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Highly Reusable Electrochemical Immunosensor for
Ultrasensitive Protein Detection

Kavya L. Singampalli, Camille Neal – Harris, Cassian Yee, Jamie S. Lin,*
and Peter B. Lillehoj*

The detection and quantification of protein biomarkers in bodily fluids is
important for many clinical applications, including disease diagnosis and
health monitoring. Current techniques for ultrasensitive protein detection,
such as enzyme-linked immunosorbent assay (ELISA) and electrochemical
sensing, involve long incubation times (1.5–3 h) and rely on single-use
sensing electrodes which can be costly and generate excessive waste. This
work demonstrates a reusable electrochemical immunosensor employing
magnetic nanoparticles (MNPs) and dually labeled gold nanoparticles
(AuNPs) for ultrasensitive measurements of protein biomarkers. As proof of
concept, this platform is used to detect C-X-C motif chemokine ligand 9
(CXCL9), a biomarker associated with kidney transplant rejection, immune
nephritis from checkpoint inhibitor therapy, and drug-associated acute
interstitial nephritis, in human urine. The sensor successfully detects CXCL9
at concentrations as low as 27 pg mL−1 within ≈1 h. This immunosensor was
also adapted onto a handheld smartphone-based diagnostic device and used
for measurements of CXCL9, which exhibited a lower limit of detection of 65
pg mL−1. Lastly, this work demonstrates that the sensing electrodes can be
reused for at least 100 measurements with a negligible loss in analytical
performance, reducing the costs and waste associated with electrochemical
sensing.

1. Introduction

The detection and quantification of protein biomarkers play
an important role in the diagnosis and monitoring of dis-
eases. Enzyme-linked immunosorbent assay (ELISA) is the
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most commonly used immunologi-
cal technique for the detection and
quantification of proteins in biofluid
samples.[1] While ELISA enables high
sensitivity and high specificity mea-
surements, it involves long (1.5–3 h)
incubation times and requires bulky
benchtop equipment and highly trained
personnel, limiting its use to labora-
tory settings. Electrochemical sensing
is an alternative technique capable of
high sensitivity biomolecular detection,
which can be performed using portable
instrumentation.[2-4] Immunoassays
employing electrochemical sensing (i.e.,
electrochemical immunosensors) have
been integrated onto smartphone-based
detection devices, facilitating their use for
point-of-care testing.[5-7] However, elec-
trochemical immunological techniques
rely on the formation of antibody-antigen
immunocomplexes, which can involve
long incubation times similar to ELISA.
Furthermore, electrochemical sensors
utilize single-use sensing electrodes,
which leads to higher costs and excessive
waste.

Various strategies have been demonstrated to develop electro-
chemical sensing electrodes that can be reused for multiple mea-
surements. One such method is to use shape-changing aptamers
to reversibly bind the analyte under different conditions. Yang
et al. developed an electrochemical sensor for the detection of
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carcinoembryonic antigen (CEA) in blood.[8] This platform uti-
lized a tetrahedral DNA nanostructure on the surface of the work-
ing electrode, which formed a triplex structure in the presence
of CEA, bringing a redox element close to the electrode surface.
Rinsing the sensing electrodes using an alkali solution caused
the nanostructure to return to its original configuration and re-
lease CEA, allowing it to be reused. This sensor could detect CEA
at concentrations as low as 2 pM in 35 min and be reused up
to 13 times with a <15% loss in the detection signal. Similarly,
Wu et al. reported a reusable electrochemical sensor employing
a ferrocene-bound aptamer for the detection of adenosine, which
could be detected at concentrations as low as 20 nM.[9] Rinsing
the sensing electrodes with hot water caused adenosine to be re-
leased from the aptamer, enabling the sensor to be reused up to
30 times while maintaining >90% of the detection signal.

Modifying the sensor surface to release immobilized proteins
is another technique that has been implemented to reuse sens-
ing electrodes. For example, Hong et al. coated a gold sensor in
poly(N-isopropylacrylamide) to create a thermoresponsive layer
on the surface of the sensing electrode.[10] At temperatures above
32 °C, hydrophobic interactions allowed the polymer to adsorb
proteins for immunocomplex formation. This platform was used
to detect cancer antigen 125, CEA, and prostate specific antigen
(PSA), which could be detected at concentrations as low as 0.007
U mL−1, 0.7 pg mL−1, and 0.9 mg mL−1, respectively. The tar-
get proteins could be released by reducing the temperature be-
low 32 °C, allowing the sensing electrodes to be reused for up
to 4 measurements without a drop in analytical performance. In
an alternative method demonstrated by Panahi et al., the sur-
face of an electrochemical sensor was modified with polyethy-
lene glycol and cyclodextrin, which underwent a change in its
polymeric confirmation in the presence of hydrophobic analytes,
such as trans-resveratrol, leading to a drop in the electrochemical
impedance.[11] Introducing cyclodextrins back into the polyethy-
lene glycol surface restored the sensor functionality, allowing it
to be reused for 3 measurements.

Another strategy that has been utilized to reuse sensing elec-
trodes is to dissociate the antigen-antibody immunocomplexes
from the sensor surface using an acidic solution, such as glycine-
hydrochloric acid buffer,[12,13] or a solution containing a strong
base, such as NaOH.[14] Using this approach, immunosensors
could achieve high sensitivity detection when combined with sig-
nal amplification strategies[14] and be reused up to 45 times;[13]

however, they required harsh chemicals or complicated wash-
ing procedures to remove bound analytes, limiting their use to
laboratory settings. Sensing electrodes can also be reused by
washing the electrode surfaces to remove whole antigen-antibody
immunocomplexes and re-immobilizing the capture antibody.
Zhang et al. developed a reusable amperometric immunosensor
that could be reused up to four times by dissociating antibody-
antigen immunocomplexes from the working electrode using a
regeneration solution.[15] Using a similar sensing scheme and
sensor regeneration principle, Liu et al. developed an ampero-
metric immunosensor with a phenylboronic acid-modified work-
ing electrode for measurements of PSA, which could be de-
tected at concentrations as low as 2 ng mL−1, and reused up
to 10 times.[16] While these immunosensors exhibited minimal
variability (< 5% relative standard deviation) across measure-

ments using reused electrodes, they required long soaking times
(30 min) in the regeneration solution and the capture antibody
needed to be re-immobilized on the working electrode after each
measurement.

Magnetic beads have also been used to create reusable sensors,
which enable the rapid immobilization and removal of immuno-
complexes from the surface of an electrode. Xiao et al. reported
a magnetic bead-based electrochemical sensing platform for the
detection of E. coli in food samples.[17] An E. coli-specific antibody
was immobilized onto magnetic beads and concentrated on the
working electrode by placing the sensor on a magnet. Using this
platform, E. coli could be detected at concentrations as low as 3
colony forming units. E. coli-bead complexes were removed from
the working electrode via washing with ammonia and distilled
water, allowing the sensing electrodes to be reused for up to 60
measurements.

Reusable piezoelectric and field-effect transistor (FET)-based
biosensors have also been reported. For example, piezoelectric
sensors have been developed that employ magnetic beads to
immobilize the capture antibody on the sensor surface[18,19] or
can be washed to dissociate antibody-antigen immunocomplexes
from the sensing surface.[20–22] While some of these sensors
could be reused up to 100 times, they required the capture an-
tibody to be re-immobilized on the sensing surface after each
measurement. Furthermore, these biosensors exhibited analyt-
ical sensitivities in the range of 10′s of ng mL−1, making them
unsuitable for the detection of many clinically relevant biomark-
ers that are present at low concentrations (10′s to 1000′s pg mL−1)
in bodily fluids. FET-based sensors have also been developed with
various reusability strategies, including using sensor coatings
with reversible protein binding properties,[23] modifying nano-
FET sensing elements with polymers or peptides,[24–26] or utiliz-
ing aptamers with shape-transitioning properties as biorecogni-
tion elements.[27] While these platforms could be reused at least
10 times, the fabrication of FET-based sensors is complicated and
expensive, limiting their use to research purposes.

To overcome the limitations described above, we have de-
veloped an electrochemical immunosensor for ultrasensitive
(10′s pg mL−1) protein measurements with excellent reusabil-
ity. This immunosensor is based on a unique sensing scheme
using antibody-labeled magnetic nanoparticles (MNPs) and gold
nanoparticles (AuNPs), enabling rapid immunomagnetic enrich-
ment and enhanced signal amplification. For proof of concept
demonstration, we have selected C-X-C motif chemokine ligand
9 (CXCL9), which has been shown to be an important biomarker
for the detection of immune nephritis associated with treatable
medical conditions, such as renal transplant rejection[28–30] and
acute interstitial nephritis from immune checkpoint inhibitors
or other drugs.[31,32] The use of this immunosensor for the de-
tection of CXCL9 in urine samples is novel and represents a pi-
oneering application of this technology. We show the capability
of this immunosensor to detect CXCL9 in spiked human urine
samples with pg mL−1 sensitivity in ≈1 h. Furthermore, we also
demonstrate CXCL9 detection using a smartphone-based diag-
nostic device, providing enhanced portability for point-of-care
testing. Last, we show that sensing electrodes can be rinsed and
reused for at least 100 measurements with a minimal loss in an-
alytical performance.
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Figure 1. Workflow of the Reusable Electrochemical Immunosensor. A) The sample is incubated with cAb-MNPs and dually labeled AuNPs, resulting in
the formation of MNP-antigen-AuNP immunocomplexes. B) MNP-antigen-AuNP immunocomplexes are separated from the sample using a magnetic
rack. C) TMB substrate is added to the MNP-antigen-AuNP immunocomplexes and the solution is dispensed onto the SPGE sensor. The sensor is
placed on a magnetic stage resulting in the MNP-antigen-AuNP immunocomplexes being concentrated onto the working electrode (i). A bias potential
is applied to the reference and working electrodes, and an electrochemical current is generated by the HRP-TMB substrate redox reaction (ii). D) The
electrochemical signal is read using a smartphone-based diagnostic device or a benchtop potentiostat. E) The sensor is gently rinsed with wash buffer
and dried using compressed air, enabling it to be reused.

2. Results and Discussion

2.1. Principle of the Sensing Scheme

Unlike conventional antigen immunoassays that utilize a capture
antibody that is permanently immobilized on the sensing sur-
face and a horseradish peroxidase (HRP)-conjugated detection
antibody, this immunosensor utilizes capture antibody-labeled
(cAb-) MNPs and AuNPs dually labeled with a biotinylated de-
tection antibody and HRP. To initiate the measurement, cAb-
MNPs and dually labeled AuNPs are added to the sample and
incubated for 1 h (Figure 1A). If the target antigen is present in
the sample, it binds to the cAb-MNPs and dually labeled AuNPs
forming MNP-antigen-AuNP immunocomplexes, which are sub-
sequently separated from the sample and washed using a mag-
netic rack (Figure 1B). Streptavidin-HRP is added to the solution
and incubated for 10 min, resulting in HRP binding to the bi-
otinylated detection antibody. This step increases the amount of
HRP on the AuNPs, which leads to the generation of a larger
electrochemical signal, thus enhancing the analytical sensitiv-
ity of the immunosensor. The MNP-antigen-AuNP immunocom-
plexes are then washed to remove any unbound streptavidin-
HRP. 3,3’,5,5’-Tetramethylbenzidine (TMB) substrate is added to
the MNP-antigen-AuNP immunocomplexes, and the solution is
dispensed onto a screen-printed gold electrode (SPGE) sensor.
The sensor is placed on a magnetic stage (Figure S1, Supporting
Information), resulting in the MNP-antigen-AuNP immunocom-
plexes rapidly concentrating onto the sensor surface (Figure 1C).
A redox reaction between the TMB substrate and HRP on the
AuNPs is generated upon application of a bias potential to the
reference and working electrodes, resulting in the generation of
an electrochemical signal that is proportional to the antigen con-
centration in the sample (Figure 1D). If there is no target antigen
in the sample, no immunocomplex formation occurs between

the cAb-MNPs and dually labeled AuNPs, which are subsequently
washed away during magnetic separation. Thus, a negligible elec-
trochemical signal is generated upon application of the bias po-
tential.

Conventional immunoassays require long (1.5–3 h) incuba-
tion times for biomolecular recognition and antigen-antibody
binding. Furthermore, multiple washes are required to re-
move unbound biomolecules and reduce nonspecific binding
from the sensor surface. The use of nanoparticles (MNPs and
AuNPs) in this immunosensor accelerates mass transport and
enhances antigen-antibody reaction kinetics, leading to an am-
plified detection signal and shorter assay time. Due to their
high surface area-to-volume ratio, nanoparticles can be loaded
with large amounts of antibody, which facilitates biomolecu-
lar recognition and increases the likelihood of immunocomplex
formation.[33,34] Additionally, the AuNPs are labeled with both
HRP-conjugated detection antibody and free HRP, which has
been shown to further amplify the detection signal and enhance
the analytical sensitivity in a surface-binding electrochemical
assay.[35]

In addition to enhancing the antigen-antibody reaction ki-
netics, the use of cAb-MNPs offers several additional advan-
tages. First, the MNP-antigen-AuNP immunocomplexes can be
rapidly (within minutes) concentrated onto the working elec-
trode using an external magnet, which is significantly faster than
diffusion-based mass transport. After each measurement, the
MNP-antigen-AuNP immunocomplexes can be easily washed off
the sensor, allowing it to be reused multiple times (Figure 1E).
In this sensing scheme, the biofluid sample does not directly
contact the sensing electrodes, which reduces the likelihood of
nonspecific binding and interference effects due to the presence
of electroactive species (e.g., uric acid and ascorbic acid) in the
sample.[36,37] Furthermore, the limited time (2 min) that cAb-
MNPs are in contact with the sensor reduces the likelihood that
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Figure 2. Optimization of Electrochemical Immunoassay Parameters. A) SBRs obtained from human urine samples spiked with CXCL9 at 0 or 10 000
pg mL−1 using AuNPs labeled with various dAb:HRP molar ratios. Nanoparticles were incubated with the sample for 30 min. B) SBRs obtained from
CXCL9-spiked and nonspiked urine samples using varying amounts of cAb-MNPs. C) SBRs obtained from CXCL9-spiked and nonspiked urine samples
using varying AuNP-to-MNP ratios. Measurements were performed using 5 μL of MNPs. D) SBRs obtained from CXCL9-spiked and nonspiked urine
samples with a 30 or 60 min sample incubation period. E) SBRs obtained from CXCL9-spiked and nonspiked urine samples with varying streptavidin
(SA)-HRP incubation times. F) SBRs obtained from CXCL9-spiked and nonspiked urine samples with varying times for magnetic attraction. Each bar
represents the mean ± standard deviation (SD) of three independent measurements. Statistical significance was determined using a one-way ANOVA
for panels A–C and E,F, and using a student’s t-test for panel D. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.

they will nonspecifically bind to the sensing electrodes, resulting
in a low background signal.

2.2. Optimization of the Immunoassay Parameters

Several assay parameters were optimized to enhance the analyt-
ical sensitivity of the immunosensor and reduce the overall as-
say time. For every parameter that was optimized, we evaluated
the signal-to-background ratio (SBR) of the assay, which was cal-
culated using the detection signal obtained by testing a human
urine sample spiked with 10 000 pg mL−1 of CXCL9 and the
background signal obtained by testing a nonspiked urine sam-
ple. The effect of incorporating free HRP on the AuNPs was
studied by performing measurements using AuNPs labeled with
HRP-conjugated detection antibody only or AuNPs dually labeled
with HRP-conjugated detection antibody and free HRP at vary-
ing molar ratios. Significantly larger SBRs were obtained us-
ing dually labeled AuNPs (with antibody-to-HRP molar ratios of
1:25 and 1:50) compared with AuNPs labeled only with HRP-
conjugated detection antibody (Figure 2A). The incorporation of
free HRP on the AuNPs increases the amount of HRP on each
MB-antigen-AuNP immunocomplex, which leads to the oxida-
tion of more TMB substrate and a larger electrochemical sig-
nal. We observed that the use of dually labeled AuNPs with high

(≥1:6.25) antibody-to-HRP ratios resulted in low SBRs, which
we attribute to a disproportionate increase in the background
signal produced by the HRP-conjugated detection antibodies
on the AuNPs. A 1:25 molar ratio of antibody-to-free HRP re-
sulted in the highest SBR and the least amount of variation be-
tween replicate measurements and was selected as the optimal
ratio.

The amounts of cAb-MNPs and dually labeled AuNPs incu-
bated with the sample were optimized by performing measure-
ments using varying volumes of cAb-MNP and AuNP solutions,
which were added at a 1:2 MNP-to-AuNP volume ratio. There was
a significant increase in the SBR by increasing the amount of
cAb-MNP solution from 2.5 to 5 μL (Figure 2B). However, we ob-
served no improvement in the immunosensor performance by
using a larger amount (10 μL) of cAb-MNP solution, which is
likely due to the sensor surface being saturated with nanopar-
ticles. Once the sensor surface becomes fully saturated with
nanoparticles, the presence of additional HRP-labeled AuNPs
which are not located within the diffusion layer of the working
electrode does not contribute to the redox reaction and has a
negligible effect on the electrochemical signal. We also observed
that using higher amounts of AuNPs relative to MNPs resulted
in lower SBRs since having an abundance of HRP molecules
close to the sensor surface generated a high background sig-
nal (Figure 2C). Conversely, having too many MNPs relative to

Adv. Sensor Res. 2024, 2400004 2400004 (4 of 9) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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AuNPs led to a reduction in the SBR due to a low amount of HRP-
labeled AuNPs, resulting in minimal signal amplification and a
low detection signal. Based on these results, 2:1 was selected as
the optimal AuNP-to-MNP ratio.

We briefly investigated different incubation conditions and
found that incubation at room temperature produced larger SBRs
compared with incubation at 37 °C (Figure S2A, Supporting In-
formation). Furthermore, there was no significant difference in
the SBR when the sample was incubated with and without agita-
tion (500 rpm), thus, static incubation at room temperature was
selected as the optimal incubation condition to simplify the as-
say workflow and avoid the need for additional laboratory equip-
ment (e.g., heater, shaker). The number of washes performed
after magnetic separation was optimized to enhance the analyt-
ical sensitivity and simplify the assay workflow. A single wash
resulted in a significant increase in the SBR compared with no
washing (Figure S2B, Supporting Information) due to a decrease
in the background signal. Performing > 1 wash cycle resulted in
significantly lower SBRs, which we attribute to the excessive loss
of cAb-MNPs.

The incubation times were optimized to maximize the ana-
lytical sensitivity while reducing the overall assay time. We first
evaluated the influence of adding cAb-MNPs and dually labeled
AuNPs to the sample concurrently followed by a single 30 min
incubation or adding them sequentially followed by separate
30 min incubation periods. There was no significant difference
in the SBR when the nanoparticles were added concurrently ver-
sus sequentially (Figure S2C, Supporting Information); there-
fore, we chose to add them concurrently to reduce the assay time.
The sample incubation time was optimized by incubating the
nanoparticles with the sample for 30 or 60 min. The longer incu-
bation resulted in a 1.6-fold increase in the SBR (Figure 2D), and
60 min was selected as the optimal sample incubation time. Stud-
ies to optimize the streptavidin-HRP incubation time showed
that 10 min resulted in a large SBR while minimizing the as-
say time (Figure 2E) and was selected as the optimal time. The
last parameter that was optimized was the time for magnetic at-
traction. Incubation times ≤1 min resulted in low SBRs due to
inadequate time for the MNP-antigen-AuNP immunocomplexes
to migrate to the sensor surface and concentrate on the working
electrode. Increasing the magnetic attraction time to 2 min re-
sulted in a ≈2-fold increase in the SBR (Figure 2F). Incubation
times >2 min resulted in a negligible improvement in the analyt-
ical performance of the immunosensor, thus, 2 min was selected
as the optimal time for magnetic attraction.

2.3. Evaluation of the Immunosensor Performance

We evaluated the analytical performance of this electrochemical
immunosensor by performing measurements of CXCL9 spiked
in pooled human urine obtained from healthy donors. Elevated
CXCL9 levels in urine have been shown to be indicative of
immune-mediated kidney injury.[28,29,31] Since it is possible for
CXCL9 to be present at very low levels in the urine of healthy indi-
viduals, we first measured the CXCL9 concentration in the pooled
urine using a commercial ELISA kit to determine the baseline
level before spiking. The CXCL9 concentration was found to be
below the lower limit of detection (LOD) of the ELISA kit (Figure

S3, Supporting Information), indicating that it was undetectable.
Therefore, the amount of CXCL9 spiked in the pooled urine
represents the actual CXCL9 concentration in the samples. Us-
ing CXCL9-spiked urine samples, calibration curves were gen-
erated for the electrochemical immunosensor with either a 30
or 60 min sample incubation. Chronoamperograms generated
from the urine samples containing CXCL9 from 0 to 10 000
pg mL−1 show a positive correlation between the amperometric
current and CXCL9 concentration (Figure 3A). The calibration
curves produced at 30 and 60 min were both highly linear over a
broad range of concentrations, with linear ranges of 0 to 10 000
pg mL−1 (r2 = 0.9945) and 0 to 10 000 pg mL−1 (r2 = 0.9907), re-
spectively (Figure 3B). The lower LOD, calculated as 3× the SD
at 0 pg mL−1 divided by the slope of the calibration curve,[38] of
this immunosensor for CXCL9 detection in human urine is 302
pg mL−1 with a 30 min sample incubation and 27 pg mL−1 with
a 60 min sample incubation. The analytical sensitivity of this im-
munosensor allows for the detection of a broad range of CXCL9
levels. The sample incubation time can be adjusted accordingly
based on the anticipated CXCL9 range associated with the disease
being monitored.

Measurements of CXCL9 in urine samples were performed
using a benchtop potentiostat and a handheld diagnostic de-
vice, consisting of a smartphone and Sensit Smart potentiostat.
A 60 min sample incubation was used for both instruments.
The detection signals generated by the smartphone-based device
for all tested CXCL9 concentrations were statistically similar to
those generated by the benchtop potentiostat (Figure 3C). The
calibration curve for the CXCL9 immunoassay generated by the
smartphone-based device exhibited a highly linear response (r2

= 0.994) from 0 to 100 000 pg mL−1 with a lower LOD of 65
pg mL−1. These results demonstrate that the smartphone-based
diagnostic device offers nearly equivalent analytical performance
as the benchtop potentiostat, while offering enhanced portabil-
ity for point-of-care testing. The accuracy of the electrochemical
immunosensor was evaluated by performing measurements of
urine samples spiked with varying concentrations of CXCL9 us-
ing the electrochemical immunosensor and a commercial ELISA
kit. The CXCL9 concentrations determined using both meth-
ods are plotted in Figure 3D, which shows that the CXCL9 con-
centrations determined by the electrochemical immunosensor
are highly correlated with those determined by the commercial
ELISA kit (Pearson’s correlation coefficient, r, = 0.931), indicat-
ing that the analytical performance of both assays is comparable.

2.4. Reusability of the Electrochemical Immunosensor

The reusability of this immunosensor was evaluated by per-
forming measurements of CXCL9-spiked urine samples using
fresh sensing electrodes and sensing electrodes that were reused
for 100 measurements. Reused sensors were used for a total
of 100 independent measurements – 50 measurements were
performed with urine samples spiked with CXCL9 at 10 000
pg mL−1 and 50 measurements were performed with nonspiked
urine samples. The low (< 15%) standard deviation across
50 independent measurements at each concentration using
three separate sensors shows that this immunosensor exhibits
minimal assay variability (Figure 4A). Furthermore, there was
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 27511219, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsr.202400004 by R

ice U
niversity, W

iley O
nline L

ibrary on [22/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advsensorres.com


www.advancedsciencenews.com www.advsensorres.com

Figure 3. Analytical Performance of the Reusable Electrochemical Immunosensor. A) Chronoamperograms generated from urine spiked with CXCL9 at
concentrations from 0 to 10 000 pg mL−1 with a 60 min incubation. Each line represents the average current produced using 3 independent measurements
at each concentration. B) Calibration plots based on amperometric currents at 150 s obtained from chronoamperograms in panel A. Measurements
were carried out using a benchtop potentiostat. Each point represents the mean ± SD of 3 independent measurements. C) Amperometric currents
generated by the electrochemical immunosensor for measurements of urine samples spiked with CXCL9 from 0 to 100 000 pg mL−1 using a benchtop
potentiostat and smartphone-based diagnostic device. Each bar represents the mean ± SD of three individual measurements. D) Comparison of CXCL9
concentrations in spiked urine samples determined by the electrochemical immunosensor and a commercial ELISA kit. Each data point represents the
mean ± SD of 3 replicate measurements at each concentration.

Figure 4. Reusability of the Electrochemical Immunosensor. A) Amperometric currents produced by three separate sensing electrodes at 0 and 10 000
pg mL−1 of CXCL9 spiked in urine. Each bar represents the mean ± SD of 50 measurements. B) SBRs obtained from urine samples spiked with CXCL9
at 0 or 10 000 pg mL−1 using fresh sensing electrodes and sensing electrodes reused for 100 measurements. Each bar represents the mean ± SD of
3 measurements obtained using 3 distinct sensors. Statistical significance was assessed using a student’s t-test with significance defined as p < 0.05.
C) SBRs obtained from urine samples spiked with CXCL9 at 0 or 10 000 pg mL−1 using the same sensing electrodes over the course of 14 days. Each
bar represents the mean ± SD of 3 measurements. Statistical significance was assessed using a one-way ANOVA with significance defined as p < 0.05.

no significant difference in the SBRs obtained using the fresh
sensors and those obtained using the reused sensors (Figure 4B).
We further evaluated the reusability of this immunosensor by
performing measurements of CXCL9-spiked urine samples
using the same sensing electrodes over the course of 14 days.
For this study, the sensing electrodes were stored at room tem-

perature with desiccant and the nanoparticles were stored at 4
°C. SBRs obtained using the sensing electrodes on day 0 were
similar to those obtained on day 7 and 14 with low standard
deviations across 3 independent measurements (Figure 4C). The
slight differences in the SBR across the timepoints are likely due
to variability in the amount of CXCL9 spiked into the samples

Adv. Sensor Res. 2024, 2400004 2400004 (6 of 9) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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on each day. These results demonstrate that this immunosensor
exhibits excellent reproducibility when reused over multiple
days and can be stored at room temperature for at least 14 days
with a negligible impact on the analytical performance.

While reusable electrochemical immunosensors have pre-
viously been reported,[8,10,12–17,19] most of these platforms
exhibited limited reusability (< 20 uses) due to a loss of analyt-
ical performance. Furthermore, these immunosensors involved
complicated regeneration strategies that make them challenging
to implement in point-of-care settings. In this work, we demon-
strate an electrochemical immunosensor for ultrasensitive
protein measurements that maintains high analytical perfor-
mance even after reusing the sensing electrodes 100 times,
which is at least twofold more than previously reported reusable
sensors for protein detection. Many electrochemical sensors use
commercial SPGE sensors, which range in cost from $5 – $50,[39]

making them cost-prohibitive for diagnostic applications requir-
ing frequent testing or use in low- and middle-income countries.
In our approach, we were able to obtain a tenfold reduction in
the cost of the sensing electrode by reusing it for 100 measure-
ments, thereby significantly reducing the cost per measurement
to ≈$1.50 (Table S1, Supporting Information). In addition to
reduced costs, this reusable immunosensor produces less waste
compared with single-use electrochemical immunosensors.

3. Conclusion

We have developed a reusable electrochemical immunosensor
for ultrasensitive measurements of protein biomarkers. This im-
munosensor is based on a unique sensing scheme utilizing
cAb-MNPs and AuNPs dually labeled with HRP-conjugated de-
tection antibody and HRP. The analytical performance of this
immunosensor was evaluated by performing measurements of
pooled human urine spiked with CXCL9, which could be de-
tected at concentrations as low as 27 pg mL−1 within ≈1 h. This
immunosensor was also adapted for a smartphone-based diag-
nostic device, which exhibited a lower LOD of 65 pg mL−1. We
demonstrate that sensing electrodes can be reused for at least 100
measurements with a negligible loss in analytical performance.
The high analytical performance, portability and low cost (≈$1.50
per test) of this immunosensor makes it a promising diagnostic
tool for use in point-of-care settings and diagnostic testing in low-
and middle-income countries. Furthermore, the quantification of
CXCL9 in urine can be used to differentiate the cause of kidney
injury, enabling earlier diagnosis in treatable medical conditions,
such as renal allograft rejection[28-30] or acute interstitial nephritis
from immunotherapy or other drugs.[31,32] The use of CXCL9 for
proof of principle demonstrates the functionality of this platform.
Based on other immunoassays that we have developed employ-
ing dually labeled nanoparticles for high sensitivity protein mea-
surements in blood and blood-derived fluids,[35,40,41] we envision
that this reusable electrochemical immunosensor can be adapted
for the detection of other protein biomarkers in other biofluids
(e.g., blood, serum, plasma) by modifying the capture and detec-
tion antibodies bound to the nanoparticles and optimizing the
immunoassay parameters (e.g., incubation time), ultimately ex-
panding the utility of this platform for diagnostic testing.

4. Experimental Section
Biochemicals and Reagents: 0.1 M 2-(N-morpholino) ethane-

sulfonic acid (MES, pH = 4.7) and N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide (EDC) were purchased from Thermo Fisher Scientific.
Tween-20 (Sigma-Aldrich) was diluted in phosphate buffered saline
(PBS) (Sigma-Aldrich) to obtain a 0.05% solution for washing. 30 nm
OD1 AuNPs, N-hydroxysuccinimide (NHS), protease-free bovine serum
albumin (BSA), HRP and TMB substrate were purchased from Sigma-
Aldrich. StabilZyme SELECT stabilizer and StabilZyme HRP stabilizer were
purchased from Surmodics IVD (Eden Prairie, MN). Streptavidin-HRP,
anti-CXCL9 IgG capture antibody, biotinylated anti-CXCL9 IgG detection
antibody and recombinant human CXCL9 protein were purchased from
R&D Systems (Minneapolis, MN). Proteins were reconstituted in sterile
PBS and stored at −20 °C until use. Pooled human urine from two or
more healthy donors was purchased from Innovative Research (Novi, MI)
and stored at −20 °C until use. All human samples were de-identified of
all identifying information.

Preparation of Magnetic Nanoparticles: 200 nm carboxyl functional-
ized MNPs (Ademtech, France) were conjugated to anti-CXCL9 IgG using
EDC/NHS functionalization as previously described.[35,40] Briefly, 1 mg of
MNPs was washed with 25 mM MES (pH 5.5–6) and activated with 100 μL
of 20 mg mL−1 NHS and 100 μL of 20 mg mL−1 EDC reconstituted in MES
for 1 h. Magnetic separation was used to remove the excess EDC and NHS
and wash the MNPs with MES. 10 μg of anti-CXCL9 capture antibody was
added to the MNPs and incubated for 16–20 h with shaking. Following in-
cubation, the unbound protein was washed off using PBS, and the MNPs
were blocked with 400 μL of 3% BSA solution in PBS for 90 min to pre-
vent nonspecific binding. The MNPs were washed with PBS and stored in
StabilZyme SELECT stabilizer at 4 °C until use.

Preparation of Dually Labeled AuNPs: 30 nm OD1 AuNPs were labeled
with biotinylated anti-CXCL9 IgG and HRP, as previously reported.[42]

Briefly, 1 mL of AuNP solution was spun down at 12 000 ×g for 10 min
to pellet the AuNPs. Two-thirds of the supernatant was removed, and the
AuNPs were resuspended in the remaining ≈330 μL of buffer. 5 μL of anti-
CXCL9 IgG (200 μg mL−1) and 8 μL of HRP (1 mg mL−1) were added to
the AuNPs and incubated with shaking at 500 rpm for 3 h. After incuba-
tion, 10 mg of BSA was added to the suspension and incubated for 1 h
with shaking at 500 rpm to block unbound sites on the AuNP surface. The
AuNP suspension was then centrifuged at 12 000×g for 15 min and the
supernatant was removed. The dually labeled AuNPs were reconstituted
in 200 μL of StabilZyme HRP stabilizer and stored at 4 °C until use.

Preparation of SPGE Sensors: Electrochemical measurements were
performed using SPGE sensors with a 4 mm-diameter working electrode
(Metrohm AG, Switzerland). A 0.9 cm-diameter circular ring was cut out
of polymethyl methacrylate (PMMA) (McMaster Carr, Elmhurst, IL) using
a CO2 laser cutter and attached to the sensor using double-sided adhesive
tape (Adhesive Research, Glen Rock, PA) to confine the liquid sample over
the sensing electrodes.

Design and Fabrication of the Magnetic Stage: The magnetic stage con-
sists of a rectangular opening to hold the SPGE sensor and a 3.175 mm-
diameter neodymium magnet (McMaster Carr) positioned under the
working electrode (Figure S1, Supporting Information). The stage was
laser cut out of PMMA and the magnet was secured using double-sided
tape.

Electrochemical Measurements: 5 μL of cAb-MNP solution and 10 μL
of dually labeled AuNP solution were added to 100 μL of human urine
spiked with CXCL9 and incubated for 30 or 60 min. The MNP-antigen-
AuNP immunocomplexes were separated using a magnetic rack (Sigma-
Aldrich) and washed in MES to remove unbound nanoparticles. 100 μL
of 1× streptavidin-HRP was then added to the solution, incubated for
10 min, and MNP-antigen-AuNP immunocomplexes were separated and
washed using a magnetic rack. 100 μL of TMB substrate was added to the
MNP-antigen-AuNP immunocomplexes and the solution was dispensed
onto the sensor, which was placed on the magnetic stage. After 2 min,
chronoamperometric measurements were performed using a PalmSens4
potentiostat (PalmSens BV, Netherlands) or smartphone-based Sensit
Smart potentiostat (PalmSens) by applying a bias potential of −0.2 V (vs
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Ag/AgCl) for 160 s. Current values were obtained at 150 s of chronoam-
perograms. For the study comparing the analytical performance of the
electrochemical immunosensor with ELISA, a scaling factor of 0.12 was
applied to the CXCL9 concentrations determined by the electrochemical
immunosensor to account for the differences in the detection signals gen-
erated by both methods.

Immunosensor Reusability Testing: Immunosensor reusability was
evaluated by testing human urine samples spiked with CXCL9 at 0 or
10 000 pg mL−1 using the same sensing electrodes for up to 100 measure-
ments. After each measurement, the sensing electrodes were gently rinsed
with 0.05% Tween 20 in PBS for 10 s using a squeeze bottle and dried us-
ing compressed air. Sensing electrodes were stored at room temperature
with desiccant between measurements. For these studies, cAb-MNPs and
dually labeled AuNPs were prepared at the start of the experiment and
stored at 4 °C, and the same batch of nanoparticles was used for all mea-
surements.

ELISA Measurements: Measurements of CXCL9-spiked urine samples
were performed using a CXCL9 ELISA kit (R&D Systems). Measurements
were performed according to the manufacturer’s instructions and ab-
sorbance values were measured at OD 450 and OD 570 using a BioTek
Epoch microplate spectrophotometer. The OD 450 – OD 570 value was
used as the final absorbance value for analysis.

Statistical Analysis: All data was run in triplicates and analyzed us-
ing means and standard deviation. The SBR was calculated by dividing
the detection signal generated by the immunosensor for a CXCL9-spiked
urine sample by the signal generated for a nonspiked urine sample. Error
was propagated from the standard deviations of the positive and nega-
tive signals to determine the standard deviations of the SBRs. Statistical
analysis was conducted using a two-tailed Student’s t-Test or a one-way
ANOVA with a post-hoc Tukey’s comparison. Correlation was assessed us-
ing Pearson’s correlation coefficient. Statistical significance was defined as
p < 0.05. Data analysis was conducted using Microsoft Excel and Graph-
Pad Prism 10.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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