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ABSTRACT: Biosensors are desired for the detection of a wide range
of analytes in various scenarios, for example environmental monitoring
for biological threats, from toxins to viruses and bacteria. Ideally a single
sensor will be capable of simultaneous multianalyte detection. The
varying nature, and in particular disparate size, of such a variety of
analytes poses a significant challenge in the development of effective
high-confidence instruments. Many existing biosensors employ
functionalized flow cells in which spatially defined arrays of surface-
immobilized recognition elements, such as antibodies, specifically
capture their analyte of interest. To function optimally, arrays should
provide equivalent responses for equivalent events across their active
area. Experimental data obtained using a grating coupled surface
plasmon resonance (GC-SPR) instrument, the BIAcore Flexchip, have
revealed differences in response behaviors between proteinaceous and particulate analytes. In particular, the magnitude of
responses seen with Bacillus anthracis spores appears to be influenced by shear and gravitational effects while those from soluble
proteins are more uniform. We have explored this dependence to understand its fundamental impact on the successful
implementation of multianalyte environmental biological detection systems.

■ INTRODUCTION

There is an aspiration within the biosensor community to
increase the functionality of biosensors through multiplexing
recognition elements to enable simultaneous multianalyte
detection. Within the defense industry this would facilitate
monitoring of a range of threat materials while in the healthcare
industry a single sample could be screened for a wide range of
disease markers. The recent arrival of commercial array-based
surface plasmon resonance (SPR) instruments has begun to
address multiplexing requirements. Although these encompass
significant developments for biosensor technology, a number of
challenges are still to be addressed, particularly the choice of
sensing surfaces employed. These must resist nonspecific
binding of confounding material within potentially complex
samples while specifically capturing targets of interest.
Traditionally, antibodies have provided the specificity

required within biosensors to capture target material. Within
SPR applications these have often been applied to a surface via
a fluidics system. The advent of array-based SPR instrumenta-
tion has forced, at least temporarily, a move into the
microarraying domain. Inkjet printing and microcontact
printing have been applied to the fabrication of high density
DNA arrays very successfully. Unfortunately the transfer of this
knowledge to the protein arraying domain has proved more
challenging than anticipated due to the more complex and
varied nature of proteinaceous material.
Despite these challenges, reports have shown the successful

use of array-based SPR instruments for a wide range of

applications and with different classes of recognition elements.
This has included the use of DNA-based recognition elements
to study bacterial response regulators,1 the study of protein
binding kinetics with peptides as recognition elements,2 the use
of carbohydrates to specifically detect proteins,3 and antibodies
to specifically recognize low molecular weight4 or cancer
biomarkers.5 Interested readers are directed to the review
article by Scarano et al.6 which considers a range of
instrumentation, chip functionalities, technical approaches,
and applications in more detail and that of Linman et al.7

which considers the importance of the biosensor interface in
achieving sensitive and selective responses.
The work reported here employed the BIAcore Flexchip, an

array-based grating-coupled SPR (GC-SPR) instrument from
GE Healthcare. This instrument monitors a 1 cm2 active area,
providing simultaneous analysis of up to 400 separate regions of
interest (ROIs). A comprehensive description of the instrument
and its functionality has been provided elsewhere.8 Valuable
characterization with proteinaceous analytes has been under-
taken by the Sexton9 and Myszka8 groups. Their work has
shown the Flexchip capable of undertaking kinetic analysis of
Fab fragments capturing human tissue kallikrein 1 and the
capture of IgG material by protein A/G. Both groups report no
trend in kinetic constants with ligand location on the chip

Received: February 23, 2012
Revised: June 13, 2012
Published: August 10, 2012

Article

pubs.acs.org/Langmuir

Published 2012 by the American Chemical
Society 12410 dx.doi.org/10.1021/la300782q | Langmuir 2012, 28, 12410−12416

pubs.acs.org/Langmuir


surface and an overall variability of ca. 10%. This validation is
particularly important for screening applications where bias
introduced by ligand location on the surface could result in
inappropriate down-selection.
Here we progress the understanding of large flow-cell array-

based SPR instruments by considering the response observed
upon binding of sporulated bacteria. Although not traditionally
associated with the direct detection of microorganisms due to
the size discrepancy between evanescent field (typically thought
to extend 100−200 nm from the surface10,11) and micro-
organism diameter (e.g., Bacillus anthracis spores are ∼1 μm),
SPR has successfully been used to directly detect living cells,12

viruses,13 and bacteria.14−16 It is not possible to accurately
determine kinetic information with microorganisms because of
the range of molecular weights present. It is however possible
to undertake, for example, quantitative screening of antibodies
for their binding capacity at a range of concentrations with
qualitative understanding of their kinetics.
We have used the Flexchip to investigate and understand the

uniformity of response to particulate analytes across the flow
cell. By considering the specific responses obtained for Bacillus
anthracis spores and proteinaceous exosporium from Bacillus
anthracis, binding to a single monoclonal antibody, we have
resolved response contributions due to size effects. This has
allowed confident screening of bacterial targets and optimal
location of recognition elements in multianalyte applications,
thus deepening the understanding of the complexities of
multianalyte biodetection.

■ MATERIALS AND METHODS
Reagents. Gold Affinity Chips, BIAcore Flexchip Blocking Buffer

10x, human β-2 microglobulin (β-2 m), and monoclonal mouse
antibody α-human β-2 microglobulin (α-β-2 m) were supplied by GE
Healthcare (Buckinghamshire, UK). Phosphate-buffered saline (PBS,
GIBCO PBS) was supplied by Invitrogen (Paisley, UK), and
polyoxyethylenesorbitan monolaurate (Tween 20) and glycerol were
obtained from Sigma-Aldrich Ltd. (Dorset, UK).
Rabbit polyclonal antibodies to Bacillus atrophaeus (α-BG) and

ovalbumin (α-OA) were produced in-house. Bacillus atrophaeus (BG)
was supplied by the Centre for Applied Microbiological Research
(now the Health Protection Agency, Porton Down, UK). BG spores
were heat-treated at 70 °C for 1 h and then cold shocked on ice for 30
min to remove any vegetative cells before washing 3 times via
centrifugation at 9000 rpm for 10 min with resuspension of the pellet
in distilled water.
A mouse monoclonal antibody to Bacillus anthracis (DSTL103) was

developed in-house and produced by Detection Consumables Ltd.
(Dorset, UK). Bacillus anthracis UM23Cl2 (UM23Cl2 spores), a
double-cured derivative of the Bacillus anthracis Weybridge (Sterne)
strain lacking both virulence plasmids (pX01 and pX02), and its
exosporium isolate (UM23Cl2-exosporium) were prepared for use
according to a literature procedure.17 Pierce BCA Protein Assay
(Fisher Scientific UK Ltd., Loughborough, UK) was used to quantify
the amount of soluble proteinaceous material present within the
UM23Cl2 spore preparation. This was calculated to be less than 0.4 μg
mL−1 at the spore concentration used based on the observed limit of
detection of the assay. All samples were stored at −20 °C until
required.
Chip Preparation. Gold affinity chips were prepared by gentle

sonication (frequency of 80 kHz and power of 80 W) in 70% v/v
ethanol−water solution for 3 min followed by drying with a stream of
nitrogen gas within the protective confines of a laminar flow hood.
Chips were then transferred to the arraying chamber where the relative
humidity was set to 70% at ambient temperature and pressure.
A piezoelectrically driven pipetting system, the Nano-Plotter NP1.2

(GeSiM mbH), was used to create discrete functional spots on the

gold affinity chips. Before and after use a Nano-Tip micropipet
(GeSiM mbH) was cleaned by at least three manual aspirations of a
70% v/v ethanol−water mixture in accordance with manufacturer’s
guidance. Immediately prior to use, the instrument-controlled washing
protocol rinsed the tip with deionized water for 200 s. Optimization of
the jetting parameters (piezo drive voltage and pulse width) was
undertaken using the “Strobocheck” feature within the software. The
software was used to define a 16 × 16 array of equally dispersed spots
across the chip where antibodies would be deposited. Immediately
before use, antibodies were diluted to a concentration of 200 μg mL−1

in PBS containing 30% glycerol v/v. For deposition, the tip was held
0.5 mm above the target surface and 3 drops (totaling ∼1.05 nL)
deposited at each location creating antibody-containing spots of ca.
200 μm diameter. Between samples the tip was washed for a minimum
of 20 s in deionized water using the instrument control software. Once
antibody deposition was complete, the chip was placed in a sealed
falcon tube and stored at 4 °C overnight.

For work with BG, two antibodies, α-BG (experimental) and α-OA
(control), were deposited in two spatially separated blocks each
comprising six spots. Control spots, containing no antibody were also
deposited. For work with UM23Cl2 spores and UM23Cl2-
exosporium, two antibodies, DSTL103 (experimental) and α-β-2 m
(control), were deposited in an alternating fashion (Figure 1).

Chip Analysis. Arrayed chips were analyzed using a BIAcore
Flexchip (GE Healthcare). The chip was prepared and docked in the
instrument according to the manufacturer’s instructions. The desired
ligand ROIs (deposited antibody spots) and associated reference
regions (arranged in the “checkerboard” fashion, Figure 1) were
defined using the instrument control software. The surface was
blocked with Flexchip Blocking buffer (diluted from stock to 1× in
deionized water) using the control software blocking procedure (five
cycles with 15 min pause) to reduce nonspecific binding between
protein spots.

PBS containing 0.05% Tween 20 v/v (PBS(T)) was used
throughout the experiments as running buffer and for sample dilution.
A flow rate of 500 μL min−1 was employed. Surfaces were stabilized for
60 min before injection (with recirculation) of the sample followed by
a 30 min dissociation period. Samples comprised β-2 m (3 μg mL−1)
for 30 min, UM23Cl2 spores (1 × 108 cfu mL−1, washed three times to
remove proteinaceous material) for 90 min and UM23Cl2-exosporium
(10 μg mL−1) for 90 min.

Figure 1. Schematic illustrating array format. Image of a 16 × 16 array
of antibodies on a gold affinity chip (bottom center). Detail from this
image (top right) after definition of ROIs (blue circles surrounding
black antibody spots) and reference regions (red circles) illustrates
their relative locations. A schematic (top left) illustrates the alternate
composition of spots which contain the antibodies DSTL103 (dark
blue circles) and α-β-2 m (light blue circles) and which extend across
the array.
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Data was collected and reference corrected using the Flexchip
Control and Evaluation software. Reference correction subtracts the
average response of the four reference regions located around each
ligand ROI from the ligand ROI response (Figure 1), thus removing
contributions from nonspecific binding to the chip surface. The
average response during a 60 s window commencing 100 s after the
end of the sample injection was used to compare specific responses.
For interchip comparisons, responses were normalized using the
average specific response from each chip.
Modeling. Flow cell dimensions were determined through a

combination of practical measurements and information supplied by
GE Healthcare. The geometry is depicted in Figure 2. Buffer enters

and leaves the flow cell by circular openings in the top of the flow cell
(blue circles in Figure 2). The SPR active area (a grating, gray square
in Figure 2), lies centrally at the bottom of the flow cell.
Modeling was undertaken using the Fluent software, version 12.1

(ANSYS Inc., Canonsburg, PA). The Reynolds number, based on the
height of the flow cell and the average velocity, was estimated to be
less than 1; hence the steady-state flow was modeled as laminar.
Double precision and second-order accuracy was used for the
simulation. A constant velocity profile was defined on the flow cell
inlet to obtain the desired flow rate of 500 μL min−1 with an outflow
condition on the outlet to conserve mass. Convergence was achieved

after 2000 iterations with all residuals being less than 10−10.
Approximately 3.3 million cells were used in this model.

■ RESULTS AND DISCUSSION
SPR Analysis: Spore Detection. To better understand the

response from particulate analytes within array-based SPR
instruments, antibodies were arrayed onto bare gold surfaces
using the methods outlined above. This resulted in ROIs
containing antibodies physisorbed on gold. Although it is
widely accepted that the activity of antibodies can be adversely
affected when immobilized onto surfaces, arising both from the
method employed and their resultant proximity to a surface,
many successful studies have been undertaken with both
physisorbed and otherwise immobilized antibodies. We there-
fore chose physisorption as a means of immobilization within
this study for its methodological simplicity, proven efficacy, and
extensive use within the literature.
Initial testing sought to confirm the detection of whole

spores by the Flexchip. For ease, an ACDP hazard group 1
material, BG, at 1 × 108 cfu mL−1, was studied using an array of
α-BG alongside the control antibody α-OA to confirm the
specificity of the response. The average SPR responses from
replicate spots of α-BG, α-OA, and spots containing only buffer
(PBS) are presented in Figure 3 alongside a microscope image
of an α-BG-functionalized spot postexposure. The microscope
image reveals the presence of spores only for α-BG-function-
alized areas. Low levels of nonspecific binding were visible
between ROIs which was removed from the SPR response
through reference correction (see methods). Control ROIs
(functionalized with α-OA or simply PBS buffer) showed no
binding of BG. The negative SPR response for these ROIs is a
feature of the reference correction process and indicates that
nonspecific binding to the reference regions is greater than
binding to the control ROIs.
Spore detection is not traditionally associated with SPR

technology due to the discrepancy between the penetration
length of the evanescent field and the spore diameter. Various
explanations exist for the ability of the Flexchip to detect
spores. The most probable of these is the flow cell geometry
and in particular the location of the sensing surface at its

Figure 2. Schematic of the flow cell. Fluid inlet and outlet (blue
circles) are located at the top of the flow cell while the SPR active
region (gray square) lies at the bottom of the flow cell and is ∼1 cm2.
The flow cell height is 180 μm when docked within the instrument.

Figure 3. Sensorgram of the average response across the six replicate spots deposited (left) and a microscope image (right) for α-BG specifically
binding BG. The dashed white line represents the boundary of the antibody-functionalized area of the microscope image. Low levels of nonspecific
binding are visible.
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bottom. Thus, gravity can aid the movement of spores to the
surface and facilitate their detection.
SPR Analysis: Impact of Analyte Size. To investigate size

effects, two antibodies (α-β-2 m and DSTL103) were deposited
onto the surface in an alternate fashion creating a 16 × 16 spot
array uniformly covering the active area (Figure 1), sufficient to
resolve any variations in response across the flow cell. The
antibody α-β-2 m was chosen as a commercially available
recognition element for which much published information is
available,18 providing confidence in the data. DSTL103 was
chosen for the ability to specifically bind both UM23Cl2 spores
(an analyte containing predominantly particulate material) and
UM23Cl2-exosporium (an analyte containing only soluble
material), allowing a single antibody to be used to probe the
impact of analyte size without confounding contributions. By
using antibodies to different targets, responses could be
confirmed as specific.
Using the method described above, surfaces arrayed with

DSTL103 and α-β-2 m were examined to establish specificity to
their target analyte and the absence of cross reactivity.
Representative sensorgrams taken from points located across
the length of the flow cell are presented in Figure 4. As well as
confirming specificity, these data highlighted significant differ-
ences in the affinity of the two antibodies. DSTL103 was found
to have a high affinity to both UM23Cl2 spores and UM23Cl2-
exosporium (Figure 4a), with little dissociation observed upon
a return to running buffer after the sample injection. In
contrast, α-β-2 m was found to have a much lower affinity to its
target antigen, β-2 m (Figure 4b), showing significant
dissociation with time.
Nonspecific response levels between the antibodies were

considered acceptable. The average response from α-β-2 m to
β-2 m was (160 ± 20) RU with a nonspecific response from
DSTL103 of (33 ± 8) RU (equal to 20% of the average specific
response). The low response by α-β-2 m to β-2 m in
comparison to the response seen by DSTL103 to UM23Cl2-
exosporium is probably a consequence of their relative
molecular weights. β-2 m (11.5 kDa) is significantly smaller
than the UM23Cl2-exosporium which comprises a variety of
proteins whose molecular weights extend up to 98 kDa,17

resulting in larger responses from similar numbers of binding
events. The coefficient of variation for specific β-2 m responses
across multiple chips was found to be ∼11%, similar to the
variability in kinetic constants reported by others.8,9

The average response for DSTL103 to UM23Cl2 spores
across three replicate chips was (1100 ± 200) RU, with α-β-2

m nonspecific response of (280 ± 20) RU (or 29% of the
average specific response). Chip-to-chip variation was an
important contributor to the uncertainty with noticeable
variation in response magnitude for chips produced in an
identical fashion. Within a single chip the coefficient of
variation was typically around 9%, while between chips it was
16%. For UM23Cl2-exosporium, the average response by
DSTL103 was significantly greater than for spores at (2100 ±
50) RU. This most likely reflects the increased binding density
possible within the evanescent field due to the smaller size of
exosporium proteins compared to the intact spore. Although
the UM23Cl2 spore binding had not reached equilibrium, the
trend is for sensorgrams to continue in a parallel fashion rather
than converge. This has been confirmed with longer injection
times where binding was taken to equilibrium (data not
shown).
Previous studies which have modeled the concentration

profile within a flow cell for soluble materials have indicated
that sample depletion may occur through the course of the flow
cell, resulting in lower levels of binding as distance from the
inlet increases.8 To investigate whether analyte size influenced
the response profile across the flow cell, we determined the
response as a function of spot location for both proteinaceous
and particulate antigens. Binding responses from three replicate
chips were combined. First, data points on each chip
corresponding to the location of control antibodies were
estimated using the average of surrounding responses.
Responses were then normalized as described above, and an
average across replicate chips was determined. Using the same
approach for both UM23Cl2 spores and UM23Cl2-exosporium
data, a single normalized response at discrete locations across
the array was determined (Figure 5).
The results with UM23Cl2 spores (Figure 5a), a

predominantly particulate antigen containing less than 0.4 μg
mL−1 of soluble material as determined from BCA Protein
Assay, show a lower than average response closest to the inlet,
increased response on the edges parallel to the direction of
flow, and the highest response in the corners furthest from the
flow cell inlet. This trend was apparent across four
independently prepared chips regardless of chip orientation
during the arraying process. Additionally, a chip produced via
contact arraying showed the same trend (data not shown). The
responses for the soluble antigen, UM23Cl2-exosporium
binding to the same antibodies, Figure 5b, are more uniform
across the active area of the chip. Similarly, β-2 m binding to α-
β-2 m antibodies produced a relatively uniform response across

Figure 4. Typical sensorgrams for UM23Cl2 spores and UM23Cl2-exosporium (A), and microglobulin (B) binding to DSTL103 (red) and α-β-2 m
(blue). Darker color shades indicate increased distance from the flow cell inlet while shaded areas depict the sample injection.
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the surface. Consequently, it is proposed that the pattern
observed with UM23Cl2 spores results from the combination
of flow cell geometry (which determines the fluid flow), the
particulate nature of the analyte, and the size of the particles.
When coupled with the data presented in Figure 3, this
confirms that label-free whole spore detection through SPR is
achievable, despite the size discrepancy between analyte and
evanescent field, in agreement with previous reports.14−16

Flow Cell Modeling. To better understand the origins of
the responses observed with particulate analytes, we undertook
preliminary computational fluid dynamics modeling of the flow
cell as described above. Previous modeling of analyte solutions
and surface gradients by Rich et al.8 for proteinaceous materials
suggests that the highest analyte concentration, and con-
sequently the highest response, is observed close to the inlet,
producing an inverse response pattern compared to that
observed here with spores. A more recent publication has
highlighted that in contrast to soluble material, the detection of
microorganisms by sensing surfaces is driven by hydrodynamics
and sedimentation forces, making the optimal flow conditions
very different to those best suited to the detection of soluble
analytes.19 This is supported by two further publications by the
Sjollema group who report that sedimentation dominates mass-
transport within parallel plate flow cells, akin to that used
within the Flexchip.20,21

Calculations have revealed that the Flexchip flow cell
geometry is conducive to laminar flow, and the stream lines
show an absence of eddies and recirculation. The simplicity of

the flow belies the complexities of the interactions present in
the system. Analytes will experience not only hydrodynamic
and sedimentation effects but also the attractive force of
antibodies once they are in close proximity to the sensing
surface. Antibodies are able to both capture and release their
target analytes, dependent on affinity, ionic strength, pH, and
the shear forces they are exposed to.
The impact of diffusion and gravity on particulate trajectories

within the flow cell should also be considered. Applying
Einstein’s equation for the diffusion coefficient of a substance in
terms of particulate radii, D = (kBT)/(3πμd), where kB is the
Boltzmann constant, T the absolute temperature (298 K), μ the
viscosity (∼10−3 Pa s), and d the particle diameter (∼1.1 ×
10−6 m), we find an approximate value for the diffusion
coefficient of Bacillus anthracis spores in buffer of 4 × 10−13 m2

s−1. Using this value, an upper limit on the diffusional mass
transfer coefficient in a parallel sided laminar flow situation can
be estimated according to the equation22

= ×

⎡⎣ ⎤⎦
k

D
H 0.893

VH
Dx

d
3

1/32

where H is the height of the flow cell (180 μm), x is distance
from the inlet, chosen to be approximately half way along the
flow cell (∼0.01 m), the velocity V = Q/(WH) where Q is the
flow rate (taken as 500 μL min−1) and W the flow cell width
(0.012 m). Using these values, kd for Bacillus anthracis spores in
buffer is estimated to be approximately 6 × 10−8 m s−1.
Similarly, a gravitational mass transfer coefficient or settling

velocity, kg can be estimated via the equation:

μ
ρ ρ= −k

gd
18

( )g

2

s

where ρs and ρ are the density of the buffer solution (1162 kg
m−3) and spore (1002 kg m−3), respectively, giving rise to an
estimate for kg of 9 × 10−8 m s−1. It is apparent that estimates of
the diffusive and gravitational transfer coefficients acting on
spores are of the same order of magnitude, implying that both
effects should be included within any model. It is important to
note that the upper limit of diffusional flux does not account for
a finite rate of particle binding to an antibody-functionalized
surface nor drag forces acting on the particle. An accurate
model will require representation of both the particle−surface
interactions and drag.
Preliminary exploration of the flow cell fluid dynamics has

given rise to the hypothesis that the response observed with
particulate antigen predominantly arises from a combination of
diffusion, shear, and gravitational effects. The wall shear stress
reveals a symmetrical dependence both parallel and perpen-
dicular to the direction of flow (Figure 6) that in part reflects
the response trend presented in Figure 5. Regions of high shear
stress associated with the inlet and outlet of the flow cell are
attributable to the increased velocity component parallel to the
surface of the flow cell as it narrows upon approach to these
regions. Consequently, we propose that the low response
observed for particulate antigens toward the inlet of the flow
cell may result from the higher shear stress in this region either
preventing capture or removing weakly bound material from
the surface. It is noteworthy that shear forces believed to be in
the region of tens of picoNewtons can remove bacterial spores
from chemically functionalized surfaces.23 Data for the
disruption of antibody−antigen complexes are only available

Figure 5. Normalized responses for DSTL103 to a particulate analyte,
UM23Cl2 spores (a), and a soluble analyte, UM23Cl2-exosporium
(b). Sample flow is from left to right. Data is presented on identical
scales for comparative purposes.
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perpendicular to the surface and indicate that forces of 50−100
pN are required.24 The directionality of this force makes the
impact of shear stress here challenging to interpret. If residual
free exosporium protein or other soluble material were present
in the spore preparation, two possibilities exist. A uniform
contribution across the whole flow cell may be included in the
spore response, in agreement with the data presented for the
soluble analyte (Figure 5b). Alternatively, were sufficient
binding of soluble material to occur such as to cause sample
depletion, it might be expected that the response would
decrease through the flow cell, in agreement with the models
presented by Rich et al..8 Measurements by BCA Protein Assay
however suggest that minimal amounts of soluble material from
the UM23Cl2 spore preparation are present and thus the
spatial dependency of the response can confidently be
attributed to the particulate nature of the analyte.
Previous unreported work by ourselves coupled with the

report by Langer et al.19 suggests that for particulate antigens,
gravity can significantly aid detection. It is therefore proposed
that as particulate analytes progress through the flow cell, they
begin the process of sedimentation, bringing greater numbers
progressively closer to the surface. Consequently, a higher
response is seen toward the outlet, as particles have been in the
flow cell for a longer period of time and thus gravity has
brought them closer to the surface, facilitating binding.
The higher responses at the edges of the flow cell in

comparison to those in the middle could be a consequence of
both gravitational and hydrodynamic effects. Particles in this
outer region are moving more slowly than their centrally
positioned counterparts and have therefore been in the flow cell
longer; hence, gravity will have brought a greater number into
close proximity with the surface. The lower shear stress in this
region may also serve to aid capture. The maximal response
seen at the two corners of the active region closest to the outlet
is a culmination of these factors.
Our hypothesis is supported by the recent work of the

Sjollema group20,21 who proposed that the much used
Smoluchowski−Levich approximation of the two-dimensional
convective-diffusive equation may not adequately describe the
movement of bacteria within a parallel plate flow chamber but
that sedimentation dominates mass-transport. Consequently,
the response observed is a function of both flow rates and
distance from the flow cell inlet.

In light of our findings, we propose the use of a correction
factor when undertaking work with particulate antigens within
the Flexchip and other instruments possessing similar flow
dynamics. This will enable the exploitation of the instrument
for applications such as ligand screening with particulate
antigens as well as the proteinaceous materials for which it was
originally intended. Without some form of correction, unfair
bias toward ligands in preferential binding regions will occur. It
is likely that binding responses are strongly influenced by flow
rate and flow cell geometry, thus for Bacillus anthracis spores
(of ca. 1 μm diameter) within the Flexchip, with a flow rate of
500 μL min−1, the responses presented in Figure 5a may be
used as a correction factor. As expected, application of this
correction factor to data from a single chip results in a
significant reduction in variability, from ca. 9% to 3%.

■ CONCLUSIONS
The simultaneous, high confidence, and sensitive detection of a
wide variety of microorganisms is a challenge within the
biosensing arena. Multiplexing of recognition elements, such as
antibodies, may go some way to providing this capability;
however, it is important to understand the impact of analyte
size on the sensor response obtained. A GC-SPR instrument,
the Flexchip, was used to compare the uniformity of response
from specific binding of particulate (Bacillus anthracis spores)
and soluble (exosporium from Bacillus anthracis) antigens to a
monoclonal antibody. This highlighted a spatial dependency on
response for particulate samples which, through preliminary
modeling, we suggest arises from a combination of shear and
gravitational forces. This result has important implications for
both screening and pathogen detection applications. We
propose that for screening applications employing particulate
antigen, correction factors should be employed to correct the
bias introduced by the flow cell. For applications considering
the simultaneous monitoring of multiple microorganisms with a
range of sizes, the location of recognition elements may be
optimized to provide optimal sensitivity through preferential
binding.
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