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Purpose: Sensitive and selective point-of-care biosensor is an urgent pursuit of serological
antibody detection to control parasite pathogen. For specific, quantitative and on-site screen-
ing of Trichinella spiralis infection in livestock, a quantum dot nanobead-monoclonal anti-
body (QB-mAb) probe-based immunochromatographic assay (ICA) was developed by
introducing a competitive sandwich strategy (QB-CICA).

Methods: In the QB-CICA, QB-mAb probes competed with serum antibody for a particular
epitope, followed by immunocomplexes binding to capture antibody on the test line. With the
accumulation of target antibody, captured probes served as signal elements for fluorescent
readout in a “turn off” mode, along with the fluorescence gradually weakened. The sensi-
tivity and standard calibration curve of the QB-CICA were quantified using swine sera as
negative control (n = 200) and artificial infected swine sera (n = 80) compared with
a commercial ELISA kit. Besides, Trichinella spiralis-antibody targeting test ability of the
QB-CICA, instead of other parasites or viruses antibodies (n = 10), was evaluated.
Results: The QB-CICA exhibited a good linear range, a low detection limit of 189.92 ng mL ™'
and 100% selectivity that was higher than commercial ELISA kit (90%), as well as the same
serological positive rate (100%) with commercial ELISA kit in different infection dose models.
Conclusion: Taking advantage of its simplicity, short response time (25 min), sensitivity
and specificity, the proposed QB-CICA has potential applications for parasite-related anti-
body monitoring in food safety and clinical diagnosis fields.

Keywords: rapid serological antibody test, competitive sandwich immunochromatographic

assay, quantum dot nanobead, Trichinella spiralis

Introduction

Rapid serological antibody test of pathogen infection is important for on-site initial
screening,' epidemiological surveys® and the origin of new epidemic diseases.*” In
particular, a quantification test for target antibody can determine the protective power of
vaccines®” and determine whether the infected host is in active or recovery phase.®
Methods for antibody test of particular epitope, using monoclonal antibody, are necessary
in many cases, including distinguishing infections due to pathogens of different subtypes
with similar genomes,” differential diagnosis of naturally infected versus vaccinated

1011 and elimination of cross-reactivity.'* Cross-reactivity is a major problem in

hosts
the sera-diagnosis of parasite infection due to a mixture type antigen used." 314 However,
methods for specific and quantitative detection of parasite-related antibody are limited to

enzyme-linked immunosorbent assay (ELISA).
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Immunochromatographic assay (ICA) is a rapid, user-
friendly, portable and widely used biosensor for point-of-
care test (POCT) of pathogen infection.'>'® Traditional
ICAs employ gold nanoparticles (AuNPs) and provide
a binary yes/no answer that corresponds to the presence
if the concentration of target antibody is over or under
a specific cut-off level.'” 2 Disturbed red optical inten-
sity of AuNPs in complex biological body fluid condi-
tion and reduced colloidal stability in harsh conditions,
such as in salt solutions, restrict their further applications
in traditional ICAs for serum antibody test. Currently,
quantum dot nanobeads (QBs) with resistance to matrix
interference are used to improve the sensitivity and sta-
bility of ICAs, because of their controllable fluorescent
emission wavelengths, narrow peaks and more intense
fluorescence signals than the original quantum dots.>'

Trichinella spiralis (T. spiralis) is a food-borne zoonotic
parasite causing a large number of human infections annually**
via consumption of under-cooked infectious meat. According
to recommendations of the International Commission on
Trichinellosis (ICT), serological testing is a prerequisite for
infection monitoring in preslaughter care of livestock to ensure
food safety.”> Excretory-secretory (ES) products, a mixture
type antigen used in sera-diagnosis, have problems in cross-
reaction and reproducibility.'>***” The most widely used
T. spiralis antibody detection method is ELISA employing
ES products, which is sensitive but is not specific and time-
consuming (Table S1). Although two ICAs based on ES pro-
ducts and AuNPs have been reported,'”"'® the cross-reaction
problem remains unresolved with sensitivity reduced (Table
S1). These drawbacks significantly limited their on-site use in
surveillance of herds. Currently, an urgent pursuit of serologi-
cal testing is a sensitive and specific POCT to control the
parasite. A cystatin-like protein (CLP) is an antigenic compo-
nent of ES products, an ELISA based on which has been
preliminarily evaluated for sera-diagnosis.?® The improvement
of serological assays employing particular epitope of CLP
appears to be a promising strategy.

QB-based ICAs have been reported for detection of

small chemical molecules®'"*>

and viral pathogen with the
sandwich assay.”? In this study, a novel competitive sand-
wich format-based ICA was developed for detection of
serum antibody that compete with probes (QB-monoclonal
antibody, QB-mAD) for one epitope. Followed by immuno-
complexes binding to capture antibody, a sandwich com-
pound was formed on a test zone. The captured probes serve
as signal elements for fluorescent readout in a “turn off”

mode, resulting in short response time, quantification and

specificity. The QB-mAb probes were first used to develop
a competitive sandwich ICA (QB-CICA) for sensitive and
accurate sera-diagnosis of swine infected by 7. spiralis at
various stages and levels.

Experiments

Parasite and Sera

A pooled serum sample from 30 Trichinella-free pigs
served as the negative control serum, and a pooled serum
sample from 3 pigs infected with 10,000 larvae at 120
days post-infection (dpi) served as the positive control
serum. Two hundred negative sera were used to determine
the cut-off value. CLP antibody (CLP Ab) was purified by
saturated ammonium sulfate solution® from the recombi-
nant CLP (rCLP)-immunized pig, whose preimmunized
serum served as the source of background in calibration
curves. Sera from pigs infected with 10,000 larvae were
collected at 7, 11, 17, 19, 21, 25, 30, 35, 45, 60, 90 and
120 dpi, and were used in antibody kinetics.

Sera from Clonorchis sinensis, Toxoplasma gondii,
Taenia asiatica and Taenia solium experimentally infec-
tions served as other parasite-infected samples. Six sera
from scale livestock farm served as virus vaccine-
immunized samples, these virus vaccines included porcine
pseudorabies virus, porcine reproductive and respiratory
syndrome virus, porcine circovirus, classical swine fever
virus and foot-and-mouth disease virus.

Sera from pigs infected with 200, 400, 800 and 1000
larvae were collected at 120 dpi. All corresponding dia-
phragm tissues were detected with artificial digestion.*
Animal welfare and experimental designs were performed
strictly in accordance with the guide for the care and use
of laboratory animals (Care and Animals, 2011). All ani-
mal experiments in this study were approved by the
Ethical Committee of Jilin University affiliated with the
Provincial Animal Health Committee, China (ethical clear-
ance number 1Z-2009-08).

Reagents and Instruments

The mAb recognized the epitope HEALFSSDLKQESGYV and
rCLP antigens were prepared in our previous study.”® The
mADb characterization (Figure S1), rabbit anti-CLP Ab produc-
tion (Figures S2 and S3) and CLP Ab production using rCLP-
immunized pig (Figure S4) were described in detail in the
Supporting Information. COOH-modified CdSe/ZnS QBs
(10 mg mL™") were purchased from Shanghai Kundao
Biotech Co., Ltd. (Shanghai, China). A commercial ELISA
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kit employing ES products was obtained from Qiagen (cat.
No. 273501, Germany). Nitrocellulose (NC) membranes were
purchased from GE Healthcare (Wisconsin, USA). Sample
pads, absorbent pads and backing cards were obtained from
Shanghai Jieyi Biotechnology Co., Ltd. (Shanghai, China). All
other chemicals were of analytical reagent grade.
A transmission electron microscope (TEM, H-7650) was pur-
chased from Hitachi (Tokyo, Japan). A portable fluorescence
strip reader was obtained from Nanjing Microdetection
Biological Technology Co., Ltd. (Nanjing, China).

Buffer solutions were prepared as follows: reaction buffer:
30 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) (pH 7.0); activating buffer: 10 mM
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and
30 mM HEPES (pH 7.0); blocking buffer: 1.5% bovine
serum albumin (BSA) (w/v) and 30 mM HEPES (pH 7.0);
storage buffer: 50 mM Tris (pH 7.2); sample pad treatment
buffer: 0.2% BSA (w/v), 0.05% Tween 20 (v/v) and 0.01
M phosphate buffer (pH 7.4). All solutions were freshly pre-

pared before use.

Functionalization of QB with mAb
QB-mAb probes were prepared as follows:*' QB at 10 pL
were washed with 40 uL of reaction buffer under centri-

fugation (10,000 x g, 4 °C, 30 min), with nanobeads

dispersed into 60 pL of activating buffer and incubated
at 25 °C for | h. After centrifugation, the sediment was
dissolved in 50 pL of reaction buffer followed by incuba-
tion with 15 pg of mAb for 1 h at 25 °C. After centrifuga-
tion, the sediment was dissolved in 50 pL of blocking
buffer and incubated at 25 °C for 1 h. Then, the obtained
conjugates were dissolved in 100 pL of storage buffer. The
cross-linking principle is shown in Figure 1A.

Fabrication of the QB-CICA

Sample pads were treated with sample pad treatment buffer
and dried at 37 °C overnight. Rabbit anti-CLP Ab (3.0 mg
mL ") and rabbit anti-mouse IgG (0.5 mg mL ") were spotted
onto NC membranes as the test (T) and control (C) lines
respectively, and then dried at 37 °C for 2 h. The sample pad,
NC membrane and absorption pad were attached to backing
card (80 mm % 30 mm) and cut into 4 mm wide strips.

Immunoassay Procedure of the QB-CICA
The concentration of the mAb labeled with QB, the dilu-
tion factor of serum, the concentration of rCLP antigens in
the reaction solution and the concentration of capture anti-
body on the T-line were considered important factors that
affected the sensitivity of the QB-CICA. The optimization
of the QB-CICA parameters was based on the signal
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Figure | Schematic diagram of the QB-CICA. Principle of the cross-linking (A); mixing of rCLP, serum and QB-mAb probes (B); the strip was immersed in the mixture
solution (C); capture of immunocomplexes by rabbit anti-CLP Ab on the T-line (D); imaging and interpretation of results (E).
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intensity of the T-line and the competitive inhibition (PI)
ratio of the positive control serum, which was carried out
at room temperature in the dipstick format.>> As shown in
Figure 1, QB-mADb probes were incubated with 50 uL of
swine serum and 50 pL of reaction solution (0.9% NaCl
solution (w/v) containing 0.05 pg rCLP) in ELISA wells
for 10 min. The strip was inserted into the mixture for 5
min and left flat for 10 min, followed by signal recordings
using the portable reader.

Cut-Off Value of the QB-CICA

The result of each serum sample was expressed as the PI
ratio that was obtained by (1 — B/Byc) x 100%.%' Byc and
B were fluorescence intensities of the T-line of negative
control serum and sample serum, respectively. The cut-off
value was calculated based on the result mean of 200
negative sera plus two standard deviations.”

Validation of the QB-CICA

Establishment of the Standard Calibration Curve
The CLP Ab was diluted using preimmunized serum of the
rCLP-immunized pig at concentrations from 100 to 850
ng mL~'. The standard curves were generated by plotting
the PI ratio against the concentration of CLP Ab. The limit
of detection (LOD) was defined as the concentration of
CLP Ab that caused a PI ratio exceeding the cut-off value.
The results of QB-CICA were compared with those
obtained from commercial ELISA kit, the signal-to-
positive (S/P) ratio and cut-off value of ELISA were cal-
culated according to the manufacturer’s instructions.

Analysis of Antibody Kinetics Using T. spiralis Infected
Sera

Antibody kinetics of 7. spiralis infection at various stages
were determined using QB-CICA and commercial ELISA
kit. Seroconversion was defined as the time point when the
concentration of target antibody caused a PI ratio that
exceeded the cut-off value.

Specificity Testing

The specificity of the QB-CICA was evaluated using ten
sera (four samples were from other parasite-infected pigs,
six samples were from virus vaccine-immunized pigs).
And the results were compared with those obtained from
commercial ELISA kit.

Accuracy Testing
The accuracy of the QB-CICA was evaluated by analyzing
sera from swine infected with different doses of 7. spiralis.

Each dose group included three pigs. The results were
compared with those obtained by commercial ELISA kit
using the same serum samples. And corresponding dia-
phragm tissues were detected with artificial digestion.

Results and Discussion
Principle of the QB-CICA

The main format used in ICAs to detect pathogen-
associated antibodies in sera was the indirect assay or the
sandwich assay.">'>"'” So far, assays based on the compe-
titive sandwich format used for measuring antibody have
focused only on ELISAs.®*** In this study, principle of
the QB-CICA was based on competitive binding between
the analyte (CLP Ab, in serum) and QB-mAb probes (as
competitors) to a limited amount of antigen (one epitope
of rCLP). Then, immunocomplexes formed by QB-mAb
and rCLP bound to an adequate amount of capture anti-
body (rabbit anti-CLP Ab) on the T-line. The excess
probes continued to migrate along the strip and were
captured on the C-line, ensuring the validity of the bio-
sensor (Figure 1). The more analytes in the sample, the
less immunocomplexes containing QB-mAb would be
captured on the T-line, which led to a decrease in the
fluorescence signal. When the PI ratio exceeds the cut-
off value obtained by testing numbers of known negative
sera, the serological antibody test is positive (Figure 1E).

Characterization of the QB-mAb Probes
As shown in Figure 2, TEM images indicated that quan-
tum dots were nearly monodisperse with dot-shape in all
nanobeads. The protein halo around QBs can be observed
(Figure 2B), showing that the mAb was successfully
labeled with naked QBs. Compared with bare QBs, the
average size>' of QB-mAb probes was increased from 103
nm to 108 nm (Figure 2C). QB-mADb probes as well as
QBs exhibited narrow emission peaks at 620 nm (Figure
2D) that was beneficial to minimize background interfer-
ence of serum sample. Compared with QBs diluted
directly into equal volume solution, fluorescence intensity
of QB-mAb probes solution slightly reduced after functio-
nalization (Figure 2D), which increased approximately
linearly with increasing concentration of used QBs that
coupled with 15 pg mAb (Figure 2E). According to the
procedure of ELISA employing rCLP antigens in our pre-
vious study,”® the standard curve of binding rate of QB-
mAb probes to rCLP antigens was obtained (Figure 2F).
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Figure 2 QB-mADb probes characterization. TEM images of QBs (A) and QB-mAb probes (showing the protein halo) (B). The diameter dimensions of QBs and QB-mAb
probes (C). Fluorescence spectra of QB-mAb probes solution compared with QBs diluted directly into equal volume solution excited by 365 nm (D), and fluorescence
intensity of QB-mAb probes solution prepared with increasing concentrations of QBs (E). The standard curve of binding rate against concentration of QB-mAb probes by
ELISA employing rCLP antigens (F). The binding rate is defined as B/B,, where B is the response fluorescence intensity of probes with different concentrations, and By is the

maximal response value.

The results showed that QB-mADb probes could effectively
bind to rCLP antigens.

Optimization of the QB-CICA

Parameters

As shown in Figure 3A, the T-line signal of negative
control serum continuous increased with increasing mAb
concentration, which reached the maximum value at 150
pg mL™" of mAb with not increasing at 200 pg mL ™.
However, the T-line signal of positive control serum
increased suddenly when the concentration of mAb
was 200 pg mL™', as a result, positive control serum
presented bad activities in competition with QB-mAb
probes for the available epitopes of rCLP antigens,
the PI
According to the criterion with the highest PI ratio®',

thereby leading to a decrease in ratio.

150.00 pg mL ™" of the mAb was chosen as the optimal
concentration for coupling with 100 puL of QB, with
approximately 0.015 pg of the mAb used on each

strip. Similarly, the optimal ratio of serum sample and
the reaction solution was observed at a ratio of 1:1
(Figure 3B). And the optimal concentration of rCLP
antigens was chosen as 1.00 pg mL™' (Figure 3C).
Besides, 3.00 mg mL™' of capture antibody was
regarded as the optimal concentration to produce the
highest PI ratio (Figure 3D). Moreover, the fluorescence
intensity of QB-mAb probes were basically unchanged
over six months at 4 °C (Figure 3E), with the fluores-
cent signal of strips not weakened using the negative
control serum (Figure 3F). Other parameters including
the pH/time in cross-linking reaction, time of each step
and stability in NaCl solutions as well as hemolytic
samples were shown in Figures S5 and Sé.

Analytical Performance of the QB-CICA

The cut-off value of QB-CICA was determined to be 50%
using 200 known negative sera (Figure S7). As the amount
of CLP Ab increased, the fluorescence intensity of the strip
decreased and the curve obtained by the strip reader
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became flat (Figure 4A). A good linear correlation was
obtained, and the LOD was 189.92 ng mL™' calculated
from the linear function and the cut-off value (Figure 4B),
nearly the same as that of commercial ELISA kit
(Figure S8A).

To evaluate the analytical performance of QB-CICA
in real infection samples, experimental infection models
were used to plot kinetics of PI ratios. For the QB-
CICA, there was an increase in the immune response
following seroconversion until 21 dpi for 2/3 pigs
(Figure 4C). Besides, a 4-day delay for only one pig
in seroconversion occurred compared to commercial
ELISA kit (Figure S8B). Considering the complexity
of the interaction between parasites and host immune

system at various stages, the early seroconversion and

continuous serological positive illustrated that the QB-
CICA was comparable sensitive and stable to monitoring
changes of target antibody.

Selectivity of the QB-CICA

All PI ratios of 10 serum samples obtained by QB-CICA
were lower than 35% while a false positive result occurred
in ELISA (Figure 4D, S9), indicating that QB-CICA can
specifically detect 7. spiralis antibody instead of other
parasites antibodies or viruses antibodies induced by vac-
cines. Moreover, ES products cross-reacted with
Clonorchis Ab (Figure 4D, S9), which was consistent
with previous reports.'*>*” These results demonstrated
that the developed QB-CICA has better selectivity than

ELISA employing mixed antigens in our study.
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Accuracy of the QB-CICA

The proposed QB-CICA was compared with commer-
cial ELISA kit using sera of different dose infection
models. As the larvae of 7. spiralis infection increased,
the fluorescence intensity on the T-line weakened
(Figure 5A), and the curve flattened out (Figure 5B).
The QB-CICA had a 100% positive detection rate (12/
12 pigs) at different infection levels, with the same rate
obtained by ELISA (Figure 5C). All corresponding
diaphragm tissues were examined to estimate the larvae
burdens (Table S2). In light infection level (200 larvae
group), 3/3 pigs were positive by QB-CICA compared

to 2/3 pigs positive by artificial digestion (Table S2),
showing that the proposed QB-CICA is a sensitive and
accurate tool for screening of 7. spiralis infection in
pig serum samples. Compared to other current serolo-
gical antibody test methods (Table 1), the QB-CICA
has many advantages, including a higher specificity,
portability and the ability to produce results rapidly,
indicating that QB-CICA is suited for rapid screening
of T. spiralis infection. Moreover, this novel competi-
tive sandwich QB-CICA also provides useful reference
information for POCT strategies in pathogen infection
sera-diagnosis (Table S3).
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Figure 5 Accuracy of the QB-CICA. Images (A) and fluorescence curves (B) of strips in different doses of T. spiralis infection models from 200 to 1000 larvae; accuracy of
the QB-CICA in swine serum at different infection levels (C). Results are means of 3 tests.

Conclusion

A competitive sandwich QB-CICA was developed based
on a novel QB-mAb probe, which was systematically
evaluated for T spiralis antibody test using infection mod-
els. The QB-CICA exhibited short response time (25 min),

high sensitivity with a good linear range, and better selec-
tivity than commercial ELISA kit. Therefore, the newly
developed QB-CICA is recommended for rapid on-site
detection of 7. spiralis antibody in herds to ensure food
safety and other POCT applications for pathogen infection.

Table | Comparison Between the Developed QB-CICA and Other Methods for Serological Antibody Test of T. spiralis Infection

Method | Detection | Cross-Reaction Quantitative | LOD Instrument | Portability | Time | Ref.
Antigens Capability

ELISA ES Other parasite infections; Yes 174.95 Microplate Bulky >|.5 [13,26,27]
nonparasite infections; ng/mL reader h This work
noninfective pathologies b

AuNPs- No - Naked eyes Portable =|5 [17,18]

ICA min

QB- rCLP None? Yes 189.92 Fluorescence Portable =25 This work

CICA ng/mL ICA reader min

Notes: *Limited serum samples in this work. °Not tested.
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antibody; dpi, days post-infection; PI ratio, competitive inhi-
bition ratio; S/P ratio, signal-to-positive ratio; LOD, the limit
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