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ARTICLE INFO ABSTRACT

We propose a plasmonic enhanced lateral flow sensor (pLFS) concept with an enhanced colorimetric signal by
utilizing liposome encapsulating reagent to trigger the aggregation of gold nanoparticles (GNPs). Our signal
enhancement strategy incorporates the simplicity of lateral flow immunoassays (LFIA) utilizing plasmonic en-
hancement. The conceptualized hybrid pLFS for onsite rapid detection of pathogens in low numbers in a user
friendly format requiring simple steps is the first step in the translation of plasmonic enhancement sensing to a
practical regime. The pLFS was carried out with a biotinylated liposome label ruptured to release branched
polyethylenimine (BPEI) to trigger the aggregation of GNPs for colorimetric signal generation. BPEI has multiple
amino groups and more positive charges in PBS buffer, therefore few of the BPEI groups could induce the
aggregation of GNPs, resulting in an enhanced colorimetric signal to detect E. coli 0157:H7. Compared with the
reported conventional LFIA, the proposed pLFS demonstrated more than 1000-fold improvement in sensitivity.
The pLFS could detect as low as 100 CFU/ml of E. coli 0157:H7 in buffer and 600 CFU/ml E. coli O157:H7 in
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liquid food systems.

1. Introduction

Lateral flow immunoassay (LFIA) has held its place as a very prac-
tical analytical method for the detection and evaluation of various
targets including nucleic acids, protein, and whole organisms such as
virus and bacteria because of its simplicity and onsite usability (Cho
and Irudayaraj, 2013b; Corstjens et al., 2003; Liu et al., 2006; Mao
et al., 2009; Ren et al., 2016). LFIA has been used in food safety and
public health screening including clinical diagnosis for point-of-care
testing and in-situ monitoring. LFIA systems based on fluorescence or
other spectral analysis require instrumentation for signal readout
(Gumustas et al., 2018; Hua et al., 2015; Li et al., 2010; Luo et al., 2017;
Rajendran et al., 2014; Song et al., 2016; Xing et al., 2018; Xu et al.,
2009), while colorimetric signals are easier to use because of the direct
inspection of results with naked eyes. Signals from colorimetry are
usually weak hence sensitive detection is not possible. To improve the
sensitivity of colorimetric LFIA several prior work exists with polymer
nanoparticles or latex beads loaded with color inducing chemicals (Cox
et al., 2015; Imamura et al., 2015; Lee et al., 2016) while metal na-
noparticles are still commonly used as substrates for LFIA probes. Metal
nanoparticles, due to its plasmonic feature, usually has large extinction
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coefficient, and thus a small amount of nanoparticles could provide a
visible color (Doremus, 1964; Guo and Wang, 2011). Among metal
nanoparticles, gold nanoparticles (GNPs) have been widely used in LFIA
colorimetry because of its stability and biocompatibility. In spite of the
large extinction coefficient detecting at low target levels with GNPs
induced colorimetry is still a challenge since the color generated from
the probes anchored at the detection zone is very weak. The sensitivity
possible for whole cell detection with conventional LFIA was around
10°-10° CFU/ml (Pengsuk et al., 2013; Preechakasedkit et al., 2012),
which is not sufficient for effective food safety monitoring. Hence, en-
hancement of the colorimetric signal is critical for LFIA applications.
Silver enhancement enabled by reducing the silver substrate solu-
tion to metallic silver structures around the probes in the detection zone
due to target capture has been proposed (Panferov et al., 2016; Shin
et al., 2018; Wiederoder et al., 2017). The generated silver structures
could provide stronger visible signals, however nonspecific reduction
limits the application of silver enhancement in LFIA systems (Linares
et al., 2012). Enzyme based colorimetric signal amplification was sug-
gested to provide higher enhancement. When enzymes are conjugated
to the probes, the presence of targets was represented by the color
generated from the enzyme-catalyzed reaction products. In our
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Table 1

Detection performance of pLFS compared to LF-based methods for whole bacteria.
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Sensitivity (CFU/ml)

Detection time (min) Signal

PLFS 100
Conventional LFIA (Pengsuk et al., 2013; Preechakasedkit et al., 2012) 10*-10°
LFIA with hierarchical GNPs (Zhang et al., 2015) 10°
Enzyme enhanced LFIA (Cho and Irudayaraj, 2013b) 100
Magnetic focus enhanced LFIA (Ren et al., 2016) 25

~45 GNP aggregates

~10 GNP probes

~15 Tipped flowerlike GNPs

~25 Colorimetric product of enzymatic reaction
~45 Colorimetric product of enzymatic reaction

previous work, we have shown that an enzyme enhanced LFIA with
GNP probes immobilized with horseradish peroxidase (HRP) can be
used for bacteria detection (Cho and Irudayaraj, 2013b). After the flow
of sample along the LF strip, the strip was washed, and 3,3’,5,5’-tetra-
methylbenzidine (TMB) was added by cross flow. The obtained green
color due to the HRP-catalyzed TMB reaction represents the target
bacteria and a limit of detection down to 100 CFU/ml was possible.
Assisted by magnetic focus, a sensitivity as low as 25 CFU/ml in PBS
buffer was possible (Ren et al., 2016). However, it should be noted that
the enzyme catalyzed reaction could be influenced by the detection
environment and the presence of non-targets in real samples con-
tributing to nonspecific signals, while the stability of bioactive enzyme
modified probes would limit the application. Thus, a non-reaction
based enhancement strategy for colorimetric LFIA could further ad-
vance this technology.

A strategy for plasmonic enhancement of colorimetric signals in
enzyme-linked immunosorbent assays (ELISA), termed as plasmonic
ELISA was proposed. In plasmonic ELISA, enzyme was still necessary to
consume the added H,O,, whose concentration determined the gen-
eration and aggregation of GNPs along with the color from being col-
orless to red or even blue as the colorimetric signal (De La Rica and
Stevens, 2012, 2013; Gobbo et al., 2013). Instead of H,0,, in plasmonic
ELISA acetylthiocholine was used which could be hydrolyzed by acet-
ylcholinesterase.(Nie et al., 2014). The thiochioline produced could
trigger the aggregation of as-prepared GNPs to generate the color
change from red to blue for colorimetric detection. However, the use of
enzyme still limits the application of these plasmonic ELISA methods.
Based on the concept of color change due to the aggregation of GNPs,
Abbas et al. proposed a liposome based plasmonic ELISA method (Bui
et al., 2015), where liposomes loaded with r-cysteine was used to label
the target. The labeled liposome was then ruptured with Tween-20 in
PBS and the released r-cysteine triggered the aggregation of the added
GNPs for colorimetric determination of target bacteria. The liposome-
amplified plasmonic ELISA did not require an enzymatic reaction. Be-
sides, the possibility of loading the liposomes with different chemicals
for colorimetric signal generation suggests a promising colorimetric
enhancement strategy.

Irrespective of the detailed differences in detection steps, LFIA and
ELISA have a similar recognition pattern and requires sample to be
present in the liquid format (Cho and Irudayaraj, 2013a; Pappert et al.,
2010). Therefore, an enhancement strategy for colorimetric ELISA
could be potentially utilized for a LF platform. Compared with ELISA,
LFIA detection is rapid in simple protocol. Herein, we propose a plas-
monic enhanced lateral flow sensor (pLFS) concept by introducing a
liposome-based amplification of the colorimetric signals on the lateral
flow platform for ultrasensitive detection of pathogens. In pLFS, lipo-
somes loaded with chemicals were anchored at the detection zone in
the presence of targets. The liposomes are ruptured to release the
chemical to trigger the aggregation of GNPs. The resulting aggregates of
GNPs were trapped in the framework of nitrocellulose membrane after
washing to form red spots. In the absence of target no liposomes were
present in the detection zone and no aggregation occurred, hence the
added GNP monomers were washed away and did not give rise to any
color on the LF strip. Thus, the colorimetric signal from the trapped
aggregates of GNPs could determine the target captured. Instead of r-
cysteine, branched polyethylenimine (BPEI) was loaded in the

liposomes to facilitate the cross-linking and aggregation of GNPs due to
the amino groups. Compared to the signals from conventional LFIA
systems with GNPs themselves, a stronger colorimetric signals in pLFS
originated from the trapped GNP aggregates, to result in better sensi-
tivity. Since enzymes were not required, the deviation of enzyme ac-
tivity and non-specific interaction in the pLFS can be avoided.

To demonstrate the detection performance of the pLFS concept
proposed in this work, E. coli 0157:H7 was chosen as the target. It is
known as the Shiga toxin-producing pathogen could induce various
diseases to result in up to 40% mortality and thus is a serious threat to
food safety and public health (Chen and Frankel, 2005; Famewo et al.,
2016; Ren et al., 2018). The proposed pLFS could recognize as low as
100 CFU/ml of E. coli 0157:H7 within 45 min, which is over 1000 times
more sensitive than the sensitivity possible by conventional LFIA
(10°-10°). The detection time by pLFS was much shorter than ELISA
which requires 3-4 h. Compared with the reported detection method for
E. coli 0157:H7 which is based on the plasmon shift of SiO, coated gold
nanorods and requires a signal readout with instrumentation (Song
et al., 2017), pLFS can detect 100 CFU/ml of the pathogens with naked
eyes due to the formation of red spots on LF strips. The capability of
pPLFS was also demonstrated in liquid food such as cranberry juice, and
a recognition of 600 CFU/ml of E. coli 0157:H7 was possible. Table 1
was provided to further demonstrate the detection performance of pLFS
referring to some LF-based detection platforms. The developed plas-
monic enhancement strategy is unique and versatile for rapid onsite
detection.

2. Experimental section
2.1. Materials

HAuCl43H,0, sodium citrate dihydrate, Na,COs;, BPEI
(Mn = ~1800) and cholesterol were purchased from Sigma-Aldrich (St.
Louis, MO). L-a-phosphotidylcholine (PC) and phosphoethanolamine-
conjugated biotin (DSPE-PEG2000-biotin) were obtained from Avanti
Polar Lipids (Alabaster, AL). Sulfo-NHS-LC-biotin was purchased from
Thermal Scientific (Rockford, IL). Polyclonal antibody against E. coli
0157:H7 (01-95-90) and heat-treated E. coli O157:H7 for positive
control were acquired from KPL (Gaithersburg, MD). All chemicals
were used as received. All glasswares were cleansed with fresh aqua
regia and rinsed with DI water.

2.2. Preparation of GNPs and GNP probes

GNPs used for pLFS were synthesized based on the reported method
(Frens, 1973). Briefly, 1 ml of 1% HAuCl,-3H,0 was added to 100 ml of
boiling DI water. To the obtained 18 nm GNPs, under strong stirring,
1 ml of 1% sodium citrated was added and the solution was kept at
boiling for an additional 15 min. For 40 nm GNPs, 0.5 ml of 1% sodium
citrate was added. The obtained GNPs were cooled down to room
temperature and kept at 4 °C for subsequent experiments. The size and
concentration was calculated with the method reported by Haiss et al.
(2007) based on the UV-vis spectra collected with a Genesystm 10S
UV-vis Spectrophotometer.

GNP probes were fabricated based on our previous method with
modification (Cho and Irudayaraj, 2013b; Ren et al., 2016; Ren et al.,
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Scheme 1. Colorimetric signal generation process in pLFS.

2017). Briefly, 500 pl of 40 nm GNPs were added with 50 pl of 10 mM
PB buffer, followed by the addition of 1pul of 0.5M Na,COs;. After
mixing well, 5pl of 1mg/ml polyclonal antibody against E. coli
0157:H7 was injected. The obtained solution was shaken for 4h at
room temperature. Then 55 pl of 5% casein in 10 mM PB buffer was
added and shaken for 1 h to block the unreacted surface. The obtained
GNPs was centrifuged at 8000 rpm for 10 min and washed with 10 mM
PB buffer two times. After redispersing in 500 ul of 10 mM PB bulffer,
the antibody modified GNPs were biotinylated by the addition of 10 pug
sulfo-NHS-LC-biotin and the solution was shaken at room temperature
for 1 h. The resulting GNP probes were washed with 10 mM PBS buffer
two times and redispersed in 500 pl of 10 mM PBS.

2.3. Synthesis of BPEI-loaded liposome

The synthesis of liposomes loaded with BPEI was performed based
on published methods with slight modification (Bui et al., 2015; Gomes
et al., 2006). In a reserve-phase evaporation process, 140 pl of 5 mg/ml
PC in chloroform was added with 20 ul of 5mg/ml cholesterol in
chloroform and 40 pl of 5mg/ml DSPE-PEG2000-biotin in chloroform
in a glass vial. After rotation for the formation of a uniform layer of the
solution, the glass vial was vacuumed overnight to evaporate the
chloroform. To the glass vial, 1 ml of 100 pg/ml BPEI was added and the
solution was vortexed for 2 min to result in the formation of cloud-like
multilamellar liposomes. The prepared liposomes were purified by
dialysis with a dialysis membrane (MWCO 14 kDa, Spectrum, Inc.,
Rancho Dominguez, CA) and the size of the obtained liposome was
determined to be 172.6 + 6.5nm with a dynamic light scattering
particle size analyzer (Malvern Zetasizer ZS90). The concentration of
liposome was estimated to be around 1.73 x 10! liposome/ml based
on the procedure described by Abbas et al (Bui et al., 2015).
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2.4. Plasmonic enhanced lateral flow sensor development

Lateral flow strips were assembled on a plastic backboard, on which
2.5cm length of nitrocellulose membrane was fixed at a position of
1.3 cm from one end of the strip. An absorbent pad 1.5 cm in length was
fixed at the end of the strip, while at the other end of the nitrocellulose
membrane, a 1.1 cm of conjugate pad and 1.7 cm of sample pad was
assembled on the plastic backboard. Each part had a 0.2 cm overlap
area to ensure continuity in sample flow. The width of the strip was set
at 0.5 cm. On the prepared LF strip, 0.9 ul of 0.33 mg/ml of polyclonal
antibody against E. coli O157:H7 was dropped on the nitrocellulose
membrane and the strip was dried at 37 °C for 1 h.

The detection process with pLFS is illustrated in Fig. S1. To detect
bacteria, 100 pl of sample solution containing serial concentration of E.
coli 0157:H7 was added with 5 pul of GNP probes and 0.5 pl of 1 mg/ml
streptavidin. Then the sample was incubated at room temperature for
10 min, followed by the addition of 5 pl of BPEI-loaded liposomes. After
5 min of incubation, the sample solution was loaded on the sample pad
of the lateral flow strip for 10 min of sample flow. A conjugate pad and
an absorbent pad at 1.1cm X 1.3 cm were fixed at both sides of the
strip respectively and 60 pl of DI water was added to the conjugate pad
to wash the detection zone twice at 5 min interval. Then 60 pl of GNPs
in PBST (1:2 ratio, PBST: 0.5% tween-20 in 10 mM PBS) was added for
colorimetric signal generation. After 5min, 60 pl of DI water was ap-
plied for one more wash and the results were recorded with a camera.

Cranberry juice was obtained from a local grocery store and its pH
was adjusted with 1 M NaOH. To reduce the influence from thickening
agents the juice was diluted with 10 mM PBS at 1:1 ratio. Known
concentration of E. coli 0157:H7 was purposefully inoculated into the
juice sample and the resulting solution was used as a food sample in the
PLFS.

All experiments were replicated 3 times. To quantify the colori-
metric signals, images of the strips were recorded after detection. The



W. Ren et al.

Biosensors and Bioelectronics 126 (2019) 324-331

2.0
. 1.5+
7]
Q2
<
1.0
0.5+
0.0 T T - T 0.0 T T T T
400 500 600 700 800 400 500 600 700 800

Wavelength/nm

Wavelength/nm

Fig. 1. The UV-spectra of 18 nm GNPs with serial concentration of BPEI (A) and i-cysteine (B).

brightness and contrast of the images was adjusted and converted to
monochrome format. Then ImageJ was used to measure the gray scale
value of the dots from the GNP aggregates and the blank area around
the dots. The difference between the gray scale value from dots and
corresponding blank area was used for quantification.

3. Results and discussion

The plasmonic enhancement concept implemented in a lateral flow
devise utilizing liposomes encompass the advantages of plasmonic
ELISA while retaining the merits of a lateral flow devise. The plasmonic
enhancement strategy of pLFS is illustrated in Scheme 1. The target E.
coli 0157:H7 is first labeled with GNP probes which comprise of gold
nanoparticles modified with antibody and biotinylated. The BPEI-
loaded liposome particles were then linked to GNP probes through
streptavidin-biotin linkage. In the sample flow along the strip, as shown
in Scheme 1a, the labeled E. coli O157:H7 is captured by antibodies
immobilized on the LF strip to form a structure comprising of antibody
on strip/captured target bacterium/labeled GNP probe/linked liposome
loaded with BPEL It can be seen in Scheme 1b that there was no visible
color on the LF strip, suggesting that the limited number of GNP probes
conjugated to the LF strip due to the low concentration of target bac-
teria will not generate any signal. After two initial washes via cross
flow, the GNPs/PBST mixture was added on the strip as shown in
Scheme 1c. PBST will rupture the liposomes and release the BPEL The
released BPEI will cross-link with the added GNPs to initiate its ag-
gregation. The obtained aggregates were distributed in the detection
zone where the liposomes were anchored, represented by the red spot
in Scheme 1d. The color change from red to blue due to aggregation of
GNPs was also not observed on the LF strip, which may be attributed to
the limited space in the nitrocellulose membrane where the amount of
added GNPs was not sufficient to form larger aggregates to cause the
color change. At the final washing step, GNP monomers were removed
along with the washing solution. In contrast, aggregates of GNPs due to
the presence of BPEI were retained in the detection zone since the ag-
gregates were larger in size compared to the GNP monomers and could
not be removed from the LF strip with the washing solution. It should
be noted that the GNPs at the sites away from the red dots did not
aggregate because the amount of BPEI released was not sufficient to
induce aggregation and thus were removed in the last wash step.
Scheme 1f shows that the red spot remained in the detection zone while
the rest of the region on the strip was cleaner than that shown in
Scheme 1d, providing evidence that after the final wash the aggregates
of GNPs linked by BPEI were retained in the nitrocellulose membrane
and the GNP monomers were removed. Images shown as Scheme 1b, d,
f reveals the detection mechanism of the developed pLFS: without
target bacteria, no liposome was retained in the detection zone after
initial washing steps, thus GNPs present in the monomer form were

washed away in the final wash; in the presence of target bacteria the
BPEI-loaded liposome would be anchored in the detection zone through
the labeled probe, where the released BPEI could cross-link the added
GNPs to form aggregates which remained in nitrocellulose membrane
after washing to result in visible red dots. An increase in the con-
centration of target bacteria would link more liposomes and the cor-
responding increase in BPEI released could contribute to the formation
of more aggregates to result in higher intensity of red dots in the de-
tection zone.

As illustrated in Scheme 1, the colorimetric signal for the determi-
nation of bacteria concentration is due to the aggregation of added
GNPs triggered by the chemicals released. It can therefore be expected
that utilizing chemicals which could induce the aggregation at lower
concentration a better detection sensitivity could be achieved. In pre-
vious reported efforts, r-cysteine was used to trigger the aggregation for
the plasmonic enhancement (Bui et al., 2015). Considering the mole-
cular size and amino group present, it is believed that polymer like BPEI
with multiple amino groups could induce the aggregation at lower
concentration compared to that with r-cysteine resulting in an im-
proved sensitivity. To compare the aggregation behavior of GNPs with
BPEI or r-cysteine, UV-vis spectra of GNPs were recorded with BPEI or
L-cysteine at serial concentration in PBST and the spectra were shown in
Fig. 1. The increased UV absorbance at longer wavelength range in-
dicates the aggregation of GNPs. It can be seen that a significant ag-
gregation of 18 nm GNPs occurred at 200 nM BPEI concentration while
to observe the aggregation of GNPs ~4 uM or more of r-cysteine was
required, suggesting improved sensitivity with BPEL. The improved
ability of BPEI to trigger the aggregation of GNPs could be attributed to
the multiple amino groups in a branched molecular structure and larger
molecular size of BPEIL On the LF strips, since there was very limited
solution in the nitrocellulose membrane, a stronger capability to trigger
the aggregation of GNPs allows fewer BPEI molecules to be released
from the liposome conjugated to the target bacteria to induce an ob-
servable color signal due to the cross-linking of GNPs, suggesting better
sensitivity with BPEI rather than r-cysteine.

In ELISA, the capture of target, the labeling of probes and liposome
as well as the color change due to GNP aggregation were performed in
separate steps with a washing step interval. In contract, in LFIA the
same process would have to be performed on the LF strip sequentially.
Thus, in the pLFS detection the timing of the addition of probes,
streptavidin linker, liposomes and GNPs/PBST mixture is very im-
portant for appropriate generation of colorimetric signal. Different de-
tection procedures were investigated to achieve optimal performance.
In Fig. 2, various detection procedures were illustrated along with the
corresponding results. It was noted that in Procedure A when the
probes, streptavidin and liposomes are directly mixed with the sample,
there was an observable red dot with the blank, which could be at-
tributed to the cross-linking of the probe-liposome structures trapped in
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Fig. 2. Schematic of sample preparation steps and representative results (photos) in pLFS experiments from blank samples for E. coli 0157:H7 concentration of 300

CFU/ml.

the detection zone giving rise to the signal in the following colorimetric
generation process. The resulting signal from the blank could be re-
cognized as false positives to influence the reliability of the detection
method. Procedures B, C, and D exhibited a clear strip with blank
samples, hence false positive was not a concern. These clear strips from
blank samples also suggested that the possible cross-linked probes
would not induce false positives without liposome. In our evaluation,
Procedure C gave the weakest positive signal, suggesting the least
sensitivity. Compared with Procedure B, in Procedure C there were
more unreacted streptavidin linkers when liposomes were added to
induce more liposome network structures. But no obvious spot was
noted in Procedure C, suggesting that the cross-linked liposome net-
work structures would not result in false positives which could be at-
tributed to the low concentration of liposomes (1.73 x 10! liposomes/
ml). The weaker signal in Procedure C with E. coli 0157:H7 compared
to that in Procedure B implied that the formed cross-linked liposome
network structures would reduce the number of liposomes linked to the
probes labeling the captured E. coli 0157:H7 in the detection zone re-
sulting in low sensitivity. The strongest signal was obtained from Pro-
cedure D, however the most complex operation and longer process
limited the simplicity and practicality of pLFS, further the intense color
in the region around the dot in the detection zone made it hard to re-
cognize the spot from the rest of the area. The difference in results
obtained above in the listed procedures indicated that the cross-linked
probe-liposome structures should be the main reason for false positives
in pLFS. Upon evaluation, Procedure B was chosen as the optimized
protocol for the pLFS in the following experiments.

In the pLFS procedure, detection results could be affected by the
amount of probes and streptavidin linker incubated with target bacteria
in the solution. Meanwhile the antibody immobilized on the LF strip
could also influence detection sensitivity. To investigate these factors
for the pLFS methodology, serial optimizations were performed. Fig. 3
shows images of the LF strips obtained from pLFS performed under
different conditions. It can be seen that when the added GNP probes
increased to 10 pl, the obtained signal from a 300 CFU/ml of E. coli
0157:H7 sample became more intense while a blank signal was no-
ticeable. The reason for an increase in signal strength at 300 CFU/ml of
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Fig. 3. Photos of LF strip with blank sample (control) and 300 CFU/ml of E. coli
0157:H7 from pLFS performed under different experimental conditions.

E. coli 0157:H7 is due to the increased amount of probes on the target
bacteria; however, at higher concentrations, the probes may increase
the amount of cross-linked probe-liposome structures trapped in the
detection zone to give rise to false positives. It should be noted that the
increase in streptavidin did not significantly improve the signals from
bacteria compared with blank samples. The attributed reasons are:
higher concentration of streptavidin could increase the possibility to
cross-link probes and liposomes; however, since the streptavidin (1.8
uM) was present at a much higher concentration than the probes (0.17
nM) and liposomes (1.73 X 10! liposomes/ml), the change in the
concentration of streptavidin would not be a key factor to the formation
of cross-linked probe-liposome structures. Based on the results in op-
timization of detection procedure and conditions, we hypothesized that
the cross-linked probe-liposome structures should be the main reason
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for false positive signals. The excess streptavidin did not contribute to
any significant improvement in the signal from the sample with 300
CFU/ml of E. coli 0157:H7. The amount of antibody conjugated on the
LF strip could affect the results of pLFS. It can be seen that with 1 g of
antibody an intense spot was observed with blank samples though the
signals from 300 CFU/ml of E. coli 0157:H7 was better than the others,
indicating that the density of antibodies in the detection zone should be
a key factor in the concentration of trapped probe-liposome cross-
linked structures which could result in false positives with blank sam-
ples. Meanwhile higher concentration of antibodies immobilized on the
strip was found to increase the signal at 300 CFU/ml of E. coli 0157:H7.
However, when the amount of antibody immobilized on the LF strip
was reduced to 0.2 pg, no signal was observed with the blank sample or
300 CFU/ml of E. coli 0157:H7, which could be attributed to a lower
amount of labeled target bacteria captured at the detection zone. Ac-
cording to the results shown in Fig. 3, the cross-linked probe-liposome
structures should be the main reason for false positives, while the
amount of probes and antibodies immobilized on the LF strip could
affect the detection results more than that of the added streptavidin and
liposome.

To demonstrate plasmonic enhancement of the proposed pLFS, se-
rial concentrations of E. coli 0157:H7 from 100 to 600 CFU/ml were
evaluated based on the optimized protocol. Images of the final results
from pLFS was illustrated in Fig. 4. To further illustrate the detection
performance of pLFS, a comparison was made with conventional LFIA
to detect E. coli 0157:H7 under same condition. It can be seen that with
the developed pLFS as low as 100 CFU/ml of bacteria could be re-
cognized with naked eye. However, with conventional LFIA, no visible
signal could be observed even at 30,000 CFU/ml of bacteria. Compared
to the sensitivity of 10°-10° CFU/ml with conventional LFIA for whole
bacterium cells which means the capability to differentiate the con-
centration change in 10° CFU/ml, the recognition of 100 CFU/ml
bacteria with pLFS indicates a higher detection accuracy. The com-
parison demonstrated a dramatically improved sensitivity from pLFS
than the conventional LFIA performed under the same conditions. In
contrast, the sensitivity of the reported LFIA with silver enhanced LFIA
was increased by only 10 times (Wiederoder et al., 2017), while by
utilizing the probes fabricated with hierarchical gold nanoparticles,
Zhang et al. (2015) achieved a detection sensitivity down to 102 CFU/
ml with tipped flowerlike GNPs. It can be noted that based on the color
from multiple GNPs in the aggregates, the sensitivity of pLFS can be
further improved compared to the LFIA with the color from GNP-based
probe itself. The pLFS was comparable to the enzyme amplified LFIA
which was shown to detect as low as 100 CFU/ml of bacteria (Cho and
Irudayaraj, 2013b). A key advantage of pLFS is that the enhancement
strategy does not depend on enzymes for color generation and hence
has immense practical appeal. It should also be noted from the images,
that an increased intensity of red color from pLFS is proportional to the
concentration of E. coli 0157:H7, suggesting its potential in quantita-
tion.

pLFIA

Blank 100 200 300 600 CFU/mI

LFIA

Blank 100 300 3000 30000 CFU/mlI

Conventional

Fig. 4. Comparison between pLFS and conventional LFIA response to serial
concentration of E. coli 0157:H7.
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Fig. 5. Quantitative response of the colorimetric signal from pLFS when ex-
posed to E. coli 0157:H7 at different concentration [mean + SD, n = 3].

To quantify the response of pLFS, the results based on the intensity
of the spots from the samples at a serial concentration of E. coli
0157:H7 is plotted (Fig. 5). The normalized intensity of the red spots
was calculated based on the gray scale value of the spots in the images
relative to the results from blank samples as the baseline. It can be seen
that the normalized intensity of the dots increased with the con-
centration of target bacteria. It was also noted that the percent increase
in color intensity for concentration range from 300 CFU/ml to 600
CFU/ml was not as much as that from 0 to 300 CFU/ml, which could be
attributed to the number of GNP aggregate formation limited by the
amount of GNP monomers possibly confined by the pores of the ni-
trocellulose membrane in the LF strip. To assess the reproducibility of
pLFS, the p-value of the quantitative results was evaluated. The p-value
between blank and 100 CFU/ml is less than 0.01, indicating a sig-
nificant difference between the detection results from blank and 100
CFU/ml samples. The p-value between 100 and 200 CFU is 0.053 and
the p-value between 200 and 300 CFU/ml is 0.052. The p-values were
slightly greater than 0.05 but in the acceptable range mainly due to the
heterogeneous distribution of bacteria cells in the 100 ul volume of
sample tested in pLFS. As discussed above, the signal from 600 CFU/ml
was limited by the amount of GNPs confined in the pores of LF strip,
therefore the p-value between 300 and 600 CFU/ml is 0.33. The re-
covery rate of detection was calculated and shown in Table S1. It can be
noted that the recovery rate for 100 CFU/ml sample is only 85.0%,
which should be attributed to the low capture efficiency when low
concentration of bacteria was tested.

To investigate the detection performance of the proposed pLFS in
food samples, cranberry juice obtained from a local market was in-
oculated with E. coli 0157:H7 and used in experiments. Since the pH of
the packaged juice was around 4 which could potentially influence the
antibody capture and probe label, the pH was adjusted to 7 with 1 M
NaOH. To reduce the influence from thickening agents in the juice, the
juice was diluted with 10 mM PBS in 1:1 ratio. The quantified detection
results from pLFS were shown in Fig. 6 and the inset in Fig. 6 shows the
image of the strip after experimentation. It can be seen that compared
with the results from the bacteria in PBS, the blank juice gave a slight
background signal as expected due to interference from the food matrix.
Likewise, the quantified signal from 600 CFU/ml in juice (Fig. 6) was
weaker than that in PBS (Fig. 5). Although in the inset in Fig. 6, the
color signal from 600 CFU/ml of E. coli O157:H7 in juice was weaker
than the one from PBS (Fig. 4) and a red dot can still be recognized,
indicating the potential of the proposed pLFS in food sample mon-
itoring.
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Fig. 6. The quantitative response from blank and 600 CFU/ml of E. coli
0157:H7 in 1:1 ratio diluted cranberry juice [mean + SD, n = 3]. Inset is re-
presentative image from detection results in cranberry juice.

4. Conclusion

The plasmonic enhancement concept was developed and im-
plemented in an LFIA device utilizing BPEI-loaded liposomes to trigger
the aggregation on GNPs for signal generation. The detection procedure
complies with the simplicity of the conventional LFIA systems in the
market. With the plasmonic enhancement strategy, the detection sen-
sitivity of the pLFS was greatly enhanced rather than that based on the
color of probes themselves. The detection procedure and conditions
were investigated to achieve optimized performance to detect as low as
100 CFU/ml of E. coli 0157:H7, which is 1000 folds better than the
conventional LFIA platforms and comparable to the enzyme amplified
LFIA. Meanwhile with pLFS, 600 CFU/ml of E. coli 0157:H7 can be
recognized with naked eyes in juice samples. The pLFS concept devel-
oped does not require enzymes for color generation or enhancement
and thus eliminates issues related to enzyme stability and bioactivity
inherent to enzyme-based colorimetric reaction. Results indicate that
the proposed pLFS exhibits a strong potential for detecting various
bacteria targets. Meanwhile by loading different chemicals in the li-
posome, the pLFS platform could provide the flexibility for signal en-
hancement to detect multiple targets.
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