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Abstract

This work describes an anti-ovalbumin antibody-based lateral flow immunoassay (LFI) for T-2 toxin. The antibody uses a coating
antigen as a bifunctional element for universality and introduces preincubation to improve the detection limits of the method. T-2 toxin
and ovalbumin-modified T-2 toxin competitively binds on the anti-T-2 toxin monoclonal antibody modified on CdSe/ZnS quantum
dot beads during preincubation. The modified T-2 toxin acts as a bifunctional element that forms immuno complexes during
preincubation and combines with anti-ovalbumin antibody coated in the test line through the ovalbumin terminal. Fluorescence is
detected at 610 nm on the test zone following photoexcitation at 365 nm. It has a reverse dose-effect relationship with the amount of T-
2 toxin. The calibration plot is linear in the 20-110 fg mL™" T-2 toxin concentration range, and the limit of detection (LOD) is
10 fgmL ", which is lower by 8-fold than that of the traditional LFI system (LOD 80 fg mL ") and one order of magnitude than those
of LFIs with labels of colloidal gold nanoparticles (LOD 150 fg mL™") or fluorophores (LOD 190 ng mL ™). Universality was verified
through aflatoxin B; detection using the established ovalbumin antibody-based LFI system (LOD 10 fg mL™"). The performance of
the method was compared with that of established systems and a commercial ELISA kit (LOD 360 fg mL™).
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Introduction

In lateral flow immunochromatographic (LFI) systems, a
specific recognition element is confined onto the surface
of the porous membrane and the flow of the sample and
reagents are sustained by capillarity force. LFI technol-
ogy has the inherent advantages of rapidity, simplicity,
cost-effectiveness, no requirement of technical expertise,
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and application in diverse fields, such as food safety,
environmental analysis, and veterinary.

LFI is traditionally developed for the detection of a single
compound per assay. LFI has been modified, such as by im-
proving the sensitivity through novel labels and the through-
put via multiplexing, to enhance its detection efficiency
[1-12]. A recent work established carbon nanotube-based
LFI for ultrasensitive detection [13]. The sensitivity of LFI
was increased by 30-fold with the use of spherical core-shell
gold-silica nanoparticles (AuNP@SiO2NPs) [14]. High sen-
sitivity was also achieved by applying a “turn on” mode [15,
16]. However, one ubiquitous characteristics of the existing
LFI systems is that the target-specific antigen or antibody
immobilized on the testing zone hinders the development of
universality, which is another crucial property. LFI systems
with sensitivity and universality have not been reported. The
immune recognition activated by the flow of the sample and
reagents mixed by capillarity force on the testing zone is tran-
sient and largely uncontrolled, leading to insufficient reaction
and thus limited sensitivity, especially in competitive
immunoassay.
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A LFI system with combined sensitivity and universality
was established for T-2 detection using quantum dot beads
(QBs) as label. T-2 toxin is a heat-stable trichothecene pro-
duced particularly by the Fusarium species, is abundant in
crops, and poses a health risk through the ingestion of milk,
meat, and eggs from poultry and livestock animals fed with
trichothecenes-contaminated feed [17, 18]. T-2 toxin is one of
the most dangerous contaminants according to the European
Food Safety Authority [19]. This substance is nearly 100
times more toxic than mustard in absolute amount in dermal
exposure and can be used as biological warfare agent (BWA)
in various forms [20]. After the 9/11 attack, the possibility of
bioterrorism, including the release of T-2 toxin, has become
credible in peacetime. Thus, developing effective methods for
T-2 detection, especially for the on-site classification of “sup-
posed released BWA?”, is urgently needed.

Traditional ELISA and chromatographic methods are usu-
ally highly selective and very accurate, but these methods are
sophisticated, tedious, and expensive, which are disadvanta-
geous for on-site fast detection [21-23]. On the contrary, LFI
was developed as a rapid, specific, and reliable detection
method which usually uses luminescence materials and col-
ored nanoparticles as label [24, 25]. Quantun dots (QDs) has
attracted interest as an ideal fluorescent label due to its unique
property of broad adsorption, narrow emission spectra, high
quantum yield, and high photo-stability [26]. Quantum dot
beads (QBs) is prepared by doping numerous QDs inside
polybeads to further improve the sensitivity of LFI [27].
Ultrasensitive detection using QBs as label has been
established [28]. However, a LFI system that is based on QB
and has sensitivity and universality for the detection of T-2
toxin has not been reported.

A QB-LFI system with combined sensitivity and univer-
sality for T-2 toxin detection was established. Anti-ovalbumin
(anti-OVA) antibody acted as the coating element on the test-
ing zone, and traditional coating antigen T-2-OVA was used as
the bi-functional element. T-2-OVA competed with T-2 toxin
for QB-mAb during preincubation before LFI process.
Immune complexes were formed during preincubation and
named as QB-mAb-T-2 and QB-mAb-T-2-OVA. The latter
combined with anti-OVA antibody through the OVA terminal
in the testing zone. After optimization, the limit of detection
(LOD) was used to compare the sensitivity of the anti-OVA
antibody-based LFI system with that of LFIs that are based on
the traditional structure and uses QB, colloidal gold nanopar-
ticles (GNPs), or luminescence materials as signal probes. A
similar LFI system using anti-bovine albumin antibody has
been investigated, but that using anti-OVA antibody has not
been discussed [29]. The result shows that the LOD of the
proposed method was improved more than eight times than
that based on the novel structure. Furthermore, its universality
was validated through aflatoxin B; detection. Comparative
study showed that QB-LFTI is more sensitive than conventional
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ELISA methods. Hence, the anti-OVA antibody-based QB-
LFI system has great potential for the rapid, sensitive, quanti-
tative, and universal detection of analytes in biosafety moni-
toring and on-site classification of the “supposed released
BWA.”

Experimental

Materials and instruments T-2 toxin standard and its metabo-
lites HT-2, T-2 triol and fumonisin B; (FMBI1), zearalenone
(ZEN), deoxynivalenol (DON) and Tween-20 were purchased
from J&K Scientific Ltd. (Shanghai, China, www.jkchemical.
com/Company-inf.aspx?language=ch). T-2 — OVA
conjugates, anti-T-2 antibody, anti-OVA antibody, goat anti-
mouse IgG antibodies, and the commercial T-2 ELISA kit
were supplied by Shandong Landu Bio-Science &
Technology Co., Ltd. (Shandong, China, www.11467.com/
qiye/45274356.htm). Carboxylate-modified QBs with excita-
tion and emission wavelength of 365 nm and 610 nm, respec-
tively (Cat: FM610C), were supplied by Beijing Najing
Biological Technology Co., Ltd. (Beijing, China, www.
najingbio.com/) and used as label in LFI system.
Nitrocellulose (NC) membrane, glass fiber, absorbent pad,
and polyvinylchloride (PVC) backing card were obtained
from Kinbio Tech. Co., Ltd. (Shanghai, China, www.
goldbio.cn/article-item-288.html). All other reagents
(analytical grade) were supplied by the National
Pharmaceutical Group Co., Ltd. (Shanghai, China, www.
sinopharm.com/1156.html).

Ultrapure water was obtained from a Milli-Q purification
system (Millipore Co., Bedford, MA, USA, http://www.well-
honor.com/goods1-202.html) for the preparation of buffers.
BioJet Quanti 3000™ which was used for antibody
immobilization on NC membrane and an automatic cutter
were supplied by Kinbio Tech. Co., Ltd. (Shanghai, China,
www.goldbio.cn/article-item-288.html). The employed QB-
LFI strip reader which was supplied by Beijing Najing
Biological Technology Co., Ltd. (Beijing, China, www.
najingbio.com/) excited QB at 365 nm and the signal was
collected at 610 nm.

Preparation of the QB-mAbs

QB surface was modified with anti-T-2 mAbs using active
ester method. Briefly, carboxyl groups on QB were activated
by adding 0.96 uL of 10 mg'-mL~" EDC-HCI and 1.64 uL of
10 mg'mL™" NHS to 50 uL of QB solution. The solution was
then incubated under 37 °C for 15 min. After centrifugation
and re-suspension by MES buffer (pH 6.0, 10 mmol-L™"),
anti-T-2 mAbs was added to the solution under gentle stirring
(800 rpm) and incubated under 37 °C for 1 h. Then, the QB-
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mAbs were further blocked by glycine solution (100 mmol-
L', containing 10% skimmed milk powder) under 37 °C for
30 min. The mixture was then centrifuged, the supernatant
was discarded, and the precipitates were re-suspended and
stored in protein stabilizer solution(Cat: PR-SS-002, Huzhou
Yingchuang Biological Technology Co., Ltd., Huzhou,
China) at 4 °C until use.

Fabrication of the QB-LFI system

The principle of QB-LFI system is shown in Fig. 1. Similar to
traditional LFI structure, the QB-LFI system also contains
three parts: sample pad (using glass fiber instead), NC mem-
brane, and absorbent pad. In the PVC backing card, NC mem-
brane was positioned in the middle, and the glass fiber and
absorption pads overlapped for nearly 2 mm on both ends.
The anti-OVA antibody (0.25 mg'mL ') and goat anti-
mouse IgG antibodies (0.5 mg'mL ") were immobilized (den-
sities of 3 uL cm™ ') in the NC membrane as test and control
lines with distance of 5 mm. The formed LFI system was then
dried at 37 °C for 2 h, cut into strips with width of 3.5 mm
using an automatic cutter, and stored in a plastic bag contain-
ing desiccant gel at 4 °C until use.

Quantitative procedure of the QB-LFI system

QB-LFI system introduced preincubation and anti-OVA anti-
body. Coating antigen (T-2-OVA), which was traditionally

— -
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Bi-functional element

T-2-OVA

immobilized in the testing line on NC membrane, was re-
placed by anti-OVA antibody. Instead, T-2-OVA competed
with the analyte (T-2) for QB-mAb in the introduced
preincubation process. In preincubation stage, the parameters
of the mixed solution such as incubation time, ion strength, pH
value, and optimal amount of reagent involved in competitive
recognition, was optimized, thus forming the two complexes,
QB-mAb-T-2-OVA and QB-mAb-T-2. The former was cap-
tured by anti-OVA antibody in the testing line through the
OVA terminal, and fluorescent intensity (FIt) was detected.
The latter was captured by goat anti-mice antibody in the
control line, of which the fluorescent intensity was marked
as Flc. As T-2 toxin concentration increased, QB-mAb be-
came more prone to conjugation, leading to fewer QB-mAb-
T-2-OVA and ultimately weaker Flt. QB-mAbs probed at a
dilution ratio of 1:800 and 0.1 pg of T-2-OVA were premixed
in 100 uL of the target solution in a microplate at 37 °C for
11 min. Then, QB-LFT strip was dipped into the mixture and
collected Flt after a 9-min immunochromatographic period.
Flrat 610 nm was inversely proportional to T-2 toxin content.
A calibration plot was established by plotting the B/By x
100% against the T-2 toxin content in logarithm, where B
and Bowere FI; of the standard solutions with and without
T-2 toxin, respectively. The standard T-2 toxin solutions were
made by serial dilutions of 100 g mL ™" T-2 toxin solution in
PB buffer (pH 5.6, 0.05 mol~L71) to a final concentration of 0
(as negative control), 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, and
0.64 ng'mL .

LFI direction

®

Glass fiber

Pre-incubation

Y T2 tv T2-0vVA QB

Fig. T Schematic of OVA antibody-based LFI assay using CdSe/ZnS
QBs as label for T-2 toxin detection. The T-2 toxin and T-2-OVA com-
petitively bind for anti-T-2-mAb modified on QB during preincubation.
T-2-OVA was a bi-functional element, which formed immune complexes

NC membrane

Anti-T-2-mAb

Test line Control line PVC card Absorbent pad

—( Anti-OVA antibody —< Anti-IgG antibody

during preincubation and combined with anti-OVA antibody coated in the
test line through the OVA terminal. Complexes formed by T-2 toxin and
QB-mAb were captured by anti-IgG antibody in the control line
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Spiked tap water samples and pretreatment

Water, which is commonly used in agriculture, is one of the
most possibly contaminated resources and is a potential biolog-
ical warfare agent, which would pose risks to human health.
Tap water samples were collected in our lab, filtered using a
0.22-um PTFE filter (Phenomenex, Torrance, CA), and mixed
with equal volume of PB (0.1 mol-L ™", pH 5.6, containing 10%
sucrose, 4% fructose, 2% PEG 20000, and 2% Tween-20) prior
to T-2 toxin LFI detection. Accuracy and precision analysis
were performed by detecting T-2 toxin-spiked standard solution
with concentrations of 0.15, 0.30, and 0.60 ng~mL71. All LFI
tests were carried out in triplicates. LFI results were also com-
pared with QB-LFI based on traditional structure and reported
T-2 toxin-detecting LFI using GNPs. The assay using fluores-
cent material were summarized in Table 1.

Comparative evaluation

Comparative evaluation was carried out between the results
obtained by QB-LFI and commercial ELISA Kit with spiked
T-2 toxin concentrations over the range of 0.30-1.20 ng'mL —
1. Sample pretreatment for the commercial ELISA kit was in
accordance with the manufacturer’s instructions.

Results and discussion

The target on the T line coated target-modifying protein in
traditional LFI is not fully exposed, which leads to weaker
competitiveness against free target and low sensitivity. The
modified LFI system overcame the abovementioned limitation.
QB was selected as label for the modified LFI system The
schematic diagram of the QB-LFI system is shown in Fig. 1.
Preincubation, which was introduced to improve sensitivity,
included the competitive binding of T-2 toxin and T-2-OVA
for QB-mAb in the mixture solution under optimal conditions.
T-2 toxin-specific mAb modified on QB determined the spec-
ificity of the binding and formed the immune complex, QB-
mADb-T-2-OVA, which was captured through the OVA terminal
by the anti-OVA antibody in T line for signaling. The univer-
sality of the QB-LFI strip was due to the specific recognition of

the OVA terminal of the formed immune complexes by the
anti-OVA antibody in T line. Thus, any target that is modified
with OVA and has formed OVA terminal-containing immune
complexes would be captured by the QB-LFI strip.

The FIt detected at 610 nm on the test line was stimulated
at 365 nm and had a reverse dose-effect relationship with T-2
toxin concentration. With high T-2 concentration in the solu-
tion, many QB-mADb-T-2 complexes were formed. This im-
mune complex was not captured by the anti-OVA antibody in
the T line because it does not contain an OVA terminal, thus
weaker Flt was reported. The novel LFI system was opti-
mized in a competitive mode and the parameter which resulted
to highest inhibition was chosen.

Optimization

The following parameters were optimized to achieve the best
performance of the LFI system: (a) labeling amount of anti-T-2-
mADb on QB, (b) T-2-OVA concentration in preincubation, (c)
sample pH value, (d) ionic strength, (e) anti-OVA antibody con-
centration, (f) Tween-20 concentration, (g) incubation time, and
(h) LFI time. Respective texts and figures on the optimization
are given in the Electronic Supporting Material (Fig. S1 and S2).
The following experimental conditions produce the best results:
(@) 0.3 mg of anti-T-2-mAb per 1 mL of commercial QB solu-
tion, (b) 4 uL of 0.025 mg.mL_1 T-2-OVA, (c) sample pH of 5.6,
(d) ionic strength of 0.05 mol'L ™", (e) 0.25 mgmL " anti-OVA
antibody in T line, (f) tween-20 concentration of 1% (v/v), (g)
incubation time of 11 min, and (h) LFI time of 11 min.

Analytical performance

Figure 2a shows that Flt decreased with increasing T-2 toxin
concentration (0, 0.04, 0.08, 0.16, and 0.32 ng-mL_1 in se-
quence). A calibration plot for the spiked T-2 toxin concentra-
tion from 0 ng'mL ™" to 0.625 ng'mL "' against the relative
intensity was established. A linear range from 0.02 ng'mL "
to 0.11 ng'mL " was observed in Fig. 2b. LFI detection was
conducted in triplicates, and the results from the novel struc-
ture were compared with those of traditional LFI systems with
labels of QB, GNPs, and fluorescent materials as shown in
Table 1.

Table 1 Comparison of QB-LFI with other T-2 toxin detection methods
Methods Analytical range LOD (ng~mL71) 1Cso (ng~mL71) Reference
(ngmL ™)
Novel QB-LFI 0.01-0.11 0.01 0.04 This work
Traditional LFI 0.12-0.67 0.08 0.30 This work
GNPs-LFI 0.25-5 0.15 NR?* Kong et al., 2016 [25]
Fluorescent bioassay 0.23-17.49 0.19 NR He et al., 2019 [30]

not reported
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Fig. 2 a LFI strips with different
concentrations of T-2 toxin under
365 nm UV light. b Calibration
plot for T-2 toxin. Data were car-
ried out in triplicates

C line

T line

a

LOD was defined as the concentration of T-2 toxin, at which
10% inhibition (IC;,) of the total FI difference was reached.
Under optimal conditions, the LOD of the constructed calibration
plot was 0.01 ng'mL ™", which is about 8 and 15 times lower than
those of the traditional LFI system using QB (LOD =0.08 ng:
mL ") and GNPs (LOD =0.15 ng'mL ") as labels, respectively,
and about 19 times lower than those of assay using fluorescent
material (LOD =0.19 ng'mL™") as label. The specificity of the
QB-LFI system was investigated using cross-reaction (CR) value
among structural analogs such as HT-2, T-2 triol, and other com-
mon toxins such as ZEN, DON, and FMB,;. CR value was cal-
culated using the equation [31]:

CR% = [(ICSO T_z)/(IC50 analog)] x 100.

Figure 3 showed that only the structural analogues HT-2
and T-2 triol with CR values of 6.49% and 17.26%, respec-
tively, showed notable CR values while for other toxins such
as DON, ZEN, and FMB, CR values were lower than 0.01,
which suggests the LFI is specific.
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Fig. 3 Specificity of QB-LFI for T-2 toxin against other toxins
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The recovery of the intra- and inter-assay was evaluated to
characterize the accuracy and precision of QB-LFI system.
Accuracy was calculated in three replicates of the spiked stan-
dard solutions with concentrations of 0.04, 0.08, and 0.16 ng:
mL™', and precision was investigated in three replicates of
intra-assay. As shown in Table 3, the average recoveries
ranged from 84.15% to 111.89%, which is acceptable for
LFI quantitative analysis [32, 33].

The universality of the LFI system was validated by the
detection of aflatoxin B; (AFB;) using the same anti-OVA
antibody coated LFI strip and the abovementioned screened
optimal parameters. The only difference for this experimental
set-up was that the antibody modified on QB surface was
AFB;-specific and AFB;-OVA was used for competitive rec-
ognition in preincubation. Results showed LOD of 0.01 ng:
mL ", a linear range (IC, — ICgp) 0f 0.016 to 0.068, and ICs
of 0.033 ng'mL ™", which clearly demonstrated that different
targets could be successfully detected using the same LFI strip
(Table 2).

Determination of T-2 toxin in tap water

The performance of QB-LFI system was compared with that
of a commercial ELISA kit by analyzing three T-2 toxin
spiked tap water samples. As shown in Table 3, the two
methods verified the results. QB-LFI took nearly 20 min
(preincubation and LFI were 11 min 9 min, respectively) to
complete one sample analysis, whereas traditional ELISA re-
quired approximately 90 min. The introduced preincubation
increased the complexity, but QB-LFI was still suitable for on-
site use. The LFI results also validated the applicability of the
established QB-LFI method.

The QB showed contrast to standard fluorophores by
broadband absorption spectrum, narrow fluorescent emission
spectra, large stokes shifts, high quantum yield, high photo-
chemical stability, and higher fluorescence intensity than tra-
ditional quantum dot [27]. Combining with a spectral
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Table 2 Precision and stability of

the QB-LFI in T-2 toxin-spiked Spiked T-2 toxin Intra-assay Inter-assay
standard solution (ng'mL™") X N
Mean' Recovery (%) CV” (%) Mean Recovery (%) CV (%)
0.039 0.040 103.17 2.99 0.039 100.33 5.34
0.078 0.072 91.95 8.76 0.082 106.12 8.16
0.16 0.13 84.15 6.76 0.17 111.89 8.60

#Mean value of three replicates at each spiked concentration

b coefficient of variation

demixing algorithm of the strip reader, a Background-free
fluorescence signal can be collected in combination with spec-
tral demixing algorithm of the strip reader [34]. Quantitative
interpretation is specific for the data collected at a specific
time. Preincubation increased the complexity of the method
and is a disadvantage for the new LIF system. Thus, fixed
timing for every step should be strictly applied.

Conclusion

Anti-OVA antibody-based sensitivity and universality com-
bined QB-LFI system for T-2 toxin was successfully
established. QB-LFI system was systematically optimized
and the LOD for T-2 toxin in standard solutions was
0.01 ng'mL"', which was improved by approximately one
order of magnitude compared with traditional LFI systems
using QB and GNPs as labels, and was much better than that
of bioassay using fluorescent material. The CVs for intra- and
inter-assay representing the accuracy and precision were be-
low 10%, which is acceptable for LFI system. The recovery
performance of QB-LFI system on detecting spiked tap water
samples were comparable with those based on a commercial
ELISA kit. High sensitivity was established by the introduced
preincubation, in which T-2 toxin and T-2-OVA competed for
QB-mAb under optimal conditions. Universal detection of the
sensitive LFI system was realized by coating anti-OVA anti-
body in the T line of the LFI strip, which captured the OVA-

Table 3  Determination of T-2 toxin spiked tap water using QB-LFI
system and ELISA kit

Spiked T-2 toxin QB-LFI (ng'mL ") ®  ELISA kit (ngmL ")
concentration (ng~mL7')

0.30 0.32 £ 0.029 0.30 £ 0.045

0.60 0.56 + 0.054 0.57 £ 0.033

1.20 131 +0.12 1.12 £ 0.029

#Mean value of 3 replicates + SD

@ Springer

terminal-containing immune complexes formed in
preincubation. Any OVA-modified target competes with other
targets for the anti-target antibody modified QB in
preincubation, forms OVA-terminal-containing complexes,
and is captured by the anti-OVA antibody coated T line.
Thus, the new LFI system has combined sensitivity and uni-
versality. Universality was further validated by the detection
of T-2 toxin and aflatoxin B; using the same LFI strip. The
universal LFI system was beneficial for quantitative detection,
comparative studies, and construction of more reliable big
data system. In conclusion, the QB-LFI system could be a
reference for the development of LFI assays with combined
sensitivity and universality using other labels. Furthermore,
QB-LFI system can be an alternative on-site quantitative de-
tection of contaminants for biosafety monitoring or even sus-
ceptibility detection of “supposed released BWA”.
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