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The effective testing for bacteria requires methods of analysis that meet a number of
challenging criteria. Time and sensitivity of analysis are the most important limitations related to
the usefulness of microbiological testing. Bacterial detection methods have to be rapid and very
sensitive. It is in this context that we developed a quantitative, simple and sensitive, particle
agglutination assay for detection of E.coli O157:H7 and Listeria.monocytogenes (L.
monocytogenes).
The ultrasound particle agglutination method (UPA) is based on the use of special
multifrequency regimes of ultrasonic exposure of the samples for acceleration of the particles
agglutination, and separation of specific and nonspecific aggregates. The use of such regimes
as well as quantitative assessment of immunochemically formed specific aggregates using
optical means allows one to increase the sensitivity and accuracy of the conventional particle
agglutination methods significantly.
Using commercially available particle agglutination tests, we showed that UPA can
successfully be employed for detection of E.coli O157:H7 and L. monocytogenes in
environmental samples (water), food and clinical samples. In particular, we demonstrated that
the analytical sensitivity of detection of the pathogenic bacteria in water and clinical samples
can be increased more than 100-fold, and in food approximately 30-fold as compared to
conventional particle agglutination tests.
INTRODUCTION
The Center for Disease Control (CDC) calculates that every year in the United States,
there are approximately 76 million cases of food-borne illness, with 325,000 hospitalizations and
5,000 deaths. Food-borne pathogen testing is performed in clinical, food industry and
environmental control laboratories.
In the food industry, food control for pathogens is an essential part of any existing
production line. At present, testing for pathogens is performed in a variety of locations including
governmental, centralized corporate and on-site laboratories. Over the past few years, there
has been a shift toward performing more pathogen testing on-site in food-processing plants
because testing on-site provides results quickly, shortens the time products must be retained in
inventory and, hence, lowers the products’ storage cost.
The conventional FDA and USDA methods of bacteria detection in food include
enrichment steps followed by plate count on selective media. It could take 5 to 7 days to
complete the test. Therefore, testing food with short shelf life (seafood, diary etc.) creates a
challenge for the food industry. Elimination of the last step of plating on selective media and the
development of rapid detection on-site tests would provide important benefits for the food
industry, especially with regard to the cost and time of the analysis.
At present, tests that are used for detection of pathogenic bacteria in food within 50 hours
following enrichment are either immunoassays such as enzyme-linked immunosorbent assay
(ELISA) and particle agglutination assay, or molecular techniques (PCR, hybridization,
electrophoresis) [1-8]. Among these methods, ELISA is the most popular assay because of its
accuracy and sensitivity. However, ELISA consists of several incubation and washing steps,
and, therefore, is time-consuming (3-5 hours) and labor-intensive to perform and requires
special equipment such as a plate-reader. As a result, ELISA is a relatively expensive method.
Because of the aforementioned limitations of the ELISA method, there is a demand for
alternatives to ELISA for highly sensitive, cost–effective, automated, simple and rapid detection
of pathogenic bacteria.

A conventional particle agglutination method could be a good alternative to ELISA.
However, rapid routine detection of Listeria and E.coli by traditional agglutination methods is
limited in use because these tests are subjectively read and, therefore, qualitative and have a
low sensitivity. In order to circumvent the aforementioned serious drawbacks of agglutination
assays, a number of approaches have been developed. One of them is the use of noncavitating standing wave ultrasound for enhancement of agglutination. This approach has been
developed by Dr. Coakley’s group [9-17]. In this method, a sample, mixed with a coated
microparticle suspension, is exposed to an ultrasonic standing wave for several minutes. After
sonication the sample is expelled on to a non-adsorbing surface and stirred manually (two to ten
stirs) before microscopic inspection for agglutination [18,19]. Stirring of the reagent mixture is a
necessary step to disrupt non-specific complexes. The formation of non-specific aggregates is
the usual “side effect” of the ultrasonic-enhanced methodology [16,18]. The final results are
registered by the naked eye or microscope.
In this study, we present a new ultrasound particle agglutination (UPA) method for
detection of food-borne pathogenic bacteria. In UPA, a sample ultrasonic treatment is used for
both enhancement of specific agglutination and disintegration of non-specific aggregation of
latex microparticles in a one-step procedure. In addition, the quantitative assessment of
precipitated aggregates using simple optical means is performed while samples are in the
resonator cell. These innovations allowed us to develop a one-step sensitive, simple and rapid
method for detection of pathogenic bacteria. Since UPA offers crucial advantages over other
rapid tests, we believe that our ultrasound particle agglutination technology has great potential
to meet the need for sensitive microbial detection in food, environmental and clinical samples.
MATERIALS AND METHODS
Latex agglutination methods. Qualitative latex agglutination tests, Microgen Listeria
(Microgen Bioproducts Limited, cat # F48) and E.coli 0157 (Oxoid Ltd, catalog # 411279) for the
presumptive identification of Listeria spp. and E.coli serogroup O157, respectively, were used in
our studies. (It should be noted that the Microgen Listeria kit is a test for presumptive
identification of Listeria spp. including human pathogen Listeria monocytogenes). Conventional
agglutination procedures were performed as described by the manufacturers. Briefly, one drop
of latex reagent and one drop of test sample were mixed with a clean mixing stick on the slide.
The mixtures were gently rocked and the agglutination reaction was read visually. A smooth
milky white appearance was considered a non-reactive result, whereas a change from the
“milky” solution to a “sour milk” appearance (agglutination) was considered a positive result.
ELISA. Tecra E.coli O157 and Listeria visual immunoassays were performed as
described by the manufacturer (TECRA International Pty Ltd, Australia).
The UPA method. Serial dilutions of positive bacteria controls were mixed with latex
beads and immediately 2 μl (E.coli test) or 4 μl (Listeria test) of the reaction mixtures were
transferred to a resonator cell of the UPA system (see below). Then, the sample was exposed
to the ultrasonic field, which included the sequential use of various higher harmonics of
resonance oscillations. The ultrasound treatment of the sample results in both formation of
specific and disintegration of nonspecific aggregates. The ultrasound intensity was adjusted so
that no measurable heating of the sample was produced. Original image analysis software was
used to quantify the agglutination. The final results are presented as an Average Agglutination
Quantity (AAQ) Index.
The UPA system. The experiments were conducted using an UPA device, which
included an electronic unit, Olympus CX41 microscope and Moticam 350 video camera. The
ultrasonic cell was built as a cylindrical chamber using piezoceramic tube PZT 5H with an
internal diameter of 2.0 mm, a height of 1.5 mm and a thickness of 0.5 mm. Samples were
tested in triplicate. An average of the three measurements was calculated using Microsoft Excel
software.
Preparation of food samples. 25 g of French soft cheese “Delice d’Argental” was
blended into 100 ml of sterile Fraser Broth and incubated at 25oC (primary enrichment). After 24
hr of incubation, 1 ml of primary enrichment was transferred to 100 ml of sterile Fraser broth
(secondary enrichment) and incubated 72 hr at 15oC. Morphological diversity of the secondary
enrichment was analyzed by direct microscopy after Gram staining. The amount of
microorganisms was determined by plating on Nutrient agar and Tecra Listeria agar medium.
Inactivation of the enriched microbial cells was performed by heating of a 50 ml sample at
100oC for 20 min. Enriched meat samples were provided by Dr. Brewster’s laboratory (US
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Department of Agriculture). Cell density in the killed commercial samples was assessed by
direct microscopy with a UV microscope after staining with DTAF [20].
RESULTS
I. DETECTION OF LISTERIA IN AQUEOUS SOLUTIONS

AAQ (a.u.)

Increasing of the sensitivity of the particle agglutination test for Listeria detection in
phosphate buffer solution using UPA
The Microgen Listeria (cat # F48) kit was used for comparison of sensitivities of
conventional and ultrasound particle agglutination methods. Serial dilutions of the positive
control sample containing 4.7 × 109 cell/ml were prepared in phosphate buffered saline (PBS)
and used for both assays. The detection limit of the standard agglutination test (SAT) was
expressed as the maximal “positive control” dilution at which agglutination is detected by visual
inspection of the test card. We showed that a 1:2-diluted positive Listeria sample (~2.4 × 109
cell/m) was the detection limit of the
Listeria card-test (see Figure 1)).
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Figure 1. Dilution curve for detection of
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presented in Figure 1, and being
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detection limit (sensitivity) as the background + 5SD, which is equal to 1.84 × 107 cell/ml
(1:256) dilution of Listeria positive control sample. Thus, the sensitivity of determination of
Listeria spp in aqueous solutions can be increased by more than 100-fold using UPA as
compared to that of conventional particle agglutination method.
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Figure 2. Dilutions curves for detection of Listeria spp
in deionized water (control) and water collected from
Hudson River.
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In order to examine
whether UPA is suitable for
detection
of
Listeria
in
environmental
samples,
we
prepared serial double dilutions
of the Listeria positive control
(attenuated pathogenic Listeria)
in freshly sampled Hudson River
water and in deionized (DI)
water used as a control solution.
The obtained results are shown
in Figure 2. As can be noted in
the Figure, UPA signals obtained
for DI water and Hudson River
samples are practically the same
at
high
concentrations
of
Listeria, whereas at low Listeria
concentrations the UPA signal is
slightly higher for Hudson River
water than for DI water. The later
effect could be because Hudson
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River water is brackish, and contains relatively high concentration of ions such as Na+, Cl-, SO4-,
K+, and Mg2+, and under these conditions, latex beads form aggregates more easily. In the near
future, we will standardize conditions for performing of the UPA for detection of pathogenic
bacteria in environmental samples by using high ionic strength buffer solution for conducting
UPA experiments.
II. DETECTION OF PATHOGENIC BACTERIA IN GROWTH MEDIA AND FOOD SAMPLES
Comparison of the analytical sensitivities of UPA, ELISA and conventional particle
agglutination methods
Determination of pathogenic bacteria in food samples is usually performed after
enrichment step, and it is desirable to conduct rapid tests using undiluted growth media
samples. Therefore, in order to examine the possibility of using UPA for the detection of
bacteria in food samples, we prepared dilutions of the bacteria positive controls in
corresponding growth media, and compared the results obtained using ELISA and UPA.
Fraser Broth is a standard selective complex organic medium recommended for
enrichment of Listeria monocytogenes in food samples. Dilutions of Listeria positive control
containing 2 × 109 cell/ml were prepared in this broth, and samples were analysed using ELISA
and UPA. ELISA and UPA were performed as described above. The calibration (dilution) curves
obtained using these methods are presented in Figure 3.
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Figure 3. Dilution curves for detection of Listeria spp in Fraser broth. a – Logarithmic Xaxis scale; b – Linear X-axis scale
In order to compare the analytical sensitivities of ELISA and UPA for detection of E.coli
O157:H7, we made dilutions of E. Coli positive control in E. Coli Tecra enrichment broth, and
prepared dilution curves for both methods. The obtained results are presented in Figure 4.
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Figure 4. Dilution curves for detection of E.coli O157:H7 in E. Coli Tecra enrichment
broth. a – Logarithmic X-axis scale; b –4Linear X-axis scale
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The results shown in Figures 3 and 4 clearly show that the UPA allows one to detect
bacteria in growth media used for bacteria enrichment. As can also be seen in these Figures,
the “signal-cell density” plots (dilution curves) for detection of Listeria spp and E.coli have a
similar character. Indeed, for both ELISA and UPA at the onset of increasing signal, the plots
are almost linear, and at higher bacteria concentrations saturation of the signal occurs.
The detection limit (analytical sensitivity) of the method can be estimated as the
background + 5SD (see above). Using regression analysis for the calibration (dilution) curves
presented in Figures 3 and 4, we calculated the detection limits of ELISA and UPA for detection
of Listeria spp and E.coli, and summarized our results in Table 1. In this Table, we also included
the detection limits of standard agglutination tests (SAT) for Listeria and E.coli. As we
mentioned above, the SAT is subjectively read and qualitative, and, therefore, the detection limit
for this test could be estimated only roughly.
Table 1. Sensitivities (detection limits) of ELISA and UPA for detection of
Listeria spp and E.coli O157 in growth media. The increase of the sensitivity
as compared to standard agglutination test (SAT) is also indicated.
Technique

Listeria spp
Sensitivity

SAT
UPA
ELISA

≈2.4×109 cfu/ml
7.5×107 cfu/ml
1.9×106 cfu/ml

Increase of
the
sensitivity
1
32
1263

E.Coli O157
Increase
Sensitivity
of the
sensitivity
1
≈1.2×107 cfu/ml
12
1.0×106 cfu/ml
750
1.6×104 cfu/ml

As can be noted in Table 1, at the present stage of UPA development, the sensitivity of
UPA for detection of bacteria in broth is lower than that for UPA performed with water solutions
by approximately 4-fold (compare results for Listeria presented in Fig. 1 and Table 1). One of
the reasons could be the following: Broth, in which all dilutions were prepared, is a more viscous
medium than the buffer solutions we used in previous UPA experiments. Therefore, under the
currently used ultrasonic treatment, latex beads collide much more rarely in broth than in water.
In the near future, we plan to thoroughly optimise conditions for performing UPA in broth using
different regimes of ultrasonic exposure of the samples.
The data in Figures 3 and 4, and in Table 1 also show that the ELISA sensitivity is much
higher than the UPA sensitivity for detection of both bacteria. Nevertheless, we believe, that
further development of the UPA technology including optimisation of the resonator cell and
regimes of ultrasonic treatment will allow us to increase the UPA sensitivity considerably.
It is also worth mentioning that the sensitivities for detection of E. Coli are much higher
than those for Listeria for all used methods. This could be because E. Coli is bigger than
Listeria, and, therefore, smaller amount of enterobacteria is needed to generate the UPA signal
(number of bead aggregates) as well as ELISA signal (number of labeled antibody-bacteria
complexes). Another reason for increased sensitivity of E.coli tests could be that the affinity of
antibodies employed for detection of E. Coli is higher than that for antibodies to Listeria.
Detection of pathogenic bacteria in food samples
In order to show the possibility of using UPA for detection of pathogenic bacteria in food
samples, we performed UPA analysis using an enriched cheese sample inoculated with Listeria
spp positive control and enriched meat samples inoculated with E.coli positive control. In more
detail, serial dilutions of pathogenic bacteria positive controls were spiked with growth media
used for enrichment of the food samples (initially not containing pathogenic bacteria).
We showed that the UPA dilution curve (AAQ plot vs. cell concentration) prepared using
spiked Listeria positive control with cheese enrichment growth media (Fraser broth) was similar
to that obtained using sterile Frazer broth. We determined the total cell density in cheese
enrichment media, which is equal to 1.8x108 cell ml-1. Thus, one can conclude that the presence
of microorganisms in the enrichment media in high concentration does not affect the
performance of the UPA method. Using meat samples inoculated with E. Coli O157:H7, we also
showed the possibility of using UPA for detection of this bacterium in real meat samples.
Because of the lack of space in this manuscript, the results obtained using clinical
samples will be reported elsewhere.
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CONCLUSIONS
The UPA, a new rapid and simple method has been developed for the detection of foodborne pathogenic bacteria, Listeria spp and E.coli O157:H7, in food, beverage and
environmental samples. We showed that UPA allows one to increase the sensitivity of detection
of pathogenic bacteria dozens of times as compared with conventional particle agglutination
tests. We also demonstrated the feasibility of the UPA assay for the detection of pathogenic
bacteria in various growth media that are used for enriching bacteria in food, environmental and
clinical samples. The UPA method offers advantages to conventional pathogenic bacteria tests,
including a short time of analysis, an increased sensitivity, quantitative results and low cost. We
believe that UPA has high commercial and scientific potential in different fields of diagnostics of
food-borne pathogenic bacteria.
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