermal amplification assay for rapid detection of

Nocardia salmonicida, the causative agent of nocardiosis in fish. J. Microbiol. Biotechnol. 25: 321-327. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


