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Listeria monocytogenes, Escherichia coli O157:H7 and Salmonella enterica are the most common foodborne
bacterial pathogens and are responsible for many outbreaks. Therefore, multiplex detection of these
three using a single assay platform is highly desirable. The objective was to develop and optimize a fiber
optic sensor for simultaneous detection of these three from food. The streptavidin coated optical
waveguides were immobilized with biotinylated polyclonal antibodies and exposed to the bacterial
suspensions or enriched food samples for 2 h. Pathogens were detected after reacting with Alexa-Fluor
647-labeled monoclonal antibodies. Ready-to-eat beef, chicken and turkey meats were inoculated with
each pathogen (w100 cfu/25 g), enriched in SEL (Salmonella, E. coli, Listeria), a multipathogen selective
enrichment broth for 18 h and tested with the biosensor. The biosensor was able to detect each pathogen,
individually or in a mixture with very little cross-reactivity. The limit of detection for the sensor
was w103 cfu/ml for all three pathogens. Furthermore, the biosensor successfully detected each path-
ogen, grown in a mixture from enriched meat samples under 24 h. The pathogen presence was further
verified by PCR and immunofluorescence assay. The multiplex fiber optic sensor shows promise for
detection of the three pathogens if present in the same sample eliminating the use of multiple single
pathogen detection platforms.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Foodborne pathogens are a major public health concern due to
continued outbreaks, emergence of new pathogens and associated
fatalities (Scallan et al., 2011). To reduce foodborne infections, high-
risk products must be tested before sold for human consumption.
Among the foodborne pathogens, Salmonella enterica, Listeria
monocytogenes and Shiga-toxin producing Escherichia coli are
responsible for the majority of recent outbreaks and hospitaliza-
tions (Lynch et al., 2006; Scallan et al., 2011). Therefore, developing
methods that can detect the presence of any or all of the three
organisms in a single analysis would help ensure safety against the
three major foodborne pathogens. At present, the commercially
available test kits are designed for a single analyte, thus to test
a product for multiple analytes, multiple assay kits must be used.
This approach is not cost effective and may discourage food
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producers from adopting it for routine practice since this would
ultimately affect the profit margin. Thus, the array-based multi-
pathogen testing approaches are becoming attractive owing to
their advantage in addressing not only the routine food safety need
but also the food biosecurity demand (Bhunia, 2011; Gehring and
Tu, 2011; Lim et al., 2005). For detection of multiple targets in
one single experiment, nucleic acid-based microarray (Miller and
Tang, 2009), multiplex PCR (Kawasaki et al., 2010; Park et al.,
2011) or protein microarray (Rebe Raz and Haasnoot, 2011) have
been proposed. Among the biosensor platforms, evanescent wave
based detection of multiple analytes on glass slides in an array
format (Ligler et al., 2007), surface plasmon resonance sensor
(Homola, 2008) and cell-based sensors show promise (Banerjee
and Bhunia, 2009). For effective multipathogen analysis on the
same platform, the sample preparation step (Brehm-Stecher et al.,
2009) must allow recovery of all potential target pathogens, and
their concentrations should exceed the detection limit threshold of
the sensor platform to avoid false-negative results.

In this study, our goal was to develop an evanescent-based fiber
optic sensor for multiplex detection of S. enterica serovar Enter-
itidis, L. monocytogenes and E. coli O157:H7 from food samples. The
fiber-optic sensor utilizes laser excitation to generate evanescent
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Fig. 1. Schematic showing layout of multipathogen detection strategy using fiber
optic sensor. SEL (Salmonella, E. coli, Listeria); Sal, Salmonella; EC, E. coli; Lm,
L. monocytogenes.
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wave that corresponds to the quantity of analyte present on the
surface of the waveguide in a sandwich format where the fluo-
rophore (Cyanine 5 or Alexa Fluor 647) conjugated antibody serves
as a reporter (Bhunia, 2008; Leung et al., 2007; Taitt et al., 2005).
The fiber optic sensor using the Analyte 2000 (Research Interna-
tional, Monroe, WA) has been successfully developed for detection
of several foodborne or biothreat pathogens individually including
E. coli O157:H7 (DeMarco et al., 1999; Geng et al., 2006), Salmonella
(Valadez et al., 2009), L. monocytogenes (Geng et al., 2004; Ohk
et al., 2010), Bacillus anthracis and Francisella tularensis (Jung
et al., 2003), and staphylococcal enterotoxins (Anderson and
Nerurkar, 2002). In this work, we developed a multipathogen
assay system using the Analyte 2000 for simultaneous detection of
L. monocytogenes, E. coli O157:H7 and S. Enteritidis inoculated into
food samples.

2. Materials and methods

2.1. Bacterial cultures and growth media

L. monocytogenes F4244 (serovar 4b), E. coli O157:H7 EDL 933
and S. enterica serovar Enteritidis PT1 were used as standard
reference strains and were maintained on brain heart infusion
(BHI) agar plates at 4 �C. For concurrent enrichment of all three
pathogens, a multipathogen enrichment broth, SEL (Salmonella,
Escherichia, and Listeria), previously developed in our laboratory
was used (Kim and Bhunia, 2008). For bacterial enumeration on
agar plates, modified Oxford agar (MOX) for L. monocytogenes,
xylose lysine deoxycholate (XLD) for Salmonella and cefiximee
tellurite containing sorbitol MacConkey (CT-SMAC) for E. coli
O157:H7 were used. All media were purchased from Acumedia
(Lancing, MI).

2.2. Antibodies, labeling and sandwich immunofluorescence assay

Pathogen-specific rabbit polyclonal antibodies were used as
capture andmouse monoclonal antibodies were used as reporter in
a sandwich configuration on the optical waveguide. For L. mono-
cytogenes, PAb-P66 (Chen et al., 2005) and MAb-C11E9 (Bhunia
et al., 1991); for E. coli, PAb-anti-pET32a (our lab, unpublished)
and anti-E. coli O157 (MyBiosource), and for S. enterica, PAb-anti-
Salmonella (Valadez et al., 2009) and MAb-2F11 (Jaradat et al.,
2004) were used. Capture antibodies were biotinylated with EZ-
Link Sulfo-NHS-LC-Biotin kit (Pierce, Rockford, IL) and mono-
clonal antibodies were labeled with Alexa-Fluor 647 (Molecular
Probes) (AF-Reporter antibody) as described (Geng et al., 2006).

Performance of the antibody combinations to detect the target
pathogens was optimized by an immunofluorescence assay (IFA)
using a streptavidin coated 96-well plate (Thermo Fisher Scientific,
Rockford, IL). Each biotinylated capture antibody (0.1 mg/ml) was
added at 100 ml/well and incubated at 4 �C 2 h. The plates were
subsequently blocked with Superblock (Pierce, Rockford, IL) solu-
tion (0.1 ml/well) for 2 h. Target pathogens were added individually
(w1 � 108 cfu/well) or in a mixture to designated wells, incubated
for 2 h, washed three times with 0.1 M PBS (pH 7.2) containing
Triton-X 100 (PBS-T) and reacted with Alexa-Fluor 647 labeled
reporter antibodies (0.01 mg/ml) for 2 h. Plates were washed and
read in a spectrofluorometer at Ex 584 nm/Em 612 nm (Molecular
Devices, Sunnyvale, CA).

2.3. Fiber optic sensor-based analysis

The polystyrene waveguides (Research International, Monroe,
WA) were pre-cleaned and coated with streptavidin (1 mg/ml,
Sigma) at 4 �C for 2 h and air-dried for 30 min (Geng et al., 2006).
This coating step was repeated three times by recycling the strep-
tavidin solution and then by rinsing the waveguides with distilled
sterile water. The waveguides were then immersed in SuperBlock
blocking buffer (Pierce) for 1 h followed by exposure to each 100 ml
biotinylated capture antibody (100 mg/ml) at 4 �C for 2 h, washed in
deionized water three times, and air-dried for 30 min.

To determine the limit of detection for the fiber optic sensor for
each pathogen, bacterial cell pellets were harvested from overnight
grown test cultures and washed with Tris buffered saline (TBS:
0.1 M, pH 8.0) three times and serially diluted to make desired
concentrations. Antibody-coated fibers were immersed in 0.1 ml of
bacterial suspensions and incubated at 4 �C for 2 h. After gentle
washing, the fibers were again immersed in 0.1 ml of AF-Reporter
antibodies at 4 �C for 2 h. Fluorescence intensity for each wave-
guide was acquired simultaneously in separate channels with the
Analyte 2000 Fluorometer (Research International) for 30 s. The
schematic of the fiber optic sensor setup for multipathogen analysis
is presented in Fig. 1.

To determine the reactivity of each pathogen-specific fiber optic
sensor, waveguides were also exposed to pure cultures of
L. monocytogenes, E. coli O157:H7 and S. Enteritidis at 1�108 cfu/ml
separately and in a mixture of all three for 2 h and the assays were
performed as above.

2.4. Detection of pathogens from artificially contaminated food
samples by fiber optic sensor

Sliced ready-to-eat lunch meats of shredded beef, chicken and
turkey breast meats were purchased from local grocery stores in
West Lafayette, Indiana. To confirm the absence of target
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Fig. 3. Fiber optic signal response of each pathogen-specific antibody combinations
(probes) to L. monocytogenes, E. coli O157:H7, Salmonella Enteritidis suspended in PBS.
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pathogens, the standard pathogen isolation procedures described
in the Bacteriological Analytical Manual (FDA, 2001) were carried
out before the challenge study.

Twenty five grams of each meat sample in a stomacher bag
(Nasco Whirl-Pak� Catalog #B01318, Fort Atkinson, WI) was inoc-
ulated with each pathogen (w1 � 102 cfu/ml) separately or
a mixture of all three and held for 15 min at room temperature. For
enrichment, 225ml of SEL broth (Kim and Bhunia, 2008) was added
in each bag and blended for 2 min using a Stomacher (Stomacher
400, Seward, Norfolk, UK) and the bags were incubated at 37 �C for
18 h. A 0.1 ml aliquot collected from each bag was applied to each
fiber-optic sensor and incubated at 4 �C for 2 h. After gentle
washing, the waveguides were again immersed in 0.1 ml of AF-
Reporter antibodies at 4 �C for 2 h, washed in PBS-T three times
and fluorescence intensity was recorded with the Analyte 2000 for
30 s.

Inoculated food samples were also examined by immunofluo-
rescence assays on microtiter plates as described above. Enriched
meat samples (0.1 ml/well) were also added and incubated for 2 h,
washed and reacted with AF-Reporter antibodies for 2 h at 37 �C.
Plates were washed three times with PBS-T and read in a spectro-
fluorometer (Molecular Devices).

Several aliquots of samples were also collected from each bag,
serially diluted in PBS and plated on MOX plates for
L. monocytogenes, XLD for Salmonella and CT-SMAC for E. coli
O157:H7 enumeration. The presence of each pathogen in enriched
samples was also confirmed by PCR using primers specific for actA
gene of L. monocytogenes, eaeA of E. coli O157:H7 and sefA of
Salmonella as described before (Kim and Bhunia, 2008).

2.5. Statistical analysis

Statistical analyses were carried out using IBM SPSS Statistics
20.0. A KruskaleWallis rank test was used to compare the differ-
ences in each group. AManneWhitney U-testwas used formultiple
mean comparisons. The tests were performed at a significance level
of a ¼ 0.05.

3. Results and discussion

3.1. Immunofluorescence assay

The fiber optic sensor utilizes a sandwich format for detection
of the target pathogen. Therefore, for initial optimization of the
assay parameters including antibody concentrations, assay sensi-
tivity, and reaction to each test pathogen, we used a microtiter
plate-based immunofluorescence assay (IFA). Results indicated
that IFA could detect a minimum cell concentration of about 104e
105 cfu for all pathogens and the relative fluorescence unit (RFU)
increased proportionately with increasing cell concentrations
(data not shown). Furthermore, each antibody combination reac-
ted strongly with their corresponding pathogen without showing
significant reactions (P < 0.05) with other pathogens (Fig. 2). These
data indicate that the sandwich assay format with multiple
pathogen-specific antibodies may be suitable for biosensor
applications.

3.2. Selectivity and the limit of detection of fiber optic sensor

For multipathogen sensors to be effective, a pathogen specific
molecule i.e., antibody (in this study) within the multiplex
sensor configuration should not show cross-reaction with other
target analytes. Initial experiments demonstrated that the
L. monocytogenes-specific fiber optic sensor showed strong reac-
tion (7067 pA) only with the pure culture of L. monocytogenes and
in the mixture containing all three pathogens (6509 pA) (Fig. 3). As
expected, this sensor gave a negligible cross-reaction with S.
Enteritidis (907 pA) or E. coli O157:H7 (1077) (Fig. 3). As reported
before, this sensor configuration also did not show signals from
other common food associated microorganisms examined (Geng
et al., 2004; Nanduri et al., 2006). Similar results were also seen
for E. coli- and Salmonella-specific sensors; however, the Salmo-
nella-specific sensor showed some cross-reactions with the other
two pathogens, but the values were significantly lower (P < 0.05)
than the signal for the Salmonella. Overall, these data are in
agreement with our previous studies where the same combination
of antibodies were used on the waveguide for detection of
L. monocytogenes (Nanduri et al., 2006), E. coli O157:H7 (Geng et al.,
2006) and S. enterica (Valadez et al., 2009) individually.

Next, we determined the minimum concentration of target
pathogens that can be detected by each sensor configuration. Data
indicate that all sensors showed a detection limit in the range of
1 � 103 cfu/ml corresponding to signal values from 2000 pA to
4000 pA (Fig. 4), which were at least 2 standard deviation (SD)
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greater than the signals emitted from 10 cfu. The signals also pro-
portionately increased as the concentration of bacteria increased.
Based on this result, the detection limit of this sensor was deter-
mined to be about 103 cfu/ml. Fiber optic signal for each sensor was
also determined for a cell concentration of 102 cfu/ml in one
experiment and since there were no significant difference in values
among no cell controls (PBS), 101 and 102 cfu/ml, the data for 102

was not included in the graph (Fig. 4). The detection limit for each
pathogen-specific fiber optic sensor reported here falls within the
general range reported previously for E. coli O157:H7 (DeMarco
et al., 1999; Geng et al., 2006), L. monocytogenes (Geng et al.,
2004; Nanduri et al., 2006; Ohk et al., 2010), and Salmonella
Enteritidis (Valadez et al., 2009). Detection limits for the fiber optic
sensor could possibly be improved further by using high affinity
capture molecules. In recent years, many different biorecognition
molecules including bacteriophage tail proteins, mammalian cell
receptors, aptamers, and recombinant antibodies are being evalu-
ated as capture molecule to improve biosensor sensitivity
(Chambers et al., 2008; Koo et al., 2009; Lakshmanan et al., 2007;
Tolba et al., 2010; Zeng et al., 2011).

3.3. Validation of the fiber optic sensor with ready-to-eat food
products

The fiber optic biosensor was further evaluated with inoculated
ready-to-eat model food systems (beef, chicken and turkey).
Inoculated samples were used since the rate of natural contami-
nation in RTE food is very low. Meats were inoculated with about
102 cfu/25 g (w4 cfu/g) and enriched in SEL for 18 h. Actual cell
number in inoculated food samples were 256 � 42 cfu/25 g for
L. monocytogenes, 175 � 23 cfu/25 g for E. coli O157 and
149 � 40 cfu/25 g for Salmonella. The bacterial cell counts reached
to about107e108 cfu/ml after 18 h of enrichment (Table 1) as
Table 1
Bacterial countsa in ready-to-eat lunch meat samples after enrichment in SEL for 18 h.

Inoculation cfu/25 g

Beef

L. monocytogenes 256 � 42 2.2 � 0.9 � 108

E. coli O157:H7 175 � 23 8.3 � 1.1 � 107

S. enterica 149 � 40 4.0 � 0.6 � 107

a L. monocytogenes counts were determined on MOX, E. coli O157:H7 on CT-SMAC and
previously observed (Gehring et al., 2012; Kim and Bhunia, 2008)
suggesting all three pathogens grew similarly in the co-culture
setup. Data from the fiber optic sensor indicate that pathogen-
specific sensors were highly selective for their respective target
pathogens in each of the meat samples tested without showing
any significant (P < 0.05) cross reactions with non-target patho-
gens (Fig. 5). Performance and quality of antibodies used in
immunosensor platforms must be thoroughly assessed before use
to obtain reproducible results. This is especially critical for multi-
plex configuration where each antibody combinations are exposed
to same microorganisms at equal concentrations after enrichment.
Even though the cross reaction of antibodies were statistically
insignificant, antigenic homogeneity among test organisms cannot
be ruled out as a factor contributing to the response observed
(Figs. 3 and 5). Furthermore, the variation in signals obtained for
a pathogen in different meat samples could be attributed to the
product formulations or preservatives present in the RTE products
which may have caused differential antigen expression (Banada
and Bhunia, 2008; Lathrop et al., 2008), yielding differential
bacterial capture on fibers. The uninoculated meat samples
produced a very low background signal (1720e3530 pA), which
were subtracted from the pathogen-specific signals. These data
indicate that the multiplex fiber optic setup used was suitable for
detecting all or any of the three pathogens present in the test
samples. Previously this sensor was used primarily for detection of
individual foodborne pathogens (Bhunia, 2008; Leung et al., 2007)
or in some cases configured to detect multiple pathogens or toxin
of bioterrorism significance (Ligler et al., 2007; Lim et al., 2005)
but none, in our knowledge, used for detection of
L. monocytogenes, E. coli O157:H7 and S. enterica serovar Enteritidis
simultaneously.

IFA analysis performed in parallel with the enriched meat
samples also produced similar results substantiating the fiber
cfu/ml � SD

Chicken Turkey Mixture

3.1 � 0.21 � 108 2.4 � 0.4 � 108 2.1 � 0.2 � 108

6.4 � 1.5 � 107 1.0 � 0.9 � 107 5.2 � 2.7 � 107

3.4 � 0.8 � 107 2.7 � 0.8 � 107 1.5 � 0.6 � 107

Salmonella on XLD.
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optic sensor results (Fig. 6). PCR assay targeting pathogen-specific
genes also confirmed the presence of each target pathogen in the
enriched RTE meat samples (Fig. 7). Nowadays, the multiplex PCR
is widely used for pathogen detection with a detection limit of
103e104 cfu (Settanni and Corsetti, 2007), while most immuno-
assays can detect 105e107 cfu (Banada and Bhunia, 2008).
Detection limit for the fiber optic sensor reported here
(1 � 103 cfu/ml) is comparable to the detection limit reported for
multiplex PCR (which requires nucleic acid as target), while the
fiber optic sensor, in addition to whole cells, can detect toxins,
other macromolecular structures or combination of whole cells
and toxins in an array format (Leung et al., 2007; Sapsford et al.,
2006; Song et al., 2006). Depending on the biosensor platforms
used, some are also highly sensitive and can be automated for
screening of large numbers of samples rapidly (Bhunia, 2008,
2011; Gehring and Tu, 2011).
In summary, the multipathogen fiber optic sensor described
shows promising results for simultaneous detection of all three
pathogens from inoculated RTE food samples in less than 24 h.
Multiplex detection was facilitated by employing a multipathogen
enrichment broth, SEL for simultaneous growth of all three
organisms, and the antibody combinations for specific detection of
each from a food matrix.
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