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molecular recognition and localized surface
plasmon resonance†

Jiayun Hu, a Manuka Ghosh, b Marvin J. Miller a and Paul W. Bohn *ac

A siderophore-based active bacterial pull-down strategy was integrated in a localized surface plasmon

resonance (LSPR) sensing platform and subsequently tested by detecting whole-cell Acinetobacter

baumannii. The LSPR-based whole-cell sensing approach was previously demonstrated with aptamer-

based molecular recognition motifs, and here it is extended to the powerful siderophore system, which

exploits the natural bacterial need to sequester Fe(III). Specifically, a biscatecholate–monohydroxamate

mixed ligand siderophore linked to a biotin via three polyethylene glycol repeating units was synthesized

and immobilized on Au trigonal nanoprisms of an LSPR sensor. The resulting surface-confined

biotinylated siderophore subsequently chelated Fe(III), forming a siderophore–Fe(III) complex which was

shown to be competent to recognize A. baumannii. Target bacteria were captured and then detected by

measuring wavelength shifts in the LSPR extinction spectrum. This siderophore pull-down LSPR

biosensor approach is rapid (#3 h detection) and sensitive – with a limit of detection (LOD) of 80

bacterial cells and a linear wavelength shift over the range 4 � 102 to 4 � 106 cfu mL�1. As intended by

design, the siderophore-based biosensor was selective for A. baumannii over Pseudomonas aeruginosa,

Escherichia coli, and Bacillus cereus, and was stable in ambient conditions for up to 2 weeks.
Introduction

Biosensors, a central focus of efforts to produce advanced
diagnostic tools, should exhibit rapid, sensitive, and cost-
effective detection of specic targets.1–3 More pointedly, label-
free biosensors are favored in order to simplify operation.
Localized surface plasmon resonance (LSPR) constitutes
a powerful and popular label-free detection scheme which has
attracted interest in the nanotechnology, bioanalytical, and
medical diagnostics communities.2,4–8 The key in LSPR sensing
is its sensitivity to local refractive index change due tomolecular
adsorption. The direction (red- or blue-shi) and magnitude of
the LSPR wavelength shi (Dl) are affected by the molecular
geometry and the packing density of the molecular adsorbates
on the nanoparticles.9 However, LSPR is non-specic; any type
of molecular adsorption can generate an LSPR wavelength shi.
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To overcome this shortcoming a specic affinity reagent can be
added to achieve target-specic detection. In this context, a key
property of LSPR-based biosensors is the relatively small
sensing volume, typically limited to within 10–100 nm of the
surface,6 although this can be tuned somewhat depending on
the nanoparticle material and geometry. This characteristic can
be used to advantage when the target completely lls the
sensing volume due to its large size. For example, mm-sized
bacterial cells can saturate the LSPR sensing volume yielding
extraordinarily sensitive detection – down to a single bacterial
cell.10

Despite these attractive features, there are relatively few
examples of sensing biomedical targets with sizes in the mm
range, such as whole-cell bacteria,10–14 using LSPR spectros-
copy.15 Direct sensing of whole-cell bacteria could simplify
detection protocols and shorten detection time by minimizing
sample preparation (e.g., purication, pre-concentration, cell
culture), thus advancing bacterial infection diagnostics. In
addition, LSPR-based pulldown assays allow temporal integra-
tion of bacterial load in very low concentration samples. To
address this issue, our group has previously reported the
development of an LSPR sensing platform and its application in
the detection of whole-cell Pseudomonas aeruginosa using a P.
aeruginosa-specic aptamer as an affinity reagent.10 Here we
report a strategic complement to aptamer-based LSPR sensors,
by demonstrating a siderophore-based LSPR biosensor that is
selective for Acinetobacter baumannii, a WHO priority pathogen.
This journal is © The Royal Society of Chemistry 2019
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Siderophores are low molecular weight (typically 500–1500
Da), high affinity (typically Kf > 1030) metal-binding molecules
produced by bacteria, fungi, and plants to scavenge environ-
mental Fe(III) as an essential nutrient for their key biology
functions.16 Due to the low abundance of free Fe(III) in the
environment (10�9 to 10�18 M),17 siderophore iron acquisition
mechanism is evolved such that, under starvation conditions
(i.e., intracellular Fe(III) concentration # 10�6 M),17 microbes
will secrete one or more types of siderophores to sequester iron.
Siderophore–Fe(III) complexes are actively recognized by
microbes and transported into themicrobial cytoplasm through
the cell membrane utilizing various receptors, binding proteins,
and transport proteins.18 Compared to other common affinity
reagents, siderophores offer desirable biological affinities to
microbes, an active recognition mechanism, and selectivity to
specic microbes.19,20 In addition, they are “immutable
ligands”,21 meaning that microbes are unlikely to develop
mutations to prevent siderophore–Fe(III) complex intake, since
this intake mechanism is essential for their survival.

A. baumannii is a particularly attractive target for the devel-
opment of siderophore-based LSPR sensors. In 2017, the World
Health Organization listed carbapenem-resistant strains of A.
baumannii as top priority pathogens.22–24 Additionally, the
surface-immobilized version of a siderophore–Fe(III) complex
recognition motif is used in a novel “Trojan Horse” congura-
tion developed by Miller and coworkers.20,25 Specically, a bis-
catecholate–monohydroxamate mixed-type siderophore with
three polyethylene glycol (PEG) repeating units linked to
Fig. 1 (a) Schematic illustration of siderophore LSPR sensor chip desig
sensor chip (b), and a sensor chip with captured A. baumannii cells (c). T
plane height of 47.6 � 0.4 nm, and tip-to-tip distance of 121.3 � 7.7 nm

This journal is © The Royal Society of Chemistry 2019
a biotin (Bt) was synthesized and integrated into an LSPR
structure, Fig. 1(a), as an affinity reagent. This mixed ligand
siderophore was chosen due to its high selectivity, as demon-
strated by the remarkable and, by design, selective antibacterial
potency against A. baumannii ATCC 17961 (minimum inhibitory
concentration, MIC ¼ 0.0078 mM) when it was conjugated with
a carbacephalosporin b-lactam antibiotic20 and subsequently to
the large, usually Gram-positive-only antibiotic, daptomycin.26 A
biotin and three PEG repeating units were chosen to allow this
siderophore to be immobilized onto an LSPR sensor surface via
a biotin–NeutrAvidin linkage; thus rendering it competent to
serve as a recognition agent aer chelating subsequently added
Fe(III).

The strategy involves the surface-conned siderophore–
Fe(III) complex being actively and selectively recognized by the
target microbe, and in the process of attempting to transport
the siderophore–Fe(III) complex, the microbe becoming immo-
bilized on the sensor surface. This, in turn, results in an altered
refractive index of the medium above the LSPR substrate,
thereby shiing the wavelength of the plasmon resonance (Dl),
which is measured before and aer whole-cell bacterial capture.
This siderophore-based LSPR sensing platform exhibits rapid
detection (�3 h), selectivity for A. baumannii over P. aeruginosa,
Escherichia coli, and Bacillus cereus, a linear LSPR response from
4 � 102 to 4 � 106 cfu mL�1 with a LOD of 80 A. baumannii cells,
and up to 2 week shelf life in ambient conditions. Furthermore,
we anticipate that this siderophore Trojan Horse sensing
approach can be extended to a large variety of pathogens by
n (left) with legend (right). (b, c) Representative SEM images of a bare
he trigonal prisms exhibit an in-plane width of 210.5 � 9.1 nm, out-of-
.
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switching pathogen-specic siderophores. A number of side-
romycins have been developed for different targets,19,20,25–27 and
all of these represent potential platforms for molecular recog-
nition using this strategy.
Results and discussion
Siderophore synthesis and characterization

The key molecular recognition motif, a biscatecholate–mono-
hydroxamate mixed ligand siderophore with three polyethylene
glycol (PEG) repeating units linked to a biotin (Bt) (Bt–side-
rophore, conjugate 2, Scheme 1) was synthesized as described
in the ESI.† Briey, the penta-acetyl-protected glutaryl side-
rophore 1 was converted to the corresponding chloroformate
active ester by treatment with isobutyl chloroformate (ClCO2i-
Bu) in the presence of N-methylmorpholine (NMM) in anhy-
drous THF at 0 �C. The chloroformate ester formation was
considered complete when TLC analysis showed complete
consumption of the starting siderophore 1. The PEG–Bt–side-
rophore, conjugate 2, was obtained by coupling the mixed
anhydride to the biotin–PEG–amine in aqueous bicarbonate,
and puried using reverse phase chromatography C18 columns
with a gradient of CH3CN/H2O. LC-MS analysis of the freshly
synthesized biotinylated siderophore (ESI†) showed a major
component and four minor components. The minor compo-
nents resulted from the loss of one (M-OAc), two (M-2OAc),
three (M-3OAc), and four (M-4OAc) acetyl groups. Just prior to
bacterial binding experiments, the biotinylated siderophore in
buffer was also characterized using LC-MS, Fig. S1,† revealing
ve components: (1) siderophore–Fe(III) complex without biotin,
(2) and (3) two unknown iron complexes, (4) siderophore with
neither biotin nor Fe(III), and (5) biotinylated siderophore
without acetate. The Fe(III) observed in this analysis was from
the environment, e.g., buffer, since no iron was intentionally
added to the sample. Among these ve components, only the
Scheme 1 Synthesis of biotinylated siderophore (Bt–siderophore, conju
PEG3 amine.

298 | Anal. Methods, 2019, 11, 296–302
biotinylated siderophore (58% abundance) without acetate
functions as a competent affinity reagent.
Sensor chip fabrication and sensor surface modication

A schematic illustration of the siderophore-based whole-cell
LSPR sensor chip is shown in Fig. 1(a). The sensor chip,
a microscope slide patterned with a hexagonal array of nano-
scale Au trigonal prisms, was fabricated using nanosphere
lithography (NSL).28 A representative SEM image of a bare
sensor chip is shown in Fig. 1(b). Detailed dimensional analysis
of a typical sensor chip revealed in-plane width, 210.5� 9.1 nm,
out-of-plane height, 47.6� 0.4 nm, and tip-to-tip distance, 121.3
� 7.7 nm, of the trigonal prisms.10

The sensor surface was rst modied with a mixture of Bt–
PEG thiol (1000 Da) and PEG thiol (550 Da) in a 1 : 3 v/v ratio via
self-assembly of the relevant organomercaptans on the nano-
scale Au trigonal prisms. The PEG thiol, used to prevent
nonspecic adsorption, has a shorter chain than the Bt–PEG
thiol used to anchor subsequent surface immobilized moieties.
The 1 : 3 ratio was determined previously to produce maximum
bacterial binding on the sensor surface.10 Tetrameric Neu-
trAvidin, with two biotin binding sites each on opposite sides of
the protein,29 was subsequently immobilized onto the biotin
modied sensor surface via the strong non-covalent biotin–
NeutrAvidin linkage; the affinity equilibrium constant, Ka, of
NeutrAvidin for surface immobilized biotin is �5.5 � 1011

M�1.30 NeutrAvidin, a deglycosylated avidin, was chosen over
avidin and streptavidin due to its similar biotin-binding
affinity,31 more neutral isoelectric point (pI 6.3),32 as well as its
lower tendency for nonspecic binding.33

The Bt–siderophore, 2, was subsequently immobilized onto
NeutrAvidin modied sensor surface as an affinity reagent to
pull-down A. baumannii. The same siderophore motif was
previously conjugated to an antibiotic and exhibited selective
inhibition of A. baumannii with strong potency (MIC ¼ 0.0078
gate 2) by coupling of the mixed anhydride of siderophore 1 and biotin

This journal is © The Royal Society of Chemistry 2019
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mM).20 The demonstrated selectivity and potency recommend
this siderophore as a promising affinity reagent. Siderophore-
based recognition agents are also attractive, because bacteria
are unlikely to evolve an alternative iron acquisition mecha-
nism. However, in order to be recognized and utilized by
bacteria, a siderophore has to chelate Fe(III) to form a side-
rophore–Fe(III) complex.20 Thus, Fe(acac)3 was subsequently
introduced to the Bt–siderophore modied sensor surface as an
additional iron source to saturate the surface-bound side-
rophores. Bacteria-containing solutions were then exposed to
the siderophore–Fe(III) modied sensor surface. A representa-
tive SEM image of surface captured A. baumannii cells is shown
in Fig. 1(c).
Characterization of A. baumannii-derived LSPR wavelength
shi

LSPR spectroscopy was used to characterize surface modi-
cations and bacterial binding. Representative near-infrared
(NIR) extinction spectra of a bare sensor chip (curve 1,
black), a modied sensor chip (curve 2, red), and a sensor chip
with captured bacteria (curve 3, blue) are shown in Fig. 2. A
typical unmodied sensor chip containing an array of nano-
scale Au trigonal prisms exhibited an LSPR extinction
maximum at 904.0 nm, which was red-shied to 928.5 nm, i.e.,
Dl ¼ 24.5 nm, aer surface modication with Bt–PEG thiol/
PEG thiol, NeutrAvidin, Bt–siderophore, and Fe(acac)3. Once
A. baumannii (4 � 106 cfu mL�1) in 10 mM sodium phosphate
solution was captured, the LSPR extinction maximum was
further red-shied to 941.5 nm, i.e., Dl ¼ 13.0 nm. Despite
differences in the initial LSPR extinction maximum among
different unmodied sensor chips, red-shis upon surface
modication, as well as bacterial capture, were consistent
between experiments.
Fig. 2 Representative LSPR extinction spectra of nanoscale Au
trigonal prism array (curve 1, black), the same array modified with Bt–
PEG thiol/PEG thiol, NeutrAvidin, Bt–siderophore, and Fe(acac)3 (curve
2, red), and after subsequent exposure to 4 � 106 cfu mL�1 A. bau-
mannii in 10 mM sodium phosphate solution (curve 3, blue).

This journal is © The Royal Society of Chemistry 2019
Control experiments

Various control experiments were carried out to investigate the
role of both Bt–siderophore and externally added Fe(III) source
in A. baumannii binding experiments. Fig. S2† shows a mean
LSPR wavelength shi (Dl) of �0.5 � 2.6, 2.5 � 4.3, and 7.4 �
4.2 nm resulting from exposure of surfaces to A. baumannii (4 �
106 cfu mL�1) in 10 mM sodium phosphate solution at three
different surface modication stages: aer addition of Bt–PEG
thiol/PEG thiol and NeutrAvidin (black), aer further modi-
cation with Bt–siderophore (red), and aer exposure to
Fe(acac)3 (blue), respectively. Each of these conditions was
tested using 12 to 16 individual sensor chips. Without Bt–
siderophore and Fe(III), no A. baumannii statistically signicant
binding signal was observed, indicating a negligible amount of
non-specic interaction between bacteria and the NeutrAvidin
modied sensor surface. Immobilizing the Bt–siderophore, but
without additional Fe(III), again produced a negligible wave-
length shi. This observation suggests that even though surface
conned Bt–siderophore may chelate trace amounts of adven-
titious environmental Fe(III), the resulting surface bound side-
rophore–Fe(III) complex is not sufficient to disrupt the
measurement. Finally, a statistically signicant A. baumannii
binding signal was observed aer supplying additional Fe(III) to
the Bt–siderophore modied sensor surface in a 1 : 1 molar
ratio. Interestingly, no additional binding resulted from
a surface prepared with a 10-fold excess of Fe(acac)3 (data not
shown). Clearly, both Bt–siderophore and Fe(III) are essential for
bacterial pull-down, and a 1 : 1 molar ratio of Bt–
siderophore : Fe(acac)3 was chosen for all following
experiments.
Sensitivity

The sensitivity of the siderophore biosensor was investigated as
a function of A. baumannii concentration ranging from 4 � 102

to 4 � 106 cfu mL�1 in 10 mM sodium phosphate solution, with
each bacterial concentration being tested using 10 to 17 indi-
vidual sensor chips. The mean LSPR wavelength shi (Dl) was
measured to be 2.9 � 2.0 to 7.4 � 4.2 nm across this range, with
the control sample showing �0.9 � 2.4 nm (Fig. 3). Fig. 3 inset
shows that the siderophore biosensor exhibits a linear LSPR
wavelength shi with log bacterial concentration. Using the
Student's t-test, the difference between control (0 cfu mL�1) and
lowest test concentration (4 � 102 cfu mL�1) establishes that
the two can be discriminated at the 99.9% condence level,
thereby setting the LOD at 400 cfu mL�1, which is equivalent to
the active sensor area being exposed to 80 A. baumannii cells.
However, because the actual number of cells resident on the
sensor chip surface at the LOD condition is not known, 80 cells
is an upper bound. The batch-to-batch variation in the
production of sensor chips was shown to be minimal in
a previous study.10 However, there may be variations in the near-
eld distribution produced by the heterogeneity in the gold
trigonal prism array. Thus, the measurement variability may
arise from a combination of near-eld and biological variation.
The siderophore-based sensor characterized here exhibits
a higher LOD (80 bacterial cells) than a similar LSPR biosensor
Anal. Methods, 2019, 11, 296–302 | 299
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Fig. 3 A box and whisker plot demonstrating LSPR wavelength shift as a function of A. baumannii concentration. A. baumanniiwas suspended in
10 mM sodium phosphate solution. Each color represents a different bacterial concentration with 10 to 17 individual data points each (solid
diamonds are results of individual experiments). The circle represents the mean of all data. The whiskers extend to� one standard deviation. The
lower, central, and upper box line represents 25th, 50th, and 75th percentile, respectively. Diagonal crosses (7) represent the 1st and 99th

percentiles. Insert shows a linear fit of LSPR wavelength shift vs. log bacterial concentration (red dash line), where the error bars represent the
standard deviation of all data at a specific bacterial concentration.

Fig. 4 A box and whisker plot showing LSPR wavelength shift corre-
sponding to different bacteria binding to a A. baumannii-specific
siderophore. A bacterial load of 107 cfu mL�1 in 10 mM sodium
phosphate solution was tested in each case. Each color represents
a control or a different bacterial sample with 10 to 16 individual data
points (solid diamonds are results of individual experiments). The circle
represents the mean of all data points. The whiskers extend to � one
standard deviation. The lower, central, and upper box line represents
25th, 50th, and 75th percentile, respectively. Diagonal crosses (7)
represent the 1st and 99th percentiles.
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for P. aeruginosa (LOD�1 cell) employing an aptamer molecular
recognition agent, which can plausibly be attributed to: (a)
differing native affinities for the target; (b) differing availability
of the transporter protein due to steric hindrance; (c) differing
magnitude of the alteration in the near-surface refractive index
prole, n(z); and/or (d) impurities in the formulation, as indi-
cated in the LC-MS analysis of the biotinylated siderophore
(Fig. S1†). Nevertheless, compared to other biosensors targeting
A. baumannii, the LOD of 400 cfu mL�1 compares quite
favorably.34

Selectivity

Selective detection of the target analyte is a crucial gure-of-
merit for biosensors. The selectivity of the siderophore
biosensor was assessed against both Gram-negative (Acineto-
bacter baumannii ATCC 1796, Pseudomonas aeruginosa strain
PAO1, E. coli DH5a) and Gram-positive (Bacillus cereus) bacteria.
All four bacteria were grown in iron decient media to mimic
infection models that upregulate siderophore receptors, and
bacterial concentrations were adjusted to �107 cfu mL�1 in
10 mM sodium phosphate solution. Control experiments were
carried out using 10 mM sodium phosphate solution without
bacteria. S. aureus, another Gram-positive bacterium, was tested
but is not included in this study, because it did not grow in the
iron decient media. Fig. 4 shows the LSPR wavelength shi
corresponding to different bacterial species binding to the
300 | Anal. Methods, 2019, 11, 296–302 This journal is © The Royal Society of Chemistry 2019
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putative A. baumannii-selective sensor surface. Mean LSPR
wavelength shis of �0.9 � 2.4, 7.4 � 4.2, 0.5 � 2.8, 1.8 � 2.1,
and 0.8 � 1.3 nm were observed from the control, and from A.
baumannii, P. aeruginosa, E. coli, and B. cereus, respectively.
Application of Student's t-test shows there is a signicant
difference in LSPR wavelength shi between A. baumannii and
control (no bacteria), P. aeruginosa, E. coli, and B. cereus at the
99.9% condence level. These results demonstrate that the Bt–
siderophore has a high affinity for A. baumannii and a negligible
affinity towards P. aeruginosa, E. coli, and B. cereus. Our obser-
vations are consistent with previous ndings in which bisca-
techolate–monohydroxamate mixed ligand sideromycins
utilizing the carbacephalosporin b-lactam antibiotic loracarbef
and the uoroquinolone antibiotic ciprooxacin were found to
be selective for A. baumannii.20 The demonstrated selectivity of
the Bt–siderophore is a positive attribute of the siderophore
recognition strategy and offers the possibility of identifying A.
baumannii in a mixture of different bacteria.
Stability

Biosensor stability over a wide range of conditions (e.g.,
temperature, humidity) is important for applications, especially
in resource limited settings. To test the stability of the side-
rophore biosensor, sensor chips were stored in ambient
conditions and their LSPR wavelength shis were monitored
every week for a month. Fig. 5 shows the LSPR wavelength
difference between day 0 and day x, where x ¼ 7, 14, 21, and 30
d. The observed mean LSPR wavelength shis from 12 indi-
vidual sensor chips were 0.1� 1.3, 1.5� 1.2, 2.4� 1.4, and 4.0�
Fig. 5 The stability of modified sensor chips in ambient conditions was
monitored using LSPR wavelength shift as a function of time. Each
color represents the aging process of 12 individual Au trigonal nano-
prism arrays modified with Bt–PEG thiol/PEG thiol, NeutrAvidin, Bt–
siderophore, and Fe(acac)3. The circle represents the mean of all data
points. The whisker extends to � one standard deviation. The lower,
central, and upper box line represents 25th, 50th, and 75th percentile,
respectively. Diagonal crosses (7) represent the 1st and 99th

percentiles.

This journal is © The Royal Society of Chemistry 2019
1.8 nm aer 7, 14, 21, and 30 days, respectively. The shis at 7
and 14 days are not statistically signicant relative to the
control, indicating that siderophore–Fe(III) modied sensor
chips are stable in ambient conditions for up to 2 weeks. The
small, but monotonic, shi in extinction maximum likely arises
from changes in composition and/or structure of the Au trigonal
prisms, e.g. due to surface contamination.
Versatility

The utility of the whole-cell LSPR sensing approach was
extended in this study using a novel siderophore-based Trojan
Horse bacterial pull-down strategy. In previous work from this
laboratory a P. aeruginosa-specic aptamer35 was used as affinity
reagent to selectively detect P. aeruginosa.10 The surface-bound
aptamer recognized and bound to an unspecied target on
the bacterial outer cell membrane to pull-down and immobilize
the bacteria. In the work here, we exploit the active recognition
and iron transport mechanism, thereby hijacking the bacterial
iron sequestration machinery in order to selectively pull-down
A. baumannii. Thus, two different affinity reagent–analyte
pairs, aptamer-P. aeruginosa and siderophore-A. baumannii,
have now been demonstrated using the whole-cell LSPR pull-
down strategy. Results from these two systems suggest that
the whole-cell LSPR sensing platform is versatile and could be
extended to a wide range of nm-scale to mm-scale targets (e.g.,
bacteria, viruses, fungi) by exchanging target-specic affinity
reagents. Thus, the whole-cell bacterial pull-down biosensor
offers the opportunity to expand the diagnostic tool box for use
against infectious agents.
Conclusions

The principal nding of this study is that the Trojan Horse
strategy, which has been used effectively in sideromycins
(siderophore–antibiotic conjugates), is also capable of
capturing and immobilizing A. baumannii on a sensor surface,
so that it can subsequently be readout by measuring the wave-
length shi in the LSPR extinction spectrum. Importantly, this
indicates that the cellular Fe–siderophore transport machinery
is not compromised by surface-binding. Furthermore, the
bacterial pull-down event is accompanied by a red-shi in the
LSPR extinction maximum which exhibits a linear range from 4
� 102 to 4 � 106 cfu mL�1 with an LOD of 80 A. baumannii cells.
As in the case of aptamer-based recognition of P. aeruginosa, the
numerical LOD suggests a bacterial-derived collective reso-
nance damping effect which enhances the LOD. Finally, the
experiments presented here conrm the selectivity of the bis-
catecholate–monohydroxamate mixed ligand siderophore-
based recognition element, as it was shown to be selective for
A. baumannii over other Gram-negative (P. aeruginosa, E. coli)
and Gram-positive (B. cereus) bacteria tested.

Further work to improve the whole-cell LSPR biosensor
concentrates on critical application gures-of-merit. For
example, the chip-to-chip reproducibility can be improved by
enhancing the lithographic integrity and robustness of the NSL.
Increasing the yield and stability of the Bt–siderophore will
Anal. Methods, 2019, 11, 296–302 | 301
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improve the sensitivity and should also prolong the stability of
the sensor chips. Moreover, the current detection time (�3 h)
can be signicantly shortened, if the bacterial inactivation step
is not required. Finally, we note that the semi-quantitative
operation demonstrated here is not needed in all applica-
tions. For example, simpler readout strategies can be employed
when for threshold-sensitive sentinel applications, where a yes/
no answer is all that is required.
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