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Rapid electrochemical phenotypic profiling of
antibiotic-resistant bacteria†

Justin D. Besant,a Edward H. Sargent*b and Shana O. Kelley*acd

Rapid phenotyping of bacteria to identify drug-resistant strains is an important capability for the treatment

and management of infectious disease. At present, the rapid determination of antibiotic susceptibility is hin-

dered by the requirement that, in existing devices, bacteria must be pre-cultured for 2–3 days to reach

detectable levels. Here we report a novel electrochemical approach that achieves rapid readout of the anti-

biotic susceptibility profile of a bacterial infection within one hour. The electrochemical reduction of a

redox-active molecule is monitored that reports on levels of metabolically-active bacteria. Bacteria are

captured in miniaturized wells, incubated with antimicrobials and monitored for resistance. This electro-

chemical phenotyping approach is effective with clinically-relevant levels of bacteria, and provides results

comparable to culture-based analysis. Results, however, are delivered on a much faster timescale, with

resistance profiles available after a one hour incubation period.
Introduction

The overuse of antibiotics and the prescription of antibiotics
to which a pathogen is not susceptible contribute to rising
antibiotic resistance rates – a growing threat to public health
worldwide.1 Urinary tract infections are among the most
prevalent bacterial infections.2 Gold-standard antibiotic
susceptibility tests for urinary tract infections rely on culture
and require 1–3 days in order to allow the bacteria to multiply
to detectable levels.3 After pre-culture of the bacteria, an
additional 18 hours are typically required to perform stan-
dard susceptibility tests. Reducing the time needed to deter-
mine the susceptibility profile of urinary tract infections
could improve clinical outcomes, especially in the case of the
most severe infections that lead to urosepsis.4 Rapid testing
could also contribute to decreased unnecessary antibiotic
use,5 and could increase the efficiency of centralized diagnos-
tic laboratories.

Tests for antibiotic resistance that rely on enzymatic
amplification of antibiotic-resistance genes reduce turn-
around times compared to culture.6–9 Unfortunately, these
assays often require a pre-incubation step to allow the bacte-
ria to multiply, and, further, often require several hours to
amplify the genes of interest. Gene-based assays are also lim-
ited by the requirement of knowing a priori which genes con-
fer resistance. Dozens of constantly-evolving genes may be
implicated in resistance to a given antibiotic, and it is
impractical to test for all possible mutations simultaneously.10

Assays that monitor bacterial viability in response to anti-
biotics overcome the limitations of genetic tests. These tests
report directly on the question of greatest clinical impor-
tance: whether a given antibiotic decreases bacterial survival.
New assays for antibiotic resistance include the detection of
bacterial motion using AFM cantilevers,11 electrochemical
measurements of bacterial growth,12–16 optical detection of
bacterial growth,17,18 and optical detection of redox reporters
of bacterial metabolism.19–22 In assays that detect metabolically-
active pathogens, the bacteria are incubated with the antibi-
otic and a redox reporter of metabolism such as resazurin or
methylene blue. Metabolically-active bacteria create a reduc-
ing environment and either directly or indirectly reduce the
compound, and the change in redox state is read out as a
change in color or fluorescence. Resistant bacteria continue
to multiply and metabolize the compound, while susceptible
bacteria do not.

Successful detection using this type of approach hinges on
the requirement that a sufficient quantity of the reduced
form of the reporter compound accumulates above the detec-
tion threshold, a delay that takes at least 12 hours in
milliliter-scale culture.19 Strategies have been proposed that
seek to confine bacteria in microliter and nanoliter volumes
with the goal of reducing the time of detection by increasing
Lab Chip
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the local concentration of the bacteria.20,21,23–25 In the most
sensitive of these optical techniques, the sample is divided
into millions of nanoliter droplets and the signal is readout
sequentially from each droplet with a high-powered fluores-
cence microscope.20,21,25 Despite the increase in local effec-
tive concentration provided by this approach, several hours
are still required for analysis. Moreover, many of these
devices only detect the presence or absence of a pathogen
and not its antibiotic susceptibility profile.25–27

Despite several recent advances in ultrasensitive electro-
chemical detection of bacteria,28–30 few devices have been
reported for direct electrochemical detection of antibiotic
resistance. Electrochemical readout requires only simple
electronics allowing direct electronic detection of antibiotic
susceptibility from confined nanoliter droplets without com-
plex optical instrumentation for readout. Here, we describe a
new strategy for rapid electrochemical phenotyping that
effectively identifies the antibiotic susceptibility profile of
bacteria. We describe the development of an assay that uses
electrochemical readout to detect metabolically active bacte-
ria. The electrochemical reduction of resazurin is monitored
to establish the presence of live bacteria, and analyzed in the
presence of antibiotics to determine resistance profiles. We
utilize this assay in conjunction with a novel device to con-
centrate and incubate bacteria in an array of miniaturized
Lab Chip

Fig. 1 Overview of the electrochemical phenotypic testing approach. (A
bacteria. (B) Schematic of a single well containing a working (WE), counter
filter for bacterial capture. (C) Schematic of the antibiotic susceptibility te
each of which contains a filter for bacterial capture and electrodes for read
introduced into the device and bacteria are captured within wells. ii. Resa
formed within wells by introducing an immiscible oil. (E) Representative
electrochemical phenotyping. Bacteria are cultured within the wells with
compound, while resistant bacteria reduce resazurin to resorufin. The two
Fig. S1–S3 in ESI† for further electrochemical characterization of resazurin.
culture chambers (Fig. 1). Captured bacteria are incubated
with antibiotics and a redox reporter of bacterial viability.
Small changes in the redox state of the dye can be rapidly
detected using in-well electrodes (Fig. 1B). Using this assay,
we detect a clinically relevant concentration of bacteria with
a 30 minute incubation. Finally, we show that the antibiotic
susceptibility profile of a clinically-relevant concentration of
bacteria in urine can be determined after an one-hour incu-
bation without any other pre-incubation steps. This is the
first approach that provides antibiotic resistance phenotyping
on such a short time scale.

Experimental
Culture device preparation

Gold electrodes were patterned using standard photolithogra-
phy on glass substrates. A passivating SU-8 2002 (Microchem,
Newton, MA) layer was patterned to insulate the electrodes.
SU-8 3050 was patterned to create the 50 μm tall channel and
wells. A final SU-8 2002 layer was patterned to form the in-
well barrier used to trap microbeads. The working electrodes
were electroplated by applying −300 mV for 30 s with respect
to an Ag/AgCl reference electrode in a solution of 50 mM
HAuCl4 and 0.5 M HCl. Holes were punched in a polydimeth-
ylsiloxane (PDMS) lid for the inlet and outlet. The PDMS lid
This journal is © The Royal Society of Chemistry 2015

) Resazurin (RZ) is reduced to resorufin (RR) by metabolically active
(CE) and reference electrode (RE). Each well also contains an integrated
sting device. The bacteria are cultured in miniature culture chambers,
out of bacterial metabolism. (D) i. A urine sample containing bacteria is
zurin, the culture media, and an antibiotic are introduced. iii. Plugs are
differential pulse voltammograms (DPVs) illustrating the principle of
resazurin and an antibiotic. Susceptible bacteria do not reduce the
states of the molecule can be distinguished by in-well electrodes. See
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was bonded to the top of the device after an oxygen plasma
treatment for 30 s.

To remove bubbles, the device was initially filled with
EtOH and flushed with phosphate buffered saline (PBS). 100
μL of microbeads (Sigma Aldrich, St. Louis, MO) with a 5 μm
diameter diluted 1 : 100 in PBS were introduced at 10 μL
min−1 to form the in-well filters.
Bacterial culture

GFP E. coli (Invitrogen, Carlsbad, CA), E. coli (ATCC 700928)
and K. pneumoniae (ATCC 700603) were cultured in an incu-
bating shaker at 33 °C in LB and Nutrient Broth respectively.
Concentrations were determined using optical density mea-
surements at 600 nm using a UV-vis spectrometer (Agilent,
Santa Clara, CA). These measurements were correlated with
the number of colonies on agar plates incubated overnight.
Determination of bacterial capture efficiency

A 100 μL volume of serial dilutions of E. coli were introduced
into the capture device at 10 μL min−1. After capture, the
device was washed with 100 μL of PBS buffer. Finally the bac-
teria were eluted in sterile PBS buffer. The eluted volume was
plated on LB agar plates overnight at 37 °C and the colonies
were counted.
Electrochemical detection of bacteria

Serial dilutions of E. coli were spiked in buffer and intro-
duced into the chip at 20 μL min−1 followed by 200 μL of 1
mM resazurin in LB broth. Air was flushed through the
device to form the wells followed by FC-40, a fluorinated oil.
The device was incubated in a water bath at 37 °C.
Antibiotic susceptibility microdilution assay

Cultured E. coli and K. pneumoniae were diluted to 100 cfu
μL−1 and incubated at 37 °C in a 96 well plate in Nutrient
Broth with serial dilutions of ciprofloxacin and ampicillin.
After 24 hours, the absorbance at 600 nm was measured.
Electrochemical detection in urine

Human urine (BioreclamationIVT) was centrifuged at 5000 g
for 5 min to remove large particulates. E. coli and K.
pneumoniae were diluted to 100 cfu μL−1 and spiked in the
urine. Samples (200 μL) were introduced at 20 μL min−1.
Next, 200 μL of either ampicillin or ciprofloxacin in 1 mM
resazurin and LB media were introduced at 20 μL min−1. Air
was flushed through the device to form the wells followed by
FC-40 (200 μL) (Sigma Aldrich, St. Louis, MO). Thus the total
volume of all solutions introduced is 600 μL which requires
30 min to process at 20 μL min−1. The device was incubated
in a water bath at 37 °C for 1 hour. 10 minutes were required
to scan the leads. Thus the total time for the assay from sam-
ple introduction to readout was 1 hour and 40 minutes.
This journal is © The Royal Society of Chemistry 2015
Electrochemical detection in unpurified urine

E. coli were diluted to 100 cfu μL−1 and spiked in the
unpurified human urine (BioreclamationIVT). The spiked
urine (200 μL) was passed through a 10 μm filter to remove
large particulates and directly introduced at 20 μL min−1 into
the chip. Next, 200 μL of either ampicillin or ciprofloxacin in
1 mM resazurin and LB media were introduced at 20 μL
min−1. Air was flushed through the device to form the wells
followed by FC-40 (Sigma Aldrich, St. Louis, MO). The device
was incubated in a water bath at 37 °C.
Electrochemical measurements

Electrochemical measurements were performed using a
potentiostat (BASi, West Lafayette, IN) and a three electrode
set-up. For off-chip electrochemical experiments, we used a
Ag/AgCl reference electrode and a Pt counter electrode. For
on-chip experiments, we used the in-well Au reference and
counter electrodes. Electrodes were scanned using differen-
tial pulse voltammetry.
Results and discussion
Electrochemical detection of viable bacteria

Redox dyes that are reduced by metabolically-active bacteria
have been used as optical indicators of bacterial viability in
the presence of antibiotics,19 but have not offered significant
improvement in the delivery of rapid profiling results. We
hypothesized that resazurin, a commonly-employed reporter
used to optically assess cell viability,19 could be used for
electrochemical detection of bacterial antibiotic susceptibility
(Fig. 1), and potentially, the sensitivity of this readout
method could produce improvements in assay speed. In the
presence of an ineffective antibiotic, resistant bacteria will
continue to multiply and create a reducing environment
which converts resazurin to resorufin. On the other hand,
since effective antibiotics hinder bacterial metabolism, they
will prevent reduction of the dye. As resazurin and resorufin
have different electrochemical signatures,31,32 using differen-
tial pulse voltammetry we can distinguish between the two
states of the dye and thus determine whether the bacteria is
susceptible (Fig. 1E).

We first characterized the electrochemical profile of
resazurin to determine if this reporter group would be suit-
able for monitoring live bacteria (see Fig. S1 in ESI†). When
resazurin is present in aqueous buffer, the initial irreversible
two-electron reduction of the dye to resorufin occurs at −0.45
V vs. Ag/AgCl. An additional reversible process is observed at
−0.6 V that represents the two electron reduction of resorufin
to dihydroresorufin.31,32 In bacterial culture media at 37 °C,
the formation of dihydroresorufin occurs at a less negative
potential and is visualized as a shoulder on the resazurin
reduction peak when differential pulse voltammetry (DPV) is
used to monitor the redox reporter. Nonetheless, a significant
decrease in the electrochemical signal is observed in the
Lab Chip
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presence of active bacteria (Fig. S2 in ESI†). We studied the
effect of dissolved oxygen on the electrochemical signal and
found that it did not significantly affect our measurements
(Fig. S3†).

We tested the limit of detection that could be achieved by
monitoring the electrochemical signal of resazurin by incu-
bating serial dilutions of Escherichia coli (E. coli) with 1 mM
resazurin in LB culture media for 5 hours at 37 °C. Fig. 2A
shows representative DPV scans and the average peak cur-
rents at−0.35 V as a function of bacterial concentration are
plotted in Fig. 2B. We obtained a detection limit of 100 cfu
μL−1, which is clinically relevant and commonly used as a
threshold level for the presence of bacteriuria.2,33 The peak
signals decreases with increasing bacterial concentration, as
expected given that viable bacteria convert resazurin to
resorufin. As there is significant overlap between peaks I and
II, a decrease in the height of peak I causes peak II to
decrease as well.

We compared the detection limit of electrochemical and
fluorescent detection of bacterial viability using resazurin
and found a similar limit of detection of 100 cfu μL−1 indicat-
ing that electrochemical detection of resazurin is just as sen-
sitive as fluorescent readout (Fig. S4†). The advantage of
using electrochemistry is that it does not require complicated
or bulky instrumentation for readout and the sensors can be
integrated directly into the culture chambers. In the most
sensitive fluorescence assays, the assay is performed in a
series of nanoliter droplets which require a high-powered
fluorescence microscope for sequential readout of the drop-
lets. Using electrochemistry, it is possible to integrate the
sensors directly into the nanoliter culture chambers, elimi-
nating the need for sophisticated optical equipment for read-
out. The electronics required for electrochemical readout can
be integrated into a small benchtop or handheld device, lim-
iting the cost and footprint of clinical instrumentation that
could be developed with this approach.
Lab Chip

Fig. 2 Electrochemical detection of bacterial metabolism. (A) Represent
dilutions of E. coli for 5 hours with resazurin. Differential pulse voltammog
the conversion of resazurin to resorufin through an irreversible 2-electr
resorufin to dihydroresorufin. Peak I decreases systematically as metaboli
acquired with respect to the on-chip Au reference electrode which causes
to the Ag/AgCl reference electrode. (B) Average signal decrease obtained a
the average of at least 8 replicates. Error bars represent standard error.
Design of a microfabricated device for rapid electrochemical
analysis of bacteria

With proof-of-concept in hand demonstrating that bacterial
viability could be monitored electrochemically, we explored
strategies to decrease the detection time to improve the clini-
cal utility of this assay. We hypothesized that by initially con-
centrating bacteria in a nanoliter well and subsequently
conducting the assay within this small volume, we could
reduce the assay time to less than one hour. Integrating
electrochemical sensors directly into each of the nanoliter
incubation chambers allows rapid and direct readout of the
antibiotic susceptibility profile in a small volume without
requiring bulky optical instrumentation to sequentially read-
out thousands of nanoliter droplets.

This approach provides two advantages: concentration
and confinement. Concentrating the bacteria inside minia-
turized wells increases the local effective concentration of the
bacteria. For example, 10 bacteria captured in a 1 nL well is
equivalent to 10 000 cfu μL−1, while 10 bacteria captured in 1
μL well gives a concentration of only 10 cfu μL−1. The greater
the concentration of bacteria per well, the faster the turnover
of resazurin and accumulation of the target redox molecule.
As the signal from differential pulse voltammetry is directly
proportional to the concentration of the redox molecule, an
increase in local concentration of bacteria increases the mag-
nitude of the signal change acquired.

Confinement within a nanoliter volume provides another
advantage – as resazurin is reduced, it is prevented from dif-
fusing into bulk solution allowing the reduced form to rap-
idly accumulate to detectable levels.

A fully integrated device for the concentration of bacteria
into an array of independent nanoliter culture chambers was
designed with each well equipped with electrodes to electro-
chemically readout the antibiotic susceptibility profile of the
bacteria captured within (Fig. 1B, C). The culture chambers
This journal is © The Royal Society of Chemistry 2015

ative differential pulse voltammagrams obtained from culturing serial
rams of resazurin in LB media exhibit two peaks. Peak I corresponds to
on process, while peak II corresponds to the reversible reduction of
cally active bacteria metabolize resazurin. Electrochemical scans were
the peak current to shift to more negative potentials when compared
fter culturing E. coli for 5 hours with resazurin. Data shown represents

http://dx.doi.org/10.1039/C5LC00375J


Fig. 3 In-well bacterial capture and analysis. (A) Schematic of in-well
bacterial capture. Bacteria are trapped within in-well size-based filters
fabricated from a bed of polystyrene beads immobilized within each
well. (B) Optical image of an additional filter introduced by microbeads
immobilized at a pre-fabricated in-well barrier. (C) E. coli expressing
GFP are trapped within the wells by the microbead filter. Scale bars
represent 300 μm. (D) The number of captured bacteria as a function
of the concentration of bacteria introduced. 100 μL of sample was
introduced.
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have dimensions of 100 μm × 50 μm × 550 μm, which is
equivalent to a volume of 2.75 nL. Each well also contained a
filter for bacterial capture. The well array allows for multiple
measurements per sample, thereby increasing the accuracy of
the device. Typically, 15 measurements are performed per
sample.

To fabricate this device, we patterned gold electrodes on a
glass substrate which act as the working, counter and refer-
ence electrodes (Fig. S5 and S6†). The substrate was passiv-
ated with a 2 μm thick SU-8 layer and openings were defined
using photolithography to expose the electrodes beneath. A
50 μm thick SU-8 layer was patterned to form the micro-
channel and culture wells. This was followed by a 2 μm SU-8
layer patterned to define a barrier at the rear of each well.
This barrier is used to immobilize a bed of microbeads which
act as an in-well bacterial filter (Fig. 1B). Fig. S5† shows opti-
cal images of the fabricated device. The working electrodes
were electroplated with HAuCl4 to increase the electrode sur-
face area. This increases the magnitude of the acquired sig-
nal and thus, the detection sensitivity (Fig. S10A†).

To perform the bacterial detection assay within the nano-
liter capture device, bacterial cells are introduced into the
main channel, which then flow into the wells (Fig. 1D). The
bacteria are prevented by the in-well microbead filters from
exiting the wells, while the solution continues to flow. Next,
the culture medium, resazurin, and an antibiotic is intro-
duced. An immiscible fluorinated oil, FC-40, is also brought
into the device, which displaces the aqueous solution in the
main channel. Due to surface tension, a sealed nanoliter plug
of culture media remains in each well. The device can then
be incubated at 37 °C to allow bacteria to multiply.
Antibiotic-susceptible bacteria captured within a well are
inhibited from reproducing and do not reduce resazurin
while resistant bacteria continue to multiply and reduce the
molecule (Fig. 1E). After incubation, electrochemical mea-
surements are recorded using DPV with the on-chip
electrodes.
Validation of in-well bacterial capture

To concentrate bacteria within the wells, a size-based filtra-
tion approach was employed. Within each well, we fabricated
an SU-8 barrier with a 2 μm tall gap between the surface and
roof of the device. This gap size was the smallest feature that
could be reliably patterned. Initial experiments indicated that
this gap is too large to trap bacteria efficiently (Fig. S7D†),
thus we contemplated other strategies to enhance the levels
of bacterial capture. As high-throughput fabrication of submi-
cron features using standard photolithography is challenging,
we explored alternative strategies to generate in-well filters
with the submicron pore sizes necessary to trap bacteria.
While too large to trap bacteria directly, this in-well 2 μm gap
is sufficiently small to trap 5 μm diameter microbeads.
Microbeads trapped by the barrier self-assemble into an array
that acts as a bacterial filter (Fig. 3A, B).34 The submicron
pores between beads prevent the passage of bacteria allowing
This journal is © The Royal Society of Chemistry 2015
bacteria introduced into the device to concentrate within the
wells.

To further characterize the filters, we measured the filter
stability (Fig. S8†). We found that the filter bed was stable for
at least 1 hour after stopping the flow, which is the time
required for incubation. Next, we estimated the pore size
assuming hexagonal close packing of the spherical micro-
beads. We calculated a minimum pore size of 0.77 μm, which
is sufficiently small to trap a bacterium. Using optical micros-
copy, we confirmed the validity of these calculations
(Fig. S7A–S7C†). These calculations assume perfect hexagonal
close packing, but in reality the beads will assemble in a
geometry resembling random close packing which causes a
distribution in pore sizes, but does not change the diameter
of the smallest pores.

We challenged the system with E. coli expressing green
fluorescent protein (GFP) and visualized the presence of
Lab Chip
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captured bacteria using fluorescence microscopy (Fig. 3C).
Our initial experiments indicated that bacteria were repro-
ducibly captured within each well. To quantitate the capture
efficiency of our device, we introduced serial dilutions of a
100 μL volume of GFP E. coli at a flow rate of 10 μL min−1.
After capture, bacteria were introduced onto agar plates and
the E. coli colonies were counted after incubating the plates
overnight. Fig. 3D shows the capture efficiency as a function
of concentration. Our results indicate this device achieves
~80% capture at concentrations as low as 1 cfu μL−1. As the
microbeads assemble randomly, there is a distribution of
pore sizes, which allows some bacteria to escape to the filter.
As expected, the capture efficiency decreases as a function of
flow rate (Fig. S7E†). In the case of the 100 cfu μL−1 sample,
given that there are 72 wells per device, each well captured
on average 120 bacteria. Considering that each well has a vol-
ume of 2.5 nL, this represents an effective concentration of
approximately 50 000 cfu μL−1. This represents a 500-fold con-
centration enhancement above the initial concentration of
100 cfu μL−1.
On-chip detection of viable bacteria

With effective capture demonstrated, we tested the ability of
our electrochemical assay to detect viable bacteria captured
within the wells. We challenged the device with E. coli at 100
cfu μL−1, a clinically relevant concentration in urinary tract
infections.2 This concentration corresponds to over 100 bac-
teria per well. We studied the time dependence of the signal
to determine the minimum time necessary to detect a clini-
cally relevant concentration of viable bacteria. As shown in
Fig. 4, we achieved successful detection of metabolically-
active bacteria within 30 minutes. In control experiments, we
Lab Chip

Fig. 4 In-well electrochemical measurement of bacterial viability.
Electrochemical signal generated by resazurin decreases as a function
of incubation time for E. coli at 100 cfu μL−1. Viable E. coli are detected
within 30 minutes. No positive signal change is observed after a 60
minute incubation with a blank culture media and both purified and
unpurified urine. The signal decrease is calculated by subtracting the
acquired peak current from the maximum peak current of 11 nA.
did not observe a statistically significant signal change after
1 hour with a blank culture media sample without spiked
bacteria (Fig. 4). These results represent a greater than 5-fold
reduction in incubation time over the previous record of 2.8
h.20 We observed a small signal increase in the case of blank
media which may be due to small chip-to-chip variations. We
observe some signal decrease in the case of blank urine and
unpurified urine which could be attributed to surface fouling
of the electrode as well.
Detection of antibiotic susceptibility in complex matrices

After demonstrating detection of viable bacteria, we assessed
the suitability of the device to rapidly determine the antibi-
otic resistance profile of bacteria in undiluted urine. To bet-
ter simulate a clinical sample, we chose to test uropathogenic
strains of E. coli (UPEC) and Klebsiella pneumoniae
(K. pneumoniae), two of the most common pathogens impli-
cated in urinary tract infections.2 The K. pneumoniae strain
was isolated from the urine of an infected patient and pro-
duces extended spectrum β-lactamase enzymes which confer
resistance to a wide variety of β-lactam antibiotics.2 We chose
to test for susceptibility to two commonly used antibiotics to
treat urinary tract infections – ampicillin, a β-lactam antibi-
otic, and ciprofloxacin, a fluoroquinolone.35

In order to determine a suitable incubation period, we
measured the minimum time required for these antibiotics
to affect bacterial metabolic activity (Fig. S11†). We found
that ciprofloxacin inhibited the metabolic activity of
K. pneumoniae within 30 minutes indicating that a 1 hour
incubation period is sufficiently long. We studied the effect
of surface fouling induced by incubating the devices with LB
media (Fig. S10B†) for 1 hour. We noticed only a small
change in the acquired signals before and after incubation
indicating that fouling could be attributed to approximately a
15% signal change which is acceptable as these devices are
not designed to be reused.

E. coli (UPEC) and K. pneumoniae present at 100 cfu μL−1

in undiluted urine were introduced into the device. After cap-
ture, we introduced a culture medium, resazurin, and either
ampicillin or ciprofloxacin. Fig. 5C and D show the signal
obtained as a function of antibiotic concentration after a 1
hour incubation. No signal change was observed with a blank
sample of urine (Fig. 4).

For the E. coli strain, the signal decrease is low for all
ciprofloxacin concentrations, indicating the bacteria are sus-
ceptible to the antibiotic at concentrations above 1 μg mL−1

(Fig. 5C). The signal decrease is reduced with ampicillin
concentration indicating susceptibility at concentrations
between 10 and 100 μg mL−1. We confirmed our results using a
standard microdilution assay with a 24 hour incubation
(Fig. 5A). We found that the minimum antibiotic concentration
that inhibits 90% of bacterial growth (MIC90) is 16 μg mL−1 for
ampicillin and less than 0.1 μg mL−1 for ciprofloxacin.

For K. pneumoniae, the signal is approximately constant
with increasing ampicillin concentration, indicating that
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Electrochemical phenotypic testing of antibiotic-resistant bacteria. (A) and (B) Determination of the antibiotic resistance profile of E. coli
and K. pneumoniae to ampicillin and ciprofloxacin using a standard microdilution assay with a 24 hour incubation. (C) and (D) Electrochemical
determination of the antibiotic susceptibility of E. coli and K. pneumoniae on-chip after incubating with different levels of antibiotic at 37 °C for 1
hour. (E) On-chip electrochemical determination of the antibiotic susceptibility of E. coli in unpurified urine after incubating with different levels of
antibiotic at 37 °C for 1 hour. Currents are normalized to the maximum value. Error bars represent standard error.
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bacterial viability is not affected by the ampicillin dose – the
hallmark of resistance. As this strain produces a beta
lactamase, resistance to ampicillin, a beta-lactam antibiotic
is expected. In contrast, we observe a concentration-
dependent signal with ciprofloxacin, indicating that bacterial
viability is reduced by increasing ciprofloxacin concentration.
This indicates that this strain is susceptible to ciprofloxacin
and is inhibited at concentrations between 1 and 10 μg mL−1

(Fig. 5D). Using a standard microdilution assay we found the
K. pneumoniae were indeed resistant to ampicillin but suscep-
tible to ciprofloxacin (Fig. 5B). The MIC90 is 2 μg mL−1 for
ciprofloxacin and greater than 100 μg mL−1 for ampicillin.
For both strains, our results on-chip show good agreement
with the MIC determined using this gold standard method
which required incubation times over 20 times longer than
the on-chip assay. We found good correlation between the
on-chip susceptibility assay and standard assays with r2

values of 0.81 and 0.82 for E. coli and K. pneumoniae respec-
tively (Fig. S12†). This discrepancy may be attributable to the
different detection methodologies and incubation periods
used when comparing the two methods.
Detection of antibiotic susceptibility in unpurified urine

Next, we performed a series of experiments to determine the
antibiotic susceptibility of bacteria in unpurified urine
(Fig. 5E). E. coli were spiked directly into undiluted and
unpurified urine at 100 cfu μL−1. The sample was passed
through a 10 μm filter that removed large particulates while
allowing bacteria to pass (Fig. S13†). The filtrate was
This journal is © The Royal Society of Chemistry 2015
introduced into the device and tested against ampicillin and
ciprofloxacin by incubating at 37 °C for 1 hour. We found
that the E. coli were susceptible to ciprofloxacin at concentra-
tions 1 μg mL−1 and above and susceptible to ampicillin at a
concentration between 10 and 100 μg mL−1. We found no
appreciable signal change when using a blank control sample
of unpurified urine (Fig. 4). These results agree with the stan-
dard microdilution antibiotic susceptibility assay indicating
that the device can be challenged with unpurified urine sam-
ples using a simple inline pre-filtration sample processing
step. Representative electrochemical scans acquired on-chip
are included in Fig. S14.†

This device offers the fastest reported detection of antibi-
otic susceptibility at clinically relevant concentrations directly
from unpurified urine. The rapid turnaround time is facili-
tated by concentrating the bacteria in a nanoliter volume
which drastically increases the local effective concentration
of bacteria. The turnaround time is further reduced by incu-
bating the bacteria in isolated nanoliter compartments which
allows the reduced form of resazurin to rapidly accumulate
to detectable levels by confining diffusion. A third advantage
of this approach is that it is purely electronic, which facili-
tates the development of antibiotic susceptibility tests at the
point-of-care by eliminating the need for expensive and bulky
optical equipment.

In a clinical setting, this device could serve as a rapid alter-
native to standard susceptibility tests to provide results with a
1 hour incubation after initial culture-based identification of
the bacteria. Currently, standard antibiotic susceptibility tests
require an additional 18–24 hours after the initial culture step.
Lab Chip
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The rapid-response device could also be used in conjunc-
tion with standard culture-based antibiotic susceptibility tests
to provide point-of-care susceptibility results directly from
undiluted urine with a 1 hour incubation period. This would
thereby permit the rapid administration of an effective antibi-
otic in the interim until the results of standard antibiotic sus-
ceptibility tests are available 2–3 days later at which point the
therapy could be refined. This would allow doctors to admin-
ister a targeted antibiotic almost immediately, which would
improve patient outcomes and curb the rise of antibiotic resis-
tance by decreasing the use of broad spectrum antibiotics. In
infections which lead to urosepsis, the most severe UTIs, this
device would have the greatest clinical utility as these infec-
tions require immediate administration of effective antibiotics.4

When challenged with a sample containing a single bacte-
rial strain, our device accurately and rapidly determines the
susceptibility to various antibiotics. To enable accurate detec-
tion in the case of multiple infecting species (polymicrobial
infections are present in only 5%–11% of individuals with
urosepsis36), the multiple nanoliter chambers employed
herein could be devoted to multiplexed combinations of bac-
teria combined with local metabolic sensing.

Conclusions

Using an electrochemical approach capable of detecting met-
abolically active bacteria, we have demonstrated the detection
of live bacteria using a short 30 minute incubation period. By
concentrating and analysing the bacteria within miniaturized
compartments, the time required to detect viable bacteria is
drastically reduced. We utilize this assay to monitor bacterial
metabolism in response to antibiotics to rapidly readout the
antibiotic susceptibility profile. This approach could allow
for rapid administration of antibiotics before the results of
standard culture-based susceptibility testing are available.
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