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Abstract

Rapid detection of bacterial pathogens is critical toward judicious management of infectious diseases. Herein, we demonstrate an in situ
electrokinetic stringency control approach for a self-assembled monolayer-based electrochemical biosensor toward urinary tract infection
diagnosis. The in situ electrokinetic stringency control technique generates Joule heating induced temperature rise and electrothermal fluid
motion directly on the sensor to improve its performance for detecting bacterial 16S rRNA, a phylogenetic biomarker. The dependence of the
hybridization efficiency reveals that in situ electrokinetic stringency control is capable of discriminating single-base mismatches. With
electrokinetic stringency control, the background noise due to the matrix effects of clinical urine samples can be reduced by 60%. The
applicability of the system is demonstrated by multiplex detection of three uropathogenic clinical isolates with similar 16S rRNA sequences.
The results demonstrate that electrokinetic stringency control can significantly improve the signal-to-noise ratio of the biosensor for
multiplex urinary tract infection diagnosis.

From the Clinical Editor: Urinary tract infections remain a significant cause of mortality and morbidity as secondary conditions often related
to chronic diseases or to immunosuppression. Rapid and sensitive identification of the causative organisms is critical in the appropriate
management of this condition. These investigators demonstrate an in situ electrokinetic stringency control approach for a self-assembled
monolayer-based electrochemical biosensor toward urinary tract infection diagnosis, establishing that such an approach significantly

improves the biosensor’s signal-to-noise ratio.
© 2014 Elsevier Inc. All rights reserved.
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Infectious diseases caused by bacterial pathogens are
common causes of patient morbidity and a major global
healthcare challenge.! For instance, urinary tract infection
(UTI), the most common bacterial infection of any organ
system, is a major cause of health care expenditures, accounting
for millions of office visits and hospital admissions every year in
America.>® To properly manage infectious diseases, patient
samples, such as urine and blood, are delivered to clinical
microbiology laboratories for pathogen identification. A major
limitation of the standard culture-based diagnostic approach,
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however, is that at least two to three days is required from
specimen collection to result reporting. The long delay is a result
of sample transport to the clinical microbiology laboratory and
overnight culture. Without direct information about the patho-
gens, antibiotic treatments are typically chosen based on the
worst-case scenario assumption, even in situations where
bacteria pathogens are ultimately found not to be the culprit.
Therefore, a biosensor that allows rapid identification of the
pathogens at the point of care will be tremendously beneficial to
the management and treatment of infectious diseases.

Recently, numerous molecular and nanoengineered pathogen
detection strategies have been developed.*” Self-assembled
monolayer (SAM)-based electrochemical biosensors, in partic-
ular, have received a lot of attention in the point-of-care
diagnostics community.® "' Electrochemical nucleic acid bio-
sensors have several advantages over other detection methods.
These advantages include cost-effectiveness, excellent
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Figure 1. (A) Self-assembled monolayer based electrochemical pathogen sensor. (B) Non-specific binding is removed by the temperature rise and fluid flow for
washing based on electrokinetic control. (C) Pseudomonas aeruginosa, Staphylococcus saprophyticus, Enterococcus faecalis, and Escherichia coli are
detected in the conditions of diffusion and electrokinetics. (D) The concentration of E. coli was measured with respect to diffusion and electrokinetics. A square

wave with voltage of 6 Vpp at 200 kHz was applied for 8 minutes.

sensitivity and specificity, compatibility with micro/nano
fabrication technology, and the availability of compact and
portable electronic interfaces. For instance, a SAM-based
electrochemical biosensor array for detecting species-specific
bacterial 16S rRNA has been reported for rapid UTI
diagnosis.'> ' In the “sandwich”-binding scheme of the
biosensor, the target 16S rRNA is anchored at the sensor
surface by a DNA capture probe and is also hybridized to a
DNA detector probe. The detector probe is labeled with a
reporter coupled to an oxidoreductase enzyme, which interacts
with the substrate and generates a redox signal to be detected
by the sensor electrodes (Figure 1, 4). While electrochemical
biosensor is a promising platform for rapid diagnosis of
infectious diseases, several technological challenges remain for
point-of-care applications. In clinical samples, such as blood
and urine, matrix components including metabolites, proteins,
and salts can introduce non-specific binding, which reduces the
overall sensitivity of the assay and may lead to false positives.'”
Furthermore, bacterial pathogens may share similar nucleic acid
sequences that can reduce the diagnostic accuracy of the molecular
assay. While it is possible to design highly specific capture and
detector probe pairs for each species, multiplex detection with
multiple detector probes simultaneously can introduce crosstalk
between different sensors.'® 2! The crosstalk may lead to non-
specific detection of the bacterial species and can result in an
overestimation of the target concentration. Within a clinical
context, it is essential to reduce the uncertainty due to non-specific
binding and improve the overall reliability of the multiplex
pathogen identification assays.

Innovative technologies for stringency control are highly
desirable to address the aforementioned issues toward multiplex
detection of infectious diseases. Stringency control by adjusting
the hybridization temperature and stringency wash has been

widely adopted to remove non-specific binding in hybridization
assays.”> 2° However, these strategies could be challenging to
implement in resource-limited settings. In this study, we exploit
alternating current (AC) electrokinetics to generate local heating
and fluid motion for in situ electrokinetic stringency control. AC
electrokinetics requires only simple electronic interfaces and a
low driving voltage, which eliminates the need for a high driving
voltage power supply and avoids bubble formation due to
electrolysis. These characteristics render AC electrokinetics a
promising platform for point-of-care diagnostics.>’

For stringency control, an applied electric field can create a
Joule heating induced temperature elevation, which is a result of
the Joule heating as electric current flows through the conductive
hybridization buffer.?® The electrical conductivity of the fluid and
the amplitude of the electric field can control the magnitude of the
temperature rise. Depending on the electrode configuration, the
local heating can also generate a spatial temperature distribution,
which induces gradients of conductivity and permittivity. The
interaction between these gradients and the electric field can create
electrokinetic forces and bulk electrothermal fluid motion. The
temperature distribution at equilibrium can be determined by
considering the simplified energy equation:>° 2

kV2T 4+ 6E*>=0

where T is the temperature of the medium, o is the conductivity
of the medium, & is the thermal diffusivity, and E is the electric
field. For a pair of parallel electrodes with a small gap, the
temperature rise near the gap of the electrodes has been estimated
to be:

AT =oV?, /8
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where V,,,, is the root mean square voltage. An analytical
expression for the order of magnitude of the electrohydrody-
namic force has been derived:**-'
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where 7 and 0 are the polar coordinates with reference to the
middle of the electrode gap, M (w, 7) is a dimensionless factor
describing the variation of the electrothermal force as a function
of both frequency and temperature, and 7 is the charge relaxation
time. These equations characterize the temperature rise and the
electrothermal force. Previously, we had characterized the
electrothermal fluid motion®?, and an in siru electrokinetic
technique had been developed for signal enhancement.'? The
fluid motion and local temperature rise may potentially be
applied to increase the hybridization stringency and remove non-
specific binding. Previous studies have also demonstrated the use
of external electric fields for electrically removing non-specific
targets in optical DNA sensors.>>** However, the combination
of electrothermal flow and Joule heating induced temperature
rise has not been explored for electrokinetic stringency control.
Furthermore, in situ electrokinetic stringency control has not
been applied directly on SAM-based electrochemical sensors for
multiplex pathogen detection despite its potential in point-of-
care diagnostics.

In this study, we describe an in situ electrokinetic stringency
control technique by utilizing AC electrothermal fluid motion
and the Joule heating effect to remove non-specific binding and
to improve the specificity of the electrochemical nucleic acid
biosensor. Joule heating is applied to induce a high stringency
that only permits highly homologous sequences to bind, and the
electrothermal fluid motion is utilized to remove non-specific
binding similar to a stringent wash in DNA hybridization
(Figure 1, B). Single nucleotide mismatch discrimination with
electrokinetic stringency control is investigated using synthetic
oligonucleotides with the electrochemical biosensor. The
background level due to the matrix effects of clinical urine
samples is also estimated as a function of the applied voltage. To
explore the clinical utility of the electrokinetic stringency control
technique, multiplex detection of uropathogenic clinical isolates
with similar 16S rRNA sequences is investigated using multiple
detection probes simultaneously.

Methods
Reagents and samples

Oligonucleotide probes and synthetic DNA targets were
obtained from Integrated DNA Technologies (Coralville, TA).
The E. coli capture probe and detector probe are 24 base pairs in
length, which are modified with 5’ biotin and 3’ fluorescein,
respectively (Table 1). The perfect match target is complemen-
tary to the E. coli capture and detector probes, and the single-

Table 1
Sequences of probes and oligonucleotides.

Probe and
oligonucleotide

Sequence

Escherichia coli 5" CTG CGG GTA ACG TCA ATG AGC AAA 3/

Capture (EC471C) 5" GGT ATT AAC TTT ACT CCC TTC CTC 3’
Detector (EC447D)

Proteus mirabilis 5" AGC GTT CCC GAA GGC ACT CCT C 3’
Capture (PM1019C) 5’ TAT CTC TAA AGG ATT CGC TGG A 3/
Detector (PM997D)

Pseudomonas aeruginosa 5' CCC GGG GAT TTC ACA TCC AACTT 3/

Capture (PA594C) 5" GCT GAA CCA CCT ACG CGC GCTTT 3’
Detector (PA570D)

Universal bacterial 5" TCG TTT ACR GCG TGG ACT ACC A 3/
Capture (UNI798C) 5" GGG TAT CTA ATC CTG TTT GCT C 3’
Detector (UNI776D)

Enterococcus spp. 5" ACC GCG GGT CCA TCC ATC AG 3/
Capture (EF220C) 5" CGA CAC CCG AAA GCG CCT TT 3/
Detector (EF200D)

Enterobacteriaceae 5" ACT TTA TGA GGT CCG CTT GCT CT 3’
Capture (EB1275C) 5’ CGC GAG GTC GCC TTC CTT TGT AT 3’

Detector (EB1252D)
Perfect match 5" ATG AAG AAG GCC TTC GGG TTG TAA
AGT ACT TTC AC GGG GAG GAA GG AGT
AAA GTT AAT ACC TTT GCT CAT TGA C 3’
5" ATG AAG AAG GCC TTC GGG TTG TAA
AGT ACT TTC AC GGG GAG GAA GG AGT

AAA GTT AAT ACC TTT ACT CAT TGA C 3’

Single base mismatch

base mismatch target has a mismatch nucleotide with the capture
probe. Uropathogenic isolates including Pseudomonas aeruginosa
(P. aeruginosa), Proteus mirabilis (P. mirabilis), Staphylococcus
saprophyticus (S. saprophyticus), Enterococcus faecalis (E. faecalis)
and Escherichia coli (E. coli) as well as clinical urine samples were
obtained from the clinical microbiology laboratory at the Veterans
Affairs Palo Alto Health Care System (VAPAHCS). Before the
experiment, the bacterial colonies were freshly incubated in Luria
broth (LB) and grown to logarithmic phase.

Electrochemical sensor array

The electrochemical sensor electrodes were fabricated on
glass substrates by photolithography. A 25 nm thick titanium
and a 125 nm thick gold electrode were evaporated on patterned
photoresist structures. The electrodes were patterned by lift-off.
The sensor arrays were cleaned by isopropanol and deionized
water before coating with self-assembled monolayers for
immobilizing the appropriate capture probes and minimizing
non-specific bindings. Each sensor was immobilized with a
biotinylated-capture probe.'® A plastic well manifold fabricated
by a laser machining system (Universal Laser System Inc.
VLS2.30) was bonded to the sensor array. The electrical signal
was supplied by a function generator (HP33120A) and
monitored by a digital oscilloscope (GW Instek GDS-1102).
The sensor array was connected to a multi-channel potentiostat
(GeneFluidics) for amperometric reading.

Electrochemical assay for bacterial 16S rRNA

A schematic overview of the detection strategy of the
electrochemical sensor array is shown in Figure 1, 4.
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Specifically, 20 pl of the bacterial sample was mixed with 12 pl
of 10 mg/ml lysozyme in 4 mM EDTA, 40 mM Tris—HCI of
pH 8.0, and 0.2% Triton X-100. The mixture was incubated at
room temperature for 5 minutes. The sample was then mixed
with 8 ul of 1 M NaOH and followed by additional incubation
for 5 minutes at room temperature. Sixty pl of detector probe
(0.5 uM) in 2.5% bovine serum albumin (BSA) (Sigma, St.
Louis, MO) and 1 M phosphate buffer of pH 7.4, was added to
the bacterial lysate and incubated at 37 C for 10 minutes to allow
the hybridization between the bacterial 16S rRNA and the
detector probe. Fifty ul of bacterial lysate-detector mixture was
loaded on the well, and the incubation proceeded for 10 minutes
at room temperature with and without electrokinetic stringency
control. After the mixture was washed and the sensor was dried,
6 ul of 0.5 U/ml anti-fluorescein horseradish peroxidase (HRP)
Fab fragments (Roche Diagnostics) in 1 M phosphate buffer
saline containing 0.5% casein was added on the sensor and
incubated at room temperature for 15 minutes. After washing
and drying, the sensor was loaded onto the potentiostat
(GeneFluidics). The amperometric currents were taken for all
16 sensors by applying voltage of —200 mV, at 60s when the
HRP redox reaction reached steady state. For detecting single-
base mismatches, this lysing process was substituted with a
10 minutes incubation of 10 ul of 100 nM synthetic target and
90 pl of 500 nM detector probe.

Multiplex detection

For multiplex detection, a cocktail of six different detector
probes, including universal bacterial probe (UNI776D), Enter-
obacteriaceae probe (EB1252D), Escherichia coli probe
(EC447D), Proteus mirabilis probe (PM997D), Pseudomonas
aeruginosa probe (PAS570D), and Enterococcus faecalis probe
(EF200D) (defined in Table 1), was diluted into 1 M phosphate
buffer with 2.5% BSA buffer. The detector probe cocktail was
mixed with the bacterial lysate and incubated at 37 °C for
5 minutes. The mixture was loaded on the pre-coated sensors
with E. coli, P. mirabilis, and P. aeruginosa capture probes
immobilized. Negative controls that apply the same procedures
including capture probe and cocktail detector probe without
bacteria were also tested on the capture probe pre-coated sensors.
For electrokinetic stringency control a square wave with 6 V
peak-to-peak (Vpp) at 200 kHz was applied to the sample with
conductivity of 6.7 S/m for 8 minutes.

Micro-scale thermometry experiments

To characterize the temperature rise,”~® two fluorescent

dyes, Rhodamine B (RhB) and Rhodamine 110 (Rh110), were
used for dual-color fluorescence thermometry. RhB is a
temperature-dependent fluorescent dye and its intensity de-
creases linearly with the temperature. Rh110 is a temperature-
independent dye for normalizing the intensity data. Calibration
was performed using the hybridization buffer premixed with
RhB and Rh110. The chamber was sealed and mounted under a
temperature control water bath. The temperature of the water
bath was measured by a thermocouple (LINI-T, UT33C) and
recorded as the reference temperature. Fluorescence images were
captured at each reference temperature. The intensity values were

normalized via the intensity value at room temperature to obtain
the calibration curve. The temperature measurement was
performed at different applied voltages to obtain the voltage-
temperature relationship. The temperature in steady state was
used to calculate the melting curve for the single-base mismatch
detection experiment.

Nearest-neighbor model based melting analysis

The nearest-neighbor model was used to estimate the melting
curves.”” Based on the nearest-neighbor model, the energetic
stability of a given base pair depends on the identity and
orientation of neighboring base pairs. The fraction of nucleic
acids hybridized as a function of the equilibrium constant K can
be calculated as:*®

1+ CrK—/1+2CrK
o =
CrK

where C7 is the total concentration of nucleic acid strands in
the solution.

The equilibrium constant can be estimated by Van’t Hoff
equation:

AH® AS°
K=exp\ " 37 T 1

where A H” is the change in enthalpy, AS” is the change in
entropy, T is temperature, and R is the gas constant.

Results
Electrochemical biosensor for bacterial 16S rRNA

The electrochemical sensor for bacterial 16S rRNA was
applied to identify and quantify uropathogens by measuring the
redox signal. Figure 1, C shows detection of four common
uropathogens with and without electrokinetics. With the
appropriate capture and detector probes, the electrochemical
sensor selectively detected the bacteria. By applying electroki-
netics directly on the sensor electrodes, the signal-to-noise ratio
increased for all uropathogens, which improved the overall
sensitivity of the SAM-based electrochemical biosensor array.
The magnitude of the electrical current was observed to be
proportional to the concentration of the bacteria with and without
electrokinetics (Figure 1, D). These results demonstrate the
SAM-based electrochemical assay is applicable for detecting
uropathogens, and electrokinetics can be applied for enhancing
the sensitivity of the sensor.

Electrokinetic stringency control for single-base
mismatch detection

To optimize the ability of electrokinetics to improve the
specificity of the electrochemical biosensor, electrokinetic
stringency control was characterized using synthetic targets,
including a perfect match sequence and a single-base mismatch
sequence. The voltage dependences of the signal for different
targets were obtained (Figure 2). The values were normalized by
the signal of the perfect match target at room temperature. For the
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Figure 2. Fraction of species (perfect match and single-base mismatch) by
applying a 200 kHz square wave. The signal was normalized by the signal of
the perfect match target at room temperature.

perfect match target, the signal increased at low voltage and
reached a peak value at voltage of 4.5 Vpp. Further increase in the
applied voltage was observed to reduce the signal. The mismatch
target displayed a similar trend, but had a lower value of the peak
voltage at 4 Vpp. In general, the perfect match target had a higher
signal compared to the mismatch target. The signals between the
perfect match and single-base mismatch targets were clearly
distinguished with an applied voltage between 5 and 6 Vpp.

To further analyze the contribution of Joule heating and
electrothermal flow, the temperature was measured at different
applied voltages and the hybridized fraction was determined
under different conditions (Figure 3, A). The theoretical melting
curves of the two targets were calculated based on the nearest-
neighbor model to compare to the experimental results (Figure 3,
B). In addition, the experiment was performed using an incubator
with temperature control to elucidate the effects of electrothermal
flow in electrokinetic stringency control (Figure 3, C). The
melting curves obtained from the incubator are in reasonable
agreement with the theoretical model. In particular, the
theoretical model correctly predicted the melting temperatures
for both the perfect match and mismatch targets. In this study, the
melting temperature is considered the temperature at which 50%
of the maximum signal is obtained. Remarkably, the maximum
signal obtained by electrokinetic stringency control was
significantly higher than the value obtained by the incubator.
The melting curve obtained with electrokinetics shifted to a
lower temperature compared to the one obtained by the
incubator. Furthermore, the melting curve of the perfect match
target was at a higher temperature range compared to the melting
curve of the mismatch target.

Electrokinetic stringency control can be understood by a
combination of temperature elevation and electrothermal fluid
motion. At room temperature, the perfect match and single-base
mismatch targets can hybridize with the capture and detector
probes. The difference between the perfect match and mismatch
targets is primarily due to the differences in the target sequences
and binding affinities of the targets to the capture probe. With
electrokinetics, the temperature increases with voltage and
follows a second-power dependence.®' The signal, in particular
for the perfect match target, displays a significant enhancement,
one that is higher than the value obtained using the incubator. The
enhancement is the result of the electrothermal flow that assists
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Figure 3. Comparison of (A) experimental fraction (perfect match and single-
base mismatch) results with different temperatures driven by electrokinetics,
(B) predicted fraction (perfect match and single-base mismatch) of nearest-
neighbor model and (C) experimental fraction results in temperature control
with an incubator.

molecular transportation and of the temperature rise that
facilitates nucleic acid hybridization.'? It should be noted that
the effect of fluid advection is not considered in the theoretical
model. Since the mismatch target has a lower affinity, it has a
lower melting temperature, as observed in the experiment. At a
higher temperature, the signal decreases with the voltage due to
the disassociation of the target from the capture probe. An
interesting observation is that the melting temperatures with
electrokinetics are lower than the values predicted by the
theoretical model and obtained using the incubator. Under the
same temperature, the deviation in melting curves cannot be
explained by thermal denaturation and suggests the significance
of the electrothermal flow motion in electrokinetic stringency
control. In particular, the electrothermal fluid motion serves as
stringency wash for removing non-specific binding. These results
reveal that electrokinetic stringency control can improve the
specificity of the assay for single nucleotide mismatch detection,
which forms the foundation for multiplex electrochemical
pathogen sensing toward urinary tract infection diagnosis.

Electrokinetic stringency control for matrix effect

Urine samples contain various components contributing
toward the matrix effect, which influences the performance of
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Figure 4. Voltage dependence of the background noise in human urine
samples.

the electrochemical sensor. The concentrations of the matrix
components can vary depending on diet and liquid intake by the
patient.”> For the electrochemical sensor, a strong matrix effect
may reduce the signal-to-noise ratio and the detection limit of the
assay. By applying an electric field, a strong electrothermal flow
and large temperature rise can be induced to increase the
stringency for surface binding and remove the non-specific
binding caused by the interaction between matrix components
and the sensor surface. Therefore, we examined the ability of
electrokinetic stringency control to reduce the background noise
of urine samples from healthy human volunteers (Figure 4). In
the experiment, it was observed that both the background levels
and their standard deviation decrease with the applied voltage.
The background noise could be reduced by 60% with 6 Vpp. The
data demonstrate that electrokinetic stringency control can
reduce the interference of the matrix effect on the electrochem-
ical sensor and potentially improve the reliable of the assay.

Electrokinetic stringency control for multiplex
pathogen detection

Crosstalk between different sensors can be a challenge for
multiplex pathogen detection. Crosstalk may arise from the
association of co-infections of pathogens that have similar 16S
rRNA sequences or non-specific binding between the capture
and detector probes. In general, a specific pair of capture and
detector probes can be designed for each bacterial species
without crosstalk. Nevertheless, the sequence design could be
challenging when multiple detector probes (i.e., the cocktail
approach) are applied simultaneously for multiplex detection.
While the detector probes may have a low binding affinity with
the capture probes, a high concentration of detector probes can
still increase the background noise. Therefore, we explored
electrokinetic stringency control for eliminating the crosstalk for
multiplex detection. Bacterial lysates with the detector probe
cocktails were loaded to sensor capture probes for E. coli, P.
mirabilis, and P. aeruginosa pre-coated on the sensor surfaces.
P. mirabilis and P. aeruginosa have similar sequences with E.
coli in the capture probe binding domain.?” Figure 5 shows the
amperometric signals with and without electrokinetic control.
Without electrokinetics, a significant false positive was observed
at room temperature for the E. coli sensor with P. mirabilis and
P. aeruginosa. Significant background noise was also observed
between the E. coli capture probe and the detector probe cocktail
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Figure 5. Multiplex detection of bacterial clinical isolates (P. mirabilis
1.11 x 107 CFU/ml, P. aeruginosa 1.0 x 107 CFU/ml, E. coli
3.2 x 10° CFU/ml) using (A) E. coli capture probe, (B) P. mirabilis capture
probe and (C) P. aeruginosa capture probe and cocktail detector probe with
and without in situ electrokinetic stringency control.

(negative control in Figure 5, 4). A voltage of 6 Vpp was
selected in the electrokinetic experiment where the hybridization
buffer reached ~60 °C. This temperature is below the melting
temperature of E. coli, but it exceeds the melting temperature of
P. aeruginosa and P. mirabilis. With electrokinetic stringency
control, the amperometric signal of E. coli in the E. coli sensor
(EC 471C) was increased by 2-fold, and the background noise
(NC) was decreased more than 10-fold. At the same time, the
crosstalk generated by P. aeruginosa and P. mirabilis was
reduced to a level similar to the negative control. Applying in
situ electrokinetic stringency control enhanced the signal-to-
noise ratio for E. coli more than 20-fold while also significantly
reducing the false positives from P. mirabilis and P. aeruginosa.
In the P. mirabilis and P. aeruginosa sensors, the target signals
were increased in electrokinetic control, and background noise
levels (negative control) were decreased. Collectively, our results
demonstrate in situ electrokinetic stringency control can
significantly improve the performance of the SAM-based
biosensor array for multiplex detection of uropathogens.

Discussion

In this study, we demonstrated an in situ electrokinetic
stringency control technique for enhancing the specificity of a
SAM-based electrochemical nucleic acid biosensor. Our results
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showed AC electrokinetic stringency control has the ability to
reduce matrix effects and background noise. Synthetic targets
and uropathogenic clinical isolates were tested and studied under
different AC electrokinetic conditions. The results of single-base
mismatch detection reveal that electrokinetics can create a
controllable temperature rise and electrothermal fluid flow to
remove non-specific binding. Electrokinetic stringency control
also successfully eliminated the false positives in multiplex
detection and increased the signal-to-noise ratio over 20-fold.
These promising results enable new opportunities for electroki-
netic stringency control to address the challenges of integrated
biosensing systems for point-of-care diagnostics of UTI and
other infectious diseases. Compared to standard stringency
control strategies, such as temperature elevation, the electrother-
mal fluid motion allows effective transportation of target
molecules and non-specific binding removal, which increases
the overall signal-to-noise ratio. Furthermore, electrokinetic
stringency control is particular suitable for point-of-care di-
agnostics, since only electronic interfaces are required to
implement the electrokinetic enhanced SAM-based electrochem-
ical molecular biosensors.

In conclusion, electrochemical sensing is an efficient platform
toward a wide spectrum of point-of-care diagnostic applications.
A major barrier toward clinical translation of a biosensor is the
matrix effect of physiological samples, which introduce
significant background noise and non-specific binding. The
matrix effect hinders the translation of many biosensing
platforms from proof-of-concept stage to clinical adoption.
With an in situ electrokinetic stringency control technique, we
demonstrate a SAM-based electrochemical biosensor enables
specific multiplex urinary tract infection diagnosis by removing
non-specific binding and matrix effects. Since non-specific
binding and matrix effects represent fundamental obstacles in
various bioassays, electrokinetic stringency control is anticipated
to benefit a large number of biomedical applications in the future.
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