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Abstract

Heart failure (HF) is an emerging epidemic and remains a major clinical and public

health problem. Advances in the healthcare management of HF may lead to lower

morbidity and mortality rates but require diagnostics to guide the process. Current diagnostics/
prognostics approaches rely on expensive equipment, centralized facilities and trained personnel,
marginalizing healthcare access in developing countries and rural communities. These issues have
led researchers to focus on developing portable and affordable diagnostics that can be deployed at
the point-of-care (POC). Typically, HF biomarkers are measured in blood not saliva. Recently, our
team correlated concentrations of salivary Galectin-3 (Gal-3) to outcomes in patients with HF. We
have developed an analytical device which consists of an immunoassay based on a screen-printed
carbon electrode (SPCE) to quantify Gal-3 levels in saliva samples. Using 10 uL of saliva, the
proposed electrochemical immunoassay achieved a concentration dependent signal response in the
clinically relevant range with a limit of detection of 9.66 ng/mL. In addition, the storage stability
of the modified electrode was investigated, and only a 10.9% loss in current response over a
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35-day period. The results of the immunoassay on the modified SPCEs suggest validity as a POC
biosensor system for the management of HF.
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1. Introduction

Heart failure (HF) is a condition that develops when the heart inadequately pumps blood
and fails to meet the body’s need for blood and oxygen. According to the center for disease
control (CDC), in 2018, 13.4% of deaths in the United States have HF complications as

the cause 1. Early diagnosis and routine monitoring leads to improved patient outcomes

2. The current management of HF diagnosis remains lab-based blood tests and other
diagnostic tests including echocardiogram, X-rays, electrocardiogram (EKG), and stress
tests 3. Enzyme linked immunosorbent assays (ELISAs) are one of the most commonly used
assays for medical diagnostics, particularly for blood-based biomarkers. ELISAs have high
specificity and sensitivity, but require highly trained personnel and can take hours to days to
obtain results 4. As a result, the use of these assays is limited by the time to produce results,
cost of the equipment, and access to a laboratory with trained staff. With 60-70% of medical
decisions depending on laboratory test results, lag time between testing and diagnosis can
significantly affect patients in rural areas creating barriers which may not only limit their
access to healthcare but also affect their quality °. Therefore, regions with a primarily rural
population reporting a disproportionate humber of HF cases would greatly benefit from
affordable, point-of-care (POC) diagnostic tests & 7.

There is recent scientific evidence linking oral health to systemic disease 812, During the
height of the Covid -19, it was evident that we require alternative non-invasive sampling
methods to stop the spread of the virus and saliva as a biofluid came to the fore 13-16,
Because blood sampling is invasive, it can also be a problematic for elderly patients who
are predominantly affected by HF. As a result, there is an interest in using non-invasive
sampling, specifically saliva, for POC measurements 1/-19, Saliva is available in large
quantities and contains macromolecules that can be used as biomarkers 20-22,

Galectin-3 (Gal-3), a member of the galectin protein family, plays a role in a number

of biological processes 23. Recently, serum Gal-3 emerged as a prognostic biomarker for
cardiovascular morbidity and mortality in HF patients, and a correlation between Gal-3
concentrations in serum/saliva and HF prognosis was recently reported by our team 192124,
A study by our team has demonstrated the prognostic utility of salivary Gal-3 using ELISA,
where the primary endpoints were exacerbation, death or re-hospitalization. This study
clearly showed that salivary Gal-3 concentrations were significantly higher (>172 ng/mL) in
HF patients who reached rehospitalization, exacerbation, or death compared to those who
did not experience the primary endpoints, and an interquartile range (IQR) of 65.64-308.1
ng/mL was determined. However, the complexity and experimental requirements of ELISA
make this impractical for POC monitoring.
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Electrochemical POC biosensors have been developed for the detection and quantification
of biological analytes for communicable and non-communicable diseases and are highly
desirable due to their speed, sensitivity and specificity 2°. Specifically, screen printed carbon
electrodes (SPCE) have become a popular platform option for electrochemical POC systems
due to low cost and ability to be manipulated into many electrode geometries 26 27, Review
articles have highlighted the recent activity in POC testing for cardiac biomarkers, and the
existing electroanalytical detection methods.28: 2% However, much of the detection is for
established serum-based biomarkers. While Biosensors using various detection methods for
Gal-3 have been reported in literature 39-33 however these biosensors are aimed towards the
detection of Gal-3 in serum, with few reports focused on POC testing using other biological
matrices such as saliva. For example, Cerqueira et al. developed a POC electrochemical
biosensor based on molecularly imprinted polymers for Gal-3, but the biological sample was
serum, not ideal for POC diagnostics. Saliva is an advantageous POC biofluid for detecting
biomarkers because of the ease of collection, and the presence of organic and inorganic
analytes at levels that reflect those in blood. However, using saliva as a matrix in a POC does
have disadvantages such as lower abundance of analytes compared to serum concentrations
24,34 additionally, the viscoelastic properties and mucous nature of saliva will influence
the mechanism of action of a microfluidic POC system 35-37 In addition, the type of saliva
collected can influence analyte levels 34,

A POC system for the detection of salivary Gal-3 does not exist. The creation of a non-
invasive saliva-based prognostic tool for HF can potentially enable equitable healthcare
access to people in both developed and resource limited settings. The ideal system would
provide rapid, sensitive, and quantitative results, while minimizing cost and the number

of end user steps to compete with traditional HF testing methods. Here, we report the
development of an electrochemical biosensor that can quantify a salivary HF biomarker
within the relevant clinical ranges. The biosensor described quantitatively detects salivary
Gal-3 allowing for non-invasive sampling for POC applications. SPCEs were successfully
used to perform a sandwich immunoassay to quantify Gal-3 in saliva samples. Optimization
of the electrode modification process is shown, along with the optimized immunoassay
parameters (C-Ab concentration, D-Ab concentration, blocker concentration, and Strep-HRP
dilution). A dilution study was conducted to determine optimal saliva dilution and buffer
concentration for sensor performance. Calibration curves in buffer, artificial saliva, and
pooled human saliva for the clinically relevant concentration ranges of salivary Gal-3 are
presented. Electrode stability studies were conducted to explore the viability of the sensor’s
use in a POC setting. Our research demonstrates the ability to detect proteins in saliva as the
next generation of testing that will bridge the gap in access to healthcare in the developed
and rural communities.

2. Materials and Methods

Buffers:

Phosphate buffer saline (PBS) was prepared by dissolving a tablet (Research Products
International, USA) in Milli-Q system (MilliporeSigma, USA). 10 mM (1x) PBS composed
of 140 mM sodium chloride and 2.7 mM potassium chloride at pH 7.4. The spiked buffer
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and dilution buffer for the pooled saliva was made by adding Tween20 to PBS to a final
concentration of 0.1%.

Artificial saliva:

The spiked artificial saliva was tested to better represent the composition of human saliva.
The solution contained 29.95 g of sorbital, 1 g of methyl-4-hydroxybenzoate, 0.87 g of
sodium chloride, 0.8 g of di-potassium hydrogen orthophosphate, 0.62 g of potassium
chloride, 0.3 g of potassium di-hydrogen orthophosphate, 0.17 g of calcium chloride, 0.06 g
of magnesium chloride, and 0.0044 g of sodium fluoride in 1000 mL of deionized water 38,

Human saliva samples:

The pre-COVID saliva samples from pooled human donors were obtained from Lee
Biosolutions (Maryland Heights, Missouri). The saliva form was raw, unprocessed liquid
and stored at =20 °C. To measure Gal-3 concentration in the saliva samples, we used R&D
human Galectin-3 Duo set ELISA Kit (DY1154, R&D Systems, United States). The signal
response of the pooled saliva sample along with the 4PL equation was used to estimate

the Gal-3 concentration to 1.20 ng/mL. The calibration curve of the well-plate ELISA is
shown in Fig. S1. Human saliva for making the calibration standards was not filtered.

The Gal-3 concentration detected in this saliva sample was significantly lower than the
biosensor’s limit of detection. Therefore, we disregarded the native Gal-3 concentration in
the subsequent spiked-in experiment.

Electrode fabrication:

A three-electrode system was screen printed on PET film (9984, 3M) using carbon ink
(CI-2057, Engineered Materials Solutions, Inc.) and a mesh screen. Following printing, the
ink was dried at 60°C. Dielectric ink wells were then screen-printed around the working
electrode and UV cured until dry. Reference electrode was painted over with a thin layer of
Ag|AgCI paste (Sigma-Aldrich). Finally, an adhesive well was placed around the working,
counter, and reference electrodes mimicking the size of a future fluidic channel and to
confine the solutions.

SPCE modification:

SPCEs were modified by dropcasting 10 pL of 25 ug/mL capture antibody (C-Ab) (R &
D Systems, MAB11541) on the working electrode, inside the dielectric ink well. Capture
antibody was taken from a stock solution and diluted in PBS. The electrodes were dried in
a covered petri dish at 37°C. Once dry, 5 uL of 1% bovine serum albumin (BSA) in PBS
was dropped into the dielectric well until dry at room temperature to prevent non-specific
adsorption to the electrode surface.

SPCE testing:

Modified SPCEs were tested by dropping 10 uL of spiked samples (n=3) into the well and
incubated at room temperature in a humid chamber for 2 h. Following the incubation period,
the electrodes were washed with PBST followed by PBS using solid stream spray bottles.
Next, 10 puL of 1 ug/mL detection antibody (D-Ab) (R & D Systems, BAF1154) diluted
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in PBS was dropped into the dielectric well and incubated for 2 h in a humid chamber.

After washing with PBST and PBS, horseradish peroxidase (HRP) conjugated streptavidin is
dropped in the well and incubated for 20 min. Subsequently, the final PBST and PBS wash
is performed, and PBS is dropped in the well to hold the electrodes until measurements are
performed. Tetramethylbenzidine (TMB) was then added to the electrode surface, confined
by the well, and incubated for 2 min. Immediately following the TMB incubation, a 2-min
chronoamperometry measurement was started. Using a portable potentiostat (Palmsens4), a
0.0 V potential was applied to the working electrode (vs the reference electrode) while the
current was recorded between the working and the counter electrodes.

Data analysis:

Chronoamperometry traces were averaged on a 10 s interval (110 s to 120 s). This range
was chosen to avoid the initial charging current and to evaluate the plateau current. When
noted, blank samples made in the same media as the samples tested without spiked Gal-3,
were run in parallel to spiked samples to get a measure of the background current and used
to get the Al from each sample. The blank subtracted current was determined from the mean
background current subtracted from the sample current.

Al = — (I3 — mean(I1115)"))

Fig. 1 is provided to show a visual representation of the entire electrochemical
immunoassay. The total time for electrochemical detection was 2 hours 20 min.

3. Results and Discussion

3.1- Electrode Modification

The immobilization of antibodies to the SPCE surface is a critical step for developing
electrochemical immunosensors. The antibody immobilization technigque can control surface
coverage, correct antibody orientation, and improve sensor stability. In this study, passive
adsorption was used for antibody immobilization. Protein adsorption on surfaces is a
well-studied phenomenon, and passive adsorption of antibodies on a carbon electrode
surface is a well-documented approach throughout the literature 3°. Recently, Sharafeldin
et al. investigated six different antibody immobilization strategies on carbon electrodes

and found passive adsorption resulted in the best limit of detection while maintaining

an adequate dynamic range and percentage of active antibodies values compared to the
other tested strategies 49. Furthermore, passive adsorption is the easiest approach for mass
production of biosensors. Passive adsorption was also used to immobilize BSA as the
blocker. On hydrophobic surfaces, the nonpolar regions of BSA are attracted towards the
surface of the electrode forming a compact and stable monolayer 4. To show the addition
of capture antibody and blocker to the electrode surface, capture antibody was dropcast

on the working electrode and dried at 37°C before blocking with BSA. As seen in Fig.

2A, three cyclic voltammograms using 5 mM/5 mM ferri/ferrocyanide in 0.1M KCl are
shown. The corresponding peak current and AE values shown in Table S1 after electrode
modification with the capture antibody and blocker prove successful adsorption of antibody
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and blocker, as the electroactive surface area of the SPCE is reduced. These results show
passive adsorption successfully immobilized both proteins to the electrode surface. Fig. 2B
shows optimization of the drying temperature for the C-Ab. The results show C-Ab drying at
three different temperatures, proceeded by a complete electrochemical immunoassay using
172 ng/mL of Gal-3 spiked in PBS buffer (n=3). Statistically, there was no difference in
signal between the tested temperatures, however the capture antibody dried faster at 37°C
allowing for a shorter overall electrode preparation time. As a result, 37°C was chosen as the
temperature to immobilize capture antibody for the assay.

3.2- Assay Optimization

Optimization tests were performed for the concentrations of capture antibody, blocker,
detection antibody, and the streptavidin-HRP dilution. For each condition, the full assay
was run using buffer as the sample matrix while the other conditions were held constant.
The assay was performed in triplicate with a Gal-3 concentration of 172 ng/mL and blanks.
The ideal conditions would result in the greatest signal in contrast with the lowest signal
blanks while keeping the error to a minimum. Next, the blank subtracted average current
was compared for different concentration of the forementioned parameters. The determined
optimized parameters were 25 ug/mL C-Ab, 1% BSA in PBS blocking solution, and 1
ug/mL D-Ab. These conditions were chosen for use in attaining a calibration curve in spiked
PBS in Fig. 3A and spiked artificial saliva in Fig. 2B.

The analytical performance of the SPCE assay was assessed over a range of clinically
relevant Gal-3 concentrations in buffer and artificial saliva. The average signal and standard
deviation of the triplicate measurements were used to generate the calibration curve shown
in Fig. 3. The limit of detection (LOD) was determined to be 37.5 ng/mL. The graph shows
a clear separation in the current responses between concentrations below and above the
previously determined critical value of 172 ng/mL. These results demonstrate a sensitive
biosensor capable of detecting Gal-3 in buffer below clinically determined interquartile
range.

After demonstration of the assay performance in spiked buffer samples, the assay was tested
in artificial saliva, an electrolyte solution used to mimic the composition of saliva. The same
procedure and conditions used to produce the calibration curve in buffer were followed
here, however Gal-3 was spiked into artificial saliva. The calibration curve generated by
this data set is shown in Fig. 3B and the LOD was determined to be 8.97 ng/mL. The
absence of the hook effect and a LOD well below clinically determined interquartile range
are promising results considering the expected loss in sensitivity when switching towards
real saliva samples.

3.3- Optimization of Saliva Sample for Assay Performance

3.3.1 Determining Optimal Saliva Dilution—To better evaluate the electrochemical
immunoassay performance in real saliva samples, we analyzed Gal-3 spiked into pooled
human saliva samples. Although the binding domain of antibodies is specific to their
epitopes, the composition of saliva may cause interference from nonspecific adsorption,
competitive adsorption, and/or slow the diffusional process affecting the signal due to
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increased background or higher variation between measurements. We sought to determine if
we could reduce these effects by taking advantage of the sensitivity of the proposed assay.
Since the LODs determined earlier were below the interquartile range, we carried out a
saliva sample dilution study to investigate the performance of our biosensor in undiluted
and diluted saliva samples in PBST. Using the same experimental conditions as Fig. 3, we
tested two different Gal-3 concentrations spiked into three different sample dilutions. The
Gal-3 concentrations used were 65 ng/mL and 300 ng/mL to best represent the high and
low concentrations of the determined clinically relevant ranges. Along with the undiluted
Gal-3 spiked saliva sample, 50% and 75% sample dilutions were evaluated. For the diluted
samples, Gal-3 was spiked into undiluted saliva and serial diluted. The resulting dilutions
yielded 32.5 ng/mL and 150 ng/mL of Gal-3 for 50% dilutions, and 16.25 ng/mL and 75
ng/mL of Gal-3 for 75% samples.

Fig. 4A demonstrates the current responses for each dilution of saliva samples. The data
shows a higher background current and no statistically significant difference in the average
current between the two different concentrations. The 75% diluted sample showed a reduced
blank signal but a similar signal difference to the undiluted sample. Dilution of the saliva
sample to 50% resulted in lower overall blank current than undiluted saliva. The separation
of the current magnitudes between the low and high concentrations was most significant

in the 50% dilution. Therefore, we determined 50% sample dilution performed best on

our electrochemical immunoassay, and proceeding experiments were conducted this sample
dilution.

3.3.2- Optimizing Dilution Buffer—The ability to differentiate between Gal-3
concentrations with the smallest amount of deviation is essential for the prognostic capacity
of our biosensor. A recent study showed the pH, ionic strength, and buffering capacity are
important parameters for the prevention of nonspecific interactions that could lead to false
results 42. To determine the ideal buffer for saliva dilution and immunoassay performance,
five PBS concentrations were used (ie.1x, 2x, 4%, 5x and 10x) to dilute the saliva samples.
These concentrations were chosen because they possess different ionic strengths and have a
pH within the optimal range for antigen-antibody interactions. The plot showing the signal
produced at two Gal-3 concentrations for each PBS concentration is shown in Fig. 4B.

The 10x PBS concentration produced the largest difference in current between the Gal-3
concentrations, and, as the PBS concentration was reduced, the current magnitudes also
decreased. However, a drop in overall current output from 1x PBS to 2x PBS was observed.
One theory to explain the initial decrease in current magnitude is that the initial increase

in PBS concentration prevents non-specific interactions causing less background signal, and
at higher PBS concentrations more immunoglobulin complexes are formed attributing to
higher and more consistent current output 42. The exact mechanism for the effect of ionic
strength on our system remains unknown and is the subject of further investigations.

3.4- Calibration Curve in Saliva

To evaluate the prognostic potential of Gal-3 for HF, we tested our modified SPCEs in
pooled saliva samples using nine different Gal-3 concentrations. Chronoamperograms for
varying concentrations of Gal-3 in saliva are shown in Figure 5A. Each concentration was
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tested in triplicate measurement on separate SPCEs, and the data set is plotted and fit with
a 4PL model to generate the calibration curve, Fig. 5B. The graph shows an increase in

Al with increasing Gal-3 concentrations following the expected sigmoidal dose-response
curve. The calculated LOD of the electrochemical immunoassay was found to be 9.66
ng/mL when using 10uL of the diluted pooled saliva sample. It is important to emphasize
that the concentrations labeled on Fig. 5 are before 50% dilution and are presented as
undiluted concentrations to highlight the assay’s capability for the detection of clinically
relevant Gal-3 concentrations. These results demonstrate the ability of the immunoassay
to quantify the HF biomarker, Gal-3, in pooled human saliva. This is the first reported
electrochemical sensor for salivary Gal-3. Furthermore, the assay shows sensitivity in the
clinically determined interquartile range using a sample volume of 10uL. Compared to
traditional, plate-based ELISA tests, the electrochemical immunoassay reduces assay time
and reagent volumes and allows for measurement using portable instrumentation.

3.5- Stability of the Electrodes

Since this POC diagnostic tool is intended for use in clinical and at-home settings, the
stability of the modified electrode and optimal storage conditions are important. Designing
a biosensor that can be stored for long time periods in commonly available conditions
allow for a more practical biosensing platform. To initially determine storage stability of
the electrode modifications, electrodes were tested after being stored at 5°C with desiccant
pouches. Results are shown in Fig. 6. The electrode response stayed between —5.28 pA
and —4.32 pA for 172 ng/mL over a 35-day period. The percent change in current response
from day O, the day the electrodes were modified, to day 35 was 10.9%. The long-term
stability of the electrodes in possible available storage conditions in a POC setting is
promising for the continued development towards a market-ready POC test. It is common
for sensors with immobilized antibodies to be stored in dry conditions due to faster
protein degradation in humid environments 43-45, The stability is difficult to compare to
other reported immunoelectrochemical biosensors for Gal-3 because reported sensors were
developed for detection in plasma or serum 39:32.46_ The reported results show promising
long-term stability for the modified electrodes. However, the ideal POC sensor should be
stable for more than 6 months, and as the sensor gets closer to being implemented into a
POC system a longer stability study using spiked saliva should be performed.

Conclusion

This work presents a novel sensitive sandwich electrochemical immunosensor for the
detection of Gal-3 in a highly viscoelastic medium, human saliva. SPCEs modified using
passive adsorption were implemented as the assay substrate and demonstrated successful
analytical performance within the clinical range of salivary Gal-3 and achieved a limit

of detection of 9.66 ng/mL. The concentration dependent response around the critical

172 ng/mL will give important feedback concerning the patient’s prognosis due to HF.
Compared to traditional approaches such as ELISA, the assay uses lower amounts of
reagents and reduces run time while requiring less steps. The reported assay would allow for
continuous monitoring of a HF biomarker using non-invasive sampling. The stability of the
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electrode modification was tested and due to the small amount of signal loss the modified
electrodes offer the potential for a long shelf life required in POC test.

Future work will focus on the integrating of the sensor into an automated and easy to

use microfluidic system, validating the assay using clinical samples, multiplexing for dual
detection of other biomarkers, and testing compatibility with low-cost portable potentiostats
47_Qur research presents an important first step towards an electrochemical, non-invasive
POC quantitative test for Gal-3, a HF biomarker.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Developed an immunosensor on a screen-printed carbon electrode for heart
failure biomarker
. Electrochemical detection of Galectin-3 in saliva
. Sensitive detection in clinically relevant concentration range with LOD of
9.66 ng/mL
. an important first step towards an electrochemical, hon-invasive POC

guantitative test for Gal-3, a HF biomarker
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Fig. 1.
General electrochemical detection mechanism for sandwich immunoassays on a SPCE. The

reference electrode (RE), counter electrode (CE), and working electrode (WE) are shown
with diagram representing a modified working electrode during the assay. Once the antigen
is captured by the capture antibody immobilized on the surface, HRP-labeled detection
antibody binds to form the immunoglobulin complex. The facilitates oxidation of substrate
TMB to oxTMB, an electrochemical compound, that is detected via chronoamperometry.
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Fig. 2.

(A) Cyclic voltammograms (CVs) of 5 mM Ferrocyanide/Ferricyanide (Fe(CN)g3~47) and
potential vs. Ag/AgCI on bare SPCE, Gal-3 capture antibody (C-Ab) immobilized on SPCE,
and Gal-3 C-Ab and BSA immobilized on SPCE. (B) Gal-3 C-Ab was passively adsorbed

at varying temperatures and then an assay was performed to compare resulting signals. Data
is from chronoamperometry recorded using the electrochemical detection method for 172
ng/mL spiked PBS.
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(A) The calibration curve for Gal-3 spiked PBS and (B) for spiked artificial saliva

plotted on a log scale showing blank subtracted current. Symbols and error bars represent
average and standard deviation over a 10 s interval. Seven different clinically relevant
Gal-3 concentrations were tested, 0-372 ng/mL to evaluate the sensitivity of the proposed
immunoassay. The chronoamperograms at various Gal-3 concentrations were collected on 3
separate electrodes (n=3). Data is fit with a 4-parameter logistic (4PL) curve.
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Comparison of current generated at different Gal-3 concentrations for two different saliva
preparations. (A) Saliva was spiked with low and high concentrations and tested before and
after dilution with 1x PBS for determining optimal saliva dilution. (B) Saliva was spiked
with low and intermediate concentrations and diluted 50% in different PBS concentrations
for optimization of dilution buffer. Data is from chronoamperograms recorded from the
SPCEs at each concentration and each dilution (n=3) to obtain the blank subtracted current

mean and standard deviation.
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Fig. 5.
Electrochemical detection of salivary Gal-3 in 10 ul samples. (A) Representative

chronoamperograms obtained from varying concentrations of Gal-3 in spiked pooled human
saliva that was diluted 50% in 10x PBS on modified SPCE using the electrochemical
immunoassay. (B) Corresponding calibration curve plotted on a log scale showing A/
averaged over a 10s interval centered on 115s for 10ul samples (n=3) with error bars
showing the standard deviation. Data is fit with a 4PL.
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Fig. 6.

PI?)t showing stability of blank subtracted current for modified electrodes stored at 5C with
desiccant. Data is from chronoamperometry recorded using the electrochemical detection
method for 172 ng/mL spiked saliva minus the blank current. Mean and error is from 3
electrodes ran for each day and for each condition. Day 0 is the day the electrodes were
modified. The linear fit line shows the 10.9% decrease in signal response.
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