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Abstract

Incidental contamination of foods by pathogenic bacteria and/or their toxins
is a serious threat to public health and the global economy. The presence
of food-borne pathogens and toxins must be rapidly determined at various
stages of food production, processing, and distribution. Producers, proces-
sors, regulators, retailers, and public health professionals need simple and
cost-effective methods to detect different species or serotypes of bacteria and
associated toxins in large numbers of food samples. This review addresses the
desire to replace traditional microbiological plate culture with more timely
and less cumbersome rapid, biosensor-based methods. Emphasis focuses on
high-throughput, multiplexed techniques that allow for simultaneous testing
of numerous samples, in rapid succession, for multiple food-borne analytes
(primarily pathogenic bacteria and/or toxins).
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TRF: time-resolved
fluorescence

qPCR: quantitative
polymerase chain
reaction

1. INTRODUCTION

According to the U.S. Centers for Disease Control and Prevention, contaminated foods account
for approximately 48 million illnesses; 128,000 hospitalizations; and 3,000 deaths per year in the
United States alone (1). Traditional microbial culture methods can detect and identify a single
specific bacterium, but they may require days or weeks to complete and often do not produce quan-
titative data. Detection of a few pathogenic bacteria in a complex food matrix requires methods of
extraordinary sensitivity and specificity. The quest for faster, quantitative results has stimulated
the development of rapid microbial detection methods, many of which are biosensor based, that
exhibit assay times of minutes to hours (2–4). A biosensor is a device or process that produces a
measurable signal when the target species binds to a biological molecule (e.g., an antibody, recep-
tor, nucleic acid, or other biorecognition element). Biosensors generally exhibit a rapid response,
high specificity, immunity from interference, and low detection limits. However, the high levels
of nontarget microorganisms and other materials in food samples often interfere with biosensor
operation, and the detection limits (often a single bacterial cell per 25 or 65 g of food) required
for food safety are even lower than can be achieved with most biosensors. Therefore, the practice
of mixed-culture enrichment (5, 6), which nonselectively concentrates sample bacteria via growth
under appropriate conditions, and/or physical processes [e.g., filtration and/or employment of
antibody-coated paramagnetic particles (7)], which separate or isolate targeted pathogens from
sample matrices and/or other microorganisms and substantially increase their concentration, are
typically essential prerequisites for effective biosensor assays of food-borne pathogens. Either of
these concentration techniques must preserve the unique genetic and phenotypic features that
allow for the detection and identification of the target organism. Underlying the processes of sep-
aration, isolation, concentration, and detection employed in the application of rapid methods is the
biorecognition process: specific and high-affinity binding of the target species to a biomolecule.

The development of rapid methods initially emphasized speed, low detection limits, cost re-
duction, simplicity and automation, and robustness. More recently, biosecurity threats generated
desire for rapid methods that have (a) multiplexing capability, that is, the ability to simultaneously
detect multiple analytes, and (b) the ability to test more samples in order to reduce risk. Therefore,
this review focuses on the development of integrated processes for high-throughput, sensitive, and
cost-effective pathogen detection. An integrated process typically entails the capture and concen-
tration of targeted pathogens, as well as biosensor reporting of captured signals. We begin by
briefly characterizing the essentials of each step, then provide examples of applying integrated
processes for the detection of multiple pathogens in various food matrices (ground meat, produce,
milk, and liquid eggs) through the use of high-throughput platforms [time-resolved fluorescence
(TRF), multiplex quantitative polymerase chain reaction (qPCR), DNA microarray, and protein
(antibody) microarray]. We focus on approaches that apply external labels via “sandwich” and hy-
bridization formats, which confer inherently greater target analyte specificity. However, external
labeling is not always practical, particularly when one-step assays or detection of small analytes—
which may be bound by only one capture or reporter molecule—are desired or required. For the
latter applications, competitive and/or label-free systems (e.g., mass-sensitive biosensors, surface
plasmon resonance, fluorescence microscopy, select one-step immunoassays, Fourier transform
IR spectroscopy, surface-enhanced Raman spectroscopy, etc.) may be employed; these techniques
have been reviewed elsewhere (4, 8–11).

2. BIORECOGNITION

Specific, high-affinity binding of a target species to a biological molecule is a key component of
biosensor detection and of the separation and concentration processes described in this review.
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scFv: single-chain
variable fragment

Specificity is essential to prevent false-positive results (which may arise from binding of nontarget
species, also known as nonspecific binding), and high affinity is required to achieve low detection
limits and minimize false-negative results (which may arise from failure to bind the target). When
the target species is a nucleic acid sequence, recognition can occur by the well-defined process of
base-pairing of complementary sequences. A base-pairing biorecognition element can be rationally
designed and readily synthesized for any known target sequence. DNA biosensors take advantage
of the extraordinary discriminatory power imparted by specific nucleotide sequences for detection.
This power can also be employed for separation and concentration through the use of surfaces
(e.g., paramagnetic beads) coated with complementary sequences. A distinct feature of base-pairing
biorecognition is the ability to modulate binding by controlling the temperature. This procedure
allows fine-tuning of affinity, permits sensors to be reused, and is the basis of methods such as
PCR for amplifying nucleic acid sequences. Base-pairing also enables detection modalities such
as intercalating fluorophores and molecular beacons (12).

Biorecognition of other target species, such as whole bacterial cells, is based on less well defined
mechanisms, exemplified by antigen-antibody and ligand-receptor interactions. These biorecog-
nition elements cannot be rationally designed and synthesized; they must be isolated from an
existing population of elements (i.e., a library) by a process that selects a single element or mixture
of elements with the desired binding specificity and affinity. Antibodies, the most widely used
biorecognition elements, are prepared by injecting the target species into an animal and recover-
ing the mixture of (polyclonal) antibodies secreted by the immune system. Single (monoclonal)
antibodies can be isolated after immunization through use of cell-culture techniques. Although
such in vivo methods have yielded antibodies against a number of food-borne pathogenic bacteria
and their toxins, they have failed to produce antibodies with sufficient affinity and/or specificity for
several high-priority targets [e.g., Listeria monocytogenes (13)]. Furthermore, traditional methods
for antibody production are time consuming, expensive, and highly empirical (14). The need for
faster, cheaper, and more reliable production of biorecognition molecules has driven the devel-
opment of more exotic in vitro techniques, namely phage display and aptamer approaches for
generation and screening of biorecognition-element libraries based on antibodies and nucleic
acids.

2.1. Phage-Displayed Single-Chain Variable Fragments

Antibodies are Y-shaped dimeric proteins composed of two heavy polypeptide chains and two light
chains held together with disulfide bonds. Target binding occurs in the relatively small variable
fragment (Fv) located at the ends of the Y. The two chains forming the Fv can be fused with
a short linker peptide to produce a single-chain variable fragment (scFv) protein with binding
properties similar to those of the native antibody. Phage display (15) is a powerful technique
for producing scFv-biorecognition elements in vitro; this approach addresses the need for faster,
cheaper, and more reliable production of biorecognition molecules. Phage display has been used
to isolate antibody fragments that bind to bacterial pathogens (16) and bacterial protein toxins
(17). Recently, phage display has been applied to generate specific antibody fragments for the
detection of L. monocytogenes (18), a food-borne pathogen for which species-specific antibodies
have been difficult to obtain by traditional methods (13, 19, 20).

A phage-display library typically contains ∼1010 unique scFvs, from which virtually any target
may be isolated. Selection of antibody fragments from phage-display libraries offers several ad-
vantages over traditional methods for antibody production (21). Antibody phage display involves
isolating DNA sequences that encode the Fv light and heavy chains from a biological source
such as mouse spleen. This DNA is cloned into the coat-protein gene of an engineered phage
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(bacterial virus). When the phage genome is expressed, a chimeric protein consisting of an scFv
fused to the native coat protein by a short peptide linker is “displayed” on the surface of the phage.
Typically, the coat-protein gene is modified to include tag sequences (e.g., hexahistidine) for scFv
purification, as well as promoters, restriction sites, and so on to facilitate cloning and modification
of the scFv DNA. Millions of copies of the scFv can be produced by infecting a culture of host
bacteria with the phage and allowing the phage to replicate. Generation of the library requires
considerable time and effort that are comparable to those required to generate a monoclonal an-
tibody. However, once the library is available, scFvs to virtually any target may be isolated from
it through the use of an iterative multicycle process that can be either selective (positive panning)
or subtractive [negative panning (22)].

2.2. Aptamers

Another strategy for the production of unique biorecognition elements uses aptamers, which are
small nucleic acid molecules that exhibit high-affinity binding to target species. An aptamer library
is simply a random sequence of 30 to 80 nucleotides, flanked by short fixed sequences encoding
PCR primers for amplification. The flanking sequences may also include a transcriptase promoter
sequence and restriction sites for cloning. A library containing more than 1012 unique members
can be designed and prepared on a DNA synthesizer in one day at a cost of a few hundred U.S. dol-
lars. Selection of binding aptamers is based on an iterative process termed SELEX (23), analogous
to panning in phage display. Briefly, the target is mixed with the library; unbound aptamers are re-
moved; and bound aptamers are recovered, purified, and amplified by PCR, yielding a population
enriched in binding aptamers. Generally, the stringency of the selection is increased with each
iteration, and negative selection is used to remove aptamers that bind nonspecifically. After several
rounds of selection, the isolated aptamers are cloned into a bacterial host, individual clones are char-
acterized, and final selection is performed. Aptamers have been isolated for more than 100 targets
(24) including proteins, eukaryotic cells, spores (25), and bacterial lipopolysaccharides (26).

In some cases, aptamers exhibit binding constants that are higher than those of antibodies
(27). Such biorecognition molecules have several potential advantages over antibodies and re-
lated proteins, and they may provide a unique biorecognition ability because pathogens that have
evolved mechanisms to evade recognition by the immune system (e.g., by expressing host-like
surface antigens) may be susceptible to aptamer recognition. Aptamers can be purified, analyzed,
modified, and labeled using inexpensive, widely available molecular biology tools. Aptamers can
be synthesized by the same processes used to prepare nucleic acid probes, allowing for the facile
preparation of microarrays and other platforms targeting both nucleic acids and proteins. As sim-
ple nucleic acid polymers, aptamers provide detection avenues that are not available for proteins,
such as molecular beacons (28, 29) and switches (30). Aptamer-target complexes can be reversibly
dissociated by heat or chemical treatment, which allows reuse of the aptamer for capture or sensing
(31). Individual and array biosensors based on aptamers exhibit rapid, reproducible detection of
protein targets (32, 33).

3. SAMPLE PREPARATION: SEPARATION AND CONCENTRATION

The preferred detection limit for many pathogens is on the order of 0.1 cell ml−1, whereas the
typical rapid method can detect ∼103–106 cells ml−1 (2). Pathogens must be separated and concen-
trated prior to biosensor detection to avoid false-negative results. This process may be achieved
by conventional culture enrichment, physical separation and concentration methods, or a combi-
nation of the two (34). For air or water samples, nonselective physical methods such as filtration or
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IMB:
immunomagnetic
beads

centrifugation are normally adequate for target separation and concentration. With food samples,
however, such nonselective methods would overwhelm the biosensor with matrix constituents and
background microorganisms. Selective separation and concentration methods using biorecogni-
tion are needed to avoid this problem. Biorecognition elements for separation or detection are
generally immobilized on a support that ideally provides an inert, nonbinding surface. In prac-
tice, many sample constituents bind to the support surface, reducing the effective specificity of
biorecognition and leading to false-positive results. This problem of nonspecific binding is ubiq-
uitous and must be addressed at each stage of the assay to achieve reliable results. An important
characteristic of separation and concentration processes is the concentration factor, namely the
ratio of output to input target concentration. A concentration factor of 104 is required to match
the detection limit of a typical biosensor (103 cells ml−1) to the preferred raw sample–detection
limit (0.1 cell ml−1). If the physical method provides the required concentration factor, preassay
cultural enrichment is needed to attain the preferred detection limit.

3.1. Immunomagnetic Beads

The introduction of immunomagnetic beads (IMB) has greatly improved the efficiency of bacterial
cell separation (35, 36). These small paramagnetic particles (0.01–20 μm in diameter), coated with
antibodies (some other biorecognition element that binds a target pathogen, cell fragment, or
biomolecule would give rise to a term other than IMB), are generally mixed with the sample
in a reaction tube so that the target binds to the bead surface. A magnet is then placed against
the outer wall of the tube, pulling the beads (and the bound target) to the wall. The sample
solution is poured off, leaving the concentrated bead-target complex behind. The method is
rapid and efficient and can be used with food slurries containing large amounts of particulate
matter. More recently, flow systems (e.g., Pathatrix R©) have been introduced; such systems flow
the sample over a bed of magnetically immobilized beads (37). This approach can potentially
provide a much higher concentration factor than the tube method (∼50 times higher). However,
the availability of KingFisher R©, an automated and programmable magnet manipulator (38), offers
similar convenience in a high-throughput sample-preparation format.

IMB were first used for the separation and concentration of various analytes more than 30 years
ago (39, 40). A significant advance was the introduction of hydrophilic, monodisperse, uniformly
dense, spherical beads 1–100 μm in diameter for use in chromatographic applications (e.g., 41–43).
Eventually, monosized beads with homogeneously distributed colloidal magnetite were produced.
Because small magnetite particles do not remain magnetized when removed from the external
magnetic field [a property known as superparamagnetism (43, 44)], they can easily be removed from
nonviscous fluids, washed, and resuspended for analysis. The IMB-based protocol was originally
developed for the isolation of blood cells (45, 46).

Unlike collisions between small molecules, interactions between IMB and targeted pathogens
are not diffusion controlled. The Brownian motion of such large particles is extremely limited, and
the metabolism-dependent motion of bacteria is quite slow (47). For IMB to physically contact
and bind the bacterial target, either sedimentation of the particles through the sample (48) or flow
of the sample over fixed IMB is required. The typical application of IMB for cell separation is
based on the fact that the beads are slightly denser than the test fluid and therefore move under
the influence of gravity (48, 49). Thus, in a gradually changing gravimetric field (i.e., in a shaking
or rotating sample) the beads slowly pass through and sample the test fluid. Through the use of
high-affinity antibodies, collisions between an IMB and the target cell generally result in binding.
Cell capture is a first-order rate process in which the rate constant is a product of a mass transport
term (γ , ∼3 × 10−9 ml min−1 IMB−1) and the IMB concentration. When the magnetic beads
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greatly outnumber the target organism, the average number of cells captured per IMB complex is
close to unity (48). As the cell-to-IMB ratio increases to greater than one, each bead can capture,
on average, up to approximately 4 ± 1 cells (49). However, when the IMB capture more than one
organism apiece, the efficiency of magnetic separation is somewhat lessened because the captured
cells lower the density of the IMB-cell complex (50). Multiple target assays require simultaneous
separation and concentration of all targets. A combination of IMB and various biosensor detection
methods has been applied to assay various targeted pathogens in food matrices (51–54).

Combining IMB and biosensors involves pathogen capture using sedimentation-induced IMB
motion and bead recovery using simple magnetic concentrators [e.g., Dynal R© (InvitrogenTM,
Carlsbad, California, and Polysciences, Inc., Warrington, Pennsylvania)] as well as programmable
devices [e.g., KingFisher (ThermoFisher Scientific, Waltham, Massachusetts)]. In conventional
affinity-capture methods, the surface density of the antibody as well as the antibody orientation
and mobility are important factors in capture efficiency. The dimensions of commonly used IMB
(1–3 μm diameter) and targeted bacteria (approximately 1 μm × 2 μm) are comparable, and
binding of a pathogen can cause a significant percentage of the antibodies on the IMB surface
to become inaccessible to other targeted cells. Therefore, a high surface density of antibodies on
IMB may not be necessary for the effective capture of pathogens. The sedimentation motion of
IMB predicts that the capture of pathogens is directly proportional to the liquid volume swept (νs)
by the bead. For a spherical bead, this volume (V) may be estimated from Equation 1 (55):

V = πr2
h νs = (πr2

h )[mb (l − dl/db )g ](6πηl rh), (1)

where mb, dl , db, g, ηl , and rh are the mass of the bead, the density of water, the density of the bead,
gravitational acceleration, the viscosity of water (0.01 P at 20◦C), and the hydrodynamic radius of
the bead, respectively. Because mb may be calculated from ( 4

3 )πrh
3db, V may be reduced to

V = 2gr4
h (db − dl )/9ηl . (2)

For N beads applied, the total volume (VT ) traveled by the beads over the time of agitation, t, is

V T = [2gr4
h (db − dl )/9ηl ]N t. (3)

Equation 3 predicts that binding, and subsequent isolation, of targeted bacterial cells with
antibody-coated beads will be more effective when beads of either increased density or hydro-
dynamic radius are employed. This prediction of variable bead/bacteria capture efficiency was
empirically demonstrated through the use of IMB of differential sizes and densities for the bind-
ing and magnetic isolation of Escherichia coli O157:H7 cells, as monitored by light addressable
potentiometric sensing (Figure 1) (55).

More recently, investigators studied the influence of the chemistry applied to conjugate an-
tibodies to IMB (56). IMB with diameters of 2.8 μm and 1.0 μm were conjugated to antibodies
against E. coli O157:H7 through different chemistry. The 2.8-μm beads (IMB-C, IMB-S, and
IMB-T) exhibited better capture efficiency than the 1-μm beads (IMB-C1, IMB-S1, and IMB-T1)
(Figure 2). Furthermore, IMB with antibodies conjugated through streptavidin-biotin interac-
tion (IMB-S and IMB-S1) exhibited better capture efficiency than did the IMB with antibodies
conjugated through either activated carboxyl functionality (IMB-C and IMB-C1) or tosylation
chemistry (IMB-T and IMB-T1). Commercially available 2.8-μm IMB that used a proprietary
conjugation process (IMB-D) were included for comparison. However, further experimental ver-
ification may be needed before these results may be generalized to other pathogens. Importantly,
the methods used to link antibodies to magnetic beads affect the capture of targeted bacteria.
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Figure 1
(a) Capture of Escherichia coli O157:H7 by immunomagnetic beads (IMB) of different sizes. Approximately 106 CFU of freshly cultured
E. coli O157:H7 in 1 ml of phosphate-buffered saline (PBS) were mixed with 5,000 IMB (density, 2.50 g ml−1), with diameters of 1 or
18 μm, coated with biotinylated anti–E. coli O157 antibodies. After the mixture was agitated for the indicated time, magnetism was used
to separate free and bound bacteria. Light addressable potentiometric sensing (LAPS) was then used to detect bound E. coli O157:H7
(141). (b) Capture kinetics of E. coli O157:H7 by IMB (density, 2.50 g ml−1) and immunopolystyrene beads (ISB) (density, 1.05 g ml−1)
of equal size (1 μm). Approximately 1.0 × 106 CFU of freshly cultured E. coli O157:H7 in 1 ml of PBS were mixed with 1.0 × 107 of
IMB or ISB coated with anti–E. coli O157 antibodies. After the mixture was agitated for the indicated time, magnetic separation or
sucrose density centrifugation was applied to separate free bacteria from IMB- or ISB-bound bacteria, respectively. The bound bacteria
were then detected by LAPS.

3.2. Filtration

Culture enrichment adds hours or days to the time required for microbial assays (delaying remedi-
ation or recall), is problematic when multiple pathogens must be detected, and prevents quantita-
tive determination of the original pathogen concentration. Because of these and other well-known
problems, physical separation methods such as immunoaffinity capture, centrifugation, and filtra-
tion are frequently suggested as potential alternatives to enrichment (e.g., References 34, 57, and
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Figure 2
Capture of Escherichia coli O157:H7 strain B1409 from ground beef. Strain B1409 was inoculated into
ground beef at a concentration of 1 CFU g−1, enriched for 24 h in modified E. coli broth, and treated with
different immunomagnetic beads (IMB). The captured E. coli O157:H7 were further linked to Eu-labeled
anti–E. coli O157 antibodies and then detected by measuring the delayed fluorescence associated with Eu.
The y axis values represent the average Eu fluorescence per individual bead.
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CFU: colony-forming
unit

LRF:
leukocyte-removal
filter

58). Through isolation and concentration of target organisms from a large sample, physical sep-
aration can allow quantitative, unbiased assay results for multiple targets; avoid problems with
growth of nontarget microflora; remove interfering substances; and allow single-step processing
of samples with minimal manipulation. Practical physical separation methods must process 100–
1,000 ml of food homogenate (e.g., 10% homogenized ground beef in buffer) and concentrate a
significant proportion of the target bacteria into a volume of 10 to 100 μl, at reasonable cost, in less
than 1 h. When coupled to a rapid multiplexed detection system such as real-time PCR or qPCR,
such methods could enable quantitative detection of multiple pathogens in a single food sample
at 1 CFU g−1 within 2 h of sampling. This speed would represent an order-of-magnitude reduc-
tion in response time relative to enrichment-based assays, and it would allow the full potential of
modern detection methods to be realized.

Although there exist a wide variety of physical separation techniques, including centrifugation,
filtration, flotation, physico-chemical adsorption, biospecific adsorption, electrophoresis, dielec-
trophoresis, and liquid-liquid extraction (34), in practice such approaches are often limited to
small volumes of relatively clean sample. Centrifugation, flotation, physico-chemical adsorption,
electrophoresis, and dielectrophoresis fail when the sample contains high levels of particulates,
proteins, or electrolytes. Gradient centrifugation and liquid-liquid extraction are impractical for
use with large volumes, as are electrophoretic techniques. Currently, immunoadsorption on IMB
is the most promising separation approach. This technique is typically conducted in batch mode
on sample volumes of 1 ml, and IMB concentration is rapid, simple, readily automated, and capable
of selectively concentrating the target pathogen from very complex matrices. However, relatively
high concentrations (107 ml−1) of expensive beads are needed for efficient recovery, which lim-
its the technique’s application to volumes of ∼1 ml and concentration factors of ∼100 (36, 48).
Much larger (∼500-ml) sample volumes and concentration factors are practical when relatively
few (∼107) beads are immobilized on a magnetic retaining device and the sample is pumped over
the beads, but in such cases capture rate and efficiency are significantly lower, and many hours
are required for recovery (59). The specificity of immunoadsorption also limits the technique to
the few targets for which high-affinity antibodies are available. Larger sample volumes can be
processed by flowing samples through immunoaffinity columns (60), but the samples must be free
of large particles, and the same target limitations apply.

The small size of bacteria (∼1 μm) relative to that of eukaryotic cells (∼10 μm) and other food
particulates suggests that filtration could be very effective for the rapid isolation and concentra-
tion of food-borne bacteria. Filtration has been effectively used to capture bacteria in milk and
food homogenates (61), but the high solid content, broad particle-size distribution, and complex
composition of typical food homogenates make filtration of more than a few milliliters extremely
challenging. Until recently, large-volume filtration has been successfully performed only with
dilute samples derived from rinsing or washing foods (62, 63). Recent research on filtration has
led to the development of a novel filtration approach based on leukocyte-removal filters (LRFs)
developed for blood transfusion. In this study, an LRF removed all particles larger than 10 μm
from 100 ml of ground beef homogenate in 30 min, allowing capture of the bacteria on a 0.45-μm
filter (with a 2-μm prefilter) and subsequent detection by direct plating with a detection limit of
∼0.25 CFU g−1 (64). LRF filtration to remove most matrix constituents, followed by filtration,
centrifugation, and/or immunoaffinity capture for concentration of the bacteria, appears to be a
very promising alternative to enrichment.

4. BIOSENSORS

There has been a great deal of research on biosensors over the past two decades, and many
advances in bacterial detection have been made (8, 65, 66). Researchers have drawn on a wide

158 Gehring · Tu

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
11

.4
:1

51
-1

72
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

4/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AC04CH08-Gehring ARI 3 May 2011 15:56

array of techniques developed for the detection of proteins and other biomolecules, which has
led to the development of rapid biosensor methods for bacterial detection that utilize cell com-
ponents for signal transduction. These techniques include bioluminescence of ATP (67) and
NAD(P)H (68). Examples of applications of various biosensors to bacterial detection through the
integration of immunological recognition with numerous detection platforms include amperom-
etry (69–71), antibody-directed epifluorescence microscopy (51, 72), electrochemiluminescence
(73), fiber-optic biosensors (74), light addressable potentiometric sensing, (75, 76), luminescence
(77, 78), quartz crystal microbalance (79, 80), surface plasmon resonance (81, 82), and TRF (54, 55).
In addition, investigators have developed biosensor-based detection systems that do not employ
antibody biorecognition; these systems include bacterial cell laser light scattering (83), bacterial
colony laser light scattering (84), bacteriophage-induced changes in the target organism (85, 86),
surface plasmon resonance (81), and PCR-based methods (87–90). The vast majority of these
biosensors can detect relatively low levels of individual targeted organisms and provide many ad-
vantages over cultural methods (91, 92). In most current protocols, a food sample is tested for
the presence of a single target. Multiple tests, often requiring different sample preparation and
different assay conditions, are required to detect all potential pathogens. The time and resources
needed for such single-sample, single-target assays constrain the number of samples or targets
that can be tested and limit the ability to analyze putatively contaminated foods. High-throughput
assays that can test for multiple targets simultaneously are needed to overcome this limitation.

Two basic approaches have been used for detecting multiple targets in a single sample: label
multiplexing and spatial multiplexing. In label multiplexing, the sample is exposed to a mixture of
probes (antibodies or nucleic acids), each of which carries a unique label. A multichannel detector
is used to generate a separate signal from each probe. The number of targets is limited by the
number of channels (labels) the detector can resolve. For example, with fluorescent lanthanide (93)
or quantum dot labels (26), approximately five channels can be detected. Label multiplexing can
provide very low detection limits and good quantitation, but it requires highly specific probes to
achieve selectivity. The spatial multiplexing approach uses a large number of probes immobilized
on separate sites with (at least) a single-channel detector. The probes are simultaneously exposed
to the sample, and the bound target (protein, nucleic acid, cell, cell fragment, etc.) is detected
either directly or through a common label. The number of detectable targets, which may be
in the tens of thousands, is limited by the spatial resolution of the system. Examples of this
approach include fiber-optic array biosensors (94), bead-based array sensors (95, 96), certain
conceptions of mass-perturbance biosensors (97), and planar microarrays carrying protein (98–
100) or DNA (101) probes. Planar microarrays are finding increasing use in drug-discovery and
biomedical applications, and methodology and instrumentation have advanced rapidly in these
areas. Laboratory spotters and readers/scanners are readily available; bedside diagnostic systems
based on microarrays, as well as compact, inexpensive readers, are expected to become available
within the next decade. Planar microarray biosensors for food-borne pathogens can leverage these
advances and speed the development of practical assays. The ability to detect thousands of targets
in a single assay has provided considerable impetus for the development of such biosensors. High
selectivity can be achieved even with less-specific probes by requiring a response from multiple
probes for a positive result.

4.1. Time-Resolved Fluorescence

Complexes (chelates) containing lanthanide cations such as Eu exhibit unusual fluorescence prop-
erties that make them excellent labels for sensitive, multiplexed target detection. The complexes
can be excited over a broad range of wavelengths, and each lanthanide emits fluorescence in a
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distinct, narrow peak that is widely separated from the excitation wavelength. These characteris-
tics allow a mixture of lanthanides to be analyzed simultaneously. Lanthanide emission occurs over
a much longer timescale than that of most other fluorescent materials. If a pulse of excitation light
is used, the lanthanide fluorescence continues long after the fluorescence from interfering species
decays away, which permits very sensitive detection of lanthanide labels (102). These unique
fluorescent properties are exploited in a technique known as dissociation-enhanced lanthanide
fluoroimmunoassay (DELFIA). In most DELFIA assays, a biorecognition molecule is labeled
with a nonfluorescent lanthanide chelate by a proprietary method (Wallac Oy, Finland). After
the biorecognition molecule binds to the target, fluorescence develops through the addition of an
enhancement solution, which forms a new, highly fluorescent chelate inside a protective micelle.
The fluorescence of the lanthanide is normally amplified 1–10 million times by the enhancement
technique (103). DELFIA has been applied through the use of TRF spectroscopic measurements
to sensitively detect antibodies, microorganisms, drugs, and other therapeutic agents (104–107). A
combination of IMB capture and concentration with TRF measurement of lanthanide-labeled an-
tibody may be applied for pathogen detection in foods. Our results indicated that this combination
can detect low levels (<1 CFU g−1) of E. coli O157:H7, Salmonella enterica serovar Typhimurium,
and S. enterica serovar Enteritidis following enrichment at 37◦C for 4.5 h in ground meats (52,
93) and in alfalfa sprouts (108). Also, this technology can detect Shiga-like toxins at levels of 5 to
50 pg ml−1 (109). The high sensitivity and specificity of the approach, together with the availabil-
ity of a moderately priced, automated, high-throughput instrument, have led to the development
of a rapid pathogen assay with a low probability of generating false-negative and false-positive
results.

The combination of IMB capture and concentration and TRF detection (known as the IMB-
TRF approach) has yielded demonstrable sensitivity and specificity for effective food pathogen
detection (Figure 3) (93). Commercially available 96-well-format, high-throughput TRF readers
can simultaneously measure the fluorescence associated with four different lanthanide cation labels
(Eu, Sm, Tb, and Dy). Thus, when combined with suitable biorecognition reagents, many different
pathogens and/or pathogenic indicators (including toxins) may be conveniently screened through
the use of a single instrument. Combination of this approach with a commercially programmable
96-well-format paramagnetic bead concentrator may assure fast, economical, and high-throughput
detection. This high-throughput IMB-TRF process was recently applied for the detection of
outbreak strains of S. enterica serovar Enteritidis in shell egg contents (that is, in raw egg contained
within an intact shell) (54).

4.2. Multiplex Quantitative Polymerase Chain Reaction

qPCR is an advanced PCR technique that has become invaluable for the detection of pathogens
in food. Through the use of multiple TaqMan R© probes labeled with spectrally distinct fluorescent
reporters, a qPCR assay can be multiplexed to concurrently amplify and detect several different
DNA sequences in the same reaction tube. Thus, several pathogenic species can be identified in
a single assay by using multiple sets of target-specific primers and probes.

Using TaqMan-based PCR, investigators applied a recently developed multiplex qPCR assay
to the simultaneous detection of E. coli O157, Salmonella spp., and L. monocytogenes in meat (110).
The same principles were used for the development of a multiplex platform assay for the identi-
fication and differentiation of three Campylobacter spp. in chicken meat (89). Although qPCR is
rapid, sensitive, and capable of detecting multiple DNA targets at the same time, extracting high
quantities of quality genomic DNA directly from low numbers of target pathogens in food re-
mains a challenge. Currently, the most successful PCR-based detection method requires selective
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Figure 3
Simultaneous detection of spiked Escherichia coli O157:H7 and Salmonella in meats. Different levels of E. coli
O157:H7 (EC) and Salmonella enterica serovar Typhimurium (ST), individually or in combination (mix),
were spiked in amounts of 102 CFU ml−1, 101 CFU ml−1, and 100 CFU ml−1 in hamburger, then enriched
for 4.5 h (93). Beads coated with anti-Salmonella antibodies and anti–E. coli O157 antibodies were used to
capture the pathogenic bacteria. Time-resolved fluorescence signals associated with Eu and Sm were used to
measure the presence of E. coli and Salmonella, respectively. The averages of two independent measurements
( ± 5%) are shown ( gray dashed lines). The control (uninoculated hamburger) background was 1,179 counts
per second.

culture enrichment, which increases the number of target pathogens in food samples to detectable
levels. Food components may interfere with DNA amplification, resulting in PCR failure; thus, a
successful PCR assay should be monitored via the addition of an internal, positive amplification
control.

4.3. DNA Microarrays

DNA microarray technology is a very powerful tool for the simultaneous detection of large num-
bers (>104) of complementary DNA sequences in a sample. Therefore, this technology can be
applied to genome-wide studies of gene expression, comparative genomic analysis, and single-
nucleotide polymorphism detection in various biological systems (111, 112). DNA microarray
entails printing of DNA probes, which are immobilized in discrete zones or spots measuring
less than 1 mm in diameter, onto planar surfaces (or substrates), followed by exposure to sam-
ples containing DNA fragments. Complementary fragments in the sample hybridize to the probe
spots, and unbound or weakly bound fragments are removed through washing. The amount of
hybridized DNA on each spot is quantitated, typically by fluorescence. The numerous applica-
tions of microarrays include drug discovery (113), clinical diagnostics (114), and toxicogenomics
(115). Although most microarray applications have focused on the analysis of gene expression,
applications of DNA microarrays have expanded to include the detection and identification of
bacteria and viruses (116–118). DNA microarrays have considerable potential to become rapid
and sensitive methods for the detection of pathogenic microorganisms in foods for the follow-
ing reasons: (a) They allow multiple microorganisms to be detected simultaneously; (b) general
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Figure 4
Layout of oligonucleotide probes on a pathogen detection microarray. (a) A microarray chip was spotted on 12 identical arrays. During
hybridization, a chip was covered by a coverslip containing 12 attached frames ( partitioned sections) for separating the subarrays.
Individual subarrays were designed and used for analyzing an independent sample (b). A scanned image of a Cyto61-stained array shows
the quality of microarray spots. Each subarray contains triplicate sets of probes, and the rectangle highlights a single set of probes.
(c) Oligonucleotide positions in a single set of probes. QC represents a positive control probe. A solvent used to dissolve all of the
probes, 50% dimethyl sulfoxide (DMSO), was employed as a negative control.

virulence factors as well as specific microorganisms can be detected; and (c) culture enrichment or
growth of microorganisms is not a requirement for detection.

Recently, various types of microarrays have been developed and evaluated for microbial de-
tection in food. Genetic markers used for microarray-based microbial detection include both
“housekeeping” genes such as 16S-23S recombinant DNA (119, 120), gyrB genes (121), and vir-
ulence genes (122, 123). Due to the specificity and cost of microarray assays, oligonucleotides
(15–70 base pairs) are usually used (124). Microarray techniques have been used to distinguish not
only different microorganisms (65, 125) but also different strains within the same species, such as
Listeria spp. (126, 127) and Salmonella spp. (128). Although direct detection and discrimination
of nucleic acids from bacteria are feasible, relatively few reports describe microarray detection
following infectious food-borne outbreaks (129). The technology is well advanced, and a DNA
microarray can be prepared for virtually any known set of uniquely distinct genetic sequences.
Separation, purification, and concentration of unique nucleic acid sequences are expected to be a
considerable challenge in the application of microarray techniques for utilization in practical food
safety. Effective preparation of such unique nucleic acid samples will involve, at least, selective
culture enrichment, filtration, and paramagnetic bead methodologies.

Recently, with the increasing availability of microbial genome-sequence data, microarray ap-
plications have rapidly advanced to the identification and characterization of numerous infec-
tious agents, including microbial food-borne pathogens (130). Given that each microarray chip
can accommodate many oligonucleotide probes, each at picomolar concentrations, the major
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Figure 5
Specificity of a microarray for detection of food-borne pathogens. Genomic DNA from each of the
following strains was preamplified in multiplex polymerase chain reaction and then analyzed by microarray.
(a) Escherichia coli O157:H7 380–94 (stx1+, stx2+). (b) E. coli O157:H7 ATCC43890 (stx1+, stx2−). (c) E. coli
O157:H7 B1409 ATCC43889 (stx1−, stx2+). (d ) E. coli O157:H7 B6–914 ATCC43889 (stx1−, stx2−).
(e) Salmonella enterica serovar Typhimurium ATCC14028. ( f ) S. enterica serovar Newport H1275.
( g) S. enterica serovar Infantis F4319. (h) Campylobacter jejuni ATCC35918. (i ) C. jejuni ATCC33560.
(j) C. jejuni 81–176. (k) Listeria monocytogenes ATCC19111. (l ) L. monocytogenes ATCC19115.

advantage of this technique is that detection, genotyping, and characterization of numerous mi-
crobial pathogens can be achieved in a single assay. It also has great potential for high-throughput
screening of various food samples for multiple pathogens.

A whole-genome microarray approach, combined with bioinformatic data analysis, was used to
study quorum sensing–regulated gene expression in Campylobacter jejuni (131). More recently, low-
density oligonucleotide microarrays were designed and fabricated for the simultaneous detection
of four major microbial pathogens in meat samples (Figures 4 and 5) (110). Other applications
of DNA microarray for food-borne pathogen detection have been reported (132–134). However,
for this approach to achieve routine diagnostic use, the specificity, sensitivity, speed, and cost of
the assay must be improved.

4.4. Protein Microarrays

DNA microarrays are powerful, but they require the careful isolation and purification of DNA
from the sample (e.g., microbial cell suspensions) prior to assay, and DNA detection is not suitable
for analytes such as whole cells, cell fragments (lipopolysaccharides, cell wall components, flagella,
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Magnified subarray

Figure 6
Sample 96-well microtiter plate–based microarray substrate containing 8 × 13 ∼100-μm subarrayed spots
of fluorescent dye per well (generated with an Omnigrid Accent Pro microarray printer). The fluorescent
scanned image is inverted.

blebs and vesicles, etc.), toxins, and metabolites. The technology for generating protein arrays and
detecting binding is relatively less developed than for DNA microarrays, and considerable research
is required to develop biorecognition elements (primarily antibodies), optimize immobilization of
antibodies, and monitor/quantify binding of targeted analytes.

Since the inception of protein microarrays approximately 10 years ago, there has been a virtual
explosion of research on the topic, ranging from analytes and applications to formats and detection
systems (135). Similar to DNA microarrays, protein microarrays are composed of orthogonal
arrays of biorecognition elements (antibodies, receptors, ligands, etc.) that are exposed to a sample,
washed to separate unbound or unreacted material, and probed (typically with a fluorescently
labeled reporter molecule such as an antibody conjugate) to detect binding of the targeted analyte.
Probing is typically achieved via addition of a fluorescently labeled reporter molecule (often a
fluorescent dye–conjugated antibody) in a fluorescent sandwich immunoassay format.

Pioneering research on protein-based antibody microarrays (98, 137, 136) has fostered the
development of advanced formats for the simultaneous detection of bacteria and biomolecules
in multiplexed, high-throughput platforms such as biochips (138), multichannel arrays (139), and
96-well microtiter plates (140), the last of which has the potential for high-throughput screening of
samples (Figure 6). Although the microtiter-based antibody microarray exhibits poor detection
limits of approximately 107 cells ml−1 for S. enterica serovar Typhimurium and approximately
106 cells ml−1 for E. coli O157:H7 in ground beef samples (Figure 7) (140), further refinement and
expansion of a microtiter-based antibody microarray into automated, high-throughput platforms
are expected to find application in future food safety methods, including adaptation to biosecurity
applications. Regulatory efforts would benefit from the ability to rapidly (total assay time, <2 h)
and simultaneously screen 96 samples for more than 100 analytes each. Recent efforts to optimize
this assay have utilized centrifugation to enhance bacterial capture (bacterial capture at antibody-
coated planar surface interfaces suffers from low efficiency) that has resulted in an improvement
of approximately two orders of magnitude in bacterial detection limit, as well as a subsequent
∼threefold reduction in total assay time (A.G. Gehring, unpublished observations). Antibody
arrays with tangential flow systems have been demonstrated to achieve similarly improved capture
efficiencies as well as favorable bacterial detection limits (139). Both of these microarray systems
have detection levels for proteinaceous biomolecules (including bacterial toxins) that typically
range from 0.1 to 100 ng ml−1.
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Figure 7
Multiplex detection of Escherichia coli O157:H7, Salmonella enterica serovar Typhimurium, and chicken
immunoglobulin G (IgG) via fluorescent sandwich immunoassay in microarray format. (a) Response versus
concentration of E. coli O157:H7 (1 × 102 to 1 × 109 cells ml−1) added to phosphate-buffered saline (PBS)
or culture-enriched ground beef filtrate (results represent duplicate response curves) containing S. enterica
serovar Typhimurium (1.0 × 108 cells ml−1; eight spots in right column) and 100 μg ml−1 chicken IgG (eight
spots in middle column). (Inset) Close-up of a microtiter plate well that contained 1 × 109 cells ml−1 of E. coli
O157:H7 (eight spots in left column). (b) Response versus concentration of S. enterica serovar Typhimurium
(1 × 102 to 1 × 109 cells ml−1) added to PBS or culture-enriched ground beef filtrate containing E. coli
O157:H7 (1.0 × 108 cells ml−1; eight spots in left column) and 100 μg ml−1 chicken IgG (eight spots in middle
column). (Inset) Close-up of microtiter plate well containing 1 × 109 cells ml−1 S. enterica serovar
Typhimurium (eight spots in right column).
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5. CONCLUSION

Food producers and regulators need rapid, reliable, and cost-effective detection approaches that
can perform multisample, multianalyte detection of pathogens and toxins to ensure the safety of
the food supply. Such detection methodologies will also provide data needed to carry out risk
assessment, to develop and validate predictive microbial models, and to determine where inter-
vention is most needed. Such information will assist the implementation of hazard analysis and
critical control point programs by the U.S. Department of Agriculture Food Safety and Inspection
Service, the U.S. Food and Drug Administration, and their regulated industries. With respect to
food security, biosensor detection technologies will strengthen and expand laboratory prepared-
ness and allow the development of rapid laboratory methods for the detection of select agents
(microbial pathogens and toxins) in foods. Here we review several new and effective processes for
sampling, isolating, and detecting pathogens from various food systems and matrices. Successful
applications of these methods to the universal separation and concentration of the offending con-
taminant(s) will maximize their detection potential by biosensors. The advances described herein
will become the basis for practical systems capable of multiple target assays in near–real time that
have the potential for automation.

SUMMARY POINTS

1. Contaminated foods account for approximately 48 million illnesses; 128,000 hospitaliza-
tions; and 3,000 deaths per year in the United States alone. Therein lies a need for the
development of rapid, biosensor-based methods as replacements for the more laborious
and lengthy traditional bacterial culture methods.

2. Biorecognition elements, such as library-selected scFv antibodies and aptamers, are at
the heart of biosensor-based rapid methods.

3. Microbial enrichment culture and physical processing (e.g., filtration and antibody-
coated paramagnetic particle separation) are typically employed as prerequisites for en-
hancing the selectivity and sensitivity of rapid methods.

4. This review focuses on high-throughput biosensors that employ external labels and label
multiplexing (TRF and qPCR) as well as external labels and spatial multiplexing (DNA-
and protein-antibody microarrays).

FUTURE ISSUES

1. Further development of rapid methods is still needed and will require across-the-board
improvements in speed, sensitivity, limit of detection, simplicity, cost, quantitation, speci-
ficity, portability, and robustness.

2. Because of the destructive nature of testing foods for microbial contaminants, it is not
feasible to test entire product lots. In addition, there is the concern of infection by very
small numbers of microorganisms, some of which (e.g., E. coli O157:H7) are classified as
adulterants and have “zero tolerance” for detection. Therefore, a better understanding
of sampling and/or further development of noninvasive testing is desired.

3. Epidemiological investigations undertaken to identify the source and spread of food-
borne outbreaks will greatly benefit from improvements in both the rapidity and the
accuracy of typing methods.
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3. Lazcka O, Campo FJD, Muñoz FX. 2007. Pathogen detection: a perspective of traditional methods and
biosensors. Biosens. Bioelectron. 22:1205–17

4. Bhunia AK. 2008. Biosensors and bio-based methods for the separation and detection of foodborne
pathogens. Adv. Food Nutr. Res. 54:1–44

5. Bailey JS, Cox NA. 1992. Universal preenrichment broth for the simultaneous detection of Salmonella
and Listeria in foods. J. Food Prot. 55:256–59

6. Kim H, Bhunia AK. 2008. SEL, a selective enrichment broth for simultaneous growth of Salmonella
enterica, Escherichia coli O157:H7, and Listeria monocytogenes. Appl. Environ. Microbiol. 74:4853–66

7. Schloter M, Aßmus B, Hartmann A. 1995. The use of immunological methods to detect and identify
bacteria in the environment. Biotechnol. Adv. 13:75–90

8. Ivnitski D, Abdel-Hamid I, Atanasov P, Wilkins E. 1999. Biosensors for detection of pathogenic bacteria.
Biosens. Bioelectron. 14:599–624

9. Grow AE, Wood LL, Claycomb JL, Thompson PA. 2003. New biochip technology for label-free de-
tection of pathogens and their toxins. J. Microbiol. Methods 53:221–33

10. Griffin GD, Stratis-Cullum DN. 2009. Biosensors. In Encyclopedia of Microbiology, ed. M Schaechter,
pp. 88–103. New York: Elsevier. 3rd ed.

11. Velusamy V, Arshak K, Korostynska O, Oliwa K, Adley C. 2010. An overview of foodborne pathogen
detection. Biotechnol. Adv. 28:232–54

12. Tyagi S, Kramer F. 1996. Molecular beacons: probes that fluoresce upon hybridization. Nat. Biotechnol.
14:303–8

13. Bhunia AK. 1997. Antibodies to Listeria monocytogenes. Crit. Rev. Microbiol. 23:77–107
14. Iqbal S, Mayo M, Bruno J, Bronk B, Batt C, et al. 2000. A review of molecular recognition technologies

for detection of biological threat agents. Biosens. Bioelectron. 15:549–78
15. Bradbury ARM, Marks JD. 2004. Antibodies from phage antibody libraries. J. Immunol. Methods 290:29–

49
16. Hayhurst A, Happe S, Mabry R, Koch Z, Iverson BL, et al. 2003. Isolation and expression of recombinant

antibody fragments to the biological warfare pathogen Brucella melitensis. J. Immunol. Methods 276:185–96
17. Deng XK, Nesbit LA, Morrow KJ, Jr. 2003. Recombinant single-chain variable fragment antibodies

directed against Clostridium difficile toxin B produced by use of an optimized phage display system. Clin.
Diagn. Lab. Immunol. 10:587–95

18. Paoli GC, Chen C-Y, Brewster JD. 2004. Single-chain Fv antibody with specificity for Listeria monocy-
togenes. J. Immunol. Methods 289:147–55

19. Gangar V, Curiale MS, D’Onorio A, Schultz A, Johnson RL, et al. 2000. VIDAS enzyme–linked im-
munofluorescent assay for detection of Listeria in foods: collaborative study. J. Assoc. Off. Anal. Chem.
Int. 83:903–18

20. Feldsine PT, Lienau AH, Leung SC, Mui LA. 2002. Method extension study to validate applicability
of AOAC Official Method 996.14. Assurance polyclonal enzyme immunoassay for detection of Listeria
monocytogenes and related Listeria spp. from environmental surfaces: collaborative study. J. Assoc. Off.
Anal. Chem. Int. 85:460–69

21. Petrenko VA, Vodyanoy VJ. 2003. Phage display for detection of biological threat agents. J. Microbiol.
Methods 53:253–62

www.annualreviews.org • Food-Borne Pathogen Detection 167

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
11

.4
:1

51
-1

72
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

4/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.cdc.gov/EID/content/17/1/7.htm


AC04CH08-Gehring ARI 3 May 2011 15:56

22. McCafferty, J. 1996. Phage display: factors affecting panning efficiency. In Phage Display of Peptides and
Proteins: A Laboratory Manual, ed. BK Kay, J Winter, J McCafferty, pp. 261–276. New York: Academic

23. Tuerk C, Gold L. 1990. Systematic evolution of ligands by exponential enrichment: RNA ligands to
bacteriophage T4 DNA polymerase. Science 249:505–10

24. Luzi E, Minunni M, Tombelli S, Mascini M. 2003. New trends in affinity sensing: aptamers for ligand
binding. Trends Anal. Chem. 22:810–18

25. Bruno JG, Kiel JL. 1999. In vitro selection of DNA aptamers to anthrax spores with electrochemilumi-
nescence detection. Biosens. Bioelectron. 14:457–64

26. Dwarakanath S, Bruno JG, Shastry A, Phillips T, John AA, et al. 2004. Quantum dot–antibody and
aptamer conjugates shift fluorescence upon binding bacteria. Biochem. Biophys. Res. Commun. 325:739–43

27. Jenison RC, Gill SC, Pardi A, Polisky B. 1994. High-resolution molecular discrimination by RNA. Science
263:1425–29

28. Hamaguchi N, Ellington A, Stanton M. 2001. Aptamer beacons for the direct detection of proteins.
Anal. Biochem. 294:126–31

29. Li JJ, Fang X, Tan W. 2002. Molecular aptamer beacons for real-time protein recognition. Biochem.
Biophys. Res. Commun. 292:31–40

30. Jiang Y, Fang X, Bai C. 2004. Signaling aptamer/protein binding by a molecular light switch complex.
Anal. Chem. 76:5230–35

31. Liss M, Petersen B, Wolf H, Prohaska E. 2002. An aptamer-based quartz crystal protein biosensor. Anal.
Chem. 74:4488–95

32. Le M, Walt DR. 2000. A fiber-optic microarray biosensor using aptamers as receptors. Anal. Biochem.
282:142–46

33. Ho H, Leclerc M. 2004. Optical sensors based on hybrid aptamer/conjugated polymer complexes. J.
Am. Chem. Soc. 126:1384–87

34. Stevens KA, Jaykus LA. 2004. Bacterial separation and concentration from complex sample matrices: a
review. Crit. Rev. Microbiol. 30:7–24

35. Molday RS, Yen SPS, Rembaum A. 1977. Application of magnetic microspheres in labeling and separa-
tion of cells. Nature 268:437–38

36. Olsvik Ø, Popovic T, Skjerve E, Cudjoe KS, Hornes E, et al. 1994. Magnetic separation techniques in
diagnostic microbiology. Clin. Microbiol. Rev. 7:43–54

37. Fung D. 2009. Rapid methods and automation in food microbiology: 25 years of development and
predictions. In Global Issues in Food Science and Technology, ed. G Barbosa-Canovas, A Mortimer,
D Lineback, W Spiess, K Buckle, et al., pp. 165–76. San Diego: Academic

38. Schoenherr RM, Zhao L, Whiteaker JR, Feng L-C, Li L, et al. 2010. Automated screening of monoclonal
antibodies for SISCAPA assays using a magnetic bead processor and liquid chromatography–selected
reaction monitoring–mass spectrometry. J. Immunol. Methods 353:49–61

39. Guesdon JL, Avrameas S. 1977. Magnetic solid phase enzyme immunoassay. Immunochemistry 14:443–47
40. Haukanes B-I, Kvam C. 1993. Application of magnetic beads in bioassays. Biotechnology 11:60–63
41. Ugelstad J, Mork PC, Kaggerud KH, Ellingsen T, Berge A. 1980. Swelling of oligomer-polymer particles.

New methods of preparation of emulsions and polymer dispersions. Adv. Colloid Interface Sci. 13:101–40
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134. Kostić T, Stessl B, Wagner M, Sessitsch A, Bodrossy L. 2010. Microbial diagnostic microarray for food-
and water-borne pathogens. Microbiol. Biotechnol. 3:444–54

135. Seidel M, Niessner R. 2008. Automated analytical microarrays: a critical review. Anal. Bioanal. Chem.
391:1521–44

136. MacBeath G, Schreiber SL. 2000. Printing proteins as microarrays for high-throughput function deter-
mination. Science 289:1760–63

137. Taitt CR, Shubin YS, Angel R, Ligler FS. 2004. Detection of Salmonella enterica serovar Typhimurium
by using a rapid, array-based immunosensor. Appl. Environ. Microbiol. 70:152–58

138. Rivas LA, Garcı́a-Villadangos M, Moreno-Paz M, Cruz-Gil P, Gómez-Elvira J, et al. 2008. A 200-
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