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A Rapid Multiplexed Chemiluminescent Immunoassay for the
Detection of Escherichia coli O157:H7, Yersinia enterocolitica,
Salmonella typhimurium , and Listeria monocytogenes
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A simple and rapid multiplexed sandwich chemiluminescent enzyme immunoassay has been
developed for the simultaneous detection of Escherichia coli O157:H7, Yersinia enterocolitica,
Salmonella typhimurium, and Listeria monocytogenes. To achieve the multiplexed detection of the
four pathogens, a new polystyrene 96 well microtiter plate format has been designed, in which each
main well contains four subwells in the bottom. The monoclonal antibodies specific for each bacteria
were separately immobilized in each subwell. When the samples were added to the main wells, the
bacteria able to specifically bind to the corresponding monoclonal antibody were captured in one of
the four subwells. Subsequently, a mixture of peroxidase-labeled polyclonal antibodies against the
four bacteria was added and the peroxidase activity of the bound polyclonal labeled antibodies in
each well was measured by an enhanced luminol-based chemiluminescent cocktail using a low-light
charge-coupled imaging device. The assay was simple and fast, and the limit of quantification was
in the order of 104—10° CFU/mL for all bacterial species. The accuracy of the method, evaluated by
comparison of the results with a conventional culturing methodology, was satisfactory, with recovery
values ranging from 90 to 120%. This method can be used as a screening test to evaluate the presence
of these pathogen bacteria in different foodstuffs.
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INTRODUCTION priorities for the agrofood industry. In addition, bacterial

. . contamination is a matter of concern related to terrorist attack.
Bacterial foodborne pathogens are a serious health threat . . . . .
worldwide. The World Health Organization estimates that _ D€SPite the continuous improvements, conventional micro-

biological methods for the detection and identification of

diarrhea-related diseases caused by the consumption of con . > . . . .
taminated food or water are the third leading cause of death in Pathogenic bacteria in food are still labor-intensive and time-
developing countriesl( 2), and the socioeconomic implications ~ €onsuming (4); therefore, the search for fast, accurate, and
of gastroenteritis are a major conceBalmonella typhimurium ~ S€nsitive alternative methods is an active research task (5—-7).
Escherichia coliO157:H7 Staphylococcus aureplostridium Several molecular methods for the detection of foodborne
perfringens Campylobacter jejuniYersinia enterocoliticaand pathogens based on polymerase chain reaction (PCR) have been
Listeria monocytogenesre the major bacterial pathogens developed. Such methods are of great diagnostic importance
commonly involved in foodborne illnesse3)( Therefore, the  because they offer unique detection specificity and sensitivity
production of high-quality, pathogen-free food and the assess-(8, 9). Immunological methods for pathogenic microrganisms
ment of bacterial growth when foods and other biological have also been extensively studied because they potentially
materials are stored under inappropriate conditions representcombine detection specificity and sensitivity with simple and
economical assay formats. Most of the commercially available
immunoassays for bacteria detection are based on standard
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gold particles), polystyrene microtiter plates, filter membranes, enterocoliticaATCC 23715, and.. monocytogene$3M ATCC 7644
or directly on the surface of transducers, and the secondarywere used for polyclonal antibodies and MAbs production and as a
antibody is labeled with enzymes or fluorescent molecules. The Positive control for antibodies screening. The specificity of each
detection limits of immunoassays ranged betweehat® 16 ar_lltcljbtody W":‘S gvalufattﬁd ?gamtstbbotth Q'ﬁiﬁ”tgacger,'al Speg'es and _(t’tt]her
: : . : . wild-type strains of the target bacteria. The bacteria used were either
f:l::\),/:rgﬁmggr:?ﬁl(glzuymL’ with assay times from 10 min obtained by ATCC or kindly provided by the Istituto Zooprofilattico
_ . of Teramo. Stock cultures in 30% glycerol were maintained frozen
More repently, many interesting approaqhes have been g ggoc
reported to improve the immunoassay detectability. For example,  \ap production. MAbs were produced by immunizing Balb/c mice
Zhao and co-workers1@) used antibody-conjugated silica ysing a slightly modified published protocoRq). Briefly, heat-
fluorescent nanoparticles to develop a fast and ultrasensitiveinactivated and sonicated ATCC reference strains were diluted in
immunoassay for in situ pathogen quantification down to a Freud's incomplete adjuvant (IFA) (Sigma Chemical Co., St. Louis,
single bacterium without amplification or enrichment. Unfor- MO) to obtain a protein concentration of @@/mL and inoculated by
tunately, most of these tests are expensive, laborious, and ofterintraperitoneal injection. _The mice received their seconq i_njection at 2
require specialized personnel and instrumentation. As an Weeks, and two inoculations of 2(/mL were then administered. A
alternative, DNA microarray technology has been exploited, booster |njqctlon of 5@¢g/rjn.L was given 31 days after |mmun|zat|on,.
which allows simultaneous detection of several bacteria, but N€" the mice were sacificed, and the spleen cells were fused with
the construction of DNA arrays is still limited to a restricted myeloma Ce,”S' Cell fusion and hybridoma cloning were performed
number of specialized centers (14), using Galfre’s method (21) with some modifications. Briefly, spleno-

: : ) ) cytes from the immunized mice were subjected to cell fusion with
“Multiplexed” format immunoassays suitable for the simul-  myeloma cells from Sp2/0-Ag-14 mice (American Type Culture
taneous evaluation of different bacteria in a sample can be Collection) using 50% polyethylene glycol 1550 solution. Hybridomas
developed to increase the analytical productivity and drastically were cultured for 2 weeks in Dulbecco’'s modified Eagle’s medium
reduce analysis costs and sample and reagent consumptiorfSigma Chemical Co.) containing 20% fetal bovine serum (Euroclone,
(15, 16). Feasibility studies of multiplexed immunometric United Kingdom), 2 mMc-glutamine (HybriMax, Sigma Chemical
methods in microarray format, either employing “sandwich” or, C0.). amphotericinpenicillinstreptomycin 108 (APS, Sigma Chemi-
more recently, competitive type assay formatg,(18) have cal Co.), 50 mg/mL gentamicin (gentamicin sulfate solution, Sigma

: . Chemical Co.), 10000 Ul/mL nystatin (nystatin suspension HybriMax,
already b?en reported., but none of them has still been appIIGdSigma Chemical Co.), and HAT 50x (HAT media supplement Hybri-
for det_ectlon of bacteria. . . Max, Sigma Chemical Co.). The hybridomas of interest were cloned

In this work, we report the development of a simple, multi-  jimiting dilution method (2223). MAbs were produced in vitro on
plexed sandwich chemiluminescent enzyme immunoassaya large scale by serial culturing of antibody-secreting hybridomas and

(CL-EIA) for the simultaneous detection of four of the major
foodborne pathogenskE. coli O157:H7,Y. enterocolitica,S.
typhimurium, and.. monocytogenes.

collection of their supernatants.
The cell culture fluids from actively growing hybridomas were
screened using an indirect enzyme-linked immunosorbent assay (ELISA)

Polyclonal and monoclonal antibodies (MAbs) were produced procedure against other isolated strains of the target bacteria and dif-
by immunizing rabbit or balb/c mice, respectively, with heat- ferent bacteria species. Briefly, the hybridoma culture medium, properly
inactivated and sonicated ATCC bacteria strains of the four diluted, was added to a well plate previously coated with the immu-

pathogens. To achieve the simultaneous detection of the four"Zing antigen. The plate was then incubated for 30 min &@7and,
pathogens, a new polystyrene S6four well microtiter plate after washes, HRP-labeled anti-mouse antibody (purchased from Sigma

. . . - Chemical Co. dded. The HRP activi d by addi
format was designed. The microtiter plate, which has a emical Co.) was adde N activity was measured by adding

. . ' < a chromogenic substrate (TMB, KPL, Gaithersburg, MD). After
conventional 12.8 cnx 8.6 cm frame size, consists of 96 main  incypation, the enzymatic reaction was stoppednitN HSQ; and
wells, each of them containing four internal subwells.

the absorbance at 450 nm was recorded using a Multiskan EX
The developed method involves the immobilization of four spectrophotometer microtiter reader (Labsystems, Helsinki, Finland).
MADbs, each specific for one bacterium, in the bottom of the = MAbs were screened in Immuno Western-blottiag), and the MAb
different subwells of the main well. When the samples were isotype was determined with an isotyping kit (Pierce, Rockford, IL).
added to the main well and incubated, the bacterial cells were I9G MAbs were purified by affinity chromatography using a protein
captured in one of the four subwells by the corresponding MAb. A column (HiTrap rProtein A FF, 5 mL, Amersham Biosciences,
Subsequently, a mixture of horseradish peroxidase (HRP)- Arlington _He|ghts, IL) gccordmg to tht_e manufac_turer’s instructions.
labeled polyclonal antibodies was added and the peroxidaseThe protein concentration Was_determ'ned by using a Bradf.ord assay.
activity was determined by means of an enhanced luminol-based Polyclonal Antibody Production. Polyclonal antibodies against the

CL substrate. The light emitted was measured with an ultra-
sensitive, cooled low-light charge-coupled imaging device
(CCD). Chemiluminescence is particularly suited for these
applications since the CL signal is characterized by high
detectability and specificity, fast kinetics, and low background.
In addition, CL detection techniques allow us to localize and
qguantify the light emission on each subwell down to single-
photon level (19).

The analytical performances of the method in term of
specificity and its preliminary validation will be discussed by
comparison with conventional microbiological procedures. For
method application and validation, a total of 32 naturally
contaminated fecal and meat samples have been analyzed.

MATERIALS AND METHODS

Bacterial Strains. E. coli 0157:H7 ATCC 35150 (American Type
Culture Collection, Rockville, MD)S. typhimuriumATCC 14028,Y.

target bacteria were produced in rabbit following a previously described
protocol (25). Briefly, heat inactivated and sonicated ATCC reference
strains were diluted in Freud’'s complete adjuvant (FCA) (Sigma
Chemical Co.) to a protein concentration of 28/mL and subcutane-
ously injected six times over 50 days. Antiserum with adequate titer,
affinity, and specificity was obtained-3 months after the first
immunization. The IgG-rich fraction was purified using the same
procedure for IgG MAb purification. Polyclonal antibodies were coupled
to HRP (Sigma Chemical Co.) using the periodate mettag). (
Multiplexed CL Enzyme Immunoassay: Microtiter Plate Format.
To achieve the simultaneous detection of the four pathogens in the
same sample, a new polystyrene98our well microtiter plate format
was developed Higure 1A). The prototype microtiter plate was
fabricated in our lab by modifying a commercial 384 well polystyrene
microtiter plate (Labsystems). The 96 main wells were obtained by
drilling the plate with a cylindrical milling cutter (& 6 mm) to obtain
a main well among each of the four wells. While the depth of the wells
of the microtiter plate was 8 mm, the drilling depth was only 7 mm;
thus, four small independent subwells remained in the bottom of the



Multiplexed Immunoassay for Pathogen Bacteria

A
MUNNNN MM N

Y. enterocolitica

J. Agric. Food Chem., Vol. 55, No. 13, 2007 4935

Table 1. MAb CRs with Various Bacterial Antigens Evaluated by

Indirect ELISA2

E. coli O157:H7
338 38 38 3¢ 34 3¢ 34 ¢ 3¢ 36 3¢ L P R
xxnnnnnnexxx @ @
;§§§§§§§§§§§ . . bacterium source 8B8C3 54B11 1B6D9  6F12C8
Escherichia
ﬂ!ﬂﬂﬂ!ﬂ!!ﬂ!!!! |— R E. coli 014 BGVV 2.1 11 2.2 11
WAMAMA;NANNNNNRNRRE s vonimuium E. coll ATCC 25922 12 21 22 12
RAMMWNANNNRNRNARE L ronocytogenes E.coliO157H7  ATCC35150 100 11 23 13
E. coliO157:H7 wild-type strain 97 11 24 14
E. fergussoni wild-type strain 11 24 2.1 12
Listeria
L. innocua ATCC 33090 31 13 31 43
L. ivanovii ATCC 19119 13 23 11 35
L. monocytogenes ~ ATCC 7644 12 12 11 100
L. monocytogenes  wild-type strain 13 13 12 97
Salmonella
S. bredeney wild-type strain 2.1 11 34 2.1
S. derby wild-type strain 12 34 33 2.1
S. enteritidis ATCC 13076 11 2.2 2.3 2.2
S. enteritidis wild-type strain 2.1 3.2 12 2.2
S. hadar wild-type strain 1.2 2.3 11 2.3
S. muenchen wild-type strain 12 2.3 15 2.3
S. panama wild-type strain 12 2.2 12 2.3
S. saint-paul wild-type strain 0 12 12 2.1
S. typhimurium ATCC 14028 0 11 100 2.1
S. typhimurium wild-type strain 15 11 99 2.1
Figure 1. (A) Live image of the new 96 x four well microtiter plate. The versinia
plate contains 96 main wells, each of them divided into four subwells. Y. enterocolitica ATCC 23715 31 100 11 3.2
(B) Position of the immobilized antibodies within each subwell. (C) CL Y. enterocolitica wild-type strain 31 98 1.1 34

image of the microtiter plate obtained after a 40 s exposure time (the
position of standards and samples within the plate is also shown).

2The percentage of CR (%) was calculated by dividing the ODaso value of
each bacteria by the ODas for the target bacteria.

main well, each of them with a volume of aboutb. Such subwells
allowed the immobilization of different monoclonal antibodies in local food stores) samples were previously assayed with conventional
separate positions within the main wefigure 1B). The overall volume procedures to verify the absence of the four bacteria. Then, they were
of each main well was about 4Qd., even if 100uL solution was divided in two portions: one portion was used as a negative control,
sufficient to completely fill the subwells and cover the bottom of the and one was artificially contaminated with the four pathogens, alone
main well. In addition, because the plate has a standard frame sizeor in combination, by using previously reported methods &), to
(12.8 cm x 8.6 cm), it can be used with commercially available achieve final bacteria concentrations ranging from 1 to 100 CFU/g.
automation systems and robotics for reagent dispensing, incubation,For each sample, the bacterial concentration was verified by using a
and washing steps. The prototypes were produced using either blackconventional microbiological reference method (see below). After
or white polystyrene microtiter plates: the white plates gave the best contamination, the samples were subjected to a preanalytical enrichment
results in terms of signal-to-noise ratio and were used for the step. Briefly, a 25 g aliquot of each sample was homogenized in a
immunoassay. A microtiter plate based on the same principle but with stomacher bag and incubated with 225 mL of buffered peptone water
seven subwells for each main well has been already used by us to(BPW) for 3 h at 37°C. Subsequently, 1 mL of suspension was removed
develop a PCR-CL immunoassay method for the detection of the sevenand incubated with 9 mL of UPB fd6 h at 37°C with shaking, and
most frequent high-risk papillomavirus DNAs (27). then the resulting solution was assayed for the four pathogen bacteria

Calibration Cumwes Calibration curves for the CL-EIA assay using the CL-EIA assay. The initial concentration of pathogens in the
were obtained using a mixture of the four bacteria. In particular, spiked samples was assessed by interpolating the measured CL signals
universal peptone broth (UPB2§, 29) (Difco Laboratories, Detroit, on a calibration curve obtained from standard bacteria suspensions
MI) was inoculated with a mixture of the four bacteria and then (concentrations ranging from 1 to 200 CFU/mL) that were subjected
incubated for 12-18 h at 37°C. An aliquot (2 mL) of cells suspension  to the same enrichment procedure.
in UPB was centrifuged at 30Q0for 10 min, the supernatant was For validation of the newly developed CL-EIA method, we tested a
carefully removed, and the pellet was washed twice with phosphate- total of 32 fecal and meat samples for the presence of the four bacteria
buffered saline (PBS). Washed bacteria were diluted in PBS to give a using the procedure described above, and the results were compared
10° CFU/mL cell concentration (corresponding to an &pDap- with those obtained using the following reference microbiological
proximately of 0.8). The bacteria were then serially diluted in PBS to methods: “Microbiology of food and animal feeding stufidorizontal
obtain suspensions in the range fronf 1@ 1 CFU/mL (total cell method for the detection @&scherichia coliO:157”, ISO 16654:2001;
concentration), which were used as standards in the CL-EIA method. “Microbiology—General guidance for the detection of presumptive
For each dilution, the actual concentration (CFU/mL) of each bacterium pathogenY. enterocolitica,” ISO 10273:2003; “Microbiology of food
was determined by colonies counting on selective media agar plates.and animal feeding stuffsHorizontal method for the detection of
The obtained CFU/mL values were used for calibration curve plots. Salmonella spp”, ISO 6579:2002; and “Microbiology of food and
Each calibration curve consisted of seven points in the range frdm 10 animal feedingstuffs—Horizontal method for the detection and enu-
to 10/ CFU/mL. meration ofL. monocytogenes”, ISO 11290—1:1996.

SamplesSpiked human fecal and bovine meat samples were used  Multiplexed CL Enzyme Immunoassaye four MAbs, specific for
to evaluate the analytical performance and the applicability of the each bacteria species, were immobilized in the different subwells of
multianalyte CL-EIA method for the detection of bacteria. Fecal the main well. In particular, 1@L of a 300 ng/mL antibody solution
(obtained from healthy volunteers) and bovine meat (purchased from in coating buffer (0.05 M carbonate/bicarbonate buffer solution, pH



4936  J. Agric. Food Chem., Vol. 55, No. 13, 2007 Magliulo et al.

200 120

1004
150

CL signal (RLU})
3
1

CL signal (RLU)
3

40_
50
20
0 1 Ll 1 1 0 T T 1
0 1.0x10% 2.0x10¢ 3.0x10° 4.0x10° 0 5.0%10° 1.0x10°¢ 1.5x106
E. coli 0157:H7 (CFU/mL) Listeria (CFU/mL)
120 350
100~ 300+
=) =)
250
2 o0 2
= 60 = 200-
© - 1]
5 S 150-
7] - (7]
(_|J 40 C)I 1004
201 50
0 T T T 04 T T T
0 5.0x10°% 1.0x10°8 1.5%10°8 0 5.0x105 1.0x108 1.5%10°¢
Salmonella (CFU/mL) Yersinia (CFU/mL)

Figure 2. Representative calibration curves, obtained by averaging 10 standard curves obtained in different days for the determination of (A) E. coli
0157:H7, (B) L. monocytogenes, (C) S. typhimurium, and (D) Y. enterocolitica using the CL-EIA method. The curves are expressed as relative light units
(RLU) against the bacteria concentration (CFU/mL).

9.6) was dispensed in each individual subwell and the plates were Table 2. Precision of the CL-EIA Method?
incubated overnight at 4C. After the wells were washed with washing

buffer (PBS containing 0.05% Tween 20), 100 of blocking solution sample found concentration RSD
(PBS containing 1% bovine serum albumin) was added to each main concentration mean + SD (%)
well, and the plates were further incubated &C4for 2 h. The solution within-assay (n = 6)
was discarded, and the plates were washed three times with washing 1 1.10+0.09 8.2
buffer and vacuum-dried. The plates were either used immediately or 10 9.72+0.82 8.4
sealed in plastic bags together it 5 gpackage of silica gel desiccant 100 992+75 7.6
(Sigma) and stored at 4C until use. between-assay (n = 6)

To perform the assay, 1Q@L of sample suspensions (or bacteria 1 122+0.16 131
standard solutions) subjected to the preanalytical enrichment step was 1(1)8 3932 : 1-12‘2‘ ﬁg

added to each main well of the microtiter plate and incubated for 30
min at 37°C. During the incubation, the bacterial cells in the sample - - -
were captured by the corresponding MAb in one of the four subwells. @ The table reports the results obtained for E. coli 0157:H7 spiked meat samples.
After three washings, 10QL of a mixture of the HRP-labeled ~ The values are expressed as CFUIg.

polyclonal antibodies specific for the four bacteria species was added

and incubated for 30 min at 37C. The HRP activity of the bound o ) ) )
labeled antibodies was measured, after washing, by means of an@ny cross-reactivity with the other bacteria species tested. To

enhanced luminol-based CL substrate (SuperSignal ELISA Femto, evaluate the MAbs specificity, all of the strains correlated with
Pierce) and an imaging device (LB 981 Night Owl, EG&G Berthold, the four target bacteria (i.e., with the same antigenic charac-
Pforzheim, Germany), which employs a highly sensitive, back- teristics) were tested. In addition, some other common food-
illuminated, cooled CCD camera. Images were acquired using a 40 srelated bacterial species were examined (Eakle 1 and the
exposure time, and the CL signal of each subwell was measured by sypporting Information). Approximately 3600 hybridoma su-
integra_ting the photqn emission over the subwell area. Before data pernatants were obtained, and among these;-200 clones
analysis, the blank signal was subtracted from all of the sample and g, e nositive reaction to the four target bacteria by an indirect
callbra_tlon _curve signals. Then, the_|n|t|al c_oncentrat_mn of each ELISA test. Sub tl further ELISA . ith oth
bacterium in the samples was determined by interpolation of the CL ) est. - ubsequently, a, ur 'e'r . screening with other
signals on the calibration curves obtained from the bacteria standardPacterial antigens led to the identification of four MAbs (8B8C3,
solutions. 54B11, 1B6D9, and 6F12C8) specifically reacting wihcoli
0157:H7,Y. enterocolitica,S. typhimurium, and.. monocyto-
genes, respectively, and showing no cross-reaction (CR) to the
other bacterial strains tested. These MAbs, which were identified

Monoclonal Antibodies Screening The peculiarity of the as lgG1 isotypes, were used for the development of the CL-
monoclonal antibodies used in this study was their ability to EIA method. The anti¥. enterocoliticaMAb was also used in
recognize all of the strains of the four target bacteria without a previously published work (32).

RESULTS AND DISCUSSION
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Table 3. Results Obtained after the Analysis of Fecal and Meat Samples with Both the Developed CL-EIA Method and the Reference
Microbiological Method?

meat samples fecal samples
CI-EIA method reference method CI-EIA method reference method

S. typhimurium 150 S. typhimurium 148 negative negative

negative negative Y. enterocolitica 50 Y. enterocolitica 44
negative negative E. coliO157:H7 75 E. coliO157:H7 77
E. coliO157:H7 102 E. coliO157:H7 107 negative negative

E. coliO157:H7 16 E. coli O157:H7 18 negative negative

negative negative E. coli0157:H7 64 E .coli0157:H7 57
S. typhimurium 112 S. typhimurium 121 E. coliO157:H7 94 E. coli O157:H7 96
negative negative negative negative

negative negative negative negative

negative negative E. coliO157:H7 97 E. coliO157:H7 95
negative negative E. coli O157:H7 102 E. coli O157:H7 105
E. coli O157:H7 134 E. coli O157:H7 126 negative negative

L. monocytogenes 32 L. monocytogenes 36 S. typhimurium 110 S. typhimurium 98
negative negative L. monocytogenes 28 L. monocytogenes 23
E. coli O157:H7 140 E. coli O157:H7 147 negative negative

S. typhimurium 120 S. typhimurium 118 negative negative

2The values are expressed as CFU/g.

CL-EIA Method. MAbs and HRP-Labeled Polyclonal An- standard deviation (RSD) of individual points ranged from 3 to
tibodies ConcentrationsPreliminary experiments were per- 9%. The quantification limit (LOQ), calculated as the bacteria
formed to evaluate the optimal concentration of the four MAbs concentration giving a signal equal to the mean signal of
and the HRP-labeled polyclonal antibodies. Antibody concentra- negative controls plus 10 times their standard deviations (SDs),
tions were optimized by comparing desesponse curves were in the range of 16-10° CFU/mL.
obtained using different initial concentrations of MAbs (300, Different incubation times and temperatures were also
400, and 600 ng/mL) and different dilutions of HRP-labeled examined, and the best performance was obtained when each
polyclonal antibodies (1:40000, 1:60000, and 1:80000 v/v), incubation step was performed for 30 min at 3Z. Longer
according to an optimized experimental design. A satisfying incubation times did not produce any significant improvement
compromise in terms of linearity of the dose—response curve in the performance of the immunoassay.
and limit of detection was obtained by using a MAb concentra-  Within-Assay and Between-Assay PrecisiBhe precision
tion of 300 ng/mL in the immobilization step and a 1:60000 of the method was determined by analyzing replicates of meat
(v/iv) HRP-policlonal antibody dilution in the detection step.  and fecal samples spiked with the four target bacteria at three

Detection SysteniThe developed CL-EIA assay allows us different concentrations: 1 (low level), 10 (medium level), and
to simultaneously recognize the four target bacteria thanks to 100 (high level) CFU/g of each bacteria. The bacteria-fortified
the specificity of each antibody pair and the use of an imaging samples were analyzed in six replicates and on four different
detection technique based on an ultrasensitive CCD camera. Adays to evaluate the within-assay and the between-assay
typical CL signal obtained using the new microtiter plate format precision. The results obtained f&r coli 0157:H7 (mean and
is shown inFigure 1C: the CL signal is well-localized in the  relative SD calculated at each theoretical concentration level)
subwells, thus allowing its quantification by integrating the CL are summarized ifable 2. Both the within- and the between-
emission over the entire subwell area (33). assay RSDs were below 15%. Similar results were obtained for

Thanks to the spatial resolution of the imaging system and all of the other bacteria species tested.
the high detectability of the HRP label enzyme by CL, the  Stability of the Coated Plate3he stability of the antibody-
sensitive and rapid quantification of each bacterial species wascoated plates (vacuum-dried and stored @ ¥was investigated
performed in low reaction volumes without any interference of by comparing five calibration curves obtained using plates stored
the CL signal among adjacent subwells even in presence ofat either 0, 1, 3, 6, or 8 months. Experimental data show that
signals with different intensities. This assay format thus prevents storage of the antibody-coated plates for up to 6 months did
cross-talk phenomena, which have been observed, for examplenot significantly alter the performance of the assay in terms of
in microarray systems (3435). In addition, because of the the limit of detection.
standard size of the plate, the measurement could also be Method Validation. A total of 32 samples (16 fecal and 16
performed in conventional microtiter plate luminometers for 384 meat samples) were analyzed for the presence of the four target
well microtiter plates. However, the sequential reading of all bacteria with both the developed CL-EIA method and the
of the subwells could require as long as 2—5 min, depending reference microbiological methods. No false negative or false
on the signal integration time for each well, whereas an imaging positive results were observed, and for all samples the bacteria
device allows the simultaneous measurement of the whole plate.strains detected using the CL-EIA method corresponded to those
Therefore, one would have to check the constancy of the light revealed by the microbiological reference methcBiable 3).
output over the entire period of measurement, especially for In addition, there was a good agreement between the bacteria
high CL signals. The instrumental possibility to discriminate concentrations determined with the CL-EIA method and those
between the signal from a subwell and those from the other measured with the microbiological ones, as demonstrated by
subwells in the same main well should be also verified. the recovery values ranging between 90 and 120%.

Calibration Cures. The calibration curves of the CL-EIA The obtained results prove that the newly developed CL-EIA
assay obtained for the four bacteria (Figure 2) were linear in method allows the simultaneous quantification of four pathogen
the range between 1Gand 16 CFU/mL, and the relative  bacteria in a given sample with accuracy and precision
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comparable to those achievable with the conventional micro-

biological methods. In addition, the multiplexed assay format

allows a reduction of assay time and sample and reagents
consumption with respect to conventional single-analyte im-

munoassays and classical culture microbiology procedures.
Other multiplexed assays could also be developed using the
same approach, that is, by customizing the plate layout to divide
each main well in the required number of subwells.

ABBREVIATIONS USED

LOQ, limit of quantification; CL, chemiluminescent; HRP,
horseradish peroxidase; CL-EIA, chemiluminescent enzyme
immunoassay; FCA, Freud’'s complete adjuvant; IFA, Freud'’s
incomplete adjuvant; MAb, monoclonal antibody; UPB, uni-
versal peptone broth; PBS, phosphate-buffered saline; BPW,
buffered peptone water; SD, standard deviation; RSD, relative
standard deviation; CFU, colony-forming units; RLU, relative
light units; CR, cross-reaction.

Supporting Information Available: List of other bacterial
strains screened by indirect ELISA. This material is available
free of charge via the Internet at http://pubs.acs.org.
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