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Abstract

The authors describe a lateral flow assay (LFA) for the antibody against the infectious bacterium Clostridium tetani. Gold
nanoparticles (AuNPs) were linked to tetanus antigen and are captured in the test line via the formation of a sandwich structure
composed of AuNP-labeled tetanus antigen, tetanus antibody, and tetanus antigen. This leads to the formation of a characteristic
red line due to the accumulation of AuNPs. The formation of the color line allows for a highly sensitive and selective detection of
tetanus antibody, both with bare eyes and by smartphone-based quantitative analysis. This assay offers a wide detection range
from 0 to 0.5 IU-mL™" and has a linear relationship from 0.01 to 0.1 IU-mL™" with an experimental detection limit of 0.01 TU-
mL™". This assay is simple, fast, inexpensive and highly selective. When applied to the detection of tetanus antibody in spiked
whole blood, it provided reliable results that compared well to those obtained with a commercial ELISA kit.

Keywords Immunochromatographic strip - Sandwich immunoassay - Tetanus biosensor - Tetanus neurotoxin - Colorimetric

detection - Human blood sample

Introduction

Tetanus is a fatal disease caused by the anaerobic Gram-positive
bacterium named Clostridium tetani [1]. The bacterium can
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easily infect human with injuries, fractures, rusty nails or wood
stab wounds and induce tetanus neurotoxin [2]. At present, the
most effective means against the disease is vaccination of human
tetanus immunoglobulin [3-5]. The level of tetanus antibody in
human body indicates the individual immunity [6-8], and with
lower-than-normal levels people may easily be infected with
tetanus particularly in the case of injury [9]. Thus, quantification
of the tetanus antibody level in human body is important in the
assessment of individual immunity for early diagnosis and ther-
apy. Currently, efforts have been made to design some methods
for detecting tetanus antitoxin in vitro, such as enzyme-linked
immunesorbent assay (ELISA) [10, 11], gel electrophoresis-
based immunoassay [12], fluorometric immunoassay [13, 14],
radioimmunoassay [15, 16], and microfluidic platform [17, 18].
Although these techniques obtained successful results, there are
still some hindrances including the utilization of radioactive sub-
stances, specialized equipment, time-consuming analytical pro-
cedure, and tedious purification steps before analysis. Therefore,
in order to effectively detect tetanus infection in developing
countries, it is highly desirable to develop a low-cost, simple
and highly sensitive method for tetanus antibody detection.
Lateral flow test strip (LFTS) assays [19, 20] have received
increasing attention due to their excellent performance. The
strip usually consists of four parts: a sample pad, a conjugate
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pad, a nitrocellulose (NC) membrane and an absorbent pad,
which minimizes the requirements for highly qualified per-
sonnel and eliminates complex analysis procedures with ex-
pensive equipment. Therefore, LFTS has been widely used in
medical test [21], food quality monitor [22], poison detection
[23] and environment supervision [24]. Colloidal gold nano-
particles with a typical absorption spectrum at the range of
400-800 nm are frequently used as reporters for colorimetric
detection [25]. In the past several years, various colorimetric
immunochromatographic test strips based on AuNPs have
been developed for ions, toxins and biomolecules including
antibodies and antigens [26-28]. By using monoclonal anti-
body (MADb)-functionalized AuNPs as signal reporters, Wang
et al. [29] reported a rapid immunochromatographic lateral
flow test strip in a sandwich format for the rapid detection of
the food allergen glycinin in powdered Milk and the detection
limit was as low as 0.69 mg-kg '. Zhang et al. [30] proposed
the AuNP-based immunochromatographic test strip assay for
simultaneous detection of total aflatoxins in peanuts. Ge et al.
[31] developed an enhanced strip biosensor with AuNP-DNA
for the rapid detection of H3K9me3 in HeLa cells. To the best
of our knowledge, few AuNP-based strips were reported for
tetanus antibody up-to-date and it has a great potential to be
used in this research/application field.

In this study, we established an AuNP-based test strip plat-
form for quantification of tetanus antibody. Test line and con-
trol line were modified by human tetanus and standard human
tetanus antibody, respectively. Then, samples that contained
tetanus antibody were added onto the sample pad and subse-
quently a characteristic red band can be observed on the test
zone because of the accumulation of AuNPs. A red band also
can be observed on the control zone which indicated the fea-
sibility of the test strip. The color intensity of test line deep-
ened with the increase of target antibody concentrations,
which can be observed very easily by bare eyes.
Furthermore, quantitative detection can also be realized by
analyzing the intensity of color through Image J. This assay
also has been successfully used for the detection of tetanus
antibody in human whole blood samples. We anticipate that
this AuNP-based test strip can be utilized as a novel effective
individual immunity method for tetanus antibody detection in
household and clinical diagnosis.

Experimental

Reagents and materials

HAuCl,-3H,0 and trisodium citrate were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China,
www.sinoreagent.com). Tetanus antigen was obtained from

Fapon Biotech Inc. (Shenzhen, China, faponbiotech.bioon.
com). The standard human tetanus antibody, human
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diphtheria antibody, human pertussis antibody, human
measles antibody and rabies virus antibody were obtained
from the National Institute for the Control of Pharmaceutical
and Biological Products (Beijing, China, www.bzwzzx.com).
Tween-20, Bovine Serum Albumin (BSA), poly (vinyl
pyrrolidone) (PVP) and PEG-2000 were purchased from
J&K Chemical Ltd. (Shanghai, China, www.jkchemical.
com). Tetanus antibody ELISA kit was obtained from
Zhengzhou Etebio Technology Co., Ltd. (Zhengzhou, China,
www.etebio.com). All buffers and reagent solutions were
prepared with ultrapure water generated from a Millipore
Milli-Q water purification system (Billerica, MA, USA,
www.merckmillipore.com) with an electric resistance of 18.
2 MQ-cm.

Instruments

XYZ-3030 dispenser and CT 200 Cutting System were pur-
chased from Kinbio Tech. Co., Ltd. (Shanghai, China,
kinbio.bioon.com.cn). UV-visible absorption spectra were re-
corded on a TU-1810 ultraviolet and visible spectrophotome-
ter (Beijing Persee Co., Ltd., China, www.pgeneral.com). A
circular quartz cell with a path length of 1 cm was used in all
experiments.

Preparation of test strip

Both the sample pad (33 mm x 30 cm) and conjugate pad
(7 mm % 30 cm) were made from glass fiber. The conjugation
pad was prepared by dispensing a desired volume of AuNP-
labeled tetanus antigen (AuNP-Ag) onto the glass fiber pad
using an XYZ Biostrip Dispenser, followed by drying at 37 °C
for 1 h and then stored at 4 °C. The NC membrane (20 mm X
30 cm) was spotted using the same dispenser with the optimal
tetanus and standard tetanus antibodies applied in the test and
control lines, leaving a 0.5 cm space between the two lines.
The absorbent pad was cut to dimensions of 20 mm x 30 cm.
The sample pad, conjugate pad, NC membrane and absorbent
pad were assembled on a plastic backing support board
(60 mm x 300 mm) sequentially with a 1-2 mm overlap.
The master card was cut into 3 mm wide strips using a
Cutting System CT 200 Cutter. The strip was then sealed in
a plastic bag with desiccant gel and stored at 4 °C.

Detection of tetanus antibody

The detection of tetanus antibody was carried out by dropping
appropriate tetanus antibody solution on the sample pad of the
strip. After 16 min, the results of test line were observed by
bare eyes. For quantitative measurements, the optical intensi-
ties of the test line and control line were obtained by using
Image J. The digital images of the LFTS were captured with a
Smartphone. After opened in Image J, the images were
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converted to 32-bit formats using Image/Type 32-bit com-
mand and exaggerated the contrast with Process/Enhance con-
trast command. In the image window, the test line was ampli-
fied using the magnifying glass and outlined with the rectan-
gular selection tool, and then the signal was obtained through
the Analyze/Measure command. The signal difference was
realized by dragging the rectangular selection to blank posi-
tion and using the measure command again.

Results and discussion
The design principle of LFTS

Scheme 1 illustrates the principle of AuNP-based LFTS for
the detection of tetanus antibody. Typically, the sample solu-
tion containing target antibody is dropped onto the sample pad
and then migrates along the pad and NC membrane by capil-
lary action. Target antibody binds to tetanus on the surface of
AuNPs by forming complex (AuNP-tetanus-tetanus anti-
body), and the complex continues to migrate along the strip.
When reaching the test zone, the complex is captured by the
tetanus immobilized on the test zone and a characteristic red
band appears because of the accumulation of gold nanoparti-
cles. In addition, once the sample solution passes through the
control zone, the excess AuNP-Ag conjugates are captured by
the standard tetanus antibodies, and thus a second red band

Scheme 1 Schematic illustration
of AuNP-based LFTS for the de-
tection of tetanus antibody

Negative

Postive

Sample pad

AUNPs

Tetanus Antibody Y’

appears on the control line. In the absence of target antibody,
the red band only can be observed on the control line. Based
on this response principle, tetanus antibody analysis can be
simply performed by observing the color change of the test
zone with bare eyes and/or Smartphone.

Optimization of the LFTS parameters

AuNPs were prepared according to the previous report [32],
and the image of AuNPs was taken by a digital camera
(Canon, EOS 6D, Japan). In order to investigate the morpho-
logical structure of the as-prepared AuNPs, AuNPs were char-
acterized by Transmission electron microscopy (TEM) and
UV-vis spectroscopy. As shown in Fig. 1a, the TEM image
shows that AuNPs are spherical shape and possess a uniform
size distribution. Figure 1b displays the UV-vis absorption
spectrum of AuNPs, the as-prepared AuNPs have a typical
absorption peak at 524 nm and the AuNP solution appears
red and transparent. These properties indicated that the size
of AuNPs was well-distributed and can provide the best basis
for preparation of AuNP-labeled antigen probe for the test
strip. In order to investigate the effect of acidity on the conju-
gation between AuNPs and tetanus, the following parameters
were optimized: (a) volume of K,COj; (b) concentration of
antigen; (c) diluted ratios of AuNP-Ag on the conjugate pad;
(d) amount of tetanus on the test line (Respective data and
figures are given in the Electronic Supporting Material). The

Membrane Absorbent pad

Test line Control line

Conjugate pad

Tetanus Antigen

Standard Tetanus Antibody
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Fig. 1 a The TEM image of

AuNPs. b The UV-vis absorption
spectrum of AuNPs. Inset shows
the image of as-prepared AuNPs

following experimental conditions were found to give best
results: (a) volume of K,CO5 is 20 pL; (b) concentration of
tetanus is 28 pg; (c) the optimal diluted ratios of AuNP-Ag on
the conjugate pad is 1:3 (d) the optimal concentration of teta-
nus on the test line is 1.4 mgrmL ™.

Feasibility of the strip assay

Different concentrations (0 IU-mLfl, 0.04 TU-mL"!,
0.08 TU-mL™", and 0.2 TU-mL™") of tetanus antibody
were added to the sample pad and the results was re-
corded by typical photo images (Fig. 2). From the re-
sults we can see that there is no test band observed
without tetanus antibody. Whereas, in the presence of
tetanus antibody, an obvious red band immediately ap-
pears on test line and a dramatic deepen in color inten-
sity is observed as the tetanus antibody concentration

T r r -
0 | 0.04 0.08 0.2

i do )

Fig. 2 Typical images of AuNP-based LFTS in the presence of
0 IU'mL™', 0.04 TU-mL ", 0.08 IUmL ! and 0.2 ITU-mL"! of tetanus
antibody
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increases, indicating that this AuNP-based LFTS can be
used for the detection of tetanus antibody.

Sensitivity

The effect of immunoreaction time on the performance
of the sensing strip was further investigated by record-
ing the intensity of the test line at each time point with
Image J. As shown in Fig. S3, the intensity reaches
plateau after 16 min. Consequently, 16 min was chosen
as the optimal assay time for the following experiments.
Under optimized detection conditions, the sensitivity of
the test strip sensor was investigated. The image of the
test line was captured by a Smartphone and the color
intensity was quantified by the software Image J. The
error bars were calculated with three duplicated mea-
surements of analysis. As shown in Fig. 3a, with the
increasing of tetanus antibody concentrations from
0 IUmL "' to 0.5 IU-mL "', more and more sandwich
structures of AuNP-labeled tetanus-tetanus antibody-
tetanus are formed and the red band on the test line
can be obviously observed by bare eyes. Fig. 3b de-
scribes the relationship between the color intensity and
the concentrations of tetanus antibody, and inset of Fig.
3b shows a good linear correlation in the range of 0.01
~ 0.1 TU-mL™" with a correlation coefficient square of
0.9916. These results show that this assay can be reli-
ably employed for highly sensitive tetanus antibody de-
tection down to 0.01 IU-mL"', which is well qualified
for the detection standard from the World Health
Organization.

Specificity of the test strip

Besides sensitivity, specificity is another important parameter
for a new test strip with potential applications in practical
biological samples. The selectivity experiments were extend-
ed to various antibodies, including diphtheria, pertussis,
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Fig. 3 a The image of test strip with the increasing concentrations of
tetanus antibody in the range from 0 to 0.5 IU-mL'. b Linear
relationship between color intensity and target antibody concentrations,

measles and rabies. As shown in Fig. 4, only tetanus antibody
can produce a significant red band on the test line, while other
antibodies result in no red band appeared on the test line even
at 5-fold concentration of target antibody. These results dem-
onstrated that this test strip assay has a high specificity to
tetanus antibody and can be applied to sensing tetanus anti-
body in real samples.

Stability of the assay

Stability of a lateral flow test strip is critical to its sensing
applications in biological system. Therefore, to evaluate the
stability of the LFTS, test strips were stored in dry environ-
ment at 4 °C for 0 day, 1 week, 1 month and 6 months, re-
spectively. Subsequently, the stored strips were tested with
different concentrations of tetanus antibody (0, 0.01,

0.02, 0.04, 0.08, 0.1 IU-mLfl). As shown in Fig. S4, the
color density of the test line maintains almost the same as the
freshly fabricated strip even after 6 months, indicating its great

where the value was obtained directly by quantifying the color intensity
of test zone images through Image J
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Fig. 4 Specificity analysis for tetanus antibody using the test strips. The
concentration of non-target antibody and tetanus antibody is 0.5 TU-mL "
and 0.1 TU-mL ™", respectively. a: blank; b: diphtheria antibody; ¢: pertus-
sis antibody; d: measles antibody; e: rabies antibody; f: tetanus antibody

@ Springer



110 Page 6 of 7

Microchim Acta (2018) 185: 110

Table 1 Detection of tetanus antibody in human whole blood samples by using the test strip biosensor and commercial ELISA kit
Assay Whole blood No.

1 2 3 4 5 6 7 8 9 10
test strip (IU-mL™") 13.89 0.37 0.27 0.98 0.29 0 597 0 5.61 4.40
ELISA (IU'mL ™) 13.930 0.371 0.268 0.976 0.291 0 5.985 0.003 5.625 4.385

stability and promise in commercial applications in the near
future.

Application to human blood samples

In order to further verify the practicality of this test strip in
complicated biological samples, tetanus antibody in 10 human
whole blood samples without any pretreatment was detected.
The whole blood samples were collected by the first affiliated
hospital of Zhengzhou University and informed consent was
obtained for the use of human blood. All experiments were
performed in compliance with the relevant laws and institu-
tional guidelines and approved by Life-Science Ethics Review
Committee of Zhengzhou University. Standard commercial
ELISA kit was utilized as comparison. Experimental results
showed that the response of the strips to human whole blood
samples coincided well with commercial ELISA kit (Table 1).
These results demonstrated that this strip assay has good reli-
ability and can be applied to the practical application of teta-
nus antibody detection in real samples. In order to analyze the
performance of this test strip assay, we compared our strategy
with other nanomaterial-based methods for the determination
of tetanus antibody (Table S5). According to World Health
Organization, tetanus antitoxin levels of 0.01 TU-mL™" and
below is considered to be non-protective antibody level [33].
As can be seen from Table S5, detection limit of this strip
assay is 0.01 TU-mL ™', which is comparable to other
nanomaterial-based methods and indicates its ability to distin-
guish positive and negative samples with some advantages
including rapid, convenient, cost-effective, portable, and no
requirement of any complicated instruments, etc.

Conclusion

In summary, an AuNP-based colorimetric LFTS assay has
been used for tetanus antibody detection. This assay showed
short duration of sensing and high selectivity for tetanus anti-
body with detection limit of 0.01 IU-mL ™", indicating its abil-
ity to distinguish positive and negative samples, whereas it
should be noted that this sensitivity is not the highest com-
pared with the reported assay and highly desirable to be fur-
ther improved. This system was also successfully used to
quantify tetanus antibody in human whole blood and obtains
a reliable result compared with standard commercial ELISA

@ Springer

kit, which demonstrates its great potential to become a useful
tool for analysis of tetanus antibody in clinical diagnostics,
individual immunity evaluations and other biomedical
applications.
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