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Abstract

A fluorescence-based biosensor has been developed for simultaneous analysis of multiple samples for multiple biohazardous
agents. A patterned array of antibodies immobilized on the surface of a planar waveguide is used to capture antigen present in
samples; bound analyte is then quantified by means of fluorescent tracer antibodies. Upon excitation of the fluorophore by a small
diode laser, a CCD camera detects the pattern of fluorescent antibody:antigen complexes on the waveguide surface. Image analysis
software correlates the position of fluorescent signals with the identity of the analyte. This array biosensor has been used to detect
toxins, toxoids, and killed or non-pathogenic (vaccine) strains of pathogenic bacteria. Limits of detection in the mid-ng/ml range
(toxins and toxoids) and in the 103–106 cfu/ml range (bacterial analytes) were achieved with a facile 14-min off-line assay. In
addition, a fluidics and imaging system has been developed which allows automated detection of staphylococcal enterotoxin B
(SEB) in the low ng/ml range. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

A number of investigators have described optical
biosensors capable of simultaneous analysis of samples
for multiple analytes. However, most of the published
work describes only detection of a single analyte (Ekins
et al., 1990; Ekins and Chu, 1993; Abel et al., 1996;
Herron et al., 1997; Blawas et al., 1998; Brecht et al.,
1998). The majority of experiments actually demon-
strating the simultaneous detection of multiple analytes
accomplished this by putting a single sample over mul-
tiple, discrete sensing elements (Kakabakos et al., 1992;
Parsons et al., 1993; Bakaltcheva et al., 1998; Narang et
al., 1998). Berger et al. (1998), on the other hand,
utilized several discrete regions of a single sensing sur-
face to monitor four simultaneous reactions on a four-
channel surface plasmon resonance system. However,
for monitoring complex samples, the label-free methods
continue to be susceptible to problems such as low
sensitivity and increased backgrounds due to non-spe-

cific binding. Wadkins et al. (1997, 1998) and Silzel et
al. (1998) avoided such problems by using fluorescent
tracer antibodies and performing a measurement insen-
sitive to non-specifically bound proteins (other than the
tracer antibody).

The antibody array biosensor described here is com-
posed of three parts: an array of immobilized capture
antibodies acting as molecular recognition elements, an
image capture and processing system, and an auto-
mated fluidics unit (Fig. 1A). Antibodies specific for
hazardous analytes are immobilized in discrete regions
on an avidin-coated waveguide by flowing solutions of
biotinylated antibodies through a network of polymer
channels that confine the solutions to separate regions
(Ligler et al., 1998a). Unknown sample is subsequently
flowed over the substrate in an orientation perpendicu-
lar to the stripes of immobilized antibodies and any
antigens present in the sample bind to the appropriate
analyte-specific loci in the array. Bound antigens are
then incubated with a mixture of fluorescently-labeled
tracer antibodies. The resultant antibody/antigen/
fluorescent-antibody complex is detected using a CCD
camera upon excitation by a small diode laser. Auto-
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mated image analysis software correlates the position of
the fluorescence with the identity of the hazardous
component, with results displayed directly to the user.
Each antibody-coated substrate is a fully disposable
unit designed to be used repeatedly until one or more
analytes are detected.

The central element of the array biosensor is the
planar waveguide used to direct evanescent excitation
light to fluorophores which are bound (by immune
complex) to the waveguide surface. A major problem
originally encountered with this sensing element was the
stripping of light when a flow cell was attached to the
waveguide. To solve this problem, a unique patterned
reflective cladding was developed to optically insulate
the waveguide from the flow cell (Feldstein et al., 1999).
The pattern of this silver-based cladding covers the area
where a six-channel flow cell contacts the waveguide.
The rest of the waveguide surface is left unclad and is
suitable for performing optical immunoassays.

In order to reduce the size and weight of the sensor,
the potential for sample carryover, and the possibility
of system contamination, a modular fluidics system has
been developed (Fig. 1B; Feldstein et al., 1999). This
system consists of permanent elements (pump, valves),
replaceable subsystems (sample manifold, inlets and
outlets), and a disposable unit (waveguide and flow
chamber module). Samples do not pass through any
valves, thus avoiding the substantial problem of valve
clogging by complex or particulate samples. Further,

the system has been designed to include an easily
replaceable sample manifold in order to eliminate the
problem of cross-contamination from sequential intro-
duction of samples. The valves and pump are computer
controlled to operate the assay protocols in an auto-
mated fashion. A unique feature of the fluidics system
is the ability to assay up to six samples simultaneously
using a single multi-channel pump and a single switch-
ing valve.

Fluorescent images are analyzed using data acquisi-
tion software developed at NRL (Feldstein et al., 1999).
The signal from each antigen-specific spot is automati-
cally corrected for non-specific binding of the fluores-
cent reagent and for the slight variations in excitation
intensity across the surface of the waveguide.

To date, work performed using the array biosensor
has demonstrated that mixtures of fluorescent tracer
antibodies can be used in rapid assays for protein,
bacterial, and viral analytes with sensitivities similar to
standard ELISAs (Fig. 2; Wadkins et al., 1998; Rowe et
al., 1999a,b). Results obtained using mixtures of anti-
bodies were not significantly different from those ob-
tained from parallel assays utilizing individual tracers
(Rowe et al., 1999b). Furthermore, mixtures of analytes
could also be detected and identified. Moreover, ana-
lytes present in complex sample matrices such as blood
and urine could be detected and quantified using the
automated data analysis program, provided a suitable
‘clean’ sample was assayed on the same slide (Rowe et
al., 1999a).

Fig. 1. Optics and fluidics components of the array sensor. (A) Optical components. The patterned waveguide is placed in a mounting scaffold
for reproducible alignment. Fluorescent complexes on the waveguide surface are evanescently excited by a 635 nm diode laser. A 2-dimensional
array of GRIN lenses focuses the pattern of fluorescence onto a CCD imaging array; filters have been installed to reject stray excitation and
scattered light. The image of the fluorescent pattern is then captured in digital format and can be analyzed using an automated data analysis
program. (B) Fluidics components. The fluidics system consists of permanent elements, replaceable subsystems, and a disposable unit (Feldstein
et al., 1999). The permanent elements include an automated switching valve (ASV) that selects either air (A), buffer (B), or fluorescently-labeled
antibodies (C), and an output manifold with a gasket layer (OMG) to direct fluids to a six-channel peristaltic pump (not shown). The replaceable
subsystem consists of a sample–reagent manifold (SRM) that draws samples from the sample vials (SV) or reagents, as selected at the switching
valve; quick connectors (QC) allow rapid and easy replacement of the sample subsystem. An input manifold employing a gasket layer (IMG) is
used to direct the output of the sample–reagent manifold into the disposable unit consisting of a multi-channel flow cell (FC) permanently
attached to a waveguide (WG).
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Fig. 2. Comparison of array biosensor results with ELISA results
(Rowe et al., 1999b). The array sensor was used to test 126 blind
samples containing either a bacterial, a viral, or a protein analyte.
Analyte concentrations ranged from six to seven orders of magnitude;
six blind samples were analyzed at each concentration. The ordinate
indicates the number of samples at each concentration that were
correctly detected and identified (expressed as a percentage of the
total). The abscissa indicates the analyte concentration in each set of
six samples. White bars are indicative of results obtained with the
array biosensor; ELISA results are indicated in gray. (A) Detection of
bacterial analyte, B. globigii. (B) Detection of viral analyte, MS2. (C)
Detection of protein analyte, SEB.

report is to document further development of rapid
assays for potentially hazardous analytes at concentra-
tions similar to competing technologies. In addition, we
describe in Section 3.2 testing of a fully automated
system utilizing a computer-controlled fluidics system
(Fig. 1), the data analysis program, and flow guides
which have been permanently mounted onto patterned
waveguides. This demonstration of full automation is
the first description of an array sensor which requires
no user intervention after samples are loaded.

2. Materials and methods

2.1. Antibodies and analytes

Antibodies and the majority of antigens used in this
work were generous gifts of Woody Johnson and Jen-
nifer Aldrich at Naval Medical Research Center
(NMRC, Bethesda, MD). The NMRC antibody prepa-
rations were provided after purification with Protein A
or Protein G chromatography. The anti-Bacillus an-
thracis antibody had also been affinity purified by J.
Aldrich and W. Johnson. Individual components in the
array assays and their sources are listed in Table 1.

None of the bacterial analytes used in these studies
were pathogenic. The B. anthracis and Francisella tu-
larensis antigens were non-pathogenic vaccine strains.
Brucella abortus antigen was supplied as a formalin-
killed stock of the ATCC type strain for Biotype 1;
these stocks were tested for viability prior to shipping.
Botulinum toxoids A and B were prepared by
formaldehyde inactivation of the toxins and were tested
for residual toxicity by injection into mice prior to
shipment to NRL. All solutions, glassware, etc. con-
taining bacteria or toxic analytes (SEB, ricin, and
cholera toxin) were handled by personnel wearing
gloves and appropriate personal protective gear (lab
coat, safety goggles). All equipment, benchtops, instru-
ments, etc. exposed to these solutions were disinfected
with a 20% bleach solution and were rinsed with dis-
tilled water. Analyte solutions were also treated with
bleach (20% final concentration) before disposal. Con-
taminated disposables (test tubes, pipette tips, used
waveguides) were placed in biohazard containers and
later incinerated.

2.2. Preparation of capture and detection antibodies

All biosensor assays utilized a standard sandwich
immunoassay format. Antibodies used as capture
reagents were labeled with biotin for immobilization in
patterns on NeutrAvidin-coated waveguides. Antibody
preparations were biotinylated using a 5-fold molar
excess of biotin-LC-NHS ester (Pierce, Rockford, IL),
according to previously published protocols (Rowe et

These previous experiments were performed using a
non-automated version of the array biosensor, which
requires user manipulation of samples, flow chamber
modules, and optical waveguides. While the strength of
this sensor is its ability to detect multiple analytes
simultaneously (Wadkins et al., 1998; Ligler et al.,
1998a,b; Rowe et al., 1999a,b), the purpose of this
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al., 1999b). Unincorporated biotin was separated from
labeled protein by gel filtration on BioGel P-10.

Fluorescent tracer antibodies were labeled with the
cyanine dye, Cy5 Bisfunctional Reactive Dye (lex=649
nm, lem=670 nm; Amersham Life Science Products,
Arlington Heights, IL), according to previously pub-
lished methods (Rowe et al., 1999a); unincorporated
dye was separated from labeled protein by chromatog-
raphy on BioGel P-10.

2.3. Preparation of wa6eguides

Two cleaning methods were utilized to ensure uni-
form immobilization of NeutrAvidin onto microscope
slide surfaces. Conventional glass microscope slides
(DaiggerBrand, Daigger, Wheeling, IL) were cleaned
using a combination of MeOH:HCl (1:1) and concen-
trated sulfuric acid rinses, according to published pro-
tocols (Cras et al., 1999). Glass slides with protected
silver cladding (Feldstein et al., 1999) were purchased
from Opticoat Associates, Inc. (Chelmsford, MA). Due
to delamination of the silver layer in the MeOH:HCl
wash, the silver-cladded slides were instead cleaned in
10% KOH in isopropanol (Cras et al., 1999). Following
the appropriate cleaning procedures, the glass and sil-
ver-coated slides were rinsed exhaustively in deionized
water and were dried under a stream of nitrogen.

NeutrAvidin Biotin Binding Protein (Pierce) was co-
valently immobilized onto the glass and silver-coated
waveguides essentially according to published proce-

dures (Bhatia et al., 1989; Ligler et al., 1991; Feldstein
et al., 1999; Rowe et al., 1999a,b). Mercaptopropyltri-
ethoxy silane was used in place of the trimethoxy
derivative, due to its lower toxicity.

Biotin-labeled capture antibodies were patterned
onto the NeutrAvidin-coated waveguides using poly-
dimethyl siloxane (PDMS) patterning guides as de-
scribed (Ligler et al., 1998a,b) The slides were patterned
by overnight incubation with 20 mg/ml biotinylated
goat anti-B. abortus IgG or 10 mg/ml of the other
biotinylated antibodies in 10 mM Na phosphate pH
7.4/10 mM NaCl. After rinsing in phosphate-buffered
saline containing 0.05% Tween 20 (PBST), the slides
were stored in 10 mM Na phosphate pH 7.5 until use.
Alternatively, the rinsed, patterned slides were incu-
bated in 10 mM Na phosphate pH 7.4 containing 10
mg/ml bovine serum albumin (BSA) and dried under a
stream of nitrogen.

Permanent flow cells were attached to slides to be
assayed using the automated fluidics system. Black
polymethylmethacrylate (PMMA) flow cells (High Tech
Machining, Bradenton, FL) were clamped onto the
patterned surface of the dried waveguides using small
binder clamps. Epoxy (EP30, Master Bond, Inc., Hack-
ensack, NJ) was allowed to wick in from each end and
eventually filled all zones of contact between the slide
and the flow guide. The slides were left clamped for 2
days while the epoxy cured and could then be used for
automated assays.

Table 1
Sources of antigens and antibodies used in this study

Analyte AntibodySource Source

Bacterial analytes
NMRCbB. anthracis Sternea Rabbit polyclonal IgG NMRC

F. tularensis LVSc NMRC Goat polyclonal IgG
Monoclonal FT-03-A-3 (detection only) NMRC

NMRCB. abortus (ATCC 23448)d NMRCGoat polyclonal IgG

Toxins
S. aureus enterotoxin B (SEB) Toxin technologye Rabbit polyclonal IgG NMRC
Botulinum toxoids A and Bf NMRC/U. Wisc. Goat polyclonal IgG NMRC

Rabbit polyclonal IgG BiogenesishCalbiochemgCholera toxin
NMRCRicin Goat polyclonal IgGSigmai

NMRCMonoclonal RIC-03-A-G1 (detection only)

a FDA-approved vaccine strain; whole cell preparation.
b Bethesda, MD.
c Vaccine strain; whole cell preparation.
d Formalin-inactivated. The concentration (2.8×109 cfu/mg) was determined prior to inactivation. Killed material was tested for residual

viability by plating undiluted stock onto blood agar and observation for 4 days.
e Sarasota, FL.
f Original source of toxoids was University of Wisconsin, Madison Food Research Institute. Toxins were inactivated by dialysis in 0.1 M Na

phosphate, 0.05 M NaCl, and 0.5% formaldehyde (pH 7.4) for 7 days with daily buffer changes. No residual toxicity was observed up to 96 h
after injection of 50 mg into live mice.

g La Jolla, CA.
h Brentwood, NH.
i St. Louis, MO.
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Fig. 3. Dose–response curves for bacterial analytes. Slides were
patterned with polyclonal goat or rabbit IgG directed against the
appropriate analyte. Off-line assays were performed as described in
Materials and methods, Section 2.6.1. Shown are mean fluorescence
signals (MFS, mean intensities of all antigen-specific spots with local
background values subtracted) for each analyte as a function of
analyte concentration. (A) Formalin-killed B. abortus. Goat poly-
clonal antibodies (20 mg/ml) were used for both capture and detec-
tion. (B) F. tularensis LVS vaccine strain. Goat antibodies were used
for capture (10 mg/ml). Assays performed using monoclonal tracer
antibodies (FT-03-A-G3, 10 mg/ml) are indicated with open bars;
closed bars indicate goat polyclonal tracer antibodies (10 mg/ml). (C)
B. anthracis Sterne. Rabbit polyclonal antibodies (10 mg/ml) were
used for both capture and detection. Error bars indicate SEM (n=6).

1999). Briefly, the immunosensor array was interro-
gated using 635 nm diode laser coupled into the distal
end of the waveguide. To achieve uniform excitation of
the patterned sensing region, a line generator and cylin-
drical lens were utilized. The evanescently excited pat-
tern of fluorescence was focused through a
2-dimensional array of graded index lenses (Golden,
1998) onto a large-area, peltier cooled CCD camera.

Fig. 4. Dose–response curves for toxins. Slides were patterned with
10 mg/ml appropriate polyclonal goat IgGs and assays were per-
formed as described in Materials nad methods, Section 2.6.1, using 10
mg/ml of tracer antibody. Shown are mean fluorescence signals (MFS)
for each analyte as a function of analyte concentration. (A) Cholera
toxin. (B) Ricin. Open bars indicate that monoclonal RIC-03-A-G1
was used as tracer; closed bars indicate that goat polyclonal tracer.
(C) Botulinum toxoids. Open bars indicate toxoid A; closed bars
indicate toxoid B. Error bars indicate SEM (n=6).

2.4. Optical components

Optical components of the array sensor are described
in greater details elsewhere (Fig. 1A; Feldstein et al.,
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Fig. 5. Comparison of results obtained with off-line and on-line
assays. Samples containing SEB were analyzed using the 14-min
off-line assays described in Materilas and methods, Section 2.6.1, or
the 20-min on-line assay described in Section 2.6.2. Off-line assays
performed using patterned glass slides are indicated with open bars;
the same assays performed using silver-cladded slides are indicated
with striped bars. Black bars indicate automated, on-line assays (see
Section 2.6.2) performed using silver-cladded slides. Shown are mean
fluorescence signals (MFS) as a function of analyte concentration.
Error bars indicate SEM (n=6).

Step I. 1.2 min wash with PBST containing 1 mg/
ml BSA (PBSTB, 1 ml); flow rate, 0.8 ml/min
Step II. 7 min incubation with sample (0.8 ml);
flow rate, 0.11 ml/min
Step III. 1.2 min rinse with PBSTB (1 ml); flow
rate, 0.8 ml/min
Step IV. 3 min incubation with Cy5-labeled tracer
antibody (0.4 ml); flow rate, 0.133 ml/min
Step V. 1.2 min rinse with PBSTB (1 ml); flow
rate, 0.8 ml/min
After removal of the PDMS flow guides from the

slides, the slides were rinsed with deionized water,
were dried under a stream of nitrogen, and were im-
aged using the CCD.

2.6.2. On-line assays
Automated on-line assays were performed after per-

manent attachment of PMMA flow cells to patterned,
dried slides (Fig. 1B). Samples (1 ml) were pipetted
into the sample vials, which were then screwed into
the sample manifold. An inlet or outlet manifold was
attached to each end of the flow cell and tightened
such that the connection was fluid-tight. Using the
pumping and valving apparatus described in Section
2.5, above, the assays were performed under flow,
using the following protocol.

Step I. 10 min incubation with sample (1 ml); flow
rate, 0.1 ml/min
Step II. 2.5 min rinse with PBSTB (1.5 ml); flow
rate, 0.6 ml/min
Step III. 4 min incubation with 10 mg/ml Cy5-la-
beled rabbit anti-SEB (0.4 ml); flow rate, 0.1 ml/
min
Step IV. 2.5 min rinse with PBSTB (1.5 ml); flow
rate, 0.6 ml/min
After the final rinse, the channels in the flow cell

were emptied of buffer and the slide was imaged us-
ing the CCD.

2.7. Calculations

Fluorescence intensity data were extracted from the
CCD images using an automated data analysis pro-
gram (Feldstein et al., 1999). This program provided
the mean fluorescence intensity for each antigen-spe-
cific spot, localized background intensities and associ-
ated noise, signal-to-noise ratios, and
background-subtracted mean fluorescent signals
(MFS) for each spot in tabular format. MFS were
calculated by subtracting the mean local background
fluorescence (taken on each side of the fluorescent
spot) from the mean fluorescence within the spot.
This correction for non-specific binding assumes that
the degree of binding in the antibody-coated and
non-coated regions is the same. These values are pre-
sented in Figs. 3–5.

Longpass (665 nm) and bandpass (670 nm) filters
were installed to reject excitation and scattered light.

2.5. Automated fluidics components

The automated fluidics system has been described
in greater detail elsewhere (Feldstein et al., 1999) and
is represented in Fig. 1B. Briefly, the patterned
waveguide with permanently mounted flow cell was
attached to the fluidics system via two press-in inlet
and outlet manifolds. These manifolds were fitted
with Neoprene gaskets to ensure a fluid-tight seals.
The outlet manifold was connected to a six-channel
peristaltic pump. The inlet manifold attached to a
sample manifold containing six air-tight sample vials.
The sample manifold was connected to a modular
multi-position valve which controlled the composition
of solutions pumped through the sample vials and
subsequently through the flow cell.

2.6. Assays

2.6.1. Off-line assays
Off-line assays were performed as previously de-

scribed (Rowe et al., 1999a), except as indicated. An-
alyte concentrations were chosen to reflect the current
sensitivities of the array sensor and competing sensor
technologies. Patterned slides were placed in contact
with PDMS assay flow guides, such that the flow
channels were perpendicularly oriented to the stripes
of capture antibody. Assays were performed under
flow, using the following protocol. The concentrations
of tracer reagents were 20 mg/ml for B. abortus anti-
bodies and 10 mg/ml for all others used.
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Limits of detection were determined to be the lowest
concentration tested at which the mean antigen-specific
MFS was greater than the negative control values
(buffer used in place of sample) plus three standard
errors of means (SEM).

3. Results and discussion

3.1. Off-line, non-automated assays

Assays were developed for six analytes potentially
capable of causing illness or disease. These assays con-
sisted of simple sandwich immunoassays performed on
the surface of planar waveguides using biotinylated
capture antibodies for antigen recognition; these plat-
forms were prepared in advance of the assays and
incubation of sample with the prepared substrates re-
quired only 7 min. Bound antigens were then detected
by a 3 min incubation with fluorescent tracer molecules.
Following this 14-min assay procedure, the location
and intensity of evanescently excited fluorescent sand-
wiches were determined using a CCD and an auto-
mated analysis program to extract data from captured
images. The total time required to perform the bio-
chemical assay and extract data was less than 20 min.

3.1.1. Detection of bacteria
Dose–response curves for the three bacterial analytes

are shown in Fig. 3. The limit of detection obtained for
B. abortus (Panel A) was 2.6×103 cfu/ml. Lower con-
centrations of B. abortus often gave fluorescent signals
which were visible to the eye, but which were not
always three SEMs above background or negative con-
trol values. A monoclonal antibody directed against B.
abortus (MEL-03-A-A, NMRC) was also tested as a
tracer reagent and failed to give fluorescent signals
significantly above background values at analyte con-
centrations of 105 cfu/ml or less.

In contrast to the negative results obtained using
monoclonal antibodies for detection of B. abortus,
monoclonal antibodies performed better than the poly-
clonal IgG preparation in F. tularensis assays. Panel B
shows the dose–response curves obtained when mono-
clonal antibody (white bars) and polyclonal IgGs
(closed bars) were used as tracer reagents. Goat poly-
clonal antibodies were utilized as the immobilized cap-
ture reagents in both experiments. Although use of
anti-F. tularensis monoclonal (clone no. FT-03-A-3) as
tracer resulted in a higher MFS than the polyclonal
tracer, limits of detection for both were 1.1×105 cfu/
ml.

A dose–response curve was also determined for the
vaccine strain of B. anthracis (Panel C). The calculated
limit of detection was 624 cfu/ml, the lowest concentra-
tion of B. anthracis tested. More recent results indicate

a higher limit of detection when a non-affinity-purified
antibody preparation is used.

3.1.2. Detection of toxins and toxoids
Assays were developed for cholera toxin, ricin, and

botulinum toxoids A and B (Fig. 4). A dose–response
curve for cholera toxin was determined using rabbit
polyclonal antibodies for both capture and detection
(Panel A). The limit of detection was calculated to be
1.6 ng/ml, the lowest concentration tested. Non-specific
binding of fluorescent antibody was not observed in
negative controls.

Panel B shows the dose–response curves for ricin
using monoclonal antibodies (open bars) and poly-
clonal antibodies (closed bars) as tracers. Although the
MFS values did not significantly differ at ricin concen-
trations in the ng/ml range, the MFS obtained at high
ricin concentrations were significantly greater in assays
where the monoclonal tracer antibodies were used com-
pared to those which were obtained with polyclonal
tracers. Limits of detection for assays for both tracers
were 8 ng/ml. This was the lowest concentration tested
using the array sensor.

Panel C shows the dose–response curves for
botulinum toxoids A (open bars) and B (closed bars);
limits of detection were calculated to be 40 ng/ml for
toxoid A and 200 ng/ml for toxoid B. In contrast to the
assays for cholera toxin and ricin, non-specific binding
was observed in all negative controls (PBSTB applied in
place of sample). The non-specific binding of fluores-
cent antibody accounted for the high MFS in negative
controls in assays for both toxoids. A mouse mono-
clonal (BOT-01-B-G1) directed against botulinum toxin
was also tested for efficacy in the array sensor (data not
shown), but as in the case of the B. abortus antibodies,
the polyclonal antibody (shown) was superior to the
monoclonal in both ELISA and array formats.

3.2. On-line, automated assays

Staphylococcal enterotoxin B (SEB) was the standard
analyte used to test the efficacy of the automated
fluidics module. SEB was assayed using several differ-
ent formats (Fig. 5). Samples containing varying con-
centrations of SEB were assayed using the standard
off-line sandwich 14-min immunoassay utilized above.
Off-line assays were performed using either patterned
glass slides (open bars) or silver-cladded slides (striped
bars) which had been subjected to identical conditions
of avidin immobilization and patterning of capture
antibodies. These off-line assays were used to assess the
effect of the reflective cladding on evanescent excita-
tion, background scattering, etc. Assays were also run
on-line, using the automated fluidics system (closed
bars), to test the efficacy and reproducibility of the
automated system.
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Although the signals in the silver-clad slides were
higher at low SEB concentrations, this difference was
not significant (PB0.05). In addition, there was no
significant difference between any of the MFS values
from the three assays at the higher SEB concentrations.
However, the limit of detection for the on-line assay
(black bars, 20 ng/ml SEB) was higher than the limits
of detection for the two off-line assays (white, striped
bars); both off-line assays had limits of detection of 4
ng/ml. This difference was due to the significantly
higher 6ariability in the background values of the on-
line assays, as well as higher localized background
values. This variability may potentially be due to differ-
ences in excitation caused by the presence of the black
PMMA flow cell or by the presence of epoxy within the
flow channels. It was observed that, in cases where the
optical epoxy used to attach the flow cells to the
waveguide had seeped into the flow channels, the epoxy
bound the fluorescently-labeled tracer antibodies (data
not shown).

Other methods have been used to test for the above
analytes, several of which are discussed elsewhere in
this issue. These methods include light addressable po-
tentiometric sensors (LAPS), of which the Threshold
System™ is the most well known (Thompson and Lee,
1992; Chambers and Valdes, 1992; Lee et al., 1993;
Menking and Goode, 1993; Dill et al., 1994a,b; Lee et
al., 1995; Menking et al., 1995), piezoelectric sensors
(Carter et al., 1995a,b; Harteveld et al., 1997), biore-
fractometric sensors (Bioarski et al., 1994), impedance-
based sensors (DeSilva et al., 1995), and evanescent
wave fiber optic sensors (Ogert et al., 1992; Menking
and Goode, 1993; Kumar et al., 1994; Ogert et al.,
1994; Wijesuria et al., 1994; Tempelman et al., 1996;
King et al., 1999). In general, limits of detection were in
the pg/ml to low ng/ml range for toxins and in the
103–104 cfu/ml range for bacterial analytes, which are
approximately the same as those obtained using the
array sensor. Picogram detection limits for toxins have
been obtained using LAPS (Thompson and Lee, 1992;
Chambers and Valdes, 1992; Dill et al., 1994a,b); how-
ever, LAPS assays are generally not considered to be
rapid detection methods, typically requiring at least 1 h
to complete, even when antibody:antigen incubations
have been shortened considerably. Moreover, sensitivity
in the LAPS system is dependent on the sample volume
used.

Like other evanescent wave techniques, the array
sensor has the advantage of rapid response time and
relative insensitivity to complex sample matrices (Rowe
et al., 1999a). Matrix effects are a common problem
encountered with methods based on refractive index
changes (surface plasmon resonance, biorefractometry).
The fact that only labeled molecules generate a fluores-
cent signal in the current biosensor enables the discrim-
ination of tracer binding from non-specific adsorption

of sample components to the sensing surface. Further-
more, in evanescent wave sensors, the narrow penetra-
tion depth of the evanescent field, typically 100–200
nm, allows monitoring of binding events on the surface
of the waveguide with little interference from the bulk
solution. Hence, real-time measurements can be made
on samples which are turbid or contain naturally occur-
ring fluorescent particles. The array sensor has an addi-
tional advantage in its ability to analyze multiple
samples at the same time: this allows controls and
standards of known concentrations to be analyzed
simultaneously with the sample of interest. Thus, quan-
titation can be carried out more rapidly than in meth-
ods where standards must be analyzed separately from
the unknown sample (Chambers and Valdes, 1992;
Ogert et al., 1992; Menking and Goode, 1993; Bioarski
et al., 1994; Ogert et al., 1994; DeSilva et al., 1995;
Tempelman et al., 1996).

A possible application of the array sensor is routine
monitoring of environmental samples. The sandwich
immunoassay format described here is designed to al-
low reuse of sensor substrates when negative results are
obtained; competitive immunoassays require regenera-
tion of substrates and removal of bound analyte before
subsequent analyses. Although reuse of array substrates
has not yet been demonstrated, optical fibers used in
evanescent wave assays (using analogous surface
chemistries and assay formats) have been used for up to
12 assays (Shriver-Lake et al., 1992; Ligler et al., 1993,
1998b) without losing the ability to detect analyte in
positive samples.

The key strength of the array sensor is its ability to
analyze multiple samples for multiple analytes simulta-
neously. Only planar waveguide systems have demon-
strated the ability to detect multiple analytes on a single
sensor substrate (Pritchard et al., 1995; Plowman et al.,
1999; Silzel et al., 1998). Moreover, the array sensor has
demonstrated the ability to detect multiple classes of
analytes simultaneously (Rowe et al., 1999b) in a rapid
assay format. In its current configuration, the array
sensor is capable of running 36 assays simultaneously.

The array assays previously described (Rowe et al.,
1999a,b; Wadkins et al., 1997, 1998) and those devel-
oped for the hazardous analytes described above re-
quire multiple manipulations. However, the array
sensor is in the process of being made smaller, more
portable, and totally automated. The automated
fluidics protocol significantly streamlines the manipula-
tions involved with running the assays; the user simply
adds sample to appropriate vials, attaches buffer and
reagent reservoirs, attaches the input and output mani-
folds to the pre-patterned waveguide, and starts the
pre-programmed protocol. Following the assay, the
automated data analysis program extracts data from
the imaged slide and presents it to the user in both a
tabular format and in an easy-to-read bubble-chart,
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clearly indicating the absence or presence of analyte in
each sample lane. Although the data shown here indicate
a 5-fold loss in sensitivity in the fully automated assays,
this is primarily due to increased variability in the
background, which may be correctable when the process
of permanently attaching the flow guides has been
optimized.

4. Conclusion

The array biosensor assays multiple samples simulta-
neously for multiple analytes. Not only does it exhibit
sensitivity comparable with other antibody-based meth-
ods that require sample aliquots to be assayed individu-
ally for different agents, but the multianalyte assays have
been automated. The off-line assays took an average of
15–18 min to complete the biochemical assays, image the
slide, and collect the data. Limits of detection for
bacterial analytes ranged from 624 cfu/ml (B. anthracis)
to 105 cfu/ml for F. tularensis : sensitivity was highly
dependent on the antibody preparations used. Sensitivity
for toxins also varied according to antibodies used for
detection but low ng/ml concentrations of toxins were
generally detected. The total assay time was increased to
20 min when the automated fluidics and imaging systems
were utilized. Although the limit of detection was in-
creased 5-fold when using the automated system, the
MFS were not significantly different when comparing the
results obtained using the automated assays and those
run off-line. Operator manipulations were greatly sim-
plified in the automated assays compared to the off-line
version, requiring only that the operator pipette sample
and tracer antibody into specific tubes before starting the
assays. The sample introduction procedure could also be
automated for continuous monitoring applications.

The array biosensor is in the laboratory breadboard
stage and needs to be converted to a manufacturable,
fieldable system prior to deployment. Yet the current
system has demonstrated sensitivity and specificity for
toxins and pathogenic bacteria in rapid assays and the
capability of assaying for multiple analytes simulta-
neously. It has been designed as a portable instrument
with optical, fluidic, and sensing components amenable
to miniaturization. The major hurdles left to address are
the further miniaturization of the fluidic and optical
components: this work is well underway in our labora-
tory. However, as far as the assays are concerned, the
design of the sensing surface and optics is amenable to
incorporation of an ever increasing number of assays on
each waveguide.

Acknowledgements

The authors would like to thank Woody Johnson and

Jennifer Aldrich at NRMC for the generous gift of
antibodies and antigens which were used in much of this
research. Dr Feldstein was supported by a postdoctoral
fellowship from the National Research Council. This
work was funded by the Office of Naval Research and
the US Department of Defense. The views expressed here
are those of the authors and do not represent those of
the US Navy, the US Department of Defense, or the US
government.

References

Abel, A.P., Weller, M.G., Duveneck, G.L., Ehrat, M., Widmer,
H.M., 1996. Fiber-optic evanescent wave biosensor for the detec-
tion of oligonucleotides. Anal. Chem. 68, 2905–2912.

Bakaltcheva, I.B., Shriver-Lake, L.C., Ligler, F.S., 1998. A fiber optic
biosensor for multi-analyte detection: Importance of preventing
fluorophore aggregation. Sens. Actuators B. 51, 46–51.

Berger, C.E.H., Beumer, T.A.M., Kooyman, R.P.H., Greve, J., 1998.
Surface plasmon resonance multisensing. Anal. Chem. 70, 703–
706.

Bhatia, S.K., Shriver-Lake, L.C., Prior, K.J., Georger, J.H., Calvert,
J.M., Bredehorst, R., Ligler, F.S., 1989. Use of thiol-terminal
silanes and heterobifunctional crosslinkers for immobilization of
antibodies on silica surfaces. Anal. Biochem. 178, 408–413.

Bioarski, A., Bhullar, G., Miller, L., Zulich, A., Burans, J. 1994.
Detection of toxins and biological agents using a biorefractome-
ter. In: Berg, D.A., Williams, J.D. Jr., Reeves, P.J. (Eds.), Proc.
1993 ERDEC Scientific Conference on Chemical Defense Re-
search, 16–19 November 1993, Report No. ERDEC-SP-024 Au-
gust 1994, pp. 51–60.

Blawas, A.S., Oliver, T.F., Pirrung, M.C., Reichert, W.M., 1998.
Step-and-repeat photopatterning of protein features using caged-
biotin-BSA: characterization and resolution. Langmuir 14, 4243–
4250.

Brecht, A., Klotz, A., Barzen, C., Gauglitz, G., Harris, R.D.,
Quigley, G.R., Wilkinson, J.S., Sztajnbok, P., Abuknesha, R.,
Gascón, J., Oubiña, A., Barceló, D., 1998. Optical immunoprobe
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