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Taeniasis/cysticercosis caused by Taenia solium is a frequent parasitic infection of the human brain in most
of the world. Rapid and simple screening tools to identify taeniasis and cysticercosis cases are needed for
control programs, mostly to identify tapeworm carriers which are the source of infection and need to be treated,
or as tools for point-of-care case detection or confirmation. These screening assays should be affordable,
reliable, rapid, and easy to perform. Immunochromatographic tests meet these criteria. To demonstrate proof
of principle, we developed and evaluated two magnetic immunochromatographic tests (MICTs) for detection
of human Taenia solium taeniasis antibodies (ES33-MICT) and neurocysticercosis antibodies (T24-MICT).
These assays detected stage-specific antibodies by using two recombinant proteins, rES33 for detection of
taeniasis antibodies and rT24H for detection of cysticercosis antibodies. The sensitivity and specificity of the
ES33-MICT to detect taeniasis infections were 94.5% and 96%, respectively, and those of the T24-MICT to
detect cases of human cysticercosis with two or more viable brain cysts were 93.9% and 98.9%, respectively.
These data provide proof of principle that the ES33- and T24-MICTs provide rapid and suitable methods to
identify individuals with taeniasis and cysticercosis.

Humans can be infected with both the adult worm and larval
forms of the cestode Taenia solium, causing taeniasis and cys-
ticercosis, respectively. Humans, who are the only definitive
host for the adult tapeworm, develop taeniasis after eating raw
or undercooked pork infested with the larval stages of the
parasite. Both pigs and humans can develop cysticercosis by
ingesting eggs passed in the feces of a tapeworm carrier. Con-
sequently, cysticercosis can be acquired under any variety of
cultural and socioeconomic conditions where there is close
contact with a taeniasis carrier. Because tapeworm-infected
humans are the only source of transmission of both human and
pig cysticercosis, diagnosis and treatment of taeniasis are cru-
cial for control and elimination of cysticercosis in both humans
and pigs (18). Therefore, accurate and rapid diagnostic meth-
ods to identify tapeworm carriers are critical tools needed in
cysticercosis/taeniasis control and elimination programs. Al-
though diagnosis of porcine or human cysticercosis is not cru-
cial in the context of control programs, the availability of rapid
diagnosis for human cysticercosis would be useful for estimat-
ing the burden of disease and for determining seroprevalence
rates in pigs.

Diagnosis of taeniasis usually is established by microscopic

observation of T. solium eggs in stool specimens, but this
method is insensitive and cannot differentiate between T. so-
lium and Taenia saginata ova. Other methods to detect taenia-
sis include coproantigen detection methods, which are more
sensitive than microscopy, and serodiagnosis of taeniasis by the
use of excretory-secretory proteins in an enzyme-linked immu-
noelectrotransfer blot (EITB) (1, 14, 23). Two specific T. so-
lium excretory-secretory (TSES) proteins, ES33 and ES38,
were identified for specific taeniasis serodiagnosis. Recombi-
nant forms of ES33 and ES38 (rES33 and rES38) have been
evaluated, and the diagnostic performances of these two pro-
teins were determined to be comparable (11).

The gold standard for serological identification of cysticer-
cosis is the EITB, which relies on antibody reactivity with seven
diagnostic lentil lectin purified glycoproteins (LLGP) (20). Re-
combinant or synthetic peptide forms of these proteins are now
available (7–9), and after comparing the performances of these
diagnostic proteins, rT24H (which corresponds to a 24,000-Da
protein of the LLGP extract) (9) was identified as the recom-
binant protein with the best sensitivity and specificity for de-
tecting neurocysticercosis cases (11).

The gold standard tests described above are not field
friendly, not widely available, and do not exist in point-of-care
formats. In contrast, lateral flow immunochromatographic
tests, can be used at the point of care and in settings with
minimal infrastructure (5, 21). Lateral flow methods have been
used for several decades for clinical and veterinary diagnosis
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(16). In conventional lateral flow assays, reactions are detected
visually, generating a qualitative result, or with a detection
device that measures reflectance, contrast, color change, or
fluorescence (16). Several studies have demonstrated that
magnetic particle-labeled detection systems have the potential
to improve lateral flow assay sensitivity and to provide a means
of quantification (12, 17, 25). In this study, we describe the
development and evaluation of two magnetic immunochro-
matographic tests (MICTs) for serologic detection of taeniasis
(based on rES33 antigen) and cysticercosis (based on the
rT24H antigen).

MATERIALS AND METHODS

Chemicals and reagents. All reagents were reagent grade or better and unless
otherwise noted were obtained from Mallinckrodt (St. Louis, MO). Guinea pig
IgG and goat anti-guinea pig IgG(H�L) were purchased from Biomeda Corpo-
ration (Foster City, CA). EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
HCl) and sulfo-NHS (N-hydroxy-sulfosuccinimide) were purchased from Pierce
(Thermo Scientific, Rockford, IL). Carboxyl superparamagnetic particles (200
nm) and particle storage buffer were purchased from Ademtech (Pessac,
France).

Serum samples. (i) Sera for assay optimization. A serum pool constructed by
pooling five serum samples from human cases with confirmed cysticercosis was
used for optimizing both the MICT for detection of human Taenia solium
taeniasis antibodies (ES33-MICT) and the MICT for detection of neurocystic-
ercosis antibodies (T24-MICT). This pool contained antibodies that reacted to
the native excretory-secretory (ES) proteins in the original TSES EITB and the
diagnostic proteins in the LLGP-EITB (13, 14, 20). Three polyclonal anti-rES33
hyperimmune goat serum samples with low, medium, and high antibody titers
(based on enzyme-linked immunosorbent assay [ELISA] findings) were also
used. A serum pool constructed from five serum samples collected from pigs in
Peru with confirmed cysticercosis was also used in the T24-MICT analyses. A
serum sample from a human case of alveolar echinococcosis (Echinococcus
multilocularis) was used as a heterologous infection serum control. A negative
serum pool was constructed from five serum samples from U.S. residents with no
history of international travel.

(ii) Serum panels for determinations of diagnostic sensitivity and diagnostic
specificity. A total of 161 serum samples from persons with taeniasis were
collected at the Instituto de Ciencias Neurologicas, Lima, Peru, and in epidemi-
ological studies. The definitive diagnosis of taeniasis was made by identifying a T.
solium adult worm in feces after a purgative treatment using PCR and/or mor-
phological characteristics of the proglottids, scolex, and number of uterine
branches (15). Defined neurocysticercosis serum samples were also collected at
the Instituto de Ciencias Neurologicas, Lima, Peru, from patients presenting with
clinical symptoms of neurocysticercosis. The definitive diagnosis of neurocysti-
cercosis was confirmed by computed tomography (CT) or magnetic resonance

imaging (MRI) of the brain (4). Serum samples from the neurocysticercosis cases
were sorted into two categories based on the imaging data from each patient: (i)
serum samples from patients with two or more viable cysts (n � 100) (these
included serum samples from patients with multiple viable cysts or a racemose
cyst) and (ii) those from patients with a single, viable cyst (n � 15). All serum
samples were collected in compliance with protocols approved by the ethical
review boards of all participating institutions with specific permission for future
use of stored samples.

A total of 281 serum samples were used to assess specificity (Table 1). A panel
of 164 serum samples was assembled from healthy residents of the United States
or Egypt (one serum sample was not available for T24-MICT evaluation). The
donors from Egypt were tested for the presence of intestinal parasites by stool
examination, and all were negative. In addition, a panel of serum samples
collected from patients with heterologous infections (117 samples) was used
(four serum samples were not available for the ES33-MICT evaluation). All of
these serum samples were collected from regions where transmission of cysti-
cercosis/taeniasis does not occur.

Recombinant Taenia solium proteins and controls. rES33 was expressed in
Sf21/Sf9 cells, using a baculovirus system. Similarly, the hydrophilic extracellular
domain of T24, rT24H, was expressed in the Tni cell line, as described previously
(9, 13). Both proteins were solubilized in striping buffer (10 mM KH2PO4/
K2HPO4 [pH 7.4]) and protein coupling buffer (50 mM borate buffer [pH 8.5]
plus 0.05% Tween 20 plus 0.15 M NaCl). Goat anti-guinea pig IgG (used as the
assay positive control) was solubilized into striping buffer, and guinea pig IgG
was solubilized into coupling buffer.

Coupling of rES33 and rT24H to superparamagnetic particles. The coupling
of rES33, rT24H, and guinea pig IgG to superparamagnetic particles used stan-
dard cross-linking chemistries. Briefly, magnetic particles were washed in 0.1 M
2-(N-morpholino)ethanesulfonic acid (MES; pH 6) plus 0.5 M NaCl plus 0.05%
Tween 20 buffer, then activated by EDC and sulfo-NHS solution to form an
amine reactive sulfo-NHS ester. The solution was then mixed in a rotator (�60
rpm) at room temperature (RT) for 30 min. After washing, the protein to be
coupled was added to the particle suspension, forming a stable amide bond with
the activated beads. Cross-linking was allowed to proceed for 3 h at RT. One-
tenth volume of 10% bovine serum albumin (BSA) in 50 mM borate buffer (pH
8.5) was added for 30 min at RT to block residual activated carboxyl groups.
After washing, the beads were reconstituted in particle storage buffer to a
concentration of 10 mg/ml and stored at 4°C.

Preparation of lateral flow cassettes. (i) Protein striping. Goat anti-guinea pig
IgG (positive control) and rES33 or rT24H were striped onto HF135 nitrocel-
lulose membrane (Hi-Flow Plus HF13504; Millipore, Billerica, MA) by using an
IsoFlow reagent dispenser (Imagene Technology, Hanover, NH). After striping,
the membranes were dried at 37°C for 2 h and then stored in a sealed plastic bag
with a desiccant at RT until use.

(ii) Device assembly. The device consisted of the HF135 membrane attached
onto a MICT base card (MagnaBioSciences, San Diego, CA). A wide glass fiber
conjugate pad (Millipore) was placed so that it overlapped with the membrane by
�2 mm, and at the other end, a cellulose fiber sample pad (Millipore) was
attached and also overlapped with the membrane to act as the “wick” or reservoir

TABLE 1. Diagnostic specificity of the ES33-MICT and T24-MICT

Serum panel Category Total no.
% Reactivity

ES33-MICT T24-MICT

Normal human serum U.S. resident 145a 0.7 0.7
Egypt 19b 6.2 0

Heterologous infection serum Taenia saginata 7 0 0
Ascaris lumbricoides 1 100 100
Echinococcus granulosus 14c 6.3 0
Echinococcus multilocularis 1 0 0
Plasmodium falciparum 8 12.5 0
Schistosoma mansoni 80 5 1.3
Schistosoma haematobium 5 0 0
Trichinella sp. 1 100 0

Total 281

a ES33-MICT had one more serum sample.
b ES33-MICT had three less serum samples.
c ES33-MICT had one less serum sample.
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for transported fluids. The exposed part of the membrane was then covered with
laminating plastic (MagnaBioSciences). The card was cut into 5-mm individual
strips by using a Matrix 2360 programmable shearer (Kinematic Automation,
Twain Harte, CA). The strip was then placed into a cassette (MagnaBioSciences)
that facilitated the detection of the magnetic field at the assay reaction lines (Fig.
1). The device was stored at RT inside a sealed plastic bag with a desiccant until
used.

Optimization and evaluation of the ES33- and T24-MICT methods. (i) Opti-
mization. The MICT methods were optimized by varying the concentration of
protein antigens on the test line (evaluating both the concentration and volume
of antigen used), assessing blocking agents (Tween 20 in combination with
concentrations of BSA in chase buffers), and defining the reaction time. The
optimum conditions were determined to be those that generated the highest
signal-to-noise ratio between positive and negative serum, without increasing the
signal of a serum sample from a heterologous infection, i.e., alveolar echinococ-
cosis.

(ii) Assay evaluation. For the ES33-MICT, 5 �l of serum (1:10 dilution) was
added to a 96-well plate with 43.4 �l of chase buffer (phosphate-buffered saline
[PBS] plus 0.5% Tween 20 plus 0.25% BSA plus 0.1% NaN3) plus 0.6 �l of rES33
conjugate (rES33 coupled to superparamagnetic particles) plus 1 �l of guinea pig
IgG conjugate. For the T24-MICT, 5 �l of serum was added to 43 �l of chase
buffer plus 1 �l of rT24H conjugate (rT24H coupled superparamagnetic parti-
cles) plus 1 �l guinea pig IgG conjugate. The mixture was then loaded onto the
sample well of the MICT device. Directly after sample addition, 120 �l of chase
buffer was added. Reactions were read using a magnetic assay reader (MAR)
(catalog no. 8094-600-1; MAR assay development system; MagnaBioSciences)
(12). Results were also read visually by two independent readers 7 days after the
run; discrepant results were resolved by a third reader.

(iii) Inter- and intra-assay reproducibility. Because MICT requires a new set
of reagents for each test, batchwise quality control traditionally employed in
clinical laboratories is generally not applicable to MICT (22). Seven batches of
seven individual cassettes were tested using independently prepared test solu-
tions for each batch. These 49 tests results were used to determine intertest
variation, and the values obtained from the seven batches were used to deter-
mine batch-to-batch variation. These values were generated using a serum sam-
ple with moderate reactivity from a pig with porcine cysticercosis for the T24-
MICT evaluation and a polyclonal anti-rES33 hyperimmune goat serum with
medium antibody titer for the ES33-MICT assessment.

Data analysis. The MAR assay development system software yielded results
expressed as relative magnetic units (RMU), based on the strength of the mag-
netic signal read by the system (12). For controlling variation and normalization

of the data, a guinea pig IgG conjugate and goat anti-guinea pig IgG pair was
used as the MICT internal control, and the ratio of the RMU of the test line
against the RMU of the control line (called MAR value) was used for all the
calculations.

Assay performance, diagnostic sensitivity, and diagnostic specificity for the
ES33- and T24-MICT methods were calculated using the Youden J index as
previously described (10). All analyses were performed using SAS version 9.2
(SAS Institute, Cary, NC). Agreement between two readers was determined by
calculation of the � value (2).

RESULTS

Fully assembled ES33- and T24-MICT devices are shown in
Fig. 1. Several parameters were optimized before evaluation of
assay performance, as follows: the concentration of protein
antigens on the test line, the selection of a blocking agent, the
conjugate volume, and reaction time. The concentration of the
striped proteins tested in the ES33-MICT ranged from 60 to
100 ng/mm. For the T24-MICT, the protein concentrations
evaluated ranged from 125 to 375 ng/mm. The optimum con-
centration of rES33 was 100 ng/mm, and that of rT24H was 300
ng/mm (Fig. 2). The reaction time was evaluated in 5-min
increments, beginning at 10 min for the ES33-MICT assay and
at 15 min for the T24 assay, through 45 min. The optimal
reaction times for the ES33- and T24-MICTs were 25 min and
15 min, respectively (Fig. 3).

Although the striped concentration of rES33 was lower than
that of rT24H, a detectable signal was found in negative sam-
ples in the ES33-MICT; this was not the case in the T24-MICT
(Fig. 4). To decrease those nonspecific signals in the ES33-
MICT, different chase buffers and lower conjugate concentra-
tions/volumes were evaluated. Chase solutions consisting of
0.5% and 0.3% Tween 20 were tested, as well as concentrations
of BSA between 0.25% and 1%; 0.1% NaN3 was added to
prevent microbial growth in all chase buffers. The chase solu-

FIG. 1. Fully assembled ES33- and T24-MICT devices. MICT devices were fully assembled and used to test heterologous infection (cross-
reactor), negative, and positive serum samples.
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tion consisting of PBS plus 0.5% Tween 20 plus 0.25% BSA
plus 0.1% NaN3 resulted in the best signal-to-noise ratio (Fig.
5). A reduced volume of conjugate was examined, 0.65 �l
versus 1 �l, but this did not decrease the background signal of
the normal sera (Fig. 6).

Intra- and interassay variabilities were determined. For the
ES33-MICT, the intra-assay variability was 8.7%, and the in-
terassay variability was 15.8%. For the T24-MICT, the intra-
assay and interassay variabilities were 13.1% and 12.3%, re-
spectively.

The J index, which reflects the optimum diagnostic sensitiv-
ity and diagnostic specificity, was used to determine the cutoff

value for each assay (Table 2). Alternative cutoff values were
determined for each test that reflected greater sensitivity with-
out dramatically reducing the specificity.

To determine if immediate reading of the results was nec-
essary, visual reading was conducted 7 days after running the
assays. There was good agreement between the two readers,
with a � value of 0.96 for the ES33-MICT and 0.98 for the
T24-MICT. The diagnostic sensitivity and diagnostic specificity
of the visual reading were also evaluated (Table 2).

DISCUSSION

A rapid test for detecting taeniasis cases will provide a key
tool needed for cysticercosis control programs. The MICT
developed here represents the first report of a rapid test for
taeniasis and establishes proof of principle that a rapid MICT
using recombinant proteins for serodetection of taeniasis and
cysticercosis is possible. The ES33-MICT performed with char-
acteristics similar to those of the ES33 EITB (14) but required
less time to perform (45 min versus 3.5 h) and little technical

FIG. 2. Effect of antigen concentration on reactivity in the ES33-
and T24-MICTs. (A) Different concentrations of rES33 were tested to
determine the optimum signal-to-noise ratio of the MAR value for the
ES33-MICT. MAR value, the ratio of the RMU of test line divided by
the RMU of control line; S/N, signal-to-noise ratio (the MAR value of
the positive serum divided by the MAR value of the negative serum);
N, negative serum; L, low-positive serum; M, medium-positive serum;
0.06, 1 mg/ml of rES33 applied at 0.06 �l/mm; 0.08, 1 mg/ml of rES33
applied at 0.08 �l/mm; 0.1, 1 mg/ml of rES33 applied at 0.1 �l/mm;
0.8-0.08, 0.8 mg/ml of rES33 applied at 0.08 �l/mm. (B) Different
concentrations of rT24H were used to determine the optimum signal-
to-noise ratio of the MAR value for the T24-MICT. 1.25, 2.5 mg/ml of
rT24H applied at 0.05 �l/mm; 1.875, 2.5 mg/ml of rT24H applied at
0.075 �l/mm; 2.5, 2.5 mg/ml of rT24H applied at 0.1 �l/mm; 3, 2.5
mg/ml of rT24H applied at 1.25 �l/mm; 3.75, 2.5 mg/ml of rT24H
applied at 1.5 �l/mm.

FIG. 3. Reactivity versus reading time for ES33-MICT (A) and
T24-MICT (B). Three serum samples, N (normal), C (cross-reactor),
and P (positive), were added to five devices each for the ES33- and
T24-MICTs. Reactivity was measured for each device in 5-min inter-
vals. MAR value, the ratio of the RMU of test line divided by the
RMU of control line; S/N, signal-to-noise ratio (the MAR value of the
positive serum divided by the MAR value of the negative serum).
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expertise. This would make the MICT suitable as a point-of-
care test.

The ES33- and T24-MICTs, as developed, are quantitative
and reproducible. Generating quantitative results allows the

use of a cutoff value, thus improving sensitivity compared to
that of visual reading. The best performance of the ES33-
MICT was achieved with a cutoff point of the MAR ratio value
at 1.1, which resulted in a sensitivity of 94.5% and a specificity
of 96%. However, even better sensitivity is desirable for tae-
niasis screening. When the cutoff point was adjusted in this

FIG. 4. Graphic output generated by the magnetic assay reader. The blue line shows the reading of a test line, and the red line represents a
control line. (A) Output from a negative taeniasis sample. (B) Output from a positive taeniasis sample. (C) Output from a cysticercosis negative
sample. (D) Output from a cysticercosis positive sample.

FIG. 5. Optimization of the chase buffers to reduce background signal
in the ES33-MICT. MAR value, the ratio of the RMU of test line divided
by the RMU of control line; S/N, signal-to-noise ratio (the MAR value of
the positive serum divided by the MAR value of the negative serum); N,
negative serum; L, low-positive serum; M, medium-positive serum; T,
Tween 20; 0.5T, 0.5% Tween 20; 0.3T, 0.3% Tween 20; B, BSA; 0.25B,
0.25% BSA; 0.5B, 0.5% BSA; 0.75B, 0.75% BSA; 1B, 1% BSA.

FIG. 6. Effect of conjugate concentration on reactivity in the ES33-
MICT. N, negative; P, positive; MAR value, the ratio of the RMU of
test line divided by the RMU of control line; S/N, signal-to-noise ratio
(the MAR value of the positive serum divided by the MAR value of the
negative serum); 0.65, 0.65 �l of rES33-magnetic particle conjugate at
a concentration of 10 mg/ml; 1, 1 �l of rES33-magnetic particle con-
jugate at a concentration of 10 mg/ml.
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evaluation to increase sensitivity (to �97%), the specificity
decreased (to 94%), as expected. However, this concomitant
decrease in specificity may not be a problem, since treatment
of taeniasis is both safe and inexpensive. Unfortunately, the
sensitivity of the ES33-MICT could not be improved further
without a drastic decrease in specificity.

One clear advantage of this method is the use of magnetic
particles as the detection system in conjunction with the MAR
system. The magnetic particle conjugate does not bleach across
the time, as is the case with other reporters, such as gold and
fluorescence (12), and the assay performances conducted
seven days later were similar to those calculated from the data
generated at the time of testing (Table 2).

Two disadvantages of the current version of ES33- or T24-
MICTs were recognized. First is the requirement for a liquid
conjugate. Drying the conjugate onto the pad will improve the
usefulness of the test because it will reduce the number of steps
needed to carry out the assay and possibly eliminate the need
to maintain a cold chain. This is only a matter of process
development and can be achieved by industrial manufacturers
in proper manufacturing environments. Second, optimal sen-
sitivity and specificity are dependent on the benchtop magnetic
assay reader. This hinders the portability of the tests. Although
it was possible to identify taeniasis cases based on visual ob-
servation, the sensitivity of the test decreased (Table 2). A
possible solution is use of a hand-held reader—a prototype,
which is already constructed by the proprietary company Mag-
naBioSciences but is not commercially available yet. If quan-
tification is needed, as was the case in this study, after reading
visually in the field, the devices can be brought back to a
centralized station, where a benchtop reader is available. As
demonstrated in this study, the time interval from testing to
reading should not exceed 7 days.

We also developed a MICT to detect human cysticercosis
antibodies; the performance of the T24-MICT was comparable
to the performance of other methods using rT24H. Like other
serological methods for detection of neurocysticercosis, such as
the LLGP-EITB (the current standard assay of reference)
(24), a cysticercosis antigen specific EITB (9, 19), and ELISAs
(3), the T24-MICT has reduced sensitivity for detection of
cases with a single viable cyst. Although this T24-MICT assay
was evaluated using human sera, in principle, the test could be
used for screening pig sera, as this method is species indepen-
dent. Rapid assessment of human cysticercosis may not be

needed in control programs, but pen-side testing for porcine
cysticercosis may be useful to monitor control (6).

In conclusion, we have shown that rapid test methods using
recombinant proteins are feasible for immunodetection of tae-
niasis and human cysticercosis. Extensions of this work should
focus on improved sensitivity for taeniasis detection that will
allow determination of all true-positive cases in the field. Ad-
ditionally, adaptation of this method for the immunodetection
of porcine cysticercosis is needed.
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