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Abstract: Biosensors represent an attractive approach for fast bacteria detection. Here, we present an
optical biosensor for the detection of Salmonella typhimurium lipopolysaccharide (LPS) and Salmonella
bacteria in drinking water, based on white light reflectance spectroscopy. The sensor chip consisted of
a Si die with a thin SiO2 layer on top that was transformed into a biosensor through the immobilization
of Salmonella LPS. The optical setup included a reflection probe with seven 200 µm fibers, a visible
and near-infrared light source, and a spectrometer. The six fibers at the reflection probe circumference
were coupled with the light source and illuminated the biosensor chip vertically, whereas the central
fiber collected the reflected light and guided it to the spectrometer. A competitive immunoassay
configuration was adopted for the analysis. Accordingly, a mixture of LPS or bacteria solution,
pre-incubated for 15 min, with an anti-Salmonella LPS antibody was pumped over the chip followed
by biotinylated secondary antibody and streptavidin for signal enhancement. The binding of the
free anti-Salmonella antibody to chip-immobilized LPS led to a shift of the reflectance spectrum that
was inversely related to the analyte concentration (LPS or bacteria) in the calibrators or samples.
The total assay duration was 15 min, and the detection limits achieved were 4 ng/mL for LPS and
320 CFU/mL for bacteria. Taking into account the low detection limits, the short analysis time, and
the small size of the chip and instrumentation employed, the proposed immunosensor could find
wide application for bacteria detection in drinking water.
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1. Introduction

Foodborne diseases caused by the consumption of food or water contaminated with
bacteria are a serious public health issue worldwide [1]. According to the World Health
Organization, approximately 5 million deaths annually, mainly in developing countries,
are attributed to contaminated water [2]. The problem, however, is global; in the United
States in 2017, 841 foodborne disease outbreaks were reported by public health author-
ities from 50 states, resulting in 14,481 illnesses, 827 hospitalizations, and 20 deaths [3].
The bacteria responsible for these outbreaks are mainly those belonging to species of
Salmonella, Escherichia coli, Vibrio cholera, Listeria monocytogenes, and Shigella [1,2]. Among
them, Salmonella is the pathogen most frequently responsible for foodborne illnesses world-
wide [3,4]. Salmonella is a genus of facultatively anaerobic, rod-shaped, gram-negative bacte-
ria, which belongs to the Enterobacteriaceae family and contains more than 2500 serotypes,
from which Salmonella enterica serovar typhimurium (S. typhimurium) is the one most fre-
quently associated with foodborne illnesses in humans [5]. The consumption of food or
water contaminated with S. typhimurium causes diarrhea, abdominal pain, nausea, and
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stomach discomfort, and the clinical symptoms usually last up to 5 days [6]. The wide
spread of Salmonella, its resistance to drugs, as well as the similarity of salmonellosis symp-
toms with other diseases, makes difficult the effective management of disease outbreaks
caused by this bacterium. Thus, the only way to prevent the outbreaks is to test food
and water for the presence of Salmonella prior to their release for consumption. In this
frame, regulatory authorities worldwide have issued regulations regarding the presence
and detection of bacteria in foodstuffs. For example, EU regulations require the absence
of Salmonella in 25 g of food samples (CE 1441/2007), including not only water but also
meat and its products, dairy products, eggs and egg-containing foods, crustaceans, and
molluscan shellfish, etc. [7].

The methods currently employed for the detection and identification of bacteria in
food and water are based on microbiological methods such as culturing and plating. These
methods are reliable but include several steps such as pre-enrichment, selective enrichment,
isolation, and identification of colonies through biochemical and serological tests, which
are time-consuming and require at least 5–7 days to complete [8,9]. In order to shorten
the analysis time to 8–48 h, DNA-based methods such as PCR, quantitative PCR, and
multiplex PCR have been employed for bacteria detection and identification, alleviating
the necessity of the selective plating steps [10,11]. A significant drawback of these methods
is the inability to discriminate between live and dead bacterial cells, leading frequently to
false-positive results [12]. Immunological methods, i.e., enzyme-linked immunosorbent
assay (ELISA) and immunochromatographic strips [13,14], are specific and fast methods
for bacteria detection; however, they also require an enrichment culture step since their
detection sensitivity does not meet the regulatory requirements [15]. To improve the
applicability of immunochemical methods in bacteria detection in food samples, they have
been combined with a bacterial enrichment step, which includes a short culture followed
by analysis and/or concentration of bacteria from large sample volumes via filtration or
immunomagnetic separation. Most of the above methods could provide detection limits
down to 1–10 CFU/25 g [16]; however, these additional steps prolong the time needed for
analysis and make the method incompatible with the turn-around production time and the
short shelf-life of products that are not highly pasteurized [17].

For these reasons, biosensors based on electrochemical, piezoelectric, or optical trans-
ducers are gaining ground in foodborne bacteria detection. They indeed hold the promise
for fast, real-time and sensitive measurements at the point of need. Regarding electro-
chemical immunosensors, devices employing amperometric, potentiometric, impedimetric,
and conductimetric detection principles have been exploited for bacteria detection [18–22].
Especially attractive are label-free electrochemical sensors based on potentiometry or
impedance measurements, which achieve detection limits comparable to or lower than
those employing labels for detection [4,22,23]. On the other hand, immunosensors based
on piezoelectric transducers offer label-free detection but their sensitivity is inadequate
for food analysis [24,25]. A great variety of optical biosensors based on different trans-
duction principles (light absorbance, fluorescence, chemiluminescence, light polarization,
surface plasmon resonance (SPR), and total internal reflectance) [26,27] have also been
implemented for foodborne bacteria detection. Amongst them, commercially available
fiber-optic or SPR platforms [28–30], such as Biacore and Spreeta, have been used for
this purpose. SPR-based sensors display various advantages over other optical methods
since they provide for label-free and real-time analysis [16] of single or multiple bacteria
in the same sample [31,32]. Although the detection limits for bacteria with SPR sensors
are in the order of 104 CFU/mL or higher, there are few reports demonstrating signifi-
cantly lower detection limits, e.g., 3–20 CFU/mL for Escherichia coli and 50 CFU/mL for
Bacillus cereus [33]. Despite this improvement, most commercially available SPR platforms
are bulky and expensive equipment and, therefore, cannot be used at the point of need. On
the other hand, optical interferometer sensors offer real-time analysis and have emerged
as powerful tools for sensitive multiplexed determination of hazardous substances in
food and beverages [34–36]. Thus, a Mach–Zehnder interferometer has been used for the
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immunochemical detection of E. coli with a detection limit of 100 CFU/mL [37], and a
bi-modal interferometric sensor for the detection of E. coli and Bacillus cereus with detection
limits of 40 CFU/mL for both bacteria [38].

In this work, a label-free immunosensor based on white light reflectance spectroscopy
(WLRS) for the rapid determination of Salmonella lipopolysaccharide (LPS) as well as
Salmonella bacteria in drinking water samples is presented for the first time. The WLRS
approach has been exploited for the detection of analytes of clinical interest (e.g., C-reactive
protein and D-dimer) [39], as well as of analytes related to food safety (e.g., pesticides,
mycotoxins) [40,41]. Moreover, it has been shown that it is possible to perform assays
with the WLRS setup in complicated matrices such as milk [40] or whole blood [42] by
introducing a short washing step after the primary immunoassay step. Thus, although
WLRS is less sensitive in terms of refractive index changes detection than other label-free
optical techniques such as SPR and might require some signal enhancement steps after
immunoreaction, the low costs of instrumentation and related consumables (e.g., chips)
render it suitable for the development of devices for on-site analysis. The sensor consists
of a Si chip (5 × 15 mm2) covered with a thin SiO2 layer (approximately 1000 nm) on
which the biomolecular reactions take place. The optical setup includes a reflection probe
composed of seven 200 µm core fibers. The six fibers, arranged at the circumference of the
reflection probe, are coupled to a visible-near infrared (NIR) light source and illuminate the
sensor chip vertically through a transparent fluidic compartment, while the seventh fiber,
placed at the center of the probe, collects the reflected light and guides it to a visible-NIR
spectrometer (Figure 1). When the light strikes the chip, it is partially reflected at each
interface, creating an interference spectrum. The buildup of a biomolecular layer on top
of the chip, due to biomolecular reactions, increases the optical path length, resulting
in a shift of the reflected spectrum that correlates with the concentration of the reacting
biomolecules [43]. This spectral shift is transformed online by the dedicated software to
increase in thickness, allowing the monitoring of the biomolecular reaction in real-time.
For the particular application of Salmonella LPS and bacteria detection with the WLRS
sensor, a competitive immunoassay was employed by immobilizing Salmonella LPS on the
WLRS chip. For the assay, mixtures of calibrators/samples with a specific anti-Salmonella
antibody were run over the chip with the final amount of antibody bound being inversely
proportional to the analyte concentration in the calibrator/sample. In order to improve
the assay detection limit and keep the assay duration as short as possible, the introduction
of signal enhancement steps was investigated. In particular, reaction with biotinylated,
anti-species-specific antibody (secondary antibody) followed by reaction with streptavidin
was implemented. The shortest duration of each assay step for which adequate signal
was achieved was selected for the final protocol. The analytical performance of the WLRS
immunosensor was evaluated in terms of sensitivity, reproducibility, water matrix effect,
and capability of chip regeneration/reuse. The accuracy of the assay was determined
through recovery experiments performed using bottled and tap water, and the assay
specificity against other bacteria species was verified. Finally, the performance of the WLRS
immunosensor developed, mainly in terms of its detection limit and assay duration, was
compared to that of other optical label-free immunosensors reported in the literature for
Salmonella detection.
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Escherichia coli O157:H7 (E. coli O157:H7, NCTC 12900) were kindly provided from Delta 
Foods S.A. (Athens, Greece). Microtiter plates were from Greiner Diagnostic GmbH (Bah-
lingen, Germany). Lipopolysaccharide (LPS) of Salmonella enterica serotype typhimurium, 
bovine serum albumin (BSA), Goat Anti-Rabbit IgG antibody conjugated with peroxidase, 
2,2′-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), non-labelled Goat Anti-
Rabbit IgG antibody, streptavidin, and 3-aminopropyl-triethoxysilane (APTES) were pur-
chased from Sigma-Aldrich (Darmstadt, Germany). Rabbit polyclonal anti-Salmonella 
group antigen antibody (Product number 8209-4006) was from Bio-RAD Abd Serotec Ltd. 
(Kidlington, Oxford, UK). The antibody was developed using a mixture of S. typhimurium, 
S. enteriditis, and S. heidelburg and therefore recognizes Salmonella O and H antigens of 
these serotypes. All other reagents were of analytical grade and were purchased from 
Sigma-Aldrich. The water used in the study was doubly distilled. Biotinylation of Goat 
Anti-Rabbit IgG antibody was performed following a previously published protocol [40]. 
Four-inch Si wafers (100) were obtained from Si-Mat (Kaufering, Germany). Spotting of 
the chips with the S. typhimurium LPS was performed using the BioOdyssey™ Calligra-
pher MiniArrayer (Bio-Rad Laboratories Inc., Hercules, CA, USA). 

2.2. WLRS Instrumentation 
The WLRS detection system used in this work consists of a visible-near infrared light 
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reflection probe (AVANTES Inc., Broomfield, CO, USA) composed of seven optical fibers 
with a 200 μm diameter each. The six fibers arranged at the circumference of the probe 
sent the light to the chip surface, whereas the seventh central fiber collected the reflected 
light and guided it to the spectrometer. For the assay, a fluidic compartment (Jobst Tech-
nologies GmbH, Freiburg, Germany) was placed on top of the chip. This compartment 
was made by attaching a 200 μm thick, double-sided adhesive tape, cut to form a reaction 
chamber with dimensions 12 mm (L) × 2.5 mm (W) × 0.2 mm (H), to a 2 mm thick poly(me-
thyl methacrylate) (PMMA) cover with drilled fluid inlet and outlet holes. The analysis of 
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Figure 1. Illustration of the white light reflectance spectroscopy (WLRS) optical setup and
sensing principle.

2. Materials and Methods
2.1. Reagents

Petri dishes (92 mm, 16 mm), polystyrene inoculation loops (1 µL), and spreaders
were obtained from Sarstedt AG & Co. KG (Numbrecht, Germany). Plate Count Agar
(PCA) with skimmed milk was obtained from BIOKAR Diagnostics (Allonne, France).
Salmonella enterica serovar typhimurium (S. typhimurium, ATCC 14028), Salmonella thomson
and Escherichia coli O157:H7 (E. coli O157:H7, NCTC 12900) were kindly provided from
Delta Foods S.A. (Athens, Greece). Microtiter plates were from Greiner Diagnostic GmbH
(Bahlingen, Germany). Lipopolysaccharide (LPS) of Salmonella enterica serotype typhimurium,
bovine serum albumin (BSA), Goat Anti-Rabbit IgG antibody conjugated with peroxi-
dase, 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), non-labelled Goat
Anti-Rabbit IgG antibody, streptavidin, and 3-aminopropyl-triethoxysilane (APTES) were
purchased from Sigma-Aldrich (Darmstadt, Germany). Rabbit polyclonal anti-Salmonella
group antigen antibody (Product number 8209-4006) was from Bio-RAD Abd Serotec Ltd.
(Kidlington, Oxford, UK). The antibody was developed using a mixture of S. typhimurium,
S. enteriditis, and S. heidelburg and therefore recognizes Salmonella O and H antigens of
these serotypes. All other reagents were of analytical grade and were purchased from
Sigma-Aldrich. The water used in the study was doubly distilled. Biotinylation of Goat
Anti-Rabbit IgG antibody was performed following a previously published protocol [40].
Four-inch Si wafers (100) were obtained from Si-Mat (Kaufering, Germany). Spotting of the
chips with the S. typhimurium LPS was performed using the BioOdyssey™ Calligrapher
MiniArrayer (Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.2. WLRS Instrumentation

The WLRS detection system used in this work consists of a visible-near infrared light
source (ThetaMetrisis S.A., Athens, Greece), a miniaturized USB controlled spectrometer
(Maya 2000 Pro; Ocean Insight, Orlando, FL, USA) with a resolution of 0.25 nm, and a
reflection probe (AVANTES Inc., Broomfield, CO, USA) composed of seven optical fibers
with a 200 µm diameter each. The six fibers arranged at the circumference of the probe sent
the light to the chip surface, whereas the seventh central fiber collected the reflected light
and guided it to the spectrometer. For the assay, a fluidic compartment (Jobst Technologies
GmbH, Freiburg, Germany) was placed on top of the chip. This compartment was made
by attaching a 200 µm thick, double-sided adhesive tape, cut to form a reaction chamber
with dimensions 12 mm (L) × 2.5 mm (W) × 0.2 mm (H), to a 2 mm thick poly(methyl
methacrylate) (PMMA) cover with drilled fluid inlet and outlet holes. The analysis of the
reflected spectrum recorded from the spectrometer (integration time was 15 ms; 1 spectrum
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per second) was performed by software designed by ThetaMetrisis S.A. that transformed
in real-time the spectral shift to effective biomolecular adlayer thickness by applying the
Levenberg–Marquart algorithm.

2.3. Bacteria Culturing and Counting

Bacteria strains (S. typhimurium, S. thomson, and E. coli) were grown on Petri dishes
containing PCA medium through incubation for 18 h at 37 ◦C. Next, a number of colonies
were peaked and suspended in 1 mL phosphate buffer saline (PBS) 10 mM, pH 7.4, and
the optical density at 600 nm (OD600) was measured using a Novaspec II spectrophotome-
ter (Pharmacia Biotech, UK). The bacteria concentration was determined assuming that
OD600 = 0.2 corresponds to 3.2 × 108 CFU/mL [7]. The suspension was then diluted to
prepare a series of 10-fold dilutions with concentrations down to 10 CFU/mL. To determine
the viable bacteria concentration in the suspension, colony counting on PCA Petri dishes
inoculated with each one of the suspension dilutions was performed after incubation for
18 h at 37 ◦C (three plates per dilution).

2.4. Calibrators/Water Samples Preparation

A stock solution of S. typhimurium LPS with a concentration of 1 mg/mL was prepared
in carbonate buffer, pH 9.2 (coating buffer), and stored at 4 ◦C until use. The stock
solution was used for the preparation of calibrators with concentrations ranging from 10 to
1000 ng/mL in 10 mM PBS buffer, pH 7.4, containing 10 g/L BSA (assay buffer). Regarding
S. typhimurium calibrators, after determining the cell suspension concentration as described
in Section 2.3, it was serially diluted to obtain calibrators with concentrations ranging
from 5 × 102 to 5 × 107 CFU/mL. For the recovery experiments, 3 bottled, natural mineral
waters—namely Zagori (Chitos S.A, Ioannina, Greece), Vikos (Epirotic Bottling Company
S.A., Ioannina, Greece), and Avra (Coca-Cola Greek Bottling Company S.A., Maroussi,
Greece)—and tap water were spiked with known concentrations of S. typhimurium to obtain
samples containing 8 × 103 to 8 × 105 CFU/mL.

2.5. Preparation and Biofunctionalization of the Chip

A silicon dioxide layer with an average thickness of 1100 nm was grown on the wafers
by wet oxidation for 3 h at 1100 ◦C in the cleanroom facility at the Institute of Nanoscience
and Nanotechnology of National Centre for Scientific Research “Demokritos” (Aghia
Paraskevi, Greece). Then, the wafers were diced to chips with dimensions 5 × 15 mm. To
achieve chemical functionalization of the chips’ surface, cleaning and hydrophilization
of the chips were performed by treatment with Piranha solution (1:1 H2SO4/30% (v/v)
H2O2) for 20 min. After intensive washing with distilled water, immersion of the chips
in 2% (v/v) aqueous APTES solution for 20 min followed. Then, the chips were washed
with distilled water, dried under a nitrogen stream, incubated for 20 min at 120 ◦C, and
left at room temperature (RT) for at least 24 h prior to spotting. For the biological ac-
tivation, a 200 µg/mL LPS solution in 50 mM carbonate buffer, pH 9.2 (coating buffer),
was spotted in a 3 × 5 mm2 area at the center of the APTES-modified chips using the
BioOdyssey™ Calligrapher MiniArrayer, and they were incubated overnight at 4 ◦C in
75% humidity. Thereafter, a blocking step was performed through the immersion of the
chips in a 10 mg/mL BSA solution in 0.1 M NaHCO3, pH 8.5 (blocking solution), for 1 h at
RT. Finally, the chips were immersed in 10 mM PBS, pH 7.4 (washing buffer A) for 30 s,
washed with distilled water, dried under a nitrogen stream, and stored at 4 ◦C until use.

2.6. Competitive Immunodetection of S. typhimurium with the WLRS Chip

Prior to the assay, the fluidic compartment was assembled with the biofunctionalized
chip, and the chip was inserted in the docking station of the apparatus and connected with
the pump for the delivery of the reagents. At first, assay buffer was passed over the chip
surface to obtain a baseline signal. For the assay, calibrators or water samples were mixed
at a 1:1 volume ratio with a 1.5 µg/mL rabbit polyclonal anti-Salmonella antibody solution
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in assay buffer and incubated for 15 min at RT. The mixtures were then pumped over the
chip for 7 min with a flow rate of 40 µL/min. Subsequently, a 10 µg/mL biotinylated Goat
Anti-Rabbit IgG antibody solution in assay buffer passed for 5 min, followed by a 5 µg/mL
streptavidin solution in assay buffer for 3 min. Finally, a regeneration step was performed
by running over the chip a 0.1 M HCl solution for 3 min, and equilibration of the chip
with assay buffer was carried out prior to the next assay cycle. For each calibrator/sample,
the effective biomolecular layer thickness values were determined in nm. Calibration
curves were constructed by plotting the percentage of the effective biomolecular layer
thickness values obtained for the different calibrators (Sx) with respect to the value of the
zero calibrator (S0) against the concentration of LPS or bacteria cells in the calibrators.
In Figure 2, a three-dimensional (3-D) scheme of assay configuration for the detection of
S. typhimurium is presented.
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Figure 2. Assay configuration for the detection of S. typhimurium employing the WLRS system. The
main assay steps included: (1) incubation of immobilized onto the chip lipopolysaccharide (LPS)
with a mixture of bacteria calibrator and rabbit polyclonal anti-Salmonella antibody, (2) reaction with
biotinylated Goat Anti-Rabbit IgG antibody (secondary antibody), (3) reaction with streptavidin, and
(4) chip surface regeneration, i.e., removal of the immunosorbed molecules to use the chip for a new
assay cycle.

2.7. ELISA Method for the Detection of S. typhimurium in Water Samples

One hundred microliters of a 0.5 µg/mL LPS solution in coating buffer were added
in 96-well ELISA microtitration plates and incubated overnight at RT. The wells were
washed twice with 300 µL of 10 mM PBS buffer, pH 7.4 (washing solution A), and then
300 µL of blocking solution were added. After incubation for 1 h at RT, the wells were
washed as previously. Equal volumes of LPS, bacteria calibrators, or samples were mixed
with a 100 ng/mL rabbit polyclonal anti-Salmonella antibody solution in assay buffer and
incubated for 15 min. For the assay, 100 µL from the mixtures were added to wells and
were incubated for 1 h under vigorous shaking. After that, the wells were washed four
times with 300 µL of washing solution A solution containing 0.05% (v/v) Tween 20 (washing
solution B), 100 µL of a 10 µg/mL anti-rabbit IgG antibody-horse radish peroxidase (HRP)
conjugate solution in 0.1 mM Tris-HCl buffer, pH 8.25, containing 5 mg/mL BSA, and 9 g/L
NaCl were added per well and incubated for 40 min under vigorous shaking. The wells
were washed as previously, and then they were incubated with 100 µL of HRP substrate
solution (0.03% v/v H2O2 and 1.9 µM ABTS in 0.1 M citrate-phosphate buffer, pH 4.5) for
30 min under shaking. The optical density of the wells at 405 nm was measured using a
VICTOR3 1420 Multilabel Counter (PerkinElmer). For the calibration curve, the optical
density value of the different calibrators (Bx) expressed as a percentage of the mean zero
calibrator optical density value (B0) was plotted versus the calibrator concentration.
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3. Results
3.1. Optimization of the Assay

For the detection of LPS or S. typhimurium cells with the WLRS sensor, a competi-
tive immunoassay configuration was implemented. In a competitive immunoassay, the
maximum signal is obtained in the absence of analyte (zero calibrator), and the signal
decreases as the analyte concentration in the calibrators of the samples increases. The
percent signal decrease obtained for a given analyte concentration with respect to zero
calibrator signal is a measure of the assay sensitivity. Thus, during the development of LPS
competitive immunoassay, several parameters have been optimized, taking into account
both the maximum signal and the percent signal drop obtained for certain calibrators.

At first, the concentration of LPS used for coating the chips was optimized using
chips spotted with LPS solutions with concentrations ranging from 10 to 500 µg/mL in
coating buffer. All chips were assayed by running a 1:1 volume mixture of a 3 µg/mL
anti-Salmonella antibody solution with assay buffer (zero calibrator) for 40 min. As shown in
Figure 3, the signal increased and reached maximum plateau values at LPS concentrations
higher than 100 µg/mL. In addition, for LPS concentrations ranging from 10 to 100 µg/mL
the coefficients of variation (CVs) of responses obtained from five chips spotted with the
same LPS concentration ranged from 26% to 15%, as opposed to CVs of approximately 3%
obtained from chips spotted with LPS concentrations equal to or higher than 200 µg/mL.
The rather high CV values observed for chips spotted with LPS concentrations lower than
200 µg/mL could be attributed to inadequate and heterogeneous coverage of the chip
surface. Thus, a 200 µg/mL LPS solution was selected for further experimentation.
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Figure 3. Plot of net mean signal values obtained for zero calibrator against S. typhimurium LPS
concentration used for coating of the WLRS chips. Each point is the mean value of the signals
obtained from five chips ± SD.

The next parameter optimized was the assay duration. Figure 4 presents the real-time
sensor response obtained for a zero calibrator, consisting of a 1:1 volume ratio of a 3 µg/mL
rabbit polyclonal anti-Salmonella antibody solution with assay buffer, which ran for 40 min
over a chip spotted with 200 µg/mL of S. typhimurium LPS. As shown, in order to achieve
adequate signal (>1 nm), 25 min of immunoreaction were required (time point indicated
by the vertical, magenta, dotted line in Figure 4) whereas the signal was continuously
increasing even after 40 min of reaction. In addition to the specific immunoreaction signal
(black line), the signal obtained from a chip spotted with BSA and assayed as the LPS-
spotted chip is provided (blue line) to determine the non-specific binding signal. As shown,
there was no measurable non-specific binding signal.
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the zero calibrator signal obtained from a chip coated with bovine serum albumin (BSA) is indicated 
(blue line). The arrow indicates the time point of anti-Salmonella antibody solution introduction and 
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Figure 4. Real-time signal evolution upon passing over a chip coated with a 200 µg/mL Salmonella
LPS solution zero calibrator consisting of a 3 µg/mL anti-Salmonella antibody solution mixed with
assay buffer at a 1:1 volume ratio for 40 min (black line). For the assessment of non-specific binding,
the zero calibrator signal obtained from a chip coated with bovine serum albumin (BSA) is indicated
(blue line). The arrow indicates the time point of anti-Salmonella antibody solution introduction and
the vertical, magenta dotted line the time point corresponding to 25 min after the introduction of the
antibody solution.

In an attempt to minimize the assay duration and the anti-Salmonella antibody (primary
antibody) consumption, a two-step assay configuration that included reaction with an
Anti-Rabbit IgG antibody (secondary antibody) after the primary immunoreaction was
investigated. In Figure 5a, the real-time sensor responses obtained for the zero calibrator
and a calibrator containing 500 µg/mL of LPS, both mixed in a 1:1 volume ratio with a
3 µg/mL anti-Salmonella antibody solution run over the chip for 10 min and followed
by a 10 µg/mL Anti-Rabbit IgG antibody solution for another 10 min, are presented. As
shown, the signal achieved for the zero calibrator following the two-step assay format with
a total assay duration of 20 min was 50% higher than the signal obtained from the primary
immunoreaction at the same time interval. In addition, regarding the reaction with the
secondary antibody, approximately 80% of the signal obtained after a 10 min reaction was
obtained in the first 5 min. Thus, the duration of this step could be shortened to 5 min
without significant reduction of the signal amplitude. Regarding the assay sensitivity, the
percent signal for an LPS calibrator with a concentration of 500 ng/mL with respect to zero
calibrator signal was approximately 65%. Since the assay sensitivity in a competitive assay
is regulated by the primary antibody affinity for the analyte, a significant improvement of
sensitivity can be achieved by considerably reducing the primary antibody amount used.

Thus, in order to decrease as possible both the primary immunoreaction duration
and the primary antibody concentration a three-step assay configuration was investigated,
involving two signal enhancement steps, i.e., reaction with biotinylated secondary anti-
body and streptavidin. It was found that, by employing a 10 min primary immunoreaction
followed by a 5 min reaction with the biotinylated secondary antibody and a 3 min reac-
tion with streptavidin, zero calibrator signals similar to those obtained with the two-step
configuration, when employing a 5 min reaction with the non-biotinylated secondary anti-
body for the same primary immunoreaction duration, were obtained using a 1.5 µg/mL
anti-Salmonella antibody solution instead of 3 µg/mL. Moreover, the primary immunoreac-
tion duration would be reduced to 7 min without significant effect in the final signal. In
Figure 5b, the real-time responses obtained for the zero calibrator and a calibrator contain-
ing 500 ng/mL LPS following the three-step configuration (7 min primary immunoreaction,
5 min biotinylated secondary, 3 min streptavidin) are provided. As it is shown, the zero
calibrator signal was slightly reduced (20%) compared to the two-step assay, whereas the
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percent signal corresponding to the 500 ng/mL calibrator with respect to the zero calibrator
signal was approximately 40%. This finding means that the three-step assay resulted in
significant improvement in assay sensitivity, and, at the same time, the anti-Salmonella
antibody consumption was reduced by more than 50% while the assay duration remained
15 min. Moreover, the non-specific binding signal, determined from a BSA-spotted chip, for
both two-step and three-step assay configurations is provided in Figure 5a,b, respectively.
As shown, there was a slight non-specific signal in the case of the three-step assay with
accounted for less than 5% of the specific signal. For all these reasons, the three-step assay
configuration employing reaction with biotinylated secondary antibody and streptavidin
was selected for further experiments. The particular format enabled reduction of the whole
assay cycle to 15 min instead of 25 min, required when only the primary immunoreac-
tion was employed. In addition, the signal enhancement achieved by the two additional
reaction steps allowed a 50% reduction of the primary antibody amount used resulting
in improved assay sensitivity as was depicted in the increased signal drop obtained in
presence of the analyte.
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Figure 5. Real-time sensor response obtained from chips coated with a 200 μg/mL Salmonella LPS solution applying either 
the (a) two-step or (b) three-step assay configurations. The two-step assay configuration (a) included running over the 
chip 1:1 volume mixtures of calibrators with a 3 μg/mL rabbit anti-Salmonella antibody solution (arrow 1 to 2), followed 
by an Anti-Rabbit antibody solution (arrow 2 to end); while the three-step assay configuration (b) included running over 
the chip 1:1 volume mixtures of calibrators with a 1.5 μg/mL rabbit anti-Salmonella antibody solution (arrow 1 to 2), fol-
lowed by biotinylated Anti-Rabbit IgG antibody (arrow 2 to 3) and streptavidin (arrow 3 to end). Black line corresponds 
to zero calibrator, red line to a calibrator containing 500 ng/mL LPS, and blue line to signal obtained from a chip spotted 
with BSA and assayed as the LPS-spotted chip. 

Another approach to increase the detection sensitivity is to pre-incubate the calibra-
tors/samples with antibody solution prior to the reaction with the immobilized analyte. 
This way, the reaction of the antibody with the analyte in the solution is favored over the 
reaction with the immobilized analyte, and higher percent signal drops could be obtained 
with respect to those received without pre-incubation. To test this possibility, mixtures of 
LPS calibrators (10 and 500 ng/mL) with the anti-Salmonella antibody were incubated for 
5, 15, 30, and 60 min. The signals obtained when the pre-incubated mixtures were assayed 
were compared to the signal obtained from a mixture of zero calibrator with the antibody 
prepared and run immediately afterward. As shown in Figure 6a, pre-incubation for ≥15 
min considerably improved the assay sensitivity since the percent signal obtained for the 

Figure 5. Real-time sensor response obtained from chips coated with a 200 µg/mL Salmonella LPS solution applying either
the (a) two-step or (b) three-step assay configurations. The two-step assay configuration (a) included running over the chip
1:1 volume mixtures of calibrators with a 3 µg/mL rabbit anti-Salmonella antibody solution (arrow 1 to 2), followed by an
Anti-Rabbit antibody solution (arrow 2 to end); while the three-step assay configuration (b) included running over the
chip 1:1 volume mixtures of calibrators with a 1.5 µg/mL rabbit anti-Salmonella antibody solution (arrow 1 to 2), followed
by biotinylated Anti-Rabbit IgG antibody (arrow 2 to 3) and streptavidin (arrow 3 to end). Black line corresponds to zero
calibrator, red line to a calibrator containing 500 ng/mL LPS, and blue line to signal obtained from a chip spotted with BSA
and assayed as the LPS-spotted chip.

Another approach to increase the detection sensitivity is to pre-incubate the calibra-
tors/samples with antibody solution prior to the reaction with the immobilized analyte.
This way, the reaction of the antibody with the analyte in the solution is favored over the
reaction with the immobilized analyte, and higher percent signal drops could be obtained
with respect to those received without pre-incubation. To test this possibility, mixtures
of LPS calibrators (10 and 500 ng/mL) with the anti-Salmonella antibody were incubated
for 5, 15, 30, and 60 min. The signals obtained when the pre-incubated mixtures were
assayed were compared to the signal obtained from a mixture of zero calibrator with the
antibody prepared and run immediately afterward. As shown in Figure 6a, pre-incubation
for ≥15 min considerably improved the assay sensitivity since the percent signal obtained
for the calibrator with the lower concentration (20 ng/mL), with respect to zero calibrator,
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dropped from 98% to 72%, whereas for the high-concentration calibrator (500 ng/mL),
the percent signal dropped from 40% to 15%. Although the longer the duration of pre-
incubation, the higher the percent signal drop, the improvement of percent signal drop
for the lower concentration calibrator was marginal (approximately 10%) when the pre-
incubation duration was increased from 15 to 60 min. Thus, 15 min pre-incubation was
adopted in the final protocol.

In order to investigate the potential of S. typhimurium detection in drinking water
samples with the immunosensor developed, as well as to select the optimum medium
for the preparation of bacteria calibrators, the effect of water on the immunoassay perfor-
mance was investigated. For this purpose, the calibration curves obtained from calibrators
containing different concentrations of S. typhimurium bacteria prepared in tap or bottled
water were compared to that received from calibrators prepared in assay buffer. It was
found that the three resulting calibration curves were superimposed, indicating that tap
and bottled water did not affect the assay sensitivity. In addition, as shown in Figure 6b,
where the real-time signal obtained when sequentially running zero calibrator prepared
in assay buffer and then, after regeneration, zero calibrator in bottled water are provided,
identical zero calibrator signals were received in both matrices. Hence, the calibrators will
be prepared in assay buffer.
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Figure 6. (a) Percent signal values obtained for the zero calibrator (magenta columns) or a calibrator containing 20 (yellow 
columns) or 500 ng/mL of LPS (grey columns) without or with 15, 30, and 60 min pre-incubation of the calibrators with 
the anti-Salmonella antibody solution (1.5 μg/mL). Each column represents the mean value of five measurements ± SD. (b) 
Real-time sensor response obtained upon running zero calibrator prepared in assay buffer (arrows 1–4), regeneration (ar-
rows 4–6), and zero calibrator in bottled water (arrows 6–9). 

The real-time signal recordings provided from chips coated with LPS upon running 
calibrators with bacteria concentrations ranging from 5 × 102 to 5 × 107 CFU/mL are pro-
vided in Figure 7. 

Figure 6. (a) Percent signal values obtained for the zero calibrator (magenta columns) or a calibrator containing 20 (yellow
columns) or 500 ng/mL of LPS (grey columns) without or with 15, 30, and 60 min pre-incubation of the calibrators with
the anti-Salmonella antibody solution (1.5 µg/mL). Each column represents the mean value of five measurements ± SD.
(b) Real-time sensor response obtained upon running zero calibrator prepared in assay buffer (arrows 1–4), regeneration
(arrows 4–6), and zero calibrator in bottled water (arrows 6–9).

The real-time signal recordings provided from chips coated with LPS upon running
calibrators with bacteria concentrations ranging from 5 × 102 to 5 × 107 CFU/mL are
provided in Figure 7.
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Figure 7. Real-time sensor responses corresponding to S. typhimurium bacteria calibrators with 
concentrations from 5 × 102 to 5 × 107 CFU/mL prepared in assay buffer. The arrows indicate the 
sequence of solutions running over the chip: assay buffer, start to arrow 1; mixture of calibrators 
with anti-Salmonella antibody, arrow 1–2; biotinylated anti-rabbit IgG antibody, arrow 2–3; strep-
tavidin. 

3.2. Analytical Characteristics 
The calibration curves of LPS and S. typhimurium bacteria obtained with the WLRS 

sensor and the three-step assay, with a total assay time of 15 min, are presented in Figure 
8a,b, respectively. The detection limit (LOD) of the assay was calculated as the concentra-
tion corresponding to signal that equals to the mean valueof 20 replicate measurements 
of zero calibrator -3SD, and it was determined to be 4 ng/mL for LPS and 320 CFU/mL for 
bacteria. In addition, the quantification limit (LOQ), which corresponds to the concentra-
tion of the mean value of 20 replicate measurements of zero calibrator -6SD, was found to 
be 10 ng/mL for LPS and 600 CFU/mL for bacteria. The dynamic range of the assay was 
10–1000 ng/mL, and 600–5 × 107 CFU/mL for LPS and bacteria, respectively. 
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Figure 8. Typical calibration curves obtained for (a) LPS and (b) bacteria with the WLRS system applying the three-step 
assay configuration. Each point corresponds to the mean value of the signals obtained from three chips ± SD. 

Figure 7. Real-time sensor responses corresponding to S. typhimurium bacteria calibrators with
concentrations from 5 × 102 to 5 × 107 CFU/mL prepared in assay buffer. The arrows indicate the
sequence of solutions running over the chip: assay buffer, start to arrow 1; mixture of calibrators with
anti-Salmonella antibody, arrow 1–2; biotinylated anti-rabbit IgG antibody, arrow 2–3; streptavidin.

3.2. Analytical Characteristics

The calibration curves of LPS and S. typhimurium bacteria obtained with the WLRS sen-
sor and the three-step assay, with a total assay time of 15 min, are presented in Figure 8a,b,
respectively. The detection limit (LOD) of the assay was calculated as the concentration
corresponding to signal that equals to the mean valueof 20 replicate measurements of zero
calibrator -3SD, and it was determined to be 4 ng/mL for LPS and 320 CFU/mL for bacte-
ria. In addition, the quantification limit (LOQ), which corresponds to the concentration
of the mean value of 20 replicate measurements of zero calibrator -6SD, was found to be
10 ng/mL for LPS and 600 CFU/mL for bacteria. The dynamic range of the assay was
10–1000 ng/mL, and 600–5 × 107 CFU/mL for LPS and bacteria, respectively.
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For comparison reasons, the calibration curves obtained for LRS and whole bacteria
with the competitive ELISA developed in-house using the same immunoreagents are
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presented in Figure 9a,b, respectively. The detection limits of these assays were 0.4 ng/mL
and 600 CFU/mL, respectively. Thus, regarding LPS, the LOD achieved with the WLRS
sensor was 10 times higher than that obtained with the respective ELISA, while, regarding
bacteria, the LOD obtained for both methods was the same. On the other hand, the duration
of the WLRS assay was eight times shorter compared to that of ELISA, which was more
than 2 h.
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The assay repeatability was determined by assaying three control samples prepared
in water spiked with three different concentrations of bacteria, i.e., 6 × 103, 6 × 104, and
6 × 105 CFU/mL. The intra-assay coefficients of variation (CVs) were determined from
four repetitive measurements of each control within the same day and ranged from 1.5%
to 3.7%. The inter-assay CVs were calculated from five measurements carried out on five
different days in a period of 1 month and varied from 3.1% to 7.5%.

The accuracy of the assay was evaluated through recovery experiments. For this
purpose, tap and bottled water samples were spiked with three different concentrations
of S. typhimurium (8 × 103, 8 × 104 and 8 × 105 CFU/mL). The analysis of the samples
was performed in triplicate prior to and after the addition of S. typhimurium, and the
recovery values in percentage were calculated as the ratio of the bacteria concentration
determined with respect to the concentration added in each sample. In Table 1, the mean
values obtained from the four spiked samples along with recovery values in percentage
are presented. The recovery values ranged between 92.5% to 108%, indicating the high
accuracy of the determinations performed with the WLRS immunosensor.

The specificity of anti-Salmonella assay versus potential cross-reactants, such as
Salmonella thomson and E. coli O157:H7, was tested through cross-reactivity experiments.
S. thomson was selected since it was not amongst the Salmonella serotypes used as immuno-
gens for the production of rabbit polyclonal antibody used in the study (see Section 2.1).
E. coli was also used because it is one of the bacteria more frequently found in contaminated
waters. Thus, S. thomson and E. coli cultures were used for the preparation of bacteria
concentrations ranging from 104–108 CFU/mL and used as calibrators in the three-step
Salmonella assay. Percent cross-reactivity (%CR) was determined using the equation

%CR = (IC50 S. typhimurium/IC50 cross-reactant bacterium) × 100 (1)

where IC50 S. typhimurium is defined as the concentration of S. typhimurium that provided a
50% signal drop, whereas IC50 cross-reactant bacterium is the concentration of the tested
bacteria corresponding to a 50% signal drop with respect to zero calibrator. The cross-
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reactivity values determined were approximately 0.25% for S. thomson and 1.1% for E. coli
(Figure 10). Thus, it can be concluded that the anti-Salmonella antibody and the respective
assay were highly specific.

Table 1. Recovery of known amounts of S. typhimurium bacteria spiked in four different water
samples, including tap water and three bottled Greek natural mineral water products (Vikos, Zagori,
and Avra).

Sample Amount Added
(CFU/mL)

Amount Determined
(CFU/mL) % Recovery

Tap water
8 × 103 8.2 × 103 102
8 × 104 7.9 × 104 98.7
8 × 105 7.6 × 105 95.0

Bottled water (Vikos)
8 × 103 8.6 × 103 108
8 × 104 7.6 × 104 95.0
8 × 105 8.2 × 105 102

Bottled water (Zagori)
8 × 103 7.6 × 103 95.0
8 × 104 8.1 × 104 101
8 × 105 7.5 × 105 93.8

Bottled water (Avra)
8 × 103 7.4 × 103 92.5
8 × 104 7.7 × 104 96.2
8 × 105 8.4 × 105 105
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Figure 10. Calibration curves for S. typhimurium (black squares), E. coli (red circles), and S. thomson
(blue triangles) obtained from LPS-coated WLRS chips. The dashed vertical lines indicate the bacteria
concentration that corresponds to a 50% signal drop with respect to zero calibrator (horizontal black
line). Each point is the mean value of the signals obtained from three chips ± SD.

3.3. Regeneration

In order to significantly reduce the analysis cost, the potential for chip regeneration
was evaluated. For this purpose, several solutions such as 0.1 M glycine-HCl buffer, pH 2.5,
50 mM HCl, and 50 mM NaOH were tested to select the most effective solution for chip
regeneration. Thus, after the completion of the total assay cycle, each of the regeneration
solutions were pumped over the chip surface for 3 min, followed by a reaction with
biotinylated Anti-Rabbit IgG antibody and streptavidin to determine the amount of primary
antibody that remained after regeneration. It was found that the optimum solution for chip
regeneration was 50 mM HCl, and it was selected for the final protocol. Furthermore, the
potential of the chip to be reused after regeneration was tested by performing repetitive
assay cycles with zero calibrator. As presented in Figure 11a, the chip could be regenerated
at least 15 times without any signal loss. This finding is also proof that the LPS immobilized
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onto the chip through physical adsorption is strongly bound and does not desorb during
the repetitive assay/regeneration cycles.
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The storage stability of the LPS-modified chips was determined by preparing a batch
of 21 chips and stored them in a desiccator at 4 ◦C for a period of three months. At regular
time intervals, three chips were taken out and tested. In Figure 11b, the mean values
obtained for the zero calibrator over the period of 3 months are provided. As shown, only
a slight decrease (approximately 10%) in the zero calibrator signal value was observed after
3 months of storage, which, however, did not affect the calibration curve. Thus, it could be
claimed that the LPS-modified chips are stable for at least 3 months under the specified
storage conditions.

3.4. Comparison with Other Immunosensors

In Table 2, the LODs, assay time, and sample on which the detection of S. typhimurium
was performed, employing label-free optical immunosensors published in the literature, are
listed, along with the respective values of the developed WLRS immunosensor. As shown,
the majority of the literature sensors are based on the surface plasmon resonance principle
(SPR) [27,44–51]. In terms of S. typhimurium detection, the proposed immunosensor is at
least 100 times more sensitive and four to six times faster than the reported SPR sensors.
An Ω-shaped fiber-optic localized SPR sensor for the detection of S. typhimurium was also
reported with an LOD approximately three times lower than the LOD achieved with the de-
veloped WLRS sensor [26]. However, the analysis time of the proposed immunosensor was
six times lower compared to that of the Ω-shaped fiber-optic localized SPR sensor. In addi-
tion, a fiber-optic immunosensor with an LOD of 247 CFU/mL could detect S. typhimurium
in milk with assay time similar to that of the developed WLRS sensor [52], while an optical
grating based sensor provided a 4-time higher LOD for an assay duration of 10 min [53].
An immunosensor based on Hartman interferometry capable to detect S. typhimurium in
10 min has been reported in the literature, with an LOD 30 times higher than that provided
by the proposed immunosensor [36]. In addition, two sensors based on surface-enhanced
Raman spectroscopy (SERS) have been also reported for Salmonella typhimurium detec-
tion [54,55]. The first one had approximately 3 × 105 times higher LOD than the proposed
sensor, and the assay duration was not mentioned, whereas the second one achieved three-
times lower LOD compared to the proposed sensor employing, however, a fivefold longer
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assay procedure. Finally, a label-free fluorescent aptasensor based on the fluorescence
energy transfer (FRET) principle was developed with an LOD of 733 CFU/mL achieved
with a 2 h assay [56]. Overall, the immunosensor developed is one of the faster and more
sensitive label-free optical sensors reported in the literature. From the detection limits
presented in Table 2, it is obvious that none of the label-free optical sensors has the required
sensitivity to meet the requirements for direct, on-site determination of S. typhimurium
in water or food samples. In all cases, either a pre-concentration step from high sample
volumes, e.g., by water filtration or immunomagnetic concentration of bacteria cells or
a pre-enrichment step to increase the concentration of bacteria present in the sample is
needed. Taking into account that Salmonella cells replicate themselves every 40 min, it
would take approximately 8 h for a single, viable cell per 25 mL to create a population of
approximately 600 CFU/mL, which is the LOQ of our method.

Table 2. Comparison of the developed WLRS immunosensor with other studied optical label-free
immunosensors for the detection of S. typhimurium.

Immunosensor/Device Sample Type LOD
(CFU/mL)

Assay Time
(min) Ref. #

SPR romaine lettuce 4.7 × 105 <6 [27]
SPR milk 2.5 × 105 ~100 [44]
SPR chicken carcass 1 × 106 ~17 [45]
Portable SPR buffer 107 ~60 [46]
SPR buffer 1.7 × 103 22 [47]
SPR assay buffer 106 ≤120 [48]
SPR buffer 105 10 [49]
SPR buffer - 6–7 [50]

SPR imaging buffer
chicken carcass rinse

2.1 × 106

7.6 × 106 20 [51]

Ω-shaped fiber-optic LSPR buffer <128 100 [26]
Fiber-optic milk 247 <20 [52]

Hartman interferometry assay buffer
chicken carcass 104 10 [36]

Optical-grating coupler buffer 1.3 × 103 60 [53]
SERS buffer 108 - [54]
SERS buffer 100 75 [55]
FRET aptasensor buffer 733 120 [56]
WLRS immunosensor
developed tap and bottled water 320 15

4. Conclusions

A WLRS biosensor for the detection of Salmonella LPS and bacteria in drinking water
samples was presented for the first time. The WLRS system allowed for label-free and
real-time detection of bacteria employing a three-step assay configuration in 15 min. The
analytical performance of the immunosensor was characterized by high sensitivity, ac-
curacy, and reproducibility. The WLRS biosensor provides similar sensitivity with the
in-house ELISA method, which was completed in more than 2 h. In addition, the WLRS
biochip could be regenerated and reused at least 15 times, thus significantly reducing the
analysis cost. Given the detection limit achieved, the short analysis time, and the small size
of the chip, the proposed immunosensor could find wide application for bacteria detection
in drinking water. Moreover, taking into account that fast bacteria detection is of high im-
portance for the food industry since it could considerably reduce the time interval between
production and release of the products, the developed immunosensor could facilitate the
quality assessment process across production lines. In addition, since the proposed WLRS
sensor is an analytical platform, it could find application in the detection of other bacteria
by functionalizing the chips with appropriate antigens or specific antibodies.
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37. Janik, M.; Koba, M.; Celebańska, A.; Bock, W.J.; Śmietana, M. Live E. coli bacteria label-free sensing using a microcavity in-line
Mach-Zehnder interferometer. Sci. Rep. 2018, 8, 17176. [CrossRef]

38. Maldonado, J.; González-Guerrero, A.B.; Domínguez, C.; Lechuga, L.M. Label-free bimodal waveguide immunosensor for rapid
diagnosis of bacterial infections in cirrhotic patients. Biosens. Bioelectron. 2016, 85, 310–316. [CrossRef]

39. Koukouvinos, G.; Petrou, P.; Misiakos, K.; Drygiannakis, D.; Raptis, I.; Stefanitsis, G.; Martini, S.; Nikita, D.; Goustouridis, D.;
Moser, I.; et al. Simultaneous determination of CRP and D-dimer in human blood plasma samples with White Light Reflectance
Spectroscopy. Biosens. Bioelectron. 2016, 84, 89–96. [CrossRef]

40. Tsounidi, D.; Koukouvinos, G.; Petrou, P.; Misiakos, K.; Zisis, G.; Goustouridis, D.; Raptis, I.; Kakabakos, S.E. Rapid and sensitive
label-free determination of aflatoxin M1 levels in milk through a White Light Reflectance Spectroscopy immunosensor. Sens.
Actuator B Chem. 2018, 282, 104–111. [CrossRef]

41. Stavra, E.; Petrou, P.S.; Koukouvinos, G.; Kiritsis, C.; Pirmettis, I.; Papadopoulos, M.; Goustouridis, D.; Economou, A.; Misiakos,
K.; Raptis, I.; et al. Simultaneous determination of paraquat and atrazine in water samples with a white light reflectance
spectroscopy biosensor. J. Hazard. Mater. 2018, 359, 67–75. [CrossRef]

42. Koukouvinos, G.; Goustouridis, D.; Misiakos, K.; Kakabakos, S.; Raptis, I.; Petrou, P. Rapid C-reactive protein determination in
whole blood with a White Light Reflectance Spectroscopy label-free immunosensor for Point-of-Care applications. Sens. Actuator
B Chem. 2018, 260, 282–288. [CrossRef]

43. Koukouvinos, G.; Petrou, P.; Goustouridis, D.; Misiakos, K.; Kakabakos, S.; Raptis, I. Development and bioanalytical applications
of a White Light Reflectance Spectroscopy label-free sensing platform. Biosensors 2017, 7, 46. [CrossRef] [PubMed]

44. Barlen, B.; Mazumdar, S.; Lezrich, O.; Kämpfer, P.; Keusgen, M. Detection of Salmonella by surface plasmon resonance. Sensors
2007, 7, 1427–1446. [CrossRef]

http://doi.org/10.1021/ac101739b
http://doi.org/10.1016/j.biosystemseng.2007.11.015
http://doi.org/10.1016/j.foodchem.2013.04.098
http://doi.org/10.1016/j.mtcomm.2020.101726
http://doi.org/10.1038/s41598-018-34285-y
http://doi.org/10.1016/j.talanta.2013.06.034
http://www.ncbi.nlm.nih.gov/pubmed/24054660
http://doi.org/10.1021/acs.analchem.8b03905
http://www.ncbi.nlm.nih.gov/pubmed/30359519
http://doi.org/10.3390/bios9030094
http://doi.org/10.1016/j.bios.2005.05.017
http://www.ncbi.nlm.nih.gov/pubmed/16040238
http://doi.org/10.1088/1742-6596/61/1/215
http://doi.org/10.1016/j.foodchem.2012.09.069
http://www.ncbi.nlm.nih.gov/pubmed/23194527
http://doi.org/10.1016/j.bios.2004.05.010
http://doi.org/10.1016/j.bios.2006.03.012
http://www.ncbi.nlm.nih.gov/pubmed/16635568
http://doi.org/10.1016/j.bios.2016.01.040
http://doi.org/10.1016/j.jhazmat.2018.07.080
http://www.ncbi.nlm.nih.gov/pubmed/30059886
http://doi.org/10.1021/acs.analchem.8b02321
http://www.ncbi.nlm.nih.gov/pubmed/29999303
http://doi.org/10.4315/0362-028X-62.5.431
http://www.ncbi.nlm.nih.gov/pubmed/10340660
http://doi.org/10.1038/s41598-018-35647-2
http://doi.org/10.1016/j.bios.2016.04.095
http://doi.org/10.1016/j.bios.2015.11.094
http://doi.org/10.1016/j.snb.2018.11.026
http://doi.org/10.1016/j.jhazmat.2018.07.029
http://doi.org/10.1016/j.snb.2018.01.008
http://doi.org/10.3390/bios7040046
http://www.ncbi.nlm.nih.gov/pubmed/29027976
http://doi.org/10.3390/s7081427


Sensors 2021, 21, 2683 18 of 18

45. Lan, Y.; Wang, S.; Yin, Y.; Hoffmann, W.C.; Zheng, X. Using a surface plasmon resonance biosensor for rapid detection of
Salmonella typhimurium in chicken carcass. J. Bionic Eng. 2008, 5, 239–246. [CrossRef]

46. Nguyen, H.H.; Yi, S.Y.; Woubit, A.; Kim, M. A Portable Surface Plasmon Resonance Biosensor for Rapid Detection of Salmonella
typhimurium. Appl. Sci. Converg. Technol. 2016, 25, 61–65. [CrossRef]

47. Bokken, G.C.A.M.; Corbee, R.J.; Knapen, F.; Bergwerff, A.A. Immunochemical detection of Salmonella group B, D and E using an
optical surface plasmon resonance biosensor. FEMS Microbiol. Lett. 2003, 22, 75–82. [CrossRef]

48. Oh, B.K.; Kim, Y.K.; Park, K.W.; Lee, W.H.; Choi, J.W. Surface plasmon resonance immunosensor for the detection of Salmonella
typhimurium. Biosens. Bioelectron. 2004, 19, 1497–1504. [CrossRef]
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