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Food associated diseases pose significant public health threat in the United States. Health risks
associated with food-borne pathogens drive the need for constant monitoring of food products.

An efficient method that can diagnose food-borne pathogens rapidly will be invaluable and in

high demand. In this study, we showed the feasibility of a novel rapid detection platform based on
fluorescence imaging/detection that combines a user-friendly, portable loop mediated isothermal
amplification (LAMP) reaction device and a smartphone-based detection system. The proposed
platform was used to detect Staphylococcus aureus which is one of the most important food-borne
pathogen especially dairy products. The complete protocol is quicker; the reaction is performed under
isothermal conditions and completed in 1 h or less. Experimental results show that LAMP assays
were ten-fold more sensitive than PCR-based detection. The proposed smartphone detection system
was able to detect and quantify LAMP assay samples containing three different concentrations of

S. aureus from 10° CFU/mL down to 103 CFU/mL. The present proof-of-concept study demonstrated
that this platform offers a portable, easy to use method for measuring target pathogens with LAMP
amplification.

Food-borne pathogens are defined as biological agents that cause food-borne illness; they can be either viruses,
bacteria and eukaryotes like funguses, protozoa or helminths'. Every year, the Food and Drug Administration
(FDA) reports the outbreaks associated with food-borne pathogens; for instance, in 2020, it reported the con-
tamination of Escherichia coli, Listeria monocytogenes and Cyclospora in clover sprouts, Enoki mushrooms and
bagged salad, respectively (FDA 2020). Health risks associated with food-borne pathogens drive the need for
constant monitoring of food products. For microbial pathogen detection, the conventional method is bacterial
growth on a culture medium then on selective agar; it sometimes involves biochemical or serological testing.
This process has some disadvantages because it is time consuming, laborious and detection of non-culturable
pathogens is not possible?. By following the conventional methodology, the detection of E. coli O157 takes around
3 days, Salmonella 4-6 days and Vibrio parahaemolyticus around 7 days®. For this reason, new techniques emerged
which provide faster, more reliable and sensitive results; some of the most widely used are the polymerase chain
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reaction (PCR) and loop mediated isothermal amplification (LAMP). In PCR, the amplification process involves
the repeating of three temperature steps. The first step corresponds to DNA double-strand denaturation, the
second step involves the primers hybridization and the last one is the DNA extension®. After 35-40 cycles, it is
possible to obtain thousands to millions of copies starting with a single copy of DNA as a template®.

Diverse pathogens in food have been identified by PCR; among them are E. coli, Salmonella’, V. parahaemo-
Iyticus®, C. perfringens®, and L. monocytogenes'®. Nevertheless, to carry out the PCR, a PCR machine is neces-
sary, and the product needs to be loaded on agarose gel, stained with dye and visualized under UV light'!. These
limitations make PCR a difficult technique to be used in the field.

On the other hand, the LAMP technique developed by Notomi et al.!> amplifies DNA through the use of four
primers which recognize six distinct sequences in the target DNA. The complete protocol is quicker; the reaction
is performed under isothermal conditions and completed in 1 h or less'*. Food-borne pathogens identified by
this technique are Salmonella', S. aureus'>, Campylobacter'®, and L. monocytogenes. In this study, we demon-
strated that the LAMP reaction has great sensitivity for detecting S. aureus samples with various concentrations.
The LAMP reaction can be analyzed by agarose gel electrophoresis or other detection methods. However, these
post-amplification detection techniques require opening of the reaction tubes, which increases the risk of sample
contamination. To reduce this risk, products of LAMP amplification can be visualized through fluorescence signal
by adding diverse dyes such as SYBR green, calcein, SYTO 9 or berberine!®**. Some dyes enable the identifi-
cation of a positive or negative sample with the naked eye through color change. For example, the use of gold
nano-particles in LAMP generates a color change from transparent to pink on positive reactions?'. On the other
hand, the use of hydroxy naphtol blue (HNB) shows a purple coloration in negative reactions compared with a
blue coloration in positive ones'®. Another detection method is analyzing the turbidity derived from magnesium
pyrophosphate precipitation which is the by-product of LAMP reactions?. In this study, we showed that the
application of dyes such as HNB which can be seen with the naked eye and SYBR Safe dye which only needs a
blue light to be seen, is an easy way to visually distinguish between positive and negative results.

The evaluation of color change, however, will be dependent on the users’ eye sensitivity to color. For this
reason, there is a necessity to develop a device which will help to quantitatively interpret the result in a fast and
accurate way and also reduce issues such as false positives. In this study, we developed a novel rapid detection
platform that combines a user-friendly, portable LAMP reaction device and a smartphone-based detection
system, which enables point-of-cared (POC) testing and diagnostics. This cost-efficient device controls a low-
powered isothermal heating module and a LED excitation module via an Arduino microcontroller. The device
contains a reaction cuvette to carry out LAMP reaction in the isothermal heater and a USB camera to take an
image of the reagent inside the cuvette which is illuminated by an LED. The captured image is processed by a
smartphone application developed specifically for this study.

Materials and methods

Biological material and DNA extraction. Staphylococcus aureus and Serratia marcescens strains were
grown in Luria-Bertani broth at 30 °C and shaken for 24 h. MRS broth was employed to generate the Lactoba-
cillus casei biomass at 35 °C with agitation by 24 h. The cells were then centrifuged at 5000xg for 10 min. The
supernatant was discarded, and the pellet was used to do the DNA extraction. To carry out this objective, the
GeneJet Genomic DNA Purification kit (Thermo Scientific) was used, and the provider instructions were thor-
oughly followed. DNA quality was evaluated through agarose gel electrophoresis and quantified with Nanodrop
2000 (Thermo Scientific). Furthermore, defatted milk was inoculated with S. aureus at different concentrations;
samples were boiled for 10 min and centrifuged at 10,000xg. The supernatant was stored at 4 °C until its use as
a DNA template in the LAMP reaction.

Primers design and LAMP amplification. To detect S. aureus, oligonucleotides were designed based on
the FemA gene (DQ352463.1). The primers design was done by Primer Explorer V5 software (http://primerexpl
orer.jp/lampv5e/index.html). The primer set targeted six regions on the gene via a forward inner primer (FIP),
a backward inner primer (BIP), two outer primers (F3 and B3). The best set of primers were FIP 55CAAAGC
CATCATTCTCACGGGTA-ACTTTGTACAAAATCCATCATTGG3’, BIP 5'ACGACAATAACAAAGTAA
TTGCAGC-AACATAACTTCCCATAGTAGGA3', F3 5'TTAACTGTTACCGAATTTGACA3' and B3 5'CCA
TTACTGGACCACGATTC3'. The oligonucleotides were synthesized by Eurofins Genomics. A typical LAMP
reaction consisted of 1 x WarmStart Master Mix (Biolabs), 1.6 uM of FIP and BIP and 0.2 pM of F3 and B3 oligo-
nucleotides. Finally, several DNA and CFU concentrations were used as a template in the final volume reaction
of 25 pL. The mix was incubated in a water bath at 65 °C for 45 min and then stopped at 90 °C for 10 min. For
visual detection we used both 120 pM of HNB and 1 pL of SYBR Safe dye (Invitrogen) which was previously
diluted 1:10. SYBR safe dye was included during the incubation of samples to prevent any contamination and to
ensure quantification in one step with the apparatus. LAMP products were visualized through agarose gel under
a blue light transilluminator and with the naked eye.

Design of a portable device for LAMP reaction. We developed a novel rapid detection platform that
combines a user-friendly and portable LAMP reaction device (Fig. 1a) and the smartphone-based detection sys-
tem (Fig. 3), which enables point-of-cared (POC) testing and diagnostics. The LAMP reaction device requires a
heating element to heat up the fluorescence-based LAMP assay sample in the cuvette up to 65-70 °C. The Peltier
module is used as the heating element in this device (see Figs. 1b and 2b). The Peltier module is a compact semi-
conductor based electronic element that acts as a heat pump.

The device contains a printed circuit board (PCB) powered by an Arduino Nano microcontroller that allows
the heating unit to reach and maintain a specific temperature and the system to notify the completion of the

Scientific Reports |

(2022) 12:20655 | https://doi.org/10.1038/s41598-022-25190-6 nature portfolio


http://primerexplorer.jp/lampv5e/index.html
http://primerexplorer.jp/lampv5e/index.html

www.nature.com/scientificreports/

(@)
(b)

Cuvette
Cu tube

Power to
the Peltier

Cu plate
. module

Figure 1. (a) 3D design of portable LAMP detection device; (b) schematic of cuvette encased by Peltier
module.
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Figure 2. (a) 3d-printed apparatus for LAMP reaction, (b) cuvette holder heated by Peltier Module.
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Figure 3. Fluorescent image of a sample captured by a smart phone application.

LAMP reaction. Four AA 2500-mAh rechargeable batteries are used to power the heating unit and the LED
screen that displays temperature, battery charge level and heating completion message. These batteries also
power a light-emitting diode (LED) to illuminate the cuvette containing the fluorescence-based assay sample.
Figure 2 shows the 3D-printed apparatus for LAMP reaction and the cuvette holder. The excitation signal for
the fluorescent dye is provide by an LED. The light beam is passed through the cuvette where a portion of light
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Figure 4. Sensitivity of LAMP amplification. (a) LAMP products visualized in 2% agarose gel containing
different genomic DNA concentrations from S. aureus ranging from 1000 to 0.01 ng. DNA size marker is shown
in leftmost lane; and a no template control (NTC) is shown in rightmost lane. “M” indicates “molecular-weight
size marker” (b) LAMP products with SYBR safe dye observed under blue light at different DNA concentrations.
(c) LAMP products observed under naked eye with HNB dye with different DNA concentrations.

is absorbed and the rest is emitted. The light emission is captured by a USB camera installed within the device.
USB cameras have a short focal length and are compatible with Android. The captured images are uploaded and
analyzed on a smartphone app to correlate the fluorescence intensity with S. aureus concentration.

Smartphone application programming. A smartphone software application (app) was developed and
used to process images to quantify the bacterial count. The app can be used intuitively, requiring minimal input
from an untrained user. The app algorithm for fluorescent signal measurement involves capturing, storing and
processing the image of the sample?*. Color information from the image is extracted and matched with the Red,
Green, Blue (RGB) values to assist the user in selecting the target color. The source code of the android app was
created in the Android Studio Java language. Once an image is captured by the app, the pixel analysis is processed
and the percentage value of matching pixels throughout the entire image, which is correlated with the target
nucleic acid concentration, is calculated and displayed by pressing the analyze button (Fig. 3). The main func-
tion of the application is to allow the user to define the color of the emitted fluorescent light that will be utilized
to detect the target within the sample. Once an image is taken, the application allows the user to interact with
the selected image and allows for the touched pixel of the image to determine the RGB value. Further details are
found in Reference®.

Results

DNA extraction and LAMP amplification. The quantification done with a nanodrop of genomic DNA
from the S. aureus extraction yielded a concentration of 1480 ng/uL with a 230/260 ratio of 1.82. The visualiza-
tion of the DNA in the agarose gel shows that the samples are not degraded. To evaluate the sensitivity of LAMP,
different DNA concentrations were tested, ranging from 1000 ng to 10 pg. All the concentrations show the
multiple bands, which is expected under this technique through agarose gel (Fig. 4a). With the SYBR Safe dye,
the green-yellow fluorescence was observed under blue light on all samples containing the DNA template in
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Figure 5. Sensitivity of LAMP in milk samples. (a) LAMP products visualized in 2% agarose gel. DNA size
marker is shown in leftmost lane; and a no template control (NTC) is shown in rightmost lane. “M” indicates
“molecular-weight size marker” (b) LAMP amplification products with SYBR safe as a dye observed under blue
light from milk samples contaminated at several concentrations of S. aureus (10°-10* CFU/mL).

Figure 6. Specificity of LAMP primers to detect S. aureus. A LAMP reaction was developed against other
species bacteria to evaluate their specificity against S. aureus (Sa). In both bacteria tested there is no green
fluorescence indicating that there is no cross reaction with Serratia marcescens (Sm) and Lactobacillus casei (Lc);
which show a coloration like the non-template tube (NTC).

comparison with the no template control (NTC) which had an orange-yellow color (Fig. 4b). On the other hand,
reactions with HNB dye show a blue color in the positives and a purple color in the negative reaction (Fig. 4c).
Sensitivity on direct detection of S. aureus in inoculated milk samples was observed from 10° to 10* CFU/mL
(Fig. 5).

To evaluate the specificity of the primers, DNAs from Serratia marcescens and Lactobacillus casei were
employed as a control. Both strains show an orange color in the tube (Fig. 6), these assays prove that in-silico
designed primers are targeting S. aureus and there is no cross detection with other bacterial strains.

Mobile application for color sensitivity assay detection. Using the proposed smartphone detection
system, we analyzed LAMP products with various bacterial load levels. Experiments were performed to measure
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Figure 7. Fluorescence percentage (%) calculated by the smartphone app versus S. aureus concentration of
LAMP assay with the cut-off (red dotted line).

LAMP assay samples containing different concentrations of S. aureus (10° CFU/mL, 10° CFU/mL, and 10°* CFU/
mL). Our app showed testing results of quantifying S. aureus by the fluorescent dye. Figure 7 shows the average
percentages of fluorescence detected in assay. The app accommodated samples with S. aureus concentration
from 10° to 10 CFU/mL, and it is apparent that the percentage of fluorescence and concentration of S. aureus
have a linear relationship. From the present proof-of-concept study, this platform offers a portable, easy-to-use
method for measuring S. aureus concentration with LAMP amplification.

Discussion

Staphylococcus aureus is one of the most important food-borne pathogen and control of S. aureus is a signifi-
cant public health concern, especially in dairy products where several outbreaks of food poisoning have been
identified®*. Staphylococcus aureus can be introduced at almost every step of production. For this reason, it is
crucial to implement food safety strategies to avoid contamination in handling and processing, as well as moni-
toring and diagnosing all these steps in a timely fashion to guarantee a pathogen-free product.

One of the most important concerns about S. aureus is the production of a wide array of toxins that can lead
to food poisoning; however, staphylococcal food poisoning takes place when the pathogen populations exceed
10° cells per gram®. In this work, we were able to detect a lower number of cells, which allows us to identify S.
aureus accurately and rapidly before it reaches toxic levels. Some of the desired elements in a diagnostic technique
are its sensitivity and speed to obtain the results. Since the LAMP technique was developed, it has been used
as an important diagnostic tool. The LAMP is relatively easy to perform with high sensitivity. In this work we
were not able to detect DNA concentrations lower than 10 pg using this set of primers. However, in the previous
work of Sheet et al.?%, S. aureus was detected by LAMP using primers based on the gene nuc with a sensitivity of
0.052 pg and 9 x 10 CFU/mL. The femA gene was selected because of its high conservation in S. aureus isolates
and its previous successful use as a molecular marker in PCR and recently in LAMP?*"%,

In this work, the LAMP assay works with 0.01 ng of DNA. Previous study reports that 1 ng of DNA template
or less is essential for the LAMP detection compared with the PCR detection where 10 ng are necessary. It makes
LAMP 10 times more sensitive than PCR. Nevertheless, LAMP is less sensitive than nested PCR and qPCR?. To
compare the sensitivity of LAMP versus qPCR for detecting S. aureus, we reproduced the assay reported by Kim
et al.* with genomic DNA from S. aureus. We were able to detect 1 pg of DNA and calculated a limit of detection
(LOD) of 1.3 pg with qPCR. The result can be found in the supplementary information (Supplementary Fig. S1).
This sensitivity analysis showed that gQPCR was more sensitive than LAMP at detecting S. aureus DNA and CFU
as a template, which is consistent with published results®’. However, in terms of reaction time, LAMP reactions
are very fast (<60 min) as no thermocycling steps and specialized equipment are necessary; and results can be
obtained in as little as 15 min®'.

A common problem found in LAMP experiments is the amplification in the negative control; this issue has
been reported in previous research. Also, the mispriming in LAMP reactions can result in incorrect interpreta-
tions such as false positives®. The provider recommends carrying out the standardization of the LAMP reaction.
This can be done through the standardization of the pH, purity and ratio of the oligonucleotides, dye and DNA
concentration as well as temperature and reaction time. Furthermore, cross contamination can occur when the
lids of the reaction tube are opened. To prevent it, the use of agar capsules has been proposed®. In addition,
precautions must be taken during the master mix preparation. For instance, working in separate areas and the
use of micropipettes exclusive to the LAMP experiments, filter tips, DNAse and RNAse-free tubes and keeping
the workstation clean through the use of bleach are recommended (Supplementary Figs. S2 and S3).

This projects LAMP reaction and detection platform offers closed-tube fluorescent monitoring that does not
require opening the tube after amplification. The application developed and used in this study calculated the
percentage value of matching pixels throughout the entire image using the selected RGB value of the fluorescent
signal. This percentage value was correlated with the bacterial load concentration for which the coefficient of
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determination (R?) equals 0.986. This study combines an effective image processing algorithm coded into a
smartphone app with an inexpensive 3D printed apparatus that eliminated inaccurate visual monitoring and
allowed for the quantification of bacterial load and nucleic acid concentration. The portable LAMP reaction and
detection platform will eliminate the need for dedicated laboratory equipment for thermal cycling to operate
polymerase chain reaction (PCR) amplification. The present closed tube amplification eliminates the risk of
carry-over contamination and enables the real-time quantification of the amplified DNA for endpoint real-time
analysis. From the present proof-of-concept study, this platform based on fluorescence imaging/detection offers
a portable, simplified method to measure target pathogens with LAMP amplification.
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Received: 25 April 2022; Accepted: 25 November 2022
Published online: 30 November 2022

References
1. Bintsis, T. Foodborne pathogens. AIMS Microbiol. 3, 529-563 (2017).
2. Law, J. W,, Mutalib, N. A., Chan, K. & Lee, H. Rapid methods for the detection of foodborne bacterial pathogens: Principles,
applications, advantages and limitations. Front. Microbiol. 5, 770 (2015).
3. Li, Y, Fan, P, Zhou, S. & Zhang, L. Loop-mediated isothermal amplification (LAMP): A novel rapid detection platform for patho-
gens. Microb. Pathog. 107, 54-61 (2017).
4. Lorenz, T. C. Polymerase chain reaction: Basic protocol plus troubleshooting and optimization strategies. J. Vis. Exp. 63, €3998
(2012).
5. Ehtisham, M., Wani, F, Wani, I., Kaur, P. & Nissar, S. Poymerase chain reaction (PCR): Back to basics. Indian J. Contemp. Dent. 4,
30-35 (2016).
6. Godambe, L. P,, Bandekar, J. & Shashidhar, R. Species specific PCR based detection of Escherichia coli from Indian foods. 3 Biotech.
7,130 (2017).
7. Gwida, M. M. & Al-Ashmawy, M. A. M. Culture versus PCR for Salmonella species identification in some dairy products and dairy
handlers with special concern to its zoonotic importance. Vet. Med. Int. 2014, 502370 (2014).
8. Federici, S. et al. Development of a rapid PCR protocol to detect Vibrio parahaemolyticus in clams. J. Food Sci. Technol. 55, 749-759
(2018).
9. Anwar, Z., Regan, S. B. & Linden, J. Enrichment and detection of Clostridium perfringens toxinotypes in retail food samples. J. Vis.
Exp. 152, €59931 (2019).
10. Niederhauser, C. et al. Use of polymerase chain reaction for detection of Listeria monocytogenes in food. Appl. Environ. Microbiol.
58, 1564-1568 (1992).
11. Lee, P. Y., Costumbrado, J., Hsu, C. & Kim, Y. H. Agarose gel electrophoresis for the separation of DNA fragments. J. Vis. Exp. 62,
3923 (2012).
12. Notomi, T. et al. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. 28, €63 (2000).
13. Parida, M., Sannarangaiah, S., Dash, P. K,, Rao, P. V. L. & Morita, K. Loop mediated isothermal amplification (LAMP): A new
generation of innovative gene amplification technique; perspectives in clinical diagnosis of infectious diseases. Rev. Med. Virol.
18, 407-421 (2008).
14. Wang, L., Shi, L., Alam, M. J., Geng, Y. & Li, L. Specific and rapid detection of foodborne Salmonella by loop-mediated isothermal
amplification method. Food Res. Int. 41, 69-74 (2008).
15. Yang, H., Ma, X, Zhang, X., Wang, Y. & Zhang, W. Development and evaluation of a loop-mediated isothermal amplification assay
for the rapid detection of Staphylococcus aureus in food. Eur. Food Res. Technol. 232, 769-776 (2011).
16. Romero, M. R. & Cook, N. A rapid LAMP-based method for screening poultry samples for Campylobacter without enrichment.
Front. Microbiol. 9, 2401 (2018).
17. Birmpa, A., Kalogeropoulos, K., Kokkinos, P. & Vantarakis, A. Evaluation of two loop-mediated isothermal amplification methods
for the detection of Salmonella enteritidis and Listeria monocytogenes in artificially contaminated ready-to-eat fresh produce. Ital.
J. Food Saf. 4, 5383 (2015).
18. Zhou, D. et al. Establishment and application of a loop-mediated isothermal amplification (LAMP) system for detection of crylAc
transgenic sugarcane. Sci. Rep. 4, 4912 (2014).
19. Goto, M., Honda, E., Ogura, A., Nomoto, A. & Hanaki, K. Colorimetric detection of loop-mediated isothermal amplification
reaction by using hydroxy naphthol blue. Biotechniques 46, 167-172 (2009).
20. Fischbach, J., Xander, N. C., Frohme, M. & Glokler, J. F. Shining a light on LAMP assays’ A comparison of LAMP visualization
methods including the novel use of berberine. Biotechniques 58, 189-194 (2018).
21. Srimongkol, G. et al. Rapid colorimetric loop-mediated isothermal amplification for hypersensitive point-of-care Staphylococcus
aureus enterotoxin A gene detection in milk and pork products. Sci. Rep. 10, 7768 (2020).
22. Mori, Y., Nagamine, K., Tomita, N. & Notomi, T. Detection of loop-mediated isothermal amplification reaction by turbidity derived
from magnesium pyrophosphate formation. Biochem. Biophys. Res. Commun. 289, 150-154 (2001).
23. Rojas-Barboza, D. et al. Rapid, simple, low-cost smartphone-based fluorescence detection of Escherichia coli. Int. J. Agric. Biol.
Eng. 14, 189-193 (2021).
24. Kadariya, J., Smith, T. C. & Thapaliya, D. Staphylococcus aureus and staphylococcal food-borne disease: An ongoing challenge in
public health. Biomed Res. Int. 14, 827965 (2014).
25. Argaw, S. & Addis, M. A review on Staphylococcal food poisoning. Food Sci. Qual. Manag. 40, 59-71 (2015).
26. Sheet, O., Grabowski, N. T., Klein, G. & Abdulmawjood, A. Development and validation of a loop mediated isothermal amplifica-
tion (LAMP) assay for the detection of Staphylococcus aureus in bovine mastitis milk samples. Mol. Cell. Probes 30, 320-325 (2016).
27. Riyaz-Ul-Hassan, S., Verma, V. & Qazi, G. N. Evaluation of three different molecular markers for the detection of Staphylococcus
aureus by polymerase chain reaction. Food Microbiol. 25, 452-459 (2008).
28. Meng, X. et al. Rapid detection of mecA and femA genes by loop-mediated isothermal amplification in a microfluidic system for
discrimination of different Staphylococcal species and prediction of methicillin resistance. Front. Microbiol. 11, 1487 (2020).
29. Khan, M. et al. Comparative evaluation of the LAMP assay and PCR-based assays for the rapid detection of Alternaria solani.
Front. Microbiol. 9, 1-9 (2018).
30. Kim, E. et al. Real-time PCR method for the rapid detection and quantification of pathogenic Staphylococcus species based on
novel molecular target genes. Foods 10, 2839 (2021).
31. Reddy, R. V. C. et al. Reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay for the detection of rabies
virus. Adv. Anim. Vet. Sci. 4, 584-592 (2016).

Scientific Reports |

(2022) 12:20655 | https://doi.org/10.1038/s41598-022-25190-6 nature portfolio



www.nature.com/scientificreports/

32. Hardinge, P. & Murray, J. A. H. Reduced false positives and improved reporting of loop-mediated isothermal amplification using
quenched fluorescent primers. Sci. Rep. 9, 7400 (2019).

33. Karthik, K. et al. New closed tube loop mediated isothermal amplification assay for prevention of product cross-contamination.
MethodsX 1, 137-143 (2014).

Acknowledgements

This work is supported by “ALFA-IoT-Alliance for Smart Agriculture in the Internet of Things Era” (Award
Number 2018-38422-28564) and the Agriculture and Food Research Initiative-Agricultural Workforce Train-
ing Priority Area (Grant No. 2021-67037-10692/Project Accession No. 1025548), from the U.S. Department of
Agriculture, National Institute of Food and Agriculture. We also thank Consejo Nacional de Ciencia yTecnologia
(CONACyT), México for their support.

Author contributions

P.C.-A. and Y.H.P. wrote the main manuscript text; E.P. designed LAMP primer and performed LAMP experi-
ments; E.D. designed and supervised overall experiments; M.M. conducted PCR tests; D.V.-R., H.T., and J.E.
designed the 3D-printed device; ].S. helped develop the smartphone app algorithm.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-25190-6.

Correspondence and requests for materials should be addressed to Y.H.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:20655 | https://doi.org/10.1038/s41598-022-25190-6 nature portfolio


https://doi.org/10.1038/s41598-022-25190-6
https://doi.org/10.1038/s41598-022-25190-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Rapid identification of Staphylococcus aureus based on a fluorescence imagingdetection platform that combines loop mediated isothermal amplification assay and the smartphone-based system
	Materials and methods
	Biological material and DNA extraction. 
	Primers design and LAMP amplification. 
	Design of a portable device for LAMP reaction. 
	Smartphone application programming. 

	Results
	DNA extraction and LAMP amplification. 
	Mobile application for color sensitivity assay detection. 

	Discussion
	References
	Acknowledgements


