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ABSTRACT: Grating-coupled surface plasmon resonance imag-
ing (GCSPRI) utilizes an optical diffraction grating embossed
on a gold-coated sensor chip to couple collimated incident light
into surface plasmons. The angle at which this coupling occurs is
sensitive to the capture of analyte at the chip surface. This
approach permits the use of disposable biosensor chips that can
be mass-produced at low cost and spotted in microarray format
to greatly increase multiplexing capabilities. The current
GCSPRI instrument has the capacity to simultaneously measure
binding at over 1000 unique, discrete regions of interest (ROIs)
by utilizing a compact microarray of antibodies or other specific
capture molecules immobilized on the sensor chip. In this
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report, we describe the use of GCSPRI to directly detect multiple analytes over a large dynamic range, including soluble protein
toxins, bacterial cells, and viruses, in near real-time. GCSPRI was used to detect a variety of agents that would be useful for
diagnostic and environmental sensing purposes, including macromolecular antigens, a nontoxic form of Pseudomonas aeruginosa
exotoxin A (ntPE), Bacillus globigii, Mycoplasma hyopneumoniae, Listeria monocytogenes, Escherichia coli, and M13 bacteriophage.
These studies indicate that GCSPRI can be used to simultaneously assess the presence of toxins and pathogens, as well as quantify
specific antibodies to environmental agents, in a rapid, label-free, and highly multiplexed assay requiring nanoliter amounts of

capture reagents.

B INTRODUCTION

On-site monitoring of environmental samples poses a tremen-
dous challenge due to the vast number of potential microbes
(bacteria, viruses, and fungi), and the heterogeneous nature of
each microbe in terms of toxin synthesis, antigenicity, and
physical characteristics. Traditionally, detecting and identifying
bacterial pathogens relies upon culture of the organism, colony
morphology evaluation, and identification of characteristic nu-
cleic acid sequences, biochemical markers, and antigenic signa-
tures associated with the microbe," but these assays are complex,
labor intensive, and time-consuming. Typical sandwich-style
immunoassays are impractical for continuous monitoring, since
they require significant incubation and sample processing times,
are of limited throughput, and require costly fluorescent con-
jugates or enzyme-labeled reagents. Moreover, reporter labels
required for many immunoassay detection systems may alter
antibody affinity, specificity or stability. Polymerase chain reac-
tion (PCR)-based techniques enable sensitive and specific iden-
tification of an organism by rapid amplification of specific DNA/
RNA sequences, but quantitative real-time PCR data interpreta-
tion is complex, making automation difficult, and the number of
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analytes that can be detected simultaneously is limited.” Re-
cently, high-density oligonucleotide microarray technologies and
high-throughput “next-generation” sequencing have been uti-
lized to increase multiplexing capabilities of nucleic acid-based
pathogen detection, but these approaches require expensive
instrumentation and consumables as well as extensive user
training and data analysis.’”” Surface plasmon resonance
(SPR) technology has emerged as a promising method of
molecular detection and analysis that is being developed for a
wide variety of applications. SPR analysis takes advantage of the
high specificity and affinity of antibodies to directly detect
unlabeled analytes in near real-time without requiring sample
purification or enrichment, competitive immunoassay set-ups, or
the use of labeled reagents. SPR measurements are based on
energy transfer from a p-polarized illuminating light source to a
metal surface at a metal/dielectric interface.® This energy transfer
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is dependent upon matching properties of the incident light
(wavelength, incidence angle, and phase velocity) to the resonance
requirements of the metal electrons. When these resonance
conditions are met, propagating evanescent electromagnetic
waves known as surface plasmons are produced, and as a
consequence the intensity of the light reflected from the metal
surface is decreased.” SPR instrument platform configurations
are generally differentiated by their use of wavelength-, angular-,
intensity-, polarization-, or phase-modulation as the basis of
measurement.'® If the illuminating light in an SPR system is
held at a constant wavelength, a minimum in the reflected light
intensity (and maximum SPR coupling) will occur at a specific
angle of incidence (the SPR angle). Analyte binding to the sensor
surface induces a change in refractive index at that surface and
influences this resonant angle, causing a shift in the SPR angle.
Conventional SPR analysis based on the Kretschmann design'’
has been used in a number of different instrument platforms that
utilize the high refractive index of a prism to reduce the phase
velocity of the incident light and achieve the required resonance
conditions.

A number of different SPR biosensors, usually based on a
prism-coupled configuration, have been described for the detec-
tion of various chemical and biological analytes.'* Prism-coupled
SPR has been used to detect a variety of human and agricultural
pathogens in a label-free manner, including Staphylococcus
aureus," Escherichia coli 0157:H7,"* Salmonella enterica,"® Vibrio
cholerae,'® Cryptosporidium parvum,"” Listeria monocytogenes,'®
Phytophthora infestans sporangia," tobacco mosaic virus,”® and
hepatitis A virus.”' These systems can also detect pathogen-
associated molecules such as Staphylococcal enterotoxins SEB>*
and SEA* and human antibodies against Epstein—Barr virus**
and hepatitis B virus.”> However, drawbacks of the prism-
coupled configuration include the limited number of simulta-
neous measurements that can be performed, the challenge of
manufacturing a sensor chip with an ultrathin gold film to high
tolerances, and the requirement to optically couple the prism to
the sensor chip surface. Prism-coupled SPR instruments with
multiple sensor elements or sample channels for detection of
multiple analytes or parallel analysis of multiple samples have
been described in the literature. For example, a 24-analyte
instrument was developed that employs three channels for
each prism-based sensor element, and combines eight of these
sensor elements.”® The number of sensing channels has also been
increased by applying wavelength division multiplexing (WDM),
which relies upon excitation of surface }Zalasmons at different
wavelengths in different sensing channels.””** An eight-channel
SPR biosensor based on Kretschmann geometry, spectral inter-
rogation, and WDM was shown to be capable of simultaneous
detection of four bacterial pathogens.””

Another approach for developing high-throughput SPR sen-
sors involves SPR imaging (SPRi), also called “SPR microscopy”,
which utilizes spatially resolved measurements of sensing spots
to analyze refractive index changes at discrete regions of the
sensor chip surface.’® A microfluidic chip was integrated with a
two-dimensional SPR phase imaging sgstem for developing a
three by three microarray immunoassay.’" SPRi systems utilizing
polarization contrast and spatially patterned SPR multilayers
have been shown to support a total of 108 sensing channels.>
Most existing SPRi instruments are based on prism coupling and
intensity modulation, and measure intensity variation of reflected
light at a fixed angle of incidence.*> A commercial SPRi instrument
(iSPR, IBIS Technologies B.V., Hengelo, The Netherlands)
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based on prism coupling and operating in continuous angle-
scanning mode was recently demonstrated to have a 10 times
larger dynamic range compared to a fixed angle SPRi instrument
(SPRimagerll, GWC Technologies, Madison, wi).»

In contrast to prism-coupled SPR, grating-coupled surface
plasmon resonance imaging (GCSPRI) utilizes an optical dif-
fraction grating embossed on a gold-coated sensor chip to couple
collimated incident light into surface plasmons and generate a
measurable SPR angle.**** While the standard Kretschmann
configuration employs optical illumination from the opposite
side of the sensor chip binding surface, GCSPRI measures the
optical changes from the same side of the sensor surface as the
molecular binding events. For this reason, GCSPRI lends itself to
direct imaging of the surface and enables highly parallel measure-
ments from the same microvolume sample. The molded plastic
optical gratings of GCSPRI sensor chips can be mass-produced at
very low cost using existing compact disk (CD) manufacturing
technologies.***® This represents an advantage over prism-based
SPR applications that require manufacture of specialized prisms,
thin plasmon-active metal films of a very precise thickness, and
optically suitable substrates in order to achieve the necessary
conditions of attenuated total internal reflection.*®*” Robotic
microspotting technology can produce microarrays of capture
molecules that only consume nanoliter quantities of each reagent
per chip, and multiple sensor chips can be printed in parallel,
improving assay-to-assay reproducibility. The instrument used in
the studies reported here has the capacity to simultaneously
measure binding events at 1024 unique and spatially discrete
regions of interest (ROIs) on a 1 cm? diffraction grating by
utilizing a compact microarray of antibodies or other specific
capture molecules immobilized on the sensor chip. Such high
content assays are invaluable for screening when the composition
of the sample is likely to be complex (e.g, environmental
samples). The results reported here demonstrate that GCSPRI
can be used to simultaneously assess the presence of toxins and
microbes in biological samples in a rapid, label-free, and highly
multiplexed assay.

B MATERIALS AND METHODS

GCSPRI Instrumentation. The optical configuration of the
angular modulation GCSPRI instrument used has been pre-
viously described.”® Briefly, GCSPRI uses a scanning optical head
moved by an angle encoder to illuminate the sensor chip at a
series of sequential angles from 17.5° to 21° (relative to vertical)
in 0.05 degree steps. Images of the reflected light at each of the
illuminating angles are captured with a CCD camera. The light
source is a single 867-nm light emitting diode (LED).** The
initial scan captures images at 91 angles and then uses a
computational algorithm to calculate the SPR curve and the
minimum in reflected light intensity, known as the SPR angle.
Biomolecular interactions are monitored in real-time using
continuous angle-scanning to measure the shift in the SPR angle
resulting from analyte binding to the sensor chip. Data shown
represents the shift in the GCSPRI angle in millidegrees (mDeg)
as a consequence of analyte binding to the sensor surface.

Reagents. Antibodies were purchased from a variety of
sources: affinity-purified polyclonal rabbit IgG anti-Bacillus
globigii and anti-Erwinia herbicola (Tetracore, Inc., Rockville, MD),
mouse IgG2a anti-M13 (GE Healthcare Life Sciences, Piscataway,
NJ), mouse IgG2a (clone LZF7), mouse IgG1 (clone LZH1),
and affinity-purified polyclonal rabbit IgG anti-Listeria
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monocytogenes (AbD Serotec, Raleigh, NC), affinity-purified
polyclonal rabbit IgG anti-lipotechoic acid (AbD Serotec),
affinity-purified polyclonal goat IgG anti-Escherichia coli (Abcam
Inc,, Cambridge, MA), mouse serum anti-ovalbumin and goat
serum anti-mouse IgG (Southern Biotechnology Associates, Inc.,
Birmingham, AL), mouse IgG (for 32 x 32 array)(Biomeda
Corporation, Foster City, CA), mouse IgG anti-human Hsp70
(Enzo Life Sciences, Plymouth Meeting, PA), and mouse IgG2a
anti-human IL-2 and mouse IgGl anti-human CD3e (R&D
Systems, Minneapolis, MN).

Chicken ovalbumin (Ova), bovine serum albumin (BSA),
Tween 20, cold-water teleostean gelatin, porcine and murine
IgG (for M. hyopneumnia experiments) were purchased from
Sigma-Aldrich, Inc. (St. Louis, MO). Superblock was obtained
from Pierce Biotechnology (Rockford, IL) and Stabilcoat was
purchased from Surmodics, Inc. (Eden Prairie, MN). Nontoxic
Pseudomonas aeruginosa exotoxin A (ntPE) and the porcine anti-
ntPE IgG cognate antibody were produced as previously
described.*® Anti-M. hyopneumoniae serum was collected from
a pig experimentally infected with the virulent M. hyopneumoniae
strain 232. Preimmune IgG, anti-M. hyopneumoniae IgG, and
anti-ntPE IgG were purified from porcine sera using Protein A
columns (Pierce) according to standard protocols provided by
the manufacturer. M. hgyopneumoniae was grown and harvested as
previously described,”® and a microbe lysate was prepared by
10 successive dry ice/methanol freeze—thaw cycles, followed
by filtration through a 0.22 um filter (Fisher Scientific,
Pittsburgh, PA). Protein concentration was determined by
the BCA assay (Pierce). Bacillus globigii (ATCC #49760,
American Type Culture Collection, Mannassas, VA) was
cultured to log phase in Tryptic Soy Broth (TSB) or on
TSB agar (Becton Dickinson, Franklin Lakes, NJ) according
to conditions recommended by ATCC. Where indicated,
Bacillus cells were fixed in 0.5% paraformaldehyde for 1 h in
order to create a bacterial stock suspension of known concentra-
tion for use in replicate experiments. E. coli MC1061 was
provided by Dr. Debby Laukens (Ghent University, Belgium)
and was cultured in yeast tryptone medium (YTA). L. mono-
cytogenes was originally isolated from a meningitis patient and has
been maintained as previously described.* Listeria was cultured
to midlog phase in Brain Heart Infusion (BHI) broth, resus-
pended in PBST, and heat-killed as previously described."
M13KO07 helper phage was purchased from New England Biolabs
(Beverly, MA).

GCSPRI Sensor Chip Preparation. GCSPRI sensor chips
(Ciencia, Inc. East Hartford, CT) have a 1 cm® active sensing
area that consists of a plastic optical grating (period of 867 nm
and groove depth of 40 nm) coated with a thin (~80 nm) layer of
gold. Sensor chips were cleaned using 70% ethanol in deionized,
distilled water and then air-dried. Replicate spots of capture
molecules were deposited on the unmodified gold surface of
GCSPRI sensor chips either manually or using a robotic spotter.
Manual spotting was done using a Schleicher & Schuell (Keene,
NH) MicroCASTer pin-spotter, which deposits 20—70 nL. An
OmniGrid Micro robotic spotter (Genomic Solutions, Ann
Arbor, MI) using an Arraylt Stealth Micro Spotting Pin
(TeleChem International, Inc,, Sunnyvale, CA), size SMP7B
(delivers 3 nL per spot) or SMP3B (delivers 0.9 nL per spot), was
used to print larger microarrays of spots approximately 255 um
or 110 um in diameter, respectively. Spotted sensor chips were
incubated in a humid chamber for at least 30 min and air-dried or
stored in a vacuum desiccator at 4 °C until use.

GCSPRI Assays. For GCSPRI experiments, the regions of
interest (ROIs) were defined in the software to correspond to
immobilized spotted capture reagents on each sensor chip
microarray. Templates of the ROIs were drawn such that each
target ROI covered at least 85% of the visible capture reagent.
Local reference ROIs were drawn on unspotted gold adjacent to
each target ROL A general GCSPRI detection protocol consisted
of ablocking step, a buffer wash with PBS or PBS containing 0.5%
Tween 20 (PBST) to establish a presample GCSPRI baseline,
sample delivery, and a final buffer wash to establish the post-
sample GCSPRI baseline. Delivering the blocking solution (2%
BSA, 10% Superblock, or 5% cold water teleostean gelatin) at an
initial rapid flow rate of at least 1 mL/min prevented read-
sorption of nonimmobilized capture molecules to other regions
of the chip, and flow was subsequently paused for at least 15 min
to allow the blocking solution to interact with the sensor chip
surface and to block any remaining sites where nonspecific
adsorption could occur. Buffer composition was maintained
throughout each experiment and all assays were performed at
room temperature. Data analysis was performed as previously
described.”>*!

Statistical Analysis. End-point GCSPRI angle shifts at repli-
cate ROIs are indicated as mean = standard deviation, and
statistical significance (p < 0.05) was determined by Student’s
t-test using Graphpad Prism 4.0 for Macintosh (GraphPad
Software, Inc., La Jolla, CA).

B RESULTS

Microarray Printing. In most experiments, capture molecules
were immobilized by passive adsorption in microarray format
using an OmniGrid Micro robotic spotter (Genomic Solutions,
Ann Arbor, MI). After microarray printing, a sample flowcell
(~40 uL volume) is created by adhering a gasketed window to
the chip surface (Figure 1a). Most arrays were printed using a size
SMP7B Stealth Micro Spotting Pin (Arrayit Corporation,
Sunnyvale, CA), but by using a smaller-tipped microspotting pin
(size SMP3B), more than 1000 different capture spots could be
immobilized on a 32 x 32 array within the 1 cm” active area of a
sensor chip (Figure 1b, blue circles). The packing density of these
capture regions of interest (ROIs) is determined by the 10 um
distance surface plasmons propagate in gold,* the requirement
for interspersed local reference ROIs (Figure 1b, red circles) to
correct for bulk changes in refractive index and nonspecific
binding, the resolution of the imaging optics, and the potential
for cross contamination of capture reagents between adjacent
ROIs. The 32 x 32 array shown was composed of mouse IgG
ROIs and BSA ROIs arranged in a specific pattern with high value
ROIs immediately adjacent to negative controls. Large angle
shifts resulting from goat anti-mouse IgG antibody binding to
mouse IgG ROIs do not affect the SPR signal at adjacent negative
control BSA ROIs or interspersed bare gold reference ROIs
(Figure 1c), indicating that each ROI functions as an indepen-
dent measure of analyte presence in the sample.

Detection of Soluble Analytes; Toxins and Antibodies.
Immobilization of affinity-purified anti-ntPE porcine IgG on
a GCSPRI sensor chip allowed for direct detection of ntPE
(10 ug/mL) (Supporting Information Figure S1). On the same
chip, there was virtually no binding of ntPE to porcine IgG
purified in the same manner from a nonimmunized animal. By
reversing the configuration of the assay and immobilizing ntPE
on the biosensor chip, it was also possible to detect cognate
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Figure 1. Scanning optical head GCSPRI sensor chip configuration. (a)
GCSPRI sensor chip with a 20 X 20 microarray of antibodies immo-
bilized within the 1 cm” active area and a window attached to form flowcell.
(b) BSA and mouse IgG (500 tg/mL) were printed in a 32 X 32 microarray
on a sensor chip. Blue ROIs were drawn around each capture spot
(~110 um diameter) and red local reference ROIs are interspersed
between the capture ROIs on the dry chip image shown. (c) A sample of
anti-mouse IgG (10 ug/mL) was flowed over the array depicted in (b),
resulting in significant angle shifts at mouse IgG ROIs but not at BSA ROIs.

antibody from serum samples. Flowing porcine IgG from naive
animals over immobilized ntPE resulted in negligible GCSPRI
angle shifts at both BSA (control) and ntPE ROIs, but
subsequent flow of equally diluted IgG from an ntPE-immunized
pig caused angle shifts for ntPE ROIs only (Figure 2a). This
binding is quantitative in nature, as increasing concentrations of
immobilized ntPE captured increasing levels of anti-ntPE IgG
from the sample. In the same experiment, subsequent flow of an

anti-porcine IgG secondary antibody doubled the angle shift at
ntPE ROIs, further amplifying the assay sensitivity.

We also used GCSPRI to detect the presence of pathogen-
specific antibodies against virulent M. hyopneumoniae. Total
protein from M. hyopneumoniae freeze/thaw lysate was immobi-
lized on a single sensor chip at a range of concentrations, and
total IgG was isolated from M. hyopneumoniae-infected porcine
sera and flowed over the chip as analyte. At the highest
concentration of immobilized antigenic protein (1 mg/mL in
1% Stabilcoat), subsequent flow of an anti-porcine secondary
antibody over the captured anti-M. hyopneumoniae IgG resulted
in a maximal angle shift of approximately 72— 82 mDeg (Figure 2b).
The same anti-M. hyopneumoniae IgG preparation was immobilized
on another sensor chip along with appropriate negative controls.
M. hyopneumoniae lysate was flowed over the chip and produced
significant binding at only the anti-M. hyopneumoniae 1gG
ROIs (62.7 mDeg) (Figure 2c). There was minimal nonspecific
binding of M. hyopneumoniae protein to naive porcine IgG or
murine IgG.

Detection of Particulate Analytes, Bacteria. Detection of
pathogenic bacteria is critical for many applications in the food
industry, in pharmaceutical manufacturing, for water and envir-
onmental quality control, and for clinical diagnosis and biose-
curity purposes.*> GCSPRI was used to detect representative
pathogens: Escherichia coli, Listeria monocytogenes, and Bacillus
globigii (as a surrogate for B. anthracis). Viable E. coli MC1061
(1 x 10® CFU/mL in PBST) resulted in significant binding to
goat polyclonal anti-E. coli antibody but not to the negative
control ROIs on the same chip (Figure 3a).

The multiplexing capabilities of GCSPRI can also be applied
for parallel screening of different antibodies and estimation of
their relative affinity for a specific target. Two different mono-
clonal anti-Listeria antibodies, clones LZF7 and LZH1, and a
rabbit polyclonal anti-Listeria antibody, were immobilized along
with several different negative control antibodies at equivalent
concentrations on a sensor chip in order to evaluate their relative
abilities to detect Listeria by GCSPRI. A sample of intact heat-
killed Listeria (1.65 x 10° cells/mL in PBST) resulted in much
larger angle shifts with LZF7 (115 mDeg shift at 500 ug/mL
ROIs) than with LZH1 or polyclonal antibody (21 mDeg and 43
mDeg shifts, respectively) (Figure 3b). Moreover, serial dilutions
of LZF7 showed a linear dose response, evidenced by doubling
angle shifts of 31, 59, and 115 mDeg at 125, 250, and 500 ¢tg/mL
ROIs, respectively. Interestingly, the three anti-Listeria antibo-
dies demonstrated slightly different relative affinities for Listeria,
which was dependent on whether heat-killed, viable, or deter-
gent-lysed Listeria was used (data not shown). Similar sample
preparation-dependent differences in prism-based SPR detection
of E. coli have been previously described.*

In order to further evaluate the quantitative limits of detection
for intact bacteria capture and detection, a range of concentra-
tions of anti-Bacillus globigii antibody and negative control
antibodies were immobilized on a sensor chip. B. globigii (4 X
107 cells/mL) was flowed over the sensor chip and assessed with
GCSPRI. Immediately after this analysis, the chip was gently
dipped in deionized H,0 to remove salts, air-dried, and stored in a
desiccated container under vacuum conditions at 4 °C until it was
used for scanning electron microscopy (SEM) imaging. The
diffraction grating that is formed on the GCSPRI chip was easily
observed at a magnification of 17 000x (Supporting Information
Figure S3) and was used as an internal reference scale. SEM
images taken at 750 x were of sufficient resolution to allow for
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Figure 2. Specific GCSPRI detection of soluble analytes. (a) Triplicate spots of ntPE were immobilized on a sensor chip and the chip was exposed to a
series of IgG antibodies. A 1:100 dilution of IgG from nonimmunized pig sera elicited a negligible GCSPRI angle shift (black bars). Subsequent flow of
anti-ntPE IgG resulted in GCSPRI angle shifts at ntPE target ROIs only (gray bars). Next, an anti-porcine IgG secondary antibody (1:500 dilution)
passed over the same surfaces caused a further increase in GCSPRI angle shifts (white bars). (b) Total protein from M. hyopneumoniae was diluted in 1%
Stabilcoat (Surmodics) and immobilized on a sensor chip at the indicated concentrations, each in triplicate. After blocking (10% Superblock), anti-
M. hyopneumoniae pIgG (162.5 ug/mL) was flowed over the chip, followed by an Fc-specific goat anti-porcine IgG antibody (10 ug/mL). The SPR
response curve shows the GCSPR angle shift resulting from anti-porcine IgG secondary antibody binding to captured anti-M. hyopneumoniae pIgG
plotted as a function of time. (c) Purified IgG antibodies (500 #g/mL) from naive or immunized animals were immobilized in triplicate on the sensor
chip. After blocking (10% Superblock), total protein from M. hyopneumoniae (100 pg/mL) was delivered to the chip.

enumeration of individual bacterial cells. The number of bacteria to produce an SPR signal that is 2 SD above background. This
counted within each ROI was plotted against the observed angle result is consistent with results from experiments where bacteria
shift at that ROI (Figure 3c). Based on linear correlation analysis at known concentrations were directly adsorbed to unmodified
of this data, approximately 90 captured bacterial cells are required gold before GCSPRI analysis (data not shown).
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Figure 3. GCSPRI detection of bacterial cells. (a) Pentuplicate spots of goat polyclonal anti-E. coli antibody were immobilized on a sensor chip along
with various negative control antibodies. An overnight culture of E. coli MC1061 was resuspended in PBST to a concentration of 1 x 10° CFU/mL.
After blocking with 5% cold-water teleostean gelatin and establishing a PBST baseline, the E. coli sample was flowed over the chip for 30 min. (b)
Triplicate spots of two different monoclonal anti-Listeria antibodies, clones LZF7 and LZH1, and a rabbit polyclonal anti-Listeria antibody, along
with various negative controls, were immobilized at the indicated concentrations on a sensor chip. A sample of heat-killed Listeria was resuspended in
PBST to a concentration of 1.65 X 10° cells/mL and flowed over the chip. (c) Bacillus globigii cells were grown overnight in TSB at 37 °C, then
pelleted, washed, and resuspended in PBST at a concentration of 4 x 107 cells/mL for use as sample. The sensor chip was spotted with anti-B. globigii
antibodies and negative controls at concentrations ranging from 0 to 500 #g/mL. The chip was blocked with 2% BSA prior to flowing the bacterial cell
sample. Immediately after the GCSPRI capture assay the chip was gently dipped in deionized H,0, air-dried, and stored in a desiccated container
under vacuum conditions at 4 °C until scanning electron microscopy (SEM) imaging. Each ROI on the chip was imaged by SEM (750x
magnification). Counts of bacterial cells within ROIs were done using Adobe Photoshop 7.0.1. and plotted against the angle shift at each RO Linear
correlation analysis was performed with GraphPad Prism 4.0 (GraphPad Software, Inc., La Jolla, CA), resulting in Pearson R = 0.7738, R*=10.5988,
Pvalue=0.0052. Horizontal dotted line represents 2 standard deviations above background (background value = mean of 22 reference ROIs). X-int =
X-intercept of linear regression (=30.92 cells). ** = Number of cells required to yield GCSPRI angle shift two standard deviations above background
signal (=89.29 cells).

Detection of Particulate Analytes, Viral Particles. We have mouse anti-M13 antibody was immobilized on a sensor chip and
also explored the capacity of GCSPRI to detect viral particles. To a series of M13 bacteriophage samples were passed over the chip
estimate the limit of detection (LOD) for viral particle detection, at 10-fold increasing concentrations. The baseline was reset after
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each sample to allow specific measurement of the angle shift for
that concentration. While there was no observable change in SPR
signal from a sample of 10* PEU/mL, a positive angle shift (2.54
mDeg at 1 mg/mL capture spots) was observed for sample
concentrations as low as 10° PFU/mL (Figure 4a). Greater angle
shifts were observed at spots of higher capture antibody con-
centration, and successive increasing viral loads yielded succes-
sively larger angle shifts. M13 mixed with aquarium water from a
functioning freshwater fish tank was used to evaluate whether
GCSPRI is capable of measuring viral load in complex environ-
mental samples. Supporting Information Figure S2 shows that
the angle shift resulting from approximately 2 x 10° PFU/mL is
equivalent for viral particles in PBS or in fish aquarium water.

To be practical for continuous online monitoring of environ-
mental samples, a multiplexed biosensor must be capable of
detecting multiple analytes presented to the detector both
simultaneously and at successive time intervals. Additionally, it
is critical that binding at one ROI on the sensor chip does not
affect the observed signals at other ROIs. To further evaluate the
multiplexing capabilities of GCSPRI, anti-ovalbumin, anti-M13,
and anti-B. globigii antibodies were immobilized at different ROIs
on three replicate sensor chips. M13 (10° PFU/mL in PBS) was
flowed over one sensor chip, resulting in an average angle shift of
2.9 mDeg at the ROIs with anti-M13 antibody and minimal
binding to the other two irrelevant antibodies (Figure 4b, left
group). The M13 sample was followed by subsequent exposure
to ovalbumin (20 ug/mL in PBS), resulting in an angle shift of
8.96 mDeg at the anti-ovalbumin ROIs and negligible binding at
other irrelevant ROIs (Figure 4b, right group). The same
concentrations of M13 and ovalbumin were combined in PBS
and delivered to a replicate sensor chip. An average shift of 2.22
mDeg was observed at the anti-M13 ROIs, and an average shift of
8.91 mDeg was seen at the anti-ovalbumin ROIs (Figure 4c, left
group). When equivalent concentrations of the two analytes
were diluted together in freshwater aquarium water and flowed
over a third replicate sensor chip, average shifts of 2.11 mDeg at
the anti-M13 ROIs and 8.0 mDeg at the anti-ovalbumin ROIs
were observed (Figure 4c, right group).

H DISCUSSION

We describe a novel approach to pathogen detection that
capitalizes upon several advantages associated with GCSPRI: (1)
grating-coupled SPR permits the use of disposable sensor chips
that can be mass-produced at low cost; (2) SPR imaging enables
high-throughput analysis of over 1000 individual ROIs in a single
assay, enabling the interrogation of a sample for hundreds of
analytes in replicate and with local reference ROIs; and (3)
scanning angle GCSPRI confers improved dynamic range over
fixed angle SPRi approaches, permitting simultaneous detection
of small soluble analytes and much larger bacterial cells in the
same assay system.

We have demonstrated that the GCSPRI technology can
detect protein toxins, bacteria, and viruses in a quantitative
manner. Other important considerations for a robust environ-
mental biosensor include reproducibility, specificity, sensitivity
and speed of detection. Supporting Information Figure S2 and
Figure 4c each demonstrate that equivalent analyte concentra-
tions yield reproducible signals on separate chips and very low
deviations were observed among replicates on each sensor chip.
Similarly, B. globigii samples of equivalent concentration result in
comparable signals on different chips, regardless of whether

viable or paraformaldehyde-fixed cells were used (Supporting
Information Figure S4) or whether samples were diluted in PBS
or fish aquarium water (Supporting Information Figure S2 and
Figure 4c). While polyclonal antibodies and antisera were shown
here to be capable of specific analyte detection, in most cases
monoclonal antibodies were used to maximize assay specificity.
This label-free real-time biosensor has greater or compar-
able sensitivity compared to other novel technologies, in that
quantitative assessment of M13 virus was possible at 1.1 X
10° PFU/mL; while the Love wave delay line sensor and the
quartz crystal microbalance (QCM) (both are instruments based
on acoustic waves) have M13 detection limits of 10° PFU/mL
and 10° PFU/mL, respectively.**®

Other ultrasensitive biosensors have been developed for label-
free mass-based detection of similar pathogens. In one case,
Vaccinia virus was aerosolized and neutralized with an electro-
spray aerosol generator and captured on a QCM crystal, resulting
in quantitative viral detection as evidenced by a viral capture rate
that displayed linearity with the concentration of initial virus.*’
This study suggested a minimum airborne virus concentration of
40—210 viral particles/mL for QCM detection, but these limits
were based upon a relatively high initial viral suspension of 8.5 x
10°—8.5 x 10" PFU/mL in fluid and were calculated using a
complex equation that factored in a number of other parameters
of the aerosolization procedure. As another example, resonance-
based cantilever mechanical pathogen biosensors have been
shown to detect the mass equivalent of as few as 1 to 16 E. coli
cells (0.67—6 pg total) %9 or even the weight of a single
baculovirus particle (~1.5 fg).50 It should be noted, however,
that these levels of sensitivity for bacterial and viral detection
were achieved in air and in a vacuum, respectively, thus mini-
mizing viscous damping that would significantly impact cantile-
ver sensitivity in fluid samples.” Moreover, as with the QCM
detection of Vaccinia virus by Lee et al,,*’ the mass equivalent
“limit of sensitivity” for baculovirus was extrapolated from data
acquired using viral particles suspended in sterile buffer at much
higher concentrations (10°-10” PFU/mL) that are closer to
those used in our system.so Finally, while promising in terms of
sensitivity, these micro- or nanoelectromechanical systems
(MEMS or NEMS) require complex fabrication and functionaliza-
tion procedures, are of limited utility for detection of analytes in
serum or complex fluids such as environmental samples, and require
additional development to enable integration of such sensors
with compact detection instrumentation and micro- and nanofluidic
systems for future biosensor applications and “lab-on-a-chip”
detection systems.>"

The sensitivity of GCSPRI analysis is similar to other pub-
lished LODs for SPR-based direct detection of bacteria. We have
demonstrated GCSPRI detection of live B. globigii at 3.2 x 10°
cells/mL (Supporting Information Figure S4) and paraformal-
dehyde-fixed B. globigii at 1.6 x 10° cells/mL (Supporting Informa-
tion Figure SS), concentrations that are at or below published
LODs (10° CFU/ml to 8.7 x 10° CFU/ml) for direct detection
of live E. coli O157:H7 using three different prism-based SPR
inst1‘uments,52754 as well as published LODs (106 CFU/ml and
107 CFU/ml) for direct detection of live Listeria by prism-based
SPR sensors.'>>> GCSPRI detection of 1.6 x 10° bacterial
cells/mL demonstrates a sensitivity within the range of regorted
levels of E. coli in sewage (up to 9.1 x 10° CFU/mL>®) and
within 1 order of magnitude of reported mean E. coli levels in
sewage or wastewater (~5 x 10* to more than 10° CFU/ nﬂ456758).
Water samples from highly contaminated rivers have been
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Figure 4. GCSPRI detection of viral particles at low concentrations and multianalyte detection in sterile and surrogate environmental samples by
GCSPRL (a) Anti-M13 antibody was immobilized on the sensor chip at concentrations of 0.5 (gray) and 1.0 mg/mL (black), each in triplicate. M13
bacteriophage samples (2 mL) of increasing concentrations (~10* 10°, 10° and 10" PFU/mL) were recirculated across the chip in succession, each for
20 min with a 10 min PBS wash in between to regenerate a baseline. (b) Anti-ovalbumin, anti-M13, and negative control anti-B. globigii antibodies (each
at 1 mg/mL) were all three immobilized on three separate sensor chips. A 2 mL sample of M13 (10° PFU/mL) in PBS was flowed over the first chip for
20 min (left group). A 2 mL sample of ovalbumin (Ova) (20 #g/mL) in PBS was then delivered to the same chip (right group). (c) A 2 mL sample
containing both 20 1tg/mL ovalbumin and M13 (10° PFU/mL) mixed in PBS was flowed over the second chip (left group). Identical concentrations of
ovalbumin and M13 were diluted in 2 mL of freshwater fish aquarium water and delivered to the third chip (right group).
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reported to contain up to 7.9 x 10* fecal coliform bacteria/mL,
but this level of environmental contamination is not typical.>
Further experiments are warranted to evaluate the potential
application of GCSPRI analysis for measuring lower levels of
environmental contamination, and a number of techniques
have been described for improving sensitivity of SPR imaging
biosensors,>*® including sample preparation methods for
bacterial detection.®’ "® For example, sensitivity may be
enhanced by enrichment or preconcentration of pathogenic
microbes in environmental samples by techniques such as
immunomagnetic separation (IMS)®* or mechanical size-based
concentration using filtration or microfluidics.> Most current
methods of detection for low abundance pathogens require
a preconcentration step, such as those used for PCR-based
detection of enteropathic human adenoviruses.”® Alternatively,
capture of low concentration analytes from larger volumes of
sample is also possible as long as background noise is minimized.

In order to demonstrate quantitative detection and estimate
limits of detection for bacterial cells by GCSPRI, we used SEM
imaging to enumerate the number of captured bacterial cells on
the sensor chip and plotted the number of cells counted within
each ROI against the GCSPRI angle shift observed at that ROL
Linear correlation analysis of this data resulted in an R value of
0.5988, which, while significant (p = 0.0052), is lower than the
direct linear correlation we previously reported for GCSPRI
capture of mammalian cells.*' In our previous studies, the larger
size of the murine T-cell lymphoma EL4 cells permitted direct
visualization and enumeration of captured cells within the sensor
chip flowcell imaged using the CCD camera of the GCSPRI
instrument.

Our SEM imaging experiments indicate that capture of
approximately 90 B. globigii results in a GCSPRI angle shift that
is two standard deviations above the background GCSPRI value,
which, based upon the relative sizes of bacterial and mammalian
cells, is consistent with our previous estimate that 1 mammalian
cell causes a shift of approximately 1 mDeg.*' A high level of
sensitivity is critical, as ingestion of as few as 60—100 entero-
pathic O157 E. coli bacteria may be suflicient to cause severe
infection in humans,67 where fewer than 10> CFU/mL of E. coli
in the blood can be fatal to neonates,68 and where 0.1—100
S. typhi in blood is associated with acute typhoid fever.®” Multi-
plexed GCSPRI assays that include measurements of host
analytes that precede the onset of measurable bacterial counts
may enable presymptomatic diagnosis.”

The GCSPRI sensor chip active area has the capacity to
accommodate over 1000 individual capture spots (ROIs), a
dramatic increase in multiplexing capabilities compared to exist-
ing label-free biosensors. This analyte capacity represents a 100-
fold increase over the number of sensing channels provided by
most prism-based SPR biosensors, and nearly a 10-fold increase
over 120-element array-based SPR techniques.”"”* In addition to
increasing the number of analytes that can be monitored
simultaneously and permitting parallel analysis of large numbers
of replicate capture spots to improve statistical power, these
multiplexing capabilities offer a number of additional advantages.
Multiple antibodies against a specific target can be screened in
parallel for their relative affinities as well as for potential cross-
reactivities. This capability has important ramifications for devel-
opment of SPR biosensors as well as other immunoassay-based
methods of biodetection. The spatially resolved multiplexing of
GCSPRI also permits the optimization of additional immuno-
assay parameters, such as capture reagent type, diluent, and

concentration, methods of sensor chip functionalization, and
capture molecule immobilization strategies utilizing various sur-
face chemistries, all in parallel on a single sensor chip. Direct
visualization of the entire sensor chip by GCSPRI permits the
user to define specific regions of interest as well as bare gold
negative control ROIs to identify and correct for nonspecific
binding and effects of bulk shifts in refractive index. These
analyses can be performed rapidly using disposable sensor chips
that can be mass-produced at low cost and printed in custom
microarray format using minimal reagent volumes. Such cost-
effective microarray-based biosensors represent a tremendous
advantage over expensive high-content oligonucleotide micro-
arrays and high-throughput sequencing instrumentation.

While direct and label-free detection of microbes and their
products may be preferable for continuous environmental mon-
itoring, it is also possible to enhance the signal at a given ROI by
increasing the local refractive index with secondary antibodies
specific for a different epitope on the captured analyte. An
additional benefit of this approach could be in the serotyping
of bacteria or viral particles. A polyclonal antibody against a
pathogen or multiple monoclonal antibodies against different
pathogen-associated antigens could be immobilized on a
GCSPRI sensor chip that is to be used for continuous online
monitoring. If an initial binding event results in a positive signal
at that capture spot, a serotype-specific secondary monoclonal
antibody could then be flowed over the chip, thus increasing
sensitivity and further characterizing the captured pathogenic
agent. This could prove important in differentiating highly
pathogenic serotypes (e.g, O157:H7 E. coli or HSN1 avian
influenza virus) from less dangerous strains of the same organ-
ism. This sandwich-style approach was recently utilized to
serotype Salmonella by SPR based on somatic O- and flagellar
H-antigens.73

Regarding pathogen detection, one limitation of both immu-
noassay and nucleic acid-based techniques such as qPCR is
difficulty in distinguishing between viable and nonviable mi-
crobes. For qPCR based approaches, bacterial samples can be
preincubated with propidium monoazide (PMA), which pene-
trates dead cells, intercalates into the nucleic acid, and after
covalent cross-linking via light exposure, prevents DNA from
dead cells from being amplified by subsequent PCR.”*"”® This
approach, termed PMA-qPCR, has also recently been applied to
quantification of viable fungi’’ and RNA enteric viruses.*’
Because GCSPRI represents a label-free technique that does
not require cell or viral particle lysis, determination of pathogen
viability can easily be achieved after GCSPRI-based detection by
eluting captured analytes for downstream analysis, which can
include multiplexed PMA-qPCR analysis and/or culture on
restrictive media to provide additional insight into genetic
information and viability, as has been previously proposed.**
The benefits of rapid label-free multiplexed screening by
GCSPRI microarray can thus be coupled with improved sensi-
tivity and genetic characterization afforded by qPCR analysis and
assessment of viability, strain identification, and antibiotic sus-
ceptibility or resistance by traditional cultural measurement to
enable more thorough characterization of pathogens.

We have shown that multiplexed GCSPRI allows successive or
simultaneous detection of a representative virus and a soluble
protein in buffer or complex environmental sample matrix. We
have also shown the ability of GCSPRI to detect host serocon-
version in response to infectious bacteria or pathogen-specific
exotoxin by capture of antibodies on the sensor chip. Finally, we
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have demonstrated a number of benefits of GCSPRI technology
as it applies to pathogen detection and have presented a number
of experiments to demonstrate important pathogen biosensor
attributes such as rapid detection, high-content analysis,
quantitative detection, specificity, sensitivity, dynamic range,
and reproducibility.

B ASSOCIATED CONTENT

© Ssupporting Information. Additional figures and experi-
mental details regarding GCSPRI assay optimization. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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