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ABSTRACT: The rapid capture and label-free detection of
Staphylococcus aureus, an opportunistic bacterium that can
infect upon contact, can be performed using periodic
microarrays of ligand—protein conjugates created by non-
contact (inkjet) printing, darkfield imaging conditions, and a
FFT-based readout method. Ink solutes were prepared using
bovine serum albumin (BSA) conjugated to a glycan with high
affinity for bacterial adhesins and printed as dot-matrix arrays
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with periodicities of 80—120 ym using a thermal injection method. Upon exposing the glycan—BSA microarrays to live strains of
S. aureus, patterns emerge that can be detected under optical darkfield conditions. These patterns can be decoded by fast Fourier
transform (FFT) analysis to generate fault-tolerant readout signals that correspond to the capture of S. aureus, with a limit of
detection between 10* and 10° cfu/mL. Inkjet printing provides independent control over array periodicity, enabling FFT signals

to be assigned to specific frequencies in reciprocal k-space.
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B INTRODUCTION

The rapid detection and identification of bacterial pathogens is
of paramount importance for medical diagnostics, trans-
portation biosecurity, and the prevention of global pandem-
ics."”? Outbreaks in public medical facilities and nursing homes
are a grave concern; in the US alone, ~2 million patients per
year acquire nosocomial infections, many of them caused by
multidrug-resistant strains.> The most notorious among these is
Staphylococcus aureus, an opportunistic Gram-positive bacte-
rium that is often responsible for postoperative infections and is
easily transmitted upon contact.*”® Bacteremia caused by
methicillin-resistant strains of S. aureus (MRSA) have become
common in hospital settings and are especially difficult to treat,
but may be kept under control with adequate surveillance.”
Several other multidrug-resistant pathogens have also emerged
in recent years, creating a strong need to develop platforms
capable of multiplex detection of bacteria at or below their
infective doses.®

Many pathogen detection systems for S. aureus and other
bacteria are antibody-based.>*~>” However, microbial patho-
gens are constantly mutating and can therefore produce strains
capable of evading detectors that rely on the recognition of
nonfunctional surface antigens.” We are developing a mutation-
resistant alternative to antibody-based detection that exploits
the pathogen’s native capacit]y to recognize and bind glycans on
the surfaces of host cells'®~"? or specific siderophores used to
retrieve essential minerals.'>'® The recognition of such low-
molecular-weight ligands may be deemed “immutable” in the
sense that they contribute directly toward pathogen virulence:
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bacteria that lose their ability to bind such molecules will have
also lost their competitive advantage. We have previously vetted
this concept using substrates patterned with GalNAc(fl —
4)Gal(f1 — 4)Glc (1),'* a substructure of ganglioside asialo-
GM2 with high affinity for pathogens implicated in respiratory-
tract infections,'> and also with siderophores such as
pyoverdine and deferoxamine, which are employed by select
pathogens for acquiring iron in mineral-depleted environ-
ments.'>'® Bacteria captured by ligand-patterned substrates can
be detected by optical darkfield imaging in 30 min or less, with
limits of detection down to 10°—10° cfu/mL. The latter is
achieved by a label-free readout method based on Fourier
analysis of the bacterial capture patterns, which generates
reciprocal lattice peaks that correspond to the periodicity of the
immutable ligand array."” "

Fourier analysis also offers a simple but powerful approach
toward multiplex pathogen detection using a single chip, based
on the emergence of specific capture patterns from multiple,
nonoverlapping arrays of immutable ligands. (The latter feature
is essential to the reliability of Fourier-based signal generation,
as cross-talk created by overlapping array elements can result in
false positives.) In the studies above,'*™'® the immutable ligand
arrays were produced manually by microcontact printing (4CP)
using a polydimethylsiloxane stamp to transfer ligand—BSA
conjugates onto gold or functionalized glass substrates.
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Figure 1. Immutable ligand arrays for bacterial pathogen detection. Left, inkjet deposition of 1-BSA onto activated glass substrates (with the option
of generating multiple periodicities); middle, ligand microarray exposed to pathogens, with label-free imaging of bacteria under darkfield conditions;
right, FFT image analysis reveals the emergence of characteristic peaks in Fourier space, corresponding to the periodicity of the capture array.

Although we found uCP to be useful for demonstrating the
detection of individual pathogens using our ligand-based arrays,
we recognized its limitations for generating nonoverlapping
patterns with multiple ligand “inks”. Pattern transfer by uCP
must be performed one ink at a time, so the registration of
multiple microarrays within the same region of interest (ROI)
would be challenging in the absence of specialized equipment.

In this work, we evaluate inkjet printing as a practical method
for producing nonoverlapping ligand—BSA microarrays for the
capture of S. aureus, with subsequent detection using a readout
algorithm based on fast Fourier transform (FFT) analysis
(Figure 1). We present a thermal inkjet method to pattern
neoglycoproteins into two interdigitated dot-matrix microarrays
with different periodicities and demonstrate their capacity to
detect S. aureus at concentrations as low as 10° cfu/mL. The
bacterial capture patterns are imaged by darkfield microscopy
and characterized by FFT analysis for quantitative signal
readout. The inkjet printer used in this study can deliver drop
sizes with a resolution of ~40 yum, but is limited to a single
jetting solution. This is, however, sufficient to achieve our
objective, which is to show that the interdigitated capture arrays
are capable of producing quality signals at specific frequencies
in Fourier space and with detection limits well below the
threshold of visual inspection. The sensitive detection of S.
aureus at two independent frequencies also establishes the
applicability of this approach toward multiplex pathogen
detection.

In the following sections, we first describe the principles
behind the FFT-based method of label-free pathogen detection,
then validate our approach experimentally with the sensitive
detection of S. aureus using periodic arrays of glycan 1
conjugated to bovine serum albumin (1-BSA). The FFT-based
readout produces a quantitative metric for comparing the
avidities of various pathogens. It should be emphasized that
although affinity microarrays have previously been used to
evaluate ligands for pathogen adhesion and binding,"*™*' such
arrays have not been developed for pathogen detection by FFT
analysis, as described in this article.

B EXPERIMENTAL SECTION

Materials. GalNAc(ff1 — 4)Gal(f1 — 4)Glc (1) was prepared by
multistep synthesis as previously described.'* N-Hydroxysuccinimidate
(NHS)-activated glass slides (CodeLink and Nexterion H) were
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purchased from SurModics, Inc. and Schott North America,
respectively. Bovine serum albumin (BSA) was purchased in powder
form from Sigma and used as received; bacterial culture media (Difco)
was obtained from BD Diagnostics. Lyophilized strains of S. aureus
(ATCC 10537), Yersinia enterocolitica (ATCC 51871), and Pseudo-
monas aeruginosa (PAOL strain) were purchased from ATCC. Vibrio
cholerae (0395) culture was graciously provided by Prof. Shelley Payne
(University of Texas, Austin). Deionized water with a resistivity of >18
MQ-cm™ was obtained from an ultrafiltration system (Milli-Q,
Millipore) and passed through a 0.22-um filter to remove particulate
matter.

Neoglycoproteins were prepared using a hexaethyleneglycol—
bishydrazide linker as previously described.'* Freshly prepared
solutions of BSA (10 mg) in phosphate buffered solution (PBS, pH
7.4, 200 uL) were treated with 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC-HC], 3 mg in SO uL of PBS) and
gently stirred at room temperature for 1 h. The activated protein
solution was then treated for another 2 h with a glycan—bishydrazide
conjugate (S mg) in 200 uL of PBS. The mixture was passed through a
0.45-pm filter to remove aggregates and particulate matter, followed by
membrane dialysis (MWCO 10 kDa). The resulting neo-
glycoproteins could be stored for several months at 4 °C. Mass
spectral analysis of 1-BSA indicated a median of 5—6 glycans per
protein (Figure S1, Supporting Information).

Bacterial Growth Conditions. All microbiological manipulations
were performed under biosafety level 2 (BSL-2) conditions, using
sterile materials in a microbiological safety cabinet (NU-425-300,
Nuaire Inc.). Bacteria strains were grown at 37 °C on a rotary shaker
with vigorous agitation in a low CO, atmosphere (2.6%), using
different growth media: P. aeruginosa, S. aureus, and Y. enterocolitica
were cultivated in Difco nutrient broth, and V. cholerae, in low-iron T-
medium (Tris-buffered minimal medium). The bacteria samples could
be centrifuged and stored at —70 °C in glycerol/broth medium (10%
v/v) and reactivated by incubating the bacteria in S mL of sterile broth
medium at 37 °C for 24 h. Bacterial cells were harvested by
centrifugation (8050g for S min) and washed thrice with phosphate
buffer (PBS, pH 7.4). The pellets were then resuspended in PBS to a
final density of 10° cfu/mL (cfu = colony-forming unit). Bacterial
counts were established using standard plating methods and correlated
with turbidity measurements of culture suspensions. All pathogen
detection assays were performed promptly after serial dilution of the
bacterial suspensions.

Inkjet Printing. The viscosities of the printing solutions (inks)
were characterized by a vibrational viscometer (Viscomate VM-10A).
Air—liquid surface tensions were measured using the hanging drop
method described by Hansen and Redsrud;** contact angles at the
liquid—solid interface were measured by the sessile drop technique.
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Measurements were performed with 0.2 wt % solutions of 1-BSA in
PBS containing 0.005% Tween 20, which had a density of 1160 kg/ m?
(£5%), a viscosity of 0.95 mPa-s (+3%), and a surface tension of 49.7
mN/m (+4%) and produced contact angles of 25° and 38° on
CodeLink and Nexterion H slides, respectively.

Capture arrays were produced by a stationary HP TIPS thermal
droplet ejection system coupled with a motorized XY stage (Anorad
WKY-150), a laser registration system for mapping the position of the
substrate, and an optical imaging camera (Supporting Information
Figure S2, S3). The thermal ejection system could be tuned to
produce droplet volumes of 1-220 pL, with a displacement
uncertainty below 9 pm at 95% confidence. The motorized XY stage
has an encoder resolution of 0.5 ym with a maximum linear speed of
400 mm/s in each direction and a substrate positioning error of 2—5
um when subjected to a maximum acceleration of 1.6 m/s®. The
registration system consists of a laser with a beam diameter of 23 ym,
reflected into a photodiode connected to a trigger circuit. The imaging
system consists of a CCD camera (Sony/XC-ST50, 640 X 480 pixels)
with an optical zoom lens for viewing printing results in real time,
using a field of view of <5 mm. Visual C-based printing software was
written in-house for automated printing protocols using the input
bitmap image and pixel resolution to correlate the controller with spot
positions. As the stage rasterizes beneath the drop ejector, the
controller sends a trigger signal for deposition at prescribed addresses.

A 0.2 wt % solution of 1-BSA in PBS containing 0.005% Tween 20
was dispensed onto NHS-activated glass slides using the custom-built
inkjet printing system described above. A single-channel thermal
nozzle with an orifice diameter of 8 ym was positioned ~0.5 mm
above the substrate, with a scan velocity of 1 mm-s™. An input
waveform was applied for droplet generation with a 25-V amplitude
and a pulse width of 1.4 us. Typical print runs produced arrays of 25 X
25 spots with periodicities of 80 or 120 um in the scanning direction,
with an average spot diameter below 50 ym. The glycan—BSA arrays
were allowed to sit overnight at 4 °C, then washed sequentially with
PBS, PBS containing 0.05% Tween 20, and deionized water. The
printed slides were then immersed for 1 h in a buffered solution of
ethanolamine (50 mM) using either sodium borate (50 mM, pH 9.2)
for Nexterion H slides or Tris-buffered saline (TBS; 100 mM, pH 9.0)
for CodeLink slides. The functionalized slides were washed with PBS
buffer and deionized water as described above, dried under a stream of
nitrogen, then stored at 4 °C until use.

Pathogen Affinity Capture and Image Acquisition. In a
typical experiment, glycan capture arrays were incubated with
suspensions of live S. aureus for 1 h at room temperature and
concentrations ranging from 107 to 10? cfu/mL. The density of live S.
aureus was estimated by correlating turbidity measurements with
colony counts obtained by plating serial dilutions (~10° cfu/mL at
OoD. 1, 4 600 nm). Microarray imaging at each bacterial
concentration was performed three times on separate substrates,
with each chip supporting two arrays. After incubation, the chip was
washed with PBS and deionized water prior to imaging. All darkfield
images (before and after exposure to bacteria) were acquired at 10X
magnification using an upright microscope (Olympus BH2-RFL-T3)
equipped with a darkfield condensor and a DP70 camera (1360 X
1024 pixels). Reflectance images of the captured bacteria were
acquired with a resolution of 1 pixel/um? and proved suitable for FFT
analysis. We note that pathogen capture patterns were often
nonuniform at or near the LOD; nevertheless, their readouts were
sufficient for producing signals in Fourier space.

Viability Assay. Immobilized bacteria were stained using a
commercial viability kit based on the DNA-staining dyes SYTO 9
and propidium iodide (PI) according to the manufacturer’s protocol
(LIVE/DEAD BacLight, Invitrogen). In brief, SYTO 9 (1.0 uL, 3.34
mM) and PI (1.0 uL, 20 mM) were combined and diluted with 1 mL
of sterile, deionized water. The chip was incubated with the above
staining solution for 15 min in the dark, then washed and viewed using
a confocal laser-scanning microscope (FV1000, Olympus). The green
fluorescence signal of SYTO 9 and red fluorescence signal of PI were
detected using excitation/emission wavelengths at 488/500 nm and
520/63S nm, respectively.
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FFT Analysis. Darkfield images were cropped and scaled to 512 X
512 pixels (Adobe Photoshop) and saved in TIFF format without
compression. Pixels were set in micrometers for ready conversion into
reciprocal lattice units (um™') in the FFT-derived spectra. 2D-FFT
analysis was 2performed using commercial software (WSxM 4.0
Develop 12.3)** with linescans in the x direction to evaluate reciprocal
lattice peaks characteristic of pathogen capture, as described in the
simulations below. The signal quality in the Fourier spectrum was then
quantified as the peak signal-to-noise ratio (S/N), which was
calculated as the ratio of the peak harmonic intensity to the standard

deviation of the residual spectral data between 0 and 0.15 pm™.

B RESULTS AND DISCUSSION

Principles of FFT-Based Pathogen Detection. The
Fourier transform decomposes real-space images into their
sinusoidal components and maps them into reciprocal
(Fourier) space. Each point in the Fourier domain represents
the amplitude of a specific wavenumber (one for each
dimension) derived from real space. Images with a finite
number of array elements are well suited for the discrete
Fourier transform (DFT), which is based on a subset of
wavenumbers that approximate the main features in real space.
For a square image (L X L ym?®) containing N X N pixels, the
DFT can be expressed as a complex function, F(k,, k,):

N N

1 —27i[k I+k J]

Flky k) = 5 20 2 Agye "0
1=0 J=0

where Ay, represents the pixel intensity at position (I, J) in real
space between (0, 0) and (L, L) and the exponential term
specifies the basis function. The value of F(k, k,) provides the
amplitude and phase for a given pair of wavenumbers k, and k,;
the complete set of F(k, ky) values provides a global
representation in Fourier space of any relevant periodicities
embedded within the original image.

DEFT is most efficiently performed by specifying the number
of pixels N = 2™, where m is a positive integer. This simple
condition allows 2D images to be processed using the FFT
algorithm, which reduces the number of necessary operations
from N* to N(log N) and produces k, and k, values in the range
of £(N—1)/L. In our studies, m is typically 8 or 9 and L is
defined in micrometers, so k is presented in units of um™". We
note that the FFT algorithm can be applied to any digitized
image simply by padding it with empty values until an N X N
pixel set is achieved, with m equal to a whole number.

With respect to pathogen detection, the wavenumber k,
matching the fundamental harmonic (k; = & 1/a, where a is the
center-to-center distance between array elements) is highly
sensitive to the emergence of the periodic pattern formed
within the capture array. In this work, we focus only on k, for
analysis, although the microarrays are periodic in both
dimensions. In the simulation below, the FFT readout of a
dot-matrix array with a spot size of 40 um (d,,) and a period
of 120 um along the x direction (a) produces a peak at k, =
+0.0083 um™', corresponding to k; (Figure 2). Smaller
contributions are also observed for k, = +0.0167 and +0.025
pum™" (£2/a and +3/a, respectively), corresponding to higher-
order harmonics k, and k;. However, we find the fundamental
harmonic k; to be the most practical and reliable signature of
pattern recognition because the higher-order harmonics can be
influenced by several other structural parameters in addition to
the pattern intensity.

The application of FFT-based pattern recognition toward
pathogen detection is straightforward and bestows some

dx.doi.org/10.1021/am4016236 | ACS Appl. Mater. Interfaces 2013, 5, 6404—6411
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Figure 2. (A) Simulation of a dot-matrix array (a = 120 ym along x,

dipor = 40 um, L = 1 um); (B) corresponding FFT image (centered at

the origin); (C) 1D plot of FFT readout based on linescan along the k,
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important advantages over other readout methods. One is the
ability to detect the emergence of nonzero amplitudes at unique

(k, k,) values that are predefined by specific capture patterns,
creating opportunities for multiplex detection within the ROL
This is illustrated by simulating pathogen adhesion on two
interdigitated capture arrays with different periodicities along
the x direction (a = 120 um; b = 80 um; Figure 3). FFT
analysis of the interdigitated arrays produces a function F(k,,
k,) that is essentially the sum of the FFT outputs from
individual arrays. A plot of the Fourier intensities along k, (ky =
0) unambiguously resolves each contribution, with peak k;
values at 1/a and 1/b (0.0083 and 0.0125 ym™}, respectively;
Figure 3E).

The multiplexing capacity of interdigitated arrays supporting
a unique set of k; values is ultimately limited by the 2D
resolution of the peak signals in the FFT readout, which are
influenced by structural factors such as aspect ratio (period-to-
spot size, or a/ dspot) or the number of array elements within the
ROI (Figure 3F). These factors are readily addressed by
expanding the size of the ROI and refining the array structure.
It is also necessary to avoid overlap between the k; peak signals
and higher-order harmonics. For example, if periodicities are
constrained along one dimension, then the range of possible k;
values will be bounded by the fundamental and second
harmonic of the array with the largest period (a,,,) such that
/8 < ki < 2/a,,,.. However, this restriction is artificial to
FFT analysis and can be circumvented by designing array
patterns that spread the wavenumber-selected peaks across 2D
Fourier space.

Additional benefits afforded by the FFT readout are its low
instrumentation requirements (darkfield imaging using an
objective of medium resolving power, recorded with a CCD
camera) and its capacity to detect pathogens at low binding
densities with a high level of fault tolerance (Figure 4).">'* The
emergence of a signature peak at a predefined set of (k,, k,)
values represents a global average of aflinity capture, which is

— a — 80 um
= 1x10 ——120um
% 8)(103’ combined
£ 6x10° 2/a
§ 4x10° 2/b
2x10°
0.0 ' :
0.00 0.01 0.02
ky (um=")

0.03

3x10°%+
e 1000 pum x 1000 um
— 500 um x 500 pm
2x10*-
1x10*
0 : . ‘ ‘
0.005 0.01 0.015 0.02 0.025 0.03

kx (um~")

Figure 3. (A—C) Simulation of individual and interdigitated arrays with two different periods (a = 120 ym, b = 80 um, dypor = 40 pm, L = 500 um);
(D) corresponding FFT analysis of interdigitated arrays; (E) 1D plot of FFT readouts along the k, direction for images A—C, illustrating their
additive nature; (F) FFT signal quality as a function of array size (L = S00 vs 1000 um), illustrating its impact on peak resolution.
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Figure 4. (A, B) Simulations of interdigitated arrays (a = 120 ym, b =
80 pm, d,, = 40 um) with randomized occupancy factors of 43% and
1%, respectively; image area =500 X S00 um”. (C) Simulation of
interdigitated array with a similar occupancy factor as in panel A, but
with an added background fill factor of 15% to simulate nonspecific
binding. (D) 1D plot of FFT readouts along the k, direction for

images A—C, describing signal quality under suboptimal conditions.

more dependable than single-point detection strategies for
reporting pathogens at trace levels and also reduces the
likelihood of false positives. The requirements for producing
signature peaks by FFT analysis are quite robust: wavenumber-
selected peaks can be resolved from matrices with low
occupancy factors (Figure 4B) or with significant background
levels due to nonspecific (random) adsorption (Figure 4C).
Optimization of Inkjet Printing for Pathogen Capture.
Various substrate patterning methods can be used to present
immutable ligands as periodic arrays, such as photolithography
and microcontact printing (uCP);'*'*** however, these

methods can be troublesome to reproduce and can leave
optically detectable marks or residues that are not easily
removed by standard washing procedures. For example, we
encountered a 10% fail rate in the production of microarrays by
UCP. Noncontact methods such as inkjet printing offer greater
flexibility and control over the choice of printing parameters
and are amenable toward the production of affinity capture
chips on a larger scale. Inkjet technologies can dispense
droplets of controlled volumes between 1 pL and S nL and
produce spots as small as 15 um at precisely defined
positions.”* They are also versatile with respect to formulation:
examples of solutes deposited by inkjet include inorganic
particles,”> polymers,**>” DNA,*® and various proteins.*"*"~>!

A 0.2 wt % solution of 1-BSA in PBS containing nonionic
surfactant (0.005 wt % Tween 20) was delivered by thermal
droplet ejection onto NHS-activated glass slides (CodeLink or
Nexterion H), followed by an incubation period at 4 °C prior
to blocking. Droplets on Nexterion H slides formed higher
contact angles than those on CodeLink, resulting in less
spreading and smaller spot sizes (40 = 2.1 ym vs 50 =+ 2.6 yum),
as indicated from the patterns formed by the capture of S.
aureus (Figure SA, B). Nexterion H slides were used in all
subsequent experiments. We also found 0.005 wt % Tween 20
to be helpful in maintaining cohesion of the picoliter droplets
during thermal ejection and in providing uniform coverage
within each spot. The latter is attributed to a lower rate of
evaporation after deposition: droplets produced without
Tween-20 produced ring-like spots upon drying, compromising
the uniformity of the periodic array (Figure SC); however, inks
with 0.01 wt % Tween 20 yielded larger spot sizes (Supporting
Information Figure S4).

Characterization of Pathogen Capture and Limits of
Detection. In our initial studies, arrays of 1-BSA were exposed
for 1 h to suspensions of S. aureus at 10" cfu/mL, followed by
careful rinsing and examination by darkfield microscopy. This
imaging method produced high quality signals from the capture
arrays and also indicated low levels of nonspecific adsorption
(Figure SA—C). Control experiments established that S. aureus
binding affinity is specific for glycan 1: no capture was observed
by arrays printed with either unmodified BSA or lactose-

200 pm

Figure 5. Pathogen capture onto microarrays of 1-BSA, prepared by thermal inkjet printing. (AB) S. aureus (107 cfu/mL) captured by 1-BSA
microarrays printed on functionalized glass slides (CodeLink and Nexterion H, respectively), with 0.00S wt % Tween 20 in the print buffer. (C) S.
aureus captured onto glass slides patterned with 1-BSA array, printed without Tween 20. (D, E) Control slides printed with arrays of BSA and
lactose-BSA, respectively, after a 1-h exposure to S. aureus (10" cfu/mL). Scale bar = 200 pm.

dx.doi.org/10.1021/am4016236 | ACS Appl. Mater. Interfaces 2013, 5, 6404—6411
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images, with S/N values at different pathogen concentrations (cfu/mL). (C) A quasi-linear correlation is observed between initial S. aureus

concentration and S/N from FFT readout, from 10° to 10° cfu/mL.

modified BSA (Figure SD, E). The latter confirms the
importance of the terminal 1,4-f-linked GalNAc residue in
bacterial recognition, as previously established for S. aureus and
other pathogens.'*'>3*3>

Immobilized S. aureus were also treated with a DNA staining
kit immediately after capture using SYTO-9 (a green
fluorescent dye that can permeate intact cell membranes) for
total cell imaging and PI (a red fluorescent dye that penetrates
cells with damaged membranes) to determine the presence of
dead bacteria. The immobilized S. aureus were strongly stained
by SYTO-9 but only weakly stained by PI, indicating most if
not all bacteria were viable at the time of capture (Supporting
Information Figure SS). Capture arrays were also exposed to S.
aureus suspensions (107 cfu/mL) previously irradiated for 4 h
under UV light (A, = 254 nm), a condition used for
sterilization. No bacteria were captured following a 1-h
incubation, and subsequent treatment with SYTO-9/PI yielded
no DNA staining (data not shown). This confirmed that the
glycan—BSA arrays selectively capture live S. aureus, thus
permitting detection limits to be defined in terms of colony-
forming units.

The limit of detection (LOD) for bacterial pathogens in
solution was evaluated by exposing capture arrays of 1-BSA to
suspensions of S. aureus for 1 h from 107 to 10* cfu/mL. Visual
inspection of darkfield images revealed well-defined arrays of
immobilized S. aureus at concentrations above 10° cfu/mL, but
a significant loss of array definition at concentrations below this
level (Figure 6A). Subjecting these optical images to FFT
analysis enabled us to confirm the emergence of bacterial
patterns using reciprocal lattice peaks at k = 1/a (Figure 6B),
and to establish LOD by evaluating peak signal-to-noise ratios
in the Fourier spectra (S/N > 3). In this study, the LOD of S.
aureus by the 1-BSA capture array was determined to be
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between 10* and 10° cfu/mL. The sensitivity of the FFT-based
readout method is over 2 orders of magnitude higher than
other methods that rely on antibody-based detection of S.
aureus.*’

It is worth noting that (i) the LOD is based on FFT analyses
of raw image data, precluding the need for background
subtractions, and (ii) a quasilinear correlation can be observed
between the S/N and initial pathogen concentration, with
signal saturation at 10° cfu/mL (Figure 6C). Direct image
analysis is possible because the FFT readout is highly fault-
tolerant, a major advantage over single-point detection systems.
However, background signals can still impact detection limits
and Fourier peak intensities due to a trade-off between array
occupancy (signal strength) and background noise. When
nonspecific binding is low (similar to this work and earlier
studies using periodic gratingsm_m), Fourier peaks can be
observed with array occupancy factors as low as 1% (Figure 4B,
D), which translates to a LOD in the range of 10*~10° cfu/mL.
When the background noise is higher, Fourier peak detection is
still readily achieved, but the LOD threshold is raised because
of increased spectral noise (Figure 4C, D).

Relative Avidities in Pathogen Binding. GalNAc(f1 —
4)Galp has been reported to be bound strongly by a number of
bacterial pathogens in addition to S. aureus, such as P.
aeruginosa and Y. enterocolitica.">** P. aeruginosa is a common
scourge in hospitals and a major source of respiratory tract
infections,> whereas Y. enterocolitica is well-known for causing
enteric diseases.® To determine whether these strains
demonstrated comparable avidities for trisaccharide 1 under
controlled conditions, we used periodic arrays of 1-BSA to
determine the LOD for each of these bacteria and also for V.
cholerae, which has no reported affinity for 1 (Table 1). The
neoglycoprotein arrays were exposed for 1 h to target bacteria
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Table 1. Limits of Detection (LOD) for Bacterial Adhesion
onto Capture Arrays of 1-BSA

pathogen LOD? (cfu/mL)
S. aureus 10°
P. aeruginosa 10°
Y. enterocolitica 10°
V. cholerae n/a

“Estimated to the nearest order of magnitude, based on the peak
quality at k; = 1/a in the Fourier spectrum (S/N > 3).

at concentrations up to 10° cfu/mL, then washed, imaged, and
subjected to FFT analysis as previously described. As expected,
P. aeruginosa exhibited a high affinity to 1-BSA with a
conservative LOD at 10* cfu/mlL, similar to an earlier study
involving linear gratings prepared by microcontact printing."*
On the other hand, Y. enterocolitica had a low affinity for 1-BSA,
with a LOD of 10° cfu/mL, and no capture was observed with
V. cholerae. Although it has been reported that certain strains of
Yersinia have an aflinity for glycan substructures present in
asialo-GM1 and lactosylceramlde, our results clearly
indicate that the affinity of Y. enterocolitica to 1-BSA is orders
of magnitude lower than that of S. aureus and P. aeruginosa, in
accord with their respective roles in gastrointestinal and
respiratory infections.

FFT Analysis of Pathogen Capture with Binary Arrays.
Inkjet printing is ideally suited for creating ligand arrays with
different lattice spacings to support multiplex pathogen capture
and detection, as suggested in the simulations discussed earlier
(Figure 3). To validate this notion experimentally, we prepared
interdigitated arrays with two different periodicities using 1-
BSA (a = 120 um; b = 80 um), followed by affinity capture of
P. aeruginosa and FFT analysis to produce the corresponding
peaks in reciprocal space. Binary arrays of 1-BSA were printed
in alternating rows along the «x direction, programmed
according to a 2D input file with a resolution of 20 ym/pixel
(Figure 7A). After washing and blocking the substrate as
described above, the interdigitated capture arrays were exposed
for 1 h to P. aeruginosa at a concentration of 10° cfu/mL.
Darkfield microscopy indicated an efficient capture with
homogeneous spot coverage for both arrays (Figure 7B), and
FFT analysis and readout revealed two distinct peaks at 1/120
and 1/80 um™' (Figure 7C), in accord with our earlier
simulations. The fundamental harmonic of the smaller array at
1/80 um™" (k; = 1/b) is flanked by the second-order harmonic

of the larger array at 1/60 um™" (k, = 2/a), which serves as a
boundary value for additional reciprocal lattice peaks along the
k, direction.

The quality of the analysis in Figure 7 represents an
important milestone in establishing the feasibility of the FFT-
based approach toward multiplex pathogen detection. The
signal intensities of the Fourier peaks at 1/a and 1/b are
comparable, despite the fact that the sizes of the two arrays
differ by 50%. In addition, the simulations in Figure 4 illustrate
the signal quality of both Fourier peaks at low array occupancy
and in the presence of significant noise. These results effectively
establish the modest requirements for generating Fourier
signals, which can be easily strengthened by increasing the
size of the ROI or changing structural factors within the arrays.
Although the interdigitated arrays in the present study were
printed using a single capture ligand, a multichannel printer
would enable the fabrication of capture arrays with orthogonal
recognition ligands, each encoded by a unique period to enable
the multiplex detection of specific pathogens. This objective is
now being pursued and will be reported in due course.

B CONCLUSIONS

We present a sensitive and label-free method of detecting S.
aureus and other bacterial pathogens based on Fourier peak
intensities derived from periodic arrays of immutable ligands.
Inkjet printing is an excellent method for producing micro-
arrays of ligands mounted on carrier proteins, which can be
deposited with spot sizes and lattice spacings in the range of
tens of micrometers. The immutable ligand arrays are able to
generate bacterial capture patterns with low background noise,
which can be imaged with high contrast under simple darkfield
conditions and decoded by a FFT-based algorithm to produce
readouts with LODs at or below 10* cfu/mL. Our FFT-based
approach can also produce independent readouts from multiple
arrays on the same substrate without compromising signal
quality, with further improvements possible by increasing the
size of the ROI or refining the array structures. Inkjet printing
of protein conjugates into microarrays can be extended to other
types of capture ligands, such as siderophores, aptamers, lectins,
and antibodies, to support the development of complex
patterns consisting of orthogonal ligands for multiplex
pathogen detection, with capture specificities encoded by the
unique characteristics of each lattice.
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Figure 7. Printing and FFT analysis of interdigitated arrays of 1-BSA using two different periods. (A) Bitmap image of a centroid map used to print
binary arrays in alternating rows. Elements are spaced 4 or 6 pixels apart along the x direction (80 and 120 ym, respectively); rows are spaced 4
pixels apart along the y direction (80 gm). (B) Darkfield image of the binary capture array after 1-h exposure to P. aeruginosa (10° cfu/mL). (C) FFT
analysis of the capture array after image processing, with two well-defined fundamental harmonic peaks (1/a = 1/120 um™"; 1/b = 1/80 yum™") and a

second-order harmonic peak (2/a = 1/60 um™).
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Mass spectral data of 1-BSA; schematic and photograph of
thermal inkjet deposition system; inkjet printing of 1-BSA in
buffered solution with varying amounts of surfactant; SYTO-9/
PI staining of captured bacteria. This material is available free of
charge via the Internet at http://pubs.acs.org.
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