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Abstract

A label free real time method was developed for the detection as well as quantification of botulinum neurotoxin A
(BoNT/A) using surface plasmon resonance (SPR). In the present work, antibody against rBoNT/A-H_ . fragment and
synaptic vesicles (SV) were immobilized on carboxymethyldextran modified gold chip. The immobilization of BoNT/A
antibody and interaction of BoNT/A with immobilized antibody were in-situ characterized by SPR and electrochemical
impedance spectroscopy. A sample solution containing BoNT/A antigen in the concentration ranging from 0.225 fM to
4.5 fM and 0.045 fM to 5.62 fM was interacted with immobilized antibody and immobilized SV, respectively. By using
kinetic evaluation software, K (equilibrium constant) and Bmax (maximum binding capacity of analyte) values were
calculated and found to be 0.53 fM and 38.23 me for immobilized antibody and 0.22 fM and 116.0 me° for immobilized
SV, respectively. Moreover, thermodynamic parameters such as change in Gibb’s free energy (AG), change in enthalpy
(AH) and change in entropy (AS) were determined and the values revealed that the interaction between BoNT/A antigen
and BoNT/A antibody as spontaneous, endothermic and entropy driven one. In order to optimize the detection method,

temperature and pH variation studies were also performed.
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Introduction

The use of hazardous materials from chemical or biological
origin as weapons for homicide was well known since ancient times.
Consequently, the use of the biological agents by terrorists groups was
considered as a serious threat to the safety of the world. The possibility
of bioterrorism has become more credible after the 9/11 attack followed
by various hoax cases of anthrax. Thus, this underscored the need for
the development of rapid, easy to use, sensitive and specific detection
techniques to recognize potential biological targets such as bacteria,
viruses and toxins in order to counter bioterrorism.

Botulinum neurotoxins (BoNTs) are the most deadly toxins
known. There are seven serologically distinct neurotoxins (BoONT/A-G)
produced mainly by the Clostridium botulinum type A through G [1].
BoNTs are the causative agent of botulism, the disease inferred from
flaccid muscle paralysis due to the blockage of acetylcholine release
from nerve terminals at the neuromuscular junction [2]. Each of
the BoNT is synthesized as a 150 kDa single polypeptide, nicked by
trypsin like proteases into heavy chain (HC) [M.wt. 100 kDa] and light
chain (LC) [M.wt. 50 kDa] coupled by a single disulphide bond [3].
The HC contains the cell receptor-binding (H) and translocation (H,)
domains. Crystal structure analysis of the BONT/A reveals that the H_
clearly consists two distinct subdomains [4] that is N-terminal domain
(Hy) and C-terminal domain ( H_) and are speculated to bind with a
protein receptor and gangliosides [5-8]. The H__ fragment in its isolated
purified form can enable one to study its interactions with receptors of
BoNT/A and to design the binding inhibitors to prevent the neurotoxic
action.

The most associated serotypes with human food-borne infection are
types A, B and E [9,10], among these, serotype A is the most poisonous
toxin and can be categorized as a biological warfare agent (BWA). The
oral lethal dose for a human is 1 ug/kg of body weight. Premeditated or
accidental contamination of food or drink with microbial toxins like
BoNT/A is not only a form of a biological attack, but also a “global
public health problem” [11]. Hence, there is a need to develop rapid and
sensitive identification system for BONT/A.

Numerous analytical methods are developed to detect BoNTs
including various biological assays such as mouse bioassay, enzyme
linked immunosorbent assay and surface plasmon resonance based
assay. Mouse bioassay is a highly sensitive assay that directly measures
the amount of functional toxic BoNTs. However, it has a well-known
limitation that it usually requires 24 h to 10 days to conduct experiment
and requires animals. Various SPR assays were reported for the
measurement of binding of BONT/A to ganglioside GT1b [12], BONT/A
to monoclonal antibodies (MAbs) [13] including synaptic vesicles chips
assay [14] and protein chip membrane capture assay [15]. A number of
assays for BoNTs have been developed, aiming to equal the sensitivity
of the mouse lethality assay while improving its limitation [16-25].
Though a lot of methods have been reported for BoNTs detection still
better method development and improvisation are needed.

Protein chips technologies are promising one in chemical biology
for detection and quantification of proteins and can be automated,
multiplexed and miniaturized [26,27]. Among the different protein
chip methodologies, SPR allows for real-time and label-free detection
of molecular interactions between immobilized ligand on a sensor chip
and analytes injected over the surface [28,15].

In continuation to our earlier studies on the development of
detection methodologies for biological and chemical warfare agents [29-
31], in the present work we have developed a label-free real-time SPR
optical method for the sensing of BONT/A with carboxymethyldextran
modified gold chip (CM5 chip). Interaction of BoNT/A with
immobilized antibody was conducted. Moreover, interaction of
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BoNT/A with synaptic vesicles (rat brain lysate) was performed
to check the biological activity of purified protein. The interaction
between the antigen and antibody was characterized by electrochemical
impedance spectroscopy (EIS) and the experimental parameters those
affect SPR angle change such as temperature and pH were conducted
and optimized. Finally, equilibrium constant (K ), maximum binding
capacity of analyte (Bmax) and thermodynamic parameters such as
change in Gibbs free energy (AG), change in enthalpy (AH) and change
in entropy (AS) were also deduced in this study.

Experimental
Chemicals and reagents

N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC), N-Hydroxysuccinimide (NHS), phosphate buffered saline
(PBS), sodium acetate, ethanolamine and hydrochloric acid (HCI)
were obtained from Fluka. Glacial acetic acid, glycine and NaOH were
supplied by Sigma-Aldrich. All chemicals and reagents used were of
analytical grade and purification was performed wherever necessary
before use.

Rat brain fractions containing Synaptic Vesicles (SVs) were
obtained in one step as described earlier [32].rBoNT/A-H_. gene
was cloned, expressed and purified (M.Wt. 22 kDa) and BoNT/A
antibody was raised by the trained biologists in our establishment.
For SPR measurements, CM5 chip with a thickness of 50 nm (20 nm
carboxymethyldextran coating +30 nm gold) was used which was
purchased from Xantec Bioanalytics (Germany). Different buffer
solutions were used in this study depending on pH [acetate buffer (pH
4.0-5.5), phosphate buffered saline (pH 6.0-7.5) and glycine-NaOH
buffer (pH 8.0-9.0)] for the optimization of pH. All solutions were
prepared using water from a Milli-Q system throughout the experiment.

Instruments

SPR assays were conducted using a two channel cuvette based
electrochemical surface plasmon resonance system (Autolab ESPRIT,
Ecochemie B.V,, The Netherlands) on CM5 chip using 10 mM PBS
(pH 7.4) as running buffer. The outcome of the SPR measurement was
automatically monitored using a PC with data acquisition software
version 4.4. All kinetic and thermodynamic parameters were evaluated
using kinetic evaluation software version 5.1 (Ecochemie B.V., The
Netherlands). EIS studies were carried out with Autolab PGSTAT-
302N digital potentiostat/galvanostat using FRAII module with FRA
software 4.9 (Ecochemie B.V.). The EIS analyses were conducted within
the frequency range of 0.1-10 kHz at open circuit potential. The pH
of the buffers was measured with a EUTECH instrument pH meter
(pH-1500, Singapore). All experiments were carried out at 25°C unless
otherwise specified and the temperature of cuvette was controlled by a
Julabo HE-4 (Germany) water bath.

Immobilization of antibody on CM5 modified gold SPR
sensor chip

Prior to the immobilization of antibody on CM5 chip, 50 pL of 10
mM phosphate buffer (pH 7.4) was passed every 120s interval for 600s
in order to get a stable baseline in both the channel. Sensor chip was
chemically activated by the injection of 50 pl of a 1:1 mixture of 400
mM EDC and 100 mM NHS. This was followed by injection of 50 pL of
BoNT/A antibody (1:500 dilution in 10 mM PBS) in channel 2 for 1,800s
to get an effective immobilization over the activated dextran modified
surface. Following antibody immobilization, the remaining active sites
were then blocked with 50 pL of 1000 mM ethanolamine. Afterwards,

10 mM HCl was injected to achieve regeneration of immobilized sensor
surface. For negative control measurements, the modified gold surface
was activated with EDC/NHS and then quenched with ethanolamine
in channel 1 as mentioned above and was used as blank control surface.
The same procedure of immobilization used for BONT/A was adopted
for the immobilization of SV (1:500 dilution in 10 mM PBS) on CM5
as discussed above. SV protein was immobilized in both channel and
bovine serum albumin (BSA) protein was used for negative control
measurements.

Binding of BONT/A to immobilized antibody and SV

A sample solution containing a selected concentration of BONT/A
in the PBS was injected in both channels from the 384 well microtiter
plate and then association was performed for 500 s and dissociation was
performed for 300 s. Subsequently, regeneration of the sensor surface
was achieved by addition of 10 mM HCI for 120 s and then antigen was
recovered in order to bring the signal to base line level so as to start a
new measurement cycle [33,34].

Optimization of experimental parameters

In order to find out the effect of temperature on SPR measurements
during the binding of BoNT/A with immobilized BoNT/A antibody
as well as to calculate its thermodynamic parameters, temperature
variation study was carried out between 10 and 37°C with a 3°C
increment. pH variation study was also conducted using acetate buffer
(pH 4.0-5.5), phosphate buffered saline (pH 6.0-7.5) and glycine-NaOH
buffer (pH 8.0-9.0) so as to find out the optimum pH for the binding of
BoNT/A with immobilized BoNT/A antibody.

Results and Discussion

Immobilization of BoONT/A antibody and SV protein on CM5
SPR sensor chip

Figures 1A and 1B represents the stepwise immobilization of
BoNT/A antibody and SV protein on CM5 chip, respectively and this
process comprises of nine steps. In first step, stabilization of baseline was
carried out for 120s. In second step, activation of carboxyl groups on
CMS5 chip was performed for 900s with EDC-NHS to enable activated
carboxymethylated groups on the sensor chip to bond covalently to the
free amino groups of BoNT/A antibody up on its interaction. In third
step, washing was conducted with PBS and the SPR angle shifted nearly
to baseline [35]. In fourth step, BONT/A antibody was injected on CM5
chip, allowed to 1800s and an increase in SPR angle is observed. In fifth
step, washing was performed and in sixth step, to prevent non-specific
binding and also for the blocking of unreacted NHS-ester groups on
CMS5 chip 1000 mM ethanolamine was used and permitted to react with
sensor surface for 600s. In seventh step, washing was performed for 30s
as discussed in the experimental part. In eighth step, regeneration was
carried out for 120s. At last in ninth step, back to base line process was
conducted for 60s. From Figures 1 and 2, a net angle change of 95.44
m° and 48 m° are observed and this ascribes the attachment of 0.79 ng/
mm?® of antibody and 0.4 ng/mm? SV protein on CM5 chip, respectively
[36].

Interaction of BoNT/A antigen with the BoNT/A and SV
immobilized sensor disc

The BoNT/A antibody immobilized sensor disc was utilized for the
sensing of BONT/A antigen by interacting with different concentration

of the antigen and the net results are depicted as SPR sensorgram in
Figure 2A. Figure 2A shows the sensogram corresponding to the
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Figure 1: Sensorgram showing different steps [(1) Baseline (2) EDC-
NHS activation (3) Washing (4) Antibody coupling (5) Washing (6)
Deactivation (7) Washing (8) Regeneration and (9) Back to baseline]
involved in the (A)immobilization of BoNT/A antibody (1: 500 dilution);
(B) immobilization of SV on CM5 chip.

concentration dependant angle changes, upon the interaction of
various concentrations of BoNT/A with immobilized antibody and
the Figure 2A depicts the corresponding calibration curve. The limit of
detection (LOD) of the present method was calculated experimentally
and was found to be 0.045 fM and this is the minimum concentration
of BoNT/A antigen which showed the response during the interaction
of BoNT/A antigen with its immobilized antibody.

Binding of different concentration of BONT/A antigen was also
carried out with immobilized SV protein in order to know the biological
activity of purified protein and the sensorgrams are shown in Figure 2B.
Figure 3 represents the comparative response of binding of BONT/A
and BSA with immobilized SV. BSA was used as negative control and
showed 63% binding with immobilized SV in comparison of BONT/A
as shown in Figure 3.

Evaluation of kinetics involved in the antigen and antibody
interaction

The affinity interactions between immobilized BoNT/A antibody
and BoNT/A antigen were characterized by the equilibrium constant
(K,). The data were fitted using a simple 1:1 interaction model [37], A
+ B = AB, where A is the injected analyte, ‘B’ is the immobilized ligand
and ‘AP’ is the analyte-ligand complex formed during the interaction
process. In the SPR system, the signal R is proportional to the amount
of (AB) and the Rmax is proportional to the initial (B). Hence, in this
study kinetic parameters such as K and Bmax value were calculated
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Figure 2: SPR sensor response for the interaction of different concentration
of BoNT/A antigen with (A) immobilized BoNT/A antibody (a) 0.225 fM, (b)
0.45 fM, (c) 2.25 fM and (d) 4.5 fM (B) immobilized SV (a) 0.045 M, (b)
0.225 fM, (c) 1.12 fM and (d) 5.62 fM Temperature: 25°C and pH: 7.5.
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Figure 3: Bar plot showing the comparative response of binding of BoNT/A
and BSA with immobilized SV. Concentration: 1.12 fM, temperature: 25°C
and pH: 7.5.

for binding of BoNT/A antigen with immobilized BoNT/A antibody
and also for binding of BONT/A antigen with immobilized SV protein
using the software and found to be 0.53 fM and 38.23 m° and 0.22 fM
and 116.03 m°, respectively. This low K value (If K, < 10 nM then
it represents the high affinity interactions) represents high affinity
interaction of the antigen with the immobilized antibody and also with
SV protein [38]. Moreover, this K value is lesser than earlier reported
values for the BoNT/A sensing by SPR [12,13] and this confirms that
the present antibody as a high affinity one due to the low K, value.
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Evaluation of thermodynamic parameters

The K, obtained from kinetic evaluation software was further
exploited to calculate the thermodynamic parameters such as change in
Gibb’s free energy (AG), change in enthalpy (AH) and change in entropy
(AS) associated with binding of BONT/A antigen with immobilized
antibody using Van't Hoff [39,40] equation:

AG=-RTIhK,=AH - TAS (1)
AHZRﬂlnﬁ )
L,-1T, K
1
KA= - (3)
KD

where, R: universal gas constant, K,: affinity constant, T:
temperature and K, K, are affinity constants for association at T, and
T, temperature, respectively. AG, AH and AS are change in Gibbs free
energy, change in the enthalpy and change in the entropy due to the

binding of BONT/A with immobilized BoNT/A antibody, respectively.

The value of the change in Gibb’ free energy for binding of BONT/A
with immobilized BONT/A antibody, was found to be -84.99 kJ/mol at
298 K. The negative value of AG indicates the spontaneous interaction
of BoNT/A antigen with its antibody.

The calculated value of AH using Von't Hoff Wizard in kinetic
evaluation software was found to be +16.33 kcal/mol. The positive value
of AH reveals the interaction of BONT/A with immobilized BoNT/A
antibody as endothermic [41].

The value of AS for binding of BONT/A with immobilized BoONT/A
antibody was calculated using software and was found to be 207.43
cal mole? K. The magnitude of TAS value was found to be higher
than AH indicating that the net influence of enthalpy on the BoNT/A
with immobilized BoNT/A antibody is minor and the apparent
gain in entropy is actually the driving force for the BONT/A with
immobilized BoNT/A antibody [42,43]. The observed positive value in
entropy indicated that the interaction can be explained by Langmuir
replacement reaction that exhibits Langmuir type isotherm [38].
Langmuir replacement reaction suggests that the observed positive
entropy is because of desorption of water molecules from either
antibody or antigen or both. The significance of desorption of water
molecules from protein surfaces during ligand-protein binding was
reported earlier [43].

Effect of temperature

Temperature variation study was performed in order to know the
effect of temperature on SPR response during the interaction of antibody
with antigen. Upon increasing temperature from 10 to 25°C an increase
in SPR angle is observed as shown in Figure 4A and beyond 25°C, SPR
angle decreased. Hence, 25°C is used as optimum temperature for the
interaction of BONT/A antigen with its immobilized antibody.

Effect of pH

Figure 4B shows the effect of pH on SPR angle due to the interaction
of BoNT/A antigen with its immobilized antibody. It is observed from
Figure 4B that SPR response exhibits a maximum at pH 7.5. This
result can also be explained by considering the effect of pH on pl of
BoNT/A. At pH 7.5 BoNT/A possess net positive charge due to its pI
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Figure 4: (A) Effect of temperature on the interaction of BoNT/A antigen
with the immobilized BoNT/A antibody on carboxymethyldextran modified
gold chip. Temperature range: 10 °C-37 °C, pH: 7.5 and BoNT/A antigen
concentration: 4.5 fM and (B) Effect of pH on the interaction of BONT/A antigen
with the immobilized BoNT/A antibody. pH range: 4.0-9.0, temperature: 25 °C
and concentration: 4.5 fM.

(8.6) and immobilized antibody have the negative charge due to the
free carboxylic group of amino-acid, as -NH, group of amino-acid is
involved in the formation of covalent bond with -COOH group of CM5
chip. Therefore, chances of electrostatic interaction will increase and
which in turn give more angle change at pH 7.5. All these observations
implies that at pH 7.5, BONT/A and its immobilized antibody
interaction is more effective, hence, pH 7.5 was used for further studies.

Electrochemical impedance spectroscopic characterization

Electrochemical impedance spectroscopic study gives information
on the impedance change of the electrode/solution or modified SPR
disc/solution interface. The impedance can be presented as the sum of
the real (Z’ w) and imaginary (Z” w) components that originate mainly
from the resistance and capacitance of the cell and this is known as
Nyquist plot [43]. In Figure 5, the semicircle diameter at higher
frequency corresponds to the electron transfer limited process (Ret).
Line 5A shows the AC impedance spectrum for CM5 gold disc, line
5B is AC impedance spectrum for modified gold disc immobilized
with BoNT/A antibody and line 5C is AC impedance spectrum for
interaction of BONT/A with immobilized antibody. After the addition
of BONT/A the diameter of semi-circle is decreased and this is owing to
the acceleration of electron transfer due to interaction of antigen with
antibody. In addition to the above, Ret is most influential and direct
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Figure 5: Electrochemical impedance spectra (EIS) for (a)
carboxymethyldextran modified gold chip (b) modified gold chip immobilized
with BoNT/A and (c) BoNT/A antigen interaction with immobilized antibody.
Concentration: 4.5 fM, temperature: 25 °C and pH: 7.5.

parameter to reflect the in-situ changes those are occurring on the
modified disc/electrolyte interface, hence, fit and simulation method
was adopted to find out the Ret value for CM5 gold disc and antibody
immobilized CM5 gold chip before and after antigen interaction, the
Ret values are found to be 2.79 MQ), 466 k() and 440 kQ), respectively.
The decrease in Ret value after the interaction of antigen with antibody
directly confirms an increase in electron transfer due to the effective
binding of antigen with antibody because of the presence of good
interaction at this pH (7.5) as reported earlier for an antigen antibody
interaction [44].

Conclusion

A label free real time SPR detection methodology for BONT/A was
developed using a carboxymethyldextran modified sensor chip. The
effective interaction between the antigen and antibody was confirmed
based on EIS data as a decrease in charge transfer resistance was
observed due to the effective interaction between BoNT/A antigen
and antibody. The LOD of the developed method is 0.045 fM. The
SPR sensor gram of the binding of BoNT/A with immobilized SV
confirmed the biological activity of purified protein. The kinetic
parameters such as K, and Bmax values were calculated and found to
be 0.53 fM and 38.23 m° for immobilized antibody and 0.22 fM and
116.0 m° for immobilized SV, respectively. The K value of 0.53 fM
implies and classifies this antibody as a high affinity one. The negative
value of change in Gibbs free energy indicates the spontaneous nature
of interaction of BONT/A antigen with immobilized antibody and SV
and the positive value of AH revealed the interaction of BONT/A with
immobilized antibody as endothermic. The positive value of TAS was
found to be greater than AH indicating the interaction of BONT/A with
its immobilized antibody as entropy driven. This study gives inputs
for the development of SPR based sensors using antigen and antibody
interaction for BONT/A and other BWAs.
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