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Brucellosis is a bacterial zoonotic disease of major global importance. Natural hosts for Brucella species
include animals of economic significance, such as cattle and small ruminants. Controlling brucellosis in
natural hosts by high-throughput serological testing followed by the slaughter of seropositive animals helps to
prevent disease transmission. This study aimed to convert an existing competitive enzyme-linked immunosor-
bent assay (cELISA), used for the serodiagnosis of brucellosis in ruminants, to two electrochemiluminescence
(ECL) immunoassays on the Meso Scale Discovery (MSD) platform. The first assay employed a conventional
plate washing step as part of the protocol. The second was a no-wash assay, made possible by the proximity-
based nature of ECL signal generation by the MSD platform. Both ECL wash and no-wash assays closely
matched the parent cELISA for diagnostic sensitivity and specificity. The results also demonstrated that both
ECL assays met World Organization for Animal Health (OIE) standards, as defined by results for the OIE
standard serum (OIEELISAg,SS). This report is the first to describe an ECL assay incorporating lipopoly-
saccharide, an ECL assay for serodiagnosis of a bacterial infectious disease, a separation-free (no-wash) ECL
assay for the detection of serum antibodies, and the use of the MSD platform for serodiagnosis. The simple
conversion of the cELISA to the MSD platform suggests that many other serodiagnostic tests could readily be
converted. Furthermore, the alignment of these results with the multiplex capability of the MSD platform offers

the potential of no-wash multiplex assays to screen for several diseases.

Species of the genus Brucella cause serious chronic infec-
tions, collectively known as brucellosis. Brucellosis is a mam-
malian disease infecting many economically important animal
species as well as humans. With a global distribution, brucel-
losis causes considerable animal and human health problems
as well as huge economic costs. Brucella species are gram-
negative, nonmotile, facultative intracellular coccobaccilli be-
longing to the «-2 subdivision of proteobacteria. The genus
consists of six classical species, namely, Brucella abortus, B.
melitensis, B. suis, B. ovis, B. canis, and B. neotomae, plus more
recently discovered strains from marine mammals. Of the Bru-
cella species, B. abortus, B. melitensis, and B. suis are of prin-
cipal human health and economic importance. These species
have smooth lipopolysaccharide (sLPS), which is considered a
major virulence factor of disease (23), whereas B. ovis and B.
canis have rough LPS (1).

The World Organization for Animal Health (OIE) pre-
scribed and alternative serological tests for diagnosis of bru-
cellosis caused by smooth strains rely largely upon the mea-
surement of the host antibody response to the O antigen of the
SLPS (8, 22). Classical tests include the Rose Bengal test, the
complement fixation test (CFT), and the serum agglutination
test (SAT), all of which employ a whole-cell antigen as the key
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diagnostic reagent. More contemporary techniques, such as
indirect enzyme-linked immunosorbent assay (iELISA), com-
petitive ELISA (cELISA), and fluorescent polarization assay
(FPA), employ purified LPS or O antigen as the diagnostic
reagent. The immunodominance of the LPS O antigen is the
basis for the generally excellent sensitivity of these assays (21).
However, the use of this antigen can lead to false-positive
serological results when animals are infected with bacteria
possessing O antigens of similar structure (6), such as Yersinia
enterocolitica O:9.

ELISAs are readily amenable to high-throughput testing
due to the standardized nature of the technology and reagents.
This allows for many efficiency savings compared to the clas-
sical assays, including the use of effective automation (16).
Despite the advantages of ELISA over the classical tests in this
regard, ELISAs still require several steps to complete, includ-
ing separation steps. Although these steps can be automated,
they are a vital part of the assay and are a frequent source of
imprecision, error, and mechanical breakdown. Assays which
have the advantages of ELISA, such as a 96-well format, ob-
jective assessment, and good sensitivity and specificity, but
which reduce the burden of work and opportunity for error are
clearly desirable.

The Meso Scale Discovery (MSD) electrochemilumines-
cence (ECL) platform uses electrochemical stimulation of re-
porter molecules conjugated to biological components to gen-
erate a light signal measured by photodetectors (2, 31), such as
a charge-coupled device (CCD) camera. Carbon electrodes are
integrated into the bottom of 96-well microtiter plates, to
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which biological components (for example, LPS) from tradi-
tional assays such as ELISA can be passively adsorbed. Bio-
logical conjugates, for example, monoclonal antibodies (MADs),
can be labeled with the reporter molecule ruthenium(II) tris-
bipyridal [Ru(bpy);>*], which upon electrical stimulation
emits light at 620 nm if it is within sufficient proximity to the
carbon electrode excitation source. The reaction is enhanced
by the addition of read buffer, which contains coreactants,
including tripropylamine. Nonspecific signals are minimized as
the stimulation mechanism (electricity) is decoupled from the
signal (light).

MSD ECL assays have the potential for separation-based

“wash”) and non-separation-based (“no-wash”) immunoas-
says due to the proximity-based nature of signal generation,
where only labels near the surfaces of the electrodes are stim-
ulated. The non-separation-based approach allows the addi-
tion of read buffer (MSD) directly to the components of the
assay; this has an advantage over separation-based assays in
that it removes a source of variation and reduces the time and
labor required to perform the assay. In addition, MSD ECL
assays can be multiplexed by spotting up to 10 different anti-
gens onto discrete areas of the carbon electrode within each
well of a 96-well plate; thus, the potential exists for multiplexed
no-wash serological assays. The signal from each spot can be
detected independently by a CCD camera, providing a quan-
titative measurement of the amount of light detected. Further-
more, the time taken to read a 96-well plate, approximately
70 s, is comparable to that for ELISAs and compares favorably
to those for some other multiplex and ECL systems.

We assessed the feasibility and potential of wash and no-
wash MSD ECL assays for veterinary serodiagnosis of brucel-
losis. Biological components (B. melitensis 16 M sLPS antigen
and BM40 [10], an anti-M O-chain epitope MAD) from the
brucellosis cELISA produced by the Veterinary Laboratories
Agency (26) were applied to the MSD platform. As with the
parent cELISA, the wash and no-wash ECL assays allow com-
petition between serum antibodies and the MAb BM40 [la-
beled with Ru(bpy);** for the MSD ECL assay] for sLPS
bound to the carbon electrode. This affects the quantity of
BM40 able to bind to this target. Thus, a positive result yields
a low-intensity signal and a negative result yields a high-inten-
sity signal. The new assays were validated against existing se-
rological methods, using sera from Brucella-infected and non-
infected ruminants.

MATERIALS AND METHODS

Serum samples. To assess the diagnostic specificity (DSp) of the ECL assays,
single serum samples from 160 randomly selected cattle from Great Britain
(officially brucellosis free since 1985) were collected. In addition, serum samples
from 160 randomly selected small ruminants (sheep and goats) from Great
Britain were also collected.

To assess the diagnostic sensitivity (DSn) of the assay, single serum samples
from 32 cattle and 41 small ruminants from the Veterinary Laboratories Agency
(VLA) serum archive were tested. Of the cattle samples, 8 were from naturally
infected culture-positive animals, 2 were from culture-positive animals experi-
mentally infected with B. abortus strain 544, 10 were from culture-positive ani-
mals, and a further 12 were from serologically positive animals (by CFT and
SAT) from a culturally confirmed outbreak of brucellosis. Of the 41 small-
ruminant samples, 2 were from naturally infected culture-positive animals, 5
were from culture-positive animals from experimental infection with B. meliten-
sis, 9 were from serologically positive animals (by CFT) from a culturally con-
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firmed outbreak of brucellosis, and the remaining 25 were from a suspected
outbreak of brucellosis from an area of endemicity.

Labeling of MAb BM40. The MAb BM40 was purified from hybridoma culture
fluid with a protein G spin trap (GE Healthcare) and subsequently buffer ex-
changed using Zebra desalting columns (Pierce) into phosphate-buffered saline
(PBS), pH 7.9, adjusted by the addition of NaOH in accordance with the man-
ufacturer’s instructions.

BM40 was concentrated using an Amicon Ultra-4 centrifugal filter device
(Amicon), and the concentration was determined by the Pierce bicinchoninic
acid (BCA) assay. The concentrated antibody was diluted with PBS (pH 7.9) to
2 mg/ml for labeling with MSD Sulfo-Tag NHS-ester containing the reporter
molecule according to the manufacturer’s instructions. Briefly, 100 .l of ice-cold
deionized water was added to 300 nmol of Sulfo-Tag NHS-ester to give a
3-nmol/pl solution. Next, 98.7 wl of this solution was added to 1,850 pl of
2-mg/ml BM40. This was shielded from light and incubated for 2 hours at room
temperature. The labeled BM40 was then buffer exchanged into PBS-0.05%
sodium azide, using the supplied columns (MSD). The final concentration of
BM40 was again determined by BCA assay. In addition, the concentration of the
MSD Sulfo-Tag was determined by measuring the absorbance at 455 nm of the
labeled protein conjugate and dividing the result by the extinction coefficient of
the label (15400 M~!' ecm™'). To calculate the MSD Sulfo-Tag label/protein
ratio, the concentration of MSD Sulfo-Tag was divided by the protein concen-
tration determined by the BCA assay. This showed each BM40 molecule to be
labeled with an average of 9.4 MSD Sulfo-Tag molecules, within the ideal range
given by the manufacturer.

MSD ECL method. sLPS antigen (100 wl of sLPS diluted in PBS per well),
derived from B. melitensis 16 M by hot phenol extraction (28), was passively
absorbed onto MSD standard-bind 96-well plates by overnight incubation at 4°C.
Plates were washed four times with 200 pl of PBS plus Tween 20 (PBST), air
dried, and stored in the dark at 4°C until use. The labeled MAb, BM40, was used
at a final concentration of 4 nM.

To perform the assay, 5 pl of undiluted serum was added to each well and
incubated with 45 pl of labeled BM40, diluted in PBS plus 1% bovine serum
albumin (Sigma), for 2 hours. Plates with samples to be tested by the wash
protocol were washed four times with 200 wl PBST before the addition of 75 ul
of read buffer (MSD) to each well. Plates with samples to be tested by the
no-wash protocol had 75 pl of read buffer added directly to wells containing
serum and BM40. All samples for both assays were tested in duplicate. Plates
were mixed briefly using a rotary plate shaker and read using a Sector Imager
6000 reader (MSD) containing a CCD camera.

All MSD plates had a positive serum control, a weak-positive (cutoff) serum
control, a negative serum control, and a conjugate control (serum replaced with
5 pl of buffer). The weak-positive (cutoff) serum control was prepared to match
the titer of a 1/16 predilution of the OIE standard serum (OIEELISAgpSS) in
negative serum measured by the MSD wash and no-wash assays.

The MSD ECL wash and no-wash assays were also performed on sLPS-coated
plates without serum to assess the homogeneity of the sLPS coating procedure.
Each well of a single plate was processed as a conjugate control, and plates were
then incubated and processed as described previously to complete the assays.

To measure non-antibody-mediated serum effects, two MSD plates were di-
rectly coated with 100 ul per well of conjugated BM40 MAD at a concentration
of 2.5 mg/ml in PBS. The plates were incubated overnight at 4°C and washed four
times with 200 w1 PBST. One plate was used for the wash assay, and the other was
used for the no-wash assay. In each plate, 5 pl of serum (from noninfected cattle)
and 45 pl of PBS were added to each well in duplicate for 32 different samples.
For the remaining 32 wells, 50 pl of PBS only was added. These plates were then
incubated and processed as described previously to complete the assays.

The analytical sensitivities of the ECL methods were compared to that of the
parent cELISA by measuring the inhibitory effect of unlabeled BM40. The
performance of the ECL assays was also assessed using OIEELISA¢pSS diluted
in negative cattle serum.

cELISA. Blank Nunc Polysorb plates were coated with B. melitensis 16 M sLPS
(28) antigen overnight at 4°C and subsequently washed five times with distilled
H,O0 (dH,0). Samples were tested individually by adding 20 .l of serum to each
well. Optimal dilutions of serum and antigen were identified by checkerboard
titration. Each plate had high-titer and low-titer positive serum controls, a neg-
ative serum control, and conjugate-only controls. Horseradish peroxidase
(HRP)-labeled BM40 was added (100 pl per well), and plates were incubated on
an orbital shaker at 160 rpm for 30 min at room temperature before being
washed five times with dH,O. Plates were developed with H,O, substrate and
OPD chromogen. Plates were analyzed using a Thermo Multiskan Ascent reader
at 450 nm. A result was considered positive if the percent inhibition of the
conjugate control was >40%.
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FIG. 1. TW-ROC for cattle samples tested by the no-wash assay. The enlarged area shows 100% DSn and DSp to occur from 89.3 to 121.1%
of the weak-positive (cutoff) control value. From these data and those for the small-ruminant samples tested by the no-wash assay, a cutoff of 110%

was determined.

iELISA. To test the cattle samples, blank Nunc Polysorb plates were coated
with B. abortus S99 sLPS (28) antigen overnight at 4°C and subsequently washed
five times with dH,O. Samples and controls were added to the test plate at a
1/200 dilution in PBST. Optimal dilutions of serum and antigen were identified
by checkerboard titration. Each plate had high-titer and low-titer positive serum
controls and a negative serum control. Plates were incubated for 30 min at room
temperature on an orbital shaker (160 rpm) before being washed five times with
dH,O. An HRP-labeled rabbit anti-bovine polyclonal antibody (Dako) was di-
luted to working strength in PBST, and 100 nl was added to each well. Plates
were incubated for 30 min at room temperature on an orbital shaker (160 rpm)
before being washed five times with dH,O. Plates were developed with H,O,
substrate and 2,2'-azinobis-3-ethylbenzthiazoline-6-sulfonic acid (ABTS) chro-
mogen. Plates were analyzed using a Thermo Multiskan Ascent reader at 405
nm. A result was considered positive if it was >10% of the high-titer positive
control value.

The small-ruminant iELISA was performed as for the cattle iELISA, but with
B. melitensis 16 M sLPS, not B. abortus S99 sLPS, and the assay used an HRP-
labeled rabbit anti-sheep/goat polyclonal antibody conjugate. All assays con-
formed to OIE ELISA requirements, including the use of the OIE ELISA
standard serum (8, 22).

Data analysis. Serological results for both MSD ECL assays were expressed as
percentages of the weak-positive (cutoff) control value. These results were used
to plot two-way receiver operator curves (TW-ROC) (9) for the cattle and
small-ruminant samples tested by both the wash and no-wash assays. These
curves were used to determine the positive/negative cutoffs for both assays and
both validation sample sets in order to maximize DSn and DSp. Confidence
intervals for DSn and DSp were calculated using binomial distribution models
3).

Correlation coefficients were calculated using the Pearson product-moment
equation and were tested for significance using Student’s ¢ test. The significance
of the differences between serum and nonserum wells in the conjugated BM40-
coated plates was determined using paired ¢ tests, as was also the case for the
analysis of differences between the intensities of the wells in the sLPS-coated
wash and no-wash plates processed entirely as conjugate controls. The signifi-
cance of the differences between sera in the conjugated BM40-coated plates was
determined by analysis of variance. The significance of the difference in the
cocfficients of variance (CVs) of the wash and no-wash plates processed entirely
as conjugate controls was determined using the method of Miller (19). All data
analysis was performed in Microsoft Excel.

RESULTS

Individual TW-ROC:s of the results were calculated for the
cattle and small-ruminant samples tested by the wash and
no-wash methods. The positive/negative cutoffs were deter-
mined from these by selecting the test value that maximized
the sum of the DSn and DSp, giving a performance index (22).
Optimal cutoffs were determined individually for cattle and
small-ruminant samples tested by the wash and no-wash pro-
tocols. It was found that the same cutoff values provided max-
imum DSn and DSp for the two sample types tested by the
same assay. A cutoff of 110% of the weak-positive (cutoff)
control value for the no-wash protocol was established. This
provided the maximum performance index of 200% for both
cattle and small-ruminant samples. The TW-ROC for the cat-
tle samples tested by the no-wash protocol is shown in Fig. 1 as
an example. For the wash protocol, a cutoff of 127% was
established, and this provided a maximum performance index
of 196.3% for cattle samples and 200% for small-ruminant
samples.

A summary of the comparative serological results for both
MSD assays plus iELISA and cELISA is shown in Table 1.
DSp and DSn for the small-ruminant samples tested by the
wash and no-wash assays were all 100%, which matched the
results of the cELISA and iELISA. DSn for cattle samples
tested by the wash and no-wash protocols was 100% and ex-
ceeded the results for cELISA for both assays. DSp for cattle
samples tested by the wash assay was 96.3%, which was lower
than those for the other three assays. The iELISA results for
cattle samples had the best results, which were 100% for both
DSn and DSp.

The ECL wash and no-wash results for the validation panel
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TABLE 1. Summary of DSn and DSp results for the wash and no-
wash ECL methods, plus cELISA and iELISA results

Group and assay

Assay performance
(% [95% confidence limits])

DSn

DSp

Performance

index

Small ruminants (n = 41
for DSn and 160

for DSp)
Wash assay
No-wash assay
cELISA
iELISA

Cattle (n = 32 for DSn
and 160 for DSp)

Wash assay
No-wash assay
cELISA
iELISA

100.0 (91.4-100.0)
100.0 (91.4-100.0)
100.0 (91.4-100.0)
100.0 (91.4-100.0)

100.0 (89.1-100.0)
100.0 (89.1-100.0)

96.9 (83.73-99.9)
100.0 (89.1-100.0)

100.0 (97.7-100.0)
100.0 (97.7-100.0)
100.0 (97.7-100.0)
100.0 (97.7-100.0)

96.3 (92.0-98.6)
100.0 (97.7-100.0)
100.0 (97.7-100.0)
100.0 (97.7-100.0)

200
200
200
200

196.3
200
196.9
200

are shown as scatter plots (Fig. 2A and B). These demonstrate
a clear differentiation between nearly all positive and negative
samples. However, variation within the negative samples is
clearly evident, and there was a significant positive correlation
between the negative results for the two assays (r = 0.276; P <
0.001). The positive correlation between the positive results
was higher than this and was also significant (r = 0.317; P <
0.001).

The scatter plots in Fig. 2 show positive samples tested by
the wash protocol to have lower results than those by the
no-wash assay. The mean positive result for samples tested by
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the wash protocol was 31.1%, and the most positive result was
0.7%. The mean positive result for samples tested by the no-
wash protocol was 47.2%, and the most positive result was
11.8%.

Conjugate control values are shown in Fig. 2 as a solid black
cross. The center of the cross represents the average value for
the conjugate control (232.4% for the wash assay and 172.6%
for the no-wash assay), and the ends of the lines represent the
maximum and minimum values. These data show that there
was some variation within the conjugate control data, espe-
cially for the no-wash assay. It also demonstrates that many
negative results exceeded the conjugate control values, espe-
cially for the wash assay.

The results for the sSLPS-coated plates developed with BM40
conjugate and buffer alone showed differences in CV and in-
tensity between the wash and no-wash assays. The CV for the
no-wash assay was 4.71%, and that for the wash assay was
16.39%. This difference was statistically significant (P < 0.001).
The mean intensity for the no-wash assay was 6,865, and that
for the wash assay was 4,719. This difference was also statisti-
cally significant (P < 0.001).

The data from the plates coated with conjugated BM40 show
that there was a significant difference between the wells incu-
bated with serum and those without. This difference was also
dependent on the method. With the no-wash method, the
serum wells had, on average, a 7.1% lower intensity (P = 0.06),
whereas the serum wells in the wash method had an average
intensity that was 29.0% higher than that of wells incubated
with buffer alone (P < 0.001). These results also showed that
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FIG. 2. Scatter plots of samples tested by the wash and no-wash assays. (A) The mean results for two replicates are shown. (B) Results for the
positive samples in increased detail. The sample that is ringed is the one that was subsequently spiked with OIEELISAgSS to help determine the

analytical sensitivities of the wash and no-wash assays.
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FIG. 3. Analytical sensitivities of ECL wash and no-wash assays

compared to that of the parent cELISA. The data points represent the
PCC at different concentrations of free BM40 MAD.

there was a significant difference in results between serum
samples (P < 0.001). There was also a significant positive
correlation between the wash and no-wash results for the se-
rum samples (r = 0.408; P < 0.001).

Analytical sensitivity results, expressed as percentages of the
conjugate control value (PCC), are shown in Fig. 3. As the
concentration of unlabeled BM40 decreased, the PCC in-
creased. The results show the wash assay to be able to discrim-
inate between 0.5 and 0.25 nM BM40, the no-wash assay to
discriminate between 0.25 and 0.125 nM BM40, and the
cELISA to discriminate between 0.125 and 0.0625 nm BM40.
Figure 3 also shows that with concentrations of 128 nM and
0.0625 nM, the PCCs for the cELISA are 9.7% and 87.0%,
respectively. The no-wash assay had equivalent results, of
30.9% and 90.4%, respectively, and the wash assay also had
equivalent values, of 3.3% and 98.1%, respectively.

The results for two negative serum samples spiked with
OIEELISA,SS at doubling dilutions are shown in Fig. 4 and
5. The two samples, a cattle negative control and a noninfected
cattle field sample with high results in the wash and no-wash
assays (this sample has been ringed in Fig. 2A), were tested by
both the wash (Fig. 4) and no-wash (Fig. 5) assays. Both sam-
ples were positive at a 1/16 dilution of OIEELISAg,SS and
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negative at a 1/64 dilution for both methods. The significance
of this is described below.

DISCUSSION

The proximity-based detection system of the MSD ECL
platform enables the development of non-separation-based
(no-wash) assays along with more conventional plate-washing
approaches. The appeal of a no-wash assay is the reduction in
labor and equipment required and the potential for improving
assay precision. The aim of this study was to develop and
evaluate wash and no-wash ECL serodiagnostic protocols for
brucellosis with a view to their interpretation as model systems
to indicate the general feasibility of performing serological
assays on the MSD ECL platform. This work was intended as
a pilot study rather than a full-scale validation.

The no-wash protocol required adaptation from a parent
cELISA rather than an iELISA. Indirect techniques would
require the labeling of large and variable quantities of non-
antigen-specific complexes which would remain in the test well
for the stimulation and read phases. This could result in sub-
optimal specific binding of the label within proximity of the
excitation source and in nonspecific diffusion-enhanced excita-
tion of unbound label. The competitive approach allowed for
greater control of the labeled element, in this case the conju-
gated BM40 MAD. The use of a competitive format had the
added advantage of generating a non-species-specific assay,
which is important for brucellosis diagnosis because the dis-
ease occurs in a range of livestock species.

The conversion of the VLA Brucella cELISA to both MSD
ECL protocols was simple and straightforward. As expected,
optimization of parameters such as reagent concentration and
incubation and wash times was required. These optimization
studies were conducted using control sera.

The TW-ROC analysis demonstrated that the two ECL as-
says, the wash and no-wash assays, required different cutoffs to
maximize DSn and DSp, with a higher cutoff for the wash assay
reflecting the higher average negative result for this assay. The
cutoff values calculated by TW-ROC analysis for the wash and
no-wash assays were applicable for the two sample groups, i.e.,
cattle and small ruminants.

The results from the validation sera demonstrated that both
ECL assays developed had a performance index of 200% for



770 THOMPSON ET AL.

small-ruminant samples, while for cattle samples the no-wash
assay also had a performance index of 200% but the wash assay
had a performance index of 196.3%. Owing to the relatively
small nature of the validation panel, it is more appropriate to
compare the diagnostic performances relative to those of the
cELISA and iELISA rather than to consider the presented
data in isolation. The performance characteristics of the
ELISAs themselves are strong, with performance indexes in
excess of 194% (17), and the developed ECL assays are com-
parable to them. The results also show that the wash and
no-wash assays have very similar diagnostic attributes.

The scatter plots in Fig. 2A and B show detailed serological
results for the wash and no-wash ECL assays. The strong di-
agnostic performance is indicated by the segregation of the
data points from the infected and noninfected sources. How-
ever, there are many other interesting features. Most of the
positive samples had very-low-intensity values and were well
under the positive/negative threshold (cutoff). This reflects the
high anti-sLPS antibody titers found in the sera of most in-
fected animals and the optimization of both assays to favor
differentiation of weak-positive (cutoff) from negative samples
rather than strong-positive from negative samples. There is still
evidence for a dose-response effect, which in most cases can be
observed for each sample in both assays. There was a high
frequency of positive samples for the wash protocol where the
results were very close to zero, but this was not the case for the
no-wash protocol. This is probably due to the low-level signal
in the no-wash assay due to nonbound MAb randomly diffusing
close to the excitation source. The high-titer samples for the
no-wash protocol tended to cluster closer to 25%, compared to
10% or less for the wash protocol. Despite this, there is still a
highly significant positive correlation between the results of the
two protocols for the positive samples.

The well-to-well variation was assessed for both methods by
incubating antigen-coated plates with no serum, just labeled
BM40 MAD. The results from this showed that there was
significantly less well-to-well variation with the no-wash
method than with the wash method. This may be expected, as
the wash step introduces an additional source of error into the
protocol. The CV for the no-wash plate was 4.71, which can be
considered acceptable. The CV for the wash plate was 16.39,
which would be high for routine use compared to ELISA (25).
The highest result on this plate was 2.47 times the magnitude
of the lowest.

The most obvious feature in Fig. 2A is the large amount of
variation in the negative results. This was unexpected and
unusual given that there should be no dose-response effect in
such samples and that they should therefore be clustered much
more closely together. Many of these negative results were also
greater than the results for the conjugate controls, which
should present the theoretical maximum signal.

To investigate the possibility of a serum-specific non-anti-
body-based effect, plates were coated directly with labeled
MADb and incubated with serum or buffer. The results showed
that there was a significant difference between the results from
wells incubated with buffer and those incubated with serum.
The investigation also showed that there were significant dif-
ferences between sera. Although serum caused an average
decrease in the no-wash protocol and an average increase in
the wash protocol, there was also a significant positive corre-
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lation in the sample results for the two protocols. These results
suggest that there may be two antibody-independent serum
effects taking place. The first may be that serum constituents,
to a greater or lesser extent, can permanently enhance the
signal generated by the Ru(bpy);>* label. The second may be
that when serum is still present and when read buffer is added
(i.e., as for the no-wash protocol), there is a general suppres-
sion of the signal. This could explain why data from the serum
wells in the no-wash plate were generally lower but still posi-
tively correlated with the results from the wash plate.

Despite the variation and non-antibody-mediated serum ef-
fects, both ECL assays still demonstrated good diagnostic per-
formance. In positive samples, sLPS-specific antibodies pre-
vented the labeled BM40 from binding close to the excitation
source, and therefore any effect that the serum had on the
Ru(bpy);>* label was proportionally reduced. This may there-
fore be the reason that the discrimination of positive and
negative samples was able to transcend these issues to some
extent and why they are only apparent in the negative popu-
lation. For indirect methods, the label would be in proximity to
the excitation source in positive samples, but serum is typically
added in higher dilutions than is the case in cELISAs. This is
also likely to be the case with indirect ECL assays, and there-
fore any non-serum-antibody-mediated effects would be di-
luted proportionally.

The analytical sensitivities of both ECL assays were investi-
gated by two approaches. The first used two negative samples,
a negative control and a sample with high results for both ECL
assays, to dilute the OIEELISAg,SS. The results demonstrated
that both assays met the OIE requirements for the detection of
this standard (22) and that specific antibodies can be detected
with the necessary sensitivity, even in samples that would oth-
erwise have high negative results. These results show once
again that high-titer positive samples have lower results in the
wash protocol. The analytical sensitivity study conducted using
unlabeled BM40 MAD as a competing agent showed that there
were differences in the maximum sensitivities and dynamic
ranges of the assays. However, all assays, including the
cELISA, are capable of detecting changes in the 32 to 0.25 nM
range, and this appears to be the critical indicator of effective
serodiagnostic performance in this instance.

Two other no-wash technologies that are suited to high-
throughput testing have been adapted to the serodiagnosis of
brucellosis, the FPA (21) and the AlphaLISA (16). Both of
these assays are homogeneous, as the binding reactions take
place within the wells rather than on the well surfaces (al-
though the Alphal.ISA reaction takes place on a bead surface).
Neither of these protocols requires a plate coating or wash
step, although some upstream manipulation of the reagents is
still required, such as reagent labeling and conjugation. Both
would represent more cost-effective and efficient means for
conducting high-throughput serodiagnosis using single anti-
gens than the two new assays developed here. However, nei-
ther the FPA nor the AlphaLISA currently has any effective
multiplexing potential.

A number of ECL assays have been described previously, as
reviewed below, but this is the first description of the MSD
ECL platform being utilized for serum antibody detection. The
no-wash assay is the first report of a separation-free ECL assay
for the detection of serum antibodies.
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Bead-based ECL assays to detect a variety of targets have
previously been described. These include ECL assays that mea-
sure the quantity of a specific PCR product produced (4, 5, 20).
Previous reports of multiplex systems of this type (14) refer to
the amplification step, not the ECL assay. Bead-based ECL
tests have also been described for the detection of bacteria
(32), bacterial toxins (7, 18, 24), and protozoans (15). Antibody
detection by bead-based ECL has been reported previously for
humans (30) and cats (12). A competitive one-step ECL assay
for the detection of human anti-TNF-« antibody in serum has
also been developed (13).

These bead-based ECL assays rely upon magnetic separa-
tion of the beads from the surrounding unbound components,
and this takes place inside the analyzer. This wash and the
subsequent read step are applied sequentially for each sample
and add a considerable amount of time to the analysis. The
MSD ECL assays described here are read directly from signals
emitted in the test plate. This is a faster, simpler, and more
versatile system (the bead-based assay does not offer a multi-
plex capability). Some examples of the use of the MSD plat-
form have already been published, such as for the detection of
ricin B chain (11) in a variety of substrates (but not serum) and
for the multiplexed detection of cytokines in human serum
(27). Other systems, such as the Pierce SearchLight and Quan-
sys, offer multiplexing capability (27, 29), but neither appears
suitable for conversion to a no-wash format, as they are not
proximity based.

The wash and no-wash assays developed as part of this study
are the first to use LPS for serodiagnosis on an ECL platform
and the first to detect antibodies raised against infectious bac-
terial disease. The capability of the MSD ECL system to per-
form multiplex analysis coupled to the data presented here
offers the exciting prospect of performing no-wash multiplex
tests using antigen and labeled MAD partners. Such a system
could prove itself to be a highly efficient alternative to current
serological testing regimens.
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