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ABSTRACT: Urine Prostaglandin E2 (PGE2) has been identified as
an attractive diagnostic and prognostic biomarker for urinary tract
infection (UTI). This work demonstrates the use of PGE2 as a
biomarker for rapid and label-free testing for UTI. In this work, we
have developed a novel electrofluidic capacitor-based biosensor that
can used for home-based UTI management with high accuracy in less
than 5 min for small volume urine samples (<60 μL). The PGE2
biosensor works on the principle of affinity capture using highly
specific monoclonal PGE2 antibody and relies on non-faradaic
electrical impedance spectroscopy (EIS) and Mott−Schottky (MS)
for quantifying subtle variations in PGE2 levels expressed in human
urine (pH 5−8). Dynamic light scattering experiments were
performed to characterize surface charge properties and the impact
of bulk interferents on the interfacial modulation of electrical properties due to binding and urine pH variations. Binding chemistry
between the key elements of the immunosensor stack was validated using attenuated total reflectance-Fourier transform infrared
spectroscopy and surface plasmon resonance studies. Linear calibration dose responses were obtained for PGE2 for both EIS and
MS. The sensor reliably distinguished between UTI negative and UTI positive cases for both artificial (pH 5−8) and pooled human
urine samples. The sensor was not found to cross-react with Prostaglandin D2, a structurally similar interferent, and other abundant
urine interferents (urea and creatinine). Human subject studies confirmed the validity of the sensor for robust and accurate UTI
diagnosis. This work can be extended to achieve easy, reliable, and rapid home-based UTI management, which can consequently
help physicians with timely and appropriate administration of therapy to improve patient outcomes and treatment success.

KEYWORDS: Prostaglandin E2 (PGE2) biosensor, electrofluidic capacitor, recurrent urinary tract infection (rUTI),
electrochemical impedance spectroscopy (EIS), Mott−Schottky (MS)

With the current pandemic situation, one way of reducing
the existing burden on the global healthcare system is

by self-monitoring of diseases. This is especially valuable for
diseases that demand regular intervention but are generally
nonfatal when addressed in the early stages. One such
condition, which affects around 150 million people worldwide
and costs more than $1.6 billion annually, is urinary tract
infection (UTI).1 UTI is caused by the growth of pathogenic
microorganisms (bacteria and sometimes fungi) in the urinary
tract.2 Since UTI does not fall under the category of
mandatory infection to be reported in most countries, their
detection and management are considered a lower priority by
hospitals resulting in significant morbidity and mortality,
especially in developing nations.3 However, successful treat-
ment of UTI is time sensitive, and if left untreated, UTI can
ascend to the kidneys and spread to the bloodstream, and
ultimately result in sepsis, renal damage, and even death.4

Thus, early detection and regular monitoring of UTI
symptoms is of paramount importance to ensure successful

treatment.5 UTI contributes to nearly 1% of ambulatory visits
and around 7 million women visit the emergency department
for UTI symptoms every year in the United States alone.1 UTI
is common in high-risk populations like infants, pregnant
women, the elderly, patients with spinal injuries and/or
catheters, and patients with immunocompromised conditions
like diabetes mellitus and HIV infection.5 The ability to
reliably self-monitor UTI at home could be of great
importance for demographic groups for whom unnecessary
hospital exposure should be avoided.
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In many individuals, UTI will progress into a condition
termed recurrent UTI (rUTI) defined as two or more episodes
of UTI in 6 months or three or more episodes of symptomatic
UTI in 12 months.6 Recurrent UTI is associated with severe
psychological and financial burden, especially among the
elderly, and negatively impacts quality of life (QoL).7

According to the European Center of Disease Prevention
and Control (ECDC), the disease burden for UTI is as high as
81.2 disability-adjusted life years per 100 000 general
population.8 Recurrent UTI is also related to anxiety and
depression in premenopausal women with reported depression
rates as high as 61.9%.9

The current gold standard for UTI detection is clinical urine
culture, which has a diagnostic period of 2−3 days.5 During
this diagnostic period, patients are often prescribed broad-
spectrum antibiotics. However, this can lead to undesirable
consequences like antibiotic resistance, alteration of the urinary
tract microbiota, and increased medical costs.10 Further,
depending on the patient population, clinical urine culture
can often suffer from diagnostic errors11−15 because (i) the
same microorganisms can cause UTI and asymptomatic
bacteriuria (ASB)16 and (ii) the urinary concentration of
pathogenic microorganisms can often fall under the detection
limit of standard clinical culture techniques.4,17

To overcome these limitations, several culture-independent
alternatives have been developed. A comparison of these and
other current UTI diagnostic methods and their limitations are
presented in Table S1. Most of these methods are expensive,
require sophisticated sample preparation and laboratory
facilities,18 and are limited by the breadth of the panel of
pathogens detected5,19 and, thus, are not ideal for routine
screening, especially in home environments. For home-based
point-of-care testing, a number of UTI diagnostic biosensors
have been developed in the research space, which can be
broadly categorized as (i) culture-based devices, (ii) (semi-
)automated urine analyzers, and (iii) enzymatic assays.5 The
culture-based point-of-care tests (POCTs) suffer from turn-
around times of 16−24 h for bacterial growth and
quantification, which delays diagnosis.5 The semiautomated
urine analyzers and enzymatic assays are found in the form of
urine dipsticks. Common urine dipsticks rely on the qualitative
(colorimetric) detection of biomarkers like nitrites (waste of
bacteria) or leukocyte esterase (white blood cells) and lack
quantitation. Semiquantitative (colorimetric) or qualitative
(“yes/no”) readouts result in loss of concentration information
and, hence, suffer from limited positive predictive capabil-
ity.5,20−22 Enzymatic assay-based UTI biosensors typically are
label-based and require multistep sample preparation (fluo-
rescent tagging) with amplification/enrichment to enhance
target.5

A paradigm shift in UTI and rUTI management can be
initiated by developing a simple and easy-to-use diagnostic
device that can routinely monitor signs of UTI in the comfort
of one’s home. In this way, the device can provide an in-home
test result that can be directly conveyed to the physician so
they may initiate care and prescribe appropriate therapies. Key
attributes of such a device would include (i) uncomplicated,
single number readouts, (ii) cost effectiveness (especially for
resource-challenged regions), (iii) high sensitivity and
selectivity, (iv) rapid and early detection, (v) portability, and
(vi) independence from the causative pathogen. In this regard,
to truly achieve success for diagnosis along the lines of the
most successful commercially available point-of-care diagnostic

device, which is diabetes biosensor, it was important to look for
a single, high sensitivity and selectivity biomarker of active UTI
and rUTI. In their recent work, Ebrahimzadeh et al. showed
that urinary Prostaglandin E2 (PGE2) is one such biomarker
that can serve not only as a reliable diagnostic but also a
prognostic biomarker for rUTI in postmenopausal women.23

PGE2, which is an enzymatic product of cyclooxygenase-2
(COX-2), is a critical mediator of the inflammatory
response.24,25 Thus, PGE2 was chosen as the target biomarker
to achieve early, accurate single number quantitative readouts,
independent of the causative pathogen.26 To produce a cost-
effective, portable, rapid diagnostic device, electrochemical/
electroanalytical methods were chosen as the transduction
mechanism for biosensing. Electrochemical biosensors are
popular for building POC devices as they are (i) small,
portable, mass-producible, and inexpensive as they are
compatible with microfabrication and (ii) are reliable as they
seamlessly integrate with miniaturized electronics with high
fidelity and are generally programmed to give out quantitative
results.27−29

This study describes the development of a label-free, non-
faradaic electrofluidic capacitor-based biosensor for PGE2
quantification in less than 60 μL of human urine. We
demonstrate the use of PGE2, an attractive diagnostic and
prognostic UTI biomarker, as an analyte for urine-based
electrochemical biosensing. This novel work employs two
powerful electroanalytical methods of electrochemical impe-
dance spectroscopy and Mott−Schottky and is the first
demonstration of using these two techniques to build an
electrofluidic capacitor as a reliable and robust biosensor for
PGE2. The sensor shows good sensitivity to PGE2
concentration (correlated with UTI severity) in both spike-in
and patient urine samples for a wide urine pH range.
Calibrated using both EIS and MS, the sensor is able to
distinguish between UTI positive and negative urine samples.
Spike and recovery studies show a high correlation between
the measured and actual PGE2 concentrations simulated for
no, low, and high UTI severity. Attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR) and
surface plasmon resonance studies were performed to study
the binding chemistry of assay stack elements. The surface
charge and buffer effects were studied using dynamic light
scattering experiments by measuring the ζ-potential and
hydrodynamic radii of the unconjugated and conjugated
capture probe under varied dosing (0, 500, 5000 pg/mL)
and urine pH (5−8) conditions. Finally, observational human
subject studies were done wherein patient urine samples were
used to evaluate the efficacy of sensor performance and the
impact of nonspecific constituents was studied.

■ EXPERIMENTAL SECTION
Materials and Reagents. Monoclonal α-PGE2 antibody was

purchased from Arbor Assays (Ann Arbor, MI). The antibody was
aliquoted and stored at 4 °C until further use. HPLC-purified PGE2
antigen was obtained in synthetic powder form from Sigma-Aldrich
(St. Louis, MO). The crosslinker DSP (dithiobis (succinimidyl
propionate)) and phosphate-buffered saline (PBS) were obtained
from Thermo fisher Scientific Inc. (Waltham, MA). Artificial urine
was prepared using the recipe (MP-AU or multipurpose-artificial
urine) by Sarigul et al., and all of the dilutions were prepared in
deionized water.30 The urine buffer pH was adjusted using sodium
hydroxide (10% NaOH) and hydrochloric acid (10% HCl) obtained
from Sigma-Aldrich (St. Louis, MO). Pooled human urine samples
(pH ∼6.5) were obtained from Lee Biosolutions (St. Louis, MO).
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The sensor system was constructed using a Metrohm 220 AT three-
electrode (gold working and counter electrode and silver reference
electrode) screen printed sensor (Metrohm USA).
Immunoassay Design and Binding Chemistry Character-

ization. Figure 2 shows binding chemistry analysis of the immuno-
assay stack of the non-faradaic biosensor, which involves (i) binding
between the DSP crosslinker and the monoclonal PGE2 antibody
(mAb) and (ii) the subsequent capture and preferential binding of the
PGE2 expressed in urine to the PGE2 mAb. Thus, the binding
chemistry involved in the developed sensor stack was evaluated in two
parts: first, attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) analysis was done to identify the optimal
concentration of the monoclonal PGE2 antibody for sufficient
chemisorption of the PGE2 antibody on the working electrode by
studying the DSP−mAb binding chemistry. Second, surface plasmon
resonance (SPR) analysis was done to validate the binding between
the PGE2 mAb and the PGE2 molecule spiked in 1× PBS buffer.
Nicolet 6700 FTIR (Thermo Fisher Scientific) was used for the

ATR-FTIR studies. A liquid sample of 10 mM DSP crosslinker
dissolved in DMSO was used as the baseline for the analysis. A 1:1
mixture of PGE2 antibody in PBS and DSP crosslinker dissolved in
DMSO was incubated for 2 h.31 Various concentrations of PGE2
mAb, namely, 0.1 μg/mL, 1 μg/mL, 10 μg/mL, and 1 mg/mL
conjugated to DSP were probed for thiol bond formation. For both
the baseline DSP spectrum and the DSP−mAb conjugate spectra, 256
scans were collected, for a wavelength range of 4000−600 cm−1, at a
resolution of 4 cm−1. To ensure sufficient sites for the subsequent
capture of the target analyte, i.e., the PGE2 molecule expressed in
urine, antibody saturation studies were performed (see Figure S2).
From these experiments, the antibody loading capacity for the sensor
(considering the area of the working electrode) was determined based
on the variation in the modulus of impedance from the crosslinker
functionalization step to the mAb immobilization step. After
optimizing the PGE2 mAb concentration, the preferential binding
of the PGE2 antigen to the PGE2 mAb due to affinity capture was
studied using surface plasmon resonance experiments. SPR studies
were performed using the Open SPR instrument (Nicoya, Canada)
using PBS as the running buffer. Carboxyl sensor chips were used for
binding characterization and NHS-EDC binding chemistry was used
for validating the PGE2 antibody−antigen binding. All reagents, kits,
and sensor chips were purchased from Nicoya (Canada). Two-
channel mode was used, and the protocol provided with the carboxyl
sensor kit tech guide was followed. The concentrations used for the
reagents were 10 mM HCl (pH 2−3), 10 μg/mL PGE2 antibody, and
500 pg/mL (lowest concentration) PGE2 antigen.
ζ-Potential Studies. As shown in Figure 3A, the physiological

urine pH range varies from 5 to 8 and the median human urine pH is
6.32 Dynamic light scattering studies were done using Malvern
Zetasizer NanoZS (Malvern Instruments, U.K.) to evaluate the
surface charge and size variation of the developed PGE2 assay stack as
a function of pH and dosing. Figure 3A shows the cases evaluated,
namely, Blank (no PGE2), UTI negative (low PGE2), and UTI
positive (high PGE2) cases.
The variation of the surface charge of the monoclonal PGE2

antibody was studied by measuring the ζ-potential for the entire
physiologically relevant pH range of urine, that is, pH 5−8. Further,
the effect on the overall surface charge of the antibody−antigen
conjugate post binding was also visualized for the entire pH range of
5−8 for low, medium, and high concentrations of PGE2. ζ-Potential
was calculated from the electrophoretic mobility of stack constituents
using Smoluchowski’s equation.33 The size variation of the PGE2
mAb (measured as the hydrodynamic radius) due to the effect of bulk
ions and buffer pH was studied. Further, the hydrodynamic radii of
the PGE2 mAb and the PGE2 mAb conjugated to both low (UTI
negative) and high (UTI positive) concentrations of PGE2 antigen
expressed in artificial urine (pH 6) were measured.
Experimental Design for Dose-Response Curves for EIS and

MS. The sensor consists of a standard three-electrode system made
up of gold working and counter electrodes and silver reference
electrodes screen printed on a ceramic substrate. Five microliters of

10 mM of a DSP crosslinker (dissolved in DMSO) was incubated
only on the working electrode for 2 h in the dark for strong thiol bond
formation. After DMSO wash and one 1× PBS wash, monoclonal
PGE2 antibody was immobilized on the gold working electrodes in 5
μL of volume for overnight incubation for EDC-NHS bond
formation. The crosslinker concentration was selected based on
literature.31,34 ATR-FTIR-based spectroscopic validation (described
in previous sections) was used to validate the suitability of the
selected incubation time and antibody concentration for urine
prostaglandin E2 biosensing. The volume of 5 μL for the crosslinker
and antibody was chosen to ensure that the entire working electrode
(only WE) gets covered to ensure specificity of the response.

The physiological range for urine PGE2 is 500−5000 pg/mL.23

Doses were prepared by spiking PGE2 antigen in synthetically
prepared urine (pH 6) for urine PGE2 concentrations of 500, 1000,
2000, 3000, 4000, and 5000 pg/mL. The urine sample containing the
antigen was incubated on the sensor surface for 5 min. This was done
based on the findings from a recent study by Zorea et al., where it was
found that for non-faradaic EIS, with increasing incubation times the
measurable values of interfacial capacitance (constant phase element)
and resistance (solution and diffusional resistance) decrease.35

Calibration dose-response curves for EIS-based PGE2 detection in
artificial urine (n = 3) and pooled human urine (n = 3) were reported
as percentage changes in impedance modulus at 100 Hz relative to a
baseline or zero dose as a function of PGE2 concentration.
Calibration dose-response curves for MS-based PGE2 detection in
artificial urine (n = 3) and pooled human urine (n = 3) were reported
as percentage changes in 1/capacitance2 at 100 Hz relative to a
baseline or zero dose as a function of PGE2 concentration.36 Blank
artificial urine buffer (pH 6) and unspiked pooled human urine were
used as a baseline for developing calibration dose-response curves
using artificial urine and pooled human urine, respectively. PGE2
ELISA (Enzo Life Sciences, Inc., Farmingdale, NY) was used to
determine PGE2 levels in unspiked pooled human urine samples,
which was found to be 639.17 pg/mL. The raw or absolute value data
from pooled human urine (from which relative percent changes were
calculated) for both EIS and MS have been included in Supporting
Information (Figure S7). Since this value is below 2000 pg/mL, it was
speculated that the PGE2 levels in the unspiked pooled human urine
samples were representative of a healthy population cohort. Single-
frequency EIS measurements (100 Hz) recorded impedance measure-
ments over 5 min and were taken using a potentiostat (Gamry
Instruments, Warminster, PA) after applying an AC excitation signal
of 10 mV rms. MS measurements were carried out using the same
potentiostat after applying a voltage from −0.5 to 0.5 V for 1 min.
Extraction of the 1/capacitance2 for MS analysis was performed using
Gamry Echem Analyst software. The choice of voltage inputs for the
EIS and MS protocols was done such that an ohmic response is
achieved without the denaturation of biomolecules.37 Similar
protocols were followed for the detection of PGE2 in pooled
human urine. The data are represented as mean ± standard error of
the mean (SEM).

Urine PGE2 levels are correlated with the risk of UTI onset and
relapse. From literature, it has been found that urine PGE2 levels
elevated above 2000 pg/mL are indicative of active rUTI in
postmenopausal women and concentrations below this level are
consistent with women who do not have active UTI or rUTI.23 This
threshold was utilized for spike and recovery analysis to evaluate the
efficacy of dose-response experiments and the sensor’s ability to
distinguish between “no-UTI” and “active-UTI” cases (Figure 5).
Thus, the signal response at PGE2 dose concentration of 2000 pg/mL
was used as the threshold dose as the UTI classification threshold for
classifying test urine sample as UTI positive or negative.

Urine pH Variation Study. The physiologically relevant pH
range of human urine varies from 5 to 8. The effect of urine pH on the
sensor’s performance to detect PGE2 was studied. The artificial urine
buffer was adjusted to 5, 6, 7, and 8 and was spiked with PGE2
antigen of concentration 500−5000 pg/mL. EIS and MS experiments
were carried out as described in the previous section. Two other
conventional DC-based electrochemical methodschronoamperom-
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etry (CA) and chronocoulometry (CC)were studied (with similar
inputs, i.e., −0.5 to 0.5 V for 1 min) to validate the suitability of the
chosen techniques (i.e., EIS and MS) for building the electrofluidic
capacitor. This has been discussed in further detail in the Results and
Discussion section.
Spike-in and Recovery Studies. Figure 5 represents the results

from the spike in and recovery analyses for both MS and EIS
methods. In this experiment, known concentrations (“actual”) of
PGE2 spiked in triplicate were compared with the “measured
concentration” calculated based on the previously developed
calibration curves. Urine samples spiked with known PGE2
concentrations (spread over the dynamic range of the sensor) were
analyzed using EIS and MS methods. The results obtained (i.e.,
modulus of impedance at 100 Hz for EIS and 1/capacitance2 at 100
Hz for MS) were converted to “measured concentrations” by
interpolation of X mean values calculated/recovered based on the
curve fitting (sigmoidal, four parameter logistic regression, X is
concentration; Least squares fit) based on the calibration dose studies
for each method (Figure 4). Then, the correlation between the
“actual” concentration (that is the known spiked concentration) and
the “measured” concentration (obtained by interpolation from the
fitted dose-response curve) was analyzed using R2 values to study the
accuracy of the measured values. The correlation between the spiked
and recovery concentrations was analyzed using both methods
(Figure 5A,B).
Human Subject Testing Studies. The human subject samples

were collected as part of approved Institutional Review Board
protocols (STU 082010-016, MR 17-120). Patient samples were
collected during their visit at UTSW Medical Center and written
consent was obtained prior to sample collection and participation in
the study. As a proof of concept, three postmenopausal female
subjects with active, symptomatic UTI as diagnosed by clinical urine
culture were studied. Clean-catch urine collected from these patients
was aliquoted and stored in −80 °C and was retrieved later for
analysis. Urinary PGE2 and creatinine were measured via high

sensitivity ELISA (Enzo) and Creatinine Urinary Detection Kit
(Thermo Fisher Scientific) based on the instructions from the
vendors. Urine was diluted 1:2 for PGE2 measurements and 1:20 for
creatinine measurements. Optical density measurements for these
colorimetric assays were performed with a Syngergy H1 plate reader
(Biotek, Winooski, VT).23 Figure 7C shows the setup for carrying out
these experiments. Postanalysis was done using the calibration dose-
response curves for both methods described in the previous sections.
The signal response at PGE2 dose concentration of 2000 pg/mL of
the control buffer, i.e., artificial urine (MP-AU) was used as the
threshold dose as the UTI classification threshold for classifying test
urine sample as UTI positive or negative.

Statistical Analysis. Data are represented as mean ± SEM. The
data is represented with n = 9 (n = 3 intersensor and n = 3 intrasensor
replicates). The significance test was carried out using Student’s t-test
and one-way ANOVA with α of 0.05. Nonlinear regression and other
statistical analyses were performed using GraphPad Prism version
9.1.2 (GraphPad Software Inc., La Jolla, CA).

■ RESULTS AND DISCUSSION

Design of the Electrofluidic Capacitor-Based Bio-
sensor. The sensor operates on the electrofluidic capacitance
principle wherein the arrival of a fluid front (in this case urine
buffer) changes the permittivity at the double layer interface.38

This capacitive change is measured by planar metallic
electrodes and correlated with the level of target analyte (in
this case, PGE2). Electrofluidic capacitors have been widely
used in the energy and fuel cell space; however, their use in
biosensing is sparse.39 This work discusses the development of
a simple, planar electrofluidic capacitor that does not require
any microfluidic channels for fluid storage for reliable sensing.
A standard three-electrode electrochemical system serves as
the base electrode of the electrofluidic capacitor, while the

Figure 1. Schematic showing the construction and operation of the electrofluidic capacitor PGE2 biosensor. Created using Biorender.com.
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urine buffer acts as the dielectric medium. The choice of
electrochemical methods for building the capacitor was based
on down selecting techniques that are capable of tracking
subtle changes due to binding without being affected by ionic
noise due to urine buffer pH variation. Two DC-based
techniques, namely, chronoamperometry (CA) and chrono-
coulometry (CC) and two AC-based techniques, namely,
electrochemical impedance spectroscopy (EIS) and Mott−
Schottky (MS) were employed for the studies keeping the
input parameters similar (as listed in the Experimental
Section). Figure S3 shows the response from CA and CC as
a function of PGE2 dosing for a pH range of 5−8. Clearly, the
response from the methods CA and CC are largely affected by
the urine buffer pH and give a stable response for 7 or above.
Since the normal urine pH is slightly acidic and the median
value is 6, EIS and MS were selected for the calibration of the
electrofluidic capacitor-based PGE2 biosensor, which exhibits
superior and consistent dose-dependent response independent
of urine pH levels. This is because unlike CA and CC, which
capture the bulk effects of the electrolyte, EIS and MS focus on
subtle changes at the electrical double layer interface.37,40−42

To study the capacitive properties of the electrical double
layer (EDL) developed at the electrode−urine buffer interface
as a result of analyte-capture probe binding, electrochemical
impedance spectroscopy (EIS) and Mott−Schottky (MS) were
used. Both methods are highly established and widely used for
capacitive analysis (equivalent electrical circuit shown in Figure

1), especially in the field of biosensing as they are AC based,
compatible with small-signal analysis, and suitable when
working with proteins to avoid denaturation and compromise
of structural integrity.37 While EIS provides a powerful means
of analyzing subtle biosensing events from the electrolyte (i.e.,
urine buffer) side, MS allows for robust evaluation of
modulation of dielectric interfacial properties from the
electrode side.36,41 By combining these two complementary
and powerful techniques, a holistic and accurate analysis of
electrochemical phenomena can be achieved (see Figure 1).
The use of urine as the diagnostic biofluid media affords
several advantages. Urine, being highly ionic, serves as a high
conductivity medium suitable for developing capacitive
systems.43 This means that the electrical signal, in its original,
unamplified form, can be detected without significant electrode
modification or the additional step of labeling or redox tagging.
Further, urine has sufficient residence time in the bladder for
the diffusion of proteins, metabolites, salts, etc., from
surrounding blood vessels, which makes it a reliable diagnostic
biofluid, especially for analytes associated with early disease
detection which are expressed in low concentrations initially.44

Another added advantage of urine is that this diffusion process
results in a low concentration of interferents and other
biomolecules which are nonspecific to the sensor, which allows
for low inherent noise for the capacitive system. In this way,
the utilization of EIS and MS in the form of a label-free
electrofluidic capacitor-like biosensor to detect PGE2 levels in

Figure 2. (A) ATR-FTIR spectra of a DSP crosslinker and PGE2 antibody conjugated to DSP and (B) inset showing the measured peaks
characterizing the binding chemistry between the crosslinker and antibody.
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neat (unprocessed/unfiltered) human urine can be a simple yet
effective self-monitoring solution for reliable and rapid home-
based UTI management.
Validation of Binding Chemistry. The proposed PGE2

sensing scheme involves the affinity-based capture of PGE2
molecules expressed in urine using a highly specific
monoclonal PGE2 antibody. The antibody is bound to the
working electrode via strong thiol bonds using a DSP
crosslinker. The formation of a self-assembled monolayer of
the mAb on the working electrode region is validated using
ATR-FTIR analysis. When PGE2 is present in urine, it
preferentially binds to the monoclonal antibody by affinity
capture. The peaks specific to the DSP crosslinker and the
binding between the DSP and PGE2 mAb have been
identified. Figure 2B shows the zoomed-in spectra for the
DSP baseline and the DSP−mAb conjugates. Due to its
primary amine structure, the antibody binds to the DSP
crosslinker by cleaving the N-hydroxysuccinimide (NHS)−
ester bond. This breakage of CO−NHS bond of DSP due to

NHS binding of DSP linker to PGE2 mAb was validated by the
decrease of a peak at 1735.05 cm−1. Further, a shift in primary
amide peak from 1653.21 to 1646.98 cm−1 as a result of
binding and formation of stable secondary amide peaks at
1500−1550 cm−1 was observed. Similar peaks were observed
for all of the test concentrations of PGE2 mAb. In this way, the
binding chemistry between the crosslinker and PGE2 mAb was
validated. The stock PGE2 mAb solution (100 μg/mL)
purchased from the vendor had 0.09% sodium azide present
in it to prevent microbial contamination. Through the ATR-
FTIR experiments, it was also confirmed that sodium azide
does not impact binding (even for the lowest tested mAb
concentration, i.e., 0.1 μg/mL) and its removal is not required
(as evident from the position of actual peaks).
Next, antibody saturation studies were performed to identify

the antibody loading capacity at the working electrode of the
sensor (Figure S2). It was found that for the given working
electrode area and its optimized sample volume (i.e., 5 μL), the
signal response saturates after 5 μg/mL, meaning that

Figure 3. ζ-Potential studies: (A) schematic showing the mass comparison of the capture probe (PGE2 antibody) and target analyte (PGE2
antigen), physiologically relevant urine pH range, and dynamic light scattering experiments conducted for evaluating binding between the PGE2
antibody and 0, 500, and 5000 pg/mL PGE2corresponding to blank, UTI negative, and UTI positiveat pH 5−8, (B) hydrodynamic radius
variation of PGE2 antibody in urine for pH 5−8, (C) ζ-potential variation of sensor stack elements as a function of pH (5−8) and dosing (0, 500,
and 5000 pg/mL), and (D) hydrodynamic radius variation of antibody−antigen complex as a function of PGE2 antigen dosing for urine pH 6
(median human urine pH). Partially created using Biorender.com.
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antibodies bind to the DSP crosslinker self-assembled
monolayer and provide sufficient binding sites for PGE2
analyte molecules in urine. Based on these results and by
considering the urine sample volume (i.e., 60 μL sufficient to
cover all three electrodes to complete the electrical circuit) and
the desired sensor dynamic range (i.e., 500−5000 pg/mL of
PGE2), 10 ug/mL was chosen as the optimal PGE2 mAb
concentration optimized for further biosensing.
To validate the reliable affinity capture of PGE2 analyte

molecules by the PGE2 mAb at the optimized concentration,
SPR studies were performed for the lowest PGE2 concen-
tration, i.e., 500 pg/mL. Figure S4 shows the signal response
for various steps of the protocol. As per the protocol outlined
by the vendor, Channel 1 corresponds to the nonspecific
binding (only the PGE2 antigen in the running buffer is flowed
through this channel) activities, while channel 2 corresponds
to the specific binding events between the PGE2 mAb and Ag
(both Ab and Ag flow through this channel). From the inset,
by comparing the response from both the channels, it is clear
that PGE2 is successfully immobilized onto the gold carboxyl
sensor chips and the binding between optimized PGE2 mAb
and the lowest dose of PGE2 antigen is also validated for
subsequent electrochemical biosensing.
Effect of Surface Charge on Binding. The proposed

biosensor is label free and operates in non-faradaic mode since
there is no exchange of charges between the electrode and the
electrolyte. The binding between the antibody and antigen
modulates the interfacial dielectric constant due to the
accumulation of analyte molecules and the rearrangement of
water and ions at the EDL. To study the electrochemical and
physical properties of different elements of the assay stack,
dynamic light scattering experiments were done to measure the
surface charge (using ζ-potential) and the size (using
hydrodynamic radius). ζ-Potential is the potential measured
at the plane that separates the stern and diffuse layers of the
EDL.45,46 To get an overall picture of the interfacial charge, the
entire physiological range of urine pH was studied (i.e., pH 5−
8). Smoluchowski’s equation for electrophoretic mobility was
utilized. The size of the antibody and the antibody−antigen

complex at pH 5−8 were probed measuring the hydrodynamic
radii, which is calculated based on the Brownian motion and
the diffusion coefficient of the molecules suspended in the
artificial urine buffer.47

Figure 3A shows the structure of PGE2 antigen and the
molecular weight comparison of the PGE2 antibody and
antigen. As shown in the figure, for ζ-potential and
hydrodynamic radius studies, the urine pH was varied between
5 and 8, and the concentration of the PGE2 antigen was 0
(blank, only mAb), 500 (low concentration, no UTI), and
5000 pg/mL (high concentration, active UTI).
The assay consists of the monoclonal PGE2 antibody

covalently bound to the thiol linker by NHS ester linkage.
Next, PGE2 Ag expressed in urine preferentially binds to PGE2
mAb by affinity capture. From Figure 3B, the hydrodynamic
radius of the antibody increases with pH as more and more
hydroxyl ions in the buffer populate the stern and diffuse
layers. Next, as can be seen in Figure 3D, with dosing, the size
of the antibody−antigen conjugate increases as more and more
PGE2 antigen present in the buffer binds to the antibody. As
shown in Figure 3C, the ζ-potential of the antibody−
crosslinker conjugate and Ab−Ag conjugate were found to
be negative at urine pH 5−8. A high negative ζ-potential
indicates that the complex is stable and not prone to
agglomeration. As the amount of hydroxyl ions increases
with pH, the surface charge becomes increasingly negative, as
evidenced by the increase in negative ζ-potential. Figure 3C
also shows that as we go from low to high PGE2 doses, the ζ-
potential effectively remains unchanged for a given pH. This
validates that PGE2 is an uncharged or minimally charged
molecule and the capacitive response signal response is
achieved due to antigen−antigen binding and not due to
crosstalk from electrostatic noise from the bulk solution. In this
way, high signal-to-noise ratio was achieved, by suppressing the
effect of electrostatic noise (from the highly ionic urine buffer)
and charge screening effects, which is especially important in a
non-faradaic setting where no redox labels are used for signal
enhancement.

Figure 4. Calibration dose-response in pooled human urine for low, medium, and elevated PGE2 levels for EIS and MS.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.1c01951
ACS Sens. 2022, 7, 186−198

192

https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01951/suppl_file/se1c01951_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01951?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01951?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01951?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01951?fig=fig4&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Calibration of the Sensor in Pooled Human Urine.
Modulation of dielectric properties at the electrode−urine
buffer interface and a rearrangement of ions and water
molecules, due to Ab−Ag binding, were captured using two
powerful AC-based electroanalytical techniques, namely,
electrochemical impedance spectroscopy (EIS) and Mott−
Schottky (MS). In these techniques, a small sinusoidal AC
voltage is applied at the working electrode, and a phase-shifted
current is obtained as the output. In EIS, the ratio of the input
voltage to the output current gives a complex impedance
characteristic of the biosensing system (correlated with the
binding activity at a given analyte concentration).37,40,48−50

The schematic in Figure S1 depicts the inputs and the
corresponding outputs for different PGE2 levels in the test
urine sample. In EIS, the modulus of the impedance is reported
at a particular frequency and in MS, 1/capacitance2 value is
extracted. Both these parameters contain information regarding
the capacitive makeup of the interface, which has been
combinatorially leveraged to calibrate the sensor to obtain
dose-response curves. The physiologically relevant PGE2 level
in human urine ranges from 500 to 5000 pg/mL.23 Figure S9
shows the characteristic response curves for both EIS and MS
methods. Calibrated sensor dose responses for PGE2 detection
in synthetic urine (pH 6) are depicted in Figure S5. Figure 4

shows the dose-response curve for PGE2 detection in pooled
human urine. A linear dose response for synthetic urine (n = 3)
and pooled human urine (n = 3), for a wide dynamic range of
500−5000 pg/mL, was observed for both methods, as shown
in Figures 4 and 5. The modulus of impedance decreases in a
dose-dependent fashion as the system becomes increasingly
capacitive due to binding. Data are represented as mean ±
SEM. The data is represented with n = 3 intersensor and n = 3
intrasensor replicates. The significance test was carried out
using one-way ANOVA with α of 0.05. One-way ANOVA
analysis results confirm that the sensor is capable of
distinguishing between low, medium, and high levels of
PGE2 in both artificial (pH 6) and pooled human urine (p-
value < 0.0001). In this way, the electrofluidic capacitor-based
biosensor was calibrated for urine PGE2 quantification.

Spike-in and Recovery and Precision Analysis. The
accuracy of the biosensor performance for both EIS and MS
was tested by spike-in and recovery studies. In this experiment,
known concentrations (actual) of PGE2 spiked in triplicate
were compared with the measured concentration calculated
based on the previously developed calibration curves. Figure 5
shows the results of spike-in and recovery experiments done
using PGE2 spiked in synthetic urine (500−5000 pg/mL). For
both methods, a good correlation between the actual (spiked)

Figure 5. Spike and recovery experiments for (A) EIS and (B) MS showing a correlation between actual concentration (i.e., the known spiked
concentration) versus measured concentration (i.e., the PGE2 concentration recovered using interpolation of the fitted dose-response curve) in
urine. Coefficient of variation (CV%) analysis for (C) EIS and (D) MS methods.
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concentration measured and the concentration (interpolated
using the 4PL method) with R2 value >0.98 was achieved.
Thus, it was concluded that the developed sensor can reliably
detect PGE2 levels present in neat urine with high accuracy. In
this way, by probing the electric double layer from both the
electrode (MS) and electrolyte (EIS) sides by leveraging the
complementary robustness of both methods, a high sensitivity
(1.312 for MS and 1.225 for EIS) was achieved by discarding
the bulk effect of ions and minimizing the impact of the
complex neat urine matrix in a label-free, simplistic, non-
faradaic manner.
To evaluate the precision of both the EIS and MS

techniques, the coefficient of variation (CV%) was calculated
by averaging over all of the replicates as a function of the PGE2
levels spiked in urine samples. It was found that the CV% all of
the PGE2 doses fall well within the acceptable range of 20% set
by Clinical Laboratory Standards Institute (CLSI) guide-
lines.51,52 In this way, it was concluded that the sensor is
capable of precise measurements urine samples using both EIS
and MS methods.
Effect of Cross-Reactive Molecules and Urine pH on

Electrochemical Sensor Performance. To evaluate the
selectivity and specificity of the developed sensor, cross-
reactivity experiments were performed. To test if the sensor
gives nonspecific signals for structurally similar prostaglandins
in urine, the sensor was tested with Prostaglandin D2 for
specificity and selectivity. PGE2-specific mAb was immobilized
on the sensor, which was challenged with the threshold
concentration, i.e., 2000 pg/mL of PGD2. Similarly, cross-
reactivity studies were done to study the impact of urea (major
constituent of urine ∼1.5 g/100 mL) on sensor performance.
Figure 6 shows the results of cross-reactivity experiments. The
data is represented with n = 9 (n = 3 intersensor and n = 3
intrasensor replicates) for PGD2 (2000 pg/mL) and urea
(2000 pg/mL). The significance test was carried out using one-
way ANOVA with α of 0.05. Clearly, the signal response for
the interferent molecules lies well below that for the target
PGE2 molecules at the UTI threshold concentration. One-way
ANOVA shows a p < 0.05 for both EIS and MS, meaning that
there is a significant difference in the sensor response for the
same concentration of the specific (i.e., PGE2) and nonspecific
urine constituents (i.e., PGD2 and urea). Thus, from these
experiments, it is evident that the system is specific and
selective for the target biomarker. The signal for PGE2 does
not cross-react with that due to interferent molecules, and the
sensor is able to significantly discriminate between UTI
positive and UTI negative cases. The signal response at PGE2
dose concentration of 2000 pg/mL of the control buffer, i.e.,
artificial urine (MP-AU) was used as the UTI classification
threshold. The effect of urine creatinine levels on the sensor
response has also been studied and has been discussed in the
Human Subject Testing Studies section.
Figure S6 shows the results of the evaluation of the effect of

urine pH on the performance of the electrofluidic urine
biosensor. The pH of urine was varied between 5 and 8 and
the response of the sensor was studied using both EIS (Figure
S6A−D) and MS (Figure S6E−H). For MS, using one-way
ANOVA analysis, it was found that the sensor was able to
reliably discriminate between the blank, low, medium, and high
PGE2 levels (i.e., p-value < 0.05) for pH 5−8. For EIS, using
one-way ANOVA analysis, it was found that the sensor was
able to reliably discriminate between the blank, low, medium,
and high PGE2 levels (i.e., p-value < 0.05) for pH 5−7. For pH

8 (abnormally high pH), a nonsignificant difference was
obtained for EIS. Figure S3 shows the response from
chronoamperometry (CA) and chronocoulometry (CC) as a
function of PGE2 dosing for a pH range of 5−8. From this
figure, it is evident that the two established DC-based methods
of CA and CC fail to give an intelligible sensor response at low
urine pHs but give a measurable dose-dependent response at
neutral and pH. This is probably because at low pH levels the
levels of small and mobile H+ ions are high, which contributes
to considerable bulk noise. Since the DC-based CA and CC
methods focus on overall bulks, they are not immune to this
noise. However, this is not observed in the case of AC-based
methods, EIS and MS, because in these methods, the
modulation at the electrical double layer interface is
predominantly studied (Rct and Cdl). This validates the choice

Figure 6. Cross-reactivity experiments with PGD2 and urea using (A)
EIS and (B) MS. UTI classification threshold corresponds to the
specific response of the PGE2 sensor for the threshold dose (i.e., 2000
pg/mL) for classifying UTI positive and UTI negative cases.
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of using AC-based methods of EIS and MS when dealing with
unfiltered or neat urine samples in label-free or non-faradaic
formats.
Evaluation of Sensor Performance for Human

Subject Testing. The proposed application and scope of
the developed sensor are depicted in Figure 7. To test the
efficacy of the proposed biosensing scheme on patient urine
samples, non-faradaic EIS and MS measurements were run on
urine samples obtained from three female human subjects. All
patients fell under the category of postmenopausal women
with active UTI. The blank/no UTI samples were from
commercially obtained pooled urine collected from normal
human donors (>3 donors per pool), which was considered as
the baseline. The impedance values obtained were averaged (n
= 3 sensors) and the trend was analyzed. As seen in Figure
7A,B, UTI threshold classification was done based on the mean
values obtained during calibration using spiked urine samples.
It was observed that the sensor could differentiate between
healthy and unhealthy cases based on the signal output
resulting from the PGE2 levels in the samples. This means that
the subjects for whom PGE2 levels were beyond the threshold
(denoted by the red area labeled “inform physician”) need to
inform their physician and discuss further testing and
treatment options. Since the prescription of antibiotics is
time-critical, this sensing approach will enable clinicians to
ensure higher rates of treatment success. Using one-way
ANOVA, it was found that the sensor is able to reliably
discriminate between no UTI and possible UTI cases (one-way
ANOVA, p < 0.05). As shown in Figure 7A,B, the data
obtained from all three subjects was also evaluated using
unpaired t-tests (one-sided, α = 0.05). Figure 7B shows that
the sensor was able to distinguish each of the unhealthy subject
samples from the healthy/low PGE2 sample. Using the MS
method (Figure 7A), the sensor was capable of showing a
significant difference between only two unhealthy subject
samples from the healthy/low PGE2 sample. However, since
the electrofluidic capacitor biosensor relies on the outputs
from both MS and EIS, overall, the sensor can discriminate
between UTI positive (above 2000 pg/mL) and UTI negative
cases (below 2000 pg/mL) reliably. This also emphasizes that
a combinatorial approach employing both MS and EIS is
necessary for preliminary diagnosis. Figure 7C shows the mean
PGE2 and creatinine concentrations present in the human
subject samples obtained using ELISA analysis and the

corresponding PGE2: creatinine ratios and pH values of the
patient urine samples. By comparing the PGE2 values (shown
in orange in Figure 7C) and the sensor response in Figure 7A
using both EIS and MS methods, it was clear that the sensor
output was able to follow the trend of PGE2 concentration
(was able to discriminate between the low to high levels) and
was unaffected by the levels of creatine and pH value of each
patient sample (Figure 7C). In this way, it was concluded that
the sensor is capable of accurately identifying the presence of
urinary tract infection in a rapid, label-free, and non-culture-
based manner.

■ CONCLUSIONS

This work describes the development of an electrochemical,
non-faradaic immunosensor for the quantification of prosta-
glandin E2 in neat human urine, in microliter volumes. To our
knowledge, in this work, we have demonstrated the first label-
free, non-faradaic electrofluidic capacitance-based PGE2 for
measuring the levels of inflammation due to underlying
infection. The binding chemistry involved in the various
steps of the sensor stack was evaluated using spectroscopic
techniques of ATR-FTIR and SPR. The electrochemical
behavior of the sensor and the surface charge of its elements
were studied using ζ-potential measurements. Non-faradaic
single-frequency electrochemical impedance spectroscopy and
Mott−Schottky analysis was used to study the capacitive
modulation of the electric double layer as a function of the
binding. Linear calibration dose-response curves were obtained
for PGE2 dynamic range of 500−5000 pg/mL. Spike-in and
recovery experiments were done to test the efficacy of the
developed dose-response curves and were found to satisfy the
analytical chemistry standards. The sensor did not show
susceptibility to noise due to cross-reactive interferents and
nonspecific buffer constituents in human subject samples.
Finally, the performance of the device was assessed using
patient urine samples. It was found that the sensor is capable of
discriminating between low and high PGE2 levels and was able
to identify the presence of UTI in three postmenopausal
women. It was concluded that the sensor is capable of reliably
discriminating between high (UTI) and low (no UTI) PGE2
concentrations for the entire physiologically urine pH range. A
high signal-to-noise ratio and significant sensitivity for PGE2
detection for a wide dynamic range of 500−5000 pg/mL in
neat/unfiltered urine was achieved by achieving high capacitive

Figure 7. Result of human subject studies for (A) Mott−Schottky and (B) electrochemical impedance spectroscopy. (C) Mean values of creatinine
and PGE2 levels obtained from ELISA analysis and pH and PGE2/creatinine ratio for the human subjects studied.
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signal by holistically probing the electrical double layer
interface from both the electrode and electrolyte aspects and
by getting rid of the impact of the high noisy and ionic urine
buffer matrix. The proposed biosensor has the potential for use
a home-based UTI screening tool that will help patients for
early detection of UTI. This will also assist clinicians in timely
and precise antibiotic stewardship toward UTI management.
Future research directions include translation of the electro-
fluidic sensing scheme into a portable form factor by
interfacing with a miniaturized electroanalysis platform. In
this way, the proposed novel electrofluidic capacitor-based
biosensing scheme shows promise for being extended to
incorporate other UTI-relevant biomarkers toward rapid, easy,
and accurate home-based multiplexed testing in real-life
practice.
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