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Abstract

Rapid pathogen detection and antimicrobial susceptibility testing (AST) are required in diagnosis
of acute bacterial infections to determine the appropriate antibiotic treatment. Molecular
approaches for AST are often based on the detection of known antibiotic resistance genes.
Phenotypic culture analysis requires several days from sample collection to result reporting.
Toward rapid diagnosis of bacterial infection in nontraditional healthcare settings, we have
developed a rapid AST approach that combines phenotypic culture of bacterial pathogens in
physiological samples and electrochemical sensing of bacterial 16S rRNA. The assay determines
the susceptibility of pathogens by detecting bacterial growth under various antibiotic conditions.
AC electrokinetic fluid motion and Joule heating induced temperature elevation are optimized to
enhance the sensor signal and minimize the matrix effect, which improve the overall sensitivity of
the assay. The electrokinetics enhanced biosensor directly detects the bacterial pathogens in blood
culture without prior purification. Rapid determination of the antibiotic resistance profile of
Escherichia coli clinical isolates is demonstrated.

Introduction

Acute bacterial infections are a major cause of patient morbidity and represent a significant
burden of the healthcare system.l: 2 Infections such as sepsis and wound infections may be
severe and even life-threatening.3~7 Pathogen detection and antimicrobial susceptibility
testing (AST) are performed on patient samples, such as blood and wound swabs, to detect
pathogens and their resistances.8: © Conventional culture-based analysis, however, requires
at least two to three days for bacterial growth and could be much longer for slow growing
pathogens.10-12 Without microbiological diagnosis of the pathogens and their resistance
mechanisms, antimicrobial therapy is often initiated empirically, which drives the overuse of
broad-spectrum antibiotics.13 Rapid diagnosis of acute infection will facilitate proper
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clinical management of infection diseases and reduce the emergence of multidrug-resistant
organisms.14 15

Molecular techniques, including multiplexed PCR,10: 16 DNA microarrays,1”: 18 and
molecular probes,19 20 offer alternatives to conventional culture-based analysis. Genotypic
ASTSs, which target known resistance genes, are widely used to identify specific pathogens
such as methicillin-resistant Saphylococcus aureus.2! In clinical settings where there is a
wide array of ‘bug-drug’ combinations and emergence of new resistance mechanisms are of
concern, genotypic AST are less reliable and have more limited clinical applicability.22 The
combination of phenotypic AST of the physiological sample and molecular biosensors for
bacterial detection may represent a promising alternative to the conventional approach in
infectious diseases diagnostics.1”- 18 However, most genotypic biosensors, such as real-time
PCR, requires purified samples and additional extraction steps.23 The bacteria and molecular
separation steps can significantly increase the overall assay time and system complexity,
which limits their applications in non-traditional healthcare settings.

We have previously demonstrated that AC electrokinetic enhancement on an
electrochemical biosensor platform can significantly increase the sensitivity and specificity
of a molecular assay for detecting bacterial 16S rRNA.20: 24,25 The self-assembled
monolayer based electrochemical biosensor consists three electrodes including the working
(W), reference (R) and auxiliary (A) electrodes. The detection strategy involves sandwich
hybridization of the sequence-specific 16S rRNA to biotinylated or thiolated capture probes
and fluorescein-labeled detector probes. The amperometric signal is generated by the
electron transferring during horseradish peroxidase (HRP) catalyzed redox reaction (Figure
1). In the electrokinetics enhanced assay, a non-uniform electric field is applied to
electrically conductive buffer, which results in Joule heating.2% Joule heating creates a local
temperature distribution in the sensor, which induces gradients of conductivity, permittivity,
and density depending on the electrode configuration. The interactions between the electric
field and the gradients can lead to electrothermal forces and bulk fluid motion.27-30 The
electrothermal fluid motion and the temperature rise can be optimized for enhancing
molecular advection and binding kinetics of the hybridization assay. The temperature
distribution at equilibrium can be estimated by the following equation:

EV2T+oE?=0 (@)

where K is the thermal diffusivity, T is the temperature of the medium, o is the conductivity
of the medium, and E is the electric field. An analytical expression of the electrothermal
force has been derived for parallel electrodes with a small gap: 28: 29
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where M(w,T) is a dimensionless factor describing the frequency dependence of the
electrothermal force, r and 6 are the polar coordinates, € is the permittivity of the medium,
and v is the charge relaxation time. These equations characterize the temperature rise and the
electrothermal force. With electrokinetic enhancement, the temperature rise will reduce non-
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specific binding on the electrode surface, and the bulk electrothermal fluid motion will
continuously remove the sample matrix away from the working electrode (Figure 2a).

In this study, we establish the electrochemical sensor platform and the AC electrokinetic
process for rapid AST toward acute infection diagnosis. We analyze the effects of electrode
thickness on the temperature distribution near the sensor surface and optimize the
electrokinetic conditions for molecular detection in blood, which contains a broad spectrum
of matrices including erythrocytes, leukocytes, platelets, and clotting factors. We evaluate
the applicability of the AC electrokinetics enhanced electrochemical biosensor for rapid
pathogen detection and AST without additional sample preparation and nucleic acid
extraction steps. Antibiotic resistance profiles of Escherichia coli (E. coli) clinical isolates in
blood are studied to demonstrate the applicability of the assay in diagnosis acute bacterial
infections.

Material and Method

Reagents and samples

Oligonucleotide probes were obtained from Integrated DNA Technologies (Coralville, 1A).
The universal (UNI) probe pairs were designed to be complementary to the conserved region
of all bacterial 16S rRNA gene sequences. The capture probe UNI1798C (5’ TCG TTT ACR
GCG TGG ACT ACC A 3’) and detector probe UNI776D (5 GGG TAT CTA ATC CTG
TTT GCT C 3”) were synthesized with 5’ biotin modification and 3’ fluorescein
modification, respectively. Uropathogenic E. coli strain EC132 was obtained from the
clinical microbiology laboratory at the Veterans Affairs Palo Alto Health Care System
(VAPAHCS). EC132 is resistant to ampicillin (AMP) and ciprofloxacin (CIP), and is
susceptible to trimethoprim-sulfamethoxazole (SXT).31, 32

Electrochemical sensor array

The electrochemical sensor electrode arrays were fabricated by sputtering 10 — 125 nm gold
on plastic substrates. A laser machined plastic manifold containing 16 wells (Universal
Laser System Inc. VLS2.30) was bonded to the sensor array for holding 50 pl hybridization
buffer in each well. A multi-channel potentiostat (GeneFluidics) was used for amperometric
reading of the sensor array. A negative control (i.e., no target) was performed in each chip.
The signal-to-noise ratio, which normalizes the uncertainty due to senor preparation and
reagent activity, is reported in this study.

Phenotypic Antibiotic Susceptibility Testing

Bacteria were cultured in Mueller Hinton (MH) broth (Becton Dickinson), grown to ODggg
0.1 (1 x 108 CFU/mI) and then diluted to different concentrations with a 9-to-1 MH broth to
blood ratio. AMP, CIP, and SXT were used in the experiments. Samples with or without
antibiotic (AMP 100 pg/ml, CIP 4 pg/ml, and SXT 4/76 pg/ml) were incubated at 37°C in a
shaking incubator for 3 hours. Then, 20 pl samples were immediately lysed in 12 pl of 10
mg/ml lysozyme containing 4 mM EDTA, 40 mM Tris-HCI of pH 8.0, and 0.2% Triton
X-100. The samples were incubated at room temperature for 5 minutes. Then, 8 pl of 1 M
NaOH was mixed with the sample and was followed by additional incubation for 5 minutes
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at room temperature. Detector probes (50 pl) in 2.5% bovine serum albumin (BSA) (Sigma)
and 1 M phosphate buffer of pH 7.4 were added to the bacterial lysate and the mixture was
incubated at 37°C for 10 minutes to allow hybridization between the bacterial 16S rRNA
and the detector probe. The bacterial lysate-detector probe mixture (50 ul) was loaded on the
sensor with 10 minutes incubation at room temperature with or without electrokinetic
enhancement. Then, 6 pl of 0.5 U/ml anti-fluorescein HRP Fab fragments (Roche
Diagnostics) in 1 M phosphate buffer saline containing 0.5% casein was added to the sensor
and incubated at room temperature for 15 minutes. Substrate solution, 3,3’,5,5-
Tetramethylbenzidine (TMB), was added after washing and drying, and the amperometric
signal was taken at 60s after applying -200mV in the potentiostat (GeneFluidics). Data are
reported as mean + standard deviation.

Electrokinetic sensor enhancement

AC electrokinetics is implemented to create fluid motion near the sensor surface to facilitate
molecular advection and generate Joule heating induced temperature elevation to enhance
molecular binding (Figure 2a). Figure 2b shows the electrothermal fluid motion by
observing the tracer particles near the working electrode. The fluid near the sensor electrode
was moving toward the center of the working electrode and created 3D fluid circulations in
the well (Figure 2c). This observation is consistent with our previous studies.20: 24: 25

For clinical diagnostics, the resistance of the electrodes can be significant compared to the
hybridization buffers and physiological samples, which have high conductivities (on the
order of 1 S/m). For a given electrode design, the total resistance of the electrode is
determined by the thickness of the electrode. To further optimize the electrokinetic process
and improve the reliability of the assay, the local temperature distribution near the sensor
surface was characterized by infrared thermometry. We examined the temperature
distribution using electrodes with thicknesses of approximately 10 nm, 20 nm, 40 nm, 90 nm
and 125 nm, and conductive hybridization buffers (2.5% BSA in 1M phosphate buffer). A
square wave potential with a peak to peak magnitude of 6 volts and a frequency of 200 kHz
was applied. The temperature of the solution increased with the thickness of electrode
(Figure 3). The spatial temperature distribution was also influenced by the electrode
thickness. The temperature rise in the 10 nm thick electrode was localized near the
connection region of the working and auxiliary electrodes (Figure 3). With the 125 nm thick
electrode, the temperature distribution was uniform in the well and maximized at the center
of the working electrode. These results suggested the resistance of the electrodes was
significant compared to the solution, resulting in non-uniform potential drop along the
electrode gap and inhomogeneous heating. In particular, a portion of the energy was
consumed for heating the electrode, causing a lower, non-uniform temperature distribution
in thin electrodes (Figure 4). The non-uniform electric field distribution can be understood
by considering a simple circuit model with a finite resistance in the electrode. Thick
electrode layers (e.g., 125 nm or more) should, therefore, be used for electrokinetic sensor
enhancement.
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Blood matrix effects

We then studied the protocol for phenotypic AST with blood culture using the
electrochemical sensor. We previously demonstrated electrochemical detection of 16S
rRNA for rapid biosensor based AST in clinical urine samples.33 AST was performed with
2.5 hours growth time at a 1:1 ratio of urine and MH broth. The effects of blood culture on
biosensor-based AST, however, have not been evaluated. We therefore characterized the
condition of rapid AST in blood culture. We observed additional culture time was required
for AST in blood culture. For instance, a growth time of 5 hours was required at a 1:1 blood
to MH broth ratio to obtain a similar signal level with 3 hours culture in MH broth (Figure
5). The additional culture time required was conceivably due to the matrix effect of blood
that reduces the sensitivity of the sensor.34 Furthermore, the bacteria had a lower growth rate
in blood compared to culture medium. To minimize the matrix effects on blood culture, we
mixed blood sample with MH broth in a 1:9 ratio. AC electrokinetics was also incorporated
to improve the sensitivity and decrease the total growth time required.

Electrokinetic facilitated antimicrobial susceptibility testing

To reduce the matrix effect and improve the overall performance of the assay, we
incorporated electrokinetic enhancement in the electrochemical sensor platform. We
examined the effects of electrokinetic enhancement on sensor sensitivity with 3 hours of
bacteria growth. EC132 was diluted into five different starting concentrations over a 5-log
unit range in a mixture of blood and MH broth. The samples were cultured at 37°C. As
shown in Fig. 6, electrokinetic enhancement increased the signal-to-noise ratio and
improved the limit of the detection. Without electrokinetic enhancement, the limit of
detection of the electrochemical assay with 3 hours inoculation time was approximately 10°
CFU/ml. With electrokinetic enhancement, the signal-to-noise ratio of the assay was
enhanced significantly. The limit of detection of the assay for direct detection in blood
culture was improved for at least one order of magnitude to 10 CFU/ml.

To demonstrate the applicability of the electrokinetics enhanced biosensor for rapid AST in
blood culture, we examined the antibiotic resistance profile of EC132 with a starting
concentration of 1 x 10* CFU/ml. EC132 is known to be resistant to CIP and susceptible to
SXT. Without electrokinetic enhancement, the assay was not able to distinguish the bacterial
growth with SXT and CIP due to the low signal-to-noise ratio. To determine the resistance
profile of the bacteria, additional culture time or a higher bacteria concentration is required
to reach a detectable signal-to-noise level. With AC electrokinetics, the matrix effect was
reduced, as indicated by the improved signal-tonoise ratio of the assay. The antibiotic
resistant profile was correctly identified after 3 hours of inoculation (Figure 7). These results
indicate that AC electrokinetics can increase the limit of detection and decrease total assay
time for AST using electrochemical biosensors.

Discussion

In this study, we investigate the electrokinetic and electrochemical sensing conditions for
rapid AST in blood culture. A reproducible and controllable temperature distribution is
required to efficiently enhance molecular advection and hybridization. Unregulated heating

Ann Biomed Eng. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

Page 6

of the sample will not only reduce the signal from the specific target-probe hybridization but
also denature the protein in the sample matrix, which cover the sensor surface. These effects
will reduce the overall signal-to-noise ratio. We identified the electrode thickness was a key
parameter to control the heating on the sensor surface. The sensing electrode layer was
typically very thin (10 ~ 125 nm) and the sample had a high conductivity (on the order of 1
S/m). The resistance of the electrode was significant compared to the resistance of the
hybridization buffer. For instance, the resistivities of the gold electrode and the
hybridization buffer at 50°C were 2.69x1078 Om and 0.17 Qm, respectively. For a 10 nm
thick electrode in the microwell, the resistance values per unit length of the electrode and the
hybridization buffer were both on the order of 103 Q/m. As a result, the potential dropped
along the electrodes due to the finite resistance of the electrode and the heating was
localized near the connection region. The heating uniformity was most sensitivity to the
electrode thickness for thin electrodes (e.g., 10 nm). With thick electrodes (e.g., > 100 nm),
the resistance of the electrode was relatively small (~102 /m) and the thickness effect was
minimized, which allowed reproducible and controllable heating for improving the sensor
performance.

Blood has one of the most complex matrices, which include various serum proteins,
electrolytes and a large number of blood cells, and displays a high viscosity.3* Some
matrices, such as serum proteins, can adhere to the sensor surface or binds to the target
nonspecifically, which decrease the sensitivity. The high viscosity of blood can also reduce
molecular diffusion and the overall binding efficiency. To address this issue, we
demonstrated that AC electrokinetic improved the limit of detection of the assay by reducing
the matrix effect. In particular, the incorporation of AC electrokinetics created
electrohydrodynamic fluid motion and temperature elevation to facilitate molecular
advection and target hybridization. The Joule heating induced temperature elevation also
reduces the effective viscosity and remove non-specific binding, which typically has a lower
affinity. In our probe design, the melting temperature of the probe-target hybridization was
approximately 60°C.3° The optimized electrokinetic condition, which resulted in a
temperature of ~55°C near the sensor surface, was determined to achieve the maximum
signal-to-noise ratio. This value was consistent with our previous study that the
hybridization temperature for maximizing the signal to noise ratio was a few degree below
the melting temperature.?

The universal probe pairs were applied in this study to measure the concentration of
bacteria. The universal probes detected the conserved region of bacterial 16S rRNA and
allowed phenotypic AST of bacterial pathogen to be performed without the knowledge of
the bacterial species. By applying the appropriate electrokinetic conditions, the required
starting concentration was reduced by one-order of magnitude. An average background of
8.45 nA was achieved in negative control represented no significant interspecies
contamination. This improvement in sensitivity could also be translated into a reduction in
culture time. For a typical E. coli strain, the doubling time is approximately 20 minutes.36: 37
A 10-fold improvement in sensitivity could be equivalent to over 1 hour of bacterial culture
time. This electrokinetic enhancement could be more important for slow growing bacteria.
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Molecular analysis techniques, such as real-time PCR, are typically faster than conventional
phenotypic AST techniques based on culture. These techniques, however, require an
additional bacterial isolation and molecular extraction steps to obtain high quality samples
for molecular analysis. These sample preparation steps increase the assay time and limit
their use in point-of-care diagnostics. The electrochemical sensor platform has a relative
high tolerance to sample matrix and provides a promising approach for performing AST in
physiological samples, such as blood culture. Another advantage of our approach is that only
electronic interfaces are required to apply electrokinetic enhancement and measure the
electrochemical sensor signal, which simplifies the system complexity and minimize the
cost of the system. The electrochemical biosensor can also be integrated into microfluidic
cartridge systems for point-of-care diagnostics.24: 38

Conclusion

In summary, we reported an electrokinetic enhanced biosensor platform for rapid AST. This
AST approach combines phenotypic bacterial growth and genotypic molecular detection.
The electrochemical sensor directly detects bacterial 16S rRNA in blood culture and AC
electrokinetics is demonstrated for improving the sensitivity of the assay by reducing the
matrix effect. With further development, the rapid AST approach could be broadly adopted
for acute infection diagnosis in various point-of-care settings.
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Figure 1.
(a—b) The electrode design for AC electrokinetics enhanced electrochemical biosensing. R,

W and A represent reference, working and auxiliary electrodes, respectively. (c) The
detection strategy for the electrochemical assay for bacterial 16S rRNA. The gold electrode
is pre-coated with an alkanethoil self-assembled monolayer. The capture probe for
hybridizing to the target molecular is immobilized on the electrode surface by biotin-
streptavidin interaction. The target is also hybridized to a detector probe for signal
generation.
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Figure 2.
(a) A schematic diagram of the AC electrokinetics enhanced hybridization process. (b)

Visualization of the fluid motion by particle tracing. Tracer particles were seeded in
hybridization buffer and a 200 kHz square wave with 5 volts peak to peak was applied. (c)
3D representation of electrothermal fluid motion in the sensor well.
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Figure 3.
The dependence of the electrode thickness on the temperature distribution in the sensor well.

The experiments were performed in buffer solution containing 2.5% BSA and 1M
phosphate. Data were collected using an infrared camera after the temperature reached
equilibrium. A 200 kHz square wave with 6 volts peak to peak was applied.
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Figure4.
(a) A schematic diagram of the electric field distribution in the sensor well. Heating are

concentrated near the connection region of the work and auxiliary electrodes (red color). (b)
The maximum temperature in the sensor well as a function of the electrode thickness. The
experiments were performed using Tris buffer with 2.5% BSA. A 200 kHz square wave with
6 volts peak to peak was applied.
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Figure5.
Antimicrobial susceptibility testing in blood culture and MH broth. EC132 with a starting

concentration of 5 x 108 CFU/ml were cultured in (a) blood-MH broth for 5 hours (1:1) and
(b) MH broth for 3 hours. The antibiotic resistance profile was determined. X-axis represent
different growth conditions: Control = no antibiotics; AMP = ampicillin; CIP =
ciprofloxacin; and SXT (trimethoprim/sulfamethoxazole).
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Figure6.
The signal-to-noise (S/N) ratios of the electrochemical assay with electrokinetic

enhancement and by diffusion during the hybridization step. EC132 samples with different
starting concentrations were cultured in blood-MH broth (1:9) for 3 hours.
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Figure7.
The signal-to-noise (S/N) ratios of the electrochemical assay with electrokinetic
enhancement and by diffusion during the hybridization step. EC132 with the same starting
concentration of 1 x 104 CFU/ml were cultured in blood-MH broth (1:9) for 3 hours with or
without antibiotics (CIP and SXT).
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