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We  report  a colorimetric  detection  of  functional  botulinum  neurotoxin  (BoNT)  based  on  its  proteolytic
activity.  Active  BoNT  can  enzymatically  cleave  SNAptide,  a short  peptide  with  15  amino  acids.  The cleaved
peptides  subsequently  induced  the  agglomeration  of  gold  nanoparticles,  allowing  a  colorimetric  signal
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that  can  be  discerned  by  the  naked  eye  at the low  concentration  of 1  ng/mL  (6.67  pM),  and  achieve  low
limit  of detection  at 0.25  ng/mL  (1.67  pM  3  �/s) by spectral  absorbance.  This  colorimetric  detection  will
provide  a  simple  and  promising  method  for  applications  at low-resource  sites.

© 2016  Elsevier  B.V.  All  rights  reserved.
old nanoparticles

. Introduction

Botulinum neurotoxin (BoNT) produced by Clostridium
otulinum is considered one of the world’s most dangerous
oxins [1]. Intoxication by BoNT may  occur through the ingestion
f contaminated food or from biological weapons in some unde-
eloped countries or military areas. Due to its toxicity, remarkable
tability, and persistence in the body, a very low dose of BoNT can
ause muscle paralysis or even death [2,3], in which the lethal
ose for humans is estimated to be about 1–2 ng per kg of body
eight [4]. Therefore an extremely sensitive method of detecting

oNT is necessary. Conventional methods for detecting BoNT
ave been reported, such as mouse bioassay [5], ELISA [6], surface
lasma resonance (SPR) immunoassay [7], and electrochemical

uminescence immunoassay [8]. However, observing symptoms
n live animal after injecting BoNT is very time-consuming and

ay  raise ethical concerns. Immunoassays can reach a low limit
f detection (LOD), but require complicated operations and cum-

ersome instrumentation for signal readouts. More importantly,

mmunoassays may  only reflect the total amount of both active
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and inactive toxin. False positive results may  be given even if only
inactive toxin is present, posing uncertainty of the assays.

The light chain of BoNT has a proteolytic function, which can
degrade components of the soluble N-ethylmaleimide-sensitive-
factor attachment protein receptor (SNARE) and subsequently
cause muscle paralysis [9,10]. Colorimetric [11], fluorescence [12],
and luminescence [13] assays were introduced to detect the BoNT
light chain based on the function, in which SNAPtide, a short pep-
tide, was designed to mimic  the synaptosomal-associated protein
25 (SNAP-25, a component of the trans-SNARE complex) with a
cleavable site [14,15]. However, the methods are constrained by
either the LOD (0.1 nM with a colorimetric signal) or the require-
ment of specific optical detectors (fluorescence or luminescence),
making them unsuitable for practical point-of-care applications.
Based on the proteolytic function of BoNT, here we report a col-
orimetric detection of active BoNT using an agglomeration of gold
nanoparticles (AuNPs). AuNPs have been widely used as color indi-
cator to detect DNA [16–18], protein [19–22], organic molecules
[23], and metal ions [24–26], due to their unique property of chang-
ing color from red to purple after agglomeration [27]. As shown in
Fig. 1, active BoNT first cleaved SNAPtides at step 1, and then mag-
netic microparticles modified with streptavidin were introduced to
remove the cleaved peptide fragments with biotin ends via mag-

netic separation at step 2. At step 3, AuNPs were added, and the
remaining peptide fragments with cysteine ends were immobi-
lized onto AuNPs via the thiol group. At step 4, amino acid units
such as arginine and asparagine in the cleaved peptide fragments

dx.doi.org/10.1016/j.snb.2016.05.118
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Fig. 1. Working principle of the colorimetric detection of active botulinum neurotoxin (BoNT) using gold nanoparticles (AuNPs). SNAPtide has biotin and cysteine on its
two  termini. When BoNT was  absent (upper pathway), magnetic microparticles modified with streptavidin were used to remove all SNAPtide and the AuNPs remained
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ono-dispersed. When BoNT was present (middle to lower pathway), SNAPtide w
ere  removed using magnetic microparticles. At step 3, AuNPs were added to bind

mine  groups on the peptide fragments, leading to the agglomeration of AuNPs.

ontain free amine groups that easily chelate with Cu2+ and result
n the agglomeration of AuNPs. We  found that the LOD reached
.25 ng/mL (1.67 pM,  3�/s), which is to our knowledge the most
ensitive colorimetric detection based on BoNT activity. This greatly
mproved sensitivity of our approach has potential for the on-site
etection of BoNT in resource-limited contexts.

. Experimental

The experimental procedures are provided in the Supplemen-
ary material.

. Results

We  first tested the proteolytic activity of BoNT for cleaving the
NAPtide using matrix-assisted laser desorption/ionization-time-
f-flight (MALDI-TOF) mass spectrometry. The SNAPtide designed
or the MALDI-TOF mass spectrometry test was biotinylated on its
oth ends (see S1.1 of the Supplementary material) to increase the
olecular weight of the cleaved peptide to over 800 Da and mini-
ize interference from the matrix ions. The SNAPtide can be seen

rom the peak of 2225.2 (Fig. 2(A)). After incubation with BoNT,
wo new peaks at 942.553 and 1300.63 (Fig. 2(B)) appeared, which

orrespond to the molecular weight of the two cleaved peptides
see S1.1 of the Supplementary material). Therefore, the result con-
rmed that the BoNT used in this assay did have the proteolytic

unction to cleave the SNAPtide.
ymatically cleaved by BoNT at step 1. At step 2, the fragments with the biotin end
 the cleaved peptide with a cysteine end. At step 4, Cu2+ was used to link the free

We  next tested the feasibility of the colorimetric assay (see
S1.2 and S1.3 of the Supplementary material). In the absence of
BoNT (Buffer + peptide, Fig. 3) at step 1, the resulting AuNPs solu-
tion remained red, indicating that the non-cleaved peptide was
removed by the magnetic microparticles. More importantly, the
addition of Cu2+ did not cause the non-specific agglomeration of
the unmodified AuNPs, even though they can be unstable when
the surrounding ionic strength is changed. This is due to the use of
the HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid), which has a moderate affinity to bind with Cu2+. After mix-
ing with the AuNPs, the concentration of HEPES became 8.3 mM
(see S1.3 of the Supplementary material), which is much greater
than the concentration of added Cu2+ (1.6 mM).  Thus, the added
Cu2+ at the final step was  captured by HEPES and did not lead
to the non-specific agglomeration of the AuNPs (Fig. S1). In con-
trast, when using 1 �g/mL BoNT at step 1 the color of the AuNPs
solution changed from red to light blue with the addition of Cu2+

(Peptide + BoNT, Fig. 3), suggesting that the amine group on the
peptide fragment competes with the hydroxyl group and the sul-
fonic group of HEPES, forming a chemical complex with Cu2+ due
to its stronger affinity, eventually causing the agglomeration of the
AuNPs (Fig. S1).

BoNT is also a protein containing many amine and hydroxyl

groups, so we  explored the possibility of non-specific agglomer-
ation caused by BoNT. At step 1, 1 �g/mL BoNT was  used without
SNAPtide and the AuNP solution remained red after the addition
of Cu2+ (Buffer + BoNT, Fig. 3), indicating that BoNT does not cause
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A B

Fig. 2. The test of proteolytic activity of BoNT by matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometry. (A) 10 �M of SNAPtide. (B)
10  �M of SNAPtide solution after incubating with 5 �g/mL BoNT.
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ig. 3. The feasibility test of the colorimetric assay. (A) An optical image showin
NAPtide + 1 �g/mL BoNT was  used in step 1. (B) The spectral absorbance of the sol

on-specific agglomeration. We  suspect that the BoNT structure
s more complicated than the cleaved peptide, so the Cu2+ is more
ikely to embed in the folded structure, rather than forming a chem-
cal complex connecting multiple BoNT.

To investigate selectivity, we used a 10% bovine serum, which
ontains enriched proteins and enzymes that may  cleave the SNAP-
ide or introduce the non-specific agglomeration of AuNPs. While
he AuNP solution changed from red to light blue due to the pres-
nce of 1 �g/mL BoNT, the 10% bovine serum only slightly changed
he color of AuNP solution from red to pink (Fig. S2), suggesting
hat our assay is selective to BoNT and free from other non-specific

nterference.

We then explored the LOD of this method. With a varied concen-
ration of BoNT, the color of the AuNP solution gradually changed
rom red to light blue (Fig. 4(A) and (B)). The color change can be
color change of AuNP solution when buffer + SNAPtide, buffer + 1 �g/mL BoNT, or
 in (A).

discerned by the naked eye at the low concentration of 1 ng/mL
(6.67 pM). With a linear range from 10 ng/mL to 1 �g/mL, the cali-
bration equation was determined as AR = −0.26198 lg(C) + 0.41971,
where AR is the absorbance ratio A520/A680, C is the concentration
of BoNT, and the corresponding correlation coefficient (R2) of the
calibration curve is 0.985 (Fig. 4(C)). From the calibration graph, we
found that the LOD reached 0.25 ng/mL (1.67 pM, calculated based
on 3�/s, where � is the standard deviation of lg(C) of control sam-
ple, and s is the absolute slope of the calibration equation), which
is about 60 times lower than the LOD of other colorimetric detec-
tion based on BoNT activity (0.1 nM)  [10], and comparable with the

LOD of fluorescence assays (1 pM)  [11]. The lethal range of BoNT to
the human body is 1–2 ng/kg, which equals 60–120 ng for an adult
(60 kg) and 25–50 ng for a child (25 kg). The LOD of our assay is



566 S. Chen et al. / Sensors and Actuators B 235 (2016) 563–567

F ical im
a lution

0
s

p
i
w
“
t
m
i
o
u
w
u
b
i
t

4

d
r
c
a
(
3
s
d

ig. 4. Colorimetric detection of active BoNT with varying concentrations. (A) Opt
bsorbance of the AuNP solution. (C) Absorbance ratio (A520/A680) of the AuNP so

.25 ng/mL, so it is able to determine 25 ng of BoNTs in a 100 mL
ample, showing the potential for practical applications.

The improvement in sensitivity is owing to the use of Cu2+ and
eptide fragments. In other colorimetric detection of BoNT activ-

ty [10], the AuNPs were linked using SNAPtide, and the linkage
as broken due to the enzymatic cleavage of functional BoNT. This

turn-off” detection requires a large amount of BoNT to dissociate
he AuNPs and to obtain the corresponding change in solution color,

aking it insensitive to low concentrations of BoNT. Compared to
t, our “turn-on” detection of active BoNT relies on only few copies
f peptide fragments when a low concentration of active BoNT was
sed. The Cu2+ has a strong affinity to form a chemical complex
ith the amine groups on the peptide fragments. Thus, rather than

sing the peptide as a bridge to connect multiple AuNPs and then
reak it, using Cu2+ and the peptide fragment is more efficient for

nducing AuNP agglomeration in the presence of BoNT, enabling
he colorimetric detection of active BoNT with a LOD of 1.67 pM.

. Conclusion

We  have developed a highly sensitive colorimetric method of
etecting active BoNT based on the BoNT cleaved peptides, which
esults in the agglomeration of AuNPs and changes the solution
olor. Because each peptide fragment is fully utilized, this method
llows for visual inspection at a low concentration of BoNT, 1 ng/mL

6.67 pM)  and significantly improved LOD at 0.25 ng/mL (1.67 pM,
�/s). Thus, the method has the advantages of simplicity and high
ensitivity, providing broad and promising applications for the
etection of BoNT at low-resource sites.
ages showing the change of solution color. Control, 0 ng/mL of BoNT. (B) Spectral
 (mean ± max  deviation, n = 3).
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
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