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Abstract
The development of cost-effective, portable, and ease-of-use sensing system for on-site genetic diagnostics is highly desir-
able for pathogen screening and infectious disease diagnosis. This study develops (1) a paper-based biochip which is able 
to integrate the loop-mediated isothermal amplification (LAMP) protocols for simultaneous detection of Escherichia coli 
O157:H7, Salmonella spp., and Staphylococcus aureus, and (2) a stand-alone smartphone-based portable device which can 
control exactly 65 °C for isothermal amplification as well as collect and analyze the thus generated fluorescence signals. The 
reported sensing system has been successfully demonstrated for foodborne pathogen detection with a limit of detection of 
2.8 ×  10−5 ng μL−1. Spiked milk samples with concentration as low as 10 CFU  mL−1 were successfully determined within 4 h, 
demonstrating the practicality of the reported sensing system in the fields. The reported sensing system featuring simplicity 
and reliability is ideally suited for genetic diagnostics in low resource settings.

Keywords Loop-mediated isothermal amplification · Point-of-need detection · E. coli O157:H7 · Salmonella spp · S. 
aureus

Introduction

Foodborne illness, mostly caused by biological contaminants 
such as bacteria, viruses, and parasites, constitute a global 
health threat. As reported by the World Health Organization 
(WHO), over 400,000 deaths annually are caused by food-
borne illness worldwide [1–3]. Escherichia coli O157:H7 
(E. coli O157:H7), Salmonella spp., and Staphylococcus 
aureus (S. aureus) are considered to be the most common 
foodborne pathogens causing most of food-related human 
illnesses worldwide [3]. In order to effectively control the 
spread of foodborne illness and decrease their severity, it is 

crucial to develop rapid and simple methods to determine 
foodborne pathogens at the points of contamination and/
or consumption [4–10]. At present, culture-based protocols, 
immunoassays, as well as nucleic acid amplification tests, 
are the extensively used methods for foodborne pathogen 
determination [8–10]. Among them, the nucleic acid ampli-
fication test is becoming the golden standard, since they can 
directly detect DNA/RNA of pathogens with high sensitivity 
and specificity.

In a conventional polymerase chain reaction (PCR) test, a 
specific genetic locus can be exponentially amplified to tril-
lions of copies via thermal recombination of nucleic acids 
under thermal cycle operations. However, this sophisticated 
thermocyclers and multiple temperature controls of conven-
tional PCR limit their applications in point-of-care testing 
(POCT) [11, 12]. To address this critical issue, various iso-
thermal amplification approaches which eliminate thermal 
cyclers have been discovered, including enzyme-assisted 
amplification strategies such as loop-mediated isothermal 
amplification (LAMP) [13–15], rolling circle amplification 
(RCA) [16], recombinase polymerase amplification (RPA) 
[17], helicase-dependent amplification (HDA) [18], nucleic 
acid sequence–based amplification (NASBA) [19], strand 
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displacement amplification (SDA) [20], rolling circle tran-
scription (RCT) [21], and enzyme-free amplification strate-
gies such as hybridization chain reaction (HCR) [22] and 
catalytic hairpin assembly (CHA) [23].

Especially, due to its advantages such as one-step reac-
tions, excellent specificity, amplification at a relatively low 
temperature, and high resistance to possible inhibitors in 
clinical samples, LAMP is becoming an ideal isothermal 
amplification technique for POCT applications. Especially, 
LAMP has been intensively used to develop sample-in-
answer-out microdevices [4, 5, 11–15, 24–26]. For example, 
LAMP technique has been well integrated with microfluidic 
chip to develop internet of things (IoT)–based POCT device 
for simultaneous analysis of As1e, N, and E genes of SARS-
CoV-2 [14].

However, to realize the determination of foodborne 
pathogens at the points of need, the challenge still exists 
in the lack of portable devices which can provide accurate 
temperature control for isothermal amplification and pre-
cisely collect detection signals generated by amplification 
reaction. Recently, smartphones can be readily conditioned 
to develop easy-to-use portable devices for POCT applica-
tions, by taking advantages of their powerful built-in sen-
sors, advanced computing capability, as well as user-friendly 
operation interface. Smartphone-based sensing devices can 
facilitate point-of-need detection in resource-constrained 
environments, because smartphone can simplify the instru-
ment design by serving as detector, monitor, as well as lap-
top computers simultaneously [14, 15, 24, 27–35].

Herein, a portable device was developed for on-site 
amplification and detection of nucleic acids in elementary 
conditions through integrating a smartphone with specifi-
cally designed peripheral accessories: a 3D-printed imaging 
dark box integrated with optical elements, a heating plate 
connected with the temperature control circuit module, and 

a chip interface. In order to achieve on-site high-throughput 
analysis, a paper-based biochip was designed for the inte-
gration of LAMP protocols and subsequent fluorometric 
detection of multiple foodborne pathogens. An open-source 
Android APP was used for extracting RGB value of fluo-
rescence images of biochips for data analysis. The smart-
phone-based portable device integrated with paper-based 
biochips is successfully applied to multiplexed detection of 
E. coli O157:H7, Salmonella spp., and S. aureus in milk 
(Scheme 1). Notably, the following distinctive features high-
light the advantages of this study: (1) accurate temperature 
control guarantees the successful amplification of DNA/
RNA, (2) uniform excitation of the fluorophores on the chip 
guarantees the precise detection, and (3) simultaneous detec-
tion of three analytes with minimal manual operation as well 
as reagent consumption.

Experimental

Materials

The LAMP reagent containing Bst 2.0 WarmStart DNA 
polymerase, 10 × isothermal amplification buffer, 100 mM 
 MgSO4 and dNTPs, was purchased from New England Bio-
Labs (Ipswich, MA, USA). Primers, plasmid DNA (pDNA) 
of E. coli O157:H7, Salmonella spp. and S. aureus, and aga-
rose powder were obtained from Sangon (Shanghai, China). 
 MnCl2 and Calcein (CAS No.: 154071–48-4,  C30H26N2O13, 
2,2′,2″,2″′-[(3′,6′-dihydroxy-3-oxo-3H-spiro[2-benzofuran-
1,9′-xanthene]-2′,7′-diyl)bis (methanediylnitrilo)] tetraacetic 
acid) were purchased from Macklin (Shanghai, China) and 
Sigma-Aldrich (St. Louis, MO, USA), respectively. PDMS 
prepolymer (Sylgard 184) and curing agent were obtained 
from Dow Corning. Whatman filter paper grade 1 and 
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Scheme  1  Schematic illustration of the on-site detection of food-
borne pathogens using a paper-based biochip which integrate the 
LAMP protocols and a smartphone-based portable device which can 

control the exact 65 °C for isothermal amplification as well as collect 
and analyze the thus generated fluorescence signals
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Gel-Red was purchased from Beyotime Biotechnology 
(Shanghai, China). The Wizard genomic DNA purification 
kit was obtained from Promega (Madison, WI, USA). S. 
aureus real-time PCR kit was purchased from Zeye Bio-
technology (Shanghai, China). A 100 bp DNA size marker 
was obtained from Sparkjade Biotechnology (Shandong, 
China). Loading buffer was purchased from Dingguo Bio-
technology (Beijing, China). 50 × TAE buffer was purchased 
from YuanYe Biotechnology (Shanghai, China). Clinx Gel 
imaging system (Shanghai, China) was used to detect the 
target bands.

LAMP protocols for detection of E. coli O157:H7, 
Salmonella spp. and S. aureus

The eaeA gene of E. coli O157:H7, the invA gene of Salmo-
nella spp., and the nuc gene of S. aureus are selected as tar-
get genes, according to previous reports [4]. PrimerExplorer 
V5 (http:// prime rexpl orer. jp/e/) is used to design primers, 
and BLAST search is performed to verify the primers [6]. 
Table S1 and Table S2 list all the primer sequences and 
experimental details for LAMP reactions which are per-
formed at 65 °C for 30 min, respectively. The combination of 
calcein and  Mn2+ is used as the fluorescent indicator of suc-
cessful amplification, due to its low cost, field applicability 
as well as insignificant inhibition on LAMP process [36, 37].

Fabrication of the paper‑based isothermal 
amplification chip

To fabricate the isothermal amplification biochip, Whatman 
filter paper (grade 1) is used as the substrate [21, 38]. The 
whole fabrication process is illustrated in Fig. 1a and Video 
S1. In brief, the paper-based biochip consists of two separate 
functional zones: one reaction zone (30 × 30 mm) and one 
detection zone (30 × 30 mm). Each functional zone contains 
eight identical circular reaction chambers (6 mm in diam-
eter) which are created on paper substrates by compressing a 
set of 3D-printed molds with complementary shapes (step 1). 
To prevent possible leakage and/or evaporation of reagents 
during isothermal amplification, PDMS was used as sealing 
material. The paper with embossed pattern was immersed 
in a mixture of PDMS prepolymer and curing agent (w/w, 
10:1) for 5 min (step 2). Then, a PDMS layer (1 mm thick) 
with eight holes (6 mm in diameter) was attached onto the 
paper-based biochip by being aligned with the chambers cre-
ated on the paper (step 3). After being baked in the oven at 
80 °C overnight, the reaction zone of paper-based biochip 
was sealed with another PDMS layer (1 mm thick), followed 
by being baked in the oven at 80 °C for 2 days (step 4). 
Finally, eight paper discs (6 mm in diameter) were prepared 
and fixed onto the eight chambers created on the detection 
zone of paper-based biochip (step 5).
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Fig. 1  a Schematic images illustrating the step-by-step fabrication 
process of the paper-based biochip; b–c SEM images of the paper-
based biochip before (b) and after (c) PDMS modification. The upper 

right inset in each image presents its water contact angles, whereas 
the lower left inset shows the photograph of red ink droplets dripped 
on paper.
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Finally, the LAMP reagents are pre-loaded into the reac-
tion chambers on the reaction zone to prepare the paper-
based biochips which are stored at 4 °C refrigerator before 
usage. Specifically, to fabricate the paper-based biochips 
for simultaneous detection of multiple pathogens, each two 
chambers are loaded with one kind of primer for duplicated 
detections, and the remaining two chambers are used as the 
negative control. For example, as illustrated in Figure S1, 
primers for E. coli O157:H7, Salmonella spp. as well as S. 
aureus are pre-loaded to prepare a typical biochip to demon-
strate multiplexed analysis of E. coli O157:H7, Salmonella 
spp., and S. aureus.

Fabrication of the smartphone‑based portable 
device

As illustrated in Fig. 2, the smartphone-based portable 
device consists of the following main parts: (1) an adap-
tor (Fig. 2b, 118.7 mm × 81.0 mm × 18.6 mm) for smart-
phone assembly; (2) a mini image dark box (Fig.  2b, 
65.2  mm × 72.4  mm × 93.8  mm) contains (3) two UV 
lamp beads (300–310  nm, 10–15 mW) serving as the 
excitation light source, (4) a heating plate (Fig.  2b, 
35.0 mm × 35.0 mm), and (5) a temperature control module 
(Fig. 2b, 40.5 mm × 48.5 mm). The whole device is fabri-
cated by a HP Jet Fusion 3D 3200 printer, and Multi-Jet 
Fusion Nylon is used as the printing material. In this study, 

a Redmi K40 smartphone which equips a 48-megapixel 
backside-illuminated IMX582 sensor (ISO 800; f: 1.79), 
was used for the fluorescence image capture.

Multiplexed detection of foodborne pathogens

The genomic DNA (gDNA) of Salmonella spp. was used 
to determine the sensitivity and selectivity of paper-based 
biochip for pathogen detection. To determine the sensitivity 
of paper-based biochip, 5 μL of Salmonella spp. gDNA with 
different concentrations (2.8 ×  10−7, 2.8 ×  10−6, 2.8 ×  10−5, 
2.8 ×  10−4, 2.8 ×  10−3 and 2.8 ×  10−2 ng μL−1) was added into 
the chambers in reaction zone of the biochip. To evaluate the 
selectivity of paper-based biochip, 5 μL of Salmonella spp. 
gDNA (2.8 ×  10−5 ng μL−1) was added into three different 
chambers in reaction zone of the biochip which were pre-
loaded with primers for E. coli O157:H7, Salmonella spp., 
and S. aureus, respectively. Then, the biochip was inserted 
into the smartphone-based portable device for amplification 
at 65 °C for 30 min. To validate the device for the successful 
amplification of nucleic acid, the products were subjected 
to gel electrophoresis, and the obtained gels were analyzed 
in Clinx Gel imaging system (Shanghai Qinxiang, China). 
In addition, to validate the device as a stand-alone device, 
the products were also transferred to the discs fixed on the 
detection zone of the biochip and thereafter subjected to the 
device for fluorescence image capture and further analysis. 
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Fig. 2  a Schematic illustration of main components of the smart-
phone-based portable device, including a heating plate connected 
with a temperature control circuit module, a 3D-printed imaging dark 
box integrated with optical elements, a chip interface and an adaptor. 
b Detailed size information are displayed in photograph of the actual 

smartphone-based portable device. c A block diagram of the tempera-
ture control circuit module. d Photograph of the actual temperature 
control circuit module. e Real-time temperature change curve of the 
heating plate connected with the temperature control circuit module.
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Figure S2 illustrated the key steps involved in the fabrication 
of the paper-based isothermal amplification chip, and using 
the smartphone-based portable device for amplification and 
thereafter collection of detection signals.

Multiplexed detection of E. coli O157:H7, Salmonella 
spp., and S. aureus were demonstrated using the paper-
based isothermal amplification chip and the smartphone-
based portable device (Video S1). In brief, a mixed solution 
containing gDNA with different combination was added to 
the isothermal amplification chip. Then, the biochip was 
inserted into the smartphone-based portable device for 
amplification at 65 °C for 30 min. At last, gel electrophore-
sis and the smartphone-based portable device were used to 
collect and analyze the results.

Spiked sample analysis

To validate its practicability, the reported system was used to 
analyze the artificially contaminated milk samples. In brief, 
1.0 mL S. aureus solution (1.5 ×  108 CFU  mL−1) was added 
into 0.5 mL milk to prepare stock solution, followed by step-
wise dilution using milk to obtain the spiked samples with 
different concentrations  (100,  101,  102,  103,  104 CFU  mL−1). 
Then, following the standard protocol provided by the manu-
facturer (please refer to Supplementary Information for more 
details), 1 mL of the spiked milk was used for gDNA extrac-
tion via DNA purification kit at the Clinical Laboratory of 
the Seventh Affiliated Hospital of Sun Yat-sen University. 
Finally, the purified gDNA was added to the paper-based 
biochip and subjected to the smartphone-based portable 
device for isothermal amplification and data collection.

Results and discussion

LAMP protocols for E. coli O157:H7, Salmonella spp., 
and S. aureus

Due to the elimination of sophisticated thermocyclers and 
multiple temperature controls, LAMP can substantially sim-
plify portable device design for POCT applications. Herein, 
LAMP protocols for the detection of E. coli O157:H7, Sal-
monella spp., and S. aureus were established in this study. 
Figure S3 demonstrated the detection of LAMP amplicons 
after a 30-min reaction inside the tube heated at 65 °C. Obvi-
ous gel bands (Figure S3a–S3c) and green fluorescence (Fig-
ure S3d–S3f) can only be observed when the concentration 
of pDNA reaches to 6.4 ×  10−7 ng μL−1, suggesting the limit 
of detection (LOD) for E. coli O157:H7, Salmonella spp., 
and S. aureus using this LAMP protocols inside the tube is 
6.4 ×  10−7 ng μL−1.

LAMP mainly depends on three sets of specially 
designed primers and polymerase with high strand dis-
placement activity to amplify six gene regions of target 
DNA, ensuring high specificity. As anticipated, only 
LAMP amplicons of E. coli O157:H7 can be detected 
in the presence of E. coli O157:H7 primers (lane 1 of 
Figure S4a and tube 1 of Figure S4d). Similarly, only 
LAMP amplicons of Salmonella spp. and S. aureus can 
be detected in the presence of Salmonella spp. primers 
(lane 1 of Figure S4b and tube 1 of Figure S4e) and S. 
aureus primers (lane 1 of Figure S4c and tube 1 of Figure 
S4f), respectively. These results validate good specificity 
of the established LAMP protocols for detection of E. coli 
O157:H7, Salmonella spp., and S. aureus.

The paper‑based isothermal amplification chip

To achieve on-site high-throughput analysis, the estab-
lished LAMP protocols are integrated into a paper-based 
biochip. Figure 1a and Figure S5 illustrated the whole 
fabrication process of the paper-based isothermal ampli-
fication chip. PDMS is used as sealing material to prevent 
possible leakage of LAMP reagents as well as aerosol pol-
lution by immersing the paper with embossed pattern into 
a mixture of PDMS prepolymer and curing agent [26]. As 
shown in Fig. 1b, before PDMS modification, the scan-
ning electron microscopy (SEM) image of filter paper 
revealed a highly porous matrix formed by the overlapping 
cellulose fiber networks. However, after PDMS modifi-
cation, the SEM image of filter paper exhibited a planar 
surface (Fig. 1c). The water contact angle of the filter 
paper surface changed from < 3° to 94 ± 2.5°, suggesting 
the hydrophilicity-to-hydrophobicity change of the chip 
surface after PDMS modification. These results correlated 
well with observation that red ink completely penetrated 
into the filter paper before PDMS modification (inset of 
Fig. 1b), while formed a droplet after PDMS modifica-
tion (inset of Fig. 1c). All the above results verified the 
successful modification of the filter paper with PDMS, 
laying a solid foundation for the fabrication of isothermal 
amplification chip.

To well integrate the established LAMP protocols into 
paper-based biochips, a series of key parameters, such 
as the ratio of calcein/Mn2+ and the excitation resource, 
are carefully optimized. In this study, the combination of 
calcein and  Mn2+ is used as the fluorescent indicator for 
the LAMP reaction, because the fluorescence of calcein 
is quenched by  Mn2+ but will be restored by pyrophos-
phate ions (PPi) produced by the successful amplification 
of nucleic acids [36, 37]. As shown in Figure S6 and Fig-
ure S7, the optimal ratio of calcein/Mn2+ is 0.05 M/0.6 M, 
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while 302 nm is the optimal wavelength for the excitation 
of calcein on the paper-based biochips.

The smartphone‑based portable device

To realize on-site amplification and detection of nucleic 
acids in elementary conditions, peripheral accessories are 
designed and attached to a smartphone to assemble a port-
able device. As shown in Figs. 2a, b and S8, the smartphone-
based portable device consists of the following main com-
ponents are (1) a heating plate connected with a temperature 
control circuit module to provide proper temperature for iso-
thermal amplification, (2) a 3D-printed imaging dark box 
(Figure S8a) integrated with optical elements for uniform 
excitation and precise collection of fluorescent signals gen-
erated by amplification reaction, (3) a chip interface (Fig-
ure S8b) for loading the paper-based isothermal amplifica-
tion chip, and (4) an adaptor (Figure S8c) for assembling a 
smartphone which is used for signal collection and further 
analysis.

For a typical LAMP reaction, the temperature should 
be fixed at 65 °C to ensure the successful amplification of 
nucleic acids. Therefore, in this study, the classical propor-
tion-integral–differential (PID) closed-loop controller is 
used for temperature control. Figure 2c illustrated the block 
diagram of the temperature control circuit module which is 
mainly consisted of a microcontroller unit (MCU), a relay, 
a temperature sensor, a regulator IC and a three-bit LED 
display. In this design, the temperature sensor detects the 
real-time temperature of the heating plate which is displayed 
on the three-bit LED display, the regulator IC connected 
with biasing resistors outputs proper working voltage for 
the relay and MCU, and the relay decides the on-and-off of 
the power supply of the heating plate (Fig. 2d). While the 
system is operating, the MCU, which has a built-in pulse 
width modulation (PWM) and analog to digital converter 
(ADC), is responsible to collect the temperature informa-
tion from the temperature sensor and send instructions to 
the relay. Specifically, the power of the relay is controlled by 
the pulse exported from MCU to execute the automatic tem-
perature control instruction, while the frequency and duty 
ratio of the pulse is generated according to the control law 
based on the temperature sensor’s feedback. As designed, 
the temperature of the heating plate could be fixed in the 
range of 64.7–65.5 °C, ensuring proper temperature for the 
LAMP reaction (Fig. 2e). It is noteworthy that the whole 
device can work continuously for more than 8 h under the 
support of a 20,000 mAh mobile power supply, suggesting 
the low energy consumption.

Although LAMP is resilient to small shifts in tempera-
ture, it is has been well-documented that LAMP amplifica-
tion cannot be successfully realized at 60 °C [25]. There-
fore, the accurate control of temperature still plays a crucial 

role in ensuring the successful LAMP amplification. More 
importantly, using the smartphone-based portable device, 
the temperature of the heating plate could also be fixed 
in the range of 36.9–37.7 °C (Figure S9a), 40.9–41.7 °C 
(Figure S9b), and 59.7–60.6 °C (Figure S9c). These results 
suggested that the reported smartphone-based portable 
device could also be used for other isothermal amplifica-
tions such as RPA, NASBA, and EXPAR, because their 
favorite amplification temperatures are 37 °C, 41 °C, and 
60 °C, respectively.

The second main function of the device is to excite and 
thereafter collect the detection signals generated by LAMP 
reaction. Following our previous design [21], in order to 
guarantee the uniform excitation of the fluorophores on 
chips, two parallel excitation light beams are designed to 
avoid the possible systematic error caused by the excita-
tion light. Since this study intends to develop a universal 
device which can excite most of extensively used fluores-
cent dyes, two UV lamps are selected as the excitation light 
source (Fig. 2a), although biomatters always display strong 
background UV absorption and fluorescence. In addition, 
the interference of ambient light and the possible specular 
reflection are substantially reduced by spraying the inner 
and outer surface of the device with black paint (Fig. 2b). 
The peripheral accessories can be fabricated with a cost of 
approximately $120 per set, and its total weight is ~ 300 g, 
validating its cost-effectiveness and portability.

To provide the end-user a stand-alone device, an open-
source and user-friendly Android App, Color Picker, is used 
to extract the RGB values from fluorescence images of the 
paper-based biochips. As shown in Figure S10, only two 
function buttons are used in this APP: “select a picture” and 
“select a specific area”. For a typical analysis procedure, 
the button of “select a picture” is pressed to select a picture 
for data analysis. Then, press the button of “select a specific 
area” to select the area of interest from the picture, and its 
RGB value will immediately appear at the bottom of the 
screen.

Analytical performance

Firstly, the smartphone-based portable device integrated 
with the paper-based isothermal amplification chip was eval-
uated its sensitivity at first using the gDNA of Salmonella 
spp. Figure 3a  and b demonstrated the detection of LAMP 
amplicons after a 30-min reaction inside the chambers of the 
biochip and heated at 65 °C by the portable device. Obvi-
ous green fluorescence (from chamber 3 to chamber 6 of 
Fig. 3a) and gel bands (from lane 3 to lane 6 of Fig. 3b) can 
only be observed when the concentration of gDNA reaches 
to 2.8 ×  10−5 ng μL−1, suggesting the LOD for Salmonella 
spp. using the reported method is 2.8 ×  10−5 ng μL−1. Com-
pared with previously reported on-chip LAMP protocols, the 
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reported method exhibited a comparable sensitivity (Table 1) 
[25, 39–45], and non-negligible advantages of ease-of-use 
and cost-effectiveness. Correlated well with LAMP reac-
tion performed inside tube, LAMP reaction performed on 
chip still exhibits good specificity. As shown in Fig. 3c and 
d, only LAMP amplicons of Salmonella spp. can only be 
detected in the presence of Salmonella spp. primers (cham-
ber 1 of Fig. 3c and lane 1 of Fig. 3d).

The reactivity of LAMP reagent pre-loaded onto the 
paper-based isothermal amplification chip using trehalose is 
also evaluated. Correlating well with previous reports [13], 
after being stored inside trehalose for 40 days, the pre-loaded 
LAMP reagents can still be successfully used for the ampli-
fication of target pathogenic gDNA, suggesting excellent 
long-term storage stability of the paper-based biochip (Fig-
ure S11). In addition, 7 pieces of biochips pre-loaded with 
LAMP reagents for the detection of E. coli O157:H7 were 
stored at 4 °C refrigerator and used to evaluate their reac-
tivity over time using smartphone-based portable device. 
Results confirmed that target pathogenic DNA can be suc-
cessfully amplified (Figure S12b) and E. coli O157:H7 can 
still be successfully detected using smartphone-based port-
able device integrated with the biochips (Figure S12a), after 
being stored at 4 °C refrigerator for 7 days.

The smartphone-based portable device integrated with 
the paper-based isothermal amplification chip is demon-
strated for multiplexed detection of E. coli O157:H7, Sal-
monella spp., and S. aureus. To validate the practicality of 
the reported method, eight different samples were prepared 
as follows: three samples contain only one kind of target 
pathogenic gDNA, three samples contain any two kinds 
of target pathogenic gDNA, one sample contains no target 
pathogenic gDNA, and one sample contain all three kinds of 
target pathogenic gDNA. Due to the high specificity of the 
established LAMP protocols (Figure S4), no non-specific 
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Fig. 3  Sensitivity and specificity results of Salmonella spp. detec-
tion using the smartphone-based portable device integrated with the 
paper-based bi
ochip. a, b Sensitivity experiment. In chambers 1–6, the added 
gDNA is in increasing concentrations from 2.8 ×  10−7 ng μL−1 up to 
2.8 ×  10−2 ng μL−.1. Chamber N is set as the negative control where 

no gDNA is added. c, d Specificity experiment. In chambers 1–3, 
the pre-loaded primers are designed for Salmonella spp., E. coli 
O157:H7, and S. aureus, respectively. Chamber N is set as the nega-
tive control where no primer is added. Photographs showing the reac-
tion and detection zones of the paper-based biochips (a, c) and aga-
rose gel electrophoresis result (b, d)

Table 1  Comparison of LAMP-based chips for the detection of E. 
coli O157:H7, Salmonella spp., and S. aureus 

Pathogenic bacteria Material of chip Detection 
limit (ng 
μL−1)

References

PC/paper 1.3 ×  10−1 [25]
E. coli O157:H7 PC/paper 1.4 ×  10−2 [39]

PDMS/paper 1.0 ×  10−4 [40]
PDMS/paper 3.6 ×  10−5 This paper
PMMA 2.5 ×  10−3 [41]

Salmonella spp. CD/DVD/BD 6.5 ×  10−5 [42]
PMMA 3.0 ×  10−5 [43]
PDMS/paper 2.8 ×  10−5 This paper
PC/paper 1.2 ×  10−1 [25]

S. aureus PDMS 1.0 ×  10−5 [44]
PMMA/paper 1.0 ×  10–6 [45]
PDMS/paper 2.4 ×  10–5 This paper
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response was observed (Fig. 4), validating the excellent 
anti-interference capability of the reported chip and port-
able device for practical applications.

Spiked sample analysis

The reported method is also used to determine S. aureus 
in spiked milk samples to demonstrate its feasibility for 
actual applications. To this end, different amount of S. 
aureus were spiked into liquid milk to prepare a series 
of contaminated milk samples (0,  100,  101,  102,  103, 
 104  CFU   mL−1). After DNA extraction, the obtained 
gDNA were determined using the reported method and 
real-time PCR in parallel. As shown in Figure S13 and 
Table 2, the reported method could identify spiked sample 

with concentration ≥ 10 CFU  mL−1. Since pathogenic bac-
teria are not allowed in food at most countries and regions, 
the sensitivity of the reported method should be further 
improved, for example, by integration with pre-enrichment 
culture of bacteria. Although the real-time PCR method 
exhibited higher sensitivity, the reported method high-
lights its advantages of rapid and ease-of-use detection in 
a cost-effective manner. Remarkably, starting from gDNA 
extraction, the whole process of on-site detection of E. 
coli O157:H7, Salmonella spp., and S. aureus can be com-
pleted within 4 h (including 3.0–3.5 h for gDNA extraction, 
30 min for LAMP reaction, and ~ 1 min for data analysis). 
Notably, in this study, the simultaneous detection of three 
pathogens can be realized at ~ $9.0 per assay without the 
use of any expensive equipment except for a smartphone.

Fig. 4  Evaluation of cross-
reactivity using the different 
mixtures of pathogens. Sta: S. 
aureus; Sal: Salmonella spp.; 
O157: E. coli O157:H7

Sta  Sal  O157

- +   +

Sta  Sal  O157

- +   -
Sta  Sal  O157

- - +
Sta  Sal  O157

- - -

Sta  Sal  O157

+   - +

Sta  Sal  O157

+   - -

Sta  Sal  O157

+   +   -

Sta  Sal  O157

+   +   +

Table 2  Detection of S. aureus spiked in liquid milk using the reported method and real-time PCR
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Conclusion

In conclusion, this study presents a cost-effective, ease-of-
use, and portable sensing system which is composed of a 
smartphone-based portable device and a paper-based iso-
thermal amplification chip. The LAMP reagents have been 
pre-loaded onto the paper-based isothermal amplification 
chips, ensuring portability and long-term storage of the 
amplification reagents. The smartphone-based portable 
device can provide accurate temperature control for isother-
mal amplification and precisely collect fluorescent signals 
generated by amplification reaction for point-of-care nucleic 
acid detections. This study develops a universal platform for 
sensing any nucleic acid markers which can be amplified 
using LAMP technique. Through only changing the prim-
ers used in the LAMP protocol, the reported biochips can 
be used to detect any other pathogens. The reported sensing 
system has been successfully demonstrated for on-site detec-
tion of E. coli O157:H7, Salmonella spp., and S. aureus, 
highlighting its potential as an appropriate screening method 
for genetic diagnostics anywhere, anytime, and by anyone.
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