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detection of foodborne pathogens
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Abstract
Real-time fluorescence detection of nucleic acid exhibit excellent performance in analytical and diagnostic applica-
tions. However, the requirement of laboratory-based instrument and complex nucleic acid extraction greatly limits their
application in point-of-care testing (POCT). Herein, a novel integrated silica membrane–based platform incorporating
nucleic acid purification, amplification, and detection steps was developed. A universal and portable visualization
platform was fabricated by incorporating denaturation bubble-mediated strand exchange amplification (SEA) reaction
with silica membrane. The fluorescence signal of SYBR Green I with amplification products was visualized by the
naked eye using a simple ultraviolet light on the silica membrane, and significant discrimination between the positive
and negative samples could be easily and visually obtained. Besides, chitooligosaccharide-modified silica membrane
allows the purification of nucleic acid in a totally aqueous system and enables in situ SEA. With the proposed
integrated platform, 102–108 cfu/mL Vibrio parahaemolyticus could be successfully detected and excellent perfor-
mance was also revealed for gram-positive pathogens. The detection limit of the method for artificially spiked oysters
was 103 cfu/g and reached 100 cfu/g after 12 h enrichment. This proof-of-concept method could also be applied to a
variety of nucleic acid amplification methods. We believe that the proposed silica membrane–based platform has great
potential for the rapid and low-cost detection of nucleic acids especially in low-resource settings.
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Introduction

The presence of foodborne pathogens is among the most se-
rious health issue concerns worldwide due to rapid growth and
disease outbreaks [1, 2]. To prevent large-scale outbreaks, the
early detection of such bacteria and diagnoses of disease are of
crucial importance [3, 4]. Nucleic acid detection methods such
as polymerase chain reaction (PCR)–based amplification are
highly accurate and the gold standard at the moment [5, 6].
The requirements of multiple steps, trained personnel, and
specialized thermal cycling equipment make them unavailable
for point-of-care testing (POCT). Isothermal amplification
methods were recently developed as alternatives for nucleic
acid amplification under constant temperature [7], including
loop-mediated isothermal amplification (LAMP) [8–10],
recombinase polymerase amplification (RPA) [11, 12],
nucleic acid sequence–based amplification (NASBA) [13],
and helicase-dependent amplification (HDA) [14–16]. These
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methods exhibit distinctive advantages over traditional
methods, and extensive research efforts have been devoted
to making portable devices [7, 10, 16]. However, the require-
ment of either several expensive enzymes or multiple primers
led to high cost or complex primer design procedures.
Recently, a simple isothermal amplification method-
denaturation bubble-mediated strand exchange amplification
(SEA) was developed [17] and has been successfully used to
detect foodborne pathogen Listeria monocytogenes [18] and
pork meat [19]. Requiring only one pair of primers targeting
as short as 40–60 bp length sequence and one Bst 2.0
WarmStart DNA polymerase to extend at the reaction temper-
ature, the SEA method greatly simplifies the primer design
and reaction system. Therefore, SEA provides a powerful al-
ternative for simple, cost-efficient, and on-site detection of
foodborne pathogens.

For POCT analysis, a series of studies has reported the
integration of isothermal amplification with nucleic acid ex-
traction and result visualization into small, cost-effective and
portable devices [20, 21]. For example, Klapperich et al.
have developed a fully integrated paperfluidic molecular di-
agnost ic chip using chaotropic lysis and alcohol
precipitation–based DNA extraction recipe, in situ LAMP
reaction and visualized lateral-flow detection (LFD) via
immunochromatographic strips [20, 22]. Tang et al. pro-
posed a disposable and integrated paper-based device
consisting of a sponge-based reservoir and a paper-based
valve for nucleic acid extraction [23]. These platforms, how-
ever, require either chaotropic salts and organic solvents for
nucleic acid purification or complex fabrication including
different zones of extraction, amplification, and visualiza-
tion. Recently, chitosan-based purification techniques have
been widely established for nucleic acid extraction and high
purification efficiencies were achieved by altering the pH
value of the binding and elution buffer [24–26]. Chitosan
could form cationic polymer and work as an electropositive
layer retainingDNA at pH 5 and releasingDNAat pH 9 [24].
Thechitosancapacity forDNAinglass fiberwas evaluated to
be 9.9 × 106 copies of DNA per microgram chitosan, which
could totally meet the demands of nucleic acid extraction for
real samples [26]. One prominent virtue of these techniques
is that thewhole extractionprocedures includingnucleic acid
bindingand release areperformed ina totally aqueous system
without chaotropic salts or 2-propanol. Based on this, Liu
et al. proposed “in situ amplification” by employing a
chitosan-modified filter paper and coupling nucleic acid pu-
rification with PCR on a thermoplastic microchip [27]. Such
concept of “in situ amplification,” in which amplification
was directly performed in the nucleic acid extraction cham-
ber or on the extraction matrix, has been widely used for
detection with minimal instrumentation [28–30]. These re-
searches providednewclues for integrated systemswith sim-
plified microstructure and reduced operations.

Herein, we established a fully integrated analytical device
in which nucleic acid purification, SEA reaction, and result
visualization were performed on a silica membrane. We pre-
sented a chitooligosaccharide-modified silica membrane for
rapid and low-cost DNA purification from foodborne patho-
gens. Due to the novel mechanism of the electrostatic adsorp-
tion of DNA to chitooligosaccharide layers, DNA can be di-
rectly eluted by SEA reaction mixture (pH = 8.8) to perform in
situ amplification. All the eluted DNA can be concentrated in
one SEA reaction and trigger the amplification process. The
amplification products were visualized by the naked eye using
SYBR Green I on the silica membrane using a simple ultravi-
olet light, providing a fully integrated system for on-site de-
tection of foodborne pathogens.

Materials and methods

Materials

The SEA kits were purchased fromNavid Biotechnology Co.,
Ltd. (Qingdao, China). Silica membranes for nucleic acid ex-
traction with pore size of 0.7 μm and thickness of 1 mm were
bought from Abigen Biotechnology Co., Ltd. (Beijing,
China). Chitooligosaccharide was purchased from Yunzhou
Biotechnology Co., Ltd. (Qingdao, China). Genomic DNA
was extracted with a TIANamp bacteria DNA kit, which
was purchased from Tiangen Biotechnology Co., Ltd.
(Beijing, China). Molecular weight markers and loading buff-
er were purchased from Takara (Dalian, China). SYBR Green
I dye was bought from Invitrogen (MA,USA). The absorption
pad (SX18) with thickness of 0.3–0.4 mm was bought from
Kinbio Technology Co., Ltd. (Shanghai, China). All other
chemicals were of analytical grade unless otherwise stated.

Foodborne pathogens including strains of Vibrio
parahaemolyticus ATCC 29213, Listeria monocytogenes,
Escherichia coli O157:H7, Bacillus subtilis, Staphylococcus
aureus, and Salmonella typhimurium were preserved by our
laboratory. The primers for detecting V. parahaemolyticus
were designed based on 16S rDNA sequences using the
NUPACK web tool (http://www.nupack.org/) and the
DNAMelt Web Server (http://unafold.rna.albany.edu/?q=
DINAMelt). The primers for detecting L. monocytogenes
were used as in our previous study [18]. The primers were
synthesized by Sangon Biotech (Shanghai, China) and
purified by HPLC (see Electronic Supplementary Material,
ESM, Table S1).

Specificity of SEA reaction to detect
V. parahaemolyticus

Genomic DNA of V. parahaemolyticus and other bacterial
strains was extracted using a TIANamp bacteria DNA kit
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(TianGen, China) according to the manufacturer’s protocols.
Then the specificity of the SEA assay was verified on
V. parahaemolyticus reference strain ATCC 29213 and 5
common foodborne pathogens. Briefly, the reaction was per-
formed in a 15-μLmixture in a PCR tube containing 1.5 μL of
target DNA, 0.8 mMdNTP, 1.5μMeach of primer P1 and P2,
7.5 μL of 2× reaction mix, 0.5 × Eva Green, and 2 U of Bst
DNA polymerase. The real-time fluorescence signal was de-
tected with the CFXConnect™Real-Time PCR System (Bio-
Rad, CA, USA) at 1-min intervals. Each assay was conducted
in triplicate.

Sensitivity of SEA reaction to detect
V. parahaemolyticus

The total DNA of V. parahaemolyticus was tenfold serially
diluted from 30 ng/μL to 0.3 pg/μL, and the diluted targets
were directly added into the reaction tube to trigger a SEA
reaction. SEA products were subsequently analyzed in 12.5%
of polyacrylamide gel electrophoresis (PAGE), and gel im-
ages were recorded with the ChampGel5000 system (Saizhi
Innovation Technology Co Ltd., Beijing, China). Each assay
was conducted in triplicate.

Direct signal discrimination of SEA on silica
membrane

Silica membrane, nitrocellulose membrane, and Whatman
No. 1 filter paper were punched into a small disk using a 3-
mm hole puncher and placed on the cover of a 0.2-mL
centrifuge tube, and the reaction was initiated with injec-
tion of the SEA reaction mixture (15 μL) onto the mem-
brane, followed by sealing and incubation at 63 °C on a
heating block. The serially diluted DNA targets of
V. parahaemolyticus prepared as in section “Sensitivity
of SEA reaction to detect V. parahaemolyticus” were used.
At the same time, SEA reaction in a tube was also per-
formed on a heating block. Then all the reactions were
visualized using a handheld UV device and imaged using
a phone camera after loading 1 μL × 1 SYBR Green I dye
onto the material. The obtained images were then proc-
essed to grayscale and analyzed with Image J. The mean
pixel value was recorded as the signal intensity. The mean
value of the no template control (NTC) was recorded as N
(noise), and the mean values of the different testing of
diluted DNA targets of V. parahaemolyticus were recorded
as S (signal). The normalized intensity was also calculated
as a signal–noise ratio (SNR) value between the
V. parahaemolyticus DNA target and the NTC as SNR =
S/N. The corresponding products of SEA on silica mem-
brane were also analyzed in 12.5% PAGE. Each assay was
conducted in triplicate.

Coating of silica membrane with chitooligosaccharide

The silica membranes punched were firstly cleaned with pira-
nha solution (2:1, H2SO4/H2O2) at 70 °C for 10 min. Then the
membranes were washed to neutrality with water and dried
thoroughly in the oven, followed by incubationwith 1% chito-
oligosaccharide in 50 mM acetic acid solution containing 1%
(3-glycidoxypropyl)methyldiethoxysilane (GPTMS) at room
temperature for 8 h. The membranes were rinsed with 50 mM
acetic acid solution to remove unbound chitooligosaccharide,
washed to neutrality with water, and dried thoroughly in the
oven.

Microfluidic chip fabrication

The coated silica membrane was used to fabricate a
microfluidic chip–based nucleic acid purification, amplifica-
tion, and signal visualization system. The fabrication of the
chip is shown in Fig. S1 (see ESM). Polyethylene terephthal-
ate (PET) membrane (Qingyun Plastic Insulation Material
Co., Ltd. Dongguan, China) of 0.05 mm thick served as the
hydrophobic barrier surrounding the silica membrane compo-
nents, which is cheap and transparent to enable visual readout.
The PET membrane was punched into 10 × 5-mm rectangles
using a puncher (ESM Fig. S1 I). The rectangles could be
folded lengthwise into 5 × 5-mm squares so that reaction com-
partments would be formed. A 2.5-mm-diameter hole was
punched on the upper sheet of the square (dark color in
ESM Fig. S1 II) to make a sample port. The absorption pad
was designed and punched according to the size of the PET
reaction compartment and the water absorption ability of the
pad. The pad has a rectangular-shaped (5 × 4 mm) sample-
loading region and a fan-shaped absorption region. The
rectangular-shaped sample-loading region could fit into the
PET reaction compartment (ESM Fig. S1 III). The absorption
pad and the 3 × 3-mm square chitooligosaccharide-coated sil-
ica membrane were manually placed onto the PET membrane
(ESM Fig. S1 IV), and the PET membrane was then folded
and sealed to make a sample-loading, purification, and ampli-
fication compartment (ESM Fig. S1 V). After in situ sample
purification, the absorption pad could be removed and the
PET reaction chamber would be sealed for following amplifi-
cation and signal readout (ESM, Fig. S1 VI and Fig. S1 VII).

DNA capture on the silica membrane modified with
chitooligosaccharide

The fluidic demonstration of chip operation was performed
following the step-by-step protocols outlined in Fig. S2 (see
ESM), and the process was shown with visible purple dyes.
The purified V. parahaemolyticus genomic DNA of different
concentrations was diluted with 50 mMMES (pH = 4.0) with
dilution factor 1:4 to obtain the binding buffer of pH 5 and
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loaded onto the membrane, and the DNA would bind to neg-
atively charged chitooligosaccharide under pH 5. The absorp-
tion pad would wick the liquid waste by the capillary forces.
This was followed by the addition of 300 μL washing buffer
(50 mMMES, pH=5.0) on the same area to wash the unbound
DNA. Finally, the membrane was taken out and eluted with
50 mM Tris-HCl (pH = 9.0). The concentration of eluted
DNA was determined with a QuickDrop™ Micro-Volume
Spectrophotometer (Molecular Devices). The membranes
with and without DNA were then dried, sputter coated with
gold, and observed at 20/25 kV with a KYKY-2800B scan-
ning electron microscope (SEM).

DNA purification of pathogen samples on the chip

The bacterial fluid with different concentrations (1.0 × 101–
1.0 × 108 cfu/mL) of V. parahaemolyticus was prepared by
serial dilution and verified by plate culturing method. The
bacteria mixtures were then centrifuged at 12,000×g for
10 min, and the upper liquid was removed. One hundred–
microliter lysis buffer (50 mM Tris-HCl, 1% SDS, 10 mM
EDTA, pH = 9.0) was added into the tube, and the mixture
was heated to 80 °C for 10 min to release the genomic DNA.
After bacterial lysis, 400 μL 50 mMMES was added to adjust
the pH value (pH = 5.0) and the mixture was pipetted onto the
sample port of the microfluidic chip. The absorption pad
would wick the liquid waste by the capillary forces, and then,
another 300 μL 50 mMMES (pH=5.0) was used to wash the
membrane and remove impurities. Finally, the absorption pad
of the microfluidic chip would be ripped and discarded (ESM
Fig. S2d). The rest of the chip would be used for further SEA
analysis.

On-chip SEA analysis

The chip (silica membrane in the PET reaction chamber)
was sealed, and a 15-μL SEA reaction mix was pipetted
onto the sample port, which was fully absorbed by the
silica membrane. Then the sample port was sealed with
adhesive laminating sheet, which served as a cover film
to prevent liquid evaporation. The chip was placed on a
heating block to initiate the SEA reaction at 63 °C. After
50 min incubation, the chip was taken down from the
heating block and subsequent SYBR Green I–mediated
detection was performed by directly adding 1 μL dye into
the reaction system. Then the chips were visualized using a
handheld UV device and imaged using a phone camera.
Each assay was conducted in triplicate.

Specificity of silica membrane–basedmicrofluidic chip

The bacteria fluids of V. parahaemolyticus, L. monocytogenes,
E. coli O157:H7, B. subtilis, S. aureus, and S. typhimurium

(105 cfu/mL) were used to verify the specificity of the integrated
silica membrane–based microfluidic chip. The detection proce-
dures were the same as that in the sections “DNA purification of
pathogen samples on the chip” and “On-chip SEA analysis.”

Integrated sample-to-answer detection of
V. parahaemolyticus in artificially contaminated
oysters

Fresh oyster samples were bought from Liqun supermarket in
Qingdao, China. The oyster samples were detected to be neg-
ative for V. parahaemolyticus according to Chinese national
standard (GB/T 4789.7-2008) in which the sample was first
enriched in alkaline peptone water (APW, 1% peptone, 3%
NaCl, pH 8.5 ± 0.2), quantified on thiosulfate-citrate-bile
salts-sucrose (TCBS) agar and then determined by biochemi-
cal identification. Artificial contaminated oyster samples were
obtained as follows: First, 25 g oyster sample was added to
225 mL APW which was homogenized with a Stomacher
homogenizer for 2 min. The mixture was contaminated with
serial dilutions of V. parahaemolyticus before homogeniza-
tion, with amounts ranging from 1.0 × 100 to 1.0 × 106 cfu
per gram of oyster sample. After mixing well, each homoge-
nate was centrifuged at 900×g for 1 min to remove larger
debris and 1.0 mL supernatant was then transferred to a new
1.5-mL tube, and was centrifuged for 5 min at 12,000×g. The
pellets were resuspended in 100 μL lysis buffer (50 mM Tris-
HCl, 1% SDS, 10 mM EDTA, pH = 9.0) and detected by an
integrated silica membrane–based microfluidic chip. Lower
concentrations of oyster homogenates in APW were enriched
under 37 °C in a rotary shaker incubator at 150 rpm for 12 h.
The same aliquot of the enriched mixture was then lysed and
detected in the same way.

Statistical analysis

In the present study, all assays were performed in trip-
licate and the data were presented as mean ± S.D. The
significant differences among groups were analyzed by
Statistical Package for Social Sciences (SPSS) 16.0, and
differences were considered significant at p < 0.05.

Results and discussion

Design and working scheme of the in situ purification,
amplification, and visualization platform

Figure 1 shows the design and working scheme of the in situ
purification, amplification, and visualization platform. The
whole detection process is composed of mainly four steps
including absorption, washing, SEA reaction, and visualiza-
tion. The lytic bacterial samples were firstly mixed with MES
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and loaded onto the silicamembrane, duringwhich the nucleic
acid would be absorbed into the chitooligosaccharide layers
on the silicamembrane and liquid waste flow to the absorption
pad by capillary forces (Fig. 1(a)). Then, the washing buffer
(MES) was slowly added to the silica membrane to remove
complex matrix and inhibitors such as proteins, salts, and cell
debris (Fig. 1(b)). After that, the absorption pad was ripped off
gently along the side of the PET reaction chamber and the
edge of the chamber was sealed. The whole nucleic acid ex-
traction process could be finished in 12 min. Next, 15 μL of
the SEA reaction mixture was placed directly onto the silica
membrane where the purified DNA was captured (Fig. 1(c)),
and an adhesive sheet was used as a cover film for the sample
port to prevent evaporation during reaction. The captured
nucleic acids were then eluted due to the change of pH value
and triggered the SEA reaction at 63 °C for 50 min. Finally,
SYBR Green I was added onto the silica membrane through
the sample port and the result could be directly determined by
the naked eye under a UV light (Fig. 1(d)).

Evaluation of in tube by real-time fluorescence SEA
detection for V. parahaemolyticus

Here, the SEA method was developed to detect a gram-
negative foodborne pathogen, V. parahaemolyticus. A pair
of specific primers was designed by targeting the 16S rDNA
sequence (see ESM Table S1) with an amplified product of
41 bp. The SEA reaction was tested at different temperatures
of 60 °C, 61 °C, 62 °C, 63 °C, and 64 °C respectively. As
shown in Fig. S3 (see ESM), when the reaction temperature of
SEA was 63 °C, the threshold time value (Tt) was the smallest,
which was about 20 min. So, 63 °C was chosen as the reaction
temperature of the SEA reaction to detect V. parahaemolyticus
(see ESM Fig. S3). The specificity of the SEA reaction to
detect V. parahaemolyticus was confirmed by detecting its
total genomic DNA and non-target strains including
L. monocytogenes, E. coli O157:H7, B. subtilis, S. aureus,
and S. typhimurium in tube by real-time fluorescence detec-
tion. As shown in Fig. 2a, no fluorescence signal was observed
for the other strains and no template control (NTC) compared

to that of V. parahaemolyticus, indicating that SEA could spe-
cifically identify V. parahaemolyticus but none of the other
stains. The specificity could be further demonstrated by the
electrophoresis result (Fig. 2b). Specific target fragments of
41 bp could be successfully amplified as well as typical “lad-
der” bands of SEA as reported in our previous study [17].

The s en s i t i v i t y o f r e a l - t ime SEA as say fo r
V. parahaemolyticus was also determined in tube by serially
tenfold diluting the genomic DNA from 30 ng/μL to 0.3 pg/μL.
As shown in Fig. 3a, positive fluorescence curves were record-
ed when the concentrations were 30 ng/μL, 3 ng/μL, 0.3 ng/
μL, 30 pg/μL, and 3 pg/μL and, in contrast, no obvious change
for 0.3 pg/μL and NTC was observed. At the same time, the
threshold time (Tt) value showed correlation with the decrease
of genomic DNA from 30 ng/μL to 3 pg/μL, increasing from
22 to 47 min. The products of the real-time SEA were visual-
ized by polyacrylamide gel electrophoresis (PAGE), and 41-bp
bands were successfully amplified in all the positive reactions
(Fig. 3b). In conclusion, the SEA method for detecting gram-
negative bacteria of V. parahaemolyticus was established with
high specificity and sensitivity. Previously, SEA has been used
to detect gram-positive foodborne pathogens L. monocytogenes
and S. aureus [18, 31]. Therefore, considering the simple prim-
er design and reaction system, SEA is a promising and powerful
isothermal amplification method for on-site foodborne patho-
gen analysis.

SEA reaction to detect V. parahaemolyticus total DNA
using SYBR Green I on different membranes

SEA reaction to detect V. parahaemolyticus was performed
on silica membrane and compared with in-tube reaction and
other materials. Tenfold serially diluted V. parahaemolyticus
total DNA from 30 ng/μL to 0.3 pg/μLwas detected (Fig. 4).
When SYBRGreen I was directly added to the SEA reaction
in a PCR tube, it revealed white and bright green under the
UV lightwith andwithout amplification products (Fig. 4(a)).
With silica membrane, the fluorescence signal of SYBR
Green I could be dramatically suppressed when there were
no amplified products (Fig. 4(b), NTC and lane 6). As a

n
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Fig. 1 Sample-to-signal schematic illustration of the integrated in situ nucleic acid purification, amplification, and visualization platform. The whole
detection process is composed of mainly four steps including absorption (a), washing (b), amplification (c), and visualization (d)
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result, the signal intensity of positive samples (DNAconcen-
tration of 30 ng/μL, 3 ng/μL, 0.3 ng/μL, 30 pg/μL, 3 pg/μL)
wasobviouslyhigher than that of thenegativeones (NTCand
DNA concentration of 0.3 pg/μL) (Fig. 4(b)). Besides, the
detectability of silica membrane–based SEA corresponded
to that of the fluorescence curve (Fig. 3a). The products of
SEA on silica membrane were visualized by PAGE electro-
phoresis (Fig. 4(f)).Therewere41-bpamplificationproducts
in lanes a–d as expected, which further demonstrated that
SEA could be well tr iggered by genomic DNA of
V. parahaemolyticus on the silica membrane. The gel elec-
trophoresis results further demonstrated silica membrane
had no interference or matrix effect on the SEA reaction.
For filter paper andNCmembrane, the fluorescence intensity
of the negative ones revealed no difference from that of the
positive ones (Fig. 4(c, d)). As shown in Fig. 4(e), the SNR
value between the positive samples and the negatives ones
for the group using the silica membrane was about 8.0 times
higher than that of other membranes and 5.3 times higher
than in-tube reaction, which was demonstrated to be signif-
icantly different (p < 0.05).While for the filter paper andNC
membrane group, the SNR value revealed no discrimination
between the positive samples and the negative ones. The
main reason for this phenomenon might be that the main
component of silica membrane is SiO2 which might have
optical absorption of ultraviolet (UV) light [32]. The NC
membrane and filter paper aremainly composed of cellulose,
and the reflection and scattering of UV light might be the
main optical behavior. The real mechanism of these optical
behaviors, however, needs to be further illustrated by experts
of physics. Despite the fact that the real mechanism is not
clear, a yes or no answer for silica-based SEA can be easily
and visually obtained based on this phenomenon, which is
especially suitable for on-site qualitative diagnosis.

Fig. 2 Specificity of the SEA method to detect V. parahaemolyticus. a
The real-time fluorescence curves for the amplification reaction. b The
corresponding products of SEA reaction were visualized using PAGE

electrophoresis. 1–6, respectively, represented that the targets were geno-
mic DNA of V. parahaemolyticus, L. monocytogenes, E. coli O157:H7,
B. subtilis, S. aureus, and S. typhimurium. 7 represented the NTC

Fig. 3 The sensitivity of SEA to detect V. parahaemolyticus genomic
DNA. a The real-time fluorescence curves for the amplification reaction.
b The corresponding products of SEA reaction were visualized using
PAGE electrophoresis. 1–7 represented that the target DNA concentra-
tions are 30 ng/μL, 3 ng/μL, 0.3 ng/μL, 30 pg/μL, 3 pg/μL, 0.3 pg/μL
and NTC
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One of the most attractive features of the newly devel-
oped silica membrane–based SEA assay is that it has a

great advantage in terms of silica membrane–based visu-
alization. The present method provided highly sensitive
signal discrimination of amplified and unamplified prod-
ucts on silica membrane. Previously, a series of alternative
colorimetric detection methods based on pH or metal-
sensitive indicators, such as a shift from dark blue to blue
(hydroxyl naphthol blue), yellow to pink (neutral red)
[33], and dark yellow to yellow (calcein) [8], has been
established for isothermal nucleic acid amplification. The
color shifts of these reagents, however, are sometimes dif-
ficult to discern by the naked eye. Compared with these
methods, the silica membrane–based visualization could
avoid subjective biased interpretation of the result and
provide unambiguous readout even for those suffering
from daltonism. To our knowledge, this is the first report
of developing such a silica membrane–based visualization
method. Therefore, the silica membrane–based on-chip
SEA reaction with SYBR Green I provided a robust visu-
alization method for on-site determination.

The nucleic acid absorption performance

Porous silica membrane is one of the most pivotal mate-
rials in nucleic acid purification with high absorption ca-
pacity [34]. The silica membrane–based visualization
method also provided a new clue for developing in situ
detection devices, which can integrate nucleic acid purifi-
cation, amplification process, and result interpretation. To
avoid chaotropic salts and organic solvents for nucleic acid
purification, chitooligosaccharide-modified silica mem-
brane was adopted. Chitooligosaccharides are the degraded
products of chitosan with relative molecular mass lower
than 3200. They are much cheaper and have similar pKa
values (about 6.3–6.5) with chitosan [24, 26]. The
V. parahaemolyticus genomic DNA was used to test the
nucleic acid absorption performance of the modified mem-
brane. After the washing step, the sample loading area of
the silica membrane was dried and scanned by SEM. As
shown in Fig. 5a, under the SEM, the filamentary fibers of
the silica membrane could be clearly revealed. It is obvious
that the surfaces of the fibers were different before and
after the DNA bound to them. For the fibers without
DNA, the surface seemed to be neat and smooth, while
after DNA bound to the fibers, it seemed that the surface
become uneven and rough. These results indicated that
DNA molecules were bonded to the membrane when using
V. parahaemolyticus genomic DNA as samples.

Different amounts of V. parahaemolyticus genomic DNA
were used as samples on the silica membrane. The results
showed that the DNA capture efficiency of the membrane ap-
peared to have a decreasing trend along with the increase of the
input samples’ amounts (Fig. 5b, red line). The capacity for DNA
on the membrane was also evaluated. As shown in Fig. 5b (blue

Fig. 4 Fluorescence result of SEA detection of V. parahaemolyticus
genomic DNA for comparison in solution (a) and on different mem-
branes: (b) silica membrane; (c) nitrocellulose membrane; (d) Whatman
No. 1 filter paper. (e) SNR value of the fluorescence signal in a–d. (f) The
corresponding products of SEA reaction on silica membrane were visu-
alized using PAGE electrophoresis. 1–6 represented that the target DNA
concentrations are 0.3 pg/μL, 3 pg/μL, 30 pg/μL, 0.3 ng/μL, 3 ng/μL,
and 30 ng/μL. NTC, no template control
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line), when the amount of the input DNA was higher than
4000 ng, the quality of the recovered DNA no longer increased,
indicating that the maximum capacity for DNA on
chitooligosaccharide-modified silica membrane was approxi-
mately 3200 ng. These results demonstrated the satisfactory
nucleic acid absorption ability of the present membrane.

Performance of integrated DNA purification and SEA
on-chip detection system

As the desorption pH of nucleic acid from chitooligosaccharides
was at a pH higher than 8.5, the loading of the SEA reaction
mixture with isothermal buffer (pH 8.8) could elute DNA off the
membrane into the reaction to enable “in situ” SEA reaction. To
verify the performance of our silica membrane system for
V. parahaemolyticus detection, the specificity was evaluated.
Culture liquids ofV. parahaemolyticus and five non-target stains
were used for DNA purification, SEA amplification, and result
visualization. As shown in Fig. 6(a), the silica membrane of
V. parahaemolyticus turned white while that of the non-target
bacteria remained dark under the UV light, demonstrating the
good specificity of our silica membrane–based system. To

de t e rm ine s en s i t i v i t y , t h e ba c t e r i a l f l u i d s o f
V. parahaemolyticus were diluted to different concentra-
tions ranging from 101 to 108 cfu/mL which was verified
by the plate culturing method. The result indicated that
102–108 cfu/mL V. parahaemolyticus (Fig. 6(b)) could be
successfully amplified, and the SNR values were found to
be 9.0 times higher than those of the unamplified group
(p < 0.05) (Fig. 6(c)). The result demonstrated the success-
ful purification of nucleic acid from V. parahaemolyticus
with high efficiency and the robustness of SEA reaction on
silica membrane. The applicability of the integrated system
was also tested by detecting a common gram-positive path-
ogen L. monocytogenes. As shown in Fig. 6(b), 102–
108 cfu/mL L. monocytogenes could also be successfully
detected by the integrated platform. Therefore, a fully in-
tegrated microfluidic device for the in situ nucleic acid
purification, amplification, and visualization was con-
structed, which would greatly simplify molecular diagno-
sis of foodborne pathogens.

Fig. 5 a Themembrane surface change using SEMbefore and after DNA
binding. b The DNA capture efficiency and recovery amount of the
chitooligosaccharide-coated silica membrane

Fig. 6 (a) Specificity of the integrated in situ nucleic acid purification,
amplification, and visualization platform. 1–6, respectively, represented
that the targets were genomic DNA of L. monocytogenes, E. coli
O 1 5 7 : H 7 , B . s u b t i l i s , S . a u r e u s , S . t y p h i m u r i u m
and V. parahaemolyticus. 0 represented the NTC. (b, c) Detection of
two foodborne pathogens including V. parahaemolyticus (b) and
L. monocytogenes (c) with different concentrations. 1–8 represented that
the concentrations of the pathogen were 1.0 × 101–1.0 × 108 cfu/mL. 0
represented the NTC. (d) SNR value of the fluorescence signal in b and c
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Validation of V. parahaemolyticus detection in
artificially spiked oyster samples

Contamination of V. parahaemolyticus in seafood is one of the
most important health problems and global concerns [35–38].
Detectability of our integrated silica membrane system for artifi-
cially contaminated V. parahaemolyticus with different concen-
trations ranging from 1.0 × 100 to 1.0 × 106 cfu/g in oyster was
investigated. As shown in Fig. 7a, the integrated DNA purifica-
tion and SEA on-chip detection system was able to detect as low
as 1.0 × 103 cfu/g V. parahaemolyticus. The detectability for
artificially spiked oyster samples was slightly higher than that
in pure culture, which might be explained by the matrix effect
of complex components in oyster samples [39]. According to the
2011 Food and Agriculture Organization (FAO)/World Health
Organization (WHO) recommendation, the content of the
V. parahaemolyticus should be less than 103 cfu/g in seafood
[35]. Therefore, our silicamembrane–based SEAdetection could
guarantee seafood safety to some extent. For foodborne patho-
gens, an enrichment step is usually needed to obtain the ideal
result [36, 39]. With a suitable temperature, V. parahaemolyticus
can grow very fast. Previous studies demonstrated that the con-
centration of V. parahaemolyticus can increase by about 103

times in 6 h when the original concentration is 1 CFU [36, 39].
When combined with an enrichment process, our silica
membrane–based SEA detection could realize maximum detec-
tion (1.0 × 100 cfu/g) ofV. parahaemolyticus (Fig. 7b). However,
more experiments will still be needed to verify the interference
effects of matrices in other types of food as well as to detect other
foodborne pathogens.

To date, real-time PCR remains the gold standard for
nucleic acid detection of foodborne pathogens [38]. But so-
phisticated instruments and specialized operators limited their
application for on-site detection. Here, our silica membrane–
based platform provided a new strategy for end-point

detection of foodborne pathogens and is suitable for prelimi-
nary screening in low-resource settings. A comparison of our
integrated system with previously reported paper– or
membrane–based methods is listed in Table 1. The integrated
SEA on-chip detection displayed a similar detection limit with
a paper chip device–based RPA method on the poly(ether
sulfone) (PES) membrane [4031] and glass fibers or paper-
based LAMP reaction device [41, 42]. Lower detection limit
was also reported by integrating other isothermal amplifica-
tion methods including RPA and HDA with a paper- or
membrane-based visualization method, for example, lateral-
flow strip (LFS) and thin-film biosensor[43, 44, 45]. These
methods exhibited great potential for POCT with isothermal
amplification and suitable detection limit. However, these de-
vices still required extra and complex nucleic acid extraction
steps which limited their use for low-resource settings. There
are also reports on sample-to-answer diagnosis chips which
integrated nucleic acid extraction, amplification, and result
visualization into cost-effective and portable paper-based de-
vices [20, 46]. These paper-based chips usually needed com-
plex fabrications and operations, for example, controlling the
fluid flow from the extraction zone to the amplification zone
and lateral-flow strip as well as the temperature of a particular
zone. Compared with these studies, our integrated silica
membrane–based platform introduced the concept of “in situ
nucleic acid purification, amplification and visualization”
which could avoid complex liquid control. The integrated sys-
tem might also be a very useful amplification platform for
developing lab-on-a-chip devices on microfluidics. Besides,
one of the most important advantages of our system is the
enhanced detectability by concentrating DNA from a diluting
sample into one SEA reaction system. Although the sensitivity
of SEA to detect V. parahaemolyticus and L. monocytogenes
did not reach that of LAMP [18], the detection limit of the
integrated system is comparable to those of paper-based
LAMP reaction devices (Table 1). Therefore, a simple, rapid,
and fully integrated sample-to-signal diagnosis platform was
established, which would greatly benefit the POCT in low-
resource areas.

Conclusions

An integrated in situ nucleic acid purification, amplification,
and visualization platform was developed to detect foodborne
pathogens. The platform adopted the silica membrane–based
on-chip SEA reaction and visualization with SYBR Green I
using simple UV light, by which a yes or no answer could be
easily and visually obtained. The reaction and visualization
system was perfectly integrated with a chitooligosaccharide-
modified silica membrane–based nucleic acid purification
system. The performances of the platform for detecting
V. parahaemolyticus and L. monocytogenes were comparable

Fig. 7 Sample-to-answer detection in oysters artificially spiked with
V. parahaemolyticus using the integrated on-chip detection system. a
On-chip detection of different concentrations of V. parahaemolyticus-
spiked oysters ranging from 1.0 × 100 to 1.0 × 106 cfu per gram of oyster
sample without enrichment. b On-chip detection of different concentra-
tions of V. parahaemolyticus-spiked oysters ranging from 1.0 × 100 to
1.0 × 106 cfu per gram of oyster sample after enrichment. 0–6, respective-
ly, represented the concentrations 1.0 × 100 to 1.0 × 106 cfu per gram of
oyster sample
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with those of previously reported paper-based methods but
have the advantages of having all in situ processes, being easy
to manipulate, and having full integration from sample to sig-
nal. We are sure the platform would provide new clues for
microfluidics and benefit the POCT.
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