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Abstract

Hemin linked to hexa(ethylene glycol)bishydrazide was patterned by inkjet printing into periodic
microarrays, and evaluated for their ability to capture bacterial pathogens expressing various
hemin receptors. Bacterial adhesion was imaged under darkfield conditions with Fourier analysis,
supporting a label-free method of pathogen detection. Hemin microarrays were screened against a
panel of sixteen bacteria and found capable of capturing multiple species, some with limits of
detection as low as 103 cfu/mL. Several Gram-positive strains including Staphylococcus aureus
and Bacillus anthracis also exhibited rapid adhesion, enabling pattern recognition within minutes
of exposure. This can be attributed to differences in hemin acquisition systems: aggressively
adherent bacteria express cell-surface hemin receptors (CSHRs) that enable direct hemin binding
and uptake, whereas other types of bacteria including most Gram-negative strains rely on the
secretion and recapture of soluble proteins (hemophores) for hemin acquisition, with consequently
longer times for ligand binding and detection.
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INTRODUCTION

The frequency of pathogenic bacteria outbreaks has been increasing at an alarming rate.
Drug-resistant strains of bacteria are on the rise, creating concerns of a “post-antibiotic era”
with no viable countermeasures against a pandemic of incurable infectious diseases.!23 The
threat of drug-resistant bacteria is particularly grave with respect to hospital-acquired
infections, the most severe of which are grouped by the acronym ESKAPE ( Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
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Pseudomonas aeruginosa, and Enterobacter species).* Pathogens in the Enterobacteriaceae
are also a concern and a major cause of gastrointestinal illnesses, and easily transmitted by
food and water contamination, unsanitary conditions in crowded spaces, or interspecies
contact. Another threat to biosecurity comes from the deliberate release of weaponized
pathogens such as Bacillus anthracis, which have been used in past acts of bioterrorism.> For
each setting, the risk of infection can be reduced by implementing technologies enabling the
rapid and label-free detection and screening of bacteria, as part of an early warning system.
In the most extreme cases, early and rapid detection may be the best defense against further
spread of disease.

Rapid pathogen detection methods are also needed in point-of-care settings for medical
treatment.® In the absence of a convenient diagnostic, physicians often take a “scorched
earth” approach by prescribing a variety of broad-spectrum antibiotics to treat a potential
infection. It is now recognized that such a practice has the dire consequence of creating
conditions that select for antibiotic-resistant bacteria, whose burden on the U.S. healthcare
system and associated societal costs has been estimated to be well over $50 billion a year.”:8
In the meantime, current practices in pathogen analysis continue to rely on the submission of
samples to clinical laboratories for culturing in selective media.10 Culture-based methods
remain the gold standard for reliable analysis but can take up to several days for verification,
and are poorly suited for situations where rapid detection is urgent. Many clinical
laboratories are also equipped with DNA amplification techniques based on the polymerase
chain reaction (PCR), which is an excellent method for establishing the presence of specific
bacteria but is susceptible to sample contamination and misinterpretation.1! Practical
alternatives to these laboratory methods remain to be established; efforts toward point-of-
care technologies for rapid pathogen analysis include lateral-flow immunoassays,
immunomagnetic separations, DNA microarray analysis, or combinations thereof.:10.12
While all of these methods are faster than traditional culturing, they vary with respect to
sensitivity, specificity, and reliability. Moreover, nearly all of these methods are reliant upon
purified bacteria samples and trained personnel, and are vulnerable to nonfunctional
mutations of bacterial antigens.

As an alternative to immunological and nucleic acid-based methods for pathogen
identification, we have been investigating low molecular-weight ligands that target
immutable functions or recognition processes that correlate strongly with bacterial virulence
or survival.13:14.15 These ligands typically have high affinity for the bacteria’s cognate
receptors, which are expressed constitutively on the outer wall or membrane or presented on
fimbriae or pili during their search for host cells. Immutable recognition ligands can be
displayed as periodic microarrays on substrates and exposed to suspensions of active
bacteria, then rinsed and examined under quasi-darkfield conditions for rapid and label-free
pathogen detection, with reproducible limits of detection (LOD) of 103 colony-forming units
per milliliter (cfu/mL).13-15 This is achieved by using a fast Fourier transform (FFT)
algorithm to convert periodic signals into peak frequencies, with subsequent reduction in
background noise. Two great benefits of using FFT-based readouts are (i) reliable signal
recovery from heterogeneous sample images, created by nonspecific binding events or
uneven lighting conditions, and (ii) a higher degree of fault tolerance relative to single-point
measurements, as the Fourier signal strength is based on the overall occupancy (fill factor)
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of the microarray elements, with detection still possible at an array occupancy as low as
1%.14 Last but far from least, small-molecule conjugates can circumvent many of the
limitations intrinsic to antibody-based detection strategies, such as chemical and thermal
stability or invalidation caused by nonfunctional mutations.

One such immutable function involves the acquisition of hemin, the oxidized form of heme
and a primary source of iron which many bacteria require for survival. Approximately 95%
of the bioavailable iron in mammals is associated with hemin or heme-containing proteins.16
However, the concentration of free hemin in blood is extremely low (ca. 10718 M),17 and is
tightly regulated by host organisms to prevent oxidative damage as well as its acquisition by
opportunistic pathogens. To overcome this, bloodborne pathogens have evolved
sophisticated and diverse mechanisms for acquiring and metabolizing hemin.18:19.20.21 gome
bacteria secrete extracellular proteins known as hemophores to scavenge hemin from
damaged cells, with subsequent delivery to TonB-dependent transport proteins on the
bacterial cell surface,1.22 while other species employ surface-bound receptors capable of
direct hemin acquisition. A well-known example of the latter is the iron-regulated surface
determinant (Isd), a family of receptors expressed on the exterior of several Gram-positive
pathogens for hemin acquisition.23:24

Here we show that pathogens with the capacity to metabolize heme can be captured and
detected in a label-free manner using periodic microarrays of a synthetic hemin conjugate
(1). Hemin microarrays were evaluated against a panel of sixteen Gram-positive and -
negative bacteria, several with LODs as low as 102 cfu/mL. For certain species, the time to
detection can also be rapid, sometimes within minutes of exposure, depending on the
pathogen’s mechanism of hemin acquisition. In particular, our studies point to a novel
mechanism for the rapid detection of bacteria that express cell-surface hemin receptors
(CSHRs), with discrimination from other species which rely on soluble hemophores for
hemin acquisition. In this regard, we note that the direct acquisition of hemin has never been
explicitly characterized for any pathogen species, although the existence of such pathways
has at times been assumed.2>

RESULTS AND DISCUSSION

Synthesis and purification of hemin-bishydrazide 1

The protoporphyrin-1X ring of hemin has two carboxylic acid groups that are reactive
toward standard peptide coupling reagents, but with sufficient selectivity to produce
monofunctionalized derivatives as major products.26:27 Performing such conjugations in the
presence of coordinated Fe(l11) is less common, given its potential for oxidative side
reactions. Nevertheless, we found that hemin chloride reacted smoothly with hexa(ethylene
glycol)bishydrazidel3 on a gram scale using HBTU/HOB coupling conditions (Scheme 1).

While the synthesis of hemin—EGg-bishydrazide 1 was facile, its isolation with acceptable
purity proved much more challenging. Although the hemin-bishydrazide adduct appears to
be stable in solution, especially under acidic conditions (pH < 4), concentrating the reaction
mixture by rotary evaporation produces one or more dehydration byproducts (1) as
determined by electrospray ionization mass spectrometry (ESI-MS). Increasing the basicity
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of the reaction mixture also promotes the apparent dehydration of 1. Possible dehydration
products include macrocyclic condensation of the w-hydrazide with the carboxylate or a
hydrazide carbonyl, or condensation of the acylhydrazide into a 1,2,4-oxadiazole; however,
attempts to separate 1 and 1" by chromatography with silica gel, alumina, Fluorisil, or by
reverse-phase (RP) HPLC were all detrimental to purity and mass recovery, frustrating
attempts at further characterization.2®

After extensive experimentation, we found that trituration of the reaction mixture with ether,
redissolution in acetonitrile, addition of 16 v/v% trifluoroacetic acid for selective
precipitation of unreacted hemin, and retrituration with ether allowed us to obtain hemin-
bishydrazide 1 as a dark solid in practical yields (60% mass recovery) and over 95% purity,
as determined by RP-HPLC analysis (Figure 1a). Isocratic elution of 1 redissolved in
acetonitrile with 5% TFA produced a nearly Gaussian peakshape, with confirmation of
structure by ESI-MS. To confirm the sensitivity of conjugate 1 to dehydration, isolated
fractions with pure product were concentrated then resubjected to RP-HPLC analysis, which
yielded a dramatic increase in dehydration product 1” (65% by peak deconvolution; Figure
1b).

Hemin microarrays by inkjet printing

In previous studies, immutable ligands were presented as polyvalent conjugates on bovine
serum albumin (BSA), and patterned onto activated glass slides by microcontact or inkjet
printing.13-15 However, albumin can interfere with hemin presentation by occlusion within a
hydrophobic binding pocket.2® We reasoned that the EGg-bishydrazide linker would be of
sufficient length to project hemin conjugates tethered on passivated slides and enable the
binding of bacterial hemin receptors. Furthermore, the propionyl (~CH,CH>CO4H)
substituents were deemed unessential for binding: X-ray crystal structures of two heme-
binding domains (HasR and Isd) have shown hemin to be bound with propionyl groups
extending outside the binding pocket with minimum interactions.19:30

Hemin microarrays were generated with a piezoelectric inkjet printer, which deposited 10-
pL droplets of buffered solutions containing 1 onto epoxysilane-coated glass slides. Printer
parameters were optimized to generate dot-matrix arrays with periodicities of 80 um in the
x-direction and 150 um in the y~direction, whose quality was confirmed by darkfield optical
imaging (Figure 2). Slides were blocked with 0.1% BSA followed by copious washing prior
to storage in the dried state. These microarrays could be stored in the dark under ambient
conditions for at least 6 months without loss of activity.

Bacterial capture assays were performed as previously described (see Experimental Section
for details).14 Briefly, bacteria were cultured in media at 37 °C until a concentration of 108
cfu/mL was achieved, then subjected to serial dilution and cast onto ligand microarrays at
ambient temperature for a period of 15-60 min. The microarray slides were gently rinsed
and dried, then examined by darkfield optical microscopy at 10 x magnification (Figure 3).
Darkfield images were cropped and scaled to approximately 1 pixel/um, then subjected to
fast Fourier transform (FFT) image analysis with conversion into reciprocal lattice units
(um™1). Fourier spectra were generated from linescans in the x- or y~direction, using the
primary reciprocal lattice peak (/7= 1; k= 1/4) to characterize the limits of pathogen
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detection. This approach is tolerant to noise generated by nonspecific binding (see below),
and produces fewer false positives than single-point detection methods with reproducible
LODs of 103 cfu/mL.24

The hemin microarrays were evaluated against a panel of sixteen Gram-positive and -
negative bacteria including ESKAPE representatives, four of which exhibited positive
affinity (Table 1). The lowest LODs (103 cfu/mL) were observed with Staphylococcus
aureus, Yersinia enterocolitica, and Escherichia coli O157:H7, the first being an ESKAPE
bacteria and the latter two being pathogens in the Enterobacteriaceae. To test for binding
specificity toward EGg-tethered hemin, several high-affinity strains were incubated with
slides printed with unmodified hemin or EGg-bishydrazide linker alone. These resulted in
weak and aperiodic capture pattern even at the highest bacteria concentrations, confirming
the importance of ligand presentation. Gram-positive and -negative strains with no known
affinity for hemin (e.q. Bacillus megaterium, Salmonella enterica)®® were also included as
negative controls, and further confirmed the specificity of hemin recognition in pathogen
capture.

In some cases, hemin affinity could be increased by culturing bacteria in iron-deficient
media, with a corresponding enhancement in detection sensitivity. This is attributable to the
induced expression of hemin acquisition proteins by an iron-dependent ferric uptake
regulator (fur).3738 For example, S. aureus were grown in standard and iron-deficient tryptic
soy broth (the latter with 3 mM 2,2”-bipyridine), then exposed to hemin microarrays at
different concentrations for a 60-min period. S. aureus cultured in iron-deficient media
demonstrated a LOD at 103 cfu/mL, while the same bacteria raised in standard media had a
higher LOD at 10* cfu/mL (Figure 4). However, growth under iron-deficient conditions did
not universally lead to increased sensitivity, and sometimes even caused an apparent
decrease in binding avidity. Overall, we find that the detection of hemin-acquiring bacteria
does not require pre-conditioning under iron-challenged conditions.3’

Discrimination of hemin-binding bacteria based on time to detection

In the course of this work, it became evident that hemin microarrays were capable of
capturing certain bacteria more rapidly than others at similar concentrations, independent of
their LODs. This can be illustrated clearly by comparing the minimum time to detection
(TTD) for Staphylococcus aureus and Yersinia enterocolitica. Both of these species can be
detected by the hemin microarrays at the most sensitive level (103 cfu/mL) within 1 hour,
although they have very different mechanisms for acquiring hemin. Staphylococcus
expresses surface-bound receptors (IsdB, I1sdH) that capture and extract hemin from
hemoproteins, which is then relayed to downstream receptors (IsdA, IsdC, IsdE) and a cell-
wall transporter for uptake (see Table 1).21:38:39 |n contrast, Gram-negative bacteria are
known to secrete soluble hemophores that scavenge for hemin or hemoproteins in the
extracellular milieu, with subsequent transfer to a TonB-dependent outer-membrane
transporter, presumably by a diffusion-controlled process.36:37 With regard to Yersinia
enterocolitica, a TonB-dependent hemin transporter (HemR) has been characterized,*0
although its cognate hemophore has yet to be identified.
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S. aureus and Y. enterocolitica were cultured under iron-challenged conditions then diluted
to 108 cfu/mL and incubated with hemin microarrays, with one substrate removed every 15
minutes over a 60-minute period followed by darkfield imaging and FFT analysis (Figure 5).
A marked difference in capture rate and TTD was clearly observed: For S. aureus, patterned
bacterial adhesion could be detected within the first 15 minutes of exposure with a steady
increase in signal over time, whereas Y. enterocolitica adhesion could not be reliably
confirmed until 45 minutes after initial exposure.

The large difference in TTD suggests an original approach for typing and discriminating
bacterial pathogens according to their mechanisms of hemin acquisition. Bacteria that
express high-affinity hemin receptors on their outer walls or membranes are capable of
capturing hemin directly from nearby sources (Type 1), whereas bacteria that express
soluble hemophores can harvest hemin or hemoproteins over larger distances (Type 2).
However, the recapture of hemophores by Type 2 bacteria requires more time, with a delay
in hemin acquisition. In the context of pathogen detection, Type 1 bacteria can be rapidly
immobilized onto hemin microarrays in a single step, whereas Type 2 bacteria would be
delayed by an induction period involving the secretion of hemophores and their diffusion
toward the substrate, followed by bacterial capture by microarray elements coated with
surface-bound hemophores (Figure 6).

There is strong evidence that many Gram-positive bacteria have cell-surface hemin receptors
(CSHRs) capable of direct hemin uptake. For example, staphylococci and Bacillus anthracis
are known to express multiple Isd proteins on their outer cell walls (Table 1).212341 On the
other hand, within the limits of current knowledge, Gram-negative bacteria do not appear to
express CSHRs but rely instead on hemophore harvesting and recapture for hemin
acquisition. Bacteria with TonB-dependent hemin transporters are also thought to express
these proteins with low density,19:21:22 which further reduces their rate of adhesion to
hemin-coated substrates.

To determine whether other Gram-positive species besides Staphylococcus might also be
amenable of rapid detection using hemin microarrays, we evaluated strains of Bacillus
anthracis (Ames 35 and Stern vaccine), Listeria monocytogenes (J0161), and Streptococcus
pneumoniae (CDC CS111) in a time-dependent manner at 108 cfu/mL. Like S. aureus, the
patterned adhesion of Bacillus anthracis strains could be detected in under 15 minutes; for
Listeria monocytogenes and Streptococcus pneumoniae, TTD was achieved within 30
minutes (Figure 7). We did not evaluate Gram-negative bacteria other than Yersinia
enterocolitica in a time-dependent manner; however, many of the bacteria listed in Table 1
were recently screened for their uptake of Ga(lll)-protoporphyrin IX (Ga-PplX), a
fluorescent hemin analog, with the observation that all Gram-negative species experienced
significant delays in Ga-PplX uptake relative to B. anthracis, S. aureus, and S.
pneumoniae.*? We thus consider time-dependent hemin capture to be a valid mechanism for
discriminating CSHR-expressing bacteria from those that rely on hemophore-based
harvesting systems.

It is worthwhile to revisit the relative advantages of using darkfield imaging of hemin
microarrays (and immutable ligand microarrays in general) for label-free pathogen

Bioconjug Chem. Author manuscript; available in PMC 2017 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maltais et al.

Page 7

detection.13-15 A recent review on optical biosensors for pathogen detection has highlighted
several factors that are important in the development of practical sensors for point-of-care
applications 43 In addition to speed and sensitivity, sensors should be inexpensive, easy to
use, portable, require minimum sample preparation, and permit integration with
multiplexing strategies. Our approach to reagentless pathogen detection is well aligned with
these criteria: darkfield microarray imaging is performed with simple collection optics for
detecting intact bacteria, without cell lysis or amplification steps.

Among the many technologies being developed for whole-bacteria detection, those best
meeting the conditions above include lateral-flow immunoassays (LFIAs) with prepackaged
reagents, and surface plasmon resonance (SPR) and its variants using functionalized glass
substrates. Commercial LFIAs have been optimized for rapid detection (within 10 minutes)
but have rather poor sensitivity and often require sample enrichment. Recent versions of
FLIA have been reported to detect bacteria with LODs of 300-500 cfu/mL, albeit at the
expense of a short TTD.#445 SPR methods using antibody- or bacteriophage-coated
substrates offer better performance, with LODs of 10-100 cfu/mL in 25 min or less.4647 In
comparison, darkfield microarray imaging provides reproducible LODs on the order of 1000
cfu/mL and, in the case of Type 1 bacteria, TTDs of 15 min or less. This is in addition to the
aforementioned benefits of FFT-based readouts for high fault tolerance, and the robust
chemical recognition and stability offered by the immutable ligand approach.

Finally, it should be emphasized that FFT analysis of pathogen capture by hemin
microarrays provides an experimentally robust approach for detecting bacteria that form
biofilms or networks, whose presence can create signal interference. Two key advantages of
using a Fourier-based approach for signal readout from periodic microarrays are (i) the large
reduction in noise created by nonspecific binding events, and (ii) a more reliable analysis of
signal quality based on multiple array elements, relative to intensity measurements of single
data points. We have previously used simulations to demonstrate that FFT analysis of
microarrays with partially occupied matrix elements or high levels of background noise
(with relative intensities up to one third of that generated by specific binding) can still reveal
distinct peaks at the fundamental harmonic (k=1/4).14

Here we validate the FFT readout method by applying it toward the specific detection of
Bacillus anthracis, following a 15-min exposure to hemin microarrays. B. anthracis cultured
in solution generally exhibits planktonic behavior but can become highly self-associative
during its growth phase, often forming chain networks.*8 This is evident even during the
initial stages of surface adhesion: bacteria bound to the microarray elements serve as
nucleation sites for network growth within minutes (Figure 8). Despite this the Fourier
signal is still discernible, which confirms the active role of the hemin conjugates in patterned
adhesion.

CONCLUSIONS

Hemin microarrays prepared with EG®-bishydrazide conjugate 1 can support a rapid, label-
free method for detecting bacterial pathogens with active hemin acquisition systems, with
limits of detection as low as 102 cfu/mL in several cases. Rapid detection (15 minutes or
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less) is possible with Gram-positive bacteria that express CSHRs capable of direct hemin
binding, offering a practical method for their discrimination against other heme-utilizing
bacteria. The microarray-based detection platform offers a robust approach toward point-of-
care detection technologies that are quick and cost-effective without requiring specialized
equipment or training. Finally, we note that the practical synthesis of 1 enables the
development of molecular conjugates, for targeted labeling or delivery of antibiotics to
hemin-utilizing pathogens.

MATERIALS AND METHODS

General procedures

Synthesis

All starting materials and reagents were obtained from commercial sources, and used as
received unless otherwise noted. Dimethylformamide (DMF) was obtained in anhydrous
form; dimethyl sulfoxide (DMSO) was distilled over CaH, under reduced pressure. Infrared
(IR) spectra were acquired with a Nexus 670 spectrometer (Thermo) equipped with a
grazing-angle attenuated total reflectance module (GATR, Harrick), with samples deposited
directly on a Ge window; UV-visible spectra were collected on a Varian Cary50
spectrometer in quartz cuvettes. Label-free optical images were acquired at 10 x
magnification using an upright microscope (Olympus BX60) equipped with a darkfield
condenser and a charge-coupled device camera (Rolera EM-C2, QImaging).

Hexa(ethylene glycol)bishydrazide was synthesized as previously described,!* with a slight
modification in the purification procedure: the crude product was concentrated to a dry solid
(1.0 g), resuspended in anhydrous methanol (20 mL) and filtered to remove yellow
precipitate, then concentrated again to a clear colorless oil (0.70 g). HPLC analysis of the
EGg-bishydrazide (Phenomenex C1g column, 0-30% aq. CH3CN gradient elution) indicated
>95% purity based on peak area integration.

Hemin-EGg-bishydrazide (1) was prepared on a gram scale using O-(benzotriazole-1-
yltetramethyluronium hexafluorophosphate (HBTU)-mediated coupling conditions. Hemin
chloride (1 g, 1.5 mmol), HBTU (1.14 g, 3.0 mmol), and hydroxybenzotriazole (HOBt, 459
mg, 3.0 mmol) were dissolved in anhydrous 1:1 DMF:DMSO (16 mL) and stirred for 2 h at
0 °C. The reaction mixture was treated by the dropwise addition of EGg-bishydrazide (1.28
g, 3.0 mmol) dissolved in 2 mL anhydrous DMF, stirred for 20 min at 0 °C, then diluted
tenfold with diethyl ether to precipitate hemin conjugate 1 as well as unreacted hemin. This
was filtered, washed with cold ether, dried under reduced pressure, then resuspended in 5:1
CH3CN:CF3CO3H (10 mL) and filtered through Celite to remove unreacted hemin.
Compound 1 was obtained by precipitation with ether (100 mL) at —20 °C and collected as a
brown solid (0.97 g, 60% yield). HPLC analysis of 1 (Sunfire C;1g column, 95:5
CH3CN:CF3CO3H) indicated lower and upper purity limits of 88 and >90% based on peak
area integration. UV-vis (DMSO): Amax 404 nm, & 1.05 x 10° L mol~t cm™L. IR (cm™):
3236, 2935, 1684, 1662, 1456, 1178, 1086, 841. HRESI-MS: m/z calcd for C5gHg5NgO12Fe
[M—CI]* 1024.3994; found 1024.3979. No NMR spectra were not acquired due to the
presence of Fe(l11).
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Microbiological culture conditions

All bacteria strains were obtained from ATCC, BEI Resources, or Microbiologics, and
cultured at 37 °C under standard environmental conditions unless otherwise specified.
Acinetobacter baumannii (DSM 6974), Bacillus megaterium (BCRC 10608), Enterobacter
aerogenes (NCDC 819-56), and K/ebsiella pneumoniae (S 389) were grown in nutrient
broth; Pseudomonas aeruginosa PAO1-LAC) and Yersinia enterocolita (\WA-314) were
grown in Luria—Burtani broth; Bacillus anthracis (Stern vaccine and Ames 35 strains),
Escherichia coli O157:H7 (CDC EDL 933) and 0104:H21 strains (CDC 1994-3024),
Listeria monocytogenes (J0161), Salmonella enterica typhimurium (LT2), Staphylococcus
aureus (PCI 1203), Staphylococcus epidermidis (AMC 263), and vancomycin-resistant
Enterococcus faecium (VRE) were grown in tryptic soy broth; Streptococcus pneumoniae
(CDC CS111) was grown in brain—heart infusion broth. Iron-deficient conditions were
generally met by first growing the bacteria in standard media, then subculturing in medium
containing 3 mM 2,2’ -bipyridine; B. anthracis was subcultured in media containing 0.5 mM
bipyridine. Tryptic soy broth was used in all cases to achieve growth in iron-challenged
media except E. aerogenes and Y. enterocolitica, which used standard media listed above
with 3 mM 2,2"-bipyridine. In some cases (L /steria monocytogenes and Enterococcus
faecium), iron was further depleted by adding ethylenediaminetetraacetic acid (EDTA) or
ethylenediamine-di(o-hydroxyphenyl)acetic acid (EDDHA) to induce expression of hemin-
harvesting systems, however no increases in expression could be determined.

Bacterial suspensions were typically incubated for 16 hours at 37 °C in capped culture tubes
under a 5% CO, atmosphere, until an optical density of 1 was achieved (A = 600 nm).
Bacterial counts were estimated as colony-forming units per milliliter (cfu/mL) by plating
serial dilutions onto agar plates, followed by incubation for 16 hours at 37 °C. For pathogen
detection studies, bacteria were isolated from growth media by three rounds of
centrifugation (5200 g, 5 min) and resuspension in phosphate buffered saline (PBS, pH 7.4).

Selection of hemin-binding bacteria

S. aureus was subject to a selection process to optimize its native affinity for hemin for
positive control studies. Glass slides with periodic microarrays of 1 was exposed for 1 hour
to a 0.25-mL suspension of S. aureusin PBS (107 cfu/mL), then carefully rinsed and dried
under a stream of nitrogen. The slide was placed face-down onto mannitol salt agar plates
then lifted after several seconds, followed by incubation for up to 72 hours at 37 °C.
Colonies were harvested with a sterile inoculation loop and cultured in tryptic soy broth for
16 hours, then subcultured in broth with 3 mM 2,2’ -bipyridine for another 16 hours. The
process was repeated twice more using increasingly thinner populations of S. aureus at 10°
and 10° cfu/mL.

Microarray printing

Dot-matrix arrays with 80 and 150 pm periodicities along the x- and y-directions
respectively were prepared with a piezoelectric inkjet printer (DMP-2800, Fujifilm
Dimatix), using a monopolar waveform with a voltage of 25-30 V. Hemin conjugate 1 was
dissolved in 50:50 DMSO:PBS (2 mg/mL) and jetted onto epoxy-activated glass slides
(Nexterion E, Schott) cut to 1 x 1 cm. The microarrays were incubated for 12 hours at room
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temperature in 75% relative humidity, then gently rinsed by spraying the back face of the
chips with water, PBS containing 0.005% Tween-20, then water again before drying under a
nitrogen stream. The patterned chips were blocked by immersion in 0.1% BSA for one hour,
followed by gentle rinsing with water and drying as described above.

Pathogen detection by label-free optical imaging

Hemin microarrays were exposed to live bacteria cultures for 15-60 minutes at 10°-103
cfu/mL, then gently rinsed with water and imaged under darkfield conditions with a
resolution of 1 pixel/um2. FFT image analysis was performed using commercial software
(WSxM) as previously described;14 signal quality was based on the intensity of the principal
harmonic peak in reciprocal lattice space (), = 1/150 um™1) relative to background noise,
using S/N = 3 as the LOD threshold. Background noise (N) was quantified as the standard
deviation of spectral data between 1/300 and 1/75 pm™1, not including principal or
secondary harmonic peaks. In some cases, the limit of detection was statistically
strengthened by combining the data from three darkfield images of the same experimental
sample prior to FFT analysis, which effectively increased the sampling population.
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HPLC chromatogram and ESI-MS data for hemin-bishydrazide 1 ([M(Fe'")+H-CI] = 1025)
and its dehydration byproduct 1” (/7/z 1007) after elution with 95:5 CH3CN:CF3CO,H on a
reverse-phase Cqg silica column. (a) Compound 1 was precipitated from acidic CH3CN then
redissolved and subjected to RP-HPLC to produce a nearly Gaussian lineshape (>95% purity
based on peak deconvolution). (b) Concentrating and resubjecting this sample to RP-HPLC
produced an altered distribution with a much larger secondary peak. (c) ESI-MS of the
HPLC fractions from the original sample indicated the major product to be conjugate 1, with
traces of dehydration byproduct 1” eluting after 8.5 min. (d) ESI-MS of the HPLC fractions
from resubjected sample indicated the major product to be byproduct 1” with a large

reduction in 1.
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Figure 2.
Microarrays of 1 prepared by piezoelectric inkjet printing. Left, darkfield image of freshly

printed microarray, prior to blocking or washing; right, microarray after post-printing
treatment, prior to bacterial exposure. Bar = 100 pum.
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Figure 3.
Darkfield image of bacterial capture by hemin microarray (80 x 150 um) is converted into its

reciprocal lattice by FFT, and replotted as a linescan for analysis of the periodic signal
(rm=1). Signal-to-noise ratios (S/N) above 3 indicate positive detection; data at the origin (X)
is removed prior to analysis.
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Figure 4.
Darkfield images of S. aureus captured by hemin microarrays using different concentrations

and culturing media (standard (Fe™) or iron-deficient (Fe™)), with 60-min. exposure times.
FFT signals of respective images indicate a LOD of 102 cfu/mL for S. aureus grown in iron-
challenged media, versus 10* cfu/mL for bacteria grown in standard media.
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Figure5.
Time-dependent capture and detection of S. aureusand Y. enterocolitica by hemin

microarrays, exposed to 108 cfu/mL. FFT analysis of darkfield images (k=150 pm=1)
indicates a TTD of 15 minutes or less for S. aureus, and over 30 minutes for Y,
enterocolitica.
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Rapid detection of Type 1 bacteria is enabled by direct hemin capture, whereas detection of
Type 2 bacteria is delayed by the intermediacy of hemophore release and recapture.
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Figure 7.

Time-dependent detection of select bacteria at 108 cfu/mL, based on FFT analysis of their
patterned adhesion on hemin microarrays. All analyses were performed in triplicate; mean
S/N values presented with standard deviations. TTD (S/N > 3; above dotted grey line) is less
than 15 min for Type 1 Gram-positive bacteria (B. anthracis, S. aureus) and 30 min for Type
2 bacteria (L. monocytogenes, S. pneumoniae). Type 2 Gram-negative strains such as
Yersinia enterocolitica are at the LOD after 30 min, but produce strong signals at 45 and 60
min; other Gram-negative species exhibit similar delays.
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Figure 8.
(a) Microarray-initiated growth of Bacillus anthracis network, after 15-min exposure at 108

cfu/mL (bar = 300 um); FFT image analysis yields a peak signal (), = 1/4) with a S/N of
14.5. (b) Magnification of B. anthracis network showing individual bacteria (bar = 10 um).
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Scheme 1.
Synthesis of hemin—-EGg-bishydrazide 1 and dehydration byproduct(s) 1", with possible

structures below (EG =-CH,CH,0-).
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Table 1

Bacteria evaluated for hemin microarray capture and their acquisition systems

Page 22

LOD in normal or low-Fe media

Hemin acquisition system (receptor

B . )
acterial strain (source) (cfumL)2 proteins)b~°
Gram positive:
. . Fe*: 1E4 . .
Bacillus anthracis (Ames 35) Fe- 1E5 1sd(C,E, X1,X2); Bsl(K); Hal
. . . Fe*:n.d.
Bacillus anthracis (Stern Vaccine) Fe- 1E5
Bacillus megaterium (BCRC 10608) Fe*/~:n.d. na
Enterococcus faecium (VRE) Fe*/~:n.d. na
L Fe*: 1E5 .
Listeria monocytogenes (J0161) Fe- 16 Hup(C); Hbp2/Svp(A)
Fe*: 1E4
Staphylococcus aureus (PC1 1203) Fe- 1E3 I1sd(A,B,C,E,H)
. - Fe*: 1E6
Staphylococcus epidermidis (AMC 263) Fe- 1E5 Isd(A,B,C,E,H)
. Fe*: 1E5 ; 31,32
Streptococcus pneumoniae (CDC CS111) Fer 1E6 unassigned=*
Gram negative:
. - Fe*: 1E6 ; 33,34
Acinetobacter baumanii (DSM 6974) Fe- 1E6 unassigned3*
L i . Fe*: 1E5
Escherichia coli 0104:H21 (CDC 1994-3024) Fe nd na
L . . Fe*: 1E3 . .
Escherichia coli 0157:H7 (CDC EDL 933) Fer 1E5 Chu(A); Hma; Shu(A)
Enterobacter aerogenes (NCDC 819-56) Fe*/~:n.d. na
+.
Klebsiella pneumoniae (S 389) Fe_: 1E6 unidentified3>
Fe™: 1E5
. Fe*: n.d. .
Pseudomonas aeruginosa (PAO1-LAC) Fe- 1E6 Has(A,R); Phu(R)

Salmonella enterica, ssp. typhimurium (LT2) Fe*/~:n.d.

Fe™:

Yersinia enterocolitica \WA-314) Fe-r

1E6
1E3

na

Hem(R)

aLOD based on strength of 1/a peak, with S/N > 3; n.d. = not detected (S/N < 3).

bTaken from Refs. 17,36, or 37 unless otherwise noted.

“Abbreviations: Bsl, B. anthracis S-layer; Chu, E. coli heme utilization; Hal, heme-acquisition leucine-rich; Has, heme acquisition system; Hbp,

hemin binding protein; Hem, hemin; Hma, heme acquisition protein; Hup, heme uptake; /sd, Iron-regulated surface determinant; Phu,

Pseudomonas heme uptake system; Shu, Shigellaheme uptake; Svp, surface virulence-associated protein.
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