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Abstract: Botulinum neurotoxin is one of the deadliest biological toxins known to mankind
and is able to cause the debilitating disease botulism. The rapid detection of the different
serotypes of botulinum neurotoxin is essential for both diagnosis of botulism and identifying
the presence of toxin in potential cases of terrorism and food contamination. The modes of
action of botulinum neurotoxins are well-established in literature and differ for each
serotype. The toxins are known to specifically cleave portions of the SNARE proteins
SNAP-25 or VAMP; an interaction that can be monitored by electrochemical impedance
spectroscopy. This study presents a SNAP-25 and a VAMP biosensors for detecting the
activity of five botulinum neurotoxin serotypes (A—E) using electrochemical impedance
spectroscopy. The biosensors are able to detect concentrations of toxins as low as 25 fg/mL,
in a short time-frame compared with the current standard methods of detection.
Both biosensors show greater specificity for their compatible serotypes compared with
incompatible serotypes and denatured toxins.
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1. Introduction

Often, in the treatment of life-threatening illnesses, the speed of diagnosis is paramount to the
patient’s recovery and prevention of any long-lasting side effects. This is particularly important in the
treatment of botulism, a debilitating disease, which can result in paralysis and death [1].

Botulism is the result of a toxin, botulinum neurotoxin, the deadliest biological toxin known to
mankind with an median lethal dose LD50 of 1 ng per kg bodyweight [2]. Whilst botulism is not a
common illness, the ability of its toxin to cause such a serious illness has resulted in the toxin being
categorised as a potential biological weapon [1,3,4]. Thus, this threat has led to the need for the
development of a rapid sensor for the detection of these active toxins for the purpose of biosecurity and
testing on suspected cases of botulism. The current method for the detection of all serotypes of botulinum
neurotoxins is the mouse lethality assay, which is a time consuming assay involving the use of live
animals with a sensitivity of 10 pg/mL of botulinum neurotoxin [5]. Cell-based assays are being offered
as an alternative, however, they still take a relatively long time to perform in the order of days [6,7].
Botulinum neurotoxin (BoNT) exists in eight known serotypes, labelled A-H, with the most recently
identified serotype being reported in 2014 [8,9]. Its mode of action is targeting and cleaving the soluble
N-ethylmaleimide-sensitive attachment protein receptor (SNARE) proteins SNAP-25 and vesicle
associated membrane protein (VAMP), prohibiting the release of acetylcholine from nerve terminals
resulting in muscle weakness [10]. BoNT/B, BoNT/D, BoNT/F and BoNT/G are known to cleave the
VAMP at different amino acid positions, whilst serotypes BoNT/A, BoNT/C and BoNT/E cleave the
protein SNAP-25. BoNT/C is also known to target the protein syntaxin [11]. The mode of action of
serotype H is yet to be established and verified due to its recent isolation and identification.

A variety of alternative techniques have been reported for the detection of multiple serotypes of
botulinum neurotoxin, such as mass spectrometry [12,13], ELISA [14], protein antibody
microarrays [14,15], and PCR techniques [16]. Electrochemical techniques are a rapidly growing field
of study in the development of biosensors due to its sensitivity and its relative simplicity to run [17].
In particular, advances in this area have led to the development of a miniaturised potentiostat as a
convenient electrochemical point-of-care biosensor for cortisol [18]. Electrochemical impedance
spectroscopy (EIS) is a sensitive electrochemical technique for probing changes that occur at the surface
of an electrode, and has been utilised in the development of sensors for various different disease
biomarkers [17,19-21]. Compared to electrochemical techniques, such as cyclic voltammetry, EIS is
less destructive to protein layers bound to a gold surface due to the comparatively lower potentials
used [22]. This allows for direct comparison between the original protein layer and the layer after
incubation with the molecules being detected [23].

Herein we report the development of two electrochemical impedance biosensors using the SNARE
proteins SNAP-25 and VAMP on gold electrodes for the detection of different serotypes of botulinum
neurotoxin. Previously we have reported the SNAP-25 electrochemical impedance biosensor for the
detection of active BoNT/A in the pharmaceutical botulinum neurotoxin Dysport®, capable of
identifying active toxin in the presence of stabilising excipient human serum albumin (HSA) and lactose
at concentrations as low as 25 fg/mL [24,25]. Building on from the success of this sensor for the detection
of active BONT/A in the pharmaceutical samples, we have applied it to the detection of native BoNT/A,
as well as serotypes BoNT/C and BoNT/E. We have also developed a VAMP sensor for the detection of
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serotypes BoNT/B and BoNT/D, and demonstrated its ability to detect the presence of these different
serotypes in their active form. Table 1 shows the target proteins for the different botulinum neurotoxins
used in this study and the amino acid fragment cleaved from the protein by the active BoNT serotypes.

Table 1. Botulinum neurotoxin serotypes investigated in this study and their target SNARE
protein and amino acid sequence cleaved from the protein upon action of toxin [26,27].

Serotype Target Protein Sequence Cleaved from Protein No. Amino Acids Cleaved
BoNT/A SNAP-25 RATKMLGSG 9
BoNT/B VAMP FETSAAKLKRKYW 13
BoNT/C SNAP-25 ATKMLGSG 8
BoNT/D VAMP LSELDDRADALQAGASQFETSAAKLKRKYW 30
BoNT/E SNAP-25 IMEKADSNKTRIDEANQRATKMLGSG 26

2. Results and Discussion
2.1. Formation of SNAP-25 and VAMP Monolayers

The protein monolayers are assembled on the gold electrode surface through the formation of bonds
with their naturally occurring sulfurs. This was achieved by incubation of gold electrodes in the protein
solution at room temperature for 48 h. Whilst the SNAP-25 contains four cysteines for binding to the gold
surface, the VAMP contains methionine residues, which are also able to bind to the gold surface [28,29].

The surface binding of the VAMP protein to the gold electrode was examined by performing stripping
voltammetry (Figure 1).
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Figure 1. Voltammograms at a sweep rate of 50 mVs™! in 0.1 M NaOH; the working
electrodes were SNAP-25 modified Au (111) (———), VAMP modified Au (111) (eeee)
and a bare Au (111) slide ( ). SNAP-25 modified Au (111) and bare Au (111)
voltammograms reproduced from [25].

The stripping voltammograms of the SNAP-25 modified gold electrodes show a reduction peak
at —970 mV, indicative of the reduction of a gold-thiol bond [30]. The oxidation peak at —850 mV shows
the reabsorption of the thiols onto the gold surface.

The VAMP protein showed a shift in the reduction peak to —1100 mV. The two proteins used in this
study differ in size, with the SNAP-25 protein comprising of 206 amino acids, which are bound to the
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gold by sulphurs in the middle of its structure. This conformation gives the SNAP-25 an effective chain
length of 103 amino acids. The VAMP protein contains 126 amino acids, this longer chain length is
more resistant to ion transport causing the shift to more negative potentials [31].

2.2. Electrochemical Impedance Spectroscopy for the Detection of Botulinum Neurotoxin

Electrochemical impedance spectroscopy was employed to measure the impedance of the
ferri/ferrocyanide redox probe at the gold working electrode modified with the proteins SNAP-25 and
VAMP. The SNAP-25 and VAMP electrodes were used to detect different serotypes of botulinum
neurotoxin. After incubation of the electrode with toxin, the charge transfer resistance decreases due to
the cleavage of a small fragment of the protein. The assay was performed, in triplicate, with a new
electrode for each measurement over a concentration range of 25 fg/mL to 125 fg/mL. Different
serotypes were run on their corresponding protein electrode, with serotype A, C, and E measured on
SNAP-25 electrode and serotype B and D measured on the VAMP electrode. The calibration graphs for
each serotype on the appropriate electrode are shown in Figure 2.

2.2.1. Detection of Botulinum Neurotoxin Serotypes A, C, and E

The SNAP-25 modified electrodes were used to detect the activity of native botulinum neurotoxins
BoNT/A, BoNT/C and BoNT/E. The use of this electrochemical impedance assay with the pharmaceutical
Dysport® containing BoNT/A has previously been reported [25]. The pharmaceutical sample contains
stabilising excipients HSA and lactose, which could explain the lack of linear response observed using
the pharmaceutical sample in the previously published work [25]. A typical Nyquist plot is shown in
Figure 3, and the charge transfer resistance was calculated by fitting the data to a Randles circuit.
The decrease in charge transfer resistance has been calculated as a percentage of the original SNAP-25
or VAMP layer at different concentrations. This takes into account any differences in the formation of
the individual protein layers that may occur.

The typical Nyquist plot of the SNAP-25 biosensor shows a decrease in charge transfer resistance
upon incubation with the toxin. The SNAP-25 monolayers were incubated over a range of different
concentrations with the three toxins BoONT/A, BoNT/C and BoNT/E. The calibration graphs for BoNT/A,
BoNT/C and BoNT/E on SNAP-25 monolayers are shown in Figure 2. Interestingly, the serotypes A
and E show similar responses over the same concentration range despite their different modes of action
upon the SNAP-25 protein. The three serotypes cleave different size amino acid chains from the SNAP-25
protein (Table 1), with BoNT/E cleaving 26 amino acids, BoONT/A cleaving 9 amino acids and BoNT/C
cleaving just 8 amino acids [26]. BONT/C does not show an obvious linear response when incubated
with the SNAP-25 monolayer even though it is reported to cleave just one amino acid different to
BoNT/A. This differing response could indicate that BONT/C does not cleave SNAP-25 very efficiently;
however a clear response is still detected. Previous research has suggested that BONT/C can only cleave
SNAP-25 in intact cells due to its conformation and other factors inside the cells [32]. As the SNAP-25
monolayer is bound to the gold surface using the four cysteines used in membrane anchorage its
conformation within the cells in mimicked in the sensor, however other molecules usually found within
cells are not present which could explain the lower activity at higher concentrations of toxin. Incubation
of the SNAP-25 electrode with serotypes A and E shows a linear decrease in charge transfer resistance
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upon increasing concentrations. This suggest that increasing concentrations causes an increase in
proteolytic activity on the gold electrode surface, thus decreasing the impedance of oxidation and reduction
experienced by the redox probe at the gold surface compared to the original SNAP-25 monolayer.
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Figure 2. Graphs showing percentage difference of charge transfer resistance against a range
of botulinum neurotoxins; serotype A () serotype C (a) and serotype E (o) using the SNAP-25
modified gold electrode and serotype B (m) and serotype D (x) using the VAMP modified
gold electrode. Errors calculated to £1 SD.
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Figure 3. Nyquist plot showing a decrease in charge transfer resistance of SNAP-25 Au (111)
after incubation with 100 fg/mL BoNT/C.

2.2.2. Detection of Botulinum Neurotoxin Serotypes B and D

Serotypes BoNT/B and BoNT/D have been detected by EIS using VAMP coated gold electrodes.
A similar decrease in charge transfer resistance occurs upon incubation of the protein layer with the
toxin. A typical Nyquist plot for the VAMP monolayer before and after incubation with BoNT/B is
shown in Figure 4. A decrease in charge transfer resistance compared to the original VAMP monolayer
has been observed with all concentrations of BONT/B and BoNT/D, over the same concentration range
carried out with serotypes BoNT/A, BoNT/C and BoNT/E.
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Figure 4. Nyquist plot showing a decrease in charge transfer resistance of VAMP Au (111)
after incubation with 100 fg/mL BoNT/B.

Both serotypes show a decrease in the percentage change in charge transfer resistance as the
concentration of toxin increases. As with the previous serotypes, the two toxins have different modes of
action, with the BoNT/B cleaving a 13 amino acid chain from the VAMP protein and the BoNT/D
cleaving a longer 30 amino acid chain [27]. Compared to serotypes A and E with the SNAP-25 biosensor,
the VAMP electrode shows a smaller percentage change in the charge transfer resistance across the
concentration range for both serotypes. The response from the serotypes tested with VAMP also showed
a plateau at higher toxin concentrations compared to BoNT/A and BoNT/E, which continued in their
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linear response. This indicates the toxin has cleaved all of the available protein so the charge transfer
resistance cannot decrease further. The plateau and smaller response could be due to the way in which
the protein is packed onto the gold surface. If the site at which the protein is cleaved is not easily
accessible by the toxin it will affect the proteolytic activity. The lower potentials measured in the
stripping voltammetry for the VAMP electrode (Figure 1) suggests that the VAMP protein may be
packed better on the surface of the electrode compared with the SNAP-25 protein, potentially reducing
the accessibility of the cleavage site. The SNAP-25 protein is anchored to the gold surface by four cysteines,
which are also responsible for anchoring the protein to the neural plasma membrane. Thus the protein
should sit on the gold surface in the same conformation as found in vivo, making the cleavage sites freely
accessible to the toxin. The structural conformation of the VAMP protein on the gold surface is not known,
but it is possible that it may have adopted a different conformation to that found on membranes in vivo.

2.3. Cross Reactivity of Different Serotypes

In order to determine the specificity of each of the biosensors for their respective serotypes, each of
the different serotypes were tested on the SNAP-25 or VAMP electrodes at the same concentration. The
results show a much larger percentage change in charge transfer resistance upon incubation with active
compatible toxins that are known to cleave the proteins (Figure 5). This provides evidence of the

specificity in the mode of action of each toxin serotype.
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Figure 5. (Left) Reactivity of the different BoNT serotypes on the SNAP-25 and VAMP
modified electrode and (Right) Reactivity of active and denatured toxin on SNAP25 and
VAMP electrodes. The electrodes were incubated with 100 fg/mL toxin, with errors were
calculated to =1 SD.

Toxins were denatured by heating for 15 min at 95 °C, and tested on their respective electrodes
(Figure 5). Incubation of denatured BoNT/A, BoNT/C and BoNT/E with the SNAP-25 electrode showed
an increase in charge transfer resistance for all three serotypes, consistent with results previously
observed [25]. Denatured BoNT/B and BoNT/D on VAMP electrode shows a small decrease in charge
transfer resistance, with the same concentration of active toxin giving a much greater response. The VAMP
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electrode shows a similar response upon incubation with active incompatible toxin and denatured
compatible toxin, which suggests that this is a response of the VAMP modified electrode due to repeated
washings and incubation in a solution at 37 °C, and the larger responses observed with the compatible
toxins due to the presence of the active form of the toxin.

The overall response of the incompatible toxin serotypes and the denatured toxins is relatively small
(largest negative response is approximately —10%) compared with the responses observed for the active
toxins on their compatible electrodes (between —25% to —40% dependant on serotype). Whilst it may
not be possible to determine the exact serotype acting upon the electrode due to the similar response
observed for different serotypes, it is possible to determine the presence of active toxins of all serotypes and
narrow down a shortlist of potential candidates depending on which electrode it gives the strongest response.
As each of the serotypes are pre-treated using the same procedure, this could allow for the development
of a neural network dependant on responses observed on each biosensor to determine the serotype.

3. Experimental Section

Gold working electrodes were purchased from Winkler GmbH Germany. SNAP-25 was purchased
from Abcam, VAMP from Antibodies Online GmbH. Sodium hydroxide (99.99%), potassium chloride
(99.999%), potassium ferri/ferrocyanide, zinc chloride, dithiothreitol, tween-20 and 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) were purchased from Sigma Aldrich. All botulinum neurotoxin
serotypes were purchased from Miprolab GmbH in their complex form. Toxin samples were prepared
as previously described [33]. Water was purified and had a nominal resistivity of 18 MQ cm at 25 °C.

3.1. Self-Assembled Monolayers of SNAP-25 and VAMP

Gold working electrodes were flame annealed to produce the regular Au (111) terraces [34].
After cooling they were placed in a solutions of SNAP-25 (125 ng/mL) or VAMP (125 pg/mL) in water
and left to incubate for 48 h at 20 °C.

3.2. Cyclic Voltammetry

All measurements were performed using an Autolab PGSTAT 30 computer-controlled electrochemical
measurement system (Eco Chemie, Holland) with a home-made three electrode cell with a SNAP-25 or
VAMP modified Au (111) working electrode, a platinum counter electrode and a saturated calomel
electrode as the reference electrode.

Stripping voltammetry was performed to analyse the binding of the proteins to the gold surface as
previously described [25]. Briefly, the electrode was removed from the protein solution, rinsed
thoroughly with ultra-pure water and dried under nitrogen before being sealed in the electrochemical cell.
NaOH (100 mM, 15 mL) was added and degassed for 20 min with nitrogen. Two cyclic voltammograms
were measured between 0 and —1300 mV for the VAMP monolayers and between 0 and —1100 mV for
the SNAP-25 monolayers at a scan rate of 50 mVs ™.
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3.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy was performed as previously described using ferri/ferrocyanide
(5 mM) as a redox probe in potassium chloride (100 mM) at 230 mV with a perturbation amplitude of
10 mVs ! between the frequencies of 25 kHz and 100 mHz and fitted to a Randles circuit (Figure 6) [35].

CdI
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Figure 6. Schematic of the Randles circuit showing the electrolyte resistance (Rs), charge
transfer resistance (Rct), double layer capacitance (Cal) and the Warburg element (W).

The initial protein monolayer was probed by electrochemical impedance spectroscopy before the
electrode was rinsed with ultra-pure water and incubated with toxin (200 pL in water) for 30 min at 37 °C.
The toxin was then removed and electrode washed again with ultra-pure water before the impedance

was re-run.
4. Conclusions

The electrochemical impedance biosensors offer a quick response to show the presence of active
toxin, with results being obtained in a matter of a couple of hours rather than days as encountered with
the current established methods. They are able to detect active toxin at concentrations as low as 25 fg/mL,
depending on serotype, which is lower than the mouse lethality assay. Comparison with incompatible
toxins and denatured toxin control solutions indicate that the large responses observed are caused by the
presence of the active toxin rather than any other processes occurring at the surface, and demonstrated
the selectivity of the two different biosensors for the different serotypes.

Due to the proteolytic nature of the toxin each electrode can only be used once. Slight variations
between SNAP-25 monolayers did not affect the concentration dependant response as the impedance of
the monolayer is measured first then repeated after incubation with the toxin and the percentage change
in charge transfer resistance used.

The biosensor can be further developed to take into account sensing of the serotypes F and G, which
also cleave the protein VAMP. These were not included in this study due to limitations in being able to
source these serotypes. Currently this sensor has only been tested in a laboratory environment using
buffers as the sample matrices. To test other sample matrices such as body fluids or food simple
purification steps would need to be included, such as immunochromotography and centrifugation,
to remove non-specific proteases, which may be present. In the future, with the development of
miniaturised electrochemical systems, it should be possible to develop these biosensors into a point of
care device for diagnostic and detection purposes.



Toxins 2015, 7 1553

Acknowledgments

The authors would like to thank IPSEN Biopharm and the Knowledge Economy Skills Scholarship
(KESS) for funding the initial research and the Welsh European Funding Office for funding the
current project.

Author Contributions

A.S.: Drafting the article and the generation of the data; N.B.: Generation of data and proof reading
of the article; J.H.: Supported the conception and design, analysis and interpretation of data, and final
editing of the manuscript; C.D.G.: Supervised the conception and design, and analysis and interpretation
of data, final editing of the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Balali-Mood, M.; Moshiri, M.; Etemad, L. Medical aspects of bio-terrorism. Toxicon 2013, 69,
131-142.

2. Thanongsaksrikul, J.; Chaicumpa, W. Botulinum neurotoxins and botulism: A novel therapeutic
approach. Toxins 2011, 3, 469-488.

3. Armon, S.S.; Schechter, R.; Inglesby, T.V.; Henderson, D.A.; Bartlett, J.G.; Ascher, M.S.; Eitzen, E.;
Fine, A.D.; Hauer, J.; Layton, M.; ef al. Botulinum toxin as a biological weapon. JAMA J. Am.
Med. Assoc. 2001, 285, 1059-1070.

4, Capek, P.; Dickerson, T.J. Sensing the deadliest toxin: Technologies for botulinum neurotoxin
detection. Toxins 2010, 2, 24-53.

5. Singh, A.K.; Stanker, L.H.; Sharma, S.K. Botulinum neurotoxin: Where are we with detection
technologies? Crit. Rev. Microbiol. 2013, doi:10.3109/1040841X.2012.691457.

6. Fernandez-Salas, E.; Wang, J.; Molina, Y.; Nelson, J.B.; Jacky, B.P.S.; Aoki, K.R. Botulinum
neurotoxin serotype a specific cell-based potency assay to replace the mouse bioassay. PLoS One
2012, 7, doi:10.1371/journal.pone.0049516.

7. Kiris, E.; Kota, K.P.; Burnett, J.C.; Soloveva, V.; Kane, C.D.; Bavaria, S. Recent developments in
cell-based assays and stem cell technologies for botulinum neurotoxin research and drug discovery.
Expert Rev. Mol. Diagn. 2014, 14, 153—168.

8. Barash, J.R.; Arnon, S.S. A novel strain of Clostridium botulinum that produces type B and type H
botulinum toxins. J. Infect. Dis. 2014, 209, 183—191.

9. Dover, N.; Barash, J.R.; Hill, K.K.; Xie, G.; Arnon, S.S. Molecular characterization of a novel
botulinum neurotoxin type H gene. J. Infect. Dis. 2014, 209, 192-202.

10. Dolly, J.O.; Aoki, K.R. The structure and mode of action of different botulinum toxins.
FEur. J. Neurol. 2006, 13, 1-9.

11. Wheeler, A.; Smith, H.S. Botulinum toxins: Mechanisms of action, antinociception and clinical
applications. Toxicology 2013, 306, 124-146.



Toxins 2015, 7 1554

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Boyer, A.E.; Moura, H.; Woolfitt, A.R.; Kalb, S.R.; McWilliams, L.G.; Pavlopoulos, A.; Schmidt, J.G.;
Ashley, D.L.; Barr, J.R. From the mouse to the mass spectrometer: Detection and differentiation of
the endoproteinase activities of botulinum neurotoxins A—G by mass spectrometry. Anal. Chem.
2005, 77, 3916-3924.

Kalb, S.R.; Moura, H.; Boyer, A.E.; McWilliams, L.G.; Pirkle, J.L.; Barr, J.R. The use of Endopep-MS
for the detection of botulinum toxins A, B, E, and F in serum and stool samples. Anal. Biochem.
2006, 351, 84-92.

Sharma, S.K.; Ferreira, J.L.; Eblen, B.S.; Whiting, R.C. Detection of type A, B, E, and
F Clostridium botulinum neurotoxins in foods by using an amplified enzyme-linked immunosorbent
assay with digoxigenin-labeled antibodies. Appl. Environ. Microbiol. 2006, 72, 1231-1238.
Zhang, Y.; Lou, J.; Jenko, K.L.; Marks, J.D.; Varnum, S.M. Simultaneous and sensitive detection
of six serotypes of botulinum neurotoxin using enzyme-linked immunosorbent assay-based protein
antibody microarrays. Anal. Biochem. 2012, 430, 185-192.

Lindstrom, M.; Keto, R.; Markkula, A.; Nevas, M.; Hielm, S.; Korkeala, H. Multiplex PCR assay
for detection and identification of Clostridium botulinum types A, B, E, and F in food and fecal
material. Appl. Environ. Microbiol. 2001, 67, 5694-5699.

Luo, X.; Xu, M.; Freeman, C.; James, T.; Davis, J.J. Ultrasensitive label free electrical detection of
insulin in neat blood serum. Anal. Chem. 2013, 85, 4129-4134.

Cruz, A.F.D.; Norena, N.; Kaushik, A.; Bhansali, S. A low-cost miniaturized potentiostat for
point-of-care diagnosis. Biosens. Bioelectron. 2014, 62, 249-254.

Bryan, T.; Luo, X.; Forsgren, L.; Morozova-Roche, L.A.; Davis, J.J. The robust electrochemical
detection of a Parkinson’s disease marker in whole blood sera. Chem. Sci. 2012, 3, 3468-3473.
Barreiros dos Santos, M.; Agusil, J.P.; Prieto-Simén, B.; Sporer, C.; Teixeira, V.; Samitier, J.
Highly sensitive detection of pathogen Escherichia coli O157: H7 by electrochemical impedance
spectroscopy. Biosens. Bioelectron. 2013, 45, 174—180.

Ye, W.; Guo, J.; Chen, S.; Yang, M. Nanoporous membrane based impedance sensors to detect the
enzymatic activity of botulinum neurotoxin A. J. Mater. Chem. B 2013, 1, 6544—6550.
Bogomolova, A.; Komarova, E.; Reber, K.; Gerasimov, T.; Yavuz, O.; Bhatt, S.; Aldissi, M.
Challenges of electrochemical impedance spectroscopy in protein biosensing. Anal. Chem. 2009,
81, 3944-3949.

Daniels, J.S.; Pourmand, N. Label-free impedance biosensors: Opportunities and challenges.
Electroanalysis 2007, 19, 1239-1257.

Gwenin, C.D.; Halliwell, J. Detection of Botulinum Toxin. UK patent application No. 1310090.4,
2013.

Halliwell, J.; Savage, A.C.; Buckley, N.; Gwenin, C.D. Electrochemical impedance spectroscopy
biosensor for detection of active botulinum neurotoxin. Sens. Bio-Sens. Res. 2014, 2, 12—-15.
Schiavo, G.; Santucci, A.; Dasgupta, B.R.; Mehta, P.P.; Jontes, J.; Benfenati, F.; Wilson, M.C.;
Montecucco, C. Botulinum neurotoxins serotypes A and E cleave SNAP-25 at distinct COOH-terminal
peptide bonds. FEBS Lett. 1993, 335, 99-103.

Schiavo, G.; Rossetto, O.; Catsicas, S.; de Laureto, P.P.; DasGupta, B.R.; Benfenati, F.;
Montecucco, C. Identification of the nerve terminal targets of botulinum neurotoxin serotypes A, D,
and E. J. Biol. Chem. 1993, 268, 23784-237877.



Toxins 2015, 7 1555

28.

29.

30.

31.

32.

33.

34.

35.

Strong, A.E. Self-assembling chiral monolayers of helical peptides bound to gold via side-chain
thioethers. Chem. Commun. 1998, 4, 473-474.

Yu, J.; Becker, M.L.; Carri, G.A. The influence of amino acid sequence and functionality on the
binding process of peptides onto gold surfaces. Langmuir 2012, 28, 1408—1417.

Hager, G.; Brolo, A.G. Adsorption/desorption behaviour of cysteine and cystine in neutral and basic
media: Electrochemical evidence for differing thiol and disulfide adsorption to a Au(1 1 1) single
crystal electrode. J. Electroanal. Chem. 2003, 550551, 291-301.

Widrig, C.A.; Chung, C.; Porter, M.D. The electrochemical desorption of n-alkanethiol monolayers
from polycrystalline Au and Ag electrodes. J. Electroanal. Chem. Interfacial Electrochem. 1991,
310, 335-359.

Foran, P.; Lawrence, G.W.; Shone, C.C.; Foster, K.A.; Dolly, J.O. Botulinum neurotoxin C1 cleaves
both syntaxin and SNAP-25 in intact and permeabilized chromaffin cells: Correlation with its
blockade of catecholamine release. Biochemistry 1996, 35, 2630-2636.

Halliwell, J.; Gwenin, C. A label free colorimetric assay for the detection of active botulinum
neurotoxin type A by SNAP-25 conjugated colloidal gold. Toxins 2013, 5, 1381-1391.

Haiss, W.; Lackey, D.; Sass, J.K.; Besocke, K.H. Atomic resolution scanning tunneling microscopy
images of Au(111) surfaces in air and polar organic solvents. J. Chem. Phys. 1991, 95, 2193.

Park, S.-M.; Yoo, J.-S. Electrochemical impedance spectroscopy for better electrochemical
measurements. Anal. Chem. 2003, 75, 455A—461A.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



