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The multianalyte array biosensor (MAAB) is a rapid analysis instrument capable of detecting multiple
analytes simultaneously. Rapid (15-min), single-analyte sandwich immunoassays were developed for the
detection of Salmonella enterica serovar Typhimurium, with a detection limit of 8 X 10 CFU/ml; the limit of
detection was improved 10-fold by lengthening the assay protocol to 1 h. S. enterica serovar Typhimurium was
also detected in the following spiked foodstuffs, with minimal sample preparation: sausage, cantaloupe, whole
liquid egg, alfalfa sprouts, and chicken carcass rinse. Cross-reactivity tests were performed with Escherichia
coli and Campylobacter jejuni. To determine whether the MAAB has potential as a screening tool for the
diagnosis of asymptomatic Salmonella infection of poultry, chicken excretal samples from a private, noncom-
mercial farm and from university poultry facilities were tested. While the private farm excreta gave rise to
signals significantly above the buffer blanks, none of the university samples tested positive for S. enterica
serovar Typhimurium without spiking; dose-response curves of spiked excretal samples from university-raised

poultry gave limits of detection of 8 X 10° CFU/g.

Salmonellosis is a serious health concern and is responsible
for approximately 30% of all reported cases of food poisoning
in the Unites States for which the etiology is determined (42).
While forty to fifty thousand cases of salmonellosis and 500
deaths due to salmonellosis are reported in the United States
each year (11, 42, 66), estimates of the true incidence of sal-
monellosis cases are much higher, with estimates of economic
costs ranging from $1.3 to $4.0 billion each year (19, 65).

Current Food and Drug Administration methods for detect-
ing contamination of foodstuffs with Salmonella consist of con-
ventional culture techniques, immunoassays, and biochemical
analyses (3, 47). Microbiological culture methods typically in-
volve pre-enrichment of food samples by incubation in a non-
selective medium, followed by one or more selective enrich-
ments. Because each enrichment cycle may take up to 24 h,
these methods therefore require up to 36 h before results are
known. Validated immunoassays and biochemical analyses
(Gene-Trak, SalmonellaTek, Assurance, 1-2 Test, TECHRA,
and VIDAS), as well as other nonvalidated “rapid” analytical
methods, also require pre-enrichment of samples, resulting in
a turnaround time of at least 24 h (2). Furthermore, many of
these methods require significant sample preparation and/or
manipulation and lengthy assay procedures. Thus, the need
remains for additional methods capable of detecting Salmo-
nella contamination rapidly and with a minimum of manipula-
tions.

In this report, we describe the rapid detection of Salmonella
enterica serovar Typhimurium in a variety of foodstuffs with
minimal sample preparation by use of the multianalyte array
biosensor (MAAB) (48, 49, 52). This system consists of an
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array of biological recognition elements, a light source for
fluorescence excitation, an optical detector, and a fluidics com-
ponent. The recognition elements are immobilized onto an
optical waveguide in patterned arrays, either as a microarray
(15, 16) or as a series of parallel stripes. Typically, these rec-
ognition elements are antibodies, although other recognition
species have been used (50). Multiple samples are applied to
the waveguide such that each sample encounters multiple cap-
ture elements. Analytes present within each sample bind to
appropriate capture elements and are then detected by fluo-
rescent tracer antibodies. With cocktails of tracer antibodies
and capture elements with different specificities, up to nine
different analytes have been detected on a single waveguide
(61).

The MAAB uses the evanescent wave, an electromagnetic
component of the light launched into the wave guide, to selec-
tively excite fluorophores present in the array of surface-bound
immunocomplexes. The surface specificity of the evanescent
wave allows real-time measurements of binding reactions (54)
as well as analysis of turbid or nonhomogeneous samples, with
little interference from the sample matrix (49, 52). The use of
this method and other evanescent wave techniques for biosens-
ing has been well established (36, 46, 55, 67). This report
documents the first use of the MAAB to detect a pathogen in
food samples. Also demonstrated is the potential for use in
preharvest testing of chickens for Salmonella infection.

MATERIALS AND METHODS

Antibodies, antigens, and biochemicals. Antibodies and antigens were pur-
chased from the following sources: monoclonal anti-S. enterica serovar Typhi-
murium lipopolysaccharide (clone M32242), Fitzgerald Industries International
(Concord, Mass.); heat-killed S. enterica serovar Typhimurium, Escherichia coli
O157:H7, and Campylobacter jejuni, KPL (Gaithersburg, Md.); and rabbit anti-
Salmonella sp. immunoglobulin G, Biodesign International (Saco, Maine). Low-
biotin-content bovine serum albumin (BSA) was purchased from Sigma-Aldrich
(St. Louis, Mo.). EZ-Link biotin-LC-NHS ester, NeutrAvidin biotin-binding
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protein, and N-succinimidyl 4-maleimidobutyrate (GMBS) were obtained from
Pierce (Rockland, IIL.).

Preparation of antibodies. The capture antibody, rabbit anti-Salmonella spp.,
was biotinylated by 30 min of incubation with a fivefold molar excess of EZ-Link
biotin-LC-NHS ester in 0.1 M borate, pH 8.5. Unincorporated biotin was then
separated from biotinylated antibody by gel chromatography with Bio-Gel P-10
(Bio-Rad, Hercules, Calif.), and the antibody was equilibrated in phosphate-
buffered saline, pH 7.4 (PBS). The tracer antibody, monoclonal anti-S. enterica
serovar Typhimurium lipopolysaccharide (clone M32242), was labeled with Cy5
bisfunctional NHS ester (Amersham, Arlington Heights, Ill.) by incubation of 1
packet of dye with 3 mg of protein in 0.1 M borate, pH 8.5, for 30 min. Labeled
protein was separated from unbound dye by gel chromatography, as described
above. Dye-to-protein ratios of 2:1 to 4:1 were obtained; labeling efficiencies in
this range have been shown to be optimal for this fluorophore (1).

Preparation of assay substrates. NeutrAvidin biotin-binding protein was co-
valently immobilized onto sensor substrates essentially as described previously
(49). Briefly, cleaned soda lime slides (Daigger, Wheeling, Ill.) (13) were treated
with a 2% solution of 3-mercaptopropyl triethoxysilane (Fluka, Ronkonkoma,
N.Y.) in toluene for 1 h under nitrogen, rinsed thrice with toluene, and dried.
The silanized slides were subsequently incubated with 1 mM GMBS in anhydrous
ethanol for 30 min, rinsed with deionized water, and incubated overnight with 30
pg of NeutrAvidin per ml in PBS. After rinsing in PBS, NeutrAvidin-coated
slides were stored in PBS until patterning was performed.

Biotinylated capture antibodies were immobilized in patterned stripes on the
NeutrAvidin-treated slides by use of 12-channel poly(dimethyl)siloxane pattern-
ing templates; the flow channels were oriented along the short (1 in.) axis of the
slide (dimensions of each channel, 21 by 1 by 2.5 mm? [length by width by
height]). Approximately 60 .l of biotinylated capture antibody (15 wg/ml in PBS)
was loaded into each channel and was incubated overnight at 4°C. After the
capture antibody solution was removed, each lane was rinsed with 1.0 ml of PBS
containing 0.05% Tween 20 and 1 mg of BSA/ml (PBSTB), and the patterning
template was removed. The slides were then immersed in a blocking and drying
solution of 10 mg of BSA per ml in 10 mM sodium phosphate buffer, pH 7.4,
dried under a stream of nitrogen without further rinsing, and stored in the dark
at 4°C until use; dried, patterned slides processed in this manner have been
stored up to 17 weeks without a significant loss in activity (62).

Biochemical assays. Sample analysis was performed on the antibody-patterned
slides by use of poly(dimethyl)siloxane assay flow guides similar to those used for
patterning, except that the channels (dimensions, 40 by 1 by 2.5 mm? [length by
width by height]) were oriented orthogonal to those molded in the patterning
template. After placement of the flow guide onto the patterned slide, the ends of
each channel were connected to a peristaltic pump (outlet) or reservoir (inlet),
and each lane was washed with 0.8 ml of PBSTB at a flow rate of 0.8 ml/min.
Samples (0.8 ml/lane, diluted in PBSTB) were loaded into the reservoirs and
allowed to flow over the slide surface at a rate of 0.1 ml/min. Following a buffer
wash (0.8 ml PBSTB, 0.8 ml/min), tracer antibody solution (15 pg/ml in PBSTB,
0.45 ml/lane) was allowed to flow over the wave guide at a rate of 0.1 ml/min.
After a final rinse with PBSTB, the assay template was removed from the slide,
and the slide was rinsed with deionized water, dried, and imaged.

To determine whether increased incubation times would improve the assay
sensitivity, the standard 15-min assay protocol was extended to approximately
1 h. The sample incubation time was increased to 40 min, with recirculation of
the sample, and the tracer antibody incubation time was extended to 20 min, with
recirculation of the tracer solution.

Biosensor optics. The optical components of the MAAB consisted of a stage
for holding the slide, a source of illumination for evanescent excitation (635-nm,
12 mW diode laser; Lasermax, Rochester, N.Y.), a GRIN lens array (Nippon
Sheet Glass, Somerset, N.J.) (24), a series of filters, and a Peltier-cooled charge-
coupled device (SpectraSource Instruments, Westlake Village, Calif.) for imag-
ing; more complete details are presented elsewhere (20, 25, 67, 68). The angle of
incidence of excitation light (approximately 36 degrees) was such that it allowed
evanescent excitation of the fluorescent immunocomplexes in the patterned
region of the slide.

Data analysis. Data were extracted from the digitized images by use of a
custom automated data analysis program (54). After control spots were manually
located with a “spot-pick” tool, the program automatically located the remaining
spots in the array by a Sobel edge detection algorithm. For each array element,
the mean fluorescence intensity within each spot and the background fluores-
cence from both sides of the spot were determined. The net mean fluorescence
was then calculated by subtracting the mean local background value from the
mean fluorescence within the spot. Limits of detection (LODs) were calculated
as the lowest tested concentrations at which the average fluorescent signal (num-
ber of squares; n = 10) was at least 3 standard deviations above the mean
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fluorescence intensity of the buffer blank (number of blank squares; n = 10). To
account for interslide variability and effects of sample matrices, positive controls
(107 CFU of S. enterica serovar Typhimurium per ml in buffer) and negative
controls (unspiked buffer) were analyzed in parallel with the samples. All sample
data shown were normalized to the positive control for direct comparison of
multiple slides.

Unpaired Student’s ¢ tests were used to compare unspiked food samples with
negative controls (unspiked buffer). Signals from different samples of excreta
were compared by analysis of variance, with randomized blocks. Analysis of
covariance was used to test for differences in regression lines calculated from
dose-response curves for spiked foodstuffs and spiked excreta. Since saturation
was observed at high concentrations, only the ranges of concentrations at which
regression (R?) values were >0.98 were included in the analyses of covariance.
These ranges of concentrations corresponded to the following: =2 X 10°
CFU/ml for all spiked foodstuffs, E. coli-spiked samples, and C. jejuni-spiked
samples; =4 X 10* CFU/ml for excreta from university-raised poultry; and =4 X
10° CFU/ml for excreta from leisure farm-raised chickens.

Preparation of foodstuffs. Cubed whole cantaloupe was mixed with an equal
volume of 2X concentrated stock of PBS containing 2 mg of BSA per ml (2X
PBS-BSA) and was spiked with various concentrations of S. enterica serovar
Typhimurium. The samples were homogenized on high for 2 min in a Waring
blender (Torrington, Conn.) and centrifuged at 3,000 X g, and the liquid frac-
tions were analyzed.

Whole liquid eggs were diluted with equal volumes of 2X PBS-BSA containing
various concentrations of S. enterica serovar Typhimurium and mixed on high for
2 min in a Waring blender. The diluted egg homogenates were used in the
MAAB assays without further treatment.

The chicken carcass rinse was prepared by incubating a fresh chicken (approx-
imately 2.7 kg) with 100 ml of 1xX PBS-BSA in a large zip-lock bag for 2 h on a
rocker. The rinse was removed from the bag and immediately frozen for later
analysis. After thawing, aliquots were spiked with S. enterica serovar Typhi-
murium and analyzed without further treatment.

Samples of a national brand pork sausage, with a fat content of approximately
35%, were combined with 2 volumes of 2X PBS-BSA containing various con-
centrations of S. enterica serovar Typhimurium. The sausage-buffer mix was
homogenized in a Waring blender for 2 min. After centrifugation at 3,000 X g,
the liquid fraction immediately under the uppermost layer of fat was removed
and analyzed immediately without further purification.

For preparation of the sprout rinse, fresh alfalfa sprouts were combined with
an equal volume of PBSTB containing various concentrations of S. enterica
serovar Typhimurium. After swirling for 15 s, the particulates were allowed to
settle. The liquid supernatant (sprout rinse) was removed with a pipette and
analyzed immediately, without filtration or further clarification. Sprout homog-
enates were prepared separately by mixing 9 volumes of PBSTB (containing
various concentrations of S. enterica serovar Typhimurium) with fresh alfalfa
sprouts, mixing them on high in a Waring blender for 30 s (60), and filtering them
through Whatman 1 filter paper.

Poultry excreta. Chicken fecal samples were obtained from two poultry facil-
ities owned by the University of Maryland and a noncommercial, leisure farm in
New York. Chickens housed in university facilities were kept in separate cages;
thus, the excreta from each bird could be collected as an individual sample.
Excreta from chickens housed at the leisure farm were collected as a pool, as
birds were housed in a communal coop. Excretal samples were weighed and
mixed with 2 volumes of 2X PBSTB containing various concentrations of S.
enterica serovar Typhimurium. After vortexing for 30 s, samples were incubated
at room temperature for 1 h. Particulates were removed by filtration through
Whatman 1 filter paper and samples were immediately analyzed.

RESULTS

Detection of S. enterica serovar Typhimurium in buffer.
Dose-response curves were determined for heat-killed S. en-
terica serovar Typhimurium spiked into laboratory buffer, us-
ing standard (15-min) and extended (1-h) assay formats (Fig.
1). The LOD for the standard, 15-min assay was 8 X 10*
CFU/ml, although samples containing 2.6 X 10* CFU/ml oc-
casionally gave signals above those of the negative controls (P
< 0.05). When sample and tracer incubations were increased
to 40 and 20 min, respectively, the net background fluores-
cence and signals from negative controls did not change (P >
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FIG. 1. Dose-response curves for S. enterica serovar Typhimurium
in buffer. Closed circles, results obtained using the standard, 15-min
assay format; open circles, results from the extended, 1-h assay. Values
shown on the ordinate are mean normalized fluorescence values (=
standard errors of the means [SEM]; n = 10) from duplicate slides.
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0.05), but fluorescence signals generated from positive samples
increased, resulting in a 10-fold improvement in the LOD (8 X
10° CFU/ml).

Detection of S. enterica serovar Typhimurium in spiked
foodstuffs. Various foodstuffs were spiked with S. enterica se-
rovar Typhimurium and tested by the standard 15-min assay
protocol (Fig. 2). With the exception of the chicken carcass
rinse, spiking of the foodstuffs was performed before process-
ing to assess the combined effects of the sample matrix and the
processing procedures. The concentrations of S. enterica sero-
var Typhimurium in the buffer used to spike the solid food-
stuffs are shown on the abscissa; for liquid samples, the value
shown is the final concentration of S. enterica serovar Typhi-
murium after spiking. These values (CFU per milliliter) are
shown in place of CFU per gram to facilitate comparison
between the various matrices and buffer samples (shown in
black diamonds in both panels). LODs in spiked foodstuffs
were as follows: 8 X 10* CFU/ml in cantaloupe and chicken
carcass rinse, 4 X 10° CFU/ml in sausage, and 1.6 X 10*
CFU/ml in whole liquid egg (panel A); and 4 X 10°> CFU/ml in
both sprout rinse and sprout homogenate (panel B). These
concentrations correspond to 8 X 10* CFU/g of cantaloupe, 8
X 10° CFU/g of sausage, 1.6 X 10* CFU/g of egg, 4 X 10°
CFU/g of sprouts for sprout rinse, and 3.6 X 10° CFU/g for
sprout homogenate. A detection limit of 2.7 X 10> CFU/cm?
for the chicken carcass rinse was determined by using Tho-
mas’s (64) formula for converting carcass weight to total sur-
face area.

None of the unspiked food matrices gave rise to signals
significantly above that of the buffer blank (P > 0.05). While
dose-response regressions for the spiked cantaloupe, sprout
rinse, sausage, and chicken carcass rinse were not significantly
different from dose-response curves for buffer (P > 0.05), the
MAAB response was significantly inhibited by the presence of
egg or sprout homogenate (P < 0.005).

Cross-reactivity. Dose-response curves for S. enterica sero-
var Typhimurium were constructed in the presence of two
potentially co-occurring bacteria. Various concentrations of S.
enterica serovar Typhimurium were spiked into solutions con-
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FIG. 2. Dose-response curves for S. enterica serovar Typhimurium
spiked into foodstuffs and food extracts. Values shown on the abscissa
indicate the concentrations of S. enterica serovar Typhimurium in the
spiking solution (for sausage, egg, cantaloupe, and sprout homoge-
nate) or the final concentrations of S. enterica serovar Typhimurium
(for carcass rinse and sprout rinse). Values shown on the ordinate are
mean normalized fluorescence values (= SEM; n = 10) from duplicate
slides. (A) Open diamonds, spiked sausage; squares, cantaloupe; tri-
angles, chicken carcass rinse; circles, whole liquid egg. (B) Triangles,
spiked sprout rinse; squares, sprout homogenate. The dose-response
curve for S. enterica serovar Typhimurium in buffer is shown for com-
parison (closed diamonds). Insets show sensor responses for the linear
portion of the dose-response profiles.

taining either 10® CFU of E. coli O15:H7 per ml or 12 pg of C.
jejuni per ml and tested by the standard 15-min assay protocol.
Although samples containing C. jejuni or E. coli alone did not
give rise to signals significantly above those for negative control
values (buffer alone, P > 0.2), the LODs for mixed assays were
1.7 X 10° CFU/ml (E. coli) and 5.6 X 10° CFU/ml (C. jejuni),
which are 3 to 10 times higher than the LOD determined for S.
enterica serovar Typhimurium alone (Fig. 3). Furthermore,
while dose-response curves for E. coli-spiked samples did not
differ from those for controls (P > 0.25), the sensor response
was dampened in samples spiked with C. jejuni (P < 0.05).
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FIG. 3. Dose-response curves for S. enterica serovar Typhimurium
in the presence of E. coli and C. jejuni. Samples containing S. enterica
serovar Typhimurium were spiked with either E. coli O15:H7 (10®
CFU/ml) (triangles) or C. jejuni (12 pg/ml) (circles). The dose-re-
sponse curve for S. enterica serovar Typhimurium alone is shown for
comparison (diamonds). Values shown on the abscissa indicate the
concentrations of S. enterica serovar Typhimurium. Values shown on
the ordinate are mean normalized fluorescence values (= SEM; n =
10) from duplicate slides. The inset shows sensor responses for con-
centrations in the linear range.
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Detection of S. enferica serovar Typhimurium in chicken
excreta. Standard 15-min assay protocols were used to test
samples of chicken excreta obtained from birds raised either in
university facilities or on a noncommercial, leisure farm (Fig.
4). None of the excretal samples from university facilities had
fluorescent signals that were significantly above that of the
negative control (P > 0.25) or above the threshold for LOD
determination (panel A). On the other hand, pooled excreta
from the leisure farm chickens gave rise to fluorescent signals
that were significantly above the background (P < 0.01), above
those from the University of Maryland samples (P < 0.005),
and above the threshold for the LOD. To determine the effect
of each matrix on the MAAB response, different concentra-
tions of S. enterica serovar Typhimurium were spiked into each
matrix and dose responses were determined (panel B).
Whereas the presence of excreta from university-housed chick-
ens significantly enhanced the sensor response to added S.
enterica serovar Typhimurium (top curve; P < 0.005), the sen-
sor response was significantly inhibited in the presence of ex-
creta from the leisure farm chickens (bottom-most curve; P <
0.005). Furthermore, S. enterica serovar Typhimurium added
to the excretal samples from the university chickens was de-
tectable at 4 X 10° CFU/ml (8 X 10° CFU/g), well below the
LOD for spiked buffer. On the other hand, given the lower
slope of the leisure farm dose-response curve, a significantly
higher concentration of S. enterica serovar Typhimurium was
needed to boost the signal to levels that were significantly
higher than those from unspiked excreta (4 X 10° CFU/ml =
8 X 10° CFU/g excreta; P < 0.05).

DISCUSSION

The MAAB is an optical biosensor designed for rapid and
sensitive detection of multiple analytes in a single assay. The
MAAB has been used for the detection of toxins, physiological
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FIG. 4. Detection of S. enterica serovar Typhimurium in chicken
excreta. In both panels, values shown on the ordinate are mean nor-
malized fluorescence values (* SEM; n = 10) from duplicate slides.
(A) Unspiked excreta. Black bar, positive control (107 CFU/ml in
buffer); white bars, samples from university facilities; striped bar,
pooled sample from the leisure farm. The horizontal line (dashed)
indicates the threshold value for determining the LOD. (B) Dose-
response curves for spiked excreta. Open diamonds, excreta from
university-raised chickens; circles, excreta from leisure farm-raised
chickens. The dose-response curve for S. enterica serovar Typhi-
murium in buffer (closed diamonds) is shown for comparison. The
inset shows the sensor responses for concentrations of spiked S. en-
terica serovar Typhimurium of <5 X 10° CFU/ml.
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markers of health, small organic molecules, a virus, and both
gram-negative and gram-positive bacteria (48, 49, 51, 53).
LODs are generally in the low-to-mid nanogram per milliliter
range for proteins and small molecules and in the range of 10°
to 10° CFU/ml and 107 PFU/ml for bacteria and viruses, re-
spectively.

While bacteriological culture remains the most sensitive
method and the “gold standard” for detecting the presence of
Salmonella and other bacterial species in foods (3, 47, 66), the
MAAB offers the advantage of detecting multiple analytes in a
single test without significant sample preparation or aseptic
technique. For both multianalyte and single-analyte assays, the
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two-dimensional nature of the MAAB’s sensing surface allows
for positive and negative controls, as well as standards, to be
analyzed in parallel with noncharacterized or unknown sam-
ples, facilitating direct comparisons.

Rapid, single-analyte immunoassays were developed for the
detection of S. enterica serovar Typhimurium, the type of Sal-
monella responsible for the largest percentage of salmonellosis
cases in the United States in the past 12 years (42). Dose-
response curves were created for spiked buffer samples to
assess the MAAB’s overall performance and to provide a basis
for comparison with other so-called rapid methods of detec-
tion. The LODs determined here for both 15-min and 1-h
protocols (~10* CFU/ml) compare favorably with those for
several other antibody-based systems (LODs in the range of
mid-10° to 10° CFU/ml), including piezoelectric sensors (4, 33,
43, 45, 59), fiber optic sensors (44, 71, 72), an interferometer
(587), surface plasmon resonance-based sensors (9, 56), and an
electrochemical detector (22). ORIGEN, a system based on
electrochemiluminescence, has proven to be the most sensitive
rapid detection system, with a detection limit of 1,000 CFU/ml
(70). Although several additional papers have reported lower
LODs (33, 43, 69), data from appropriate blanks, controls, or
replicates were not presented.

MAAB assays were used to test spiked samples of foodstuffs
that are often implicated in cases or outbreaks of salmonellosis
(11, 39, 42, 63). While none of the unspiked foods gave rise to
false positive results, some matrix effects were observed with
sausage and sprout samples. Detection limits were higher for
the sausage and sprout rinse samples, but a dampening of the
sensor response was not noted. On the other hand, both the
LOD and sensor response were significantly affected by the
presence of sprout homogenate. This overall decrease in per-
formance may be due to the high levels of polyphenols found
in sprouts, which were previously shown to interfere with im-
munoassays (C. Fajardo-Lira, S. M. Henning, H. W. Lee,
V. L. W. Go, and D. Heber, Abstr. 2002 Annu. Meet. Inst.
Food Technologists, abstr. 46C-20, 2002); it has been specu-
lated that polyphenols may adsorb to antibodies, preventing
antibody-antigen binding (41). While the sensor performed
poorly in the presence of homogenate, the LODs observed
with sprout rinse samples, an accurate indicator of sprout con-
tamination (60), were below the levels observed in pathogen
growth studies using inoculated or naturally contaminated
seeds (107 to 10®* CFU/g) (21, 32).

Although the MAAB’s LODs for spiked carcass rinse sam-
ples compared favorably with those of the interferometric sen-
sor (57), the MAAB assays were less sensitive than ORIGEN
(70) and an enzyme-catalyzed electrochemical system (12) in
analogous assays. As with the MAAB, matrix effects were also
observed with the ORIGEN system, most significantly in the
presence of milk products and fish (70). The authors of the
ORIGEN study conjectured that the presence of heavy metals
and redox components in the fish samples interfered with the
ORIGEN assays, giving high backgrounds (potential false pos-
itives); clumping of the magnetic particles was at least partially
responsible for the false negative results obtained with milk.
While the present study did not include dairy products, we
recently observed a decrease in MAAB performance during
analysis of milk samples for staphylococcal enterotoxin B (58);
although the LOD was unchanged for the staphylococcal en-
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terotoxin B assays, the dose response was significantly damp-
ened in the presence of milk.

PCR is an exquisitely sensitive technique and is able to
detect 1 to 100 salmonellae in pure culture (10, 35, 38). How-
ever, nucleic acid-based analysis of foods and fecal matter has
proven challenging due to the presence of inhibitors of PCR
amplification, such as proteases and phenolics (18). Thus, a
pre-enrichment step is typically required to increase the num-
ber of viable cells while effectively diluting inhibitory sub-
stances present in the sample. A large number of papers de-
scribing PCR-based detection of Salmonella from spiked or
naturally contaminated foods have claimed LODs ranging
from 0.1 to 100 CFU/g (6, 10, 31, 37, 40). However, many of
these LODs represent the concentrations of inoculum used
rather than actual bacterial counts after enrichment; posten-
richment concentrations can reach 10° to 10° CFU/ml (6, 7, 17,
23). Detection limits determined in studies reporting LODs
based on postenrichment cell densities are in the range of 10°
to 10° CFU/ml (5, 6, 17), comparable to the LOD determined
for this study. A PCR system able to detect Salmonella in a
carcass rinse sample without pre-enrichment has recently been
described (30); the LOD reported (10 to 10* CFU/cm?) is
comparable to that obtained for the MAAB (2.7 X 10°> CFU/
cm?).

The issue of cross-reactivity was addressed by performing
assays in the presence of two other pathogens often found in
the same types of foods. Whereas samples containing C. jejuni
or E. coli alone were not cross-reactive in the Salmonella as-
says, some decrease in sensor response was observed for com-
bination studies. These results were not surprising; cross-reac-
tive capture of these other bacteria (present in large excess)
would effectively reduce the concentration of sites available for
binding Salmonella. The use of a monoclonal antibody as a
tracer conferred selectivity to these assays; thus, signals from
bound C. jejuni or E. coli were not significant. We have also
recently tested Listeria monocytogenes and Shigella dysenteriae
in assays for Salmonella and again observed only minimal levels
of nonspecific binding (K. Sapsford and N. Kulagina, personal
communications). Other detection systems have shown a sim-
ilar overall lack of interference by the presence of nonrelevant
bacteria (4, 12, 57, 59). Although we did not attempt to assess
the specificity of the system using other Salmonella species, this
method should prove amenable to detection of other salmo-
nellae, provided that a more broadly reactive tracer antibody
of similar affinity is used.

Fecal samples have been demonstrated to be good indicators
of systemic infection (28, 34). Furthermore, chicken flocks with
high levels of fecal contamination of Salmonella are up to 10
times more likely to produce contaminated eggs as those with
low levels of fecal Salmonella (27). Thus, a rapid and sensitive
method for measuring fecal load may prove a useful method
for monitoring infected flocks and preventing contamination of
eggs (and potentially meat) for human consumption.

Excreta from the different sources differed widely in their
responses in the MAAB assays. While none of the university
samples gave false positive signals, the sensor response for
dose-response curves was enhanced for these samples. On the
other hand, signals from unspiked leisure farm excreta were
significantly higher than those from negative controls, but the
presence of this matrix resulted in an overall dampening of the
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sensor response with increasing concentrations of added S.
enterica serovar Typhimurium. While it is likely that the leisure
farm excreta contained significant quantities of endogenous
Salmonella, institutional regulations limiting the growth and
use of live S. enterica serovar Typhimurium prevented the
determination of actual bacterial counts from these samples;
thus, it is not known whether the high signals in unspiked
leisure farm excreta were due to endogenous Salmonella or
should be considered false positives. In spite of these limita-
tions, detection limits for all spiked fecal samples (from the
university and the leisure farm) were below or in the same
range as concentrations observed for excreta from experimen-
tally infected birds (29).

Various biosensors have been developed for their potential
application in rapid testing of foodstuffs for Salmonella. To
date, however, none of these sensors has found widespread use
for this purpose and, with the exception of ORIGEN (70),
none have been tested with more than one or two different
sample types. The results described here indicate that the
MAAB not only has similar or better detection limits than
other sensors, but also requires only 15 min for analysis of
prepared samples. Sample processing is simple, requiring only
homogenization of the foodstuff or excreta, followed by coarse
filtration or centrifugation; this ease of sample preparation
contrasts greatly with the large numbers of manipulations typ-
ically required for nucleic acid-based techniques (6, 10, 31),
even with immunomagnetic separation.

One obvious limitation of the MAAB, as well as other de-
scribed biosensors, is its sensitivity. The LODs obtained for
this study are not sufficient for on-site testing of foodstuffs,
even with the 1-h procedure. While the LOD determined here
is below the commonly quoted infective dose of 10° CFU (8),
infective doses as low as 1 to 6 CFU have been reported when
Salmonella was ingested with a food source (8, 14, 26). Inclu-
sion of a short pre-enrichment step in the MAAB procedure
may improve sensitivity, but the additional steps increase both
the complexity of the system and the time until results are
known. We are currently exploring methods to increase the
signal-to-noise ratio in hopes of attaining the appropriate level
of sensitivity required for direct testing of foods in the field.
However, the successful detection of S. enterica serovar Typhi-
murium in spiked chicken excreta (and possibly in unspiked
excreta from leisure farm chickens) demonstrates the potential
of this instrument for preharvest testing of poultry and other
livestock; chickens, turkeys, swine, cattle, and other livestock
could be screened for asymptomatic infection, allowing the
producer and processor to treat or remove suspect animals and
their associated foodstuffs from production.

This paper describes the first step in developing a portable
immunosensor capable of rapidly analyzing a wide variety of
different foodstuffs for the presence of multiple disease-caus-
ing analytes. Here we demonstrated the ability to detect S.
enterica serovar Typhimurium in five different food prepara-
tions; testing of chicken excreta demonstrated the potential for
use of the MAAB as a screening tool for identification of
infected chickens. Future efforts will focus on improving de-
tection limits, decreasing the effect of certain sample matrices,
and integrating additional assays for food-borne pathogens
into a single multianalyte assay.
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