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Functionalized AuMBA @ Ag Nanoparticles as an
Optical and SERS Dual Probe in a Lateral Flow
Strip for the Quantitative Detection of
Escherichia coli O157:H7
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Abstract: A method combining surface-enhanced Raman scattering (SERS) with a lateral low strip (LES) was developed
for the quantitative and sensitive analysis of Escherichia coli O157:H7. AuMBA@Ag nanoparticles were prepared as SERS
probes, and 4-methylthiobenzoic acid (MBA) as a Raman reporter was inserted into the interior gap of the Au@Ag
core-shell nanoparticles, which replaced the Au nanoparticles that serve as SERS nanotags in traditional LFS. Using this
developed SERS-LEFS, the presence of the target bacteria could be tested through the appearance of a red band on the
test line. Furthermore, quantitative analysis of E. coli O157:H7 was achieved by measuring the specific Raman intensity
of MBA on the test line. The sensitivity of this SERS-LFS biosensor is 5 x 10* CFU/mL of E. coli O157:H7, which
is 10-fold higher than that of a naked eye-based colorimetric LFS. This quantitative detection of E. coli O157:H7 (Y =
1993.86X — 6812.17, R* = 0.9947) was obtained with a wide linear range (5 x 10* to 5 x 10%) due to the signal
enhancement of the SERS nanotags. In addition, the SERS-LFES could differentiate E. coli O157:H7 from closely related
bacterial species or nontarget contaminants, suggesting high specificity of this assay. The applicability of SERS-LFS to
the analysis of E. coli O157:H7 in milk, chicken breast, and beef was also validated, indicating that the sensitivity was
not disturbed by the food matrix. In summary, the SERS-LFS developed in this study could be a powerful tool for the
quantitative and sensitive screening of E. coli O157:H7 in a food matrix.

Keywords: Escherichia coli O157:H7, lateral flow strip, quantitative and sensitive detection, surface-enhanced Raman
scattering

Practical Application:  This study demonstrates that a surface-enhanced Raman scattering (SERS)-based lateral flow strip
(LES) could be used as a rapid and sensitive method for Escherichia coli O157:H7 detection. Furthermore, this SER S-based
LES could achieve quantitative detection of the target, eliminating the defect of the traditional colloidal gold LES, which

is not quantifiable.

Introduction

Enterohemorrhagic Escherichia coli O157:H7 is a dangerous
foodborne pathogen that can cause severe serious diseases with a
low infectious dose (10 CFU) (Song et al., 2016). E. coli O157:H7
can contaminate water and food (Huang, Zhao, & Dou, 2018)
and cause hemolytic uremic syndrome, bloody diarrhea, and even
death (Pang et al., 2017). The World Health Organization has em-
phasized the significance of control and prevention of the spread
of E. coli O157:H7 associated with food consumption (Luo et al.,
2017). Therefore, sensitive and rapid detection of E. coli O157:H7
is crucial to ensure the health of consumers.

Current E. coli O157:H7 detection methods rely mostly on
traditional microbial measuring methods and polymerase chain
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reaction (PCR) (Pang et al., 2017), which are standard approaches
for E. coli O157:H7 detection. However, these methods are la-
borious, time consuming, and unsuitable for real-time screening
(Abubakar et al., 2007). To date, several techniques have been es-
tablished to replace traditional methods for E. coli O157:H7 detec-
tion, such as enzyme-linked immunosorbent assays (Bai, Huang, &
Yang, 2007), electrochemical biosensors (Yan et al., 2017), and sur-
face plasmon resonance immunosensors (Y. Wang, Ye, Si, & Ying,
2013). Although these methods possess high sensitivity, speed,
and accuracy, they require expensive instruments and professional
technicians. We concluded that these techniques are not suitable
for real-time screening or point-of-care (POC) applications.
Lateral flow strips (LFSs) have received increasing attention in
POC testing owing to their simplicity, speed, low cost, and ro-
bustness (He et al., 2010; P. Wang, Wang, Zhang, Su, & Luo,
2016). Gold nanoparticles (AuNPs) are widely used as labels in
LESs due to their unique optical properties and chemical stability
(D. Zhang et al., 2018). However, AuNP-based LFSs have the
drawbacks of low sensitivity and limited utility for quantitative
analysis (Fu et al., 2016) and can be used only to detect analytes
with relatively high concentrations. Recently, fluorescence, Ra-
man, electrochemical, and magnetic labels were developed instead
of AuNPs to achieve the quantitative and sensitive detection of
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target analytes (Hwang, Lee, & Choo, 2016; Taranova, Berlina,
Zherdev, & Dzantiev, 2015). However, fluorescence and magnetic
labels suffer from chemical instability and high background sig-
nal, and fluorescence labels are subject to quenching. In contrast,
surface-enhanced Raman scattering (SERS) nanotags are good
candidates for LFS labels that can enhance the signal of Raman
reporters by absorbing onto the nanoparticle surface, which is
well known as a “hot spot” (Fu et al., 2016). Compared with
fluorescence-based LFSs, the SERS-based LFS (SERS-LFS) has
enhanced sensitivity and stability because the SERS signals orig-
inate from the rotation and vibration of Raman dyes (D. Zhang
et al., 2018). Single nanotags could be detected due to the rational
design of nanotags (Lim et al., 2011) and the ultrasensitivity and
low interference of SERS detection (Liang et al., 2014).

The primary principles of the established SERS-LFS biosen-
sors are consistent with those of the conventional LFSs based on
AuNPs, except for the use of SERS nanotags. The SERS activity
of AuNPs is weak and inapplicable for use as quantitative SERS
nanotags in LFSs. In contrast, silver nanoparticles possess higher
Raman scattering activity, but they suffer from poor chemical sta-
bility and biocompatibility (Becker et al., 2008). AuMPA@Ag is a
much brighter SERS tag than gold or silver nanoparticles because
its surface is coated with Raman tags. The nanosized gap be-
tween Au and Ag has a strong electromagnetic field enhancement,
which further improves the SERS signal intensity of the Raman
dyes (Ngo, Gandra, Fales, Taylor, & Vo-Dinh, 2016). In addition,
this sandwiched structure prevents the Raman dyes from leak-
ing out and enhances their signal intensity. Furthermore, Au@Ag
nanotags have not been previously used as optical and SERS dual
probes in the detection of E. coli O157:H7.

In this study, we propose a SERS-LFS biosensor for the sensitive
and quantitative detection of E. coli O157:H7. Au-Ag core-shell
bimetallic nanotags with Raman dyes (4-methylthiobenzoic acid
(MBA)) absorbed on the interior gap between the two metals
(AuMBA@Ag) were used as nanotags. The experimental condi-
tions, including the Ag shell thickness, the running bufter, the pore
diameter of the nitrocellulose (NC) membrane, and the amount of
antibody conjugated to AuMPA@Ag, were optimized to enhance
the assay sensitivity. To our knowledge, this study is the first to use
SERS-LEFSs for the quantitative analysis of E. coli O157:H7 in a
food matrix.

Materials and Methods

Materials and bacterial strains

Tetrachloroaurate (II) trihydrate (HAuCly - 3H,0), trisodium
citrate, 4-methylthiobenzoic (4-MBA), silver nitrate (AgNO3),
bovine serum albumin (BSA), and L-ascorbic acid were purchased
from Sigma-Aldrich (St. Louis, MO). The NC membrane was ob-
tained from Millipore (Bedford, MA, USA). Backing pads, sample
pads, conjugate pads, and absorption pads were obtained from
Shanghai Goldbio Tech Co., Ltd (China). The rabbit anti-E. coli
0157:H7 polyclonal antibody was prepared in our laboratory, and
the antirabbit IgG antibody produced in goat was purchased from
Abcam (Abcam Beijing Zhongyuan, Ltd., Beijing, China). All
other chemicals were of analytical reagent grade and used without
further purification. Ultrapure water was purified with a Milli-Q
water purification system (Madrid, Spain).

The standard strains used for testing the specificity and sensitiv-
ity of the SERS-LFS are listed in Table 1. A loopful of the strains
was inoculated in 9 mL of Luria-Bertani (LB) broth (Beijing Land
Bridge Technology Co., Ltd., Beijing, China) and incubated at

Table 1-Bacterial strains used in this study.

Species Source

Escherichia coli O157:H7 ATCC35150
Escherichia coli CICC10305
Listeria monocytogenes ATCC19115
Listeria monocytogenes ATCC7644
Vibrio parahaemolyticus ATCC17802
Salmonella enteritidis CMCC50041
Salmonella enterica subsp. enterica CICC10982
Salmonella enteritidis ATCC13076
Salmonella Paratyphi-A CICC21501
Salmonella Choleraesuis var. Kunzendorf CICC21494
Shigella flexneri CICC10865
Staphylococcus aureus ATCC25923
Shigella sonnei CICC21535
Enterobacter aerogenes CICC10293
Campylobacter jejuni subsp. jejuni ATCC33560
Staphylococcus epidermidis CICC10294

CICC, China Center of Industrial Culture Collection; ATCC, American Type Culture
Collection; CMCC, China Microbiological Culture Collection.

37 °C while shaking at 200 rpm for 18 to 24 hr. The grown
cells were washed three times by repeating the centrifugation
(10,000 x g, 30 s) and suspending the cells in bufter solution.
The number of bacterial cells was counted by the plate counting
method using plate counting agar (Beijing Land Bridge Technol-
ogy Co., Ltd., Beijing, China).

Instruments

The prepared AuMPA@Ag was characterized by a Shimadzu
UV-2300 UV-Vis spectrophotometer (Shimadzu, Japan) and
JEM-2010 FEF transmission electron microscope (TEM, JEOL
Ltd., Japan). The Raman spectra for the SERS nanotags were
recorded with a confocal micro-Raman spectroscopic system
(Renishaw, Gloucestershire, UK). The baseline of the obtained
Raman spectra was corrected to zero with Renishaw Wire 4.2
software. Furthermore, the spectra were normalized by subtrac-
tion of the original spectrum of the LFSs with Origin 8.5 (Origin-
Lab Corporation, Northampton, MA). Dispenser 93 (HM3035)
(Shanghai Kinbio Tech. Co., Ltd., China) was used to immobi-
lize the antibody on the NC membrane to form the control and
test lines. The 3.7-mm-wide strips were prepared using a pro-
grammable cutter (Zeta Corporation, Gunpo, South Korea).

Synthesis of AuMBA @ Ag SERS nanotags

The AuNPs and AuMPA@Ag SERS nanotags were synthesized
as described in our previous paper (H. B. Liu, Du, Zang, Li,
& Wang, 2017), and the preparation procedure is presented
in Figure 1A. The colloidal gold was first synthesized via the
well-established citrate-reduction method (Frens, 1973) and was
used as the template for the synthesis of AuMPA@Ag nanotags.
Here, 1 mol/L MBA (2.5 pL) was added to the AuNP solution
(2 mL) and vigorously stirred for 5 min. MBA was conjugated to
the surface of the AuNPs by the formation of Au—S bonds (B. Liu
et al., 2012). Then, the AuMP? was used as seeds to grow silver
shells by the reduction of AgNOj; with L-ascorbic acid. Briefly,
0.1 mol/L ascorbic acid (0.4 mL) was added to 2 mL of AuMBA
solution, and then 0.6, 1.2, and 2.4 mL of AgNOj; solution
(1 mM) were added dropwise to three separate tubes. Upon the
addition of AgNOj3, the silver atoms were nucleated and eventu-
ally formed the silver shell around AuMPA. The Ag shell thickness
was optimized to achieve maximum Raman enhancement.
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Figure 1-Schematic illustration of the preparation of AuMBA @ Ag-anti-E.
coli 0157:H7 antibody (A), the detection of E. coli 0157:H7 with LFS (B),
and the SERS detection of test line (C).

Conjugation of antibody with AuMBA @ Ag nanotags

Anti-E. coli O157:H7 pAb-labeled AuMPA@Ag nanotags were
prepared as follows: Difterent volumes of K,COj3 (1 mol/L) were
added to the prepared AuMPA@Ag (1 mL) to adjust the pH to
6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5. After 5 min, 200 pL of
pH-adjusted AuMPA@Ag solution was removed to 96-well plates,
different amounts of antibody were added, and the solution was
allowed to sit for 1 hr. UV—Vis was used to test the peak of the
above solution at 360 nm. The optimum concentration of antibody
and the optimum pH of AuMPA@Ag nanotags were selected by
observing the highest absorbance value at 360 nm and the brightest
orange-yellow color. After optimization, defined volumes of the
antibody and K,CO3 were added to 1 mL of AuMBA@Ag solution
and agitated for 1 hr at 4 °C. Subsequently, 20% BSA (20 puL) and
20% PEG20000 (10 uL) were added to the AuMBA@Ag conjugates
and allowed to react for another 30 min. The resulting solution
was centrifuged, and the supernatant was discarded to remove the
unbound antibody and chemicals. The residues containing SERS
nanotags (AuMPA@Ag-anti-E. coli O157:H7 pAb) were mixed
with 200 UL of buffer containing 5% BSA, 0.025% Tween 20, and
1% sodium azide (pH = 7.4). The mixture was sprayed onto the
conjugate pad at 25 pL/cm and then dried at room temperature
for 8 hr.
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Preparation of the SERS-LFs

Figure 1B and 1C illustrates the configuration and operating
principle of the SERS-LEFS for the analysis of E. coli O157:H7. The
components of these SERS-LFSs include backing pads, absorbent
pads, NC membranes, conjugate pads, and sample pads. To prepare
the LE the NC membrane was first affixed onto the backing
pad. The goat antirabbit IgG and anti-E. coli O157:H7 pAb were
sprayed on the NC membrane at a jetting rate of 0.9 uL/cm to
produce the control and test line, respectively. The membrane was
dried overnight at 37 °C. The absorbent pad and the conjugate
pad were affixed onto either end of the NC membrane, and the
sample pad was pasted to the end of the conjugate pad. All four
components were assembled with 2 mm overlap, and the strips
were cut into 3.7 mm in width. Finally, the LFSs were stored in a
sealed bag with desiccative at room temperature for further use.

The measurement principle is based on sandwich-type reac-
tions. When the E. coli O157:H7 solution was pipetted onto the
sample pad, the liquid solution was moved toward the absorbent
pad by capillary action. Then, E. coli O157:H7 reacted with the
SERS immunoprobe, which was fixed onto the conjugate pad
to form the target bacteria-pAb-AuMPA@Ag complex. The im-
munocomplexes continued to flow to the test zone and were cap-
tured by the antibodies immobilized on the test line. The accumu-
lation of the AuMPA*@Ag produced a characteristic orange-yellow
band on the test line. Excessive SERS immunoprobe continued to
migrate and was captured by the goat antirabbit IgG immobilized
on the control line. Therefore, two orange-yellow bands appeared
on the test line and the control line. The SERS signal intensity was
proportional to the concentration of E. coli O157:H7. A Raman
spectrometer was adopted to record the SERS signal intensity of
MBA within AuMPA@Ag, and a quantitative result was achieved.
The presence of E. coli O157:H7 was verified through both the
color change of the test line and the obtained SERS signal in-
tensity of MBA. In the absence of E. coli O157:H7, only one
orange-yellow band appeared on the control line, indicating that
the test strip was working properly.

Selection of the NC membrane type and the optimum
running buffer

The presence of surfactant in the running buffer and the pore
size of the NC membrane are important factors regulating the
binding time between antigen and antibody and affecting the
sensitivity of the SERS-LFS. NC membranes HF180, HF135,
and HF90 were tested to select which presented the brightest
band. The flow rates of HF180, HF135, and HF90 are 180, 135,
and 90 s/4 cm, respectively. Five types of running buffer (RB),
RB1 (PBS + 0.1% Tween 20, pH = 8.0), RB2 (PBS + 0.1%
Tween 20, pH 7.4), RB3 (0.01 mol/L PB buffer, pH = 7.4),
RB4 (0.01 mol/L PBS bufter, pH = 5.7), and RB5 (0.01 mol/L
PBS buffer, pH = 8.5) were tested. The running buffer that gave
the brightest color on the test line and the lowest background
color on the NC membrane was selected as the optimum running
buffer in our experiment.

Sensitivity and specificity of the SERS-LFs

E. coli O157:H7 was cultured in LB broth at 37 °C for 18 to
24 hr. Total viable counts were determined by the plate counting
method, which showed viable counts of E. coli O157:H7 at
5 x 10° CFU/mL. Simultaneously, bacterial suspension was
heat killed at 100 °C for 10 min to ensure the safety of the
experimenters (Gehring et al., 2004; Ruan, Yang, & Li, 2002)
and 10-fold serially diluted with RB for further use. To test the
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Figure 2-UV-Vis (A), TEM (B), and Raman signal intensity (C) of AuMBA @ Ag with different amounts of AgNOs.

sensitivity of the SERS-LFs, 100 puL of E. coli O157:H7 solution
at different concentrations was added onto the sample pad. The
detection results were observed both by the naked eyes and by a
Raman spectrometer (laser power, 25 mW, and integration time,
10 s). The signal intensities of MBA, which has characteristic
Raman peaks at 1583 and 1077 cm™!, were also obtained for the
quantitative detection of E. coli O157:H7.

The specificity of the SERS-LFS was evaluated using E. coli
O157:H7, E. coli, and 14 non-E. coli strains including Listeria
monocytogenes (ATCC7644), L. monocytogenes (ATCC19115),
Vibrio  parahaemolyticus, Salmonella enteritidis  (CMCC50041),
S. enteritidis (ATCC13076), Salmonella enterica subsp. enterica
(CICC10982), Salmonella Choleraesuis var. Kunzendorf, Salmonella
paratyphi-A, Shigella flexneri, S. sonnei, Staphylococcus aureus, S. epi-
dermidis, Campylobacter jejuni subsp. jejuni, and Enterobacter aerogenes
(Table 1). Each strain was diluted to a concentration of 108
CFU/mL and tested by SERS-LFS. The running buffer alone
was used as a negative control. All the experiments were repeated
three times.

Application of SERS-LFS to food samples

To illustrate the feasibility and quantitative ability of the SERS-
LFs, contaminated food samples were detected by this biosensor.
Beef, chicken breast and milk were obtained from a local gro-
cery store in Tianjin city, and the absence of E. coli O157:H7 was
verified according to the National Standard method GB/4789.36-
2016. These food matrices were selected as exemplars of solid and
liquid matrices. E. coli O157:H7 was cultured in LB broth at
37 °C for 18 to 24 hr, and the culture was diluted to prepare
different concentrations of E. coli O157:H7. The diluted bacteria
were inoculated into selected food samples to achieve concentra-
tions of 107, 10°, 10%, and 10* CFU/mL (CFU/g). Inoculated
samples (25 g or 25 mL) were added to the running buffer at a
ratio of 1:10 and thoroughly mixed. Aliquots of 1 mL from each
food sample were collected and immediately heat killed at 100 °C
for 10 min, and then 100 pL of the supernatant was pipetted onto
the SERS-LFs. The detection results were determined by both
the naked eyes and the Raman spectrum.

Results

Characterization and Raman signal intensity measurement
of AuMBA@ Ag

First, the AuNPs were prepared, and TEM imaging (Figure 2Aa)
demonstrated that the AuNPs were spherical in shape with an

average diameter of 15.1 nm. The UV—-Vis spectra (Figure 2B)
of the AuNPs showed a strong and intense surface plasmon res-
onance absorption at 514 nm, indicating the monodispersity and
uniform shape of the AuNPs. In the preparation of AuMBA@Ag
SERS nanotags, the thickness of the Ag shell heavily aftected the
Raman enhancement. Therefore, the amount of AgNO3 was op-
timized. With the addition of AgNOj3, Ag continuously grew
on the surface of AuMBA. As shown in Figure 2Ab, Ac, and
Ad, the edge of AuMPA@Ag was much brighter than the cen-
ter. In addition, with increasing silver shell thickness, the LSPR.
of AuMBA@Ag exhibited a blueshift, indicating the formation of
Au-Ag shell-gold nanoparticles. However, when the volume of
AgNOj increased to 2.4 mL, the nanoparticles lost monodisper-
sity (Figure 2Ad). Figure 2C displays the SERS signal intensity of
AuMPA@Ag with different silver shell thicknesses at 1077 cm ™! It
is clear that the AuMBA@Ag exhibit higher SERS signal intensity
than pure AuMPA, and AuMPA@Ag with 1.2 mL of AgNO; has
the highest Raman intensity. Therefore, 1.2 mL of AgNO3 was
chosen as the optimum volume for use in preparing the SERS
nanotags.

Optimization of the pH of AuMBA @ Ag and the addition of
antibody

The pH of the AuMPA@Ag solution and the concentration
of antibody strongly affect the synthesis of the AuMPA@Ag-anti-
E. coli O157:H7 pAb. The coating efficiency of the antibody
on AuMBA@Ag will influence the sensitivity of the SERS-LFS.
As shown in Table 2, the maximum UV-Vis absorbance peak
is obtained at pH 8.5 with the addition of 4 pL of antibody.
Therefore, the optimum pH for the conjunction of antibody with
AuMBA@Ag is 8.5, and the most suitable amount of antibody for

Table 2-Optimization of the conditions for the combination of
AuMBA@Ag nanoparticles and antibodies.

Amount of antibody (uL)

pH 2 3 4 5 6
6.5 0.303 0.433 0.498 0.596 0576
7.0 0.322 0.435 0.527 0573 0.582
75 0.339 0.447 0.552 0579 0593
8.0 0.343 0.485 0.588 0.595 0513
8.5 0.359 0.493 0.605 0510 0.522
9.0 0.357 0.443 0.585 0.492 0513
9.5 0.344 0.424 0.569 0.498 0.506
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Figure 4-Digital photographs of the lateral flow strips at different concen-
trations of £. coli 0157:H7 (5 x 108 to 5 x 10* CFU/mL).

200 pL of AuMPA@Ag is 4 uL (1 mL of AuMBA@Ag corresponds
to an optimum antibody volume of 20 pL).

Optimize the NC membrane pore size and the running
buffer

The type of NC membrane and running buffer had an impor-
tant effect on this assay. NC membranes with different pore sizes
were tested. As shown in Figure 3A, the band for HF90 was sig-
nificantly brighter than the bands for HF135 and HF180. There-
fore, HF90 is suitable for the migration of the E. coli O157:H7-
antibody-AuMPA@Ag sandwich complex and was selected for our
subsequent experiments.

A HF 90s s HF 135s = HF 1805‘ B ﬁRBl RB2 RB3 RB4 \ RB5 Figure 3—Optimization results of different
_F , i e types of NC membrane (A) and running
i —— — == = i — -— buffer (B).
- = - 1 i ;|
= ! pa - - - -
C & 3 4] 2
| S A 2 A A A A
The running buffer solution also heavily influenced the flow
L 5x10° 5x10 5x10° | 5%x10° 5x10" rate of the immunocomplex. In addition, the selection of a suitable
| o — — — — running buffer solution could increase the binding efficiency to

target bacteria and capture antibodies. In Figure 3B, the orange-
yellow band for RB1 was significantly stronger than that of the
other four buffer solutions. Based on this result, RB1 was used in
the subsequent experiment.

Sensitivity and quantitative ability of SERS-LFs

Optimum conditions for the use of the SERS-LFS for E. coli
0O157:H7 detection were established. E. coli O157:H7 solutions
in the range of 5 x 10% to 5 x 10> CFU/mL were prepared by
diluting E. coli O157:H7 with RB1. As shown in Figure 4, as the E.
coli O157:H7 concentration increased, the orange-yellow color of
the test line was proportionally increased. When the concentration
of E. coli O157:H7 was below 5 x 10° CEFU/mL, the color of
the test line was not visible. Therefore, the visual LOD of the
SERS-LFs was 5 x 10° CFU/mL.

Quantitative analysis of E. coli O157:H7 was obtained by mea-
suring the SERS signal intensity of the test line. As shown in
Figure 5A, the Raman intensities increased concomitantly with
increasing E. coli O157:H7 concentration. Based on this result,
calibration curves were obtained in the form of E. coli O157:H7
concentration versus SERS peak intensities centered at 1077 cm ™!,
which is higher than that at 1583 ¢cm™' (Figure 5B). The linear
curve has good linearity between the Raman signal intensity and
the logarithm of E. coli O157:H7 concentration (R? = 0.9947).
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Figure 5—(A) SERS spectral intensity of AuMBA @ Ag on test lines from different concentrations of E. coli 0157:H7. (B) Calibration curve for E. coli
0157:H7 detection of variations in MBA SERS signal intensity centered at 1077 cm™".
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Figure 6—(A) Agarose gel image of PCR for the detection of E. coli 0157:H7. (B) Molecular specificity of the PCR-AGE using E. coli 0157:H7 and 15

other bacteria.
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Figure 7-SERS intensities of MBA at 1077 cm~ from 10 different spots
on the middle parts of the test lines on the strips with E. coli 0157:H7
concentrations of 5 x 108 and 5 x 10* CFU/mL.

Error bars represent the standard deviations of five detections.
When the E. coli O157:H7 concentration was 5 x 10> CFU/mL,
the Raman intensity of MBA at 1077 cm™" was 1036.21, which
was only 1.49-fold higher than the Raman intensity of 696.99
in the negative control. Thus, the SERS-LFS detection limit was
5 x 10* CFU/mL with a Raman intensity of 2769.59, which was
3.9-fold higher than the Raman intensity of the negative control
(S/N > 3).

PCR combined with agarose gel electrophoresis (AGE) was also
applied to pure E. coli O157:H7 cultures with different concen-
trations ranging from 5 x 10% to 5 x 10> CFU/mL. As shown
in Figure 6A, the detection limit of PCR-AGE was only 5 X
10° CFU/mL. Furthermore, only E. coli O157:H7 produced a
visible band at 499 bp (Figure 6B).

Reproducibility of the SERS-LFS

To investigate the reproducibility of the SERS signals, the signals
of ten different points on the middle of the test lines from two
strips were tested. E. coli O157:H7 concentrations of 5 x 10% and
5 x 10* CFU/mL were applied to the two test strips. As shown
in Figure 7, the RSD values of 10 different spots on each test line
were 4.39% and 4.89%, indicating high precision of the SERS

signal.
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Figure 8-Detection specificity of the SERS-based lateral flow strip as-
say. PC positive control (E. coli 0157:H7), 1 E. coli, 2 L. monocytogenes
(ATCC19115), 3 L. monocytogenes (ATCC7644), 4 V. parahaemolyticus, 5
S. enteritidis (CMCC50041), 6 S. enterica subsp. enterica (CICC10982), 7 S.
enteritidis (ATCC13076), 8 S. paratyphi-A, 9 S. Choleraesuis var. Kunzen-
dorf, 10 S. flexneri, 11 S. aureus, 12 S. sonnei, 13 E. aerogenes, 14 C. jejuni
subsp. jejuni, 15 S. epidermidis.

Specificity of the SERS-LFs

The specificity of the developed method depends on the spe-
cific affinity of the antibody to the target bacteria. The speci-
ficity of this SERS-LFS was evaluated by testing against E. coli
0O157:H7, E. coli and other microorganisms, including L. mono-
cytogenes (ATCC19115), L. monocytogenes (ATCC7644), V. para-
haemolyticus, S. enteritidis (CMCC50041), S. enterica subsp. enter-
ica (CICC10982), S. enteritidis (ATCC13076), S. paratyphi-A, S.
Choleraesuis var. Kunzendorf, S. flexneri, S. aureus, S. sonnei, E.
aerogenes, C. jejuni subsp. jejuni, and S. epidermidis. As illustrated
in Figure 8, only E. coli O157:H7 produced a positive reaction,
while E. coli and other microorganisms had colorless T-lines. This
result confirms that the SERS-LFES possesses high specificity and
selectivity for the analysis of E. coli O157:H7. Furthermore, the
SERS-LES results are consistent with the PCR-AGE results.

Application of SERS-LFs in food samples
To evaluate the anti-interference ability of the developed
method in food samples, simulated chicken breast, beef, and milk
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Table 3-Detection results and recoveries of E. coli O157:H7 in
milk, chicken breast, and beef using the SERS-based lateral flow
strips.

Spiked con- Results based Results
centration on naked eye  based on Recoveries
Sample (CFU/mL) assessment SERS (%)
Milk 1 5 x 107 +,+.+ +,+.+ 104.54 &+ 1.46
Milk 2 5 x 10° +,+,+ +,+.+ 98.78 + 2.25
Milk 3 5 x 10° +,+,+ +,4+,+ 96.09 + 2.07
Milk 4 5 x 10* ——— +,+.+ 97.50 + 2.92
Chicken 5 x 107 +,+,+ +,+,+ 98.74 £ 0.98
breast 1
Chicken 5 x 100 +,+.+ +,4,+ 107.59 + 2.09
breast 2
Chicken 5 x 10° +,+,+ +,4+,+ 105.04 % 3.99
breast 3
Chicken 5 x 10* ——— +,4,+ 94.19 + 3.14
breast 4
Beef 1 5 x 107 +,+,+ +,4,+ 103.22 £ 1.99
Beef 2 5 x 100 +,+.+ +,4,+ 98.92 £ 1.95
Beef 3 5% 10° +,+,+ +,4,+ 9552 + 2.79
Beef 4 5 x 10* —-—— +,+.+ 96.93 £ 0.89

Visual and SERS-based assessment of the test line: (4) positive result, (—) negative result.

samples spiked with E. coli O157:H7 were tested using SERS-LFs.
The E. coli O157:H7 in the spiked samples was evaluated under
the same conditions described above. The total recovered colonies
were calculated from the obtained Raman intensities and the cal-
ibration curve (Roy et al. 2018; Zeinhom et al., 2018). As shown
in Table 3, the recoveries of E. coli O157:H7 in food samples were
95.52% to 107.59%. The detection limit of E. coli O157:H7 in
milk, chicken breast, and beef was 5 x 10* CFU/mL. Therefore,
the application performance clearly illustrated that the SERS-LFS
based on AuMBA@Ag labeling and SERS detection can efficiently
and quantitatively detect E. coli O157:H7 in food samples.

Discussion

AuMPA@Ag was used as labels in the SERS-LFS to achieve
quantitative detection. In addition, the SERS enhancement of
AuMPA@Ag will affect the sensitivity of the LES (M. Li et al.,
2014). The SERS signal intensity of MBA is enhanced by the
electromagnetic field between the gold core and silver shell, and
the thickness of the silver shell was optimized to achieve Raman
signals with ultrahigh intensity and reproducibility. As shown in
Figure 2Aa, Ab, Ac, and Ad, the thickness of the Ag shells in-
creased with increasing amounts of AgNOj in the range of 0,
0.6, 1.2, and 2.4 to 2 mL of AuMBA solution. Figure 2B illustrates
that the LSPR of AuMPA@Ag exhibits a blueshift with increasing
silver shell thickness. This result agrees with the traditional Mie
scattering theory (Lee et al.,, 2007; Moskovits, Srnovasloufova,
& Vlckova, 2002) and indicates the formation of silver-gold

core-shell nanoparticles. The SERS intensity of AuMPA@Ag at
1077 cm™! is closely related to the thickness of the Ag shell
(Figure 2C). When up to 1.2 mL of AgNO3 was added, the
enhancement of the Raman signal increased with the amount
of AgNOj. Further increases in AgNOj decreased the Raman
enhancement. This phenomenon can be interpreted as a larger
silver shell thickness damping the laser excitation of MBA and
hindering the output of MBA’s Raman signal (Zhao et al,
2015). Furthermore, a larger shell thickness will affect the cou-
pling between the gold core and silver shell, and reduce the
electromagnetic enhancement effect (D. Zhang et al,, 2018).
As shown in Figure 2Ad, the monodispersity of AuMPA@Ag
was destroyed, and the steric effect hindered efficient diffu-
sion in the NC membrane. Therefore, it was necessary to op-
timize the thickness of the Ag shell of AuMPA@Ag nanopar-
ticles, and our results showed that 1.2 mL of AgNOs; to
2 mL of colloidal gold was the optimal ratio to achieve the strongest
Raman enhancement.

To maximize the analytical sensitivity, the pH of AuMPA@Ag,
the addition of antibody, the type of NC membrane, the run-
ning buffer, and the integration time of the laser were optimized.
First, the antibody amount and the pH of the AuMPA*@Ag solu-
tion for labeling were optimized to enhance the stability of the
nanoparticles. The antibody will efficiently absorb on the surface
of AuMBA@Ag only when the pH is maintained near the isoelec-
tric point (Song et al., 2016). As shown in Table 2, the optimum
condition for antibody and AuMBA@Ag connection was obtained
at pH 8.5 with the addition of 4 uL of antibody. At this condition,
the maximum UV—Vis absorbance value was achieved, while the
addition of antibody was relatively low. Second, the type of NC
membrane and running buffer affect the flow velocity of sam-
ples and then influence the assay sensitivity (Gao et al., 2017).
Generally, the presence of surfactant and the pore size of the NC
membrane affect the flow rate of samples on the NC membrane
and further regulate the binding time of antibody and target bac-
teria. Figure 3A reveals that HF90 provides a suitable capillary
flow rate and gives a satisfactory orange-yellow band. HF135 and
HF180, which have smaller pore sizes, were not suitable for this
assay. Therefore, a larger pore size of the NC membrane will facil-
itate the movement of bacteria with larger diameters. In addition,
RB1 was the optimal running buffer (Figure 3B). The presence of
Tween 20 facilitated better flow of immuno-nanoparticles through
the NC membrane and mitigated the nonspecific absorption of
immuno-nanoparticles on the test line. This result is in agreement
with the literature (J. Liu, Mazumdar, & Lu, 2006; Rivas et al.,
2015) reporting that the presence of surfactant in running buffer
can significantly reduce the background signal because of nonspe-
cific binding on the membrane. Therefore, HF90 and RB1 were
selected as the optimum combination. During the experiment
process, different concentrations of E. coli O157:H7 will be added

Table 4-Comparison of the detection limits of different lateral flow strip assays.

Method Target Detection time Quantification LOD Reference
PCR-LFS S. aureus 49 hr No 2 x 10" Zhang et al., 2017
Superparamagnetic NP-LFS L. monocytogenes 20 min 10* to 10° 10* Shi et al., 2015
Conventional LFS Shigella boydii 5 to 10 min No 10° Song et al., 2016
E. coli O157:H7

LFS-image analysis E. coli O157:H7 20 min No 104 Kim et al., 2013
Immunomagnetic separation-LFS E. coli O157:H7 50 min No 2.8 x 10° Huang et al., 2016
SERS-LFS E. coli O157:H7 15 min 10* to 108 10* This study
PCR-AGE E. coli O157:H7 1.5 hr No 5% 10° This study
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to running buffer or food samples. The E. coli O157:H7 should be
heat-killed to ensure the safety of the experimenters and prevent
these bacteria from polluting the environment . And this step can
be omitted during the actual application process. Finally, the laser
power of the Raman spectrometer was tuned at 25 mW, and the
integration time was set to 10 s. Based on our experiments, the
use of higher laser powers and longer integration times generated
enough heat to destroy the NC membrane.

While LFSs have been successfully used in the detection
of numerous pathogens, such as Pseudomonas aeruginosa (Chen
et al., 2016), S. boydii, E. coli O157:H7 (Song et al., 2016), and
Staphylococcus aureus (H. Zhang et al., 2017), they possess major
limitations including low sensitivity and the inability to achieve
quantitative results. To resolve these drawbacks, SERS-LFSs were
established in this experiment. SERS spectroscopy is a highly
sensitive detection platform that allows trace and nondestructive
detection (J. E Li et al., 2010). The combination of SERS
and LFSs is an ideal technique to lower the detection limit
and permit quantitative detection. All the test procedures can
be completed within 15 min. The analytical characteristics of
these SERS-LFSs are compared with those of other techniques
in Table 4. Compared with other methods, the quantitative
SERS-LFS is sensitive, fast, low cost, and fit for POC detection.
Furthermore, food sample analysis demonstrated that SERS-LFS
can efficiently and rapidly detect bacteria.

Conclusion

We established an SERS-LEFS for the quantitative and sensitive
analysis of E. coli O157:H7. Antibody-modified AuMPA@Ag nan-
otags were employed in the SERS-LFSs, and the specific SERS
signal intensity of MBA was used for quantification. With care-
fully optimized experimental conditions, the limit of detection
values of this assay for E. coli O157:H7 is estimated to be 5 x
10* CFU/mL, which is 10-fold higher sensitivity than that of col-
orimetric LFSs. SERS-LFSs have a dynamic range from 5 x 10% to
5 x 10* CFU/mL with a coefficient of determination of 0.9947.
Testing with the SERS-LFSs was completed in 15 min and had
the advantages of high specificity, small sample volume, and the
elimination of sample pretreatment. Therefore, this SERS-LFS
could be directly used to detect E. coli O157:H7 in food sam-
ples, representing an optimistic outlook for the future. Obviously,
the combination of this SERS-LFS with a portable Raman spec-
trometer can increase its onsite applicability. This newly developed
assay has great potential for the detection of additional and multi-
ple foodborne pathogens and the detection limit of this SERS-LF
could be lowered by using other nanoparticles to enhance Raman
scattering. Thus, this SERS-LFS may provide a practical method
to monitor multiple bacteria species in food samples.
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