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& We evaluated three diagnostic antigens (recombinant GP50, recombinant T24H, and synthetic
Ts18var1) for cysticercosis and found that all three performed well in detecting cysticercosis in
humans and pigs in several assay formats. These antigens were adapted to a new antibody detection
format (QuickELISA). With one single incubation step which involves all reactants except the
enzyme substrate, the QuickELISA is particularly suited for automation. We formatted the Quick-
ELISA for the Triturus EIA analyzer for testing large numbers of samples. We found that in Quick-
ELISA formats rGP50 and rT24H have better sensitivity and specificity than sTs18var1 for
detecting porcine cysticercosis.
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INTRODUCTION

Serological diagnosis of cysticercosis is based on lentil lectin purified
glycoproteins (LLGP) from cysticerci used in Western blot, also known
as the enzyme-linked immunoelectrotransfer blot assay (EITB).[1]

Although very valuable as a diagnostic test, this format is not quantitative,
technically challenging, and unsuitable for field use. To overcome these
limitations, we cloned, expressed, and evaluated the three major diagnostic
antigens from LLGP. These 3 major diagnostic antigens (recombinant
GP50¼ rGP50, recombinant T24H¼ rT24H, and synthetic Ts18var1¼
sTs18var1) performed well in detecting cases with cysticercosis in Western
blot format and in FAST-ELISA.[2–7] Although these diagnostic antigens
work well in Western blot and FAST-ELISA, we need a format that allows
for automation to deal with large sample sizes, such as in a control pro-
gram. We pursued a further improvement of diagnostic testing through
application of a QuickELISATM format, a simplified antibody detection
method that significantly outperforms conventional approaches of
solid-phase immunoassay utilizing secondary class-specific antibody-enzyme
conjugates.

The principle of the method is based on detection of only the specific
complexes between antigen conjugates and antibodies that contain at least
two antigen-combining sites. One antigen conjugate contains a detector
label (horse radish peroxidase enzyme in current application). In the
second conjugate, the antigen is conjugated with a component of a
high-affinity binding pair (streptavidin). The second component of this
high affinity binding pair (e.g., biotinylated carrier protein or another poly-
mer) is immobilized on the solid phase at high density, providing high
binding capacity for its affinity partner (streptavidin), and in a manner that
significantly reduces non-specific binding effects during serological testing.
The assay is species independent reaction, and fast. According to this
scheme, only the label involved in specific complex formation is captured
and detected, making the test insensitive to most factors related to various
non-specific reactions, especially, these related to antibody adsorption on
solid phase. There is no interference in this method from excess
non-specific antibodies in the sample. In many cases, undiluted or
several-fold diluted serum (plasma) can be used for testing contrary to con-
ventional tests which require dilution of sera up to several hundred folds in
separate tubes to reach low non-specific signal, related to non-specific anti-
body adsorption. Because the immunological reaction is started at conju-
gate addition, multiple samples and controls can be conveniently added
directly into coated wells without worries for time differences between
adding samples and controls. All classes of serum antibodies (IgG, IgM,
IgE and IgA) can be detected by this method.
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Because antibody-specific reagents are not required for detection,
QuickELISA test can be applied for testing human and animal materials.
This attribute is especially important in the case of cysticercosis, a disease
with two hosts, human and pig. One kit can be applied for testing samples
from both species. Non-specific reactions related to physical adsorption of
immunoglobulins on solid phase, which creates problems for conventional
tests, are completely eliminated. Many cross-reactive reactions related to
presence of bacterial contaminations in solid phase with immobilized anti-
gens are also significantly reduced in the new method. One of the advan-
tages of the described approach is that the immunological reaction
between antigen and antibody takes place in solution where antigen is
easily accessible for antibody and no conformational changes are induced
by immobilization of antigen on solid phase.

The assay protocol for QuickELISA is quite simple and contains fewer
steps than conventional ELISA protocols for antibody detection. The
sample and diluent are added directly into wells coated with biotinylated
carrier protein and followed by the addition of a mixture of two antigen
conjugates. The concentration of antigens in the two conjugates is opti-
mized to allow for simultaneous binding of both conjugates to the identical
antigen-binding sites in antibody molecules. The triple immune complex
thus formed (antibody plus two antigen conjugates) is captured through
high affinity interaction between components of the binding pair
(streptavidin-biotin). After a relatively short incubation (10–60min), with
agitation or stationary, and following washing to remove non-immobilized
components, enzyme substrate is added to wells and after another short
incubation the reaction is stopped and products of the chromogenic reac-
tion are detected. The assay thus has a single incubation step and a single
wash step. The whole ELISA test may be completed within 35min. All these
characteristics make QuickELISA very easy for adaptation for automated
analysis.

Though the assay is easily performed by hand on the laboratory bench-
top, for the purpose of a cysticercosis control program to test large
numbers of samples, automated versions of ELISA tests have an obvious
advantage. Triturus1 is an open platform and completely automated ELISA
immunoassay analyzer which can perform a variety of different tests on a
series of samples and process up to 4 batches simultaneously. These
features allow for handling large numbers of samples (roughly 8 plates of
96 well per 8 hours per Triturus).

Although we have three diagnostic antigens for porcine cysticercosis,
it is important to determine the performance of these antigens in a
QuickELISA format and to understand if these diagnostic antigens behave
similarly or not in defining the clinical condition of the subject. In this
study, we report the QuickELISA assay performance of the three major
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cysticercosis diagnostic antigens on several sets of defined pig sera using
Triturus1 EIA analyzer.

EXPERIMENTAL

Serum Samples

Four sets of defined pig sera were used for the study. Defined porcine
cysticercosis (set 1, n¼ 34 sera) and other parasitic infections (set 2,
n¼ 29) serum samples were collected at the School of Veterinary Medicine,
Universidad Nacional Mayor de San Marcos, Lima, Perú. The definitive diag-
nosis of porcine cysticercosis and other parasitic pig diseases was based on
necropsy analysis of the pigs. Defined normal US (set 3, n¼ 88) pig serum
samples were collected from a local abattoir in Calhoun, Georgia and consid-
ered free of porcine cysticercosis. The last set of pig sera, from an oxfendazole
treated study (set 4) has been described previously.[6,8–10] In the oxfendazole
study, 19 pigs with cysticercosis were treated with a single oral dose of oxfen-
dazole and then sera were collected �biweekly for nearly 52 weeks.

Preparation of Antigen Conjugates

The concentration of recombinant proteins was estimated spectropho-
tometricaly using A280 and the theoretical molar absorption coefficients
calculated from content of tyrosine, tryptophan and phenylalanine, which
are 1.677, 1.023, and 1.82 for rGP50, rT24H, and sTs18var1, respectively.

Streptavidin concentration was calculated based on absorbance at 280
using A280nm, 1cm, 1mg=mL¼ 3.0. Horse Radish Peroxidase (HRP) concentra-
tion was calculated based on absorbance at 403nm using coefficient A403nm,

1cm, 1mg=mL¼ 2.26.
The primary conjugation strategy is based on maleimide=thiol reactions

using primary amino groups of rGP50 and rT24H antigens for modification
with bifunctional reagents or introduction of sulfhydryl groups. sTs18var1
antigen was conjugated with maleimide activated proteins through two
existing reactive cysteine residues. Reaction conditions for preparation
of maleimide activated proteins using N-[g-MaleimidoButyryloxy]-
succinimide ester (GMBS) or thiolated proteins (with latent thiol groups)
through modification with S-acetylthioacetate anhydride (SATA) were con-
ducted at conditions where only limited number of existing amino groups
in antigens or streptavidin were modified (typically 3–4 amino groups for
rGP50, rT24H or streptavidin).

In a typical modification by GMBS experiment, the reaction was
performed in 50mM sodium phosphate buffer, containing 0.5mM EDTA,
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pH 7.6 at protein concentration 2–5mg=mL for recombinant proteins
and 5–8mg=mL for streptavidin. GMBS solution in DMSO (2mg=mL)
was added into protein solution in a ratio 6–8moles GMBS per mole
of protein. Reaction time at room temperature was 30–45min with sub-
sequent dialysis at 4�C against 50mM phosphate buffer, 0.5mM EDTA,
pH 6.5. Modification of HRP with GMBS containing only 2–3 amino
groups per molecule was performed with 10–20 molar excess of modifi-
cation reagents at protein concentration 12–15mg=mL. The amount of
maleimide groups in modified proteins was estimated by determination
of ability to react with a known amount of cysteine as determined by
5,50-Dithio-bis(2-nitrobenzoic acid) (DTNB) test using 0.1–0.2mg
protein per test with a final volume of reaction mixture 0.6mL. The
molar extinction of TNB� anion used for calculation was 1.415� 104

at 412 nm. The reaction proceeds in 0.1M TRIS-HCl buffer, pH 8.0 at
DTNB concentration 0.66mg=mL.[11]

Modification with SATA was performed in the same buffer and under
similar conditions as described for modification with GMBS using SATA dis-
solved in DMSO (2mg=mL). Modified proteins were then dialyzed against
50mM sodium phosphate buffer, pH 6.5 containing 0.5mM EDTA.

For releasing of sulfhydryl groups, SATA-modified proteins were treated
with hydroxylamine by adding 1M hydroxylamine hydrochloride solution
in 0.5M sodium phosphate buffer, 10mM EDTA, pH 7.6 to SATA-modified
proteins to a concentration 50mM. After 15–20min reaction at room tem-
perature, the reaction mixtures were dialyzed for 1–1.5 hour against 50mM
sodium phosphate, 0.5mM EDTA, pH 6.5.

Conjugation of maleimide-activated Streptavidin and HRP with
sTs18var1 antigen was done at a molar ratio of protein : antigen as 1:1 or
2:1. The reaction mixture was prepared by quick mixing maleimide and
thiol containing conjugation partners and incubating during 20–30min
at room temperature. At the end of conjugation, reaction residual malei-
mide groups were inactivated by adding 10mM beta-mercaptoethanol solu-
tion in 5mM EDTA, pH 6.5 at a ratio of approximately 3–4moles per mole
of original maleimide groups added into reaction mixture.

Conjugation of maleimide-activated rGP50 and rT24H with thiolated
Streptavidin and HRP was done also at a molar ratio of 1:1 or 2:1. Reaction
mixtures containing conjugated proteins were then treated with low con-
centration of N-ethylmaleimide (2–3moles over moles of originally added
thiol groups) and then beta-mercaptoethanol (4–5moles over total moles
of added maleimide groups) to inactivate residual sulfhydryl and malei-
mide groups in conjugates.

All conjugates were analyzed using gel filtration on HPLC columns
(Sorbax F250) and stored at �20�C after dilution in storage buffer contain-
ing 50% glycerol in StabilZyme Select (SurModics).
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Preparation of Capture Reagent for Plate Coating. Modification
of BSA with Biotin-PEG

Bovine Serum Albumin (BSA) was biotinylated with Biotin-PEG-N-
hydroxysuccinimide (MW 3,400) at weight ratio BSA=Biotin-PEG-NHS of
2:1(at molar ratio PEG=BSA 10:1) and BSA concentration of 50–60mg=mL
mL in 0.1M sodium phosphate, pH 8.1. Biotinylated BSA preparations
were purified by dialysis against PBS-sodium azide using dialysis membrane
with cut-off 25,000 D or by preparative HPLC. No differences were found
for Biotin-PEG-BSA purified using these two different methods.

Preparation of Coated Plates

Polystyrene plates (Costar) were coated with 250 mL=well of Biotin-PEG-
BSA [4mg=mL] in PBS - sodium azide overnight at 4�C. Plates were blocked
by two incubations with PBS-0.05% Tween-20 during 2 hours and finally
dried at 45�C for 45min. Plates were stored in bags with desiccants.

Working Conjugate Solutions

Conjugates of antigens with Streptavidin and HRP were prepared in
immunoassay stabilizer StabilZyme Select containing protease inhibitor
cocktail (Sigma, Cat. # P5726) and dye (Orange G, 0.0005%). Streptavidin
and HRP conjugates solutions were stored separately as Conjugate solution
A (Streptavidin conjugate) and Conjugate solution B (HRP conjugate).
Equal volumes of conjugate solutions A and B were mixed on the day of
testing for preparation of working conjugate solution.

Protocol for Automated QuickELISA

To ensure comparability of day-to-day measurement, we prepared a stan-
dard curve using serum pool from the sera of five Peruvian highly positive
cysticercosis pigs.[6] One positive control serum (chosen with value within
the linear range of the standard curve) was used to set-up the range for vali-
dation of the run. The QuickELISA steps were as follows: 96-well plate
coated with biotinylated BSA was soaked 15 second with 300mL of PBS=0.1%
Tween-20 and aspirated. A total of 5mL serum=plasma was dispensed into each
well, diluted 1:12 in StabilZyme Select (SurModics, cat. # SZ03–2000); Well
with 60mL of StabilZyme Select only was used as assay negative control=
blank. Immediately after dispensing sera samples, 60mL=well working con-
jugate for each antigen was added. The plate was incubated for 40min at
room temperature (20–24�C) on a shaking platform. The plate was washed
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4 times with 300 mL of PBS=0.1% Tween-20, and 120 mL=well SureBlueTM

TMB Microwell Peroxidase Substrate (1 component) (Kirkegaard & Perry
Laboratories, Inc., Gaithersburg, MD) was added. The incubation was for
5min, at room temperature, and on a shaking platform. The reaction was
stopped by adding 120 mL=well of 450 nm Stop Reagent for TMB Microwell
(BioFX Laboratories, Owing Mills, MD; Product # STPR-1000–01). The
absorbance of sample at 450nm (with reference filter at 600nm) was read
using the Triturus system reader and Triturus software version 3.00b (Diag-
nostic Grifols, S.A.). All samples were tested in single for two times, and if
the results are varied widely, a third run was carried out.

Coefficient of Variation of Triturus1 EIA Analyzer

We ran 5 aliquots of the positive control, put into several different well
positions on a plate, for 10 times. The mean and standard deviation of the
result was used to determine the coefficient of variation (CV) of the run in
Triturus system. The mean �2 standard deviations was used as the range for
validation of the run of the batch. If the value of the positive control was
beyond the validation range, the results from that run were discarded
and the samples were tested again.

Data Analysis

The QuickELISA – for rGP50, rT24H, and sTs18var1 – performance
index (Youden J index) was determined as previously described.[6] A recei-
ver operating characteristic curve (ROC) was also used to evaluate the ability
of the three antigens to distinguish infected or uninfected groups.[12] The
area under the ROC Curve (AUC) was used as a measure of test accuracy.

A repeated-measures two-factor ANOVA was used to test the oxfenda-
zole data for differences in antibody values by antigen (rGP50, rT24H,
and sTs18var1) over time. All calculations were performed on log trans-
formed data. One was added to each antibody value in order to derive logs
on zero values. Descriptive statistics were calculated by antigen and day for
the oxfendazole data set. All analyses were performed using SAS version 9.1
(SAS Institute, Cary, NC). Statistical significance was set at alpha¼ 0.05.

RESULTS

Test Reproducibility

Using the positive control sera, we tested the inter-assay CV of the
QuickELISA performed using the Triturus1 in Atlanta and in Lima, Peru,
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for rGP50 and sTs18var1. We also tested the variability in another machine
in Lima, Peru for rGP50, rT24H, and sTs18var1. The CVs we obtained were
8.21% and 8.6% (Atlanta) and 8.8 and 8.93% (Lima, Peru), for rGP50 and
sTs18var1, respectively. In another study in Lima, the CVs for rGP50,
rT24H, sTs18var1 were 3.8%, 3.6%, and 3.4%, respectively. The intra-assay
variability for rGP50 and sTs18var1 was 5.48% and 7.3%, respectively and
in another study, the intra-assay variability for rGP50, rT24H, and sTS18var1
was 3.0%, 3.9%, and 4.2%, respectively. Based on these results, we decided
to use a single well per sample.

TABLE 1 Sensitivity and Specificity of the rGP50, rT24H, and sTs18var1 QuickELISAs

Antigen
Cut-off

(Units=mL) J-index

Sensitivity
for 2 or more

Viable Cysts (%)

Sensitivity
for Single

Viable Cyst (%)
Specificity

(%)

rGP50 0.58 0.90 94.1 (32=34) 50 (5=10) 95.7 (112=117)
rT24H 0.22 0.86 97.1 (33=34) 70 (7=10) 88.9 (104=117)
sTs18var1 0.96 0.63 73.6 (25=34) 50 (5=10) 88.9 (104=117)

FIGURE 1 ROC Curves of rT24H, rGP50, and sTs18var1. ROC curves for rT24H, rGP50, and sTs18var1
that were developed based on sensitivity and (1-specificity) data pairs calculated for each possible cut-off
point. AUC¼Area Under Curve.
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Test Performance

The performance of QuickELISA assays (based on defined pig sera set
1–3) for rGP50, rT24H, and sTs18var1 is shown in Table 1. The ROC Curves
of these three QuickELISA can be seen in Figure 1. The ROC Curve for
rT24H, rGP50, and sTs18var1 QuickELISA yielded AUCs of 0.9476,
0.9206, and 0.7855, respectively. There was no statistical difference between
rT24H and rGP50 AUC; but, both rT24H and rGP50 were statistically sig-
nificantly different from sTs18var1 (p< 0.0001).

Test Performance in Oxfendazole Treated Pig Sera

When cysticercosis positive pigs were treated with a single dose of oxfen-
dazole, antibodies against rGP50, rT24H, and sTs18var1 increased for the
first 9 weeks and then gradually decreased (Fig. 2). There was no difference
in the amount of antibody responses against rGP50 and rT24H across the
time, but antibody responses against these two antigens were significantly
different from the antibody response against sTs18var1 (p< 0.0001).
Although there were different amounts of antibody responses across time,

FIGURE 2 Follow-up of Antibody Responses in Oxfendazole Treated Pigs. Nineteen pigs with cysticer-
cosis were treated with a single oral dose of oxfendazole and sera were collected weekly for nearly 52
weeks. Sera were assayed for their antibody responses against rGP50, rT24H, and sTs18var1 using the
QuickELISA. Each sample was run in a single well, the A450nm was converted into units of activity based
on a standard curve. Mean Ln Antibody Value¼ the average of natural logarithm of the units of anti-
body response from 19 pigs.
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there were no clinically important differences (such as pattern differences)
in antibody responses against those three antigens.

DISCUSSION

Monitoring porcine cysticercosis in a cysticercosis=taeniosis control
program is important and this means that a large number of pig serum
samples should be monitored regularly. This condition sets up a need for
an automated, fast, and reliable porcine cysticercosis test.

In this study, adaptation of QuickELISA to automation worked well and
the whole reaction could be carried out within 1 h. Triturus EIA Analyzer
performs well for the QuickELISA and it gives a very good intra- and
inter-assay variations. As reliability and well-to-well difference is below
10%, it is possible to run each test sample in a single well. By setting-up a
tighter protocol on running the assay (such as the time to take out the sub-
strate TMB to ensure reaching room temperature before running the
assay), the study could achieve lower inter- and intra-assay variations in
Lima, Peru compared to the study conducted in Atlanta. By allowing low
inter- and intra-assay variations, QuickELISA on Triturus EIA Analyzer
allows more samples to be tested in a faster and reliable way.

Performance of the QuickELISA for detecting porcine anti-cysticercosis
antibodies in the Triturus EIA Analyzer is quite good. The sensitivity and
specificity with the rGP50 QuickELISA is 94% and 96%, respectively;
for rT24H QuickELISA it is 97% and 89%, respectively. For sTs18var1
QuickELISA, the specificity is 89% but the sensitivity drops to 74%.

Based on these performance data and on the data that showed all three
antigens detected the same clinical condition (Fig. 2), we eliminated
sTs18var1 QuickELISA from further use. The rGP50 and rT24H QuickE-
LISA perform well and the performance difference is not statistically signif-
icant. As it is costly to perform two assays for the same conditions, it is very
important to test the performance of rGP50 and rT24H QuickELISA in a
larger set of samples. If again the performance of both of these assays is sta-
tistically not significant, then, the decision to use either one depends on
practical considerations such as the cost of producing the antigen and
the ease of production of the QuickELISA test.

CONCLUSIONS

For the purpose on conducting serological surveys in a cysticercosis
control program setting, there is a need for an assay that is automated, fast,
and reliable. rGP50 and rT24H QuickELISA perform well on Triturus EIA
Analyzer platform. The decision to use either one depends on practical
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considerations the cost such as the cost of producing the antigen and the
ease of production of the QuickELISA test.
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