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Renewable surface fluorescence sandwich immunoassay biosensor for rapid
sensitive botulinum toxin detection in an automated fluidic format
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A renewable surface biosensor for rapid detection of botulinum neurotoxin serotype A is described
based on fluidic automation of a fluorescence sandwich immunoassay, using a recombinant protein
fragment of the toxin heavy chain (~50 kDa) as a structurally valid simulant. Monoclonal antibodies
AR4 and RAZL1 bind to separate non-overlapping epitopes of the full botulinum holotoxin (~150
kDa). Both of the targeted epitopes are located on the recombinant fragment. The AR4 antibody was
covalently bound to Sepharose beads and used as the capture antibody. A rotating rod flow cell was
used to capture these beads delivered as a suspension by a sequential injection flow system, creating
a 3.6 pL column. After perfusing the bead column with sample and washing away the matrix, the
column was perfused with Alexa 647 dye-labeled RAZ1 antibody as the reporter. Optical fibers coupled
to the rotating rod flow cell at a 90° angle to one another delivered excitation light from a HeNe laser
(633 nm) using one fiber and collected fluorescent emission light for detection with the other. After each
measurement, the used Sepharose beads are released and replaced with fresh beads. In a rapid screening
approach to sample analysis, the toxin simulant was detected to concentrations of 10 pM in less than 20

Published on 05 March 2009. Downloaded by Y ork University on 22/10/2014 22:59:32.

minutes using this system.

Introduction

Botulinum neurotoxin (BoNT) is among the most poisonous
substances known to man.” Human exposure can occur
through inadvertent exposure to contaminated foods or through
intentional acts of terrorism or warfare. The gold standard for
botulinum toxin detection is the mouse bioassay, a functional
assay at the whole animal level, which requires days to detect
positives.” ™ It has a detection limit of 10-20 pg/mL (15 pg/mL
corresponds to 0.10 pM for the 150 kDa toxin protein). Enzyme-
linked immunoassays (ELISAs), where enzymatic catalysis
provides amplification, are capable of sensitive detection but
typically require 3-8 hours.’*** The ELISAs are structure-based
assays requiring affinity reagents such as antibodies with speci-
ficities toward the botulinum toxin. Both the mouse bioassay and
ELISA methods are capable of detecting botulinum toxin to
concentrations of 1 pM or less in buffer solutions or sample
matrixes that do not interfere. A sensitive enzyme-amplified
assay has been implemented in a microarray format, requiring 2—
5 hours.™ Immuno-PCR approaches, where nucleic acids are
amplified after immunochemical recognition, represent another
sensitive, albeit time-consuming, detection method.’® Assays
have also been developed that detect the proteolytic activity of
the toxin.’** These are functional assays at the molecular level
and require that the holotoxin be intact and that the catalytic site
responsible for the toxicity of the botulinum toxin be present.
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Assays for botulinum toxin were reviewed in two articles in
2005, and both indicated a continuing need for assays to
replace the mouse bioassay and enable rapid screening of large
numbers of samples. A number of promising new assay formats
have appeared recently?*2® that provide assays that are sensitive
or fast. However, assays that are both fast and sensitive remain
desirable in many applications.

Test strips represent an immunoassay format commonly used
for rapid analysis. However, most such approaches for BONT are
not very sensitive. Gessler et al evaluated four commercial
lateral flow assays, each taking 15 minutes.?” The best detection
limit for purified toxin serotype A (see below) was 50 ng/mL,
while detection limits of 10 ng/mL for toxin complex were found
for two of the test strips. Sharma et al. also evaluated lateral flow
assays obtaining detection limits of 10 ng/mL.3* Han et al
reported a detection limit of 100 ng/mL for a 15 minute lateral
flow assay, and demonstrated a 2 ng/mL detection limit using
a cross-flow method they developed for a rapid ELISA taking
about 20 minutes.** By contrast, however, Ahn-Yoon et al. have
described a lateral flow assay using liposome labels containing
10° dye molecules for amplification; a detection limit of just 15
pg/mL in 20 minutes was reported.?

A rapid biosensor using a fiber optic evanescent wave detec-
tion approach achieved a 30 pM detection limit for botulinum
toxin A in an immunoassay that took less than 20 minutes.3!32
This work, reported in 1992 and 1993, is arguably the first rapid
and sensitive assay for botulinum toxin. Fluidic array biosensors
have been reported more recently, achieving detection limits of
20 ng/mL (100 pM) in 20 minutes.**** Recently, Attree et al.
described a lateral flow assay, and compared it with a small
disposable immunochromatography column set up to carry out
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an enzyme-amplified immunoassay with precipitating TMB for
color development.® These authors reported a 20-40 pM
detection limit for the lateral flow assay in 40 minutes, and
achieved an impressive 0.45 pM detection limit using their new
immunochromatography approach, again in 40 minutes.
Sample, reagent and wash solutions were added manually to the
column and allowed to flow by gravity.

In this paper we describe a rapid fluorescence sandwich
immunoassay for the detection of botulinum toxin in an auto-
mated microcolumn sensor configuration. A fluorescence sand-
wich immunoassay avoids the time-consuming delays associated
with amplification procedures. The assay is set up as a solid phase
immunoassay where the capture antibodies are immobilized on
Sepharose beads, as shown in Fig. 1. These beads are fluidically
packed in a microcolumn sensor using a renewable surface
technique derived from the field of flow injection and sequential
injection (SI) analysis.?*™*! It has also been called ‘bead injection’,
and a variety of flow cells have been developed.®>¥7-3%4247 This
method is illustrated in Fig. 2, using a ‘rotating rod’ flow cell****
fitted with optical fibers for on-column detection. The fluorescent
sandwich complex is assembled and purified in this column
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Fig. 1 Schematic diagram for the sandwich immunoassay complex for
botulinum toxin detection, illustrated with capture and reporter anti-
bodies binding to the same subunit of a toxin molecule. In our assay, we
used a fragment of the toxin that contains the same epitopes as the full
toxin for binding both the capture and reporter antibodies.
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Fig. 3 Schematic diagram of the sequential injection system with the
rotating rod renewable surface sensor flow cell as the separator/reactor/
detector. The actual multiposition valve was a 10-port valve with addi-
tional wash solutions and a port devoted to aspirating an air segment.

sensor by perfusing the beads with sample, wash, dye-labeled
reporter antibody, and final wash solutions, using an SI system
shown in Fig. 3 for programmed fluid delivery. The on-column
fluorescence detection system monitors this process and detects
the assembled and washed sandwich complex.

The renewable surface method enables the capture of
Sepharose beads in the flow cell, prior to each assay, and the
release of the used beads after the assay. In this way, the surface
for biomolecular recognition is renewed for each sample or
measurement, and the flow cell can be cleaned in between
measurements without concern for the damaging effects that the
cleaning solutions could cause to permanently placed biomo-
lecular interfaces. Renewable surface methods have been used for
immunoassays'*3#444-53 and for separating biomolecules from
complex sample matrixes.**->*=57

Botulinum toxin is a 150 kDa protein that occurs as seven
serotypes designated with capital letters. Serotypes A, B, E, and
F are toxic to humans. Our assay development has focused on
the detection of botulinum toxin serotype A, abbreviated BoNT/
A, which has a molecular weight of 150 kDa. The toxin can also
be isolated as a toxin complex with various neurotoxin-

Fig. 2 (Left) The rotating rod flow cell: the cell is constructed of chlorotrifluoroethylene (CTFE) with a ~1.04 mm diameter column flow channel.
(Center) A beveled nickel rod having a diameter of approximately 1 mm permits trapping of beads while allowing sample, reagents and wash solutions to
be perfused over the bead column. Two fiber optics (in the same horizontal plane, and at 90° relative to each other) are integrated into the flow cell to
allow laser excitation and fluorescence detection. (Right) After the assay is complete, the rod is rotated 180°, the beads are flushed to waste, and the flow

cell is washed and rinsed.
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Fig. 4 Botulinum toxin image showing the three domains in two chains.
The binding domain fragment of the heavy chain, produced by expres-
sion vector synthesis and expression in Escherichia coli, was used as
a non-toxic simulant. The structure was rendered using POV-Ray
rendering software from PDB ID: 3bta.*

associated proteins (NAPs) with a total molecular weight up to
900 kDa. The 150 kDa toxin protein has a heavy chain and
a light chain that contain a total of three functional subunits,
each about 50 kDa in size, as shown in Fig. 4. The heavy chain
contains one subunit that is involved in recognition and binding
to nerve cell surfaces, and another subunit that facilitates
translocation of the toxin into the cell by receptor-mediated
endocytosis. The light chain contains a single subunit of the
toxin, a Zn**-containing protease. The action of this protease in
the cell interferes with neurotransmitter release in neuromuscular
junctions, leading to muscular paralysis.

The antibodies in our assay recognize epitopes located in the
binding domain of the heavy chain.’*%* We used a recombinant
fragment of the heavy chain,®>*® denoted here as BONT/A-Hc-
fragment, corresponding to the binding domain as a structurally
valid simulant for the full BONT/A for testing our assay. The
antibodies have been demonstrated to bind to the BoNT/A
holotoxin with affinities that are similar to or better than their
interaction with the recombinant fragment.®>** The antibodies
were developed using a phage display approach for single chain
antibodies. Selection of antibodies with high affinity for the
binding domain was followed by the use of molecular evolution
techniques and yeast display methods to refine the affinity and
selectivity of selected antibodies, leading to families of antibodies
that bind to particular epitopes. These were constructed as IgG
antibodies for use as reagents in our assays.

We have very briefly described the renewable surface assay for
botulinum toxin previously.** We now describe the assay in detail
after further development, with detection limits substantially
below those reported before. In a rapid screening approach to be
described, we have detected the toxin simulant to concentrations
of 10 pM or less in 20 minutes.

Experimental
Commercial materials

NHS-activated Sepharose 4B Fast Flow beads were purchased
from GE Amersham BioSciences (Uppsala, Sweden). Phosphate

buffered saline (PBS) was obtained from Sigma-Aldrich (St
Louis, MO). Fetal Bovine Serum (FBS) was obtained from
Invitrogen Corporation (Grand Island, NY). Quick start Brad-
ford dye reagent, 1X was purchased from Bio Rad Laboratories,
Inc. (Hercules, CA). Bovine serum albumin (BSA), Fraction V
was acquired from Fisher Scientific (Fair Lawn, NJ). Nunc-
immuno polystyrene Maxisorp U96 microwell plates were
obtained from Fisher Scientific (Pittsburg, PA). SuperBlock T20
(PBS) Blocking Buffer was purchased from Pierce Biotechnology
(Rockford,CA); this buffer is a pH 7.4 PBS buffer containing
0.05% Tween-20 and a proprietary protein formulation. We used
this buffer as the carrier fluid in our system, for washing steps,
and to dilute reagents.

Capture and reporter antibodies

Antibodies to BoNT/A were obtained from Professor Jim D.
Marks (University of California, San Francisco) who used
a yeast display method for molecular evolution and selection of
the antibodies.**** Briefly, plasmids (genetic information) coding
for a single chain variable fragment (scFv) are transformed into
yeast. A yeast ‘library’ is produced that expresses scFv on their
surface with a high degree of diversity. Antigen selections are
used to ‘pull out’ the best binders. This molecular evolution or
affinity maturation leads to better binders having higher affinities
(lower Kp). Once a selected scFv has been affinity matured, it is
converted to a full IgG. Two families of antibodies were
produced which bind different epitopes on the binding domain.
The C25 family includes AR1, AR2, and AR4 antibodies, of
which AR4 was used as the capture antibody for this work. The
3D12 family included 3D12 and RAZI1 antibodies, of which
RAZ1 was used as the reporter antibody.

Botulinum toxin simulant

The binding domain of the heavy chain of BONT (BoNT/A-Hc-
fragment)®>%® was generated in-house by expression vector
synthesis and expression in E. coli. Briefly, vector synthesis was
performed by ligating Clostridium botulinum BoNT/A gene
fragment into the Ndel/Xhol sites of pET28 downstream of the
T7 promoter. The expressed protein has an N-terminal 6X-His
tag that can be removed by thrombin cleavage to produce native
protein. The E. coli expression method consisted of transforming
the expression plasmid into BL21 (DE3) cells and inducing
expression at 37 °C for 16 hours. The BONT/A-Hc-fragment in
the soluble fraction was immobilized onto Ni-NTA resins,
washed, and eluted with imidazole. Ni eluate was de-salted and
incubated with AEC resin. The flow-through was collected and
BoNT/A-Hc-fragment was immobilized on CEC resin. Then,
CEC resin was washed and BoNT/A-Hc-fragment was eluted
with NaCl resulting in yields of approximately 100 mg/L. The
activity of BONT/A-Hc-fragment was verified by ELISA, Bia-
core, and BoNT/A-specific scFv antibody-coupled microbead
assay with flow cytometry detection.

Capture antibody immobilization

ARA4 capture antibodies were covalently linked to the surface of
the NHS-activated beads as follows. A 300 pL suspension of
NHS-activated Sepharose Fast Flow beads (provided in
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isopropanol) were added to a 2 mL micro-centrifuge tube. The
beads were centrifuged for 1.5 minutes at 13 000 rpm and the top
isopropanol layer was removed. Per the manufacturer’s instruc-
tions, the beads were washed three times with 300 uL of 1 mM
HCI followed by three washes with 300 uL of PBS (Phosphate
Buffered Saline: 0.01 M PBS, pH 7.4, 0.138 M NaCl, 0.0027 M
KCl) by using centrifugation for 1.5 minutes at 13 000 rpm. After
200 pL of AR4 IgG antibody (0.8 to 1 mg/mL) and 100 pL of
buffer were added to the tube, it was vortexed gently for 5
seconds and placed in the centrifuge for 1.5 min at 13 000 rpm. A
15 pL aliquot of supernatant was removed and stored in a sepa-
rate labeled tube at 4 °C for a Bradford analysis. The beads in the
remaining solution were then placed in an invert mixer for 12-24
hours at 4 °C. After the reaction was complete, the supernatant
was removed by centrifugation for 1.5 minutes at 13 000 rpm and
kept in a separate labeled tube for Bradford analysis. A 300 uL
volume of Tris Buffered Saline (0.05 M Tris, pH 8.0, 0.138 M
NaCl, 0.0027 M KCIl) was then reacted with the beads in an
invert mixer for 1 hour at 4 °C to block any remaining binding
sites. The beads were then washed three times with buffer by
centrifugation at 13 000 rpm for 1.5 minutes. 1 mL of buffer was
added to the bead vial to make up the stock bead solution. The
coupling efficiency was determined by performing a Bradford
assay and analyzed at 595nm in a TECAN Safire plate reader.
The Bradford assay was used to confirm removal of protein from
solution due to coupling to the beads. Typical coupling effi-
ciencies were greater than 90%. Nominally, 0.2 mg of antibody
protein are contained in the 1 mL suspension.

Bradford assay

Protein standards were prepared in 1x PBS (0.08 M Na,HPOQ,,
0.02 M NaH,POy, 0.138 M NaCl, 0.0027 M KCl adjusted to pH
7.4,) using bovine serum albumin (BSA) with concentrations of
1, 0.5, 0.25, 0.125, 0.0625 mg/mL. The first three rows of the 96
well plate were filled with 300 pL of Quick Start Bradford Dye
Reagent, 1X. The reagent was kept in the dark until reaching
room temperature. 5 pL of 1 mg/mL BSA standard was added to
wells A1-C1 and mixed gently by pipette mixing. The other four
concentrations of BSA were added to columns 2 thru 5 respec-
tively. Each concentration was run in triplicate. In column 6, 5
pL of the first decant taken during the bead coupling was added
to each well and pipette mixed. In column 7, 5 uL of the second
decant taken during the bead coupling was added to each well
and pipette mixed. In column 8, buffer was added to each well
and pipette mixed. The plate was then placed in the TECAN
plate reader. The absorbance was measured at 595 nm. The
coupling efficiency was found by subtracting the initial protein
concentration of the antibody added during the bead coupling
minus the protein concentration of the solution after the
coupling divided by the initial protein concentration.

Reporter antibody labeling

AlexaFluor® 647 fluorescent dye was covalently attached to
RAZI antibodies by Invitrogen Molecular Probes (Eugene, OR).
Mixing the amine-reactive succinimidyl ester form of the dye
with antibody results in covalent attachment of the dye to the
lysine and end-terminal amine groups on the antibody. The

resulting dye-labeled antibody contained approximately 6.0
moles of dye per mole of antibody at a concentration of 0.90 mg/
mL (0.1 M NaHPO,, 0.1 M NaCl, 2 mM azide adjusted to pH
7.5). The stock solution was stored in the dark at 2-6 °C and
working dilutions were made daily.

Renewable surface microcolumn sensor flow cell

The flow cell (Fig. 2) was machined in-house from chlorotri-
fluoroethylene (CTFE), obtained from McMaster-Carr (Atlanta,
GA). 1 mm diameter nickel rod was purchased from Goodfellow
Corporation (Oakdale, PA) and a 45° bevel was cut and polished
on one end. Inlet and exit tubing (1/16” OD, 1/32” ID) was
obtained from Upchurch Scientific (Oak Harbor, WA). Tubing
fittings (062 MINSTAC) from The Lee Company (Westbrook,
CT) were used for inlet and outlet ports on the flow cell. The flow
channel column was drilled using a No. 60 (1.02 mm diameter) or
No. 59 (1.04 mm diameter) drill bit such that it was approxi-
mately 20-40 um larger than the nickel rod diameter. The
rotating rod was computer-controlled using a National Instru-
ments (Austin, TX) SCB-68 break-out board connected to
a National Instruments DAQ-PAD 6020E communication
package. The Arsape stepper motor (La Chaux-de-Fonds,
Switzerland) was powered by a 12-24 V power supply (500 mA
running, idle current is 15 mA) and was actuated by sending
a 0 or 5 V signal from the SCB-68 to the Arsape driver board
(AD VM M3) which controls the rod stepper motor.

Fluidic system

The fluidic system consisted of a sequential injection system as
shown in Fig. 3. A 1 mL model XP3000 syringe pump (Cavro
Scientific Instruments Inc., Sunnyvale, CA) with a 3-port valve
was used as the fluid drive. The center (common) port of a 10-
port Cheminert® stream selection valve (Valco Instruments Co.
Inc. Houston, TX) was connected to the outlet port of the syringe
pump valve with a 1 mL holding coil between them. All tubing
was FEP (fluorinated ethylene propylene) 1/16 inch outside
diameter x 0.030 inch inside diameter. In-house software to
control the pump, valve, rotating rod, and data collection was
written in LabWindows CVI (National Instruments, Austin,
TX). SuperBlock T20 (PBS) Blocking Buffer was used as the
carrier liquid (and for washing steps). The pump, holding coil,
and selection valve were used to aspirate and dispense solutions
containing the bead suspension, sample, or reporter antibody
reagents. Each such solution was individually aspirated and
dispensed to the column followed by a volume of wash solution.

Optical detection system

A 5.0 mW Helium-Neon laser (633nm emission) was used for
fluorescence excitation (Thorlabs, Newton, NJ). Ocean Optics
(Dunedin, FL) custom-machined low-OH (very low hydroxyl
content) fiber optics (I meter long, 600 um core, polyimide
buffer, 0.22 numerical aperture) were used to deliver light from
the HeNe excitation laser to the flow cell and to collect the laser-
induced fluorescence from the sample in the flow cell and direct it
through a filter train to a Hamamatsu (Bridgewater, NJ) pho-
tomultiplier tube (PMT model H6779-20).
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The custom-machined ends of the fiber optics were threaded to
provide secure attachment to the flow cell. The end of the fiber
protruded 2.5 mm and included an aluminium buffer cladding
(fiber and cladding had a 810 um outside diameter). This end of
the fiber was press fit into the flow cell to provide a liquid tight
seal. Light from the HeNe laser was directed through a Semrock
(Rochester, NY) 633 nm MaxLine™ laser-line filter (part #
LD01-640/8-12.5) prior to being delivered to the flow cell. Light
from the collection fiber was directed through a filter train with
the following components in the order listed: Collimation lens
(‘CL’; Thorlabs, Newton, NJ), 5 mm aperture (‘AP’), 647 nm
RazorEdge™ long-wave-pass filter (‘RE’; Semrock part # LP02-
633RU-25), 5 mm aperture (‘AP’), 675 nm bandpass filter (‘BP’;
Chroma part # HQ675/50, Rockingham, VT), focusing lens
(‘FL’; Thorlabs, Newton, NJ), PMT.

A custom circuit board was designed for the PMT. The PMT
signal was first amplified by a transimpedance op-amp stage
with a gain of up to 107 and a time constant of 1 sec. This stage
was followed by a standard non-inverting stage with a variable
gain between 1 and 100. This gain was user adjustable by
a potentiometer. This was useful for trimming the peak output
voltage for maximizing the analog-to-digital converter resolu-
tion, although large gain settings on the secondary stage will
also increase the noise. A gain of 67 was used on our
experiments.

Assay procedure

The Sepharose beads with the capture antibody were diluted 1 :
10 from the stock using buffer (PBS 7.4). The reporter antibody
was diluted from the stock solution described above (anti-
RAZ1, human IgG2 AlexaFluor 647 0.9 mg/mL) by a factor 1 :
2000 (unless specified otherwise), ie. to 0.45 pg/mL, using
SuperBlock T20 (PBS) Blocking Buffer. Dilutions of the 2.2 mg/
mL botulinum toxin fragment were made up in SuperBlock T20
(PBS) Blocking Buffer. All reagents were kept on ice in the
dark. A 120 pL volume of diluted bead suspension was

Table 1 Solutions delivered to the renewable surface sensor for a rapid
screening assay

Approximate

start time” Flow rate
(min) Solution Volume (uL) (pL/sec)
0 Wash with blocking solution 500 5
2 Sample (standard or blank) 100 14
6 Sample wash 75
6.5 Reporter antibody 100 14
10.5 Wash 1 25 1
11.5 Wash 2 1900

“ The solution delivery steps above begin after the column has already
been fluidically packed with antibody-coupled Sepharose beads. Flow
was stopped and the 1 mL syringe was refilled prior to the beginning of
the fast wash and again at the middle of the fast wash at
approximately 15.5 min (total 1.9 mL). Programmed delays and brief
stops in the procedure are not listed in the table. During sample
perfusion and reporter antibody perfusion, the fluid was advanced 1 pL
at a time at 1 pL/sec, with delays between each such advance to
provide increased contact time. The total contact time with the
microbead column for 100 pL sample and 100 pL reporter antibody
was approximately 4 minutes each.

aspirated into the holding coil at 10 pL/sec and delivered to the
CTFE flow cell at 5 pL/sec with the rotating rod in the trap
position, resulting in a 3.6 pL packed bead column. 100uL of
the BONT/A-Hc-fragment simulant sample was dispensed over
the column in 1 pL increments at 1pl/sec, with pauses between
each such advance, followed by a 75 pL buffer wash (Super-
Block T20 (PBS) Blocking Buffer). After 100 pL of the dye-
labeled reporter antibody were dispensed over the bead column,
the unbound dye was washed out of the column by two
different washes (25 pL at 1 uL/sec and 1900 pL at 5 pL/sec)
using carrier solution (SuperBlock T20 (PBS) Blocking Buffer).
The 1900 pL fast wash required filling the 1 mL syringe prior to
the wash and again in the middle of the wash. The solutions
delivered to the flow cell to carry out the assay are summarized
in Table 1.

Results and discussion
Measurement approach

There are three key aspects to our measurement approach: (1) the
immunoassay reagents; (2) the fluidic manipulation of solid
phases, reagent solutions, and wash solutions to carry out
a multistep immunoassay procedure automatically; and (3) an
on-column detection system to record the fluorescent signals.
The monoclonal antibodies used for this study, AR4 and RAZ1,
bind to separate non-overlapping epitopes of the binding domain
of the botulinum toxin,** as indicated in Fig. 1. Our simulant,
a fragment of the heavy chain that contains the binding domain,
includes these epitopes.

The AR4 IgG antibody was covalently bound directly to
Sepharose beads of 75-150 pm diameter. In general, we find that
this binding approach is preferred over methods using strepta-
vidin/biotin interactions, since the streptavidin becomes a site for
significant non-specific binding interactions.®” The rotating rod
flow cell (Fig. 2) for capturing the Sepharose beads has been
described previously**** and details for the particular flow cell
used for these experiments are provided in the Experimental
section. The column packing contains orders of magnitude more
moles of capture antibody than the moles of toxin to be captured.
For example, a column created from 100 uL of bead suspension
prepared and diluted as described in the Experimental section
will contain >1000 times more moles of antibody than a 100 uL.
sample at a 100 pM toxin (or toxin simulant) sample concen-
tration.

The reporter RAZ1 IgG antibody was labeled with Alexa 647
dye. The excitation light from the HeNe laser (633 nm) passed
through a laser-line filter and was delivered to the flow cell using
an optical fiber. Emission light was collected with a second
optical fiber at 90°, filtered through long-wave-pass and band-
pass filters primarily to remove scattered excitation light, and
detected with a PMT. The overlap of the Alexa 647 dye excita-
tion band with the 633 nm laser line is sufficient for fluorescence,
and the Alexa 647 emission band is significantly separated from
the laser line wavelength.

Our current instrumentation and reagents represent several
improvements over the system we briefly described previously.™*
Fiber optic coupling to the flow cell was redesigned using larger
core fibers, better fitting to the flow cell, and a more careful
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geometry for excitation and emission. A new optical filter train
with high-end filters was set up to improve the rejection of
excitation light (described in detail in the Experimental). New
amplification circuits were employed for the PMT and the gain
was increased. The reagents have also improved. The antibodies
were selected from families of affinity-matured monoclonal
antibodies. Whereas the capture antibody was previously AR1,
with a binding affinity of 22 pM (by Biacore measurements), the
current capture antibody was AR4 with a binding affinity of 3
pM. Similarly, we replaced the labeling antibody 3D12 (164 pM)
with RAZ1 (3.5 pM). The capture antibodies were covalently
linked to NHS-activated beads in the current study rather than
using streptavidin coupling, to reduce non-specific binding, as
noted above. In addition, we produced fresh BONT/A-Hc-frag-
ment in-house and assayed it in-house to assure that we were
using an antigen that had not denatured.

Renewable surface immunoassay

Once the Sepharose beads with the capture antibodies are trap-
ped in the rotating rod flow cell, the assay consists of a sequence
of fluidic operations to deliver the sample, sample wash, reporter
antibody, and reporter wash solutions, while logging the fluo-
rescence signal. The basic processes of the assay as well as several
salient features are presented in the data traces shown in Fig. 5
and Fig. 6. The sequence of solution deliveries to the flow cell for

8 T T T T 1
. ~ ~ -Blank in Buffer
7L - 25 pM Bot in Buffer
INo sepharose  Sepharose column 1
6 [Dye-Ab soin  Dye-Ab soln. E
t Blanks ]
5[ h
[0] [ o ]
2 £ G 1
S E2 . \& ]
' 25281\ ]
I [SF it ]
2} JH v ]
% I I R I
O ; 1 1 1

0 10 20 30 40 50 60
Time, min

Fig. 5 Fluorescence detection system signals, as voltages, as a function
of time for experiments consisting of three consecutive procedures as
described in the text. The data traces are shown for blank and toxin
fragment standard (25 pM Bot) in buffer. The Alexa 647 dye-labeled
antibody solution was at a 1 : 4000 dilution. The capture antibody on the
Sepharose beads is AR4 and the reporter antibody is RAZ1. The first
procedure has no Sepharose in the flow cell and shows passage of the dye-
labled antibody through the flow cell as a peak. At 14 minutes, the second
procedure starts with packing the bead column. Both traces at this stage
represent blanks, perfusing with the blank sample, wash, labeling anti-
body, wash and fast wash. The peak shows the passage of the labeling
antibody through the packed column, and return to baseline with
washing. The packing material is left in the column and the sequence of
sample, wash, label, wash, and fast wash is repeated. The dashed trace is
a blank and the solid trace is a 25 pM toxin fragment sample for this third
procedure.
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Fig. 6 Detection system signals for three consecutive procedures as
shown previously in Fig. 5, but in a matrix fetal bovine serum (FBS). In
this matrix the sample perfusion results in a detectable increase in signal
voltage prior to the labeling step.

Table 2 Solutions delivered to the renewable surface sensor for the
following sequence: perfusion of the flow cell with dye in the absence of
a packed column, perfusion in a blank experiment with packed column,
and subsequent assay or second blank on the same packed column

Flow rate”
Volume (uL) (nL/sec)

Approximate  Solution or
start time (min) bead suspension

1 Reporter antibody 100 1

5 Wash 1 25 1

6 Wash 2 (fast wash) 1900 5
14 Beads 120 5
16 Sample (blank) 100 1
20 Wash 75 1
22.5 Reporter antibody 100 1
26.5 Wash 1 25 1
27.5 Wash 2 (fast wash) 1900 5
36.5 Sample (standard or blank) 100 1
42.5 Wash 75 1
43 Reporter antibody 100 1
47 Wash 1 25 1
48 Wash 2 (fast wash) 1900 5
56 Flush beads 500 400

“ Programmed delays and brief stops in the procedure are not listed.
During sample perfusion and reporter antibody perfusion, the fluid was
advanced 1 pL at a time at 1 pl/sec, with delays between each such
advance to provide increased contact time. Flow was stopped and the 1
mL syringe was refilled prior to the beginning of the fast wash and
again at the middle of the fast wash (total 1.9 mL).

these experiments is given in Table 2. These figures contain plots
for buffer (Fig. 5) and FBS (Fig. 6) sample matrixes.

Each trace in each plot illustrates three consecutive proce-
dures, resulting in three major fluorescence peaks from the
detection of excess reporter antibody solution passing through
the flow cell. The first two major peaks are controls or blanks for
understanding the assay procedure, and the third peaks include
an analysis. The reporter antibody concentration in these
demonstration experiments was diluted more than normal (1 :
4000 instead of 1 : 2000) so that the signal would be on scale at all
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times. Each plot has two data traces. The solid line trace in each
plot contains the analysis of a 25 pM toxin fragment standard as
the third and final portion of the trace. The dashed line corre-
sponds to procedures where the third portion is a blank.

For the first peaks at about 2 min there is no Sepharose
packing in the flow cell. As the dye-labeled reporter antibody
solution zone passes through the sensor a transient signal is
observed. The peak is unsymmetrical as is typical in flow or
sequential injection analysis system with dispersion of the
reagent zone as it passes through tubing, valves, and devices.

The second major peak in Fig. 5 at about 24 min represents
a complete assay procedure using blank samples (buffer solution
with no toxin fragment) for both traces. The initial packing of the
column with antibody-coupled Sepharose raises the baseline
signal due to scattered excitation light. Perfusion with a zone of
sample blank does not alter the observed signal in experiments in
buffer. The sample zone is followed by carrier fluid to wash away
the sample matrix. Then the dye-labeled reporter antibody
solution zone is perfused through the column, resulting in the
major observed fluorescence peak. This solution is followed by
a carrier fluid wash. The flow is stopped to reload the syringe,
followed by additional washing at a higher flow rate for a fast
wash totaling 1.9 mL. The 1 mL syringe is reloaded during a stop
in the middle of this wash. The analytical signal is taken as the
signal intensity, or the integral of the intensity over time during
the fast wash, after the fast wash has removed the bulk of the
excess dye-labeled reporter antibody. For these two blanks the
peak intensities and widths varied somewhat during reporter
antibody perfusion; however, there is little difference in the
analytical signal level (as expected for blanks). The columns from
these procedures were left in the flow cell for the next and final
assays.

Unlike samples delivered in buffer, samples in more complex
matrixes can lead to a fluorescence signal during sample perfu-
sion. This is illustrated using the FBS sample matrix in Fig. 6.
Sample solutions may lead to signal due to fluorescent compo-
nents or scattered laser light. However, the column is washed to
remove the sample matrix after sample load, which is evident in
the declining signal prior to column perfusion with reporter
antibody.

The third major peak at about 44 min in Fig. 5 corresponds to
the assay procedure in which the solid trace involves a sample
containing 25 pM botulinum toxin fragment, while the dashed
trace is again a blank sample. (The same procedure was con-
ducted for Fig. 6, but in an FBS sample matrix.) The packed
column has not been renewed since the previous blank assay (the
second peak in the trace). The sample containing 25 pM botu-
linum toxin fragment retains dye-labeled reporter antibody,
providing an analytical signal that is much greater than that of
the blank: the toxin fragment is easily detectable at 25 pM.
Throughout months of experiments while we refined our assay
procedure and measurement system, we were able to detect 10
pM but could not reliably detect the toxin fragment at the single
pM concentration range.

Several features of the analysis are evident in these experi-
ments. The capture of labeled reporter antibody by botulinum
toxin fragment (solid trace in the third procedure of Fig. 5 or
Fig. 6) is evident in the increased peak height and width during
and immediately after the reporter antibody perfusion, as well as

the signal level during the fast wash when the bulk of the excess
reporter antibody has been removed. Indeed, the peak height
during reporter perfusion is greater for the toxin fragment
standard by an amount that is similar to the difference between
standard and blank after washing, as it should be. In general,
however, we have found the analytical signal after removing the
bulk of the free reporter during the fast wash to be a more reli-
able indicator of the amount of specifically captured label than
the incremental increase in fluorescence while free label is still in
the column, particularly at the lowest toxin fragment concen-
trations. The analytical signal for the 25 pM sample (solid trace
in the third procedure of Fig. 5 or Fig. 6) is higher than either of
the blank runs in the dashed line trace or the blank run of the
solid trace which preceded the sample run in the solid trace.

The measurement signal consists of the analytical signal of the
sample or standard minus the analytical signal of a blank. The
plots in Fig. 5 and Fig. 6 suggest more than one approach for
assessing the ‘analytical signal of the blank’. One could pack
a column, run a blank on that column, then run a sample or
standard on the same column, which would require about 40
minutes. Alternatively, one could run one or more initial blanks
to determine the analytical signal of the blank, and then run
standards and samples each on its own column. The former
approach is more time-consuming per sample, but allows one to
subtract a blank for the same column as the subsequent sample or
standard. If total assay time and throughput are not critical, one
could also run a fluorescent standard through the system without
a column packed, similar to the first peak in Fig. 5 and Fig. 6.
This would provide a quality control check on the effective
fluorescence sensitivity of the system just prior to the measure-
ment.

The solid traces in the plots in Fig. 5 and Fig. 6 represent the
most time-consuming approach that includes checking fluores-
cent sensitivity, packing a column, running the blank, and then
running standard or sample on the same packed column. The
horizontal dashed line intersecting the sample analytical signal at
about 52 min is provided to facilitate comparison of this sample
signal with the prior blank signal at about 32 min (solid trace).

The alternative approach, running standards or samples, each
on their own packed column, after having first determined the
analytical signal of the blank in separate experiments, provides
a more rapid screening approach. The standard and sample runs
would each require only 20 min or less, once the blank analytical
signal level had been determined. This approach is subject to
variation in column packing from run to run; however, the
automated sequential injection fluidic procedures and column
packing are, in general, reproducible. Rapid screening would
trade off precision and reliability near the detection limit in order
to obtain higher sample throughput.

Rapid screening procedure

For rapid screening, the assay was calibrated as shown in Table
1, Fig. 7and Fig. 8. For each standard, a new column was packed
and the standard was run. The detector traces shown in Fig. 7 are
each the average of three runs, with each trace starting after the
column has already been packed with antibody-coupled
Sepharose beads. If the peak heights during reporter antibody
perfusion were observable, the peaks for each standard
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Fig.7 Assay traces for the analysis of toxin fragment from 0 to 250 pM
in the rapid assay approach (see text). Each trace shown is the average of
three runs at each concentration, starting the trace after the column has
already been packed with antibody-coupled Sepharose beads. The
intervals used to integrate the fluorescence signal are shown below the
blank trace from 750 to 850 seconds, and from 750 to 1100 seconds.
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Fig. 8 Calibration curves for the determination of botulinum toxin
fragment corresponding to the data in the previous figure. Each data
point is the average of three determinations. The value of the blank for
subtraction from standard runs was obtained from the average of three
initial blank runs. Each blank and standard run was measured with
a newly packed column. The signals were integrated from 750 to 850
seconds for the left plot, and from 750 to 1100 seconds for the right plot.
The error bars are the standard deviation of the average at each
concentration. The data point at 0 pM concentration is the blank level
with the standard deviations shown.

concentration would increase in height and width with increasing
concentration as the signal from specifically captured dye is
added to the signal due to free dye passing through the system.
However, the intensity tops out at the 10 V limit of our detection
system. The increases in peak width with analyte concentration
are apparent, as are the increases in signal level after the removal
of free dye-labeled antibody during the fast wash.

It is observed that the fluorescence intensity continues to
decline for the duration of the fast wash, after the bulk of the free
reporter has been removed. This is seen in blank runs as well as
standard runs, and is more pronounced in the standard runs at
higher toxin concentrations. At 10 pM, the trace essentially

parallels the blank trace, but at higher concentrations the slopes
become steeper than the blank.

The Sepharose beads are a highly porous hydrogel medium
that reagents can diffuse into. They were selected because they
have a refractive index that is closer to water than impermeable
polymer beads, minimizing light scattering from the column.
Sepharose is commonly used in size exclusion or gel permeation
chromatography, and is used to separate proteins in the 70—
20 000 kDa range. Accordingly, reporter antibody is expected to
be removed from the column by a process including washing
from the free column volume, as well as much slower diffusion
out of the beads into the free column volume, leading to a long
asymptotic approach to steady-state as the dye clears the column.
In addition, the dye-labeled reporter antibody could be subject to
non-specific binding to captured protein, which would retard its
diffusion out of the beads; this effect would increase as the toxin
concentration increased. Photobleaching of the Alexa 647 dye
may also occur.®® Nevertheless, using control experiments to be
described below, we clearly establish that the fluorescent signal
during the fast wash after the bulk of the free reporter antibody
has been washed away is due to the formation of the sandwich
complex and is correlated with the concentration of the toxin.

The values used in the calibration curve are derived by inte-
grating the signal during the fast wash after perfusion with dye-
labeled antibody and washing away the bulk of the free dye. The
values were determined for an integral from 750 to 850 seconds for
the main plot on the left in Fig. 8. The fast wash is continuous with
no flow interruptions during this interval; thus this integration
period selects an interval after the bulk of the free reporter has
been washed out but before the syringe refill in the middle of the
fast wash. The signal was integrated from 750 to 1100 seconds for
the narrower plot on the right. This longer interval includes a flow
interruption as the syringe is refilled, which can lead to blips in the
signal that introduce noise in the measurement. This is particu-
larly evident in the 25 and 100 pM traces just after 900 seconds in
Fig. 7 (and was observed in the dashed trace in Fig. 5 at 52
minutes), and can introduce random noise into the longer inte-
gration period. (However, if longer integration times are desired,
changing syringe size or flow operations could be used to avoid
such noise, or the flow could simply be stopped for the measure-
ment interval.) At 10 pM concentration, the longer integration
period provides increased signal and lower relative standard
deviation. The relative standard deviation for the blank-sub-
tracted signal intensity at 10 pM was 42% using the shorter inte-
gration time and 19% at the longer integration time. The standard
deviation of the blank signals were about half the standard devi-
ation of the signals at 10 pM, regardless of the integration time,
and are shown as error bars in Fig. 8. The background-subtracted
average signal at 10 pM was 4.4 times the standard deviation of the
blank signal at the shorter integration time, and over 10 times at
the longer integration time. Comparing instead to the standard
deviation of the background-subtracted signal at 10 pM, which is
larger than that of the blank, the average signal at 10 pM is 2.4
times the standard deviation using the shorter integration time
and 5.2 times the standard deviation using the longer integration
time. At 25 pM, where a noticeable blip at the syringe refill
introduces noise into the longer integration time, the relative
standard deviation was still lower using the longer integration
time.
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Control experiments

The experiments clearly show that the fluorescent sandwich assay
in the renewable surface sensor provided a signal that was
dependent on the toxin fragment concentration. Control exper-
iments were run in the sensor flow cell using AR4-coupled
Sepharose beads, botulinum toxin fragment at blank, 50, and 100
pM concentrations, and dye-labeled reporter antibodies that are
not specific to the toxin fragment. These control experiments
were conducted using Alexa 647-labeled donkey anti-sheep IgG
or Alexa-633-labeled goat anti-chicken IgG as reporter anti-
bodies. In all control experiments, the background signal was
observed as usual and there were no discernible increases in
signal with antigen concentration. Thus without both the toxin-
specific capture and reporter antibodies, an antigen-dependent
signal level was not observed.

In addition, control experiments were run creating the sand-
wich complex outside the sensor flow cell in 2 mL centrifuge
tubes. AR4-coupled Sepharose beads, Alexa 647-labeled RAZ1
antibodies, and toxin fragment were allowed to react for 60
minutes at 4 °C, centrifuged and washed. Then the beads were
loaded into the flow cell with the rotating rod in the bead-trap
position (shown in Fig. 2), and the signals were determined with
the sensor fluorescence detection system while washing the beads
at a high flow rate. Using this model system, toxin fragment was
detected and the signal was dependent on the toxin fragment
concentration. Further, we were able to detect the toxin fragment
at concentrations as low as 5 pM. The fluorescence intensity
declines with washing as observed in the automated assay. At 5
pM, it took 20 minutes to asymptotically approach horizontal.
This is too long to wait for a rapid screening assay; a signal that is
proportional to toxin concentration can be determined much
earlier in the wash (Fig. 7). It was also noted that at each syringe
reload during the extended washing, the signal dropped, and on
resuming flow the signal returned to the pre-reload level, leading
to ‘blips’ as noted above. These arise because under high flow, the
Sepharose hydrogel beads are compressed, whereas when the
flow is stopped, they decompress and the quantity of dye-
retaining beads in the optical detection path is reduced.
Resuming flow recompresses the beads.

From the control experiments in this section, it can be
concluded that the antigen-dependent signal levels in the sensor
assay were due to the sandwich assay itself and not some aspect
of the flow system and sensor flow cell used to automate the assay
and quantify the measurement signal.

Discussion

We have described an automated fluidic sandwich immunoassay
designed for moderately fast or very fast screening for traces of
botulinum toxin in liquid sample matrixes. This assay features
high affinity antibodies and a renewable surface microcolumn
sensor flow cell with on-column fluorescence detection. In our
prior initial report on this assay approach,'* the lowest tested
concentration of 100 pM was detectable. We now report detec-
tion down to 10 pM. We attribute this improvement to the facts
that we redesigned the optical geometry and connections to the
flow cell, made a much better optical system to reject excitation
light and signal over background, we used higher affinity

antibodies, and we used a better method of coupling the capture
antibody to the beads. Each assay can be completed in less than
20 minutes using the rapid assay procedure, once the blank signal
levels have been established by initial blank runs.

Our 10 pM detection limit corresponds to 0.5 ng/mL of toxin
fragment (50 kDa) or 1.5 ng/mL of the holotoxin (150 kDa).
Given a 100 pL sample volume, this assay detected 50 pg of toxin
fragment. Our detection limit compares similarly or favorably to
other fluidic biosensor immunoassay approaches that provide
detection in 20 minutes or less. The fiber optic evanescent wave
immunosensor from the Naval Research Laboratory was
reported to have a 30 pM detection limit for botulinum toxin A
in an assay that took less than 20 minutes.?! A fluidic biosensor
array has been tested against botulinum toxoid A (a deactivated
form of the full toxin with lower toxicity) in 20 minute assays
yielding detection limits of 20 ng/mL, which would correspond to
over 100 pM toxin concentration.**** Recently, using a novel
recognition element based on antimicrobial peptides on the
biosensor array, a 75 minute assay for the toxoid with a 1 ng/mL
detection limit has been reported.*

Our assay approach for botulinum toxin is unique in providing
new biorecognition surfaces automatically using the renewable
surface technique, and our study is further distinguished by using
a recombinant fragment of BoNT/A as a structurally valid
non-toxic simulant for the holotoxin. In further work, we are
examining other methods of labeling the reporter antibody with
fluorophores.
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