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Abstract

Clostridjum species can produce a wide variety of toxins. They block acetylcholine (ACh) release from presynaptic nerve terminals at the
neuromuscular junctions. Botulinum neurotoxin is the deadliest toxin ever known to human knowledge. One of the most serious consequences
of these toxins (BONTA specifically) is flaccid muscle due to defective acetylcholine (ACh) release at the neuromuscular junction (NM)) as a
noticeable clinical symptom, resulting in irreversible botulinum toxicity. Interestingly, cosmetic and therapeutic applications have also been
described for this agent. Thus, an urgent need is felt for rapid, precise, and cost-effective detection and real-time monitoring of these toxins.
Using biosensors such as optical biosensors, electrochemical biosensors, feedback control systems (FSC) and aptamers is a method for detecting
BoNTs. Optical biosensors use optical transducers for detection, which consist of fluorescence biosensors and surface plasmon resonance (SPR)
biosensors. Electrochemical biosensors are based on the principle of straight transduction of the reaction rate into a current. They consist of
impedimetric, voltammetric, amperometric, and impedance spectroscopy biosensors. Aptamers are oligonucleotide derivatives isolated by the
SELEX approach. Aptamers are highly specific, very cost-effective, and quick. In this review study, the most common and effective detection
methods, including novel methods, have been described and discussed briefly. In this review, our focus was on the main concepts and
applications that have been achieved up to this date to diagnose the in-field botulism.
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Introduction

Botulinum neurotoxins (BoNTSs) are produced from various
strains of Clostridium such as Clostridium botulinum.?
Clostridium botulinum is a gram-positive, spore-forming,
anaerobic and rod-shaped bacterium.? BoNTs are the most
lethal toxins known to human knowledge and at a dose of as
little as 62 ng can kill a human.® Defective acetylcholine
(ACh) release at the neuromuscular junction (NMJ) is the
significant clinical symptom of botulism.! BoNTs have eight
serotypes (A-H) produced by different strains, each of which
cleaves different proteins (SNARE complex) that are necessary
for the release of ACh from axon endings, leading to flaccid
paralysis.* There is no treatment for the reversal of BoNT
muscle paralysis so far.5> Very low doses of BoNTA and
BoNTB can cause paralysis, migraine, cerebral palsy, and
hyperhidrosis.®*

Despite their hazardous nature, BoNTA and B have
cosmetic and therapeutic applications. Their very low LDsg
dose and ease of production have made them a bioterrorist

agent and their detection must be precise and quick.1%!
Despite ethical issues, the common method for BoNT
detection is based on mouse bioassay.'?> The sensitivity for
this assay is 1 MLD or 20-30 pg of BONTA.*®

Several methods have been proposed to detect BoNT
including enzyme-linked immunosorbent assay (ELISA),
electro-chemiluminescence, endopeptidase-mass spectrometry
(Endopep-MS), immune-polymerase chain reaction (immune
-PCR), and protease activity assay, which is the latest
introduced method.**” Many authors experimented these
methods and found none of them to be the standard assay; so
there has been a growing demand to detect them precisely
and quickly.®

High specific, accurate, and sensitive biosensors have been
introduced to determine very low analyte concentrations of
toxins in biological samples.*?° Biosensor, by definition, is
an analytical device, which is made up of biological
elements that produce signals (electrical, thermal, or optical)
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based on the interaction with a tested element and a
transducer that converts these signals into a measurable
electrical parameter.'®? Since they utilize specific biological
elements, biosensors have unique selective properties.?

Aptamers are fragments of oligonucleotides that can bind
to target proteins in the presence of appropriate conformational
change.2° They are simpler to use, reusable, and more
stable than antibodies. Recently, through an approach called
SELEX (Systemic Evolution of Ligands by exponential
enrichment), high affinity single-stranded DNA (ssDNA)
aptamers have been generated against aldehyde-inactivated
BoNTA.?® Based on different aptamer designs, the
dissociation constant (Kqs) was in the range from 3 nM to 50
nM.?" In this study, we reviewed the applications of different
biosensors for the detection of Clostridium botulinum
neurotoxins, and then their benefits and limits were
discussed.

Detection of Botulinum Neurotoxins Using Biosensors
This technology encompasses a wide spectrum of BoONT
detection methods and normally consists of optical biosensors,
which involve fluorescence biosensors and surface plasmon
resonance (SPR) biosensors, and electrochemical biosensors,
which involve impedimetric, voltammetric, amperometric
electrochemical biosensors and impedance spectroscopy.® A
brief review will be given regarding these methods

Aptamer-based Biosensors

Aptamers are not limited to one category of biosensors and
can be used in combination with different biosensors. For
example, Wei and Ho (2009) combined an electrochemical
method with enzymatic amplification and an aptamer probe
for the detection of BoONTA.?” The aptamer is dual-labeled
with biotin and fluorescein, which is a reporting and
anchoring tag. Furthermore, an anti-fluorescein antibody
conjugated to horseradish peroxidase (HRP) was added to
bind the fluorescein label to the aptamer. This method can
generate an amplified current much better than just using
BONTA. Shu Ren et al. used the strategy of novel porous
silicon-sol gel (PS-SG) and SELEX to detect aptamers
against BoNTE toxoid.*® They used 10'° ssDNA sequences
against BONTE. Then, the sequences were amplified by PCR
and potential aptamers were selected. They obtained a linear
response in the range of 0.125-5 pg/ml.*®

Optical Biosensors

Optical biosensors, by definition, are compact analytical
devices containing a biorecognition sensing element integrated
with an optical transducer system. The basic objective of an
optical biosensor is to produce a signal, which is proportionate
to the concentration of a measured analyte.?® The use of
these sensors has experienced exponential growth over the
last decade. Optical biosensors consist of fluorescent and

SPR biosensors, which have been used to detect BoNTS, as
described below.

Fluorescence Biosensors

The use of this type of immunoassay dates back to 1975,
when Kronick and Little introduced a new technique based
on fluorescence excitation.?® Their method uses internally
reflected light to excite the fluorescence of fluorescein-
labeled antibody bound to a hapten—protein conjugate
absorbed on a quartz plate in the antibody solution. They
used it for the detection of morphine which was achieved at
the concentration of 2x107. Since then, studies have grown
around this type of detecting technique, especially in the last
decade. Their properties, including high sensitivity and
selectivity, have made them a good toxin detector. In
addition, due to their high speed, they provide real-time
monitoring of analytes,'® which is a serious issue in current
mouse bioassay considering the very low LD50 and high
fatality of BoONTs. Besides, researchers have used this
biosensor to detect BoNTS.

Sapsford et al. introduced a new method of spatial
illumination based on electroluminescence (EL) that combines
EL excitation with charge-coupled device (CCD)-based
detection of fluorescence for detecting BONTA. Moreover,
they used a Forster Resonance Energy Transfer (FRET)
activity assay to characterize and optimize the EL-CCD
detector for BoTN-A detection. Toxin detection by this
method needed a 24 h incubation and had a LOD of 0.313
nM. They marked the SNAP-25 peptide substrate for this
toxin with a FITC donor/DABCYL acceptor FRET pair. The
combination of this substrate with the light chain LcA
derivative or the full toxin resulted in the isolation of peptide
sequence, interrupting the FRET, and providing high FITC
donor emission (Figure 1).%°

Surface Plasmon Resonance (SPR) Biosensors

Surface plasmon resonance (SPR) is a very common technique
in the analysis of toxins and microorganisms since the
90°s.3t The most significant feature of this aptasensor is to
efficiently differentiate the natively folded toxin from
denatured, inactive toxin, which is important for surveillance
and threat assessment, hence providing a convenient and
easy-to-use biosensor that does not need any marked protein
nor fluorescent tags.*? The mechanism of this biosensor is
based on the addition of analyte mass onto the surface of the
sensor and modifying the angle of resonance.? There are a
variety of SPR assays that have been employed for the
detection of Botulinum neurotoxin.

Leveque et al. identified a new C-terminal end of SNAP25
resulting from BONTE with a designed monoclonal
antibody, that did not interfere with generated products by
other BONT subtypes. This was a simple and very fast
method; it provided BoNTE activity detection at 1 LD50/ml
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Figure 1. FRET Biosensor Using EL-CCD Detector to Determine BoNT-A or LcA.

in less than 15 min. In addition, the “on-chip” assay could
detect BONTE and BoNTA at the same time.3*

Ladd et al. introduced a custom-built SPR biosensor for
types A, B, and F botulinum toxins. Their biosensor was
based on four independent detection channels based on
wavelength modulation. A gold-coated prism was used to
stimulate a surface plasmon upon incidence with the metal-
dielectric interface once the collimated light beam was
transmitted through the prism. Types A, B, and F were
detected at 1, 1, and 0.5 ng/ml, respectively.®®

Janardhanan et al. used a SPR-based RNA aptasensor for
the fast detection of natively folded BoONTA. By using the
DR BoNTA surrogate, they reported the detection limit of
the aptasensor in buffered saline, carrot juice, fat-free milk,
and 5-fold diluted human serum to be 5.8 ng/ml, 20.3 ng/ml,
23.4 ng/ml, and 22.5 ng/ml respectively. Their work
developed the first sensor system for the rapid detection of
natively folded toxin.®

Electrochemical Biosensors

These sensors are based on the principle of straight
transduction of the reaction rate into a current.3” They give
real-time information about the arrangement of a system by
joining the recognition element to an electrochemical
transducer.® The chemical energy of the selective interaction
between the target analytes and the sensor is transduced into
an analytically useful signal. Electrochemical biosensors are
the oldest and biggest group in chemical sensors, which is
due to the straightforward nature of their procedure. The
most important feature in this type of sensors is that they are

easy to downsize and integrate into systems without any
change.'® There are four types of electrochemical biosensors
that will be introduced here.

Impedimetric Electrochemical Biosensors

This type of sensor coating with gold nanoparticles/
graphene-chitosan composite is one of the most efficient
BONTA detectors.® In a study, Sorouri et al. employed
Aunanodendrites/chitosan nanoparticles (AuNDs/CSNPs) to
develop a screen-printed carbon electrode (SPCE) based
impedimetric immunosensor to detect BONTA. The system
based on a novel nanocomposite offered a linear relationship
in the range of 0.2-230 pg/ml* with a detection limit of 0.15
pg/ml.*° In another study, Afkhami et al. used this immune-
sensor for rapid and precise detection of BONTA. They
accumulated the BoNTA on a glassy carbon electrode,
modified with AuUNDs/CSNPs, for the amplification of the
signal. Besides, antigen-antibody immobilization increased
the ability of this assay.®> The most important part of the
electrochemical electrodes is the immobilization of antibodies
onto the surface of the electrodes. CS or chitosan is a
substance that has high film-forming capability, high
adhesion, and high biocompatibility that facilitate the
biomolecule immobilization.*

Voltammetric Electrochemical Biosensors

Due to their characteristics, these immunosensors are employed
in the biosensor field. Narayanan et al. invented an electro-
chemical immunosensor for the detection of BONTE.* This
type of assay provides a specific and sensitive platform to
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detect BONTE and has the advantages of low cost, simple
use, and low sample volume. The recognition platform
incorporated graphene nanosheets (GNS) aryldiazonium salt
with modified glassy carbon electrodes (GCE). Enzyme-
induced AgNPs (silver nanoparticles) were then deposited
on AuNPs (gold nanoparticles) to emit the signal. Finally,
GNS were joined on the electrode surface by a covalent
bound. This immunoassay detected BONTE in 65 min in a
linear range from 10 pg/ml to 10 ng/ml within a detection
limit of 5.0 pg/ml.*

Another way to detect the neurotoxins of botulinum is to
measure protease. In a study by Park et al., a toxic protease,
i.e., BONTE, was detected via an electrochemical method. In
their procedure, a target BONTE and an exopeptidase, L-
leucine-aminopeptidase (LAP) were used based on their
capability of the cleaving peptide bonds between isoleucine
and arginine in IDTQNRQIDRI-4-amino-1-naphthol (oligo
peptide-A-N). Amino-naphthol (AN) particles were produced
due to this interaction that resulted in an amplified signal
through a redox cycling, involving a reducing agent and
Ru(NH3)s3*. The LOD after 4 h, 2 h, and 15 min was 2, 0.2,
and 3 ng/ml, respectively. The mechanism of this system is
based on the enzymatic activity of protease, which is fast,
sensitive, and selective.*?

Amperometric Electrochemical Biosensors

The main cause of AUNP interactions is the affinity between
thiols and gold to form S-Au and gold-amine affinity to form
NH-Au bond. This interaction paves the way for the fabrication
of the AUNP-modified electrodes.

In a study, Liu et al. employed gold particles as electronic
bridges and signal amplifiers toward an electrochemical
immunosensor for BoNTA. In this immunoassay, piles of
biomolecules were attached to a simple bioconjugation
platform.*® Since AuNPs are attached to the platform quite
simply, this method provides high selectivity and sensitivity.
Among the most important physicochemical properties of
AUNP are good biocompatibility, high surface-to-volume
ratio, and ease of transferring electron between biomolecules
and electrode. The unparalleled properties of Au-C as well
as its high stability have made it suitable for sensing
application. A strict control over the components of aryl
films on AuUNP surfaces is required to provide a well-
organized and precise biosensor. The biosensor used by Liu
et al. was very stable with good anti-fouling properties with
high affinity to BONTA. The linear range was 4-35 pg/ml*
with the lowest detection limit of 1 pg/ml? and assay
duration time of 10 min.*®

Impedance Spectroscopy

In case of applying a current, impedance, which is shown
with the letter Z, is the resistance that depends on frequency.
It has a straightforward and rapid operation and can be

downsized without bargaining any features. These characteristics
make impedance spectroscopy a very popular choice as a
sensing system. The impedance at a provided angular frequency
consists of a real and an imaginary part. To explain the
process of impedimetric detection, it is necessary to use the
Nyquist plot. When the imaginary part is plotted on the Y-
axis and the real part of the impedance on the X-axis, the
spectroscopy is performed.*

Various studies have been conducted on impedimetric
determination recently. In a study by Halliwell et al., the best
biosensor system for the active form of the toxin was the
impedimetric technique.*® For the detection of active botulinum
neurotoxin, two electrochemical immunoassays were
employed. For the modification of related electrodes, self-
assembled monolayers of the SNARE protein SNAPE-25
were used. This protein is selectively cleaved by active
BoNTA. With this impedimetric bioassay, it was possible to
detect active toxins at a low concentration of 25 fg/ml. The
main advantage of this biosensor over other methods such as
ELISA is that the detection of active toxin is conducted by
assessing the proteolytic activity rather than just by the
presence of the molecules. A significant result of this study
was that the lack of correlation in the EIS assay makes them
inappropriate for analysis, but when only the detection of the
related toxin is needed, it is widely used in various clinical
and security environments.*

As mentioned before, in the cases of bio-terrorism and
food poisoning, a rapid detection of various neurotoxins is
critical for both ascertaining the presence of toxin and its
analysis. Savage et al. used a VAMP and a SNAP-25
biosensor assay coupled with EIS to detect the performance
of five BoNTs (A-E).* The reason that made this method so
dominant is its quick response compared to other methods.
This study also detected toxins at a low concentration of 25
fg/ml (i.e., much lower than mouse immunoassay limit of
detection). To this date, this type of assay is not used for
diagnostic and detection purposes and has remained just as
an experiment.

Feedback System Control (FSC)
This type of assay has been developed to promptly ascertain
optimum combinations for therapeutic goals. The main
reasons for using the feedback system are: 1) establishing an
optimized small molecule inhibitor cocktail that can support
a long-lasting maintenance of human embryonic stem cells),*
2) combinatory systems control method for reactivating
Kapsoi's sarcoma-associated herpesvirus (KSHV) with drugs®,
and 3) closed-loop control of cellular functions via combinatory
drugs directed by a stochastic search algorithm.*®

In a study by Wei et al., the detection of BONTA was
achieved by prompt detection of optimized ionic mixtures
for the aptamer-based -electrochemical biosensor.® The
sensitivity and recognition time of an aptasensor for the
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detection of BONT is determined by the proper tertiary
architecture of aptamer, which depends on combinatorial
effects of manifold types of ions and their present
concentrations in the buffer. This optimizing process was
done for 4 different ions (K*, Na*, Mg?*, and Ca®") at 12
different concentrations. In each of them, only 10 repetitions
with about 50 experiments were suitable to detect optimum

Table 1. Biosensors at a Glance

ionic concentration. Unlike other methods, which could take
hours or days in some cases, this test only took a 5 min of
the detection time with the LOD of 40 pg/ml. When used in
combination with other multiparameter chemical systems,
this method can improve the rate of parameter optimization.
Table 1 summarizes the biosensors for better access and
differentiation.

Detection Method Mechanism of action LOD Detected BoNTs Reference

Optical Fluorescent fluorescence excitation 0.4 ng/ml A E [47]
SPR Addition of analyte 5.8 ng/ml A EF [53]

Electrochemical Impedimetric Modification with AUNDs/CSNPs, - A [49]
Voltammetric GNS with modified GCE 0.4 +0.2 nM E [42]
Amperometric Forming NH-Au bond - A [60]
Impedance Real and imaginary angles using 25 fg/mll A [62]
spectroscopy Nyquist plot

Feedback Control Systems (FSC) Combination of different systems 40 pg/ml A [50]

Conclusion

Botulinum neurotoxins (BoNTSs) are the most lethal toxins
that human beings have ever discovered. They have seven
serotypes (A-H), and because of their ubiquitous nature, they
can be found in almost every place. Regarding the high
toxicity and omnipresent nature of this toxin and due to the
fact that even 62 ng of this toxin can cause human mortality
(LD50), several methods have been introduced to detect
BONT toxins. In this view, the most common approach is to
use the enzyme-linked immunosorbent assay (ELISA) along
with monoclonal antibodies. Using fluorescence sandwich
immunoassay has improved the detection sensitivity. Mouse
immunoassay is another widely used method worldwide.
Evidently, all these methods are time-consuming and either
have ethical issues or lack a cost-benefit ratio. To solve these
problems, biosensors were introduced, which were cost-
effective, rapid, sensitive, and highly specific. Biosensors
consist of optical, electrochemical, and FSC biosensors, each
with further subdivisions. Furthermore, aptamers can be
used in combination with the aforementioned biosensors.
This technology has been rapidly growing, especially in the
last decade. Research has also been conducted to improve or
introduce methods. The revolution in this field of study has
led to the development of many commercial biosensors that
are able to detect biomolecules on-site. These commercial
BoNT biosensors are small in size, have simple construction,
and are ideal for the real-time monitoring and in-field
detection of the toxins. Over the last few decades, much
attention has been paid to the study of BoNT biosensors and
advances in sensor systems to detect BONT are reported in
the literature. As shown in this review study, most of the
previous studies were just kept as a survey and have not
been implemented in any biosensor systems in real time
despite their high potential to be used at the highest level of
toxin detection.
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