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This research aims to develop a portable biosensor device for quickly detecting @ - ‘
vWFA2, a biomarker for inflammatory conditions. This sensor could dramatically change @

detection methods and lead us to improve the sensitivity of our tests to overcome the

limitations of conventional detection methods. Our label-free biomolecular assay is constructed ( ( ( ( (

on an Au-ZnO electrode surface and uses electrochemical impedance spectroscopy (EIS) to C; { ( ( (
measure the capacitive change in impedance, revealing the binding effects of the target VWFA2, | p
to the capture probe. Our developed biosensor platform exhibits greater sensitivity and 1 1 1 1 1
specificity, covering a wide dynamic range of 750—24,000 pg/mL and showing a strong 1 1 1 1
correlation with inflammatory conditions. This sensor exhibited a greater accuracy ranging & N gy
from 86—110% for the known spiked concentrations in nondiluted or modified plasma
samples. This electrochemical sensor has the potential to advance point-of-care diagnostic  Proueie Y e
methods due to its high sensitivity and rapid response time. The vision behind this research is
to develop an electrochemical sensor that can rapidly and accurately detect disease states, thus
creating a pivotal prognostic tool in inflammatory state treatment and ultimately mitigating severe mortality and morbidity.

biosensor, inflammation, biomarker, vWFA2, electrochemical, immunosensor

clinicians can detect the presence of inflammation, determine
the severity, and initiate effective treatment.

Von willebrand factor (VWF), a large multimeric glyco-
protein produced in the subendothelial matrix, undergoes
intracellular processing, and glycosylation leading to multimer
formation.” It circulates within blood plasma as a series of
heterogeneous multimers and plays a critical role in
physiologic hemostasis.” The interaction between vWF and

Life-threatening inflammatory conditions can arise from an
attack on the systemic response of the human body by an
infectious agent leading to clinical manifestations representing
the imbalance between inflammation and coagulation.
Disruption of the synergistic relationship between inflamma-
tion and coagulation can lead to fatal consequences, including

microvascular damage and multiple organ failure in the form of glycoprotein receptors on exposed subendothelial fibrillar
a systemic inflammatory response.’ Systemic inflammatory collagen triggers platelet migration to the injured site to
response syndrome (SIRS) is generally defined as a set of form a platelet plug, ultimately arresting bleeding.” It also aids
symptoms that occur after an infection and/or inflammatory in the transport of clotting factors and induces amplification of
state.” SIRS is manifested by nonspecific systemic symptoms the coagulation cascade.'” The architecture of VWEF is
such as hyper- or hypothermia, tachycardia, tachypnea and/or structured into four repeated domains assembled in the
leukocytosis or leukopenia.”> Other symptoms include mental following order: D1-D2-D’-D3-A1-A2-A3-D4—-C1-C2-C3—
confusion, hypotension, a decrease in urine output or C4—CS5-C6-CK, where D1-D2 represents the amino-terminal
unexplained thrombocy’copenia.4 Worsening of symptoms can pro-peptide and the D'-CK portion represents the mature
lead to severe dysfunction and failure of major organ systems.” VWE subunit.'' The A2 domain, known as YWFA2, is crucial
As the signs and symptoms are consistent with other in regulating YWF activity by acting as the mechanosensitive

inflammatory conditions, the overlap between the diseases is trigger that unfolds upon sheer vascular stress and exposes

complicated by the vagueness of the presenting symptoms,

leading to an inconclusive diagnosis and delay in treatment.® August 15, 2024 Sy
The systemic inflammatory state is potentially harmful, as life October 22, 2024
and death can be decided within minutes in the event of sepsis October 24, 2024
or septic shock. Several studies have investigated the role of November 4, 2024

biomarkers in diagnostics to reduce the delay time in
inflammatory conditions. By closely monitoring progression,

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsmeasuresciau.4c00060

W ACS PUbl ications 721 ACS Meas. Sci. Au 2024, 4, 721-728


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bianca+Elizabeth+David"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sasya+Madhurantakam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jayanth+Babu+Karnam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sriram+Muthukumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shalini+Prasad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shalini+Prasad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmeasuresciau.4c00060&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00060?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00060?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00060?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00060?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00060?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amachv/4/6?ref=pdf
https://pubs.acs.org/toc/amachv/4/6?ref=pdf
https://pubs.acs.org/toc/amachv/4/6?ref=pdf
https://pubs.acs.org/toc/amachv/4/6?ref=pdf
pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.4c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org/measureau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

other domains.'? This specific domain, VWFA2, is responsible
for type 1 collagen binding via protease binding specificities
and subsequent inflammatory reactions.'” vVWF in its polymeric
form is a critical factor in coagulation via platelet adhesion but
the specific substrate and receptor interactions within the
subunit domains, such as VWFA2, are important.14 The
evidence indicating crosstalk between inflammation and
coagulation, two critical systemic processes, is important to
highlight as inflammation can activate the coagulation cascade
while coagulation simultaneously spikes inflammatory activ-
ity."> Endothelial cells quickly respond to inflammatory stimuli
by releasing vVWF, triggering the host’s acute phase response.'®
vWE responds to endothelial injury by mediating the adhesion
between platelets and subendothelial components on sites of
vascular injury via interactions between platelet membrane
glycoproteins and exposed connective tissue components.'” S.
Figure 1 depicts the schematic representation of vWF binding
to injured vascular subendothelial cells through specific
glycoprotein receptor interactions. This binding interaction
plays a crucial role in both platelet adhesion and aggregation.

vWFA2 was previously considered as an inflammatory
marker in hemostatic pathologies, but its role in immune
thrombosis is of great interest.’ Decreased functionality of
VWFA2 leads to severe hemorrhagic consequences as a result
of the defective formation of platelet-rich thrombus and fibrin
network.'"® Abnormally increased functionality of VWF is
observed in systemic inflammation, making the marker crucial
for assessing the severity of the disease.'” The development of
an assay utilizing vVWFA2 could provide clinicians with a tool
to rapidly initiate treatment for SIRS patients. Currently, there
is little research on the role of vYWFA2 in inflammatory
diseases, as the marker has traditionally been studied in
hemostatic diseases. As there is great interest in exploring the
link between inflammation and coagulation, a sensor platform
targeting VWFA2, a marker released in both systemic diseases,
would help clinicians in patient stratification. There are no
point-of-care prognostic devices for the detection of VWFA2 in
inflammatory and very little research on electrochemical
detection of this marker more broadly. The first prognostic
device that could be used for disease classification and
symptom management should be highly sensitive and have a
wide dynamic range for its target marker. In the dynamic
intersection of technologically advancing medicine and
engineering, rapid diagnostic methods are essential for the
prognostic evaluation of critically ill patients with clinical
complications due to a dysregulated host response. As the
paradigm of inflammatory pathogenesis is complex, various
therapeutic approaches have been attempted using biomarkers
as they contain important information to confirm the presence,
absence, and severity of the condition. The evaluation of
biomolecular markers in inflammatory conditions, especially in
a systemic inflammatory response, is of utmost interest to
develop an extremely rapid, robust, and immediately applicable
diagnostic option.”

The current gold standard diagnostic method using blood
cultures for accurate microbial diagnosis is associated with
compromised sensitivity, prolon§ed processing time and a
large sample volume required.”’ The development of a
biosensor that can accurately detect the presence and
concentration of a biomarker would allow clinicians to quickly
act and create treatment plans. This research aims to develop
and refine a novel point-of-care (POC) diagnostic device that
enables the rapid detection of inflammatory biomarkers with a
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small sample volume for use in the clinical setting. The device
consists of a disposable sensor cartridge connected to a
portable electronic reader. It is functionalized to be highly
sensitive for biomarker detection.”” The electrode surface is
prepared with specific capture probes for biomarker detection,
fabricated on an electrode sensor array of nanofilm semi-
conductor material at the metal/electrode interface, and
displayed on a computerized system.”” Specifically, both the
working electrode and reference electrode used were gold-
plated sensor surfaces, modified with zinc oxide (ZnO) thin
film, a semiconductor material with high excitation energy and
wide band gap that improves sensor efficiency. Gold sensor
surfaces are more popular in the biosensor world due to their
biocompatibility, excellent conductivity, stability, useful elec-
trical properties, and modification capabilities. ZnO was
chosen as a semiconductor material due to its unique electrical
properties which proved to enhance the electrochemical
detection capabilities by increasing the surface coverage of
the working electrode to accommodate higher antibody
immobilization.****

The biosensor response is measured using electrochemical
impedance spectroscopy. The specific aim of this research was
to demonstrate the effectiveness of the proposed biosensor in
improving diagnostic capabilities through a mechanistic
approach to inflammatory biomarkers to aid disease detection
for effective clinical management of inflammatory conditions.

A specific recombinant human vWFA2 antibody and protein were
purchased from R&D Systems. DTSSP (3,3’-dithiobis-
(sulfosuccinimidyl propionate)) and PBS (Phosphate Buffer Saline)
were obtained from Thermo Fisher Scientific. Healthy human lithium
heparin (LiH) pooled plasma was acquired from Innovative Research,
Inc,, and used as such, without modification or dilutions. All proteins,
antibodies, reagents, and pooled human plasma samples were stored
according to their respective storage instructions until use. Each stock
concentration was divided into smaller sample volumes to reduce the
number of freeze—thaw cycles to a maximum of 3 cycles. The
antibody was diluted in PBS, and the antigen concentrations were
added to LiH pooled plasma to create a calibrated dose—response
curve and to analyze other sensor properties.

The biosensor consists of a gold working electrode surrounded by a
gold reference electrode. The surface of the working electrode was
modified with zinc oxide (ZnO), a semiconducting layer to enhance
the surface-to-volume ratio of the sensor.”> The amount of reliable
antibodies that needed to be loaded and the incubation time were also
tested to determine variations in the impedance response between
different incubation times of the antibodies. The ideal incubation time
is designed to maximize response with minimal turnaround time for
use in clinical settings with minimal turnaround time for use in clinical
settings.

The immunoassay was functionalized on the electrode surface by
preparing a cocktail solution containing DTSSP in phosphate buffer
saline (PBS) and the anti-vWFA2 antibody total of 100 uL of the 10
mM DTSSP cocktail was allowed for successful conjugation of
DTSSP with antibody for 30 min at room temperature under light
protection before functionalization of the electrode surface. After
incubation, S uL of the cocktail solution was manually added to
immobilize the vVWFA2 antibody-DTSSP cocktail on the surface of
the working electrode and incubated for 30 min. Unbound cross-
linkers and antibodies were removed by washing the electrode surface
with PBS buffer solution. VWFA2 antigen dosage concentrations were
prepared at 2-fold dilution in pooled human plasma. Figure 1 shows a
schematic, step-by-step illustration of the mechanism of the
functionalized biosensor, which can be used as a point-of-care
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Figure 1. Schematic representation of the working mechanism of the
developed biosensor as a point-of-care diagnostic device for the
quantification of VWFA?2 levels.

prediction device to quantify VWFA2 concentration. Sensor was
calibrated using a wide range of VWFA2 concentrations in healthy
human pooled plasma samples and recovery was evaluated from the
calibration. Other biosensor properties such as accuracy, sensitivity,
specificity, cross-reactivity, and variability were evaluated successfully
in healthy human pooled plasma samples.

The electrochemical performance of the point-of-care biosens-
ing device was first validated using nonfaradaic electrochemical
impedance spectroscopy (EIS) techniques for the detection of
vWFA2 in pooled plasma samples. EIS is a powerful and
versatile technique that is useful for analyzing features of
electrochemical detection due to its nondestructive nature
while maintaining coverage of a wide frequency range to
provide quantitative analysis of the electrochemical behavior of
a system.”® The electrochemical performance of the function-
alized biosensor was analyzed by measuring the resulting
impedance response over a range of concentrations, spanning
from the lowest to highest concentrations. The resulting
impedance response plots, known as the Nyquist and Bode
plots, help reinforce the sensitivity of the sensor platform to
the biomarker concentration range.”’

Impedance measurements were done over a range of
frequencies spanning from 1 Hz to 1 MHz, increasing the
dose concentrations of VWFA2 from 500 to 24,000 pg/mL and
plotted Bode and Nyquist plots as shown in Figure 2. Figure
2a,b show the Bode of magnitude and phase angles across the
entire frequency range and Figure 3b,d show the inset at lower
frequency region. An increase in the Zmod and Zphase was
seen with increasing the vVWFA2 concentrations. While this
displays a trend in the sensor performance with increasing
WFA2 concentrations, the Nyquist plot (Figure 2¢) confirms
the biosensor behavior with vWFA2 doses. In a typical
nonfaradaic Nyquist plot, the absence of redox material
eliminated the dominance of charge transfer resistance with
increasing dose concentrations. Similarly, solution resistance
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plays a major role in this kind of redox-free system with
increasing doses and exhibits more noise than the signal to the
captured protein. So, eliminating the effect of solution
resistance is very crucial to check the original signal obtained
toward the captured protein, particularly in protein-rich fluids
such as plasma. As the Nyquist plot of a nonfaradaic system is
represented by a continuous and incomplete semicircle, Figure
2c shows that with an increase in dose concentration, the
radium of the curvature of the impedance curve also
increases.”” The higher concentration of YWFA2 leads to an
increase in the resulting real impedance value, potentially due
to the accumulation of the biomolecules in the electrical
double layer, thus altering the conductivity of the solution
(Figure 2c). The region shown in Figure 2c displays a decrease
in the Zreal with increasing dose concentrations of VWA2
confirming the change in capacitance due to binding
interactions between the VWFA2 antibody-to-antigen complex.

Levels of YWFA2 in infected patients range from a minimum
of 300 pg/mL and span up to 50,000 pg/mL, thus it is vital to
establish a biosensor with sensing capabilities to encompass
this pathological range. Sensor functionality was evaluated by
incrementally increasing dose concentrations, after functional-
izing 10 pg/mL of antibody on the surface of the electrode.
The incrementally increasing doses were tested to demonstrate
a high sensitivity for vWFA2 in the wide dynamic range. This
wide concentration range includes both healthy physiological
levels and pathological elevations for flexible monitoring
capabilities. Varying dose concentrations of vWFA2 were
made in lithium-heparin pooled plasma to establish a CDR on
the functionalized sensor within the detection range of 750—
24,000 pg/mL. The incremental doses were prepared
according to a 2-fold dilution, including 750, 1500, 3000,
6000, 12,000, and 24,000 pg/mL. An increase in the percent
change to the baseline zero dose was observed with the
incremental dose concentrations, from low to high. Figure 3a
represents the significant difference seen between the lowest
(750 pg/mL) and the highest (24,000 pg/mL) doses, with a
regression coefficient value of 0.96. Figure 3b illustrates a box
plot distribution of the calibrated dose responses within the
same corresponding range, confirming a high affinity of the
antibody to the antigen. This robust response provides
evidence for capable detection methods for physiological and
pathological levels of the vVWFA2 biomarker.

After establishing the reliability of the calibrated dose
responses’ reliability, we evaluated the sensing platform’s
accuracy by conducting spike and recovery studies. This was
carried out by spiking a known concentration of vWFA2
antigen onto the sensor and assessing the percentage response
to measure the unknown concentrations as shown in Figure 4a.
Range of vVWFA2 concentrations 500, 1000, 2000, 4000, 8000,
and 16,000 pg/mL were diluted in pooled plasma and tested
using the sensor as shown in Figure 4b. The spiked
concentrations were estimated from the calibrated dose—
response curve in pooled plasma and then compared to the
recovered concentration to evaluate the sensor’s accuracy. The
recovered concentrations were plotted on the y-axis against the
spiked concentrations on the x-axis, as illustrated in Figure 4b.
The recovered concentration of vVWFA2 in plasma provided a
regression coefficient of 0.99 (Figure 4b), confirming the
biosensor’s ability to accurately estimate the spiked concen-
trations of VWFA2 from the plasma samples. Additionally,
Figure 4c illustrates a Pearson’s correlation of 0.99, between
the spiked concentrations and recovered concentrations
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Figure 2. Bode (magnitude) (a), Bode (phase) (b), and Nyquist (c) plots representing impedance measurements at each concentration of VWFA2

in pooled plasma samples.

calculated using the calibrated dose—response curve (Figure
5).

One of the main goals of biosensor engineering is to achieve
high sensitivity. To verify this, it is crucial to test the
biosensor’s specificity by examining its reaction to other
potentially cross-reactive molecules. Normally, this involves
analyzing how the designed sensor responds to different
amounts of both specific and nonspecific molecules. We have
assessed the sensitivity of the developed sensor toward
vWFA2, a molecule of interest as a biomarker, by testing its
reaction when mixed with interferon y-induced protein 10 (IP-
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10) in the presence of bovine serum albumin (BSA). Though
many immunogenic molecules are overexpressed in systemic
inflammation, both vWFA2 and IP-10 are elevated in acute
phase response in systemic inflammation, both yWFA2 and IP-
10 are elevated in acute phase response.”® To eliminate
potential interference of IP-10 in real-time measurement, we
measured the response of the sensor against BSA and IP-10.
The biosensor signal measurement in the protein-rich
environment is a noteworthy study to confirm the specificity
of the sensor toward VWFA2. Evaluation was done by testing
low and high concentrations of the specific as well as

https://doi.org/10.1021/acsmeasuresciau.4c00060
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Figure 3. Regression analysis of the calibrated dose—response study (a); Box plot showing the distribution of calibrated dose response (b) for n =7
electrodes.
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concentrations (n = 5); (c) Pearson’s correlation between spiked concentrations and recovered concentrations calculated using the calibrated
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nonspecific molecules. Figure 6 displays the biosensor response to the nonspecific molecule (IP-10) at both low and high
achieved by the cross-reactivity study between vWFA2 and IP-

concentrations was found to be less than 20%, as depicted by
10 and exemplifies a negligible cross-sensitivity. The results,

depicted in Figure 6, indicate that there is minimal cross- the dotted line. Conversely, the response to the specific
reactivity between VWFA2 and IP-10. Specifically, the response molecule (vWFA2) at both low and high concentrations was
725 https://doi.org/10.1021/acsmeasuresciau.4c00060
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above 80%, demonstrating the sensor’s specificity for the
vWFA2 molecule in the presence of a nonspecific molecule.
A descriptive statistical analysis was conducted on the
calibrated dose—response data to assess the variability in
sensor performance across the YWFA2 ranges from 750 to
24,000 pg/mL (Table S2). Figure 7a depicts the statistical
representation of the data, showing the percentage response for
the mean value, along with the standard deviation and standard
error of the mean. The figure also displays the lower and upper
limits with 95% confidence intervals, confirming the bio-
sensor’s ability to detect YWFA2 with minimal deviation from
the average for n = 7 sensors. In addition to assessing the
accuracy and specificity of the biosensor, we have evaluated the
other biosensor parameters such as repeatability and
reproducibility. Biosensors were assessed for variation within
an electrode for multiple measurements (intra-assay) and
between electrodes (interassay). The intra-assay study (Figure
7b, left-handed y-axis) showed a %CV range of 6.0S to 11.26%,
while the interassay study (Figure 7b, right-handed y-axis)
showed a %CV range of 6.57 to 10.23% (Table S3). Both
results fall within the ideal clinical threshold of a %CV < 20%,
demonstrating the accuracy, specificity, repeatability, and
reproducibility of the biosensor platform within the sensor.
The sensor’s accuracy was confirmed by calculating the
percentage of recovery and accuracy. Different concentrations
of VWFA2 (500, 1000, 2000, 4000, 8000, and 16,000 pg/mL)
were added to pooled plasma, and sensor response was
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measured (Table S1). Concentrations were estimated using
the calibrated dose—response curve and percentage recovery
was calculated and shown in Figure Sa. VWFA2 in plasma
showed a recovery percentage ranging from 84 to 100%, which
falls within the ideal biosensor range. The accuracy of the
biosensors was also important to establish to ensure sensor
efficacy. As shown in Figure 5b, six different concentrations of
vWFA2 diluted in pooled plasma were tested using the
electrochemical device. The calculated recovered concentra-
tions showed that the sensor was within 86—110% accuracy in
predicting the unknown concentrations, demonstrating its
ability to accurately detect YWFA2 molecules spiked onto the
plasma samples, as shown in Figure Sb. This percentage of
accuracy range confirms the sensor’s ability to accurately detect
the VWFA2 molecules that were spiked onto the plasma
samples.

In this research, we successfully functionalized the biosensor
surface with the DTSSP cross-linker and vWFA2 antibody,
enabling the detection of the VWFA2 antigen. This point-of-
care biosensing device could specifically detect vWFA2
proteins in blood plasma in a short testing time and using a
small sample volume. It had a wide linear range of detection
from 750 to 24,000 pg/mL for vWFA2 and showed a good
correlation in estimating unknown spiked concentrations in
pooled plasma. The biosensor’s precision, accuracy, and
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specificity were evaluated and confirmed, indicating its
effectiveness in the proposed biofluid. These findings highlight
the importance of monitoring VWFA2 levels, a protein involved
in the interplay between inflammatory and coagulatory
systemic states, to provide a comprehensive understanding of
a patient’s inflammatory status. Monitoring levels of these
inflammatory biomarkers is crucial for making treatment
decisions for patients who may progress to a critically ill
state. In the future, this biomolecular sensor can be
continuously monitored to determine a full range of clinical
manifestations. The developed point-of-care biosensing plat-
form for detecting inflammatory biomarkers has the potential
to revolutionize detection and diagnosis mechanisms in various
inflammatory and infectious diseases.

All the data generated or analyzed during this study are
included in this article and its Supporting Information files.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00060.

Response of vVWF to endothelial injury by mediating the
adhesion between platelets and subendothelial compo-
nents at sites of vascular damage; depicts the schematic
representation of vVWF binding to injured vascular
subendothelial cells through specific glycoprotein
receptor interactions (S.Figure 1); spiked concentrations
were compared against recovered concentrations, and
biosensor recovery rates (S.Table 1); descriptive
statistical analysis of the biosensor response to different
vWFA2 concentrations (S.Table 2); inter and intra assay
variability of the biosensor response to different VWFA2
concentrations (S.Table 3) (PDF)
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