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Abstract
A portable and rapid detection system for the activity analysis of Botulinum Neurotoxins (BoNT) is
needed for food safety and bio-security applications. To improve BoNT activity detection, a
previously designed portable charge-coupled device (CCD) based detector was modified and
equipped with a higher intensity more versatile multi-wavelength spatial light-emitting diode (LED)
illumination, a faster CCD detector and the capability to simultaneously detect 30 samples. A FITC/
DABCYL Förster Resonance Energy Transfer (FRET)-labeled peptide substrate (SNAP-25), with
BoNT-A target cleavage site sequence was used to measure BoNT-A light chain (LcA) activity
through the FITC fluorescence increase that occurs upon peptide substrate cleavage. For fluorescence
excitation, a multi-wavelength spatial LED illuminator was used and compared to our previous
electroluminescent (EL) strips. The LED illuminator was equipped with blue, green, red and white
LEDs, covering a spectrum of 450-680 nm (red 610-650 nm, green 492-550 nm, blue 450-495 nm,
and white LED 440-680 nm). In terms of light intensity, the blue LED was found to be ~80 fold
higher than the previously used blue EL strips. When measuring the activity of LcA the CCD detector
limit of detection (LOD) was found to be 0.08 nM LcA for both the blue LED (2 s exposure) and the
blue EL (which require ≥60 s exposure) while the limits of quantitation (LOQ) is about 1 nM. The
LOD for white LED was higher at 1.4 nM while the white EL was not used for the assay due to a
high variable background. Unlike the weaker intensity EL illumination the high intensity LED
illumination enabled shorter exposure times and allowed multi-wavelength illumination without the
need to physically change the excitation strip, thus making spectrum excitation of multiple
fluorophores possible increasing the versatility of the detector platform for a variety of optical
detection assays.
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1. Introduction
Of the seven serotypes (A–G) of Botulinum Neurotoxins (BoNT) produced and secreted by
Clostridium botulinum, four of them (A, B, E, and F) are normally associated with human
illness and are among the most deadliest known toxins. BoNT neurotoxicity results from BoNT
light chain subunit cleavage of the soluble N-ethyl maleimide-sensitive fusion protein
attachment protein receptors (SNAREs) of the presynaptic vesicles required for
neurotransmitter release. Early detection and typing of these toxins is critical for food safety,
bio-security and clinical diagnostic applications where it is essential for providing appropriate
and timely medical treatment by enabling the selection of effective antitoxins. Detection of
BoNT for such applications (e.g. in the field without a laboratory) may require a portable and
rapid detection system capable of measuring both the presence and activity of the toxin.

In general, three types of detection approaches for BoNT measurement have been developed;
(1) immunological assays which detect the presence of the toxin (active or not), (2) in vivo
bioassays for toxin activity analysis (such as the mouse bioassay) and (3) the detection of toxin
activity by in vitro peptide cleavage assays. Several different immunoassays have been
developed for BoNT detection including enzyme-linked immunosorbent assays (ELISA)
[1-6], lateral flow immunoassays [7,8], immunomagnetic beads [9,10] and immunoaffinity
column [11,12]. More complex immunological technologies have been developed for BoNT
detection including; a portable evanescent wave immunosensor combined with a fluidics
system [13-15], a magnetic bead based ELISA with electrochemiluminescent detection [16]
which combines automated flow-through capillary gel electrophoresis with laser-induced
fluorescence detection, an optical silicon chip assay which detects physical changes in the
thickness of a functionalized molecular thin film resulting from specific immunobinding events
[17] and a two-step immunometric assay detected using a Acetylcholinesterase (AChE) assay
[18]. Recently, a simple monoclonal antibody-based lateral flow assay for detection of BoNT-
A enabled the detection of 50 ng/mL in less than 10 min, with the assay sensitivity increased
to 1 ng/mL by silver enhancement [19]. While some of these immunoassays have similar
sensitivities to the gold standard mouse bioassay [20-22] and are capable of rapid toxin analysis,
they do not provide information about the activity state of the toxin.

The traditional in vivo mouse bioassay measures the effects of the toxins on a mammalian
organism (e.g. signs of botulism in mice) and is very sensitive, detecting as little as 0.03 ng of
botulinum toxin (1 ng = 30 mouse 50% lethal doses) within 6-96 hours [23,24]. However, the
mouse bioassay is slow and the use of live animals is not practical for rapid, field-deployable
applications. BoNT activity can be detected by assaying the cleavage function of the toxin
using specific peptide target substrates. For example, Synaptosomal-associated protein 25
(SNAP-25) peptide is specific to BoNT-A [3,25-32]. Synaptosomal-associated protein 25
(SNAP-25) is a membrane bound protein involved in membrane fusion which functions as part
of the neuromuscular junction. BoNT- A light chain (LC-A) is an endopeptidase which cleaves
SNAP-25 and thus prevents vesicles from anchoring to the membrane to release the
neurotransmitter acetylcholine.

A number of researchers have used this approach and some of the technical issues concerning
these protease-based activity assays, including matrix inhibition and non-specific cleavage
signals, were recently addressed [33-35].

BoNT cleavage activity have been detected using three types of methods; 1) applying specific
antibodies that recognize the proteolytically generated cleavage product epitope for BoNT
[20,23], 2) changes in mass of the cleaved peptide detected by mass spectrometry, cantilevers
or surface plasmon resonance (SPR) [3,12,22,28,30,32], and 3) using short peptide sequences
fluorescently labeled with Förster Resonance Energy Transfer (FRET) pairs in which toxin
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mediated cleavage results in a change in the fluorescent signal. Immunological detection, for
example, was demonstrated for BoNTC1 [36] and BoNT-B activity [37], with the target for
immunological detection being an octapeptide epitope sequence that is normally buried within
the native substrates alpha-helical structure but becomes exposed following cleavage by toxin
types A or E [38]. Most of these cleavage-based detection methods require specialized
equipment (MS, SPR, cantilever, etc), which can limit broad utilization of the technology.
Therefore the most popular detection of BoNT cleavage activity is based on FRET-labeled
peptide substrates that detect the cleavage of the toxins target peptides substrate though changes
in fluorescence that can be measured via a variety of fluorescent sensors [32].

Various aspects of FRET based assay for BoNT activity have been studied, the assay conditions
were optimized [39,40] and the target peptides have also been optimized, including shorting
the linker peptide between the two fluorophores and doubling the number of the FRET
acceptors especially in peptide sequences containing two substrate specific sites [41].
Recombinant fluorescent substrate with cleavage sites for BoNT serotypes A, B, and E in high-
throughput screening were developed [42]. Other approaches include; an immunomagnetic
bead-based pre-concentration step, utilizing antibodies directed against the 100-kDa heavy
chain subunit to concentrate the toxin prior to detection with the FRET cleavage assay, thus
enabling similar sensitivity to the mouse bioassay [34,35,43]. In this fluidics system there is a
large “reservoir” containing the toxin sample with the peptide-beads and a smaller “reservoir.”
Both are connected with a microchannel. After incubation, during which the toxin cleaves the
peptide, the system is placed in a non-humidified environment, generating evaporative flow
from the large reservoir to the small detection port and thus concentrating the beads.

Several microfluidic devices have been developed for fluorescent-based cleavage assays
including bead-based microfluidic platform utilizing peptide immobilized on beads, which
when cleaved by the toxin releases fluorescent fragments into solution that can be concentrated
and detected using microscopy [44] and molded silicone microdevices with integral valves,
pumps, and reagent reservoirs combined with electrical and pneumatic control [45]. However,
for both microfluidic platforms described fluorescence detection was accomplished by
fluorescence microscopy, limiting the field application of the device.

Clearly, while extensive research has been conducted to improve the cleavage assay most use
either standard plate readers or fluorescence microscopy and little work has been done to
improve the fluorescent detectors needed to run such assays under field deployable/limited
laboratory availability type applications. Developing portable devices which enable the assay
performance outside the laboratory, require an easy-to-use multi-sample format that is both
sensitive and portable. One of the critical elements for such optical based detectors is the light
source used for fluorescence excitation. Although a broad array of illumination sources are
available to researchers (e.g. lasers, LED, tungsten lamps etc), almost all are spot illuminators
with narrow spatial field of illumination. Therefore, excitation of a relatively large surface area
needed for multiple sample analysis requires either scanning (moving the light source or
moving the surface to be scanned), the use of a panel of excitation sources, or incorporation
of a number of optical components such as waveguides, line generators, mirrors and lenses
[13-15]. Such optical components complicate platform design, manufacturing, maintenance,
and add to the overall cost. In our previous work [46] we used phosphor based
electroluminescent (EL) semiconductor strips for spatial illumination over a relatively large
surface area. The resulting EL-based charged-coupled device (CCD) portable detector platform
was used for measurement of the BoNT-A FRET cleavage activity assay, and although simple,
sensitive and effective, the EL low light intensity required long CCD exposure times (e.g. 30
s up to 2 min.). Also, while the EL strips are available in different wavelengths, each wavelength
requires a different EL, requiring manual switching by the user when changing excitation
wavelength complicating the overall design of an optical detector with multi-wavelength
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capabilities. LEDs are, likewise, available with many wavelengths and provide higher light
intensity than the EL strips. However, LEDs have narrow spatial field of illumination and so
to overcome this limitation, the use of multiple LEDs combined with a diffuser was used to
enable simple spatial illumination. The LED-CCD detector described in this study was
designed with the aim of producing a portable, simple, and inexpensive modular-based optical
detection system with the capability of multi-wavelength illumination for the analysis of
various flurophores in a relatively small and compact manner, capable of measuring multiple
samples simultaneously. The resulting platform could be used to measure fluorescence from
a number of standard formats such as solution fluorometers, slide microarrays, PCR and ELISA
assays.

2. Material and Methods
2.1 Materials and Reagents

All chemicals were of reagent grade and used as received from the manufacturer. Bovine Serum
Albumin (BSA), zinc chloride (ZnCl), and N-[2-hydroxyethyl] piperazine-N’[2-ethane
sulfonic acid] (HEPES) were obtained from Sigma-Aldrich (St. Louis, MO). The SNAP-25
peptide substrate, internally labeled with the FRET pair fluoresceinthiocarbamoyl (FITC) and
4-(dimethylaminoazo)benzene-4-carboxylic acid (DABCYL), was purchased from List
Biological Laboratories (FITC/DABCYL-SNAP-25; Campbell, CA). Also obtained from List
Biological Laboratories was the positive control FITC-labeled SNAP-25 (FITC-SNAP-25; not
labeled with acceptor DABCYL) and the recombinant light chain of BoNT-A (LcA). The 30-
well sample chips, used to hold the samples for analysis, were prepared using 1/8 inch black
Poly(methyl methacrylate) (PMMA) also known as acrylic (Total Plastics, Harrisburg, PA)
and a transparent plastic Polyethylene terephthalate polycarbonate (PC) (Piedimont Plastic Inc,
Beltsville, MD) was used as base and top for the 30-well chip.

2.2 FRET Fluorescence Detection
For FRET excitation, an LED illumination box containing red, green, blue, and white LEDs
was custom built by Luminousfilm (Shreveport, Louisiana,
www.luminousfilm.com/led.htm). The EL strips [47] consist of either a Royal Blue EL strip
or Bright White EL strip cut to 2.5 × 5 cm (Being Seen Technologies, Bridgewater, MA). The
EL strips required 110 AC volts supplied by an inverter which converts the 12 volts DC input
into 110 volts AC output (Being Seen Technologies, Bridgewater, MA). The detection system
consisted of a blue excitation filter HQ480/20x (Chroma Technology Corp, Rockingham, VT),
a green emission filter D535/40m (Chroma Technology Corp Rockingham, VT), and a cooled
astronomy Sony ICX-429ALL 752×582 pixel CCD camera connected to a Windows XP PC
via a USB2 port and controlled using SXVF-M7 Capture software (CCD camera and software:
Adirondack Video Astronomy, Hudson Falls, NY). The CCD camera was equipped with a
Tamron manual zoom CCTV 4-12 mm, f1.2 (Spytown, Utopia, NY), and all the system
components were enclosed custom in-house built black acrylic box. The CCD image intensities
were analyzed using ImageJ software, developed and distributed freely by NIH
(http://rsb.info.nih.gov/ij/download.html), and the data generated is then imported into
Microsoft Excel (Microsoft, Redmond, WA) for further manipulation.

2.3 Fabrication of the 30-Well Sample Chips
The 30-well sample chips used in this study were designed in CorelDraw11 (Corel Corp.
Ontario, Canada) and micro-machined in 1/8 inch black acrylic using a computer controlled
laser cutter Epilog Legend CO2 65W cutter (Epilog, Golden, CO). Before cutting, both sides
of the acrylic sheet was coated with 3M 9770 adhesive transfer double sided tape (Piedmont
Plastics, Beltsville, MD). For sealing the base and top of the 30-well acrylic sample chips, PC
was first attached to the double sided tape, following cutting using the laser cutter, the PC was
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then attached to the bottom on the 30-well acrylic sample chip by removing the protective
cover on the double sided tape and firmly pressing the material into place. The reaction solution
was added to the sample wells and the well tops carefully sealed (so as not to introduce air
bubbles) with a PC top if required.

2.4 Optimization Studies using Unquenched FITC-SNAP-25
Initial investigations characterizing the different illumination sources were carried out using
unquenched FITC-SNAP-25. Typically, a range of FITC-SNAP-25 concentrations were first
prepared between 0.019 nM-5 nM in 20 mM HEPES + 0.3 mM ZnCl + 1 mg/ml BSA and 1.25
mM DTT (HEPES/Zn/BSA/DTT buffer), in MicroAmp tubes (PE Biosystems, Foster City,
CA). A negative control (no FITC-SNAP-25) was included in each assay. The samples in the
MicroAmp tubes were then loaded to the 30-well sample chips (12 μl/well) for measurement
with the CCD detector coupled to the various LED and EL illumination sources.

2.5 FRET Cleavage Assay for LcA Activity Detection
The FITC/DABCYL-SNAP-25 FRET-based assay used in this study for the detection of light
chain (LcA) was performed following the manufacturer's instructions. Typically, a range of
LcA concentrations were first prepared between 0.08 nM-20 nM in 20 mM HEPES + 0.3 mM
ZnCl + 1 mg/ml BSA and 1.25 mM DTT (HEPES/Zn/BSA/DTT buffer) in MicroAmp tubes.
A negative control (no LcA) was included in each assay. The FITC/DABCYL-SNAP-25 was
then added to each MicroAmp tube, to a final concentration of 5 μM per tube. These samples
were then incubated, at 37 °C for 2 h, in the MicroAmp tubes. After incubation the samples in
the MicroAmp tubes were transferred to the 30-well sample chips (12 μl/well) for measurement
with the CCD detector coupled to the various LED and EL illumination sources.

3. Results and Discussion
3.1 Multi- wavelength LED illumination based fluorescence detector (LED-CCD)

In our assay (see figure S1) we use a short synthetic peptide with the sequence of the cleavage
site of SNAP-25 that mimics the actual BoNT cleavage substrate. The peptide is labeled with
a FRET pair, made up of a donor chromophore that, when excited, can transfer energy to an
acceptor chromophore located in close proximity thereby “quenching” the fluorescence. When
the toxin cleaves the peptide, it separates the donor chromophore from the acceptor, eliminating
the quenching and resulting in full fluorescence of the donor chromophore as measured by
CCD.

The basic configuration of the LED-CCD detector platform is shown schematically in Figure
1A along with an actual photograph of the detector Figure 1B. The system consists of three
main elements (described in more detail below), the CCD detector module, the assay chip
module and the illumination/excitation module, all contained within a black acrylic box.

LED Illumination module—The LED illumination module used in this study comprises a
custom built multi-wavelength LED illumination box (Figure 1C). Two different types of LED
were used: white LEDs and RGB LED (an RGB LED that can generate all three wavelengths).
The multi-wavelength LED illumination box can illuminate with red (R), green (G), blue (B)
or white (W) spectra (Figure 1D where each spectra is labeled with a letter under its peak white-
W, blue-B, green-G and red-R). Although only illumination in the blue range is needed for the
FITC excitation used in this study, the multi-wavelength illumination is capable of exciting
multiple fluorophores making this a versatile detector for a variety of optical fluorescent assays.
The LED illuminator contains four RGB LED strips and four daylight LED strips, both 18
LEDs per foot. Each LED color is controlled individually with a switch in the front panel (see
Figure 1C). The top of the box consists of a diffusion panel (milky white plastic panel), which
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assures uniformity of the light and hence even illumination of the sample chip. The dimensions
of the diffusion panel are 8.5×5.5 cm. The blue excitation filter was taped, using black tape,
on top of the diffusion panel and the assay chip module was then placed on top. For comparison,
white and blue EL strips were also used as excitation sources. These were typically placed on
top of the LED illuminator box (which was switched off) and the blue excitation filter then
placed above the EL strip before the assay chip module was attached.

Assay module—The LED-CCD detector is compatible with a broad array of assay formats
and various microfluidics. In this work, 30-well assay chips (Figure 1E), arranged in an array
of 6×5 wells, were used. The 30-well sample chip was prepared using a laser cutter to cut black
acrylic, which was chosen in order to minimize light scattering and cross talk between wells.
The assay chip is simply loaded with the sample and placed above the illumination module
prior to measurement. The maximum number of wells that were used in such a system is 96.

CCD detector—We used a cooled SXVF-M7 astronomy-CCD camera, where cooling
reduces the thermal noise generated by the CCD and thus improves the sensitivity by reducing
the background signal. The camera is equipped with a Sony ICX-429ALL 752×582 pixel CCD
chip with a 16 Bit analog-to-digital converter enabling a dynamic range of 65,536 levels of
grayscale. The SXVF-M7 camera was equipped with a USB2 port, enabling faster data
transmission, and can be controlled with Labview software, allowing simple system
automation. The fixed angle Pentax 12mm lens used in previous LcA work [47] was replaced
with a Tamron manual zoom CCTV 4-12 mm, f1.2 lens. The 4 mm focal length of the lens
permits wide angle imaging suitable for 96-well sample analysis [48] (e.g. 50×35 mm surface)
from a short distance (9 cm). For the BoNT-A activity assay described in this work, a green
pass band emission filter was mounted on the end of the lens.

Power considerations—For a portable device, the power requirements are an important
element of the device design. The device was designed to be battery operated using 12V DC
(supplied by either a power supply or battery such as commonly used for car batteries and many
other portable devices) to run both the illumination source and the CCD.

3.2. Light characteristics of the multi-wavelength LED illuminator
Unlike the monochromatic light emitted from lasers or the limited spectrum light emitted from
single LED and EL based illumination, the multi-wavelength LED illumination box provides
illumination in the blue, green, red, and white ranges, covering a spectrum of 450-650 nm (red
610-650 nm, green 492-550 nm and blue 450-495 nm). The only region of the spectrum not
represented by the RBG LEDs strip is the range between 550 nm and 610 nm. However, this
region is provided by the white LED (Figure 2A), which gives broad band illumination
(440-680 nm with lower intensity in the range 472-510 nm). The box allows for illumination
in narrower spectra by using only one of the R,B,G, or white LEDs or combinations of them.
Within each LED spectrum, interchangeable filters can be used to narrow the excitation band.

The BoNT-A FRET-based activity assay used here is based on FITC measurement, which
requires an excitation wavelength of 494 nm therefore, we analyzed the white and the blue
LED spectrum in more detail. As discussed above, the white LED emits light in a broad
spectrum (440-680 nm with lower intensity in the range 472-510 nm) and the blue LED emits
in the range 450-495 nm with a peak at 470 nm. A blue pass filter HQ480/20x with a range of
463-490 nm was used for FITC excitation. Since the excitation source is directly in line with
the CCD camera in our device configuration, the excitation and emission filters are crucial for
blocking any excitation light reaching the detector, while still allowing the fluorescence
emission through. A comparison of the white and blue LEDs and ELs spectra, with and without
the blue band pass excitation filter, is shown in Figure 2 A-D, and was measured using a SPA-
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RP Reflectance Probe spectrometer. In figure 2, each spectrum is labeled with a number, I for
the spectrum without a filter and II for the spectrum with a filter. An arrow points to the peak
of the spectrum with a filter, the blue filter seems to decrease the intensity significantly in the
blue range only for white LED illumination (figure 2A –II).

When comparing the blue (Figure 2A) and white (Figure 2B) LEDs it is apparent that the
intensity of the blue LED is generally less than that of the white LED in the blue range. With
an exposure time for the LED illumination of 100 ms, the intensity for white LED with this
filter (at 475 nm) is 65 units above background (Figure 2A) and for the blue LED intensity is
50 units (Figure 2B). Longer exposure times were typically required to obtain spectra from the
EL strips. Figure 2C and 2D show spectra using 5 s exposure times for the white and blue ELs
respectively. The intensity for the white EL was 300 units (Figure 2C) and for the blue EL was
900 units (Figure 2D). Taking into account the different exposure times, the data suggests that
at 475 nm the intensity of the white LED was ~11 fold higher than the white EL and the blue
LED ~3 fold more intense than the blue EL. Light intensity and uniformity was measured
directly using the cooled CCD detector and analyzed using ImageJ 3D analysis. Results
demonstrated that the LED diffusion panel provides highly uniform illumination (Supporting
Information, Figure S2).

Light intensity—One limitation of EL as a light source for fluorescence detection is its
relative low light intensity (Figure 2C and 2D) which requires longer exposure. The true
measure of the excitation's effectiveness is the actual fluorescence of the excited dye. To study
the effectiveness of the various illuminators for FITC fluorescent detection, we measured the
excitation of 5 nM unquenched SNAP-25 peptide (labeled only with FITC) detected with a
cooled CCD camera equipped with a blue emission filter and green excitation filter for
monitoring for emission at 523 nm. As shown in Figure 2E, the log signal measured is linearly
correlated with the log time of exposure for the white (white circles), blue LEDs (black circles),
and for the blue electroluminescence panels (black triangles) with an r2>0.99 for all three
illuminators. The regression lines (Figure 2E) are: white LED Y=4.34+0.82X; Blue LED
Y=3.76+0.82X; and blue EL Y=2.37+0.76X. These data suggest that the FITC fluorescence
signal from white LED illumination is ~3 fold higher than from illumination with blue LED,
corresponding to the higher intensity of the white LED as shown in Figure 2. The fluorescence
signal from illumination with the blue LED is ~80 fold higher than the signal from illumination
with the blue EL, which suggests exposure time from EL must be far longer than to LED to
achieve the same signal.

3.3 LED-CCD and EL-CCD fluorescence assay analysis using unquenched FITC-SNAP-25
peptide

To evaluate LED-CCD detection capabilities as compared to the EL-CCD and to optimize
assay detection, we first measured emission of the unquenched SNAP-25 peptide at nine
concentrations ranging from 0.019 nM - 5 nM, plus a blank control. For these tests, three 30-
well chips were used with three replicas of each concentration in each chip. The layout of the
30 well chip is shown in figure S3.

FITC-SNAP-25 peptide was excited with white and blue LEDs as well as the white and blue
EL strips. Various exposure times for each of the illumination modes were used: 1, 2 or 3 s for
the blue and white LEDs and 15, 30, 60 and 300 s for the blue and white EL. For comparison
between the different types of illumination, we used two measures: the signal/noise (S/N)
values at 5 nM of the unquenched SNAP-25 peptide and the limit of detection (LOD) of the
peptide. Examples of the actual CCD images using the various types of excitation are shown
in Figure 3 with the corresponding ImageJ 3D graph analysis of CCD images showing the pixel
intensity. The signal from the blue EL excitation exposure of 60 s is low (Figure 3, CCD image
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I). Increasing the exposure time to 300 s improves the signal (Figure 3, CCD image II),
however, there appears to be an increase in the pixel-to-pixel signal variability within each
well spot (the well spots looks “rough”), especially when compared with the blue LED
excitation exposure of 2 s (Figure 3, CCD image III), which produced uniform “smooth”
looking spot intensities within a well. The detailed 3D analysis (Figure 3, Graph II) shows the
variability of the EL excitation clearly. While the shapes in the 3D graph of the blue LED spots
are smooth cones (Figure 3, Graph III), the blue EL spots have an irregular rough surface
(Figure 3, Graph II) representing pixel-pixel variations. The variation of light intensity for the
EL illumination strips is also shown in Figures 2C and 2D, where the EL lines of the spectra
are noisy, demonstrating variation in intensity. Figure 3 IV (CCD image and Graph) show the
corresponding data for the white LED a 3 s exposure, clearly the background appears somewhat
higher than the blue LED in this case. In general, the longer the exposure time the higher the
standard deviation (SD) of the measurements. Because we average the value of all the pixels
within a well spot, such variation may not have significance, except at low signal where a high
background may mask the signal, the increase in the pixel-to-pixel signal variability is critical
for analyzing small elements (e.g. microarray spots).

The signal intensities from these CCD images of the unquenched SNAP-25 were measured
using ImageJ and then analyzed in Microsoft Excel. The dose response curves for each of the
excitation sources are plotted in Figure 4. The results of these experiments appear to fall into
three groups based on S/N and the SD at 5 nM. The first group with S/N of 16-30 (Figures 4A
for the whole range of SNAP-25 and 4B for the low concentrations of SNAP-25), includes all
the exposure times with the blue LED (1, 2 and 3 s) and the 5 min blue EL illumination. Within
the group, the signals clustered in a narrow range in which the signals are not well separated.
These illumination conditions provide the base S/N values. The second group, with S/N of 4-8
(Figures 4C for the whole range of SNAP-25 and 4D for the low concentrations of SNAP-25),
is comprised of white LED exposure (1, 2 and 3 s) and the shorter blue EL exposures (15, 30,
and 60 s). These illuminations are useful for the high concentrations (figure 4C) but not the
low concentrations (figure 4D). A third group with S/N of ~3 (Figures 4E and 4F) includes the
white EL exposures (15, 30, and 60 s), all with very high SDs (Figure 4F), so these illumination
conditions are not useful. The white EL produces low intensity illumination spread over a wide
spectrum, including the green range, which increases the background. Due to its high
background the white EL was not used further in this study. The remainder of the study
investigated the blue LED, white LED, and the blue EL as illumination/excitation sources.

3.4 LED-CCD and EL-CCD Detector Based Detection of LcA Activity
For the botulinum toxin activity FRET assay, the SNAP-25 peptide substrate of BoNT-A is
labeled with the FITC donor/DABCYL acceptor FRET pair. The close proximity of the
DABCYL causes significant quenching of FITC fluorescence. Interaction of the substrate with
the toxin light chain LcA (or the full toxin BoNT-A) results in cleavage of the peptide sequence,
disrupting the FRET and resulting in a concomitant increase in FITC fluorescence at 523 nm
measured by CCD (see Supporting Information Figure S1). For the FRET cleavage assay,
unlike the optimization analysis using unquenched FITC-labeled peptide (described in Section
3.3), the quenched peptide FITC/DABCYL-SNAP-25 was used at a fixed 5 μM concentration
and exposed to different concentrations of a 2-fold LcA serial dilution in the range 0.078 nM
– 20 nM, with a zero blank included as a control.

As with the optimization studies, three 30-well chips (A, B and C) were used with three replicas
of each concentration of LcA in each chip. The assay was incubated for 2 hours in reactions
tubes at 37 degrees C before being transferred to the assay chips and the cleaved SNAP-25
FITC fluorescence measured. To evaluate the LED-CCD detection capabilities for the LcA
cleavage activity assay, based on the results of the optimization studies (Figure 4), we used
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only the white and the blue LEDs plus the blue EL for excitation. Various exposure times for
each illumination mode were used, ranging from 2-3 s for the blue and white LED and 30-300
s for the blue EL. The signal intensities from the CCD images were measured using ImageJ
and then analyzed in Microsoft Excel. From these image intensities, dose response curves were
plotted for each of the chips, see Figure 5, and limits of detection (LOD) determined. The LOD
represents a measured concentration that generates a signal 3 standard deviations above
background (no LcA), the limits of quantitation (LOQ) which is the limit at which the method
can measure the difference between two different values, is about 1 nM (Figures 5B and 5C).
The analysis of the three chips, with each chip containing three replicas of the LcA (nM)
concentration range studied, are summarized in Table 1.

While there is a fairly strong agreement in the LOD values between chip B and chip C, the
LOD values of chip A were significantly higher. Similarly, the results from chip A were also
higher than our previously published value (1.25 nM LcA) of the same assay excited by the
same EL used in our previous detector platform design [47], suggesting that the cleavage assay
in chip A did not work well. Based on this, the data from chip A were not used further for the
analysis.

The S/N ratio of the three replicas (e.g. measurement of the same LcA concentration excited
with the same illumination) of each measurement was analyzed on chip B and chip C (Figure
5A). The data suggest a high correlation (r2= 0.9952) between the corresponding measurements
in chip B and chip C. The plots of the data of chip B (Figure 5B) and of chip C (Figure 5C)
show that the S/N ratio increases with the increasing LcA concentration for all methods of
excitation.

The results in Table 1 show that the LOD for the assay using blue LED (for both 2 and 3 s)
was similar to that for assays using illumination with the blue EL in 60 s and 300 s (5 min)
exposures (0.078 nM LcA). The LOD using white LED (for both 2 and 3 s) was higher (1.40625
nM LcA). These data suggest that the LOD for the detector is in the range of 0.078 nM-1.41
nM LcA, depending on the illumination source and the exposure time. The average noise values
(Arbitrary Units - AU) of the white LED are high (21337 AU), with a high SD (average 1809
AU) compared to the low noise of the blue LED (average 7810 AU), which also has a lower
SD (average 234 AU), determined from blank (no LcA) wells. The high noise observed with
white LED excitation may explain the lower sensitivity obtained. As discussed above, the white
LED emits green light which, although, should be mostly blocked by the excitation/emission
filter combination, still appears to give a much higher background signal than the blue LED
(Figure 2A and 2B), and thus increases the level of noise.

The LOQ measured here is similar to the LOD reported in our previous work (1.25 nM LcA)
[47] which was comparable to limit of detection (1 nM) of a similar assay [49] with SNAP-25
peptide substrate labeled with a different FRET pair and measured the output with a standard
fluorimeter. However, the current combination of LED illumination and CCD detection (LED-
CCD) was able to measure concentrations lower, down to 0.078 nM LcA (~10 ng/ml). The
increased sensitivity is enhanced by the use of a different camera and higher intensity
illumination.

The LOD of various immunoassay formats including ELISAs [4], commercial lateral flow test
kits [7] and fluorescent immunoassays [50] is in the ng/ml range (2-50 ng/ml). More
sophisticated detection schemes, such as those combining paramagnetic beads and
electrochemiluminescent immunoassays, have measured down to 50 pg/ml of BoNT-A [10],
however, such assays measure toxin presence and not activity. The most sensitive cleavage
assay was reported to detect as little as 10 pg/ml [34,35] (similar to the sensitivity of the mouse
bioassay) by first concentrating the toxin with immunomagnetic beads coupled to monoclonal
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antibodies directed against the 100-kDa heavy chain subunit. This immunoseparation step
could be added to our protocol to increase its sensitivity, although it would slow the overall
assay time. While the main advantage of the EL illuminator is that it is simple and very
inexpensive to fabricate, the blue LED allows the use of a broader range of wavelength (LEDs
are available in numerous wavelengths). The higher light intensity of LEDs enables
significantly shorter exposure times, no longer than two seconds, in contrast to the EL
illumination which required a minimum of 60 seconds to achieve a similar LOD.

4. Conclusion
Applications that involve the detection and typing of BoNT may require a portable (e.g. in the
field without a laboratory) and rapid detection system that is simple to use. The modular design
BoNT-A detector described here enabled activity detection of BoNT-A. Using LED-based
illumination as opposed to EL strips significantly reduced the exposure time required to
measure the assay chip.

The multi-wavelength spatial LED illumination, enable excitation in a broad spectrum and the
detection of many fluorophores make this system a versatile optical detector for many
fluorescence detection applications, and enable the end user simple switching of excitation
wavelengths (using a switch) when studying different fluorescent systems. In general, LED
illumination is more uniform and intense than the EL illumination.

The best illumination conditions with S/N of 16-30 (Figures 4A for the whole range of
SNAP-25 and 4B for the low concentrations of SNAP-25) are the exposure with the blue LED
(1, 2 and 3 s) and the 5 min blue EL illumination. The main advantage of the LED with EL is
the short exposure time (several seconds vs. several minutes). The use of the wide spectrum
white LED offers a different advantage by allowing the use of a large number of fluorophores.
However, the white LED generates a higher level of noise, which reduces sensitivity, so it
requires the use of a filter with very narrow bands. The white EL produces very poor results
both in terms of noise and exposure time so it is not useful for fluorescence detection.

The prototype LED-CCD detector platform presented here is portable, with all modular
components enclosed in a small plastic container, and controlled using a laptop computer via
a USB connection. The relative simplicity, ease of use, and physical properties of these LEDs
illumination platforms makes them ideal candidates as an excitation source for a number of
applications including lab-on-a-chip and for point-of care detection, especially for underserved
populations, and many other applications that require on-site measurements.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LED-CCD multi-wavelength detector
(A) A schematic configuration of the multi-wavelength LED detector. (B) A digital camera
image of the actual detector platform. The detector system components highlighted in the
schematic (A) are [1] an SXVF-M7 CCD camera mounted in a homemade acrylic shelf box
[2], which was designed to hold the filters and the sample chips. The camera is equipped with
a Tamron manual zoom CCTV 4-12 mm, f1.2 C-mount lens [3] with a green band pass emission
filter [4] mounted on the end of the lens. The black acrylic 30-well sample chip [5] (also panel
E) is placed on a shelf in the camera box above the blue band pass excitation filter [6]. The
camera shelf box is placed on the top of the multi-wavelength LED illuminator [7] (also panel
C) with light switches to operate the red, blue, green and white LEDs [8]. (C) Digital
photograph of the multi-wavelength LED illuminator prior to attachment of the shelf box.
(D) Spectra of the white (W), blue (B), green (G) and red (R) LEDs that comprise the multi-
wavelength LED illuminator. (E) The black acrylic 30-well chips designed to hold aqueous
samples for imaging.
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Figure 2. Light characteristics of the EL and LED illumination sources
The spectra (measured by a spectrometer) and the light intensity of the LED were measured
for the (A) white LED and the (B) blue LED illuminators (exposure time 100 ms) compared
with the (C) white EL and (D) blue EL strips (exposure time 5 s). In panels A-D, the upper
plots are measurements of the whole spectra (I) and the lower plots (II marked with arrows)
are spectra measured with the blue filter, used for excitation of the FITC dye, in place.
To evaluate the actual signal from the assay, the fluorescence signal of 5 nM unquenched
SNAP-25 peptide (labeled with FITC) was measured with various exposure times (ranging
from 10 ms to 10 s) using a cooled CCD camera equipped with a blue emission filter and a
green excitation filter. (E) The signal intensity measured at the CCD plotted as a function of
exposure time for the different excitation sources white LED (white circles), blue LED (black
circles), and the blue EL panel (black triangles). Note that both the exposure time axis and the
relative intensity axis are plotted on a log scale.
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Figure 3. CCD Images and 3D analysis of EL-CCD and LED-CCD detection of unquenched FITC-
SNAP peptide
The CCD images and the corresponding 3D imageJ analysis of the CCD emission images of
nine concentrations of a 50% dilution series of the unquenched SNAP-25 peptide ranging from
0.019 nM to 5 nM and a control are shown for: (I) blue EL excitation exposure of 60 seconds,
(II) blue EL excitation exposure of 300 s, (III) blue LED excitation exposure of 2 s and (IV)
white LED excitation exposure of 3 s.
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Figure 4. LED-CCD fluoresce analysis of unquenched SNAP-25 peptide
A 50% dilution series of the unquenched SNAP-25 (labeled with FITC) and a control (no
SNAP-25) was prepared, giving 10 samples with a final concentration range of 0 nM-5 nM.
The dilution series was loaded in triplicate into each 30-well chip and the fluorescence excited
using either the LED or EL illuminators. The CCD camera was used for detection. The signal-
to-noise (S/N) ratio for CCD measured intensity as a function of the SNAP concentration was
plotted for each of the EL and LED excitation method used. (A) Blue LED illumination (1 s-
diamond, 2 s-triangle and 3 s-rectangle) and blue EL illumination (5 min-circle). (B) Expansion
of the lower concentration range, 0 nM-0.625 nM, of SNAP-25 dose response curve from (A).
(C) White LED illumination (1 s-X, 2 s-vertical line and 3 s-diamond/dashed line) and the
shorter exposure times used for the blue EL (15 s- triangle, 30 s,- circle and 60 s- rectangle).
(D) Expansion of the lower concentration range for the SNAP-25 dose response plotted in (C).
(E) White EL illumination (15 s- circle, 30 s-diamond and 60 s- triangle). (F) Expansion of
the lower concentration range for the SNAP-25 dose response plotted in (E). Standard
deviations were determined from three separate readings of each chip.
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Figure 5. In vitro activity analysis of BoNT-A light chain (LcA) cleavage of FITC/DABCYL-
SNAP-25 peptide detected by FRET
Various concentrations of LcA (0 nM-20 nM) were used to cleave FITC/DABCYL-SNAP-25
(5 μM). The cleavage products were excited by LED or EL and fluorescence intensity measured
by CCD. (A) Correlation between the S/N ratio of the cleavage assay measurements in chip B
and chip C. LcA dose response curves plotted as a function of the excitation source for (B)
chip B and for (C) chip C. For both plots; blue LED exposure of 2 s (black circle), blue LED
exposure of 3 s (white circle), white LED exposure of 3 s (black triangles), white LED exposure
of 2 s (white rectangle), blue EL exposure of 30 s (black rectangle), blue EL exposure of 60 s
(white rectangle), blue EL exposure of 300 s (black diamond). Note that the LcA concentration
axis is plotted on the log scale, so the zero (blank) concentration is not present. Standard
deviations were determined from three separate readings of each chip.
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