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Figure S1. The operation procedure of the Auto-Pure Mini extractor. 



 
Figure S2. Agarose gel electrophoresis results for optimization of RPA amplification. (A) Primer concentration, (B) reaction temperature, (C) 
reaction time. 



Table S1. Comments on five types of pathogens bacterial infection routes and symptoms 

Disease Bacteria 
Associated 

food products 
Route of infection Symptoms Comments References 

Leptospirosis 
Listeria 

monocytogenes 

Soft cheeses, 

pâté, milk, 

fried fish, and 

meat products 

Skin or mucous 

membranes (eyes, 

nose, or mouth) 

Septicemia, 

gastroenteritis, 

spontaneous abortion, 

meningitis, pneumonia 

Listeria monocytogenes is considered to be pathogenic to humans. 

Although the global incidence of listeriosis is low, the disease has 

a very high hospitalization rate (over 95%) and a high mortality 

rate. 

[1,2,3] 

Bumblefoot/ 
foodborne 

disease 

Staphylococcus 
aureus 

Mice, juice, 

shrimp, milk, 

meat products 

Consuming food or 

water contaminated 

with feces from 

infected animals or 

humans 

Acne, osteomyelitis, 

endocarditis, 

respiratory tract 

infection, and 

septicemia 

Zoonoses of Staphylococcus aureus are mainly associated with 

animal hosts (e.g. pigs, chickens), where methicillin-resistant 

Staphylococcus aureus (MRSA) is considered an emerging 

zoonotic pathogen of public health and veterinary importance. 

[4,5,6,7] 

Salmonellosis 
Salmonella 

enterica 

Pork products, 

poultry, 

seafood, milk, 

raw chicken, 

egg, shellfish 

Eating or drinking 
inhaling, skin 
penetration, 

contaminated food 

Fever, abdominal 

pain, headache, 

vomiting and 

sometimes septicemia 

Most cases were caused by Salmonella enterica and Salmonella 
typhimurium. There are more than 10,000 cases of salmonellosis 

in the United States each year, resulting in more than 3,526 

hospitalizations and 500 deaths. 

[8,9,10,11] 

Streptococcal 

meningitis 

syndrome 

(SMS) 

Streptococcus 
suis 

Meat products 

(Pigs cattle, 

sheep, goats) 

Consumption of 

contaminated pig 

products or exposure 

to sick pigs 

Meningitis, 

septicemia, 

pneumonia and 

arthritis 

Streptococcus suis can cause serious clinical disease in pigs and 

humans, and there have been two large outbreaks of fatal human 

infections in China. 

[12,13,14] 

Foodborne 
disease 

Escherichia coli 
O157:H7 

Vegetables, 

drinking water, 

meat and dairy 

products 

Livestock, drinking 

water, person-to-

person, animal 

exposure 

Diarrhea, vomiting, 

arthritis, meningitis, 

hemolytic uremic 

syndrome (HUS) 

The O157:H7 strain is consistently causing zoonotic foodborne 

and waterborne outbreaks. An estimated 73,480 cases of disease 

caused by Escherichia coli O157:H7 infection annually in the US 

result in 2,168 hospitalizations and 61 deaths. 

[15,16,17] 



Table S2. Characteristics of RPA and other isothermal amplification technologies 

Isothermal 
technique 

Template Primers 
Temperature 

(°C) 
Incubation 
time (min) 

Multiple 
detection 

References 

RPA DNA/RNA 2 37 15−20 Yes [18,19] 
RCA DNA/RNA 1 37 60−240 No [20,21] 

LAMP DNA 4-6 60-65 60 Yes [22,23] 
HAD DNA 2 60-65 30−120 No [24,25] 
SDA DNA 4 37 30 Yes [26,27] 

“RPA”: Recombinase Protein Amplification; “RCA”: Rolling circle Amplification; 

“LAMP”: Loop-mediated isothermal Amplification Method; “HAD”: Helicase-

Dependent Amplification; “SDA”: Strand Displacement Amplification.  



Table S3. The sequences of primers used in this study 

Target gene Gene The primer (5’−3’) 
Location 

(bp) 
References 

Listeria monocytogenes hlyA 
F: Cy5-CGATCACTCTGGAGGATACGTTGCTCAATT 

154 

[28] 

R: digoxin-TTACCAGGCAAATAGATGGACGATGTGAAA 

Staphylococcus aureus nuc 
F: FAM-CTTATAGGGATGGCTATCAGTAATGTTTCG 

158 
R: digoxin-CCACTTCTATTTACGCCGTTATCTGTTTGT 

Salmonella enterica fimY 
F: TAMRA-TATCAGATAAAACCTCCGCTATAACACAGT 

133 
R: digoxin-CTTTCCGATAAGCGAGGTTTGGAGGCTGAT 

Escherichia coli O157:H7 rfbE F: biotin-TATCTGCAAGGTGATTCCTTGATGGTCTCA 
176 

R:digoxin-AGGCCAGTTACCATCCTCAGCTATAGGGTG 

Streptococcus suis gdh 
F: TET-ATTCATCAAACAATTATCAAAGGTAAATCCAC 

147 / 
R: digoxin-CTTCATTTACTACTAACATTCGGATTTTGCAA 

F: forward primer; R:reverse primer; TAMRA: carboxytetramethylrhodamine; FAM: carboxy fluorescein; TET: tetrachlorofluorescein; Cy5: cyanine 5. 

  



Table S4. Comparison of the quintuple RPA-EuNP-LFSBs with other biosensors 

Method Analyte Food matrix LOD (CFUꞏmL-1) Reference 

pNC-based strip 

biosensor 
Salmonella enteritidis 

Potable water, 

cole slaw 

cabbage salad, 

watermelon 

juice, purple 

cabbage and 

salad 

102 [29] 

Colloidal gold 

nanoparticle-based 

immunochromatographic 

test strip 

Staphylococcus aureus − 103 [30] 

Electrochemical 

biosensors 
Listeria monocytogenes 

Lettuce, milk 

and ground 

beef 

103 [31] 

Two multianalyte Ab-

based LFIA 
Escherichia coli O157 Ground beef 105 [32] 

Colloidal gold-based 

immunochromatographic 

assay 

Streptococcus suis − 106 [33] 

SERS-based LF strip 

biosensor 

Listeria monocytogenes Milk, chicken 

breast and beef 

1.9 × 101 
[34] 

Salmonella enterica 2.7×101 

Pressed Paper-Based 

Dipstick 

Escherichia coli O157 
− 

105 
[35] 

S. typhimurium 106 

Phage display library 

technology 

Escherichia coli 
O157:H7 Cabbage 

103 
[36] 

Listeria monocytogenes 102 

ME-biosensor 

Methicillin-resistant 
Staphylococcus aureus 

− 

62.5 ± 11.0 

[37] 

Listeria monocytogenes 56.2 ± 11.8 

Escherichia coli 
O157:H7 

59.4 ± 10.5 

Salmonella 
Typhimurium 

56.0 ± 10.7 

Quintuple RPA-EuNP-

LFSBs 

Listeria monocytogenes 

Chicken, pork, 

beef, lamb, 

duck and milk 

1.5×101 

This 

study 

Staphylococcus aureus 3.2×101 

Streptococcus suis 2.2×101 

Salmonella enterica 1.9×101 

Escherichia coli 
O157:H7 

1.7×101 

“LOD”: limit of detection; “SERS”: surface-enhanced Raman scattering; “LF”: lateral flow; 



“AuNPs”: gold nanoparticles; “ME": magnetoelastic.



Table S5. The artificially contamination of individual strains in the samples. 

Samples 

(n=3 

Each)  

Listeria monocytogenes Staphylococcus aureus Streptococcus suis Salmonella enterica Escherichia coli O157:H7 

Inoculat

ion 

Level 

(CFU/m

L  or 

CFU/g) 

Quintuple 

RPA-

EuNP-

LFSBs 

DetectedC

oncentrati

on 

(CFU/mL 

or CFU/g) 

Recov

ery 

(%) 

cult

ure 

met

hod 

Inoculati

on Level 

(CFU/m

L or 

CFU/g) 

Quintuple 

RPA-

EuNP-

LFSBs 

DetectedC

oncentrati

on 

(CFU/mL 

or CFU/g) 

Recov

ery 

(%) 

cult

ure 

met

hod 

Inoculat

ion 

Level 

(CFU/m

L or 

CFU/g) 

Quintuple 

RPA-

EuNP-

LFSBs 

DetectedC

oncentrati

on 

(CFU/mL 

or CFU/g) 

Recov

ery 

(%) 

cult

ure 

met

hod 

Inoculat

ion 

Level 

(CFU/m

L or 

CFU/g) 

Quintuple 

RPA-

EuNP-

LFSBs 

DetectedC

oncentrati

on 

(CFU/mL 

or CFU/g) 

Recov

ery 

(%) 

cult

ure 

met

hod 

Inoculat

ion 

Level 

(CFU/m

L or 

CFU/g) 

Quintuple 

RPA-

EuNP-

LFSBs 

DetectedC

oncentrati

on 

(CFU/mL 

or CFU/g) 

Recov

ery 

(%) 

cult

ure 

met

hod 

Chicken 

1.9×104  1.86×104 97.9  + 3.8×104 3.66×104 96.3  + 2.4×104 2.33×104 97.1  + 2.2×104 2.09×104 95.0  + 1.9×104 1.85×104 97.4  + 

1.9×103  1.92×103 101.1  + 3.8×103 3.72×103 97.9  + 2.4×103 2.36×103 98.3  + 2.2×103 2.03×103 92.3  + 1.9×103 1.88×103 98.9  + 

1.9×102  1.77×102 93.2  + 3.8×102 3.76×102 98.9  + 2.4×102 2.24×102 93.3  + 2.2×102 2.13×102 96.8  + 1.9×102 1.82×102 95.8  + 

1.9×101  1.83×101 96.3  − 3.8×101 3.66×101 96.3  − 2.4×101 2.31×101 96.3  − 2.2×101 2.03×101 92.3  − 1.9×101 1.75×101 92.1  − 

Pork 

1.9×104  1.87×104 98.4  + 3.8×104 3.88×104 100.0  + 2.4×104 2.32×104 96.7  + 2.2×104 2.13×104 96.8  + 1.9×104 1.81×104 95.3  + 

1.9×103  1.88×103 98.9  + 3.8×103 3.78×103 99.5  + 2.4×103 2.40×103 100.0  + 2.2×103 2.10×103 95.5  + 1.9×103 1.84×103 96.8  + 

1.9×102  1.92×102 101.1  + 3.8×102 3.76×102 98.9  + 2.4×102 2.23×102 92.9  + 2.2×102 2.15×102 97.7  + 1.9×102 1.79×102 94.2  + 

1.9×101  1.87×101 98.4  − 3.8×101 3.67×101 96.6  − 2.4×101 2.27×101 94.6  − 2.2×101 2.06×101 93.6  − 1.9×101 1.88×101 98.9  − 

Beef 

1.9×104 1.87×104 98.4  + 3.8×104 3.81×104 100.3 + 2.4×104 2.26×104 94.2  + 2.2×104 2.16×104 98.2  + 1.9×104 1.87×104 98.4  + 

1.9×103 1.88×103 98.9  + 3.8×103 3.77×103 99.2  + 2.4×103 2.33×103 97.1  + 2.2×103 2.15×103 97.7  + 1.9×103 1.85×103 97.4  + 

1.9×102 1.74×102 91.6  + 3.8×102 3.75×102 98.7  + 2.4×102 2.35×102 97.9  + 2.2×102 2.08×102 94.5  + 1.9×102 1.89×102 99.5  + 

1.9×101 1.75×101 92.1  − 3.8×101 3.72×101 97.9  − 2.4×101 2.33×101 97.1  − 2.2×101 2.05×101 93.2  − 1.9×101 1.83×101 96.3  − 

Lamb 
1.9×104 1.77×104 93.2  + 3.8×104 3.73×104 98.2  + 2.4×104 2.36×104 98.3  + 2.2×104 2.13×104 96.8  + 1.9×104 1.91×104 100.5  + 

1.9×103 1.88×103 98.9  + 3.8×103 3.77×103 99.2  + 2.4×103 2.30×103 95.8  + 2.2×103 2.16×103 98.2  + 1.9×103 1.90×103 100.0  + 



1.9×102 1.82×102 95.8  + 3.8×102 3.71×102 97.6  + 2.4×102 2.21×102 92.1  + 2.2×102 2.19×102 99.5  + 1.9×102 1.87×102 98.4  + 

1.9×101 1.83×101 96.3  − 3.8×101 3.70×101 97.4  − 2.4×101 2.3×101 95.8  − 2.2×101 2.05×101 93.2  − 1.9×101 1.85×101 97.4  − 

Duck 

1.9×104 1.85×104  97.4  + 3.8×104 3.76×104 98.9  + 2.4×104 2.27×104 94.6  + 2.2×104 2.19×104 99.5  + 1.9×104 1.89×104 99.5  + 

1.9×103 1.74×103 91.6  + 3.8×103 3.77×103 99.2  + 2.4×103 2.26×103 94.2  + 2.2×103 2.17×103 98.6  + 1.9×103 1.86×103 97.9  + 

1.9×102 1.78×102 93.7  + 3.8×102 3.78×102 99.5  + 2.4×102 2.31×102 96.3  + 2.2×102 2.13×102 96.8  + 1.9×102 1.81×102 95.3  + 

1.9×101 1.76×101 92.6  − 3.8×101 3.71×101 97.6  − 2.4×101 2.35×101 97.9  − 2.2×101 2.08×101 94.5  − 1.9×101 1.79×101 94.2  − 

Milk 

1.9×104 1.88×104 98.9  + 3.8×104 3.79×104 99.7  + 2.4×104 2.38×104 99.2  + 2.2×104 2.1×104 95.5  + 1.9×104 1.89×104 99.5  + 

1.9×103 1.87×103 98.4  + 3.8×103 3.77×103 99.2  + 2.4×103 2.37×103 98.8  + 2.2×103 2.14×103 97.3  + 1.9×103 1.87×103 98.4  + 

1.9×102 1.79×102 94.2  + 3.8×102 3.75×102 98.7  + 2.4×102 2.35×102 97.9  + 2.2×102 2.17×102 98.6  + 1.9×102 1.81×102 95.3  + 

1.9×101 1.75×101 92.1  − 3.8×101 3.72×101 97.9  − 2.4×101 2.32×101 96.7  − 2.2×101 2.09×101 95.0  − 1.9×101 1.84×101 96.8  − 

"culture method": the bacteriological analytical manual (BAM) or the national standard (GB/T 19915.2-2005).



Table S6. Five target bacteria co-existed in the food samples. 

Samples (n=3 

Each)  
Strains 

Inoculation Level* 

(CFU/mL or 

CFU/g) 

Quintuple RPA-EuNP-

LFSBs Detected 

Concentration 

(CFU/mL or CFU/g) 

Recoveries (%) 
culture 

method 

Chicken 

Streptococcus suis 2.2×104 2.07×104 

90.6−97.8 + 

Staphylococcus aureus 3.2×104 3.13×104 

Salmonella enterica 1.9×104 1.79×104 

Escherichia coli O157:H7 1.7×104 1.54×104 

Listeria monocytogenes 1.5×104 1.41×104 

Streptococcus suis 2.2×103 2.04×103 

92.7−100.9 + 

Staphylococcus aureus 3.2×103 3.23×103 

Salmonella enterica 1.9×103 1.86×103 

Escherichia coli O157:H7 1.7×103 1.63×103 

Listeria monocytogenes 1.5×103 1.45×103 

Streptococcus suis 2.2×102 2.19×102 

93.4−101.6 + 

Staphylococcus aureus 3.2×102 2.99×102 

Salmonella enterica 1.9×102 1.93×102 

Escherichia coli O157:H7 1.7×102 1.71×102 

Listeria monocytogenes 1.5×102 1.43×102 

Streptococcus suis 2.2×101 2.16×101 

91.6−100.6 − 

Staphylococcus aureus 3.2×101 3.16×101 

Salmonella enterica 1.9×101 1.74×101 

Escherichia coli O157:H7 1.7×101 1.71×101 

Listeria monocytogenes 1.5×101 1.41×101 

Pork 

Streptococcus suis 2.2×104 2.17×104 

91.6−100.5 + 

Staphylococcus aureus 3.2×104 2.93×104 

Salmonella enterica 1.9×104 1.91×104 

Escherichia coli O157:H7 1.7×104 1.69×104 

Listeria monocytogenes 1.5×104 1.44×104 

Streptococcus suis 2.2×103 2.20×103 

91.1−100.0 + 

Staphylococcus aureus 3.2×103 3.19×103 

Salmonella enterica 1.9×103 1.73×103 

Escherichia coli O157:H7 1.7×103 1.67×103 

Listeria monocytogenes 1.5×103 1.45×103 

Streptococcus suis 2.2×102 2.16×102 

95.3−100.0 + 

Staphylococcus aureus 3.2×102 3.20×102 

Salmonella enterica 1.9×102 1.88×102 

Escherichia coli O157:H7 1.7×102 1.68×102 

Listeria monocytogenes 1.5×102 1.43×102 

Streptococcus suis 2.2×101 2.13×101 96.5−101.6 − 



Staphylococcus aureus 3.2×101 3.23×101 

Salmonella enterica 1.9×101 1.93×101 

Escherichia coli O157:H7 1.7×101 1.64×101 

Listeria monocytogenes 1.5×101 1.48×101 

Beef 

Streptococcus suis 2.2×104 2.04×104 

92.5−97.6 + 

Staphylococcus aureus 3.2×104 2.96×104 

Salmonella enterica 1.9×104 1.84×104 

Escherichia coli O157:H7 1.7×104 1.66×104 

Listeria monocytogenes 1.5×104 1.44×104 

Streptococcus suis 2.2×103 2.07×103 

94.1−101.3 + 

Staphylococcus aureus 3.2×103 3.24×103 

Salmonella enterica 1.9×103 1.81×103 

Escherichia coli O157:H7 1.7×103 1.71×103 

Listeria monocytogenes 1.5×103 1.43×103 

Streptococcus suis 2.2×102 2.16×102 

90.7−98.2 + 

Staphylococcus aureus 3.2×102 2.96×102 

Salmonella enterica 1.9×102 1.79×102 

Escherichia coli O157:H7 1.7×102 1.67×102 

Listeria monocytogenes 1.5×102 1.36×102 

Streptococcus suis 2.2×101 2.01×101 

91.4−101.2 − 

Staphylococcus aureus 3.2×101 3.21×101 

Salmonella enterica 1.9×101 1.80×101 

Escherichia coli O157:H7 1.7×101 1.72×101 

Listeria monocytogenes 1.5×101 1.43×101 

Lamb 

Streptococcus suis 2.2×104 2.03×104 

92.3−101.6 + 

Staphylococcus aureus 3.2×104 3.25×104 

Salmonella enterica 1.9×104 1.78×104 

Escherichia coli O157:H7 1.7×104 1.72×104 

Listeria monocytogenes 1.5×104 1.45×104 

Streptococcus suis 2.2×103 2.08×103 

92.7−101.3 + 

Staphylococcus aureus 3.2×103 3.24×103 

Salmonella enterica 1.9×103 1.92×103 

Escherichia coli O157:H7 1.7×103 1.68×103 

Listeria monocytogenes 1.5×103 1.39×103 

Streptococcus suis 2.2×102 2.11×102 

94.7−101.1 + 

Staphylococcus aureus 3.2×102 3.10×102 

Salmonella enterica 1.9×102 1.92×102 

Escherichia coli O157:H7 1.7×102 1.69×102 

Listeria monocytogenes 1.5×102 1.42×102 

Streptococcus suis 2.2×101 2.13×101 

94.7−101.1 − Staphylococcus aureus 3.2×101 3.10×101 

Salmonella enterica 1.9×101 1.92×101 



Escherichia coli O157:H7 1.7×101 1.71×101 

Listeria monocytogenes 1.5×101 1.42×101 

Duck 

Streptococcus suis 2.2×104 2.19×104 

94.5−101.2 + 

Staphylococcus aureus 3.2×104 3.02×104 

Salmonella enterica 1.9×104 1.77×104 

Escherichia coli O157:H7 1.7×104 1.72×104 

Listeria monocytogenes 1.5×104 1.47×104 

Streptococcus suis 2.2×103 2.08×103 

94.5−100.7 + 

Staphylococcus aureus 3.2×103 3.10×103 

Salmonella enterica 1.9×103 1.86×103 

Escherichia coli O157:H7 1.7×103 1.69×103 

Listeria monocytogenes 1.5×103 1.51×103 

Streptococcus suis 2.2×102 2.18×102 

94.2−101.3 + 

Staphylococcus aureus 3.2×102 3.18×102 

Salmonella enterica 1.9×102 1.79×102 

Escherichia coli O157:H7 1.7×102 1.68×102 

Listeria monocytogenes 1.5×102 1.52×102 

Streptococcus suis 2.2×101 2.12×101 

95.3−101.2 − 

Staphylococcus aureus 3.2×101 3.05×101 

Salmonella enterica 1.9×101 1.90×101 

Escherichia coli O157:H7 1.7×101 1.72×101 

Listeria monocytogenes 1.5×101 1.51×101 

Milk 

Streptococcus suis 2.2×104 2.11×104 

95.3−100.6 + 

Staphylococcus aureus 3.2×104 3.22×104 

Salmonella enterica 1.9×104 1.82×104 

Escherichia coli O157:H7 1.7×104 1.69×104 

Listeria monocytogenes 1.5×104 1.43×104 

Streptococcus suis 2.2×103 2.13×103 

96.8−101.6 + 

Staphylococcus aureus 3.2×103 3.22×103 

Salmonella enterica 1.9×103 1.93×103 

Escherichia coli O157:H7 1.7×103 1.66×103 

Listeria monocytogenes 1.5×103 1.47×103 

Streptococcus suis 2.2×102 2.22×102 

96.0−100.9 + 

Staphylococcus aureus 3.2×102 3.12×102 

Salmonella enterica 1.9×102 1.91×102 

Escherichia coli O157:H7 1.7×102 1.67×102 

Listeria monocytogenes 1.5×102 1.44×102 

Streptococcus suis 2.2×101 2.23×101 

94.2−101.4 − 

Staphylococcus aureus 3.2×101 3.22×101 

Salmonella enterica 1.9×101 1.79×101 

Escherichia coli O157:H7 1.7×101 1.63×101 

Listeria monocytogenes 1.5×101 1.51×101 



"*": Equal volume factor mixing at different concentration levels before and after mixing; "culture 

method": the bacteriological analytical manual (BAM) or the national standard (GB/T 19915.2-

2005).  
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