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Abstract

A novel universal reagent for immunoassays, protein G-liposomal nanovesicles has been developed and successfully used in an immunomagnetic
bead sandwich assay for the detection ofEscherichia coli O157:H7 [C.-S. Chen, A.J. Baeumner, R.A. Durst, Talanta 67 (2005) 205]. To demonstrate
the universal capability of protein G-liposomal nanovesicles, this reagent was used to develop an array-based immunosorbent assay for the
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imultaneous detection ofE. coli O157:H7,Salmonella, andListeria monocytogenes. Both direct and competitive immunoassay formats were
o demonstrate the feasibility of detecting multiple analytes in a single test by using universal protein G-liposomal nanovesicles. Bot
ixed cultures were examined in the direct immunoassay format. Results indicate that the limits of detection (LODs) of the direct assayE. coli
157:H7,Salmonella enterica serovar Typhimurium andL. monocytogenes in pure cultures were approximately 100, 500 and 1.5× 104 CFU/ml,

espectively. In mixed cultures, the LODs were approximately 3.1× 103, 7.8× 104, and 7.9× 105 CFU/ml. In the competitive assay format,
ODs forE. coli O157:H7,S. enterica serovar Typhimurium, andL. monocytogenes were approximately 1.5× 104, 5× 104, and 1.2× 105 CFU/ml

or the pure cultures. These results showed that protein G-liposomal nanovesicles can be successfully used in a simultaneous imm
everal food-borne pathogens, thereby demonstrating that they are effective universal reagents for use in immunoassays.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Escherichia coli O157:H7, Salmonella spp., andListeria
onocytogenes are among the most dangerous foodborne bac-

erial pathogens in terms of human health and disease[2]. E.
oli O157:H7 is estimated to cause approximately 73,000 ill-
esses and 61 associated deaths per year in the United States

2], causing hemorrhagic diarrhea and hemolytic uremic syn-
rome. Ground beef, raw milk, poultry products, fresh apple
ider, cold sandwiches, vegetables and drinking water are easily
ontaminated byE. coli O157:H7[3].

� Any opinions, findings, conclusions, or recommendations expressed in this
ublication are those of the authors and do not necessarily reflect the view of

he U.S. Department of Agriculture.
∗ Corresponding author. Tel.: +1 315 787 2297; fax: +1 315 787 2397.

E-mail address: rad2@cornell.edu (R.A. Durst).

Salmonella is estimated to be responsible for 1.4 mill
cases of human illness annually and almost 600 deaths,
is approximately 30% of all reported cases of food poisonin
the United States for which the etiology was determined[2,4].
Although the most common sources ofSalmonella infection
are poultry products, outbreaks have also been linked to
lamb, beef, dairy products, and vegetables[5,6]. Salmonella
enterica serovar Typhimurium is responsible for the larg
percentage of salmonellosis cases in the United State[4].
Symptoms ofSalmonella poisoning usually appear 6–48 h af
ingestion of the bacteria with the first symptoms being n
sea and vomiting followed by abdominal cramps and diar
[7].

L. monocytogenes is estimated to be responsible for appr
imately 2500 cases of human illness and more than 500 d
per year in the United States[2]. It is especially dangerou
for pregnant women, cancer patients, elderly, newborns
immunocompromised persons.L. monocytogenes can grow a
refrigeration temperature. Dairy products, meats, fish, she
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vegetables and ready-to-eat foods have been reported as contam-
ination sources for human listeriosis[8]. A person with listeriosis
usually has fever, muscle aches and gastrointestinal symptoms
such as nausea or diarrhea. If infection spreads to the nervous
system, symptoms such as headache, stiff neck, loss of balance
or convulsions can occur[9].

The risk of human illness associated with foods can be
prevented by monitoring microbial contamination at points of
potential contamination, e.g., in the field of harvest, food pro-
cessing plants, distribution, or in retail markets[10]. Because
conventional culture methods for detection of pathogens are
time consuming, results are usually not available until the
food has been released to the market or consumed, thereby
increasing the risk of uptake or transmission of pathogens
[11]. Rapid and sensitive detection of bacterial pathogens is
needed for food safety assurance. Since several food types
are susceptible to contamination by all ofE. coli O157:H7,
Salmonella and L. monocytogenes, it would be desirable to
detect them simultaneously. Simultaneous detection of these
three pathogens have been developed using polymerase chain
reaction (PCR)[11,12]. However, PCR requires consider-
able sample processing prior to analysis, reagents are expen-
sive, and assay development for the simultaneous detection
of multiple analytes is arduous[13]. Because antibody-based
technologies are highly selective, specific and adaptable to
field-deployable devices, immunoassays are widely used in
d no
s
a ce
t three
p would
b

t for
i
m con-
s vity.
B everal
m atly
e ccess-
f -
t
h d in
i

pro-
t ag-
n
O istic
o sed
t
O -
b trated
t in a
s g the
n lytes
i nd to
a
a

Fig. 1. Schematic representation of the two assay formats used in this study. (A)
Direct fluorometric assay: pathogens were adsorbed in the wells of microtiter
plates in an array format. Appropriate antibodies were added to the wells and
bound to the pathogens. Protein G-liposomal nanovesicles are then added and
bind to the Fc fragments of the antibodies. (B) Competitive assay: a preparation
of pathogens is adsorbed directly onto the microtiter plate wells in an array
format. Sample pathogens are mixed with antibodies before being added to
the wells. Both adsorbed and sample pathogens compete for antibody binding.
Universal protein G-liposomal nanovesicles are added and also bind to the Fc
fragments of captured antibodies.

2. Experimental

2.1. Reagents

Common laboratory reagents were purchased from
Sigma–Aldrich Co. (St. Louis, MO) and Fisher Scientific
(Pittsburgh, PA). Dipalmitoylphosphatidylcholine (DPPC),
dipalmitoylphosphatidylglycerol (DPPG), and polycarbonate
syringe filters of 0.4 and 0.2�m pore sizes were purchased
from Avanti Polar Lipids (Alabaster, AL). Dipalmitoylphos-
phatidylethanolamine (DPPE) was purchased from Molecular
Probes (Eugene, OR).N-Succinimidyl-S-acetylthioacetate
(SATA), protein G (recombinant,Streptococcus), Blocker
Casein in TBS and sulfo-SMCC were purchased from Pierce
(Rockford, IL). Polyclonal antibodies againstE. coli O157:H7
and Salmonella were purchased from Kirkegaard & Perry
Laboratories (Gaithersburg, MD). Polyclonal antibody against
L. monocytogenes was purchased from BIODESIGN Interna-
tional (Saco, ME).E. coli O157:H7 strain 43895,S. enterica
serovar Typhimurium strain 14028 andL. monocytogenes strain
F80287 were kindly provided by Randy Worobo and John
Churey, Cornell University, Geneva, NY.

2.2. Preparation of protein G-liposomal nanovesicles

ere
p .
etection systems[14]. To the best of our knowledge,
imultaneous immunoassay forE. coli O157:H7,Salmonella,
nd L. monocytogenes has been reported previously. Sin

hree kinds of antibodies are needed to detect these
athogens, a universal reagent for these immunoassays
e ideal.

Our group has developed a novel universal reagen
mmunoassays: protein G-liposomal nanovesicles[1]. Liposo-

al nanovesicles, i.e., liposomes, are spherical vesicles
isting of phospholipid bilayers surrounding an aqueous ca
ecause each liposomal nanovesicle can contain up to s
illion fluorescent dye molecules, thereby providing gre
nhanced signals, liposomal nanovesicles have been su

ully used as reporter particles in immunoassays[15–18]. Pro
ein G, a cell wall protein obtained from group GStreptococci,
as the ability to bind to the Fc fragment of most IgGs use

mmunoassays[19].
In our previous report, we successfully used the

ein G-tagged liposomal nanovesicles in an immunom
etic bead sandwich assay for the detection ofE. coli
157:H7 [1]. For demonstrating the universal character
f protein G-liposomal nanovesicles, in this report we u

his reagent to develop a simultaneous detection ofE. coli
157:H7, Salmonella and L. monocytogenes with an array
ased immunosorbent assay. Since we previously demons

he feasibility of using protein G-liposomal nanovesicles
andwich assay format, direct and competitive assays usin
anovesicles (Fig. 1) were conducted to detect multiple ana

n a single test. Here, protein G-liposomal nanovesicles bi
ll the primary antibodies againstE. coli O157:H7,Salmonella
ndL. monocytogenes.
Protein G-liposomal nanovesicles with 0.4 mol% tag w
repared as described previously[1] and further detailed below
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Acetylthioacetate (ATA)-tagged liposomes were prepared first
and then conjugated to maleimide-modified protein G.

The liposome encapsulant, a 150 mM SRB solution, was
prepared in 0.02 M HEPES buffer. A solution was prepared
containing 7.2�mol of DPPE and a volume fraction of 0.7%
triethylamine in chloroform. This solution was reacted with
14.3�mol of SATA to form DPPE–ATA. Then 40.3�mol of
DPPC, 4.2�mol of DPPG, and 40.9�mol of cholesterol were
dissolved in a mixture of chloroform/methanol (3:1, by vol-
ume). To this lipid solution, 3.6�mol of DPPE–ATA was added
and mixed thoroughly. Using vacuum rotary evaporation, the
organic solvent was removed yielding a thin dry lipid film. Three
milliliters of the SRB encapsulant were then added to hydrate
the lipid mixture. The hydrated lipid suspension was subjected
to freeze/thaw cycles by alternately placing the sample vial in
a dry ice/acetone bath and 50◦C water bath. Once the lipid
mixture was fully hydrated, it was allowed to stand for 4 h at
50◦C. Finally, the liposomes were extruded through polycar-
bonate syringe filters with 0.4 and 0.2�m pore size in series. To
remove unencapsulated dye, the liposomes were gel filtered on
a Sephadex G-50-150 column.

Protein G was modified with a maleimide group by incuba-
tion with 15 times the molar quantity of sulfo-SMCC dissolved
in dimethyl sulfoxide (DMSO). The reagents were allowed to
react for 2 h at room temperature. Hydroxylamine hydrochlo-
ride was used to deacetylate the ATA groups on the liposome
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TBS with 0.05% Tween-20 (BCT). Twenty-five micrograms per
milliliter of E. coli antibody, 20�g/ml of Salmonella antibody
and 22.5�g/ml of Listeria antibody were added to the appropri-
ate wells, respectively. After incubating 1.5 h at room tempera-
ture, unbound antibodies were removed and the wells were then
washed three times with BCT. Protein G-liposomal nanovesicles
were then added to each well and incubated for 0.5 h, gently
shaking at room temperature. Unbound protein G-liposomal
nanovesicles were removed and the wells were then washed
three times with BCT. To lyse the bound protein G-liposomal
nanovesicles, 100�l of 30 mM n-octyl glucopyranoside (n-OG)
were added to each well and shaken at room temperature for
5 min. The fluorescence signal was read in a Cytofluor fluores-
cence plate reader (Cytofluor, PerSeptive Biosystems) using an
excitation filter of 530 nm and emission filter of 590 nm.

2.5. Direct fluorometric assays of mixed cultures

The protocol was the same as that described above but, instead
of pure cultures, mixed cultures ofE. coli O157:H7,S. enter-
ica serovar Typhimurium, andL. monocytogenes were coated
on the plate wells. Here, serially dilutedE. coli O157:H7 con-
tained 106 CFU/ml of S. enterica serovar Typhimurium and
106 CFU/ml of L. monocytogenes. Likewise, serially dilutedS.
enterica serovar Typhimurium andL. monocytogenes also con-
tained 106 CFU/ml of the other two pathogens.
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o yield the reactive sulfhydryl groups. For this reaction, 0.
f 0.5 M hydroxylamine hydrochloride solution was added
ml of the liposome solution. The reaction was allowed to
eed at room temperature in the dark for 2 h. For conjuga
he thiol groups on the liposome surface were reacted wit
aleimide group-modified protein G at pH 7 for 3.5 h at ro

emperature and then overnight at 4◦C. All unconjugated thio
roups were quenched with ethylmaleimide solution. The

ein G-liposomal nanovesicles were then purified by Seph
L-4B equilibrated with Tris-buffered saline (TBS).

.3. Bacterial inoculum preparation

Bacterial strains were inoculated into tryptic soy broth (T
nd incubated for 20 h at 37◦C at 200 rpm. The TSB forL. mono-
ytogenes contains 0.6% yeast extract. They were then ser
iluted with TBS buffer. The population of bacteria in the d

ion tubes was determined by spread plate counts on trypt
gar. (Caution: These bacteria are pathogenic and should be
led with extreme care as required for BSL-2 organisms.
ttp://bmbl.od.nih.gov/sect3bsl2.htmfor more information.)

.4. Direct fluorometric assays on pure cultures

FluoroNune MaxiSorp microtiter plate wells (Nun
ochester, NY) were coated in an array format with 10�l
f serially diluted E. coli O157:H7, S. enterica serova
yphimurium andL. monocytogenes at 37◦C for 2.5 h. After
emoving excess cultures, the wells were blocked at 37◦C for
h with Blocker Casein in TBS (25 mM Tris, 150 mM NaCl,
.4). The wells were then washed once with Blocker Case
,

e

y
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.6. Competitive assays

FluoroNune MaxiSorp microtiter plate wells were coate
n array format with 100�l of 105 CFU/ml E. coli O157:H7
06 CFU/ml S. enterica serovar Typhimurium and 107 CFU/ml
. monocytogenes at 37◦C for 2 h. Here, the pathogens ser
s a surface-bound capture agent for antibodies in compe
ith sample pathogens. After removing excess cultures
ells were blocked at 37◦C for 1 h with Blocker Casein i
BS. One microliter of antibody againstE. coli O157:H7
almonella, or L. monocytogenes was mixed with 98�l of
erially diluted cultures and 1�l of 5% Tween-20. The antibod
oncentrations were 71.4, 160, 225�g/ml, respectively. Th
ixtures were incubated at 37◦C for 1 h and then added

he appropriate wells. After 1 h incubation at 37◦C, unbound
ntibodies were removed and the wells were then washed
ith BCT. Protein G-liposomal nanovesicles were then ad

o each well and incubated for 0.5 h, gently shaking at r
emperature. Unbound protein G-liposomal nanovesicles
emoved and the wells were then washed three times with
o lyse the bound protein G-liposomal nanovesicles, 10�l
f 30 mM n-OG was added to each well and shaken at r

emperature for 5 min. The fluorescence signal was read
ytofluor fluorescence plate reader as before.

. Results and discussion

.1. Direct fluorometric assays on pure cultures

Three serially diluted pathogens were adsorbed on the
f microtiter plates in an array format. Appropriate antibo
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Fig. 2. Dose–response curve for pureEscherichia coli O157:H7 cultures in a
direct array-based immunosorbent assay using protein G-liposomal nanovesi-
cles. (Error bars represent the standard deviations of triplicate measurements.)
The inset expanded curve shows location of the LOD. The straight horizontal
line is three standard deviations higher than the mean intensity at zero concentra-
tion (negative control), and the intersection of this line with the dose–response
curve is the LOD as indicated by the vertical arrow.

were applied to the wells and bound to the pathogens. Protein
G-liposomal nanovesicles would bind to the Fc fragments of
antibodies, and then the bound liposomes were lysed by a deter-
gent solution. Finally, the quantity of the bacteria in the sample
was quantified by measuring the fluorescence intensity of the
fluorescent dye molecules released by the lysis.

The analytical sensitivity and detection limit were determined
from the dose–response curves. As shown in all of the full
dose–response curves for the three pathogens (Figs. 2–4), the
fluorescent signals increase with increasing concentration of the
pathogens, showing broad dynamic ranges. The dynamic range
of the assay forE. coli O157:H7 is six orders of magnitude
from 102 to 108 CFU/ml, S. enterica serovar Typhimurium is
five orders of magnitude from 103 to 108 CFU/ml andL. mono-
cytogenes is four orders of magnitude from 104 to 108 CFU/ml.
The limit of detection (LOD) is defined as the lowest concentra-
tion of analyte producing a fluorescence intensity that is three
standard deviations higher than the mean intensity at zero con-
centration (negative control). According to this definition, the
LODs of these assays forE. coli O157:H7,S. enterica serovar

F
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Fig. 4. Dose–response curve for pureListeria monocytogenes cultures in a direct
array-based immunosorbent assay using protein G-liposomal nanovesicles. Inset
curve again shows the location of the LOD.

Typhimurium andL. monocytogenes were determined to be
approximately 100, 500 and 1.5× 104 CFU/ml, respectively (as
shown in the insets ofFigs. 2–4). The detection limits of enzyme-
linked immunosorbent assays (ELISAs) forE. coli O157:H7,S.
enterica serovar Typhimurium andL. monocytogenes have all
been reported to be approximately 104 to 105 CFU/ml [20–23].
The direct fluorometric immunosorbent assay described herein
has better or comparable detection limits than ELISAs which are
also performed in immunosorbent assay formats. The high sen-
sitivities observed in our studies are in part attributable to the
advantages offered by dye-encapsulating liposomes. Because
each liposome contains a very large number of fluorescent dye
molecules, the signals generated from the binding events are
greatly enhanced, thereby resulting in higher sensitivity.

3.2. Direct fluorometric assays for mixed cultures

Because analyte is adsorbed directly onto the microtiter well
in a direct fluorometric immunosorbent assay, pure analyte is
usually required to achieve maximum adsorption efficiency. To
examine the performance of direct fluorometric assays for mixed
cultures and the specificity of the antibodies, dose–response
curves ofE. coli O157:H7,S. enterica serovar Typhimurium or
L. monocytogenes were obtained in the presence of the other two
bacteria. Serially dilutedE. coli O157:H7,S. enterica serovar
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ig. 3. Dose–response curve for pureSalmonella enterica serovar Typhimurium
ultures in a direct array-based immunosorbent assay using protein G-lipo
anovesicles. Inset curve again shows the location of the LOD.
al

yphimurium orL. monocytogenes was spiked into a solutio
ontaining 106 CFU/ml of the other two bacteria.

The dose–response curve ofE. coli O157:H7 in the pres
nce ofS. enterica serovar Typhimurium andL. monocytogenes
Fig. 5) shows a dynamic range of more than five order
agnitude from 103 to 108 CFU/ml and greatly increased sen

ivity above 105 CFU/ml. This dynamic range is only one ord
f magnitude less than the dose–response curve of pureE. coli
157:H7 (Fig. 2). Because the fluorescent signal increases
n increasing concentration ofE. coli O157:H7 in the presence
06 CFU/mlS. enterica serovar Typhimurium andL. monocyto-
enes, the experiment also demonstrated the specificity of thE.
oli O157:H7 antibody without any significant cross-reacti
oS. enterica serovar Typhimurium andL. monocytogenes. Fig. 5
lso shows that the LOD of this assay forE. coli O157:H7 in the
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Fig. 5. Dose–response curve forE. coli O157:H7 in the presence of 106 CFU/ml
of both S. Typhimurium and L. monocytogenes in a direct array-based
immunosorbent assay using protein G-liposomal nanovesicles. Inset curve again
shows the location of the LOD.

presence ofS. enterica serovar Typhimurium andL. monocyto-
genes was approximately 3.1× 103 CFU/ml, which still showed
a lower LOD compared to a standard ELISA forE. coli O157:H7.

The dose–response curve ofS. enterica serovar Typhimurium
in the presence ofE. coli O157:H7 andL. monocytogenes (Fig. 6)
shows a dynamic range of more than four orders of magni-
tude from 104 to 108 CFU/ml, which is two orders less than the
dose–response curve of pureS. enterica serovar Typhimurium
(Fig. 3).Fig. 6also shows the specificity of theS. enterica serovar
Typhimurium antibody without any significant cross-reactivity
to E. coli O157:H7 andL. monocytogenes. The LOD of this
assay forS. enterica serovar Typhimurium in mixed cultures is
approximately 7.8× 104 CFU/ml (Fig. 6), which is still compa-
rable to ELISA[22,23].

The dose–response curve ofL. monocytogenes in the pres-
ence ofE. coli O157:H7 andS. enterica serovar Typhimurium
(Fig. 7) shows a dynamic range of over three orders of magnitude
from 105 to 108 CFU/ml, which is one order of magnitude less
than the dose–response curve of pureL. monocytogenes (Fig. 4).
Likewise,Fig. 7also shows the specificity of theL. monocyto-
genes antibody without any significant cross-reactivity toE. coli
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Fig. 7. Dose–response curve forL. monocytogenes in the presence of
106 CFU/ml of bothS. Typhimurium andE. coli O157:H7 in a direct array-based
immunosorbent assay using protein G-liposomal nanovesicles. Inset curve again
shows the location of the LOD.

O157:H7 andS. enterica serovar Typhimurium.As seen also in
Fig. 7, the LOD of this assay forL. monocytogenes in mixed
cultures was determined to be approximately 7.9× 105 CFU/ml,
which is only slightly less sensitive than commercially available
ELISA [21].

Whether in the pure or mixed cultures, theE. coli O157:H7
assay was always the best among the three pathogens in terms of
sensitivity. TheL. monocytogenes assay, on the other hand, was
always the least sensitive. This disparity in overall sensitivity
among the assays of three pathogens is probably attributable to
differences in antibody affinities. Yu and Bruno also addressed
the same issue for the detection ofE. coli O157:H7 andS.
Typhimurium[24].

3.3. Competitive assays

In competitive assays, a preparation of pathogens is adsorbed
directly onto the microtiter plate wells in an array format. Sam-
ple pathogens are mixed with antibodies before being added to
the wells. Both adsorbed and sample pathogens compete for the
binding of the antibodies. Finally, universal protein G-liposomal
nanovesicles are added to the wells to bind the antibodies bound
to adsorbed pathogens on the wells and thereby produce the
signals. Unlike the direct fluorometric assays, the detected sig-
nals are inversely related to the pathogen concentration in the
s
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ig. 6. Dose–response curve forS. Typhimurium in the presence of 106 CFU/ml
f both E. coli O157:H7 andL. monocytogenes in a direct array-base

mmunosorbent assay using protein G-liposomal nanovesicles. Inset curv
hows the location of the LOD.
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amples.
As shown in the dose–response curves (Figs. 8–10)

uorescent signals decrease with increasing concentrati
he pathogens, showing a dynamic range over three o
f magnitude from 104 to 107 CFU/ml for E. coli O157:H7
nd S. enterica serovar Typhimurium. However, the dynam
ange ofL. monocytogenes, while also three orders of ma
itude, is from 105 to 108 CFU/ml. The limit of detection i
efined as the lowest concentration of analyte producing a
escence intensity that is three standard deviations lower
he mean intensity at zero concentration (negative con
ccording to this definition, the LODs of this assay forE. coli
157:H7,S. enterica serovar Typhimurium, andL. monocyto-

enes were determined to be approximately 1.5× 104, 5× 104,
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Fig. 8. Dose–response curve forE. coli O157:H7 in a competitive array-based
immunosorbent assay using protein G-liposomal nanovesicles.

Fig. 9. Dose–response curve forS. Typhimurium in a competitive array-based
immunosorbent assay using protein G-liposomal nanovesicles.

and 1.2× 105 CFU/ml, respectively. These LODs are also com-
parable to standard ELISAs[20–23]. Although the competitive
assays are faster than the direct assays (∼3 h shorter), they a
less sensitive than direct assays. One possible explanation is th
direct assays have a higher avidity due to a higher local concen
tration of antigen than do competitive assays. While the binding
of the antibody to antigen in competitive assays is limited by
diffusion in the liquid phase, antigen in direct assays is immobi-

Fig. 10. Dose–response curve forL. monocytogenes in a competitive array-based
immunosorbent assay using protein G-liposomal nanovesicles.

lized on a solid phase, thereby providing a higher local antigen
concentration and increasing the chance that any dissociated
antibodies will rebind to neighboring antigens[25]. Although
less likely, another possible explanation is that direct fluoromet-
ric assays required time for the sample adsorption on the wells
during which the bacteria may be also enriched, thereby produc-
ing higher signals.

4. Conclusion

Simultaneous detection ofE. coli O157:H7,Salmonella, and
L. monocytogenes with an array-based immunosorbent assay
performed by protein G-liposomal nanovesicles showed sensi-
tivities comparable to, or better than, standard ELISAs. Uni-
versal protein G-liposomal nanovesicles were successfully used
in both direct and competitive assays and only required 30 min
of incubation for antibody coupling at room temperature. Our
results demonstrated that protein G-liposomal nanovesicles are
effective universal reagents for use in immunoassays. In this
study, pure and mixed cultures of pathogens were used to demon-
strate the feasibility of using protein G-liposomal nanovesicles
in the simultaneous detection assays. In the future, the assays
should be tested in food matrices commonly associated withE.
coli, Salmonella, andListeria outbreaks.
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