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Abstract

Anovel universal reagent forimmunoassays, protein G-liposomal nanovesicles has been developed and successfully used in an immunomagne
bead sandwich assay for the detectioR@fherichia 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 tl
simultaneous detection &f coli O157:H7 Salmonella, andListeria monocytogenes. Both direct and competitive immunoassay formats were used
to demonstrate the feasibility of detecting multiple analytes in a single test by using universal protein G-liposomal nanovesicles. Both pure anc
mixed cultures were examined in the direct immunoassay format. Results indicate that the limits of detection (LODs) of the directassay for
0157:H7 Salmonella enterica serovar Typhimurium and. monocytogenes in pure cultures were approximately 100, 500 andx1 5* CFU/ml,
respectively. In mixed cultures, the LODs were approximatelyx310°, 7.8x 10%, and 7.9x 10° CFU/ml. In the competitive assay format, the
LODs forE. coli 0157:H7S. enterica serovar Typhimurium, antl monocytogenes were approximately 1.5 10%, 5 x 10%, and 1.2x 10° CFU/ml|
for the pure cultures. These results showed that protein G-liposomal nanovesicles can be successfully used in a simultaneous immunoassay
several 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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1. Introduction Salmonella is estimated to be responsible for 1.4 million
cases of human illness annually and almost 600 deaths, which
Escherichia coli O157:H7, Salmonella spp., andListeria is approximately 30% of all reported cases of food poisoning in
monocytogenes are among the most dangerous foodborne bacthe United States for which the etiology was determifizd].
terial pathogens in terms of human health and dis¢2lsez.  Although the most common sources $iflmonella infection
coli O157:H7 is estimated to cause approximately 73,000 ill-are poultry products, outbreaks have also been linked to pork,
nesses and 61 associated deaths per year in the United Stal@sb, beef, dairy products, and vegetablgs$]. Salmonella
[2], causing hemorrhagic diarrhea and hemolytic uremic synenterica serovar Typhimurium is responsible for the largest
drome. Ground beef, raw milk, poultry products, fresh applepercentage of salmonellosis cases in the United Stdfes
cider, cold sandwiches, vegetables and drinking water are easi§ymptoms ofSalmonella poisoning usually appear 6—-48 h after
contaminated b¥. coli O157:H7[3]. ingestion of the bacteria with the first symptoms being nau-
sea and vomiting followed by abdominal cramps and diarrhea
[7].
L. monocytogenes is estimated to be responsible for approx-
_ imately 2500 cases of human illness and more than 500 deaths
* Any opinions, findings, conclusions, or recommendations expressed in thi(;er year in the United Statdg]. It is especially dangerous

publication are those of the authors and do not necessarily reflect the view .
the U.S. Department of Agriculture or pregnant women, cancer patients, elderly, newborns and

* Corresponding author. Tel.: +1 315 787 2297; fax: +1 315 787 2397. immunocpmpromised persor_ﬁ- monocytogenes can grow at _
E-mail address: rad2@cornell.edu (R.A. Durst). refrigeration temperature. Dairy products, meats, fish, shellfish,
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vegetables and ready-to-eat foods have been reported as contam- (a)

ination sources for human listerio§&. A person with_listeriosis Direct Protein G-
usually has fever, muscle aches and gastrointestinal symptoms  deposited liposomal
such as nausea or diarrhea. If infection spreads to the nervous ;332?;1?:%5 Anlibady nanovesicies
system, symptoms such as headache, stiff neck, loss of balance

or convulsions can occ(@]. &@ma

The risk of human illness associated with foods can be &l+ —F A + G*G T %
prevented by monitoring microbial contamination at points of
potential contamination, e.g., in the field of harvest, food pro- Microtmer plats wall
cessing plants, distribution, or in retail mark§t]. Because
conventional culture methods for detection of pathogens are (B)
time consuming, results are usually not available until the

Direct Mixture of ;
_food ha_ls been r_eleased to the market or gonsumed, thereby  geposited  antibody and Iplgg:;;g
increasing the risk of uptake or transmission of pathogens prepared  sample e TP

[11]. Rapid and sensitive detection of bacterial pathogens is pathogens  pathogens

needed for food safety assurance. Since several food types
are susceptible to contamination by all Bf coli O157:H7, + + * N

Salmonella and L. monocytogenes, it would be desirable to O @ a@ O

detect them simultaneously. Simultaneous detection of these L

three pathogens have been developed using polymerase chain

reaction (PCR)[11,12]. However, PCR requires consider- Fig. 1. Schematic representation of the two assay formats used in this study. (A)

able sample processing prior to analysis, reagents are eXpelﬁl_rect fluorometrlc assay: pathoggns werg ad;orbed in the wells of microtiter
ates in an array format. Appropriate antibodies were added to the wells and

Sive, ahd assay dev_ek)pment for the S|mUItan,eous detecncﬁ&und to the pathogens. Protein G-liposomal nanovesicles are then added and
of multiple analytes is arduoyd3]. Because antibody-based pind to the Fc fragments of the antibodies. (B) Competitive assay: a preparation
technologies are highly selective, specific and adaptable taf pathogens is adsorbed directly onto the microtiter plate wells in an array

field-deployable devices, immunoassays are widely used ifprmat. Sample pathogens are mixed with antibodies before being added to
detection system$14]. To the best of our knowledge, no the.wells. Both .adsor.bed and sample pgthogens compete for antipody binding.
. . . Universal protein G-liposomal nanovesicles are added and also bind to the Fc
simultaneous immunoassay fér coli OlS?:H?,Sqlmonella., fragments of captured antibodies.

and L. monocytogenes has been reported previously. Since
three kinds of antibodies are needed to detect these three

pathogens, a universal reagent for these immunoassays wold Experimental

be ideal.

Our group has developed a novel universal reagent fof./. Reagents

immunoassays: protein G-liposomal nanovesi¢lgsLiposo-

mal nanovesicles, i.e., liposomes, are spherical vesicles con- Common laboratory reagents were purchased from
sisting of phospholipid bilayers surrounding an aqueous cavitySigma—Aldrich Co. (St. Louis, MO) and Fisher Scientific
Because each liposomal nanovesicle can contain up to sevef&ittsburgh, PA). Dipalmitoylphosphatidylcholine (DPPC),
million fluorescent dye molecules, thereby providing greatlydipalmitoylphosphatidylglycerol (DPPG), and polycarbonate
enhanced signals, liposomal nanovesicles have been succesytinge filters of 0.4 and 042m pore sizes were purchased
fully used as reporter particles in immunoassgys-18]. Pro-  from Avanti Polar Lipids (Alabaster, AL). Dipalmitoylphos-

&g

tein G, a cell wall protein obtained from groupS&eptococci,  Phatidylethanolamine (DPPE) was purchased from Molecular
has the ability to bind to the Fc fragment of most IgGs used irProbes (Eugene, OR)N-Succinimidyl-S-acetylthioacetate
immunoassayEL9]. (SATA), protein G (recombinantStreptococcus), Blocker

In our pre\/ious report, we Successfu"y used the pro_Casein in TBS and sulfo-SMCC were purchased from Pierce
tein G-tagged liposomal nanovesicles in an immunomag(ROCkafd, IL). Polyclonal antibodies against coli O157:H7
netic bead sandwich assay for the detection Bf coli ~ and Salmonella were purchased from Kirkegaard & Perry
0157:H7[1]. For demonstrating the universal characteristicLaboratories (Gaithersburg, MD). Polyclonal antibody against
of protein G-liposomal nanovesicles, in this report we used-. monocytogenes was purchased from BIODESIGN Interna-
this reagent to develop a simultaneous detectiorEotoli  tional (Saco, ME)E. coli O157:H7 strain 43895. enterica
0157:H7, Salmonella and L. monocytogenes with an array- ~ serovar Typhimurium strain 14028 ahdmonocytogenes strain
based immunosorbent assay. Since we previously demonstratE§0287 were kindly provided by Randy Worobo and John
the feasibility of using protein G-liposomal nanovesicles in aChurey, Cornell University, Geneva, NY.
sandwich assay format, direct and competitive assays using the
nanovesicles (Fig. 1) were conducted to detect multiple analytex2. Preparation of protein G-liposomal nanovesicles
in a single test. Here, protein G-liposomal nanovesicles bind to
all the primary antibodies againBt coli O157:H7,Salmonella Protein G-liposomal nanovesicles with 0.4 mol% tag were
andL. monocytogenes. prepared as described previouglyand further detailed below.
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Acetylthioacetate (ATA)-tagged liposomes were prepared firsTBS with 0.05% Tween-20 (BCT). Twenty-five micrograms per
and then conjugated to maleimide-modified protein G. milliliter of E. coli antibody, 2Qug/ml of Salmonella antibody

The liposome encapsulant, a 150 mM SRB solution, wasnd 22.5.g9/ml of Listeria antibody were added to the appropri-
prepared in 0.02M HEPES buffer. A solution was preparedate wells, respectively. After incubating 1.5 h at room tempera-
containing 7.2umol of DPPE and a volume fraction of 0.7% ture, unbound antibodies were removed and the wells were then
triethylamine in chloroform. This solution was reacted with washed three times with BCT. Protein G-liposomal nanovesicles
14.3p.mol of SATA to form DPPE-ATA. Then 40@mol of  were then added to each well and incubated for 0.5 h, gently
DPPC, 4.2umol of DPPG, and 40.amol of cholesterol were shaking at room temperature. Unbound protein G-liposomal
dissolved in a mixture of chloroform/methanol (3:1, by vol- nanovesicles were removed and the wells were then washed
ume). To this lipid solution, 3.amol of DPPE—-ATA was added three times with BCT. To lyse the bound protein G-liposomal
and mixed thoroughly. Using vacuum rotary evaporation, thenanovesicles, 100l of 30 mM n-octyl glucopyranoside (n-OG)
organic solvent was removed yielding a thin dry lipid film. Threewere added to each well and shaken at room temperature for
milliliters of the SRB encapsulant were then added to hydrat® min. The fluorescence signal was read in a Cytofluor fluores-
the lipid mixture. The hydrated lipid suspension was subjectedence plate reader (Cytofluor, PerSeptive Biosystems) using an
to freeze/thaw cycles by alternately placing the sample vial irexcitation filter of 530 nm and emission filter of 590 nm.
a dry ice/acetone bath and 30 water bath. Once the lipid
mixture was fully hydrated, it was allowed to stand for 4 h at2.5. Direct fluorometric assays of mixed cultures
50°C. Finally, the liposomes were extruded through polycar- ) .
bonate syringe filters with 0.4 and Qu2n pore size in series. To The protocol was the same as that described above but, instead

remove unencapsulated dye, the liposomes were gel filtered G Pure cultures, mixed cultures &t coli O157:H7.S. enter-
a Sephadex G-50-150 column. ica serovar Typhimurium, and. monocytogenes were coated
Protein G was modified with a maleimide group by incuba-ON the plate wells. Here, serially dilutél coli O157:H7 con-

tion with 15 times the molar quantity of sulfo-SMCC dissolved t2ined 16 CFU/mI of S. enterica serovar Typhimurium and

in dimethyl sulfoxide (DMSO). The reagents were allowed to1%° CFU/m of L. monocytogenes. Likewise, serially diluted.

react for 2 h at room temperature. Hydroxylamine hydrochlo-¢7‘erica serovar Typhimurium and. monocytogenes also con-

ride was used to deacetylate the ATA groups on the liposomined 18 CFU/ml of the other two pathogens.

to yield the reactive sulfhydryl groups. For this reaction, 0.1 ml .

of 0.5 M hydroxylamine hydrochloride solution was added per>0- Competitive assays

ien;ldoz];:r:‘(a)graotseor?ee?:tllzj;ﬂeo?ﬁ Ihheeész tf'grn %aSFeglog)iqutoaei?r; FluoroNune MaxiSorp microtiter plate wells were coated in
. P . j Jug an array format with 100l of 10° CFU/mI E. coli O157:H7,

the thiol groups on the liposome surface were reacted with th(ioﬁ CFUIMIS. enterica serovar Typhimurium and 1@FU/m|

maleimide group-modified protein G at pH 7 for 3.5h at room '

. . . L. monocytogenes at 37°C for 2 h. Here, the pathogens served
temperature and then ovgrmght ate A." qnconjuggted thiol as a surface-bound capture agent for antibodies in competition
groups were quenched with ethylmaleimide solution. The pro-

tein G-liposomal nanovesicles were then purified by Sepharog\%ith sample pathogens. After removing excess cultres, the
T ) ) . I lock for 1h with Block ini
CL-4B equilibrated with Tris-buffered saline (TBS). ells were blocked at 37C for wit ocker Casein in

TBS. One microliter of antibody againgl coli O157:H7,
Salmonella, or L. monocytogenes was mixed with 9§l of
serially diluted cultures andidl of 5% Tween-20. The antibody
concentrations were 71.4, 160, 22§/ml, respectively. The
mixtures were incubated at 3T for 1h and then added to

) .. the appropriate wells. After 1h incubation at %7, unbound
cytogenes contains 0.6% yeast extract. They were then serially, i< were removed and the wells were then washed twice

diluted with TBS buffer. The population of bacteria in the dilu- with BCT. Protein G-liposomal nanovesicles were then added

tion tubes was determined by spread plate gounts on tryptic 5% each well and incubated for 0.5 h, gently shaking at room
agar. (Caution: These bacteria are pathogenic and should be haps oo re. Unbound protein G-liposomal nanovesicles were
dled_ with extreme care as required for BSI."Z organisms. SeFemoved and the wells were then washed three times with BCT.
http://bmbl.od.nih.gov/sect3bsl2.htior more information.) To lyse the bound protein G-liposomal nanovesicles, 1100

of 30 mM »n-OG was added to each well and shaken at room
temperature for 5min. The fluorescence signal was read in a
Cytofluor fluorescence plate reader as before.

2.3. Bacterial inoculum preparation

Bacterial strains were inoculated into tryptic soy broth (TSB)
and incubated for 20 h at 3T at 200 rpm. The TSB fdt. mono-

2.4. Direct fluorometric assays on pure cultures

FluoroNune MaxiSorp microtiter plate wells (Nunc,
Rochester, NY) were coated in an array format with {00 3 pecults and discussion
of serially diluted E. coli O157:H7, S. enterica serovar
Typhimurium andL. monocytogenes at 37°C for 2.5h. After 3.1 Direct fluorometric assays on pure cultures
removing excess cultures, the wells were blocked a&tC3ior
1 hwith Blocker Caseinin TBS (25 mM Tris, 150 mM NaCl,pH  Three serially diluted pathogens were adsorbed on the wells
7.4). The wells were then washed once with Blocker Casein imf microtiter plates in an array format. Appropriate antibodies
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Fig. 2. Dose-response curve for puleherichia coli O157:H7 cultures ina  Fig. 4. Dose—response curve for plli€eria monocytogenes cultures in a direct

direct array-based immunosorbent assay using protein G-liposomal nanovesifray-based immunosorbent assay using protein G-liposomal nanovesicles. Inset

cles. (Error bars represent the standard deviations of triplicate measurementsyrve again shows the location of the LOD.

The inset expanded curve shows location of the LOD. The straight horizontal

Il_ne is three_ standard dewatlons_hlgherthan the mean |nte_nS|ty atzero concentrﬁ-/phimurium andL. monocytogenes Were determined to be

tion (negative control), and the intersection of this line with the dose-response . .

curve is the LOD as indicated by the vertical arrow. approximately 100, 500 and 1510 CFU/ml, respectively (as
shown inthe insets dfigs. 2—4). The detection limits of enzyme-

were applied to the wells and bound to the pathogens. Proteﬂpke‘_j |mmunosorben_t assays (ELISAS) forcoli O157:H7 5.
e;nterzca serovar Typhimurium and. monocytogenes have all

G-liposomal nanovesicles would bind to the Fc fragments o :

antibodies, and then the bound liposomes were lysed by a det een reported o be qpprommately‘le 10° CFU/m [29_23]' .

gent solution. Finally, the quantity of the bacteria in the sampl he direct fluorometric |mmuno§orperjt assay descrlbed. herein

was quantified by measuring the fluorescence intensity of th as betterorcomparable detection limits than ELISAs Wr."Ch are

fluorescent dye molecules released by the lysis. a.ls.'o. performed n mmunosorpent assay formatg. The high sen-
Sitivities observed in our studies are in part attributable to the

The analytical sensitivity and detection limit were determine dvant frered by d lating li B
from the dose-response curves. As shown in all of the fypdvantages ofiered by dye-encapsulating lposomes. because

dose-response curves for the three pathogens (Figs. 2—-4), tﬁ@Ch liposome cqntains a very large number (.)f fI_uorescent dye
fluorescent signals increase with increasing concentration ofth@OIeCUIes’ the signals generatgd fr.om.the bmdmg (_avents are
pathogens, showing broad dynamic ranges. The dynamic rané;éeatly enhanced, thereby resulting in higher sensitivity.

of the assay folE. coli O157:H7 is six orders of magnitude . ‘ '

from 1C to 108 CFU/mI, S. enterica serovar Typhimurium is 3-2- Direct fluorometric assays for mixed cultures

five orders of magnitude from #@o 10° CFU/ml andL. mono- _ _ o
cytogenes is four orders of magnitude from 4@o 108 CFU/m. Because analyte is adsorbed directly onto the microtiter well
The limit of detection (LOD) is defined as the lowest concentraln @ direct fluorometric immunosorbent assay, pure analyte is
tion of analyte producing a fluorescence intensity that is thre&/Sually required to achieve maximum adsorption efficiency. To
standard deviations higher than the mean intensity at zero coffamine the performance of direct fluorometric assays for mixed
centration (negative control). According to this definition, theCultures and the specificity of the antibodies, dose-response

LODs of these assays @ coli O157:H7,S. enterica serovar ~ CUrves ofE. coli O157:H7.S. enterica serovar Typhimurium or
L. monocytogenes were obtained in the presence of the other two

bacteria. Serially diluted. coli O157:H7,S. enterica serovar

20007 Typhimurium orL. monocytogenes was spiked into a solution
18001 containing 16 CFU/mlI of the other two bacteria.
18007 The dose-response curve Bf coli O157:H7 in the pres-
e ence ofS. enterica serovar Typhimurium and. monocytogenes
g 1200 £/ (Fig. 5) shows a dynamic range of more than five orders of
§ 10009 magnitude from 1®to 10® CFU/ml and greatly increased sensi-
£ 8001 N tivity above 1@ CFU/ml. This dynamic range is only one order
E Egg: of magnitude less than the dose—response curve of urdi
e 0157:H7 (Fig. 2). Because the fluorescent signal increases with
04 o : : . . . anincreasing concentrationBfcoli 0157:H7 in the presence of
Neg. C. 2 3 4 5 6 7 8 9 10° CFUI/mIS. enterica serovar Typhimurium antl. monocyto-

Logto S. Typhimurium CFU/ml genes, the experiment also demonstrated the specificity ofthe
Fig. 3. Dose—response curve for pStémonella enterica serovar Typhimurium coli O157:H7 antibody without any significant cross-reactivity

cultures in a direct array-based immunosorbent assay using protein G-liposomt®S. enterica serovar Typhimurium antl monocytogenes. Fig. 5
nanovesicles. Inset curve again shows the location of the LOD. also shows that the LOD of this assay forcoli O157:H7 in the
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of both S. Typhimurium andL. monocytogenes in a direct array-based ., ,n050rhent assay using protein G-liposomal nanovesicles. Inset curve again
immunosorbent assay using protein G-liposomal nanovesicles. Inset curve agalfows the location of the LOD

shows the location of the LOD.

0157:H7 ands. enterica serovar TyphimuriumAs seen also in

Fig. 7, the LOD of this assay fadk. monocytogenes in mixed

genes was approximately 3.& 10° CFU/ml, which S,ti” showed cultures was determined to be approximatelys7 B0° CFU/m,
alowerLOD comparedto astandarq ELISABDEol 01.57'H7' which is only slightly less sensitive than commercially available
The dose-response curveSoénterica serovar Typhimurium ELISA [21]

inthe presence @&. coli O157:H7 and.. monocytogenes (Fig. 6)
shows a dynamic range of more than four orders of magni
tude from 16 to 10 CFU/mI, which is two orders less than the
dose-response curve of pufeenterica serovar Typhimurium
(Fig. 3).Fig. 6also shows the specificity of tlSeenterica 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« 10* CFU/ml (Fig. 6), which is still compa-
rable to ELISA[22,23]. .
The dose—response curve ofmonocytogenes in the pres- -3 Competitive assays
ence ofE. coli O157:H7 andS. enterica serovar Typhimurium - ) )
(Fig. 7) shows a dynamic range of over three orders of magnitude " competitive assays, a preparation of pathogens is adsorbed

from 1P to 168 CFU/mI, which is one order of magnitude less directly onto the microtiter plate wells in an array format. Sam-
than the dose—response curve of pur@onocytogenes (Fig. 4). ple pathogens are mixed with antibodies before being added to

Likewise, Fig. 7 also shows the specificity of tHe monocyo- the wells. Both adsorbed and sample pathogens compete for the

genes antibody without any significant cross-reactivityacoli 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
samples.

As shown in the dose—response curves (Figs. 8-10), the
fluorescent signals decrease with increasing concentration of
the pathogens, showing a dynamic range over three orders
of magnitude from 16 to 10/ CFU/ml for E. coli O157:H7
andsS. enterica serovar Typhimurium. However, the dynamic
range ofL. monocytogenes, while also three orders of mag-

0 9 . . . . . nitude, is from 16 to 10° CFU/mI. The limit of detection is

Neg. C. 4 5 6 7 8 9 defined as the lowest concentration of analyte producing a fluo-
Logio S . Typhimurium CFU/ml rescence intensity that is three standard deviations lower than

the mean intensity at zero concentration (negative control).

presence of. enterica serovar Typhimurium anfl. monocyto-

Whether in the pure or mixed cultures, thecoli 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 Bf coli O157:H7 andS.
Typhimurium[24].

500
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300 A
250 1
200 A
150 1
100 A
50 A

Flourscence (au)

Fig. 6. Dose—response curve BiTyphimurium in the presence of §CFU/m According to this definition. the LODs of this assay farcoli
of both E. coli O157:H7 andL. monocytogenes in a direct array-based '

immunosorbent assay using protein G-liposomal nanovesicles. Inset curve aga9157:H7’S' enterica Serovar Typhlm_u”um' anfl. monocyto-
shows the location of the LOD. genes were determined to be approximately ¥30% 5 x 10%,
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lized on a solid phase, thereby providing a higher local antigen
concentration and increasing the chance that any dissociated
antibodies will rebind to neighboring antigef®5]. 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 @&f 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 associatedAvith
coli, Salmonella, andListeria outbreaks.
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