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Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by motor impairments and non-motor symptoms,
significantly impacting patients' quality of life. Currently, cerebrospinal fluid (CSF) is the primary biofluid used for PD biomarker
studies, notably a-synuclein, despite the invasive nature of lumbar puncture procedures. Recent work has shown that some of these PD
biomarkers have been measured in saliva. As an alternative to CSF, saliva can be non-invasively self-collected by patients repeatedly
over time to monitor biomarker levels. However, the stability of these biomarkers in saliva needs to be evaluated before saliva can be
considered for patient self-collection studies. Therefore, the goal of this study was to determine if a-syn and cortisol levels were stable
in saliva using different common sample storage conditions. Salivary samples were analyzed using enzyme-linked immunosorbent
assay (ELISA) kits to measure a-synuclein and cortisol levels under various storage conditions, simulating real-world scenarios of
home collection and transport. Our findings indicate that both biomarkers are quantifiable in saliva with high reliability and stability.
The results showed that cortisol and a-synuclein concentrations were well-maintained at -20°C and -80°C storage conditions, with
minimal degradation observed under room temperature overnight storage. Moreover, freeze-thaw cycles did not significantly affect the
biomarker stability. These findings support the potential of saliva as a feasible and non-invasive biofluid for PD biomarker analysis,
facilitating easier and more frequent monitoring of disease progression. Further studies are warranted to validate these preliminary
findings and to establish standardized protocols for saliva collection and storage in clinical settings.

Introduction

Parkinson’s disease (PD) is a progressive brain disorder caused by degeneration of the nerve cells that control movement. In the United States, PD
is the second most common neurodegenerative disease and nearly one million Americans are living with PD, with around 90,000 diagnosed yearly
[1]. Because it has vast clinical heterogeneity and complexity, PD is difficult to diagnose due to its subtle onset. Parkinson’s disease causes high
rates of disability and, currently, while there are treatment options, there is no cure for PD. The shaking, stiffness, decreased coordination and
balance caused by PD eventually lead to difficulty in speech and inability to walk_[2]. Moreover, the non-motor effects of PD include cognitive
impairment, sleep disorders, pain, mental health complications, and sensory disturbances_[3]. With such life-altering effects, it is important for early
diagnosis to let individuals alter their lifestyles/routines and prepare for life with PD, as well as explore potential treatment options depending on
the stage of the disease. For example, physical therapists, speech therapists, social workers, neuropsychologists, and pharmacists may be regularly
required to work with patients to address the disease’s progressive debilitating symptoms [4]. The most commonly investigated biofluid used in
investigating the progression of PD is cerebrospinal fluid (CSF)_[5]. CSF is obtained through the lumbar puncture (LP), or spinal tap, where a
hollow needle is inserted into the space surrounding the spinal column (subarachnoid space) in the lower back [6]. Unfortunately, especially since
PD patients are generally aged sixty or over, such a process of obtaining the CSF biofluid can be painful and may even be detrimental to their
health. LP can cause post-lumbar puncture headaches (25% of people who undergo LP reported), back pain, bleeding at the needle site, and
brainstem herniation (in rare cases) [7]. The cost of monitoring the progression of PD or potential diagnosis through LP may outweigh the benefits.
That said, currently, there are no suitable biochemical markers for diagnosis and progression monitoring_[8]. One of the most promising biomarkers
for monitoring PD is currently a-synuclein (a-syn)[5], [9], [10]. In a 2023 study, researchers tested the spinal fluid of 1,000 participants, looking for
the clumps due to agglomeration of the a-syn protein to determine if the participants had Parkinson’s disease. Such a test resulted in an 87.7%
accurate identification of participants with Parkinson’s disease and those at risk [11]. Brain cells of most people with PD contain Lewy bodies
constituted by clumps of a-syn making it a pathological hallmark. As a major component of Lewy bodies, a-syn has been investigated as a potential
PD biomarker, since it is present in biofluids like CSF, plasma, and saliva_[9], [10], [11], [12], [13]. Studies are underway to understand better the
functions of a-synuclein and its relationship to other factors impacting PD progression and prognosis.

Now, due to the invasive nature of LP in obtaining CSF for a-syn, less invasive alternative biofluids are needed for the monitoring of a-syn levels
in patients. Urine has been studied as it can contain a-syn, but there is a low prevalence of studies involving urine. Instead, saliva is shown to be a
better candidate for study, having similar levels of a-syn compared with CSF, meaning saliva is a potential non-invasive biofluid for monitoring
and diagnosing Parkinson’s disease [10], [14].

Cortisol, an extensively researched hormone, has the potential to disturb mitochondrial function and elevate oxidative stress and
neuroinflammation, which are both acknowledged as pivotal pathological mechanisms in PD [15]. Cortisol levels are also discriminatory in PD
diagnosis with higher salivary cortisol levels also seen in PD. Such levels of cortisol are shown to be higher in individuals with depression (a
symptom of PD: psychological disorder), sleep disturbances, and neurodegenerative diseases such as PD [15], [16], [17].

Saliva is an attractive biofluid due to its accessibility and homogeneity[18], [19], [20]. Both cortisol and a-syn are prevalent in saliva, and early
studies indicate salivary a-synuclein and cortisol could be used together as biomarkers for PD in diagnosing and monitoring disease progression
[19], [20], [21], [22], [23]. In addition, saliva is already used as a good sample type for cortisol testing in at-home settings [24], [25], [26].
Therefore, saliva is a promising alternative compared to CSF. Elderly or not, patients with Parkinson’s disease will be able to have more frequent
disease progression monitoring even in the comfort of their homes by sending saliva samples to nearby pharmacies, and then to saliva testing
locations. Such an alternative to CSF reduces the strain on the patient’s physical health by limiting intrusive medical procedures and the need to
navigate themselves to the testing sites. Careful examination must be done to monitor the possible degradation and changes in concentration of both
cortisol and a-syn in saliva to eliminate the possibility of unusable samples by the time the saliva reaches the lab for testing. In addition, storage
conditions must be tested to determine the optimal temperatures in which the samples are stable.

In our study, we evaluated the usability of salivary a-synuclein and cortisol ELISA assays for real-world use. We want to determine if these
markers are stable enough in saliva with differing standard storage and transport conditions.
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Methods

In the ELISA kits for a-syn and cortisol, control samples of saliva containing each biomarker were assayed by ELISA for levels in (ng/ml) of a-
synuclein and cortisol. Quantitative analysis of a-syn and cortisol levels in the saliva samples was performed using enzyme-linked immunosorbent
assay (ELISA) kits from [Invitrogen™(A-syn) and Crystal Chem Inc (Cortisol)]. One important factor to note is that the Cortisol ELISA kit was a
competitive ELISA, meaning the higher the concentration of analyte (cortisol in ng/ml), the lower the absorbance reading (450 nM). Standard
protocols provided by the manufacturer were followed for sample preparation, assay procedures, and data analysis. All experiments were repeated
in duplicates three times for a total of 6 total replicates. Quality control measures were implemented to ensure the accuracy and precision of the
assay results.

Upon confirming the validity of both ELISA tests by analyzing the R? values of both (near 1) graphs (Cortisol absorbance and o-syn absorbance),
we moved to test the stability of both biomarkers in saliva in different real-world storage conditions.

To assess the stability of samples, we tested pooled saliva (PS, Lee Biosolutions Inc.) spiked with cortisol (Crystal Chem Inc) and a-syn
(Invitrogen) under storage conditions simulating situations of home collection, transport, and lab handling conditions. These include fresh saliva,
overnight at room temperature (RT), at 4°C, frozen at -20°C with 1 or 2 freeze-thaw cycles, and frozen at -80°C with 1 or 2 freeze-thaw cycles.

This stability testing on both biomarkers was repeated after the first trial to solidify the results, but instead, measuring the percentages present
instead of concentration (ng/ml). Ultimately, the effect of storage and transport variables will be evaluated to decide upon the best conditions to be
used in real-life situations.

Results

We validated commercially available cortisol (Figure 1) and a-syn (Figure 2) ELISA kits using pooled saliva samples spiked with cortisol and a-
syn. The tests showed good linear response with concentration showing that we have been able to measure the levels of the markers in sample
saliva correctly.

Our results show that commercial ELISA assays for cortisol and a-synuclein can be used to quantify the markers in saliva. Figure 1 displays the
inverse linear relationship (R?= 0.9964) between the concentration in ng/ml of cortisol and the absorbance reading (450 nM), due to the nature of a
competitive ELISA. Figure 2 displays the positive linear relationship between concentration in ng/ml of a-syn and absorbance (450 nM), with an R?
value of near 1 (0.9977). Overall, both R? values indicate a high degree of correlation between the concentrations of these biomarkers (a-syn and
cortisol) and the corresponding absorbance readings obtained from the ELISA tests. This strong correlation enhances the reliability and validity of
the ELISA results, signifying that the measured absorbance values are closely associated with the actual concentrations of a-synuclein and cortisol
in the saliva samples. Furthermore, the salivary matrix did not affect the ELISA results in any of the trials.

To determine the effect of storage and handling conditions on cortisol and a-syn, we ran ELISA tests on pooled saliva samples stored at different
conditions (Figure 3). Normal pooled saliva (NPS, Lee Bisolutions Inc) was saliva pooled from 100 healthy patient donors. Fresh condition samples
were NPS spiked with cortisol and a-syn. Room temperature (RT) samples were stored at ~23C for 24hrs. Refrigerated samples were stored at 4C
for 24hrs. Frozen samples (at -20C or -80C) were stored in the freezer for 24hrs. The samples with 1 freeze-thaw cycle (1F/T) were thawed
immediately prior to experimentation at 24hrs. The samples with 2 freeze-thaw cycles (2F/T) were thawed at 12 hrs then refrozen for another 12hrs
and then thawed just prior to experimentation.

The results show that cortisol levels in saliva are stable after overnight storage at room temperature or when stored in frozen conditions with 1-2
freeze-thaw cycles (Figure 3). This is consistent with prior studies on cortisol testing in saliva. Since o-syn levels can vary by patient, for the a-syn
stability testing, we will be doping pooled saliva samples with recombinant a-syn and then running the storage conditions testing.

In Figure 3, the highest concentrations of a-syn were found in the fresh spiked saliva, as expected since it is the control. Then, after comparing
overnight at room temperature (RT), at 4°C, frozen at -20°C with 1-2 freeze-thaw cycles, and frozen at -80°C with 1-2 freeze-thaw cycles, saliva at
-80°C under 2 free-thaw cycles had near similar concentrations of a-syn in fresh saliva. Saliva at room temperature overnight had the lowest
amounts of a-syn (ng/ml) showing slight degradation of the stability of a-syn under such temperature. Working forwards, under 4°C, there was a
slight increase in the concentration of a-syn, and a similar phenomenon is observed the lower the temperature the saliva was stored in, i.e. -20°C
and -80°C. Furthermore, freeze-thaws appear to not affect the stability of the biomarker, and possibly even increase the stability, as higher
concentrations of a-syn were seen with more than 1 freeze-thaw. However, there was less degradation of a-syn concentration percentages in the
saliva under storage conditions overnight at room temperature, and the percentages of a-syn were relatively higher as storage temperatures
decreased from RT to -80°C (Figure 3).

The concentration of cortisol (ng/ml) steadily decreased as storage temperatures increased: at -20°C and 4°C the concentration was similar but
comparably lower to the -80°C, and at room temperature, there was a significant decrease in cortisol concentration levels in the saliva sample
(Figure 3). Cortisol concentrations displayed similar patterns of higher percentages at temperatures, and freeze-thaws have little to no effect on the
stability of cortisol percentages in the saliva sample (Figure 3). The cortisol under RT decreased substantially compared to lower temperatures.

Discussion

Overall, there were no significant differences (Student’s t-test p>0.01) in either cortisol or a-syn levels in saliva after 24 hours for any of the storage
conditions when compared to the initial fresh spiked concentration. Initially, we hypothesized that room temperatures overnight would cause
substantial degradation to the saliva samples’ biomarkers (both cortisol and o-syn). While there was some decrease in cortisol and a-syn
concentrations/percentages after 24hrs of storage under RT, these differences were not found to be statistically significant (Student’s t-test p = 0.17
for cortisol and p= 0.47 for a-syn between the fresh spiked control saliva and the saliva stored at room temperature for 24hrs). However, it is
important to note that compared to cortisol decrease under RT, o-syn decrease may indicate a possible higher tolerance and stability in RT
compared to cortisol. Although not experimented with, we hypothesize that the longer stored in RT, the more degradation of stability of both
biomarkers in saliva. These results are consistent with the literature on cortisol concentration stability; several prior studies have shown that
salivary cortisol levels are relatively stable after up to 72hrs at room temperature[27], [28] but that longer storage at room temperature showed
significant decreases in measured cortisol levels [29].
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(Figure 1): The concentration of cortisol in the control sample of saliva and its linear negative

correlation with its absorbance reading (450 nM).
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(Figure 2): The concentration of a-syn in the control saliva sample and its positive linear

correlation with its absorbance reading (450 nM).
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Cortisol and a-synuclein concentrations after 24hrs of storage relative to fresh saliva
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(Figure 3): Cortisol and a-synuclein in normal pooled saliva samples (N = 6) as a function of storage condition. NPS = Normal pooled
(unspiked) saliva, Fresh = spiked pooled saliva, RT = storage at room temperature, 4C = storage in the refrigerator, -20C and -80C =
storage in the freezers, F/T indicates the number of freeze-thaw cycles prior to testing. All stored samples were kept for a total of 24
hrs.

The storage condition of -80°C is the “gold-standard” for sample storage[27], [28], [29], [30] and it shows similar levels of concentration/
percentages of both biomarker samples compared to fresh saliva. However, ultra-low temperature storage can be limiting as it is not available to
patients and many packaging/transport facilities [30]. Therefore, -20°C is a more attractive option as it is more cost, time, and technology-efficient
and it is available in most home kitchen freezers. Additionally, such temperatures are mostly standard protocols for storage conditions in medical
transport. The use of regular home freezers is part of the standard at-home collection protocols for commercial cortisol saliva tests. It is encouraging
that this seems to also work for a-syn.

Another variable to consider is freeze-thaw cycles that may be incurred during sample handling and processing. If saliva samples need to be stored
in a patient’s freezer due to accessibility, or frozen and thawed at a packaging site, then need to be re-frozen, the issue of biomarker degradation in
stability for both cortisol and a-syn must be addressed. Thus, we tested both biomarkers under 2 freeze-thaws at differing temperatures of -20°C
and -80°C and found no significant changes in measured concentration. While some studies had previously shown that repeated freeze-thaw cycles
did not affect cortisol levels measured in saliva [29], it is encouraging to see that this resistance to freeze-thaw can hold true for measuring a-syn
levels in saliva as o-syn is a more complex structured protein when compared to a simple “small molecule” hormone like cortisol. Based on these
results, we can safely determine that few freeze-thaws are not a detrimental variable in the packaging and transport of saliva samples from patients.

Conclusions

Senior citizens and elders in assisted facilities are a vulnerable, high-risk population for Parkinson’s disease. This group is also one where self-
collection of saliva samples is most appropriate. Our experience with COVID-19 sample self-collection in the assisted-living facility setting has
been largely successful [31]. With samples being self-collected, caregivers are involved only in physically taking the samples and transporting them
to the testing facility. In this realm, it is essential to ensure that sample quality is retained for analysis and there is no degradation or loss of the
biomarkers during storage and transport. Our study indicates that cortisol and a-synuclein are stable under standard storage and handling conditions
typically used during at-home sample collection. This is encouraging for the use of saliva as a sample type for biomarker assessment in Parkinson’s
disease.
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