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a b s t r a c t

Food-borne pathogens have been recognized as a major cause of human infections worldwide. Their
identification needs to be simpler, cheaper and more reliable than the traditional methods. Here, we
constructed a low-cost paper platform for viable pathogenic bacteria detection with the naked eye.
In this study, an effective isothermal amplification method was used to amplify the hlyA mRNA gene,
a specific RNA marker in Listeria monocytogenes. The amplification products were applied to the paper-
based platform to perform a visual test using sandwich hybridization assays. When the RNA products
migrated along the platform by capillary action, the gold nanoparticles accumulated at the designated
area. Under optimized experimental conditions, as little as 0.5 pg/μL genomic RNA from L. monocytogenes
could be detected. It could also be used to specifically detect 20 CFU/mL L. monocytogenes from actual
samples. The whole assay process, including RNA extraction, amplification, and visualization, can be
completed within several hours. This method is suitable for point-of-care applications to detect food-
borne pathogens, as it can overcome the false-positive results caused by amplifying nonviable
L. monocytogenes. Furthermore, the results can be imaged and transformed into a two-dimensional bar
code through an Android-based smart phone for further analysis or in-field food safety tracking.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Developing a rapid and affordable biosensor that can be used to
detect food-borne pathogens such as Listeria monocytogenes,
which has been an emerging pathogen since the late 1970s,
remains a significant challenge (Hamon et al., 2006). This faculta-
tive intracellular food-borne pathogen has been responsible for
outbreaks of listeriosis, a severe infection that primarily affects
immune-compromised individuals, including pregnant women,
newborns, and elderly people. Manifestations of listeriosis range
from influenza-like illness to severe complications, including
meningitis, septicemia, spontaneous abortion and a high fatality
rate (30%) (Cossart and Toledo-Arana, 2008; Birmingham et al.,
2008; Ribet et al., 2010). In recent years, several large listeriosis
outbreaks have been associated with contaminated food such as
vegetables, dairy products, soft cheeses, pasteurized milk and
meat products. The incidence of food poisoning caused by the
intake of food contaminated with L. monocytogenes is still increas-
ing, and it has caused widespread concern in many countries
(Rood, 2010). Therefore, it is critical to develop a low-cost, specific
and highly sensitive method for detecting L. monocytogenes,
,

particularly in areas with poor resources such as villages in
developing countries.

To identify L. monocytogenes in a food sample, conventional
methods use one or more culture-based enrichment steps fol-
lowed by plating onto a selective agar. These methods are sensitive
and inexpensive, and they are the recommended standard for
L. monocytogenes isolation; however, they are labor-intensive, time
consuming and not always reliable (Zunabovic et al., 2011; Rivoal
et al., 2013; Shafiee et al., 2013; Hsu et al., 2014). Therefore, a large
number of tests based on the specific binding of an antibody to an
antigen, such as enzyme-linked immunosorbent assays (ELISAs)
(Zunabovic et al., 2011; Hsu et al., 2014) and immunochromato-
graphic lateral flow test strips (Nash et al., 2012; Yan et al., 2012; Ge
et al., 2012; Cho and Irudayaraj, 2013), have been developed.
However, rapid immune tests, which are widely used in low-
resource settings, are not appropriate for early food-borne pathogen
detection because of their low sensitivity. Moreover, nonspecific
immune responses can easily occur once the surroundings change
dramatically, which can lead to a false-positive result.

To overcome the disadvantages of immune detection, numer-
ous nucleic acid-based techniques have emerged for pathogen
detection and identification such as DNA hybridization (Sassolas
et al., 2007), polymerase chain reaction (PCR) (Sassolas et al.,
2007; Araújo et al., 2012) and DNA microarrays (Sassolas et al.,
2007; Araújo et al., 2012; Sharma and Mutharasan, 2013), which
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offer the advantages of convenience, specificity and sensitivity in
the laboratory. Our group had also engaged in using the electro-
chemiluminescence to detect foodborne pathogens at a gene level
(Wei et al., 2010; Long et al., 2011, 2013). Unfortunately, we found
that those methods usually require costly instrumentation and
skilled personnel, which limit their utility for point-of-care diag-
nostics under extremely resource-limited environments. Recent
studies have employed many isothermal nucleic acid amplifica-
tions that can be used to substitute for PCR, such as rolling circle
amplification (RCA) (Niemz et al., 2011; Long et al., 2013; Parolo
and Merkoci, 2013), strand displacement amplification (SDA)
(Foudeh et al., 2012; Yetisen et al., 2013; Hartman et al., 2013),
and loop-mediated amplification (LAMP) (Hsieh et al., 2012). These
isothermal amplifications provide high specificity and sensitivity,
and the elimination of thermal cycling makes these methods more
suitable for nucleic acid testing at the point-of-care. While, most of
the available isothermal L. monocytogenes detection methods still
require complex primer design and post-amplification manipula-
tions for detection. Moreover, the isothermal DNA amplification
methods are limited in their ability to differentiate between dead
and viable pathogens. To address this challenge, more recent
molecular detection methods tend to target RNA rather than
DNA (Blais et al., 1997; Carter and Cary, 2007; Rohrman et al.,
2012). Messenger RNA has a short half-life within nonviable cells,
and it is rapidly degraded by enzymes (RNases) that are very
stable, even in environments outside the cell itself (Mandin et al.,
2007; Reinholt et al., 2013; Fang et al., 2014; Foudeh et al., 2014).
The detection of RNA markers would indicate the presence of live
cells (Klein and Juneja, 1997; Baeumner et al., 2003).

In this paper, we proposed a new strategy by sensing hlyA
mRNA to detect viable pathogenic bacteria. In essence, this
L. monocytogenes marker was exponentially amplified by one tube
isothermal RNA amplification. In our method, this amplification
process meets the isothermal requirements and the resulting
single-stranded products facilitate the sandwich hybridization-
based detection on a paper-based platform. The amplified pro-
ducts could then be simply used for endpoint detection by
sandwich hybridization assays using a cheap and instrument free
bioactive paper-based platform without the need of complexity of
post-amplification manipulations (Martinez et al., 2007, 2009; Liu
et al., 2006; Jokerst et al., 2012; Pollock et al., 2012; Song et al.,
2014), and gold nanoparticles would then migrate by capillary
action and accumulate at the designated Test line and Control line.
Finally, the test results can be directly visualized by the naked eye
for qualitative observation or by semi-quantitative spectral detec-
tion within minutes. Because they are mainly read by the naked
eye, this method has great potential for use in the detection of
pathogenic bacteria in food, even in the least developed parts of
the world, if coupled with the widely used Android-based smart
phone and the well-known two-dimensional bar code (Martinez
et al., 2008; Smith et al., 2011; Mudanyali et al., 2012; You et al.,
2013; Wei et al., 2013; Coskun et al., 2013; Khatua and Orrit, 2013;
Feng et al., 2014).
2. Experimental section

2.1. Materials and reagents

An HM3020 X–Z two-dimensional dispenser and GD300 Gold-
bio cutting module were purchased from Shanghai Goldbio Tech.
Co., Ltd. (Shanghai, China). Cellulose fiber sample pads, conjugate
pads, plastic adhesive backing pads, absorption pads and nitro-
cellulose membranes were purchased from Millipore (Billerica,
MA). Streptavidin from Streptomyces avidinii and Tris (2-carbox-
yethyl)-phosphine (TCEP) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Sucrose, sodium phosphate, bovine serum
albumin (BSA), formamide, Tween 20, Triton X-100, Tris–HCl,
sodium dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO), sodium
chloride–sodium citrate (SSC) Buffer 20� concentrate (pH 7.0),
and phosphate buffered saline (PBS, pH 7.4, 0.01 M); RNase H, T7
RNA polymerase, AMV-RT, and their corresponding buffers; ribo-
nuclease inhibitor and deoxynucleotide solution mixture dNTPs
(2.5 mM each) were all purchased from Sangon Biotech (Shanghai)
Co. Ltd. Sodium chloride (NaCl) and sodium citrate dihydrate were
purchased from the Guangzhou Chemical Reagent Factory
(Guangzhou, China). Chloroauric acid tetrahydrate (HAuCl4 �4H2O)
was purchased from Sinopharm Chemical Reagent Co. (Shanghai,
China), and RNAiso Plus reagent was received from TaKaRa
Biotechnology, Dalian Co., Ltd. (Dalian, China). DNA oligonucleo-
tide probes were obtained from Shanghai Sangon (Shanghai,
China). The oligonucleotide sequences are shown in Table S1.

Because all of the reagents were of analytical grade, they were
used without further purification. High-purity deionized water
(resistance 418 MΩ cm) was used throughout.

2.2. Preparing the bioactive paper-based platform

The bioactive paper-based platform consists of the following
four components: A sample pad, conjugate pad, nitrocellulose
membrane, and absorbent pad. All components were mounted on
a common plastic adhesive backing pad. The sample pad was
made from glass fiber and saturated with a buffer (pH 8.0)
containing 0.25% Triton X-100, 0.05 M Tris–HCl, and 0.15 M NaCl.
The pad was then dried at 37 °C for 2 h and stored in desiccators at
room temperature before use. The AuNPs and AuNP–thiolated
DNA probe conjugates which used to embed onto the conjugate
pad were prepared with the protocol shown in Supplementary
materials (Fig. S1). The Test line and Control line of the bioactive
paper-based platforms were prepared by dispensing streptavidin-
biotinylated DNA probe solutions onto the nitrocellulose mem-
brane. The streptavidin-biotinylated DNA probes were prepared
according to reported methods with slight modifications (Bhatt
et al., 2011; Li et al., 2013). In brief, 60 μL of 1 mM biotinylated DNA
probes (the sequences of Capture probe T and Capture probe C are
shown in Table S1) and 140 μL of PBS were added to 300 μL of
1 mg/mL streptavidin solution, and the mixture was incubated for
1 h at RT. The solutions were then dispensed onto the Test and
Control lines of the nitrocellulose membrane with the HM3020
X–Z two-dimensional dispenser. The distance between the Test
line and Control line was 5 mm. The membrane was then dried at
37 °C for 1 h and stored at 4 °C in a dry state. Finally, the sample
pad, conjugate pad, nitrocellulose membrane, and absorption pad
were assembled on a plastic adhesive backing pad. Each part
overlapped by 2 mm to ensure the solution was migrating through
the bioactive paper during the assay. The bioactive paper plat-
forms with a 4 mm width were cut by using the GD300 Goldbio
cutting module.

2.3. Extracting total RNA from bacteria and isothermal RNA
amplification

Total RNA was isolated from broth cultures of L. monocytogenes
bacterial cells with the RNAiso Plus reagent according to the
manufacturer’s instructions, with some modifications. The detail
procedure and the agarose gel results were showed in
Supplementary materials (Fig. S2). The isothermal RNA amplifica-
tion reactions were performed by using the following procedure. A
1 μL sample of RNA was added to 19 μL of isothermal RNA
amplification pre-mixture (final concentrations in 20 μL of reaction
mixture: 40 mM Tris–HCl, pH 8.5, 12 mM MgCl2, 70 mM KCl,
certain amount of DMSO, 1 mM of each dNTP, 2 mM of each NTP,
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5� AMV-RT buffer, 5� T7 RNA polymerase buffer, 10 μM of each
primer (primer1 (P1), primer2 (P2); Table S1). The reactions were
incubated for 5 min at 65 °C to destabilize the secondary structure
of the RNA and subsequently cooled down to 41 °C to allow primer
annealing. The amplification reaction was started by adding 5 μL of
enzyme mixture (5� T7 RNA polymerase buffer, 5� AMV-RT
buffer, 10 μg/μL BSA, 5 U/μL RNase H, 20 U/μL T7 RNA polymerase,
10 U/μL AMV-RT, and 40 U/μL ribonuclease inhibitor). Reactions
were incubated for 90 min at 41 °C. The isothermal RNA amplifica-
tion products were stored at �20 °C.

2.4. Detecting artificially contaminated food samples and viability

To obtain quantitative estimates of the detection limits of the
paper-based platform for artificially contaminated food samples,
raw milk, egg powder, banana, meat and soft cheese samples were
chosen as specimens, and they were purchased from local com-
mercial sources. For each specimen, �25 g of fresh food samples
with decreasing amounts of an overnight L. monocytogenes culture
(100 mL of 10-fold dilutions in peptone water to range from 2�104

to 20 CFU/mL) were added to a sterile microcentrifuge tubes,
thoroughly mixed and placed on ice for 5 min to sediment the
particulate matter. Additionally, 100 mL of 1� PBS buffer instead of
the bacterial strain was added to a food sample, and the mixture
was used to perform a negative control experiment. An aliquot of
the food sample supernatant (50 mL) was then dispensed into a
sterile Eppendorf tube along with 550 mL of lysis buffer (250 mL of
TE buffer, 75 mL of 10% sodium dodecyl sulfate (SDS) and 225 mL of
benzyl chloride), followed by thorough mixing and incubation at
room temperature for 30 min. The total RNAwas extracted directly
from the lysis buffer-treated food samples with no prior sample
enrichment in a final extraction volume of 50 mL and subjected to
isothermal RNA amplification.

To monitor the feasibility of differentiating viable bacterial
from nonviable ones throughout our method, viable bacteria were
treated with a given UV dosage according to the reported method
(Klein and Juneja, 1997; Baeumner et al., 2003). An overnight pure
culture of L. monocytogenes was adjusted to a given concentration
by gradient dilution (100 mL of 10-fold dilutions in peptone water
to range from 2�104 to 20 CFU/mL) as positive controls. Addi-
tionally, 100 mL of 1� PBS buffer instead of the bacterial strain was
used to perform a negative control experiment. The six samples
were plated onto LB agar and cultivated overnight in an incubator
at 37 °C. One mL of each sample was removed at the same time for
RNA extraction. Finally, all the extracted total RNAs were subjected
to isothermal RNA amplification by the above-mentioned process.

2.5. Visual detection of isothermal RNA amplification products with
a bioactive paper-based platform

In total, 100 μL of running buffer (4� SSCþ5% formamideþ1%
SDSþTriton X-100) was mixed with 10 μL of the isothermal RNA
amplification product solution in a 1.5 mL centrifuge tube; the
mixture was then dispensed onto the sample pad of the bioactive
paper-based platform for a rapid test. After waiting for 10 min,
60 μL of running buffer was added to wash the bioactive paper-
based platform. The bands were visualized within 5 min. After the
test, the results were photographed by a camera installed on an
Android-based smart phone. The optical intensities of the red
bands on the bioactive paper-based platform were quantified with
Image J software, which can determine parameters such as the
peak height and area integral. The result was then transformed
into a two-dimensional bar code through a conversion website,
such as http://cli.im/img, to share with distant investigators for
further analysis though the telephone, and the results were
scanned and re-transformed by two-dimensional bar code
recognition software that was pre-installed on Android-based
smart phones.
3. Results and discussion

3.1. The principle underlying an isothermal RNA amplification-based
and bioactive paper-based platform for detecting pathogenic bacteria

We initially sought to develop an on-site, in-field technique for
detecting viable pathogenic bacteria. Unfortunately, the utility of
paper-based detection in the context of a classical PCR-based assay
is severely limited by a reliance on thermocycling hardware. This
approach largely negates the potential benefit of the otherwise
highly simplified paper-based platform. Additionally, the double-
stranded PCR products required an additional annealing and
hybridization procedure for sandwich hybridization-based detec-
tion on a paper-based platform. To avoid the complexity of
post-amplification manipulations and increase the potential appli-
cations available with easy accessibility, an isothermal RNA
amplification-based paper detection platform was developed.
Comparison between Current isothermal RNA amplification and
other amplification methods for Listeria detection was showed in
the Supplementary material (Table S2).

This amplification process meets the isothermal requirements
and is able to produce single-stranded products.(showed in
Fig. S3). First, in “non-cyclic phase”, primer 1 (P1) anneals to the
original single-stranded RNA template, and its 3′ terminus is
extended by AMV reverse transcriptase, forming a cDNA copy of
the template and resulting in a DNA hybrid. RNase H then
hydrolyses the RNA from the DNA hybrid, leaving a single strand
of DNA to which primer 2 anneals. Reverse transcriptase synthe-
sizes the second DNA strand, rendering the promoter region
double-stranded. Finally, T7 RNA polymerase transcribes RNA
copies from the promoter, generating as many as 100 copies from
each template molecule. Each new RNA molecule then acts as a
template for reverse transcriptase in the “cyclic phase” isothermal
RNA amplification process. In the following process, this fascinat-
ing process ensures a 109-fold exponential amplification of each
target within 90 min (Blais et al., 1997; Carter and Cary, 2007;
Rohrman et al., 2012). Finally, the product of the isothermal RNA
amplification reaction is primarily single-stranded RNA, facilitat-
ing a rapid test using the bioactive paper-based platform.

The principle underlying this bioactive paper-based platform
measurement is an on-paper sandwich DNA hybridization reaction
and the accumulation of gold nanoparticles at designated Test
lines and Control lines when migrating along the bioactive paper
by capillary action (Park et al., 2002; Cao et al., 2011; Lei and Ju,
2012); the protocol is illustrated in Scheme 1.

The resultant single-stranded products mixed with running
buffer are applied to the bioactive paper-based platform. As the
mixture liquid migrates along the bioactive paper-based platform
to the conjugate pad, it then rehydrates the AuNP–thiolated DNA
probe conjugates. The target RNA hybridizes with the thiolated
DNA probe of the AuNP–thiolated DNA probe conjugates to form
the complex and continues to migrate along the strip. The hybrids
are captured on the Test line by the second hybridization between
the target RNA and immobilized capture probe T. The accumula-
tion of AuNPs on the Test line of the nitrocellulose membrane is
visualized as a characteristic red band. The excess conjugates of
the AuNP–thiolated DNA probe continue to migrate and pass the
Control line, in which capture probe C is immobilized. The excess
AuNP–thiolated DNA probe conjugates are captured by the hybri-
dization events between the thiolated DNA probe and capture
probe C, thus forming a second red band. In the absence of target
RNA, no red band is observed in the Test line.



Scheme 1. Schematic illustration of isothermal RNA amplification and the configuration of the bioactive paper-based platform.

Fig. 1. Key parameters that affected the performance of the bioactive paper-based platform. (A) The effects of different probe types used during the preparation of AuNP–DNA
conjugates on the response of 50 pg/μL target RNA from Listeria monocytogenes in the bioactive paper-based platform: (1) probe type 1, which is missing the Poly(A)12 linker at
the 5′ terminus of the probe, was used during the preparation of AuNP–DNA conjugates and resulted in reddish bands on the Test lines and Control lines, (2) probe type 2, which
has a Poly(A)12 linker at the 5′ terminus of the probe, yielded deeper red bands on the Test lines and Control lines. (B) The histogram of optical intensities on the Test line with
the two probe types. (C) The effects of different types of running buffer on the response of 50 pg/μL target Listeria monocytogenes: (1) buffer 1: 4� SSC þ5% formamide,
(2) buffer 2: 4� SSC, (3) buffer 3: 4� SSC þ5% formamide þ1% SDS, (4) buffer 4: 4� SSC þ5% formamide þ1% SDSþTriton X-100. (D) A histogram of the optical intensities on
the Test line with the four types of buffer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Specificity evaluation of the bioactive paper-based platform. (A) (1)–(3) represent the triplicate test results from the samples and the corresponding optical response
of the Test and Control lines on each paper platform, strip 1: paper-based test results for Listeria monocytogenes; strip 2 and 3: paper-based test results for Vibrio
parahaemolyticus and Salmonella; strip C: paper-based test results for the negative control. (B) Gel electrophoresis (1%) to identify the current specificity evaluation; line
1 shows the amplification products of the hlyA mRNA from Listeria monocytogenes (133-mer), and lines 2 and 3 show that the Listeria monocytogenes primers did not amplify
Vibrio parahaemolyticus and Salmonella, respectively; the result of the control is negative. (C) Optical intensities of the Test lines for the results; the obvious intensities in the
histogram correspond to Listeria monocytogenes. (D) Transformed two-dimensional bar code from the raw picture (attached in the Supplementary materials (Fig. S5)) of the
current specificity evaluation.
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After the test, the bioactive paper-based platform was imaged
by the camera installed in the Android-based smart phone. The
optical intensities of the Test and Control lines were recorded
simultaneously using Image J software, which can determine
parameters such as the peak height and area integral. The result
could then be transformed into two-dimensional bar codes to
share with distant investigators for further analysis using a
telephone, which can scan and retransform the result using scan
software pre-installed on Android-based smart phones.

3.2. Key parameters of the isothermal RNA amplification-based,
bioactive paper-based platform in current assay

In this experiment, we found that the DMSO concentration was
a very important factor in the amplification of isothermal RNA.
Adding DMSO to the reaction mixture increased the activity of
AMV reverse transcriptase and RNaseH. It was also helpful for
opening the RNA secondary structure, as it improved the specifi-
city and promoted the reaction speed and stability of the iso-
thermal RNA amplification. A 1% agarose gel electrophoresis
analysis of the isothermal RNA amplification product was per-
formed in this experiment. As shown in Supplementary materials
(Fig. S4), the corresponding amplified results were obtained when
the DMSO concentrations were 9%, 11%, 13%, 15% and 17%. There is
a distinct band in lane 4 when compared with the other lanes,
indicating that the amplification efficiency was higher when the
DMSO concentration was 15%. Therefore, a DMSO concentration of
15% was selected as the optimum condition for later isothermal
RNA amplification.

As shown in Fig. 1(A), the intensity of the Test line increased
markedly in the presence of the Poly (A)12 of the probe used
during the preparation of AuNP–DNA conjugates in response to
50 pg/μL target hlyA mRNA on the bioactive paper-based platform.
Furthermore, we found that the presence of a Poly (A)12 linker at
the 5′ terminus of the probe markedly improved the test’s
efficiency when used during the preparation of AuNP–DNA con-
jugates. We therefore infer that the presence of Poly (A)12 in the
probe can reduce the steric hindrance effect of the sandwich
hybridization reaction between AuNP–DNA conjugates and strep-
tavidin-biotinylated DNA probes on the Test and Control lines of
the bioactive paper-based platform.

The running buffer used in such a test can critically affect the
performance of the sensors, and using the optimal buffers would
minimize nonspecific adsorption and increase the sensitivity and
reproducibility of the bioactive paper-based platform. We there-
fore compared the performance of the bioactive paper-based
platform tests using different running buffers, including 4� SSC;
4� SSCþ5% formamide; 4� SSCþ5% formamideþ1% SDS; and
4� SSCþ5% formamideþ1% SDSþTriton X-100. We found that
the 4� SSCþ5% formamideþ1% SDS buffer provided the best
performance (results shown in Fig. 1(B)).

3.3. The specificity and sensitivity of the current assay

The specificity of our strategy was examined under optimized
experimental conditions. Total RNA was diluted to 50 pg/μL fol-
lowing extraction from pure broth cultures of L. monocytogenes,
Vibrio parahaemolyticus and Salmonella. As shown in the images of
triplicate tests in Fig. 2(A), a positive result yielded reddish-purple
bands at the Test and Control lines, whereas a negative result
yielded reddish-purple bands at the Control lines only. Fig. 2
(B) shows that no amplification reactions were observed in the
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assays of any of the non-Listeria bacteria (line 2, 3) or the control
(line 4), but a distinct band was observed in the assays with the
Listeria bacteria (line 1). The cartogram in Fig. 2(C) is consistent
with the gel electrophoresis and paper-based platform results.
Fig. 2(D) demonstrates the feasibility of using a two-dimensional
bar code as receiving/transmitting media for rapid specific testing.
These results confirm that the targeted hlyA mRNA sequences are
specific for L. monocytogenes and that the isothermal RNA ampli-
fication-hybridization assay should be sufficiently discriminatory
to enable the detection of this pathogen in test samples such as
foods.

Different concentrations of target RNA from L. monocytogenes
were tested to evaluate the sensitivity of the isothermal RNA
amplification reaction-based, bioactive paper-based platform
detection method. Fig. 3(A) presents typical photo images from
the bioactive paper-based platform in the presence of target RNA
concentrations of 0.5 pg/μL, 5 pg/μL, 50 pg/μL and 500 pg/μL. There
is an obvious and continuous increase in the intensity of the test
zone as the amount of target RNA increases. Fig. 3(B) shows that
analysis of isothermal RNA amplification reactions from different
concentrations of target RNA by electrophoresis; lines 1–4 are
500 pg/μL, 50 pg/μL, 5 pg/μL, and 0.5 pg/μL, respectively and lines
5 is the negative control. The cartogram in Fig. 3(C) is consistent
with the gel electrophoresis and paper-based platform results. The
peaks in the figure represent for the intensity of the Test line of
each strip. There is a linear relationship between peak height or
area with the concentration of target (R2¼0.99886). Fig. 3
(D) confirms the feasibility of using a two-dimensional bar code
as receiving/transmitting media for rapid sensitive testing. These
Fig. 3. Sensitivity assay of the bioactive paper-based platform. (A) Typical photo image
optical response of the Test and Control lines on each paper platform; (1)–(3) represent
μL, strip 2: 50 pg/μL, strip 3: 5 pg/μL, strip 4: 0.5 pg/μL, and strip C: negative control. (B)
target RNA by electrophoresis; lines 1–4 are 500 pg/μL, 50 pg/μL, 5 pg/μL, and 0.5 pg/μL,
(D) transformed two-dimensional bar code from the raw picture (attached in the Supplem
references to color in this figure, the reader is referred to the web version of this articl
results well demonstrate the extraordinary capability of our
isothermal RNA amplification-hybridization assay platform in
detecting L. monocytogenes. In addition, the sensitivity was higher
than previously reported in nucleic acid-based detection platforms
for food-borne pathogenic bacteria (Baeumner et al., 2003; Ngom
et al., 2010).

3.4. Detecting artificially contaminated samples using the bioactive
paper-based platform

To evaluate the platform’s ability to detect pathogenic bacteria
in food, total RNA was extracted directly from artificially contami-
nated raw milk, egg powder, bananas, meat and soft cheese
samples with no prior sample enrichment and then subjected to
isothermal RNA amplification.

Fresh food samples with decreasing amounts of an overnight
L. monocytogenes culture (100 mL of 10-fold dilutions in peptone
water to range from 2�104 to 2�102 CFU/mL) all gave positive
results. Fig. 4(A) indicates that the raw milk (line 1), banana
(line 2) and meat (line 3) samples that were inoculated with
L. monocytogenes at a level of 20 CFU/mL produced an expected
isothermal RNA amplification signal, whereas non-specific ampli-
fication results were apparently obtained from the egg powder
(line 4) and soft cheese (line 5) samples that were also inoculated
with L. monocytogenes at a level of 20 CFU/mL. Fig. 4(B) shows the
corresponding test results from the paper-based platform. The Test
line intensity for the raw milk, banana and meat samples were
distinct, and reddish-purple bands were observed on the Test line
for the egg powder and soft cheese samples. It is possible that the
s of the test results on the bioactive paper-based platform and the corresponding
the triplicate test results of the different target RNA concentrations: strip 1: 500 pg/
Analysis of isothermal RNA amplification reactions from different concentrations of
respectively. (C) The sensitivity assessment of the bioactive paper-based platform.
entary materials (Fig. S6)) of the current sensitivity assay. (For interpretation of the

e.)



Fig. 4. Detection results for artificially contaminated samples with the bioactive paper-based platform. (A) Gel electrophoresis (1%) to identify artificially contaminated raw
milk, egg powder, banana, meat and soft cheese samples with Listeria monocytogenes from line 1 to line 5, and line C is the negative control of the current assay. (B) Typical
photo images of the detection results of different food samples and the corresponding optical response of the Test and Control lines on each paper platform. (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 5. mRNA detection as a viability indicator in Listeria monocytogenes. (1)–(4) The test results for different concentrations of Listeria monocytogeneswith gradient dilutions
plated onto agar, and the naked-eye observation result on the paper-based platform; although there is a continuous decrease in the intensity of the Test line with the positive
controls from 2�104 CFU/mL to 20 CFU/mL, the numbers of cultivated bacteria plated onto LB agar decrease as well. (5) and (6) Test results for nonviable bacterial pathogens
and the negative control detection both on the platform and the agar; no red band is visible at the Test line with the UV-treated sample or the control sample, and the test
results were consistent with the cultivation results for the treated bacteria plated onto LB agar and the negative control sample, in which no viable cells were detected. The
corresponding optical response of the Test and Control lines on each paper platform clearly demonstrates this trend. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)
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residual food components from the two dry samples inhibited the
isothermal enzymatic reactions or mixed into the DNA when the
RNA was isolated from the two dry samples. Further purifications
of the isolated RNA could improve the amplification efficiency and
prevent false-negative results. Further interference test with real
samples were also conducted to demonstrates the selectivity of
the proposed isothermal RNA amplification based paper platform
for pathogenic bacteria detection.(the results were showed in
Supplementary material (Fig. S7)).

3.5. Detecting mRNA as a viability indicator in L. monocytogenes

To monitor the feasibility of differentiating viable bacteria from
nonviable bacteria using our method, we simulated the detection
of viable and nonviable bacteria (killed by UV) in robust environ-
ments using the current RNA-based method. Pure cultures of
L. monocytogenes grown overnight and subjected to gradient
dilution were used as positive controls. Fig. 5 shows that no red
band appeared at the Test line for the UV-treated and negative
control samples. After a certain dosage of UV treated, UV-light
damages the DNA of the L. monocytogenes by forming thymine
dimers, which prevent the L. monocytogenes from DNA transcrip-
tion and replication which leads to cell death (Ozer and Demirci,
2006; Bank et al., 1990). So the target RNA markers the
L. monocytogenes could not be isolated from the broth cultures of
L. monocytogenes bacterial cells, and the isothermal amplification
would not be triggered. When applied the reaction mixtures to the
paper-based platform, the sandwich hybridization reaction and
accumulation of gold nanoparticles at designated Test lines would
not happen. The test results were consistent with the cultivation
result of the treated bacteria when plated onto LB agar and the
negative control sample in which no viable cells were detected.
There is a continuous decrease in the intensity of the Test line for
positive controls, and the status of the cultivated bacteria that
were plated onto LB agar clearly demonstrated this tendency. It
was possible to confirm that the isothermal RNA amplification-
based bioactive paper-based platform was reliable for the visual
and sensitive detection of viable pathogenic bacteria.
4. Conclusions

In summary, we have demonstrated a simple and sensitive
method for the visual detection of viable pathogenic bacteria
based on an isothermal RNA amplification reaction-based bioac-
tive paper-based platform employing a two-dimensional bar code
as the receiving/transmitting media for a rapid test. The platform
performance effects of the reaction parameters, including the
DMSO concentration, probe types and buffer types, have been
experimentally evaluated. The assay takes advantage of the high
isothermal amplification efficiency of the isothermal RNA ampli-
fication reaction and the portable bioactive paper-based platform.
It has a limit of detection of 0.5 pg/μL genomic RNA from viable L.
monocytogenes with a high specificity within 15 min. In addition, it
can be used specifically to detect 20 CFU/mL L. monocytogenes
from actual samples such as milk and cheese. The viability
experiment confirmed that this strategy was reliable for the visual
and sensitive detection of viable pathogenic bacteria. We also
introduced the two-dimensional bar code as receiving/transmit-
ting media for the first time; thus, the test results can be
transmitted, received and shared with distant investigators
for faster additional analysis. This portable, integrated test model
holds great promise for point-of-care and in-field analyses of other
food-borne pathogenic bacteria, by making slight modification.
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