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Abstract

A sensor for the lethal bacterial enzyme, botulinum neurotoxin type A (BoNT/A), was developed
using self-assembled monolayers (SAMs). SAMs consisting of an immobilized synthetic peptide
that mimicked the toxin’s in vivo SNAP-25 protein substrate were formed on Au and interfaced with
arrayed microfluidic channels. Efforts to optimize SAM composition and assay conditions for
greatest reaction efficiency and sensitivity are described in detail. Channel design provided facile
fluid manipulation, sample incubation, analyte concentration, and fluorescence detection all within
a single microfluidic channel, thus avoiding sample transfer and loss. Peptide SAMs were exposed
to varying concentrations of BONT/A or its catalytic light chain (ALC), resulting in enzymatic
cleavage of the peptide substrate from the surface. Fluorescence detection was achieved down to 20
pg/mL ALC and 3 pg/ mL BoNT/A in 3 h. Toxin sensing was also accomplished in vegetable soup,
demonstrating practicality of the method. The modular design of this microfluidic SAM platform
allows for extension to sensing other toxins that operate via enzymatic cleavage, such as the remaining
BoNT serotypes B-G, anthrax, and tetanus toxin.

Botulinum neurotoxin (BoNT), derived from the anaerobe Clostridium botulinum, is among
the most poisonous substances known with an oral lethal dose of ~70 pg for an adult human.
1 Seven immunologically distinct types exist (A-G), each of which enzymatically cleaves a
target neuronal substrate, leading to flaccid paralysis associated with botulism. Because of its
potency, accidental or intentional BONT contamination of food or drink poses a severe threat
to human and animal health. Currently, the only accepted means of BoNT detection is the
mouse bioassay, which requires animal sacrifice, highly trained personnel, and special
facilities. In addition, the assay itself is low throughput (one mouse equals one data point) and
typically takes 2—4 days for a readout.

Alternative BoNT detection methods are desirable, as evidenced by the recent development of
assays centered on ELISA,2~* PCR,:6 and mass spectrometry” as well as other immuno- and
cleavage-based assays.8~16 ELISA, while well-characterized and easily formatted for 96- or

384-well plate assays, suffers from insensitivity and cross-reactivity at BONT concentrations
below ~0.1 ng/mL.# It is paramount to homeland security to develop inexpensive, reliable
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sensors that can detect low levels of BoNT (30 pg/mL or less has been recommended!?). In
addition to efficient design and implementation, the sensor should be robust for field
deployment and amenable to high throughput, multiplexed sensing.

Recently, we introduced a novel microfluidic assay capable of detecting BoNT type A (BoNT/
A) enzyme activity by using substrate-laden beads and measuring the extent of cleavage.1®
This sensor performed well with buffered samples and displayed a BoNT/A detection limit of
10 pg/mL; however, output was dependent on the amount of beads present in the sample
reservoir and therefore led to greater interassay error, a common drawback among other bead-
based BoNT sensors.3:14 A new BoNT/A sensor that retains the same enzymatic sensing
principles but uses self-assembled monolayers (SAMs) as the means of substrate presentation
has since been developed. SAMs display an immobilized, fluorescent peptide substrate specific
for the type A toxin; BoNT/A recognizes and cleaves the surface substrate, releasing
fluorescently labeled fragments into bulk solution for detection and quantification. Tethering
the BoNT substrate to preformed SAMs rather than beads of a heterogeneous distribution
allows for better control over the amount, density, and orientation of substrate on the surface,
18 thus diminishing experimental error. Additionally, nonspecific protein adsorption can be
limited by modifying the background molecules comprising the SAM (i.e., adding oligo-
(ethylene glycol)19:20 or perfluorinated alkanethiols?1).

Because of the flexibility in SAM design, biologically active monolayers have been used for
detecting and understanding enzyme activity?2—24 and or monitoring cellular processes, 2> but
relatively few systems exist for sensing bacterial toxins such as BoNT.26:27 In response, we
have combined surface chemistry with microfluidic technology to create a versatile, modular
platform for sensing BONT whereby there are limitless combinations of SAM, biomolecule,
and channel designs. By adapting SAM technology to microfluidics, we can also capitalize on
increased throughput and lower sample volumes to develop a portable analytical system.
Mangru and co-workers recently formatted a BoNT inhibitor-screening assay for the
microscale by using a FRET peptide substrate within microchannels; however, the device was
complex, requiring extensive fluidic components for flow manipulation in addition to multiple
inlet and outlet ports for reagent addition/removal.28

Toward simplicity, our entire cleavage assay (sample introduction, incubation, and product
detection) takes place in a single channel. We have arrayed 40 microchannels to achieve
simultaneous BoNT/A sensing, with the possibility of scaling up to hundreds of channels upon
interfacing with robotic pipetters and/or on-chip detectors.2® Using this SAM-based
microfluidic sensor, we have been able to sense even lower levels of both the BONT/A
holotoxin and its catalytic light chain by improving and expanding upon our previous detection
technologies (beads,®1® hydrogels'2). While our assay has been designed specifically for
detecting type A BoNT, it may be possible to sense other toxins that enzymatically cleave a
known substrate using this platform. We discuss optimization of SAM composition regarding
peptide density and toxin recognition/cleavage, sensor performance, and lastly, we consider
the utility of the sensor in the field with respect to multiplexed sensing of BONT in complex
matrixes such as suspect food and drink.

EXPERIMENTAL SECTION

Trifluoroacetic acid (TFA) was purchased from Aldrich Chemicals. Tween-20 was purchased
from Acros Organics. All other reagents were obtained from Fisher Scientific. Botulinum
neurotoxin type A (holotoxin and light chain) was generously provided by the Johnson
laboratory in the Department of Food Microbiology and Toxicology at the University of
Wisconsin-Madison. Deionized ultrafiltered (DIUF) water was used for all solutions. A
NanoDrop 3300 fluorospectrometer (Thermo Scientific) or a Synergy plate reader (BioTek,
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Winooski, VT) was used for off-chip fluorescence measurements. All fluorescent
microchannel images were taken on an Olympus 1X70 microscope with Meta-morph software.
A GeneTAC UC4 x 4 imager (Genomic Solutions, Ann Arbor, MI) was used for fluorescent
Au surface scans; all scans used a blue laser and a 512 nm BP filter for fluorescein with the
photomultiplier tube (PMT) gain adjusted per sample for optimal sensitivity. All images
(surface or microscopy) were processed using ImageJ freeware (National Institutes of Health).

BoONT/A Substrate Synthesis

Fluorescent SNAP peptide (flu-SNAP), a 24mer representing SNAP-25 residues 187-203, was
synthesized on a Symphony instrument (Protein Technologies, Tuscon, AZ) in the UW-
Madison Peptide Synthesis Facility using standard solid phase synthesis methods on Rink
Amide resin (EMD Biosciences Novabiochem, San Diego, CA). Peptide was deprotected for
4 h using a TFA cocktail containing 5% (v/v) thioanisole (Acros Organics) and 2.5% (v/v)
ethanedithiol (Alfa Aesar). Flu-SNAP was purified using reverse-phase HPLC on a5 pm
preparative scale C-18 column using a 15-50% gradient of 0.08% TFA in acetonitrile (ACN)
against 0.1% TFA. Flu-SNAP peptide with an E11Q substitution (flu-SNAPQ) was purchased
at > 90% purity from Genscript (Piscataway, NJ). Both peptides were C-terminus amidated,
contained an N-terminus fluorescein (flu) (Novabiochem’s 5-carboxyfluorescein used for in-
house synthesis of flu-SNAP), and had multiple modifications to enhance toxin recognition
(described previously, ref 19). Lyophilized peptides were dissolved in DIUF and stored at —20
°C until use.

Recombinant partial SNAP-25 protein (rSNAP, 8.5 kDa) representing SNAP-25 residues 141—
206 was expressed with cysteines at both termini and purified according to a protocol outlined
in the Supporting Information. rSNAP (0.1 mg/mL in 2x saline-sodium phosphate-EDTA
(SSPE) buffer containing 6:1 tris(2-carboxyethyl)phosphine (TCEP, Pierce) to Cys) was
fluorescently labeled by adding 30:1 molar excess fluorescein-5-maleimide (Pierce) and
reacting at 4 °C overnight. Flu-rSNAP was purified by dialysis against HEPES-buffered saline
(HBS, 10 mM HEPES, 150 mM NacCl, pH 7.2) and stored at —20 °C until use.

HPLC of flu-SNAP and flu-SNAPQ with BoONT/A Light Chain

RP-HPLC was used to compare toxin recognition of the synthetic 2.8 kDa SNAP peptide
substrates in solution. A Prominence HPLC (LC-20AT) with a PDA detector (SPD-M20A)
and a 5 pm C18 column were used (Shimadzu Corp.). Mobile phase consisted of 0.1% TFA
in HPLC grade ACN. BoNT/A light chain (2 pg/mL) was added to 100 pM flu-peptide
dissolved in 30 mM HEPES with 1 mg/mL BSA and incubated at 37 °C. Aliquots (20 pL)
were removed at designated time points, and the pH was lowered to 2 with a 1% TFA solution.
Chromatograms with peak height and area data were generated using Shimadzu EZStart
software.

Device Fabrication

Microchannels were fabricated using standard soft lithography and PDMS (Sylgaard 184, Dow
Corning). Molds (masters) were created by coating SU-8 100 photo-resist (MicroChem) on a
silicon wafer. The first layer (250 um) defined the channel, and the second layer (250 pm)
defined the ports. Channel dimensions: 5 mm x 0.75 mm, | x w. Port radii: 0.750 mm (input)
and 0.375 mm (detection). Dimensions are included graphically in Figure 1 in the Supporting
Information. The master-making process is described in detail elsewhere.3? PDMS was poured
on the resulting master, covered with transparency film, and weighted with 20 Ib to ensure
complete port formation without thin films covering them. This stack was baked on a hot plate
at 80 °C for 3 h after which the PDMS was peeled off the master and placed on a Au-patterned
slide containing preassembled monolayers.
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Self-Assembled Monolayer Formation

Au slides (1 in. x 3 in., Evaporated Metal Films, Ithaca, NY) were patterned to form discrete
10.5 mm? “pads” onto which monolayers would be formed. Slides were evenly spin-coated
with Shipley STR-1045 positive photoresist (PR) and soft-baked for 15 minat 115 °C. A pattern
of 40 arrayed pads was transferred to the slide by UV exposure at 20 mW/cm? for 50 s. Pattern
was developed in Shipley MF-321 developer and hard-baked for 30 min at 120 °C. Au was
removed using Transene Au etch (GE-8148). Ti binder layer was removed with a 1% HF
solution. Remaining PR was washed off with acetone.

Patterned Au slides were immersed overnight in 1 mM ethanolic solutions containing amino
(X' =NH,)- and hydroxy (X = OH)-terminated tri(ethylene glycol) (EG3) undecanethiols (HS
(CH5)11EG3X) (Prochimia, Poland) in various weight ratios. Sulfo-succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (sSSMCC, Pierce) was dissolved in 0.1 M
triethanolamine (TEOA) buffer, pH 8.0, and added to the SAMs for 45 min to convert amine
headgroups into thiol-reactive maleimide moieties. Cysteine-containing peptide (30 uM flu-
SNAP or flu-SNAPQ in 1x PBS, pH 7.3) or protein (11 uM flu-rSNAP in HBS) substrate was
then incubated on Au surfaces for 2 h to form the final toxin-recognizable SAM.

To remove excess and nonspecifically adsorbed peptide or protein, we adopted a wash routine
from Schmidt et al.® wherein SAMs were soaked sequentially for 45 min at room temperature
(RT) in 50 mM Tris/0.1% Tween-20 (T-T) with 5 mM EDTA and 40 mM 2-mercaptoethanol;
10 mg/mL BSA in T-T; and T-T (3x). Surfaces were either stored dry under argon at 4 °C or
were interfaced with PDMS microchannels for immediate use.

Sensor Testing with BoNT/A Holotoxin and Light Chain

Toxin cleavage experiments designed to optimize SAM composition/peptide density,
immobilized substrate, and assay time/temperature were carried out using the recombinant
BoNT/A 50 kDa light chain (ALC) as a nontoxic substitute. Detection limits and sensor
performance upon optimization were performed using both ALC and the live BONT/A
holotoxin. ALC samples were diluted from a frozen 2 mg/mL stock in 30 mM HEPES, pH 7.4,
to a desired concentration. The control buffer for all ALC experimentation was HEPES buffer.
Concentrated BoNT/A holotoxin was reduced with 50 mM dithiothreitol (DTT) at RT for 45
min. Stock BoNT/A solutions (0.1 mg/mL) were then diluted in 30 mM HEPES with 1 mg/
mL BSA, pH 7.4, keeping the DTT concentration at 1.3 mM to prevent oxidation. The control
buffer for all BONT/A experimentation was HEPES/BSA/DTT. Note: All work with BoONT
holotoxin must take place in certified BSL 2 laboratories with the proper safety precautions.
For experimentation with toxin in food, vegetable soup was centrifuged at 7500 rpm for 5 min
to remove larger components. Supernatant was removed and diluted 1:1 in respective assay
buffer.

ALC or reduced BONT/A holotoxin was added to SAMs in either PDMS microchannels (4 pL/
channel) or silicone microwells (Grace Bio-Laboratories, Bend, OR) (9 uL/well), depending
on the assay, and incubated in a humidifed environment at 30 °C for 2.5 h. If added to
microwells, 24 wells could be incubated simultaneously; upon completion of the assay, solution
was transferred to black 384-well plates (Nunc) for fluorescence quantification using a plate
reader or read directly using a NanoDrop. If added to microchannels, up to 40 channels were
incubated simultaneously; upon completion, 10 pL droplets of DIUF were placed on the
reservoir ports and evaporation was allowed to take place in a nonhumidified environment for
35 min as described previously.15:31 Detection ports were imaged via fluorescence microscopy
for quantification. If imaging (scanning) fluorescent SAMs directly, surfaces were rinsed with
DIUF and dried with N, before adding 1x SSPE and a glass coverslip.
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Data Processing

Individual datum “z scores” were used to remove outliers (Supporting Information): data with
a z score above an arbitrary 2.5 cutoff were chosen to be excluded from the data set as the
probability that z > 2.5 is very small for a data set with an otherwise normal distribution. For
all data, mean and standard deviation, s, were calculated and often normalized to a control
(blank) signal. Standard error (SE, s/(n)1/2) was plotted as y-axis error bars to reflect population
distribution. A one- or two-tailed t-test (depending on experimental hypothesis) was performed
to determine signal significance with P < 0.05 considered significant.

RESULTS AND DISCUSSION

Sensor Design

Various new BoNT sensors have been explored as alternatives to the mouse bioassay.
Unfortunately, many of these assays would not be amenable to on-site, rapid testing of suspect
samples due to assay-specific drawbacks such as bulky instrumentation, tedious protocols
requiring multiple sample transfers, or costly reagents, to name a few. Toward a portable, easy-
to-use sensor with a limit of detection (LOD) comparable to the mouse bioassay, we integrated
all assay reagents, steps, and readout into a single microchannel. This was accomplished
through the formation of toxin-recognizable self-assembled monolayers (SAMs) and through
a microchannel assay design that did not require any external pumps, valves, or tubing.

To sense BoNT type A (BoNT/A) enzyme activity, SAMs were designed to display a
fluorescent, toxin-recognizable substrate that could be cleaved, releasing fluorophore into
solution. SAMs with free maleimide moieties exposed among a background of “bioinert” EG3
groups were chosen for selective conjugation to the C-terminal cysteine of a synthetic BoNT/
A substrate (Figure 1A). SAMs were formed on patterned Au pads, with each pad
accommodating a single microchannel for maximal interaction with the toxin solution (Figure
1B), thus offering a distinct advantage over many existing assays. As compared to the
traditional 96-well plates, for example, microchannels have higher surface area-to-volume
ratios and shorter diffusion lengths, which together have been shown to enhance enzymatic
reactions at the microscale.32:33

Each channel consisted of a large input port (r, 750 um) connected to a detection port (r, 375
pm) with a total volume of 1.8 pL (Figure 1C). The input port and a majority of the channel
allowed the toxin to access the substrate SAM, whereas the detection port was laid atop the
clear glass portions of the patterned slide for fluorescence detection of cleaved products. As
detailed in previous work,1® this design-consisting of a larger input port and smaller detection
port-also provided for a built-in amplification mechanism via evaporative flow, thereby
intensifying the fluorescent output signal. Briefly, a large droplet (10 pL) is placed on the input
port and serves to replenish the channel as evaporation occurs rapidly from the detection port,
thus inducing fluid flow downstream. As a result, cleaved flu-peptide fragments are
concentrated in the smaller-volume detection port.3

The current channel design differs from our previous work detailing a “diffusion valve” in that
it offers increased interaction of toxin solution with the flu-SNAP SAM by exposing a greater
surface area: 0.047 cm? of Au versus 0.034 cm?2 with the previous design. In addition, the input
port is not the large, exposed reservoir that had been designed specifically for maximal
interaction of spherical beads with <1 pL of solution. Lastly, the channel itself is only
constricted in height to easily allow capillary filling. Since evaporation sets the flow rate,
decreasing the channel cross-sectional area would proportionally increase velocity of fluid
flowing toward the detection port; as such, a more constricted channel better counters analyte
diffusion out of the detection port. The extent of analyte concentration, however, relies
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primarily on the ratio of port volumes (Vinput/Vdetection)- With the current channel design, a
maximum amplification of 4 is theoretically obtainable and, although approximately 2-fold
less than the diffusion valve, has experimentally proven sufficient for detecting low levels of
botulinum toxin.

Surface Characterization—The SAM-based microfluidic sensor relies on the enzymatic
activity inherent to BoNTSs, wherein the toxin cleaves the fluorescently labeled peptide
substrate immobilized on the surface. Fluorescent output at the microchannel detection port
signals the presence of the toxin in the suspect sample. Three substrate candidates were
screened for their ability to be recognized and cleaved by BoNT/A once immobilized on the
Au surface. Once the best substrate was chosen, mixed SAM composition and assay conditions
were optimized for maximal cleavage toward sensing BoNT/A at or below the recommended
LOD of 30 pg/mL.17

Substrate Compatibility—BoNT/A isadisulfide-linked, dichain (heavy and light) 150 kDa
polypeptide that specifically cleaves the 25 kDa SNAP-25 (synaptosomal-associated protein)
in the synaptic cleft, thereby blocking exocytosis of neurotransmitters. Short peptides that
mimic the BoNT/A cleavage site within the SNAP-25 sequence have been described in the
literature.3*3% Known substrates can then be used to monitor BONT/A proteolysis.

Three different SNAP-25-derived substrate candidates were monitored for the extent of BONT/
A cleavage. The first substrate was the recombinant partial SNAP-25 protein (rSNAP)
representing residues 141-206 and expressed with cysteine at each terminus for both
conjugation to the fluorophore and immobilization on thiol-reactive SAMs. The other two
substrates were synthetic 24mer peptides, flu-SNAP and flu-SNAPQ, both adopted from
SNAP-25 residues 187-203 and containing an N-terminus fluorescein. Flu-SNAP was a
previously described peptide with the sequence: GGGSNRTRIDEANQRATR{NIe}LGGGC.
15 Flu-SNAPQ was synthesized with an E11Q substitution, which purportedly decreases the
Km, leading to a doubled initial rate of peptide hydrolysis by type A BoNT.3°

Each substrate was tethered to a series of Au pads using SSMCC, a heterobifunctional cross-
linker reactive for both thiols (Cys residues in all substrates) and amines (displayed by SAM).
Substrate SAMs were exposed to 2 pg/mL BoNT/A light chain (ALC), the catalytic domain
of the live BoNT/A holotoxin that is nontoxic in vivo,3% in straight PDMS microchannels.
Fluorescence microscopy after incubation and evaporative concentration of fluorescent
cleavage product revealed ALC’s preference for immobilized flu-SNAP as compared to both
rSNAP and the GIn-substituted flu-SNAPQ (Figure 2). Normalized averages to a buffer control
show 1.8- and 1.6-fold greater cleavage for the flu-SNAP substrate when compared to rSNAP
and flu-SNAPQ, respectively, after 30 min of evaporation (black bars). Notably, 10 extra
minutes of evaporation (40 min total) allowed for a 19% increase in the cleaved flu-SNAP
signal intensity, providing a 2-fold greater fluorescence output than the other two substrates
(gray bars). This is a significant amplification in a short period of time considering the
autonomy of the concentrating mechanism wherein no extra fluid addition or manipulation was
required.

Preferential ALC cleavage of flu-SNAP with respect to the GIn-substituted flu-SNAPQ is

surprising given BoNT’s opposite response to the peptides in solution. HPLC chromatographic
data display rapid ALC cleavage of flu-SNAPQ in solution, with a slower, incomplete response
to flu-SNAP (Figure 3). After 180 min (typical assay time), 11% of flu-SNAP and 39% of flu-
SNAPQ were cleaved by 2 pg/mL ALC, echoing previous reports that flu-SNAPQ is a “better”
substrate under substrate-limiting conditions.3* Immobilization of flu-SNAPQ appears to

lower its ability to function as a suitable substrate for the BoONT/A light chain, presumably by
forcing a less favorable conformation via lateral crowding or steric interactions at the surface.
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37,38 Conversely, tethering flu-SNAP to the surface appears to enhance substrate recognition
by the toxin as compared to solution kinetics. As such, the flu-SNAP peptide substrate was
used for sensing BONT/A cleavage in conjunction with the optimal mixed monolayer described
later.

Density of Mixed SAMs—Varying ratios of amine- to hydroxy-terminated EG3
alkanethiols were used to form mixed monolayers on Au. The reactive amine group was added
at percentages ranging from 1 to 50% (w/w) with hydroxyl headgroups filling the remaining
area. Flu-SNAP was then tethered to the SAMs, as illustrated in Figure 1A, using silicone
microwells to define discrete circular areas (3.1 mm?). Resulting surface scans (n= 6 per group)
revealed the highest fluorescence intensity at 20% amine groups, with diminishing intensities
both above and below this percentage (Figure 4A). Fluorescence intensity does not necessarily
allow for quantitative surface calculations because of the nonlinear correlation between
intensity and the amount of fluorophore attached to the SAM, but can give a qualitative view
of the functionalized surfaces.39 At 20:80 NH,:OH, the peptide may be allowed to adopt a
denser monolayer, whereas at higher percentages, the peptide aggregates as globular entities
that inhibit dense immobilization. Another possible explanation for decreased surface
fluorescence at high NH, (active group) percentages (30-50%) is intermolecular quenching
due to fluorophore proximity within the range of Forster radii (10-100 A).3%:40 At lower
NH, percentages (1-10%), peptide is more sparsely distributed on the SAM.

Optimizing Cleavage Assay with BONT/A Light Chain

The highest surface fluorescence intensity occurred at 20% amines; however, this does not
readily translate to optimal cleavage. To determine which mixed monolayer promotes the
greatest extent of peptide cleavage by the toxin, SAMs were again varied in composition with
amine percentages ranging from 1-50% and exposed to the BoNT/A light chain. ALC (20 pg/
mL) was incubated on the surface in individual silicone microwells. Fluorescence intensity
comparison of solution removed (n = 6 per group) from the microwells after 2.5 h incubation
indicated optimal cleavage at 20% amine groups, averaging ~1.3-fold greater cleavage than
both the 10% and 30% surfaces (P < 0.01) (Figure 4B).

To obtain a comprehensive “before and after” view of the SAMs with respect to toxin-mediated
cleavage, flu-SNAP was immobilized in discrete regions on Au surfaces by patterning with
PDMS microchannels. Figure 4C includes the four surfaces used, 1-20% amines, with scanned
fluorescence intensities before (gray bars) and after (black bars) 20 pg/mL ALC cleavage.
Average intensities were calculated for each channel (n = 3). The 20% amine surface again
produced the greatest initial fluorescence in the absence of cleavage (buffer control). Intensities
after toxin cleavage reveal a 53% decrease in surface flu-SNAP with 20% amines, a 40%
decrease with 10% amines, and a 9% and 14% decrease with 5% and 1% amines, respectively
(Figure 4C). The data in Figure 4B—C suggest that the preferential flu-SNAP conformation for
toxin recognition and cleavage occurs at a SAM composition of 20% amines with 80%
background hydroxyl headgroups. This monolayer composition was therefore used for all
testing and further assay characterization. However, the percentage of active groups (i.e.,
amine, carboxyl, azide) in any mixed monolayer should be optimized for individual enzymes
as each has different requirements for substrate recognition, which can be altered upon surface
immobilization.

Lastly, parameters such as time, temperature, and extraneous sample components need to be
controlled to ensure BoNT activity in vitro. We compared “elevated” temperature (30 °C) to
room temperature (RT, ~24 °C) and sample buffer (30 mM HEPES, pH 7.3 with 1 mg/mL

BSA) with and without 1.3 mM DTT, a reducing agent used to maximize toxin activity in vitro
yet known to disrupt metal-thiol bonds*! such as the SAM Au-S bond. An elevated temperature
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of 30 °C was chosen rather than the typical BONT assay temperature of 37 °C as our
experimental observations indicate 2-fold greater signal output at the former.1° Similarly, Jones
et al. have noticed enhanced readout for a BoNT cleavage assay at room temperature (versus
37 °C).16 For this reason, we examined assay performance at two relatively lower temperatures,
30 °Cand RT.

Fluorescence output was plotted at multiple time points over the course of 6 h as ALC (50 pg/
mL) cleaved flu-SNAP from the SAMSs under specified conditions (Figure 5). Data were fit
using nonlinear trendlines in order to show generalized surface response to both ALC and
buffer controls. During the assay, fluorescent signals resulting from ALC enzyme activity
remained, on average, 23- and 19-fold greater than the control buffer at elevated and RT,
respectively. The extent of ALC-mediated flu-SNAP cleavage increased over 6 h at both
temperatures, with the 30 °C assay outputting signals nearly twice as intense as those obtained
at RT. It is clear that the control buffer, HEPES without DTT, did not produce a significant
signal. The buffer sample containing DTT did produce a small signal that increased over time,
most likely due to thiol exchange at the Au surface,*! which results in the removal of the entire
flu-SNAP conjugated alkanethiolates. However, DTT at such low concentrations (1.3 mM) is
not detrimental to assay readout if properly controlled for. Lastly, it is also evident from Figure
5 that a shorter assay time (<3 h) is sufficient for sensing the toxin with signals easily
distinguishable from the controls.

With the use of an optimal temperature of 30 °C and shortened assay time of 2.5 h, surfaces
were exposed to 1 UM ALC or 1 uM trypsin. Trypsin is a relatively promiscuous protease as
compared to BoNT, cleaving after multiple arginine residues within the flu-SNAP sequence
with little regard for conformation. Using trypsin as the benchmark for 100% cleavage, we
determined that ALC cleaves ~19% of the peptide substrate within the same time period (Figure
6). This is a greater cleavage percentage than expected from HPLC, which indicated only 11%
after 180 min in solution, confirming our assumption based on data provided in Figure 2 and
Figure 3 that tethering flu-SNAP to the surface increases its ability to be recognized and cleaved
by the toxin.

Sensor Performance with BoNT/A

Light Chain—As a measure of assay viability and approximate detection limit, flu-SNAP
SAMs were exposed to varying concentrations of the BoNT/A light chain (20 pg/mL—20 pg/
mL), which cover 6 orders of magnitude and straddle the suggested LOD of 30 pg/mL for a
BONT sensor. Mean fluorescence intensity, which can be correlated to the extent of ALC
cleavage of immobilized flu-SNAP, is plotted +SE in Figure 7. Data were fit to a nonlinear
equation (A[E]/(B + [E]) + C) that represents a combination of Michaelis-Menten kinetics and
Langmuir adsorption principles for an enzyme-substrate reaction at the surface.*? The fit was
used to display any trends in sensor output relative to toxin concentration, [E]. This curve is
predicted for enzymatic surface reactions, as explained in detail by Lee and co-workers,
wherein the enzyme reaction rate at the surface is based on the enzyme concentration in bulk
solution rather than the concentration of the immobilized substrate.3

All ALC data points (niota = 32) were significant (P < 0.05). An averaged control signal (n =
15) is plotted as a solid line under the curve (+1SE, dotted line) in Figure 7. The SAM-based
microfluidic sensor was capable of detecting ALC down to 20 pg/mL, averaging 5.2% error
over several experiments. Since all values are significant with respect to the buffer control
(Figure 7 inset), it may be possible to sense even lower concentrations of ALC (<picograms
per milliliter) upon further optimization. In addition, being able to detect the catalytically active
BoNT/A light chain provides a distinct advantage over most immuno-based assays that cannot
distinguish active from inactive BoNT.
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Holotoxin—The microfluidic sensor was tested for live BONT/A holotoxin recognition and
cleavage of the flu-SNAP SAMs. With the primary interest being the sensor’s relative detection
limit, SAMs were incubated with 3—-300 pg/mL BoNT/A: the recommended LOD + one order
of magnitude. Resulting fluorescent images are represented in Figure 8A and the corresponding
data plotted in Figure 8B as the mean + SE. Figure 8A provides a visual representation of
channel output for a negative control (HEPES/ BSA with 1.3 mM DTT), a positive control (1
UM trypsin), and two BoNT/A holotoxin samples (300 and 3 pg/mL). After evaporative
concentration, the toxin and trypsin signals are easily discernible from both background and
control. Analyte diffusion out of the detection port is noticeable and could be lessened by
further constricting the channel. Nonetheless, the extent of evaporative amplification was
sufficient for detection using the traditional microchannel design, as quantified in Figure 8B.
Fluorescence intensities of all three concentrations (N3oopg/mL = 15; N3opg/mL = 16; N3pgimL =
13) were at least 1.6-fold greater than the control (n = 11) with 7.2% error, averaged over
repeated experiments. All signals were significant relative to the control (*P <0.001) indicating
the ability of the sensor to detect down to 3 pg/mL holotoxin-10 times below the desired LOD.

It is important that the SAM-based sensor retains functionality in the presence of complex
matrixes such as liquid food or drink. Foodborne botulism in the western United States resulting
from the type A bacterium is often caused by ingesting contaminated fruits or vegetables, most
likely home-canned.1:44 We therefore evaluated sensor capabilities by spiking BONT/A
holotoxin (500 ng/mL) into canned vegetable soup. The light chain was also tested in soup at
concentrations of 2 and 20 pg/mL. Contaminated soup samples were incubated on flu-SNAP
SAMs within silicone microwells. A standardized FRET assay (SNAPtide) was run
concurrently to verify toxin viability in soup.

Preliminary fluorescence data provided in Figure 9 demonstrate the ability of the sensor to
detect the holotoxin in soup (S) (*P < 0.02), with output similar to the toxin in buffer (B) (P
=0.38). ALC (20 pg/mL) showed a slightly diminished signal in soup as compared to its
equivalent in buffer but nonetheless displayed an intensity nearly 3-fold greater than the control
(**P < 0.001). A lower concentration of ALC (2 pg/mL) did not produce a signal
distinguishable from the control with our assay but was detectable using the SNAPtide (Figure
2 in the Supporting Information), indicating a loss of SAM-based assay sensitivity when
detecting the light chain in more complex media.

Assay sensitivity was not compromised with the live BONT/A holotoxin in soup; in fact,
fluorescence output was heightened for the toxin in soup using both the SAM and FRET
methods of detection. This is most likely due to additional stabilizing proteins within the
vegetable soup, thus corroborating reports that the toxin is more stable in food than aqueous
solutions. Additionally, DTT appeared to have less of a negative impact on the SAM Au-S
bond (1.4-fold increase in fluorescent output for soup + DTT as compared to soup without
DTT; 2.6-fold increase for buffer + DTT versus buffer without DTT) (Figure 9), which may
be attributed to reduced DTT activity at a more acidic soup pH.

In order to increase sensitivity for both the holotoxin and ALC in complex media, we are
currently exploring the use of near-infrared dyes conjugated to the SNAP peptide substrate,
which should allow for detection at wavelengths where protein auto-fluorescence is
diminished. Toward a truly portable, on-site sensor for BONT type A and other enzyme toxins,
we will be incorporating other known peptide substrates onto the surface. As each BONT
serotype possesses discrete substrate requirements, the creation of a multiplexed sensor capable
of detecting numerous serotypes in parallel is a logical extension of our versatile SAM-based
microfluidic platform.
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CONCLUSION

A sensing system that interfaces self-assembled peptide mono-layers with PDMS
microchannels was optimized and used to detect botulinum neurotoxin type A (BoNT/A)
enzyme activity without the need for sample transfer or complicated external components
characteristic of many microfluidic platforms. On the basis of fluorescence intensities resulting
from toxin cleavage of the surface substrate, we found that the sensor could detect BONT/A
holotoxin down to 3 pg/mL (20 fM) in buffer with preliminary results showing the ability to
detect 3 nM holotoxin in food. The sensor was also able to detect the BoNT/A catalytic light
chain (ALC) down to 20 pg/mL. Because of its versatile, modular design, this microfluidic
SAM platform could be formatted for detecting other enzyme toxins such as the remaining
BoNT serotypes (B-G), tetanus toxin, or anthrax, thus having implications for a multiplexed,
on-site toxin sensor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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fluorescent
BoNT/A substrate

Au pad with
substrate SAM

detection port BONT/A

A

Figure 1.

Sensor schematic: (A) SAM formation on Au yields mixed monolayers of amine- and
hydroxyl-terminated alkanethiols presenting the BONT/A enzymatic substrate. (B) PDMS
microchannels on 40 arrayed Au pads (10.5 mm?) (scale bar = 5 mm) with inset image
representing two neighboring channels (scale bar =1 mm). (C) BoNT/A is added at input port
and incubated on SAMs, during which time it can cleave the immobilized substrate, releasing
fluorescent fragments into solution. Flu-labeled fragments are concentrated at detection port
via evaporation.
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Figure 2.

Substrate cleavage at the surface. Three SNAP-25-derived substrate candidates immobilized
on Au SAMs, peptides flu-SNAP (residues 187-203) and flu-SNAPQ (residues 187-203 with
GlIn substitution) as well as the recombinant SNAP-25 (rSNAP, residues 141-206), were
cleaved by 2 pg/mL ALC over the course of 3 h. All sample groups, n = 4.
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Figure 3.

Substrate cleavage in bulk solution. HPLC reveals preference of ALC (2 ug/mL) for the GIn-
substituted flu-SNAPQ, with over 50% cleaved in 260 min. After nearly 500 min, the toxin
only cleaved 35% of the other synthetic SNAP-25 mimic, the flu-SNAP peptide (not shown).
Immobilized on a surface, however, flu-SNAP is the preferred substrate, as determined
experimentally (Figure 2).
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Figure 4.

(A) Surface density as qualitatively related to scanned fluorescence intensity at 520 nm (50
pm resolution). (B) Extent of ALC cleavage with respect to mixed monolayer composition.
SAMs comprised of varying ratios of amine:hydroxyl headgroups were exposed to 20 pg/mL
ALC. Fluorescence intensity of solution removed from microwells was quantified in a standard
plate reader. (C) Flu-SNAP SAMs of (1-20% amines) were either exposed to ALC (20 pg/
mL) or a HEPES control buffer without toxin in microchannels. The extent of cleavage was
determined by comparing pixel intensities. The most fluorescent monolayer (20% NH>)
corresponded to the highest rate of ALC enzyme activity at the surface.
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Figure 5.

BoNT/A light chain (50 pg/mL in HEPES) response to flu-SNAP SAMs at RT (blue <) and
at 30 °C (blue 4). ALC was able to cleave more flu-SNAP at elevated temperatures, producing
fluorescent signals twice as intense as corresponding measurements at RT. The HEPES buffer
control containing 1.3 mM DTT (black squares) produced a slight signal as a result of thiol
exchange at the Au surface, whereas the HEPES control without DTT (red circles) produced
negligible signals. Solid lines represent nonlinear fits to the data.
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Figure 6.

Comparison of the extent of ALC and trypsin (each 1 pM) enzyme activity after 2.5 h
incubation on flu-SNAP SAMs. The trypsin signal was normalized to represent 100% cleavage.
Accordingly, ALC was able to cleave 19% of the substrate, a significant increase from 11%
in solution, as shown by HPLC. All sample groups, n = 6.
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Figure 7.

Sensor output at varying ALC concentrations was quantified using fluorescence microscopy
atthe microchannel detection port. Normalized averages +SE were plotted and fit to a nonlinear
equation representing combined kinetic and surface adsorption concepts. The solid line under
the curve represents the control (+1SE, dotted line). The sensor was able to detect down to 20
pg ALC per milliliter of buffered solution (all points, P < 0.05). Inset: 20 pg/mL—5 pug/mL,
linear scale.
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Figure 8.

BoNT/A holotoxin cleavage of flu-SNAP was visualized using fluorescence microscopy (A)
and the output quantified (B). Representative fluorescent images from the microchannel
detection port are shown in part A, from left to right: HEPES/BSA buffer with 1.3 mM DTT
(negative control), 1 uM trypsin (positive control), 300 pg/mL BoNT/A, and 3 pg/mL BoNT/
A. (B) Normalized average intensities (xSE) for 3-300 pg/mL holotoxin (Nta = 44) as
compared to the control (n = 11) reveal fluorescent signals down to 3 pg/mL BoNT/A (*P <
0.001).
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Figure 9.

BoNT/A holotoxin (500 ng/mL) and its catalytic light chain (ALC, 20 pg/mL) are detected in
vegetable soup after a 3 h incubation with flu-SNAP SAMs (*P < 0.02; **P < 0.001); each
sample, n = 3. Toxin concentration (in micrograms per milliliter) and sample matrix (soup, S,
or buffer, B) are indicated in parentheses.
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