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Wash-free, label-free immunoassay
for rapid electrochemical detection
of P/HRP2 in whole blood samples
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Blot), which are laborious, time-consuming and expensive. To address these limitations, we report a
wash-free and label-free electrochemical immunoassay for rapid measurements of protein biomarkers
in blood samples. This immunosensor employs a unique detection scheme based on electrochemical-
chemical (EC) redox cycling for signal amplification combined with an affinity-based protein
quantification strategy. All of the reagents required for this assay are dried and stored on a stacked
membrane assembly, consisting of a Vivid Plasma Separation membrane and two cellulose membranes
situated above the sensor, enabling excellent stability at room temperature for up to 2 months. Proof of
concept was carried out by performing measurements of Plasmodium falciparum histidine-rich protein 2
(PfHRP2) in whole blood samples, which could be detected from 100 ng/mL to 100 ug/mL with excellent
specificity and reproducibility. Each measurement requires only two liquid dispensing steps and can
completed in 5 min, making this diagnostic platform promising for point-of-care testing in resource-
limited settings.

Clinical diagnostic tests play an important role in medical care. Many of these tests are based on laboratory-based
immunoassays, such as enzyme-linked immunosorbent assay (ELISA) or Western Blot, which are laborious,
time-consuming and expensive. To address these limitations, researchers have been developing miniature bio-
sensors which offer enhanced simplicity, faster measurement times and lower costs compared with benchtop
diagnostic assays"2 Of all biosensing modalities, electrochemical detection is one of the most popular due to its
excellent analytical performance, simplicity, portability and low costs>. These features also make electrochemical
sensors well suited for point-of-care applications, such as health monitoring (e.g. glucose testing) and in vitro
diagnostic testing in resource-limited settings. Electrochemical immunosensors have been reported for the detec-
tion of various disease biomarkers, including carcinoembryonic antigen (CEA)>~, alpha fetoprotein (AFP)%-1°,
Plasmodium falciparum histidine-rich protein 2 (P/HRP2)!! and prostate specific antigen (PSA)!*"!4. While these
devices are promising, many of them require protein labeling and/or washing, which complicates and lengthens
the testing process. Additionally, most immunoassays utilize enzymes for signal transduction or amplification,
which results in limited stability at room temperature!®.

Towards a label-free electrochemical assay, Wang et al. employed graphene nanocomposite-modified elec-
trodes for measurements of AFP, which could be detected from 10 fg/mL to 10 ng/mL'¢. Alternatively, Wang et al.
reported an electrochemical sensor based on a poly(thionine)-Au composite electrode for the detection of cyto-
keratin antigen 21-1, which could be detected from 10 fg/mL to 100 ng/mL'”. While both of these label-free sen-
sors exhibit high sensitivity and wide detection ranges, they involve complicated sensor modification protocols
and washing steps. To address these limitations, Yang’s group developed wash-free electrochemical immunosen-
sors based on proximity-dependent electron mediation of an enzymatic mediator for the detection of cardiac tro-
ponin I and PSA'®°. While these sensors can detect clinically relevant proteins at pg/mL levels without washing,
they use enzyme labels which limits their stability at room temperature.

In this work, we present a wash-free and label-free immunoassay for rapid measurements of protein biomark-
ers. This nonenzymatic sensor utilizes Ru(NH,)s>" as an electron mediator, methylene blue (MB) as the mediator
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Figure 1. (A) Schematic illustration of EC redox cycling with methylene blue (MB) and Ru(NH,)¢**. (B)
Cyclic voltammograms of PBS solutions containing (i) 1 mM of Ru(NH;)s*" and 50 uM of MB,, or (ii) 1 mM
of Ru(NH;)*+.

substrate, and electrochemical-chemical (EC) redox cycling for rapid (5min) detection in whole blood samples.
Protein quantification is achieved using an affinity-based sensing scheme where surface attachment of the target
antigen effectively forms an insulator layer which impedes electron transfer and diminishes the electrochemical
signal. In the absence of the target protein, electron transfer via EC redox cycling occurs readily between the
redox species and the electrode surface, generating a large electrochemical current. This immunoassay was used
for quantitative measurements of PHRP2, an important malaria biomarker, in whole blood samples. P/HRP2 lev-
els in blood/plasma have been shown to be closely correlated with disease severity, making it a useful diagnostic
indicator for P. falciparum infection?*-?2. PfHRP2 levels in plasma were also found to be useful in predicting when
children with uncomplicated malaria progressed to cerebral malaria?®. While the mean PHRP2 concentrations
for different disease states vary in literature due to differences in the experimental methods or statistical analysis,
PfHRP?2 levels in individuals with severe P. falciparum infection and cerebral malaria are significantly higher
(~5-10x) than in individuals with uncomplicated malaria, and can range from hundreds of ng/mL to 90,000 ng/
mL. Current methods for quantifying PfHRP2 include ELISA?*-% and Western Blot*”?%, which require lengthy
and laborious sample processing (e.g. centrifugation, dilution). Malaria rapid diagnostic tests (RDTs) for PAHRP2
are available?-*!; however these assays only provide qualitative results and are not useful for distinguishing dif-
ferent states of infection. Using this immunoassay, PHRP2 could be quantified from 100 ng/mL to 100 pg/mL in
whole blood samples without sample processing, labeling or washing. In addition to its simplicity and capacity for
measuring PHRP2 at clinically relevant concentrations, this assay exhibits excellent reproducibility, specificity
and stability at room temperature, making it well suited for point-of-care testing in developing countries.

Results and Discussion

EC redox cycling for wash-free, label-free immunosensing. This immunosensor employs a unique
EC redox cycling scheme for signal amplification. As shown in Fig. 1A, Ru(NH;)¢**" is reduced to Ru(NH;)s**
via an electrochemical reaction with the Au electrode (initiated by a bias potential), which is subsequently reoxi-
dized back to Ru(NH,)¢*" by methylene blue via a chemical reaction. This redox cycling process occurs continu-
ously due to the simultaneous regeneration of Ru(NH,)¢>", resulting in a large electrochemical signal. The formal
potential of the MB,,/MB, 4 couple (—0.12 V) is similar to that of the Ru(NH;)¢**/Ru(NH,)¢** couple, enabling
fast electron transfer to occur between these two couples. Furthermore, the formal potentials of the Ru(NH;)s**/
Ru(NHj;)s*" and MB_,/MB,4 couples are negative, enabling a low bias potential (—0.35V) to be used, which
minimizes the likelihood of interference effects due to electroactive species in blood. In addition to their fast
electrokinetics, Ru(NH;)*" and methylene blue exhibit excellent stability at room temperature, circumventing
the need for refrigeration. To evaluate the effectiveness of this redox cycling scheme, cyclic voltammograms of
buffer solutions containing only Ru(NH;)s** or both Ru(NH;)s*" and methylene blue were obtained using bare
Au electrodes. As shown in Fig. 1B, the solution containing both Ru(NH;)s** and methylene blue (curve i of
Fig. 1B) generated a large cathodic current due to the electro-reduction of Ru(NH,)s*". In contrast, the cyclic
voltammogram generated from the solution containing only Ru(NH,)s** (curve ii of Fig. 1B) generated a ~2x
smaller cathodic current, demonstrating that EC redox cycling between Ru(NH,),*" and methylene blue was
effective in amplifying the detection signal.

To achieve wash-free and label-free protein detection, this EC redox cycling scheme was combined with an
immunosensing strategy based on surface accessibility for electron transfer. A schematic illustration of this detec-
tion scheme is shown in Fig. 2. In the absence of the target antigen, the redox species can readily access the
electrode surface, resulting in fast electron transfer and a large electrochemical current (Fig. 2A). When the
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Figure 2. Schematic illustration of the wash-free, label-free electrochemical detection scheme. (A) In the
absence of the target antigen, a large electrochemical signal is generated due to fast EC redox cycling between
the redox species and the electrode surface. (B) In the presence of the target antigen, an insulator layer
comprised of the antigen-antibody complex is formed on the electrode surface, which hinders electron transfer
to the sensor surface, thereby diminishing the electrochemical signal.
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Figure 3. Cyclic voltammograms of non-spiked blood samples (i) and blood samples spiked with 80 ug/mL of
PfHRP2 (ii) using the assembled immunosensor.

target antigen is present in the sample, it binds to the antibody-immobilized electrode and allows subsequent
attachment of the secondary anti-PfHRP2 antibody to the electrode surface (Fig. 2B). This protein complex forms
an insulator layer which hinders access of the redox species to the electrode surface, limiting the rate of electron
transfer. The reduction in the detection signal is inversely proportional to the amount of antigen bound to the
electrode surface, which is representative of its concentration in the sample. By optimizing various assay parame-
ters, such as the concentrations of Ru(NH;),*", methylene blue and anti-PfHRP2 antibodies, and the applied bias
potential, this sensing scheme can detect high protein concentrations (up to 100 ug/mL) without labeling, washing
or sample processing (i.e. dilution), which cannot be achieved with prior electrochemical immunosensors!1¢-1°,

To validate this detection scheme, cyclic voltammetric measurements were performed using blood samples
spiked with 80 pg/mL of P/HRP2 and non-spiked blood samples. As shown in curve i of Fig. 3, a substantial
voltammetric current is generated from the blood sample without P/HRP2 due to fast EC redox cycling between
the redox species and the electrode surface. In contrast, the blood sample containing 80 ug/mL of P/HRP2
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Figure 4. Exploded view of the assembled immunosensor highlighting the major components. (A) blood
sample; (B) PET film with inlet; (C) Vivid Plasma Separation membrane containing ascorbic oxidase; (D)
cellulose membrane containing anti-PfHRP2 secondary antibody and methylene blue; (E) cellulose membrane
containing Ru(NH;)s**; (F) Au electrochemical sensor (WE: working electrode, CE: counter electrode, and RE:
reference electrode).

resulted in a significantly lower voltammetric current due to the formation of the protein complex insulator layer
on the electrode surface (curve ii in Fig. 3).

Sensor design and operation. This immunosensor consists of a tri-layer stacked membrane assembly,
containing dried reagents, placed on top of an Au electrochemical sensor (Fig. 4). A hydrophobic PET film with
a through-hole is attached to the top of the membrane assembly to prevent lateral spreading of the liquid sample
and direct its passage to the underlying membranes. To initiate a measurement, 10 uL of blood is applied to the
sensor followed by 30 uL of PBS, which facilitates reconstitution of the dried reagents and subsequent transport
through the membrane assembly. As the blood sample encounters the Vivid Plasma Separation membrane, the
blood cells and platelets are trapped in the membrane while the plasma passes through. Ascorbic acid in the
blood reacts with the AO in the Vivid membrane, preventing it from causing interference during electrochemical
detection. The secondary antibody (anti-PfHRP2 IgG), methylene blue, and Ru(NH,)¢>", are reconstituted as the
plasma-PBS sample flows through the second and third membranes, which are subsequently transported to the
electrode surface by capillary flow.

Optimization of assay parameters. Several parameters, including the concentrations of Ru(NH;)¢** and
methylene blue, the applied bias potential, and concentrations of primary and secondary anti- PfHRP2 antibodies
were optimized to enhance the sensitivity, dynamic range and reproducibility of this assay for PfHRP2 detection
in whole blood. Chronocoulometric measurements were first carried out using sensors containing varying con-
centration of Ru(NH;)¢>" and methylene blue. Background-to-signal ratios (BSRs) were calculated from chrono-
coulometric charges at 60 sec of chronocoulograms of blood samples containing zero or 50 ug/mL of PAHRP2. The
highest BSRs were obtained with sensors containing 1 mM of Ru(NH,)¢** (Supplementary Fig. S1) and 50 uM
of methylene blue (Supplementary Fig. S2). Using these optimized parameters, measurements were performed
by applying varying bias potentials from —0.15 to —0.45V. As shown in Supplementary Fig. S3, the chronocou-
lometric signals increased steadily with higher bias potentials. While the highest BSR was obtained at —0.45V,
the standard deviations of the background and detection signals were significantly larger than those obtained at
lower potentials due to oxygen reduction interference. Therefore, a potential of —0.35V was selected to mini-
mize potential interference effects. The concentration of secondary anti-PfHRP2 antibody was optimized using
chronocoulometric signals of blood samples with and without 50 ug/mL of PAHRP2 containing varying concen-
tration of secondary anti- PfHRP2 antibody (Supplementary Fig. S4). While the background signals of all sam-
ples not containing P/HRP2 were similar, the chronocoulometric signals of blood samples containing 50 ug/mL
of PfHRP?2 steadily decreased with increasing antibody concentrations. At 100 pg/mL, the detection signal leveled
off and the BSR decreased at 1,000 ug/mL due to the electrode surface becoming fully saturated with antibody.
Based on these results, 100 ug/mL was selected as the optimal concentration for the secondary anti- P/HRP2
antibody. The last parameter that was optimized was the concentration of primary anti-PfHRP2 antibody immo-
bilized on the sensor. Chronocoulometric signals of blood samples with and without 50 ug/mL of PfHRP2 con-
taining 1 mM Ru(NH,)¢**, 50 uM of methylene blue, and 100 pg/mL of secondary anti-PfHRP2 antibody were
obtained from sensors immobilized with 1 pg/mL, 10 ug/mL or 100 pg/mL of primary anti-PfHRP2 antibody
(Supplementary Fig. S5). The sensors containing 1 ug/mL of primary antibody exhibited the lowest BSR, whereas
sensors immobilized with 10 ug/mL or 100 ug/mL of primary antibody exhibited ~2x higher BSRs. While the
detection signals from sensors immobilized with 100 ug/mL of primary antibody offered better reproducibility
(i.e. smaller standard deviations) than sensors containing 10 ug/mL of primary antibody, there was not a sig-
nificant improvement in the BSR, which suggests that the sensor surface was saturated with primary antibody.
Therefore, we did not test sensors immobilized with higher concentrations of primary anti-PfHRP2 antibody and
selected 100 ug/mL as the optimal concentration.
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Figure 5. (A) Chronocoulograms of whole blood containing various concentrations of PHRP2 recorded at
—0.35V using the immunosensor. (B) Calibration plot based on chronocoulometric charges at 60 sec obtained
from the response profile in panel A. Each data point represents the mean = SD of three separate measurements
using new sensors. The dashed line corresponds to 3 the charge SD at zero concentration determined by seven
measurements.

PfHRP2 detection in whole blood samples. Blood contains several electroactive species (glucose, uric
acid, ascorbic acid) which can interfere with electrochemical measurements2. Of these, ascorbic acid has been
shown to generate a significant interference effect'®!?. To address this issue, AO was incorporated into the Vivid
membrane to react with ascorbic acid, causing it to be consumed prior to encountering the electrode. The applied
bias potential was also optimized to minimize interference caused by electroactive species in blood. To evaluate
the effectiveness of these approaches, chronocoulometric measurements of whole blood samples spiked with
interfering species (0.1 mM ascorbic acid, 20 mM glucose, and 0.1 mM uric acid) and non-spiked blood sam-
ples containing zero or 50 ug/mL of P/HRP2 were performed using the assembled immunosensor. As shown
in Supplementary Fig. S6, there is a negligible difference between the background and detection signals for the
spiked and non-spiked samples, which demonstrates that electroactive species in blood do not interfere with this
assay.

To determine the detection range of this immunoassay, measurements were performed using whole blood
samples spiked with P/HRP2 from 10 ng/mL to 100 ug/mL. The chronocoulometric response profiles and corre-
sponding calibration plot are shown in Fig. 5A,B, respectively. Based on these results, this wash-free and label-free
assay exhibits a detection range from 100 ng/mL to 100 ug/mL in blood, which encompasses the levels found in
individuals with P. falciparum infection?*-**. While previously reported wash-free and label-free immunosen-
sors can achieve higher sensitivities'®™*?, they utilize different detection schemes that exhibit lower dynamic
ranges than required for diagnosing P. falciparum infection. To further evaluate the performance of this assay
for PAHRP2 quantification, we performed a blinded experiment to measure PfHRP2 spiked in blood samples at
various concentrations, which was prepared by another researcher in the lab. The measured PfHRP2 concentra-
tion was calculated using the calibration plot in Fig. 5B, and plotted vs. the prepared concentration. As shown
in Supplementary Fig. S7, there is good agreement (correlation coefficient, R? = 0.9885) between the prepared
and measured concentrations for all eight samples, demonstrating the capacity of this immunoassay to measure
PfHRP2 in clinical blood samples.

Evaluating assay specificity and stability. The specificity of this assay was briefly studied by perform-
ing measurements of blood samples spiked with 95 ug/mL of PAHRP2 or P/LDH, another common malaria bio-
marker, and non-spiked blood. As shown in Fig. 6A, the chronocoulometric signal generated from the blood
sample containing PALDH was similar to the non-spiked blood sample (blank control), indicating that PALDH will
not interfere with this assay. In contrast, the chronocoulometric signal of the blood sample containing PAHRP2
was ~3x lower than that of the PALDH-containing sample, demonstrating that this immunosensor is highly
specific to PAHRP2. We also studied the stability of this sensor by performing measurements of blood samples
containing zero, 5ug/mL or 50 pg/mL of PfHRP2 using fresh sensors and sensors stored at room temperature for 1
week, 1 month or 2 months. As shown in Fig. 6B, there is a negligible difference in the chronocoulometric signals
of the fresh and stored sensors at all three concentrations, indicating that this immunosensor exhibits excellent
stability at room temperature.
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Figure 6. (A) Chronocoulometric charges of blood samples containing PHRP2 (95ug/mL) or P/LDH (95ug/mL),
and non-spiked blood (blank control). Signals were taken at 60 sec from the chronocoulograms obtained at —0.35V.
Each bar represents the mean = SD of three separate measurements using new sensors. (B) Chronocoulometric
charges of blood samples containing zero, 5ug/mL, or 50 pg/mL of PfHRP2 obtained using fresh sensors and
sensors stored at room temperature for varying durations. Each bar represents the mean & SD of three separate
measurements using new sensors.

Conclusion

We present a wash-free and label-free immunoassay for rapid electrochemical measurements of protein bio-
markers in whole blood samples. This assay is based on a unique detection scheme involving EC redox cycling
for label-free signal amplification and an affinity-based protein quantification strategy where surface attachment
of the target antigen to the electrode surface forms an insulator layer that diminishes the electrochemical signal.
Compared with other immunoassays that require protein labeling and/or washing, this immunosensor requires
only two liquid dispensing steps, and each measurement can be completed in 5 min. Additionally, all of the rea-
gents required for this assay are dried and stored on membranes, enabling simplified operation and excellent
stability at room temperature for up to 2 months. Proof-of-concept was carried out by using this immunosen-
sor to measure P/HRP2 in whole blood samples, which could be detected from 100 ng/mL-100 pg/mL, which
encompasses the clinically relevant levels found in P. falciparum infected individuals. Experiments to evaluate
the specificity and stability of this immunosensor revealed that it is highly specific to P/HRP2 in whole blood
with negligible interference from irrelevant species. While this proof-of-concept assay was designed for PfHPR2
quantification, it would be possible to adapt this technology for multiplexed protein detection, which could pro-
vide enhanced diagnostic value for other clinical applications. For example, two or more electrochemical sen-
sors immobilized with capture antibodies specific to other antigens could be fabricated on a single device, and
the corresponding detection antibodies could be incorporated onto the stacked membrane assembly. These fea-
tures, along with its use of low-cost materials (plastics, cellulose membranes), make this a promising platform for
point-of-care testing in resource-limited settings.

Methods and Materials

Biochemicals and reagents. Hexaamineruthenium (III) chloride (Ru(NH,)s**), methylene blue, phos-
phate-buffered saline (PBS, pH 7.4), Traut’s Reagent, (ethylenedinitrilo)tetraacetic acid (EDTA), ascorbate
oxidase (AO), casein, and other reagents for buffer solutions were purchased from Sigma-Aldrich (St. Louis,
MO). Deionized (DI) water (18.3 MQ-cm™!) was generated using a Smart2Pure water purification system.
StabilBlock® Immunoassay Stabilizer was purchased from SurModics, Inc. (Eden Prairie, MN). Mouse monoclo-
nal anti-PfHRP2 IgM and mouse monoclonal anti-PfHRP2 IgG were purchased from ICL, Inc. (Portland, OR).
Recombinant P. falciparum histidine-rich protein 2 (PHRP2) and P. falciparum lactate dehydrogenase (P/LDH)
were purchased from CTK Biotech (San Diego, CA).

Thiolation of capture antibody. Anti-P/HRP2 IgM was thiolated (-SH) as previously reported with minor
modification®. Briefly, 1 mL of 100 ug/mL anti-PfHRP2 IgM was incubated in a solution of Traut’s Reagent in
PBS containing 2mM EDTA for 1 hr at room temperature with gentle agitation. A 10-fold molar excess of Traut’s
Reagent per mol antibody was used to ensure full thiolation to the lysine side chains of IgM. Excess (unconju-
gated) Traut’s Reagent was removed by centrifugation for 30 min at 10,000 rpm. Thiolated anti-PfHRP2 IgM was
dissolved in 1 mL of PBS and used immediately for sensor immobilization.

Sensor fabrication. Au tri-electrode sensors were purchased from GeneFluidics (Irwindale, CA) and mem-
branes were purchased from Pall Corporation (Port Washington, NY). Immobilization of the capture antibody
to the working electrode was carried out by incubating 100 pg/mL of thiolated anti- P/HRP2 IgM solution for
1 hr at room temperature followed by thoroughly rinsing with PBS and drying with purified N, gas. To minimize
nonspecific binding and enhance the stability of the immobilized antibody, a 30% StabilBlock® Immunoassay
Stabilizer solution containing 2% casein in PBS was incubated on the antibody-immobilized electrode for 30 min
at room temperature, followed by rinsing twice with PBS and drying with purified N, gas. Circular pieces (7 mm
in diameter) of Vivid Plasma Separation membrane and cellulose membranes were cut using a Universal Laser
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Systems CO, laser cutter. 25 uL of 50 U/mL AO was drop cast on the Vivid membrane, while 10 uL of 1 mM
Ru(NH;)¢** solution and a mixture of 10 uL of 50 uM methylene blue and 100 ug/mL of anti-PfHRP2 IgG were
drop cast on separate cellulose membranes. All of the membranes were dried overnight at room temperature
inside a desiccator (~30% relative humidity). The immunosensor was assembled by stacking the Vivid and cel-
lulose membranes on top of the Au electrodes, as shown in Fig. 4. Double-sided, pressure-sensitive adhesive
(Adhesives Research, Inc., Glen Rock, PA) was cut into rings using a laser cutter and affixed to the top and bottom
surfaces of each membrane to secure them to each other and the electrode substrate. A hydrophobic polyethyl-
ene terephthalate (PET) film (McMaster-Carr, Elmhurst, IL), containing a 4.5 mm diameter through-hole, was
attached to the top of the Vivid membrane to prevent lateral spreading of the liquid sample. The assembled immu-
nosensors were used immediately or stored at room temperature inside a desiccator (~30% relative humidity) for
up to 2 months prior to measurements.

Electrochemical measurements and data analysis. De-identified blood samples from healthy humans
were purchased from Bioreclamation Inc. (Westbury, NY). All experimental methods involving blood samples
were in accordance with relevant human subjects protection and biosafety guidelines and regulations. P/HRP2
or PLDH was serially diluted in whole blood and used for electrochemical measurements without any further
processing. 10 uL of spiked blood was dispensed onto the sensor followed by 30 uL PBS. Cyclic voltammetric and
chronoamperometric measurements were performed after five minutes using a Helios electrochemical worksta-
tion (GeneFluidics, Irwindale, CA). Chronoamperometric signals were obtained at a bias potential of —0.35V
and converted to chronocoulometric data by integrating the current using RStudio software (Boston, MA).
Coulometric charges are taken at 60 sec of chronocoulometric response profiles and each data point is plotted as
the mean =+ standard deviation (SD) of three to seven measurements obtained using new sensors.

Data Availability
All data generated or analyzed during this study are included in this published article (and its Supplementary
Information files).
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