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Abstract: Saliva has shown considerable promise as a diagnostic medium for point-of-care (POC) and
over-the-counter (OTC) diagnostic devices due to the non-invasive nature of its collection. However,
a significant limitation of saliva-based detection is undesirable interference in a sensor’s readout
caused by interfering components in saliva. In this study, we develop standardized sample treatment
procedures to eliminate bubbles and interfering molecules while preserving the sample’s target
molecules such as spike (S) protein and glucose. We then test the compatibility of the pretreatment
system with our previously designed SARS-CoV-2 and glucose diagnostic biosensing systems for
detecting S protein and glucose in subject saliva. Ultimately, the effectiveness of each filter in
enhancing biomarker sensitivity is assessed. The results show that a 20 mg nylon wool (NW) filter
shows an 80% change in viscosity reduction with only a 6% reduction in protein content, making
it an appropriate filter for the salivary S protein diagnostic system. Meanwhile, a 30 mg cotton
wool (CW) filter is identified as the optimal choice for salivary glucose detection, achieving a 90%
change in viscosity reduction and a 60.7% reduction in protein content with a minimal 4.3% reduction
in glucose content. The NW pretreatment filtration significantly improves the limit of detection
(LOD) for salivary S protein detection by five times (from 0.5 nM to 0.1 nM) and it reduces the
relative standard deviation (RSD) two times compared to unfiltered saliva. Conversely, the CW
filter used for salivary glucose detection demonstrated improved linearity with an R2 of 0.99 and a
sensitivity of 36.6 µA/mM·cm2, over twice as high as unfiltered saliva. This unique filtration process
can be extended to any POC diagnostic system and optimized for any biomarker detection, making
electrochemical POC diagnostics more viable in the current market.

Keywords: diagnostics; saliva; electrochemical biosensor; point of care (POC) devices; glucose;
SARS-CoV-2 spike protein; saliva filtration process

1. Introduction

POC testing (POCT) is medical diagnostic testing near the patient and outside the
clinical laboratory but still in a medically supervised setting [1]. The main goal of POC
diagnostics is to provide a rapid, convenient, and accurate testing system to the patient [2].
Self-monitoring blood glucometers, urine pregnancy testing, and COVID-19 testing kits
are the most common POC devices. Among the various techniques used in POC testing,
electrochemical biosensors have gained much attention recently due to their inherent
advantages [3], comprising rapidity, sensitivity, specificity, and versatility, which set them
apart from other detection methods [4–6]. Moreover, salivary electrochemical diagnostics
is a growing field in POC technology and can be a superior alternative to blood, nasal fluid,
and urine as a diagnostic medium due to its non-invasiveness and diverse biomolecule
content [7–10].

Saliva is crucial in maintaining oral health and is a clinically informative biofluid
that can reflect the body’s overall health [11] and is widely known as suitable for specific
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disease biomarker detection. It is 99% water [12] but also comprises electrolytes [13],
mucus [14], enzymes [15], and a wide range of disease biomarkers. It has proven effective
in electrochemical biosensing of various diseases such as HIV [16], hepatitis A [17], B [18],
and C viruses [19], the Zika virus (ZIKV) [20,21], severe acute respiratory syndrome
coronavirus (SARS-CoV) [22], coronavirus disease 2019 (COVID-19) [23,24], oral cancer [25],
breast cancer [26], pancreatic cancer [27], lung cancer [28], cardiovascular disease [29], and
diabetes [30,31]. Additionally, the simplified collection process allows the use of salivary-
based measurements at home or in a laboratory without the need for trained personnel to
oversee the process [32–34].

Despite the immense potential of saliva, detecting specific biomarkers in saliva can
come with various challenges. Firstly, the concentrations of most biomarkers in saliva
are significantly lower than their corresponding concentrations in blood, which raises the
bar for the sensitivity of diagnostic devices that aim to use it [13,35,36]. Secondly, while
electrochemical methods offer advantages such as simplicity, speed, and cost-effectiveness,
they have not yet been widely applied to actual biological samples. A key factor limiting
the effectiveness of electrochemical methods for use with saliva is the interference caused
by numerous other proteins, biomarkers, and foreign particulates compromising the test’s
selectivity and specificity [37]. These typically include food residues, large molecules,
and/or high molecular weight (HMWT) protein chains, particularly those larger and more
concentrated than the analyte to be detected. These large molecules can obstruct the diffu-
sion of the analyte toward the sensor surface and block binding sites during electrochemical
measurement, resulting in reduced sensor sensitivity. Of these large molecules, the family
of mucin proteins is one of the most abundant in saliva and is a primary interferent in
salivary biomarker measurements [38]. The brush-like structure of mucin along with its
negatively charged backbone makes saliva samples more viscous [39,40]. Removing mucin
leads to decreased viscosity of salivary samples where viscosity correlates with mucin
concentration such that lower viscosity samples provide better sensor performance. Thus,
the pretreatment of saliva is a pivotal step in utilizing saliva for electrochemical and other
sensing systems.

In this research, we address the abovementioned issues by removing the most signifi-
cant interferents, isolating the target biomarkers, and reducing viscosity (mucin). This ob-
jective is achieved by employing specific filter materials tailored to each relevant biomarker.
The proposed filtration system is a critical link between laboratory and POC systems for
saliva-based detection technology. This study investigates various filter materials for saliva
treatment to facilitate the detection of SARS-CoV-19 S protein and glucose in real samples.
Finally, to assess the effectiveness of our saliva pretreatment system, filtered saliva is tested
with our designed biosensor for each biomarker and the detection sensitivity is compared
with that of unfiltered saliva.

2. Experimental Procedure
2.1. Material and Method

SARS-CoV-2 monoclonal S antibody and S protein of SARS-CoV-2 were purchased
from Genscript. Gold nanoparticles (GNp, 10 nm diameter), PBS (0.1 mol/L, pH 7.4),
thionine acetate salt (TH), tergitol 15-s-15 surfactant, chitosan (CS), GOx (type II lyophilized
powder with at least 17,300 units/g solid, enzyme commission (EC) 1.1.3.4 enzyme from
Aspergillus Niger), and acetate buffer solution (pH 4.65) were purchased from Sigma
Aldrich. Semiconducting COOH functionalized single-walled carbon nanotube suspension
(SWCNT-COOH, diameter: 1–2 nm, length: 2–5 nm) was purchased from Cheaptube
Company, polyvinylidene fluoride (PVDF), polytetrafluoroethylene (Teflon) (PTFE), mixed
cellulose ester (MCE), anotop (alumina-based), and nylon (NY) syringe filters were pur-
chased from the Sigma company. Nylon wool (NW), glass wool (GW), cotton wool (CW), a
BCA assay kit, and a COVID-19 S protein ELISA kit were purchased from Fisher Scientific.
Cotton swabs were purchased from Oasis Company. The glucose assay kit was purchased
from Abcam company. The viscosity test was performed using the microVISCTM device
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from “Rheosense Inc.” (San Ramon, CA, USA). The pressure gauge was purchased from
the Life Science company.

2.2. Saliva Sample Collection Protocols

For this research, healthy volunteers aged between 20 and 30 years are selected.
To ensure the proper execution of the test on these subjects, the following procedure is
provided (Figure 1):

1. Individuals are instructed to rinse their mouths with water 15 min before saliva collection;
2. An absorbent pad is positioned inside the mouth and participants are instructed to

chew on it until it is saturated with saliva (typically taking 30 to 60 s);
3. Subsequently, the saliva collector is inserted into a syringe containing a specific

membrane/depth filter and the plunger is squeezed to extract the saliva from the
absorbent pad;

4. The sample is transferred into a sterile tube for subsequent analysis. (see Appendix A)
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2.3. Viscosity and BCA Measurement

Generally, filter media can be classified into two major groups: surface (membrane)
filters and depth filters (Figure 2). This study selects PVDF and NY, PTFE, MCE, and
Anotop (Alumina-based) filters as the surface membrane syringe filters, while GW, NW,
and CW are chosen as the depth filters.
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Figure 2. Depicts two categories of filtration: (A) membrane filtration and (B) depth filtration.

The performance of both types of filters (membrane and depth) is assessed by con-
ducting two primary tests. First, the viscosity of saliva is measured as an indication of
mucin concentration by a microVISCTM viscometer (Supplementary Materials). To assess
the effectiveness of a filter in reducing mucin levels in saliva, the viscosity of the samples is
determined using viscosity measurements. It should be noted that the viscosity tests were
conducted under similar environmental conditions (Temperature 22 ◦C and humidity 20%)
to ensure that the variation in viscosity is minimal. Also, the experiments were repeated
three times and, based on the obtained results, the standard error of viscosity was lower
than 2%, indicating the stability and accuracy of the results.

Equation (1) is used to calculate the percent of viscosity reduction change parameter
(∆M), which measures the degree to which a filter returns the viscosity of filtered sample
to that of an ideal buffer solution that has no protein content.

∆M =
VU − VF
VU − VB

× 100 (1)

where VU is the viscosity of unfiltered saliva, VF is the viscosity of filtered saliva, and VB
is the viscosity of buffer solution.

To evaluate the filtration efficiency concerning other proteins, a Bicinchoninic Acid
Assay (BCA) kit is employed as a standardized method for quantifying the total protein
concentration present in filtered and unfiltered saliva samples.

2.4. Biosensor Fabrication Procedure
2.4.1. SARS-CoV-2 Biosensor

In brief, 1 µL of the SWCNT-COOH solution is drop-cast on the WE surface and dried
in a desiccator for 20 min. Then, TH solution is dissolved in water and incubated with GNp
(10 nm) at room temperature for 20 min. The volume ratio of 1:1.5 for GNp and TH was
mixed for 1 h at room temperature in dark conditions. Then, 1.5 µL of the mixture GNp+TH
is dropped onto the surface. Afterward, 1.5 µL of this GNp+TH solution is then dropped
on the working electrode (WE) and the sensors are left to dry in the desiccator. Lastly, 2 µL
of anti-S protein antibody in 0.1 M PBS is dropped on the GNp+TH/SWCNT-COOH. After
functionalization, the modified sensor is placed in a vacuum-sealed dark container and
stored at 4 ◦C for later use. The fabrication procedure details are in the following work [41]
and schematically depicted in Figure 3.
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2.4.2. Glucose Biosensor

In brief, 10 µL of SWNT-COOH suspension is cast onto each sensor. Then, 10 µL
of 2 mg/mL CS, 10 µL of GNp (10 nm), and 10 µL of 1 mg/mL GOx are cast onto the
WE sequentially to form the first (SWCNT-COOH/CS/GNp/GOx) multi-layer film with
drying steps in between, where each layer takes 20 min to complete. Subsequently, two
more multi-layer films are cast on top, after which the sensors are dried in the desiccator
for 1 h without a washing step. They are then packed in gel boxes (Gel-Pak, Hayward, CA,
USA) and sealed in vacuum bags using a vacuum packaging machine (VACmaster pro110,
Overland Park, KS, USA) and stored at 4 ◦C for later use. The fabrication procedure details
are discussed in detail in [42] and shown schematically in Figure 4.
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Figure 4. The fabrication procedure of the glucose biosensor chemistry design.

2.5. Electrochemical Testing Procedure and Techniques

To evaluate the effect of saliva pretreatment on biosensor sensitivity, the selected
biomarker is added to the subject’s saliva samples, which are then filtered using a selected
filter. This is followed by square wave voltammetry (SWV) for the S protein sensors
or amperometry for the glucose sensors and the results are compared with those from
unfiltered saliva samples. The measurement process begins with connecting the sensor to a
PalmSens4 potentiostat. Then, 20 µL of the spiked sample is dispensed onto the electrode
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area to cover all three sensor electrodes. After the incubation period, the corresponding
electrochemical test is performed.

During SWV, the applied potential range is −0.2 V to 0.4 V with an Estep of 5 mV and
an Eamplitude of 0.05 V. The current is recorded for the baseline (blank) and analyte solution
and a ∆i is calculated to analyze the level of binding and detection through Equation (2).

∆i = ipB − ipS (2)

where ipB is the peak current of the baseline solution and ipS is the peak current of the analyte
solution such as in this work [41]. During amperometry, −0.5 V potential is applied to the
functionalized sensor and the resulting current is integrated from 18–21 s and analyzed
for each concentration as in this work [42]. All experiments are performed in triplicate
to ensure the reproducibility of the results and the LOD value in all the electrochemical
measurements is calculated using Equation (3).

LOD =
(3.3 × σ)

S
(3)

Here, σ is the average standard deviation of blank sensor response and S is the slope
of the linear calibration plot.

3. Results and Discussion
3.1. Filter Assessment and Selection
3.1.1. Syringe Membrane Filters

Wettability characteristics are a crucial consideration when choosing a filter for a
particular application. Hydrophobic membranes may only be suitable for water-based sam-
ples as the force required to push sample through becomes unreasonably high. Therefore,
hydrophilic filter types are appropriate for use and are selected for saliva pretreatment.
Table 1 summarizes the syringe membrane filter’s viscosity and total protein test results
of hydrophilic membranes. The overall results indicate that hydrophilic PVDF achieved
the highest efficacy in reducing saliva viscosity, with reductions of approximately 93% of
saliva viscosity. Also, hydrophilic PES and hydrophilic PVDF demonstrated the highest
performance regarding total protein removal with reduction of 51% and 50%.

Table 1. Selected membrane filters with their corresponding viscosity, reduction, and protein reduc-
tion test results.

Sample Hydrophobicity Average
Viscosity (mPa·s) ∆M (%) Protein

Concentration (µg/mL)
Total Protein

Reduction (%)

Buffer 1.04
Unfiltered saliva 1.19 3001.21

PVDF filtered saliva Hydrophilic 1.05 93 1500.60 50
Anotop filtered saliva Hydrophilic 1.1 60 1680.67 44

NY filtered saliva Hydrophilic 1.08 73 1710.68 43
MCE filtered saliva Hydrophilic 1.06 86 1470.59 51

As molecules like SARS-CoV-2 S protein and glucose have vastly different character-
istics with respect to size and weight, it follows that different filter types may be needed
for each.

Since glucose is a small molecule, a more significant reduction in protein content
becomes the preferable option for this biomarker as removing all protein would remove
most of the interferents. Among all the filters, PVDF shows excellent performance in
reducing viscosity and total protein content and is selected as the best membrane filter for
salivary glucose detection.

Although membrane filters effectively reduce viscosity and protein content, none
are suitable for protein biomarkers such as S proteins since they reduce about 50% of the
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protein from saliva. Therefore, there is a high likelihood that the S protein becomes trapped
in the membrane filters.

3.1.2. Depth Filters

Three depth filter types of varying weights are evaluated with respect to their viscosity
and protein reduction to identify the most suitable depth filter for the saliva collection
system. To identify an appropriate filter weight, the experiment started using 10 mg for
each filter. It was found that this weight did not provide high confidence in fully covering
the syringe. Consequently, the starting point was adjusted to 20 mg and the weight was
incrementally increased. However, as additional weight was added, the results deviated
from the target values in terms of percentage change in glucose and S protein levels. Thus,
further weight additions were ceased and this weight range was established as the standard.

Additionally, to ascertain the percentage change in each biomarker concentration
before and after filtration, both the SARS-CoV-2 S protein ELISA kit and the glucose assay
kit were utilized. As depicted in Table 2, the results indicate that the NW filter, weighing
20 mg, showed the most favorable performance. It achieved around 83.2% reduction in
viscosity, only a 6% reduction in protein content, and a minimal 3% change in S protein
concentration. Therefore, the NW depth filter weighing 20 mg has been selected for use
in the salivary S protein biosensor. Conversely, for glucose, the CW with a 30 mg weight
exhibited the best performance, demonstrating a viscosity reduction parameter of 96%
and a 58% reduction in protein content while causing only a minimal change in glucose
content (2.3%).

Table 2. Viscosity and protein reduction test results of filtered saliva using three wool filter types
with three different weights.

Filter Weight (mg) ∆M (%) Total Protein
Reduction (%)

Change in
Glucose Content (%)

Change in
S protein Content (%)

NW 20 83.2 6 10 3
NW 30 85 10.7 17.3 14.3
NW 40 88.6 16.1 13.5 17.4
GW 20 75 14.4 0 13.1
GW 30 88.8 15.6 7.1 17.4
GW 40 87 21 9.4 24.5
CW 20 92 47.7 4.2 40
CW 30 96 58.7 2.3 50.2
CW 40 90 40.8 11.8 46

3.1.3. Water Breakthrough Pressure

Before evaluating the filter performance in biomarker sensitivity enhancement, the
filter integrity should be assessed for a POCT diagnostic system. The water breakthrough
pressure is an essential metric to understand for any filter to ensure that the required
force for passing saliva samples through these membranes is reasonable for users. In this
experiment, the water breakthrough pressure is defined as the minimum pressure required
to force the sample through the selected membranes and is quantified to compare the
breakthrough pressure of filters. This involves using a pressure gauge, a syringe, and
filters, including PVDF, 30 mg CW, and 20 mg NW filters (as depicted in Figure S1 in
Supplementary Materials). The water breakthrough pressure PWB and the corresponding
required force applied for passing water and saliva through each filter are detailed in
Table 3.

Considering the above results, the PVDF membrane requires an unmanageable force of
14.63 N to pass saliva through the filter, making it unsuitable for POC diagnostic detection.
However, 30 mg CW and 20 mg NW remain the preferred options since they require less
force from users to perform the test. In conclusion, Table 4 shows the optimal filtration
system for the SARS-CoV-2 and glucose POC detection system.
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Table 3. Water breakthrough pressure test results for selected hydrophilic filters.

Sample Filter Pressure
(×100 kPa)

Force (N)
(≈0.22481 lbs.)

Water PVDF 1 13.3
Water CW 0.4 5.32
Water NW 0.3 3.99
Saliva PVDF 1.1 14.63
Saliva CW 0.4 5.32
Saliva NW 0.6 7.98

Table 4. Optimal filtration system for salivary SARS-CoV-2 and glucose detection.

Biomarker SARS-CoV-2 S Glucose

Filter NW CW
Weight (mg) 20 30
Hydrophobicity Hydrophilic Hydrophilic
∆M (%) 88.7 90
Protein Reduction (%) 6 60.7
Change in S Protein Content (%) 3 50.2
Change in Glucose content (%) 10 2.3
Force (N) 7.98 5.32

3.2. Filter Sensitivity Assessment
3.2.1. Salivary Glucose Measurement

To study the effect of saliva filtration on the electrochemical behavior of the sensor,
cyclic voltammetry (CV) in a potential range of −0.8 to 0.4 V is performed on glucose
electrochemical biosensors using CW-filtered and unfiltered saliva. Figure 5 shows the sub-
sequent cyclic voltammograms. Both samples have the same spiked glucose concentration
of 5 mg/dL but the redox reaction peak of the filtered saliva sample is sharper, higher, and
more repeatable than that of the unfiltered saliva, demonstrating the superiority of the
filtered sample. This is hypothesized to be because the presence of interferents can limit
the diffusion of glucose from the bulk to the sensor surface and/or block enzyme binding
sites on the electrode surface, preventing a glucose-GOx reaction.
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Next, to assess the impact of saliva pretreatment on glucose detection sensitivity,
a range of glucose concentrations (0.1–5 mg/dL) is spiked into collected saliva samples,
which are then filtered using a 20 mg CW filter. Amperometry measurements are performed
at an applied potential of 0.5 V for 20 s and the resulting output current is integrated from
17–20 s, plotted against concentration, and compared with that of unfiltered saliva samples.
These tests are performed in triplicate for each concentration. The results in Figure 6
clearly show that using filtered saliva enhances the range of biosensor detection from
1 mg/dL to 0.1 mg/dL. The current response increased with rising glucose concentration,
demonstrating a linear relationship with a sensitivity of 36.6 µA/mM·cm2 and an R2

value of 0.99 for filtered saliva. In contrast, unfiltered saliva exhibited a lower sensitivity,
16.7 µA/mM·cm2, with an R2 value of 0.96. This decrease can be attributed to mucin and
other proteins, which can hinder the diffusion of glucose molecules and obstruct the binding
sites, consequently diminishing the sensor’s sensitivity. The RSD of less than 3% for the
filtered saliva data points compared to unfiltered saliva, confirms enhanced repeatability.
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3.2.2. Salivary SASR-CoV-2 S Measurement

CV in a potential range of 0.4 to −0.8 V with a scan rate of 100 mV/s is performed for
the SARS-CoV-2 S protein biosensor and the same phenomenon as seen with the glucose
sensor in Figure 7 is observed in Figure 7. The CV peak for filtered saliva shows a higher
current with more repeatability and less variation than unfiltered saliva. This demonstrates
the impact of other interferents present in the solution, which are hypothesized to disrupt
the path of ions necessary to sustain the TH embedded in the electrical double layer and/or
land on the surface and block binding sites. In conclusion, the filtration process purifies the
sample, resulting in less variation and a higher output signal for biomarker detection.

Next, SWV is performed in a range of 0–0.7 V for an S protein concentration range
of 0.25–8 nM. These findings are shown in Figure 8 and highlight the influence of saliva
pretreatment on sensor performance and S protein measurement. Remarkably, despite both
filtered and unfiltered samples having the same concentration of S protein, the sensor can
detect concentrations as low as 0.25 nM with an R2 of 0.99 and a limit of detection (LOD) of
0.1 nM for filtered saliva. However, the sensor’s detection capability is reduced to 2 nM
for unfiltered saliva, with an LOD of 0.5 nM and an R2 of 0.96. This diminished sensitivity
is again likely due to interfering substances in unfiltered saliva, which may impede the



Diagnostics 2024, 14, 1088 10 of 13

mobility of the S protein or block the active sites of the antibody on the electrode surface,
thus preventing effective interaction between the S protein and the antibody. Additionally,
the relative standard deviation for unfiltered saliva is >4%, at least two times higher than
filtered saliva due to high molecular weight mucin and food debris deposition on the sensor
surface, inducing variation and noise in the output signal.
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4. Conclusions

In this study, the necessary criteria for pre-treatment of salivary glucose and S protein
samples are established and various filters for saliva treatment are examined for each
biomarker. The 30 mg NW filter is chosen for S protein samples, while the 20 mg CW filter
is selected for glucose samples. To validate the efficacy of sample pre-treatment, the perfor-
mance of saliva filtration was assessed using our developed biosensors for SARS-CoV-2
and glucose. The results indicate that the saliva filtration pretreatment idea has great
potential to enhance the sensitivity of saliva-based electrochemical POC/OTC biosensors.

The NW pretreatment filtration significantly improved the limit of detection (LOD)
for salivary S protein detection by five times (from 0.5 nM to 0.1 nM) and RSD by two times
compared to unfiltered saliva. Conversely, the CW used for salivary glucose detection
demonstrated improved linearity with an R2 of 0.99 and a sensitivity of 36.6 µA/mM·cm2,
around twice as high as unfiltered saliva.

Consequently, the pre-treatment system for saliva is versatile and can be widely
applied to a range of electrochemical biosensors. By customizing the filter’s type, size, and
weight, it can be fine-tuned for detecting different biomarkers, enhancing both sensitivity
and reliability. Such flexibility enhances the practicality of electrochemical biosensors as an
effective POC device.

5. Future Work

Our future work will focus on conducting clinical tests using actual saliva samples
from patients that contain viruses and further optimizing the filter for the diagnostic
detection of whole viruses. We will consider studying the effect of pore size on the efficacy
of saliva treatment and biosensor performance, as the size of the target particles plays a
crucial role in the filtration system.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/diagnostics14111088/s1, Figure S1: The viscometer measures saliva
samples’ viscosity (Rheosense Inc, San Roman, CA, USA); Figure S2: The water breakthrough
test setup.
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Appendix A

Since our lab is BSL-2-certified and cannot use patient saliva containing whole viruses,
we are limited to collecting saliva from healthy patients and spiking it with the biomarker.
Based on the future work outlined, the project’s next phase will involve using saliva
samples from infected patients and further optimizing the saliva filter pretreatment since
the whole virus is 104 times larger than the Spike protein.
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