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ABSTRACT

Saliva is emerging as a powerful biofluid for noninvasive diagnostics, offering a
window into human health through its diverse biomolecular composition. This
dissertation advances the field of salivary biomedicine by addressing critical chal-
lenges in saliva collection, processing, and analysis. First, a comparative analysis
of five saliva collection devices highlighted key usability factors, informing the
development of SalivaStraw—a novel device designed to improve collection effi-
ciency and minimize leakage. Next, colosseum, a low-cost, open-source fraction
collector, was designed and developed to facilitate scalable saliva processing and
improve biomarker isolation. Finally, a computational framework leveraging spline
regression was applied to longitudinal salivary transcriptomic data, enabling the
identification of temporally regulated genes and underscoring saliva’s potential for
dynamic health monitoring. Collectively, this work contributes new tools and
methodologies that strengthen the foundation of saliva-based diagnostics, broaden-
ing its applications in precision medicine and beyond.
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C h a p t e r 1

INTRODUCTION

1.1 Background
Saliva has emerged as a powerful biofluid in biomedical research and diagnostics
due to its abundance of diverse biomarkers that reflect local and systemic physiol-
ogy. Key categories of biomarkers in saliva include but are not limited to nucleic
acids, hormones, other proteins and peptides, and metabolites [1]. Nucleic acids,
including human and microbial DNA, RNA, and microRNAs, enable genomic and
transcriptomic analyses [2]. Hormones such as cortisol and testosterone provide
insights into stress and endocrine function, while metabolites like glucose and lac-
tate offer a window into metabolic processes [3]. Proteins and peptides encompass
a broad range of biomarkers, including digestive enzymes, inflammatory and im-
mune markers like interleukins and C-reactive protein, antimicrobial peptides such
as defensins, and disease-specific antibodies, like those for HIV [4], [5].

Collectively, these biomarkers position saliva as a valuable tool for diagnostics,
health monitoring, microbiome profiling, and even environmental exposure assess-
ment [3], [6]. Saliva has been extensively used for oral and systemic disease
diagnostics for conditions such as certain cancers [7], [8], autoimmune diseases [9],
[10], and neurological disorders [11]. Saliva has played a crucial role in infectious
disease detection, with applications ranging from viral infections like HIV [4], [12],
SARS-CoV-2 [13], [14], and hepatitis [15], to bacterial and fungal pathogens such as
Mycobacterium tuberculosis and Candida [16], [17]. The salivary microbiome has
also been extensively studied for its role in oral and systemic diseases [6]. Saliva is
also being leveraged for longitudinal health monitoring, particularly in tracking vac-
cine responses and immune function over time [18]. This growing body of research
underscores saliva’s vast potential as a versatile and informative biofluid, paving the
way for its broader integration into noninvasive disease diagnostics, personalized
health monitoring, and public health surveillance.

Aside from the abundance of biomarkers, saliva has several attributes that make it
an ideal sample for biomedicine. The greatest advantage of saliva is that it can be
self-collected noninvasively [19]. Unlike blood, which requires invasive sampling
by a trained professional, saliva can be collected noninvasively, but shares many
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analytes with blood, such as metabolites like glucose and lactate [20], antibodies
[20], cytokines [21], or hormones [22], as analytes in saliva originate primarily from
capillaries that feed the salivary glands [20]. Compared to other noninvasively-
collected biofluids such as sweat, interstitial fluid (ISF), tear, and urine, saliva is
easier to collect because it is produced more readily [23]. Saliva is stable at room
temperature for the detection of hormones like glucocorticoids and androgens [24]
and higher temperatures for the detection of viruses such as HIV [4] and SARS-
CoV-2 [25], which facilitates the transportation of samples, although saliva samples
are usually preserved with protease-inhibiting buffers for protein biomarkers as they
contain proteases that can degrade proteins [26].

1.2 Challenges and Gaps in Salivary Biomedicine
Despite its advantages, several challenges hinder saliva’s widespread adoption.
Some of saliva’s inherent characteristics cause difficulties in using saliva as a sam-
ple. Saliva composition can vary between individuals [27], posing a challenge for
establishing reliable baseline values. Furthermore, the flow rate and composition
of saliva can fluctuate significantly even within an individual due to a range of
factors like collection method, hydration status, physical activity, or drug use [20],
[28], complicating the consistency of biomarker detection. Saliva’s viscosity due
to mucins, along with enzymes like proteases and RNases, requires pretreatment
to ensure accurate biomarker extraction and avoid degradation [29]. The micro-
bial content in saliva also further complicates salivary analysis, as it can interfere
with genomic or transcriptomic analyses by introducing non-human sequences and
drowning significant biological signals [30].

Saliva’s underutilization in research and diagnostics is partly rooted in its inherent
complexities, compounded by historical preferences for blood and other biofluids.
Blood has been established as the gold standard for diagnostic tests, with a robust
infrastructure and well-defined protocols supporting its widespread use [31]. As
a result, many tests are specifically designed for blood, leaving saliva relatively
unexplored. Despite many studies highlighting the potential of saliva as a diag-
nostic fluid, particularly for viral detection during the COVID-19 pandemic [13],
[14], [32]–[34], nasal and nasopharyngeal swabs remained the preferred method,
demonstrating the broader reluctance to adopt saliva-based approaches. The un-
derutilization of saliva is evident in the scarcity of FDA-approved saliva-based
tests, highlighting its slow integration into routine clinical practice [35]–[37]. Fur-
thermore, in the scope of salivary genomics and transcriptomics, the scarcity of
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DNA-seq or RNA-seq datasets and studies on saliva compared to blood or tissue
samples underscores its underutilization as a sample in biological research [38]. In
general, the underutilization of saliva is compounded by the lack of standardized
saliva collection methods [33], which can amplify the inherent variability in saliva
composition and hinder the establishment of baseline levels of salivary biomarkers,
further contributing to the reluctance in using saliva as a sample.

1.3 Novel Contributions of This Work
This dissertation addresses challenges in saliva collection, processing, and analy-
sis, by not only advancing methodologies for saliva collection or data analysis but
also developing foundational tools that improve and scale salivary research. The
contributions of this work encompass novel computational methodologies and de-
vices that can bridge gaps in saliva-based biomedicine and enable more reliable and
reproducible studies.

Standardizing saliva collection is essential for ensuring reproducibility and reliabil-
ity in salivary studies. Variability in collection methods has long been a barrier to
the widespread adoption of saliva as a diagnostic biofluid, with differences in device
design leading to inconsistencies in sample quality and analyte concentration. These
technical inconsistencies are further compounded by usability challenges that affect
sample collection in real-world settings. The comparative analysis of saliva collec-
tion devices in this dissertation systematically evaluates both collection efficiency
and device usability. Unlike most prior studies that primarily focused on biomarker
yield, this work emphasizes the role of device usability in shaping the feasibility of
saliva-based diagnostics. Building on these insights, a novel saliva collection device,
the SalivaStraw, was developed using fluid dynamics principles to optimize sample
collection while remaining low-cost and user-friendly. SalivaStraw represents a
step toward standardized saliva collection practices by addressing key limitations of
existing devices and improving accessibility to saliva-based diagnostic tools.

Enabling scalable and accessible salivary research requires the development of ro-
bust, cost-effective technologies that facilitate large-scale studies. The colosseum
open-source fraction collector serves as a versatile and affordable liquid handling
platform that can automate and enhance the throughput of many types of proteomic
workflows, including those used for salivary biomarker research. By making au-
tomated fraction collection more accessible, colosseum has the potential to scale
proteomic workflows both latitudinally—by enabling high-throughput processing of
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multiple experiments simultaneously—and longitudinally—by facilitating the col-
lection and fractionation of repeated samples over time. This scalability strengthens
the feasibility of better monitoring of protein biomarkers by allowing researchers to
track biological changes with greater temporal resolution and supporting large-scale
studies that require extensive sample processing.

Once saliva is efficiently collected using standardized methods and properly pro-
cessed, the next critical challenge lies in analyzing the resulting data to extract
meaningful biological insights. Despite saliva’s potential as a sample for longitu-
dinal health monitoring, the lack of robust computational frameworks has limited
its utility in capturing dynamic biological changes over time. To bridge this gap,
a reproducible computational framework for time-series analysis of longitudinal
RNA-seq data was developed using salivary transcriptomic data, enabling the iden-
tification of temporally regulated genes across a high number of time points. This
method provides a robust framework for analyzing longitudinal RNA-sequencing
data in general, but more importantly, demonstrates saliva’s potential for dynamic
health monitoring like tracking immune responses and other physiological changes.
Moreover, by leveraging isoform-level analysis, this work reveals that important
biological signals in the transcriptome may be overlooked when analyses are limited
to gene-level expression, and lays the fundamental platform for capturing finer-scale
dynamics in gene expression. These findings reinforce saliva’s viability in real-time
health monitoring and precision medicine, while laying the groundwork for future
longitudinal studies that may be conducted with saliva.

By addressing key challenges in collection of saliva, scalable proteomic analysis
of saliva, and computational analysis of longitudinal saliva samples, this research
provides fundamental tools that strengthen the foundation of salivary biomedicine.
Through the development of open-source automation technologies, improved saliva
collection methods, and computational frameworks for transcriptomic analysis, this
work contributes to the growing field of saliva-based diagnostics and broadens the
scope of its potential applications.

1.4 Thesis Outline
This thesis is organized into five chapters, each addressing key stages in the pro-
cess of salivary biomedicine, from collection to processing to analysis, through
experimental, computational, and theoretical approaches. Chapter 1 provides the
theoretical foundation, introducing the field of salivary biomedicine, outlining its
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potential, identifying key challenges, and presenting the methodologies employed
in this work. Chapter 2 focuses on the first step of the process: optimizing saliva
collection methods through a comparative analysis of existing devices and the de-
velopment of the SalivaStraw to improve standardization and ease of use. Building
on this, Chapter 3 transitions to the next stage—saliva processing—by detailing the
design and application of colosseum, an open-source fraction collector, and demon-
strating its utility for saliva fractionation in proteomic studies. Building on the
foundations of engineered tools for salivary biomedicine laid out in Chapters 2 and
3, Chapter 4 then shifts to the computational analysis of saliva, exploring the use of
spline regression models in longitudinal transcriptomic analysis to gain insights into
the temporal dynamics of salivary biomarkers. Finally, Chapter 5 integrates these
findings into a broader theoretical context, reflecting on the contributions of this
work to the field and outlining future directions for salivary diagnostics research.
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C h a p t e r 2

OPTIMIZING SALIVA COLLECTION METHODS

[1] Y. Kil, A. S. Booeshaghi, and L. S. Pachter, “Comparative survey-based
study of noninvasive saliva collection devices,” en, J. Med. Device., vol. 19,
pp. 1–19, 2 Jun. 1, 2025. doi: 10.1115/1.4067232.

2.1 Abstract
While saliva is a valuable sample for noninvasive diagnosis, the usability of saliva
collection devices can impact its effectiveness in diagnostics. To address this, we
evaluated five saliva collection devices: Salivette (swab), SuperSAL (swab), Saliv-
aBio Passive Drool, Medschenker Saliva Collection Kit (funnel), and a cryovial
with a funnel used in SwabSeq COVID-19 (SARS-CoV-2) tests. Saliva collection
rates and instruction reading rates for each device were measured for 60 healthy
adults. Users then reported the difficulties of instructions, assembly, and saliva
collection, as well as whether there was leakage of saliva, through a survey. Overall,
Medschenker performed well on most metrics, while SuperSAL did not perform as
well. Our results show that no single saliva collection device satisfies all require-
ments of an ideal device: a device that allows for efficient, easy, and safe saliva
collection without leakage. To address these limitations, we developed SalivaStraw,
a proof-of-concept collection device designed based on our study findings. SalivaS-
traw incorporates insights from fluid dynamics and design choices to allow for easy
collection of saliva while minimizing saliva leakage, thus improving on existing
saliva collection mechanisms.

2.2 Introduction
Saliva is an established biofluid for medical diagnostics [39]. For example, saliva is
used in diagnosis of systemic diseases such as Cushing Syndrome [40], in point-of-
care testing such as the OraQuick In-Home human immunodeficiency virus (HIV)
test [41], in infectious disease monitoring such as the COVID-19 tests [32], [42].
The use of saliva is now expanding beyond medical diagnostics to applications
in biological -omics studies, such as genomics, metagenomics, transcriptomics,
proteomics, and exosomics [2], [43].

The biggest advantage of using saliva is that whole saliva can be collected nonin-

https://doi.org/10.1115/1.4067232
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Method Advantages Disadvantages

Swab
Easy use and availability
Suitable for uncooperative users
Homogeneity of samples

Retention of analytes by swab
Possible stimulatory effects
Risk of swallowing

Passive Drool
No stimulatory effect
Represents unstimulated saliva

Inhomogeneity of sample
Long sampling times
Subject has to be collaborative

Spitting
Little evaporation of saliva
Suitable with low saliva flow

Possible stimulatory effects
Subject has to be collaborative
Mucus may interfere with assay
Increased transmission risk

Table 2.1: Summary of sample methods and representative devices from literature
[19], [33]. Devices can be divided into three main categories: swab, passive drool,
and spitting. Each device has advantages and disadvantages that may affect device
choice for a specific application.

vasively [19], using three main methods: swabs, funnels, and passive drool [19].
Swabs are materials like cotton or synthetic rolls that are placed inside the mouth
to passively absorb saliva. Funnels can either be detached or integrated with the
collection tube to guide expectorated saliva into the tube. Passive drooling refers
to a method in which the user pools saliva passively in their mouths and lets the
pooled saliva gravitationally flow into a collection tube. Each mechanism has its
own strengths and weaknesses, and one mechanism may be more suitable than
others for certain usage cases of the collected saliva, or for specific demographics.
For instance, swabs may be used for patients who have difficulty spitting, such as
pediatric patients [44]. However, swabs can interfere with salivary contents, such as
hormones [45], in which case funnels may be preferred. The characteristics of each
saliva collection mechanism are summarized in Table 2.1, and information about
the devices that were used in this study are summarized in Table 2.2.

In addition to the characteristics of the saliva collection mechanism, attributes
specific to devices should be considered when choosing how to sample saliva. Such
attributes may include price, availability, and downstream processes. Selection
of a device should also be undertaken in the context of its intended application.
For instance, in a mass-testing scenario where many people are collecting saliva for
testing purposes, it may be important to minimize saliva leakage to lower the risks of
secondary infections, while ensuring that saliva is collected efficiently to increase the
throughput of the tests. In this case, testers may be asked to drool into the collection
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Device Method Mechanism Price
Salivette Swab Absorbent swab, centrifuge to

extract saliva
$0.95

SuperSAL Swab Absorbent swab, compress swab
to extract saliva

$5.00

Passive Drool Passive
Drool

Pooled saliva flows through
saliva collection aid

$2.18

Medschenker saliva
collection kit

Spitting 12-mm funnel + 10-mL tube $1.20

SwabSeq saliva
collection kit

Spitting 5-mm funnel + 2-mL cryovial $1.03

Table 2.2: Comparison of the five saliva collection devices used in the study,
detailing collection method, extraction mechanism, and cost per unit.

tube rather than spit using a funnel, to minimize risks of secondary infection and to
minimize sputum or mucus in the saliva samples for easier downstream processing
of the samples. In contrast, at-home tests may emphasize ease-of-use [41].

Despite saliva’s diagnostic potential, no standardized method exists for optimized
collection across different analytes. This lack of standardization can affect sam-
ple quality and test reliability. To address this, we evaluated the performance and
usability of five saliva collection devices, aiming to identify the strengths and lim-
itations of each and to demonstrate the critical need for optimized, standardized
saliva collection methods. We identified five saliva collection devices: Salivette®,
SuperSAL™, Passive Drool, MedSchenker®Saliva Collection Kit, and SwabSeq1

set-up (Figure 2.1, Table 2.2). We assessed performance, usability, and hygiene
using quantitative and qualitative metrics like saliva collection rates and instruction
reading times, as well as user-rated difficulties of instructions, assembly, and saliva
collection through a survey. Unstimulated saliva flow rates were measured to nor-
malize device performance by individual flow rates. We also measured stimulated
saliva flow rates (water and citric acid) to explore future diagnostic applications
using stimulated saliva.

1We are referring to the funnel and cryovial set-up as SwabSeq, which is the name of a mass-
testing platform of COVID-19 testing[32], as this set-up was used in an early implementation of
SwabSeq surveillance testing on Caltech Campus. This set-up is not specific to the SwabSeq
protocol itself, nor do any of the results from our survey.
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Figure 2.1: The five saliva collection devices selected for the study. (a) SuperSAL,
(b) MedSchenker, (c) Passive Drool, (d) SwabSeq, and (e) Salivette. More informa-
tion on each device can be found in Table 2.2.

2.3 Comparison of Noninvasive Saliva Collection Devices
Results
Out of the 60 subjects recruited for this study, subjects 57-60 could not use the
Medschenker device in their sessions and only used the other four devices.

Normalized Saliva Collection Rate

Saliva collection rate was measured for each device by timing how long subjects took
to collect volumes of saliva specified by the device’s instructions. This number was
normalized by each subject’s unstimulated (=base) saliva flow rate to account for
differences in each person’s saliva production. A positive number indicates that the
device stimulated saliva production and thus resulted in efficient saliva collection,
while a negative number indicates that the device hindered saliva collection. The
results are shown in Figure 2.2a and Table 2.3. Salivette (avg. 0.293, standard
deviation (SD) 1.885) and Medschenker (avg. 0.178, SD 0.747) ranked highest
in average normalized saliva collection rate, both above 0, while the others scored
below. SuperSAL the lowest saliva collection rate (avg. 0.673, SD 0.302), with the
lowest variance.
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Figure 2.2: Quantitative comparison of saliva collection device performance. The
top panel shows normalized saliva collection rates across devices, while the middle
panel presents normalized instruction reading rates. The bottom panel illustrates
the frequency of leakage events, with leakage indicated in pink and no leakage in
blue.

Normalized Instruction Reading Rates

The reading rate for each device’s instruction manual was calculated by timing
subjects’ reading and dividing by the word count, then normalized by their base
reading rate measured separately at the beginning of the study. This normalization
indicates readability, with a rate around 0 suggesting plain text difficulty. Results
are shown in Figure 2.2b and Table 2.3, with manuals available in the study’s data
repository. The averaged normalized instruction reading rates ranked highest to
lowest were: Medschenker (0.194, SD 0.516), SwabSeq (-0.122, SD 0.336), Passive
drool (-0.132, SD 0.315), SuperSAL (-0.387, SD 0.374), and Salivette (-0.568, SD
0.162). Medschenker’s rate above zero suggests relative ease of reading compared
to plain text. However, it also had the widest range and highest variability, indicating
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Device Avg. saliva collection
rate (st. dev) [unitless]

Avg. instruction reading
rate (st.dev) [unitless]

Percentage of
leakage (%)

Salivette 0.294 (1.885) -0.568 (0.162) 35.0
SuperSAL -0.673 (0.302) -0.387 (0.374) 58.3
Passive
Drool

-0.243 (0.579) -0.131 (0.315) 61.7

Medschenker 0.178 (0.747) 0.194 (0.516) 16.1
SwabSeq -0.372 (0.369) -0.122 (0.336) 46.7

Table 2.3: Summary statistics of device performance, given by normalized saliva
collection rate, normalized instruction reading rate, and percentage of devices with
leakage.

some users struggled. Other devices had rates below zero, despite supplementary
diagrams in the manuals. Salivette had the lowest average reading rate, indicating
that the instructions were difficult to read.

Leakage of Saliva

Subjects indicated whether saliva leaked onto their hands or clothes, with responses
coded as "True" or "False". Results are shown in Figure 2.2b and Table 2.3. Leakage
rates were ranked as follows: Passive drool (61.7%), SuperSAL (58.3%), SwabSeq
(46.7%), Salivette (35%), and Medschenker (16.1%). Passive drool and SuperSAL
had the most leakage, with over half of the devices leaking saliva. Medschenker had
significantly fewer instances of leakage compared to other devices.

Survey Results

On the survey, subjects rated the difficulty of instructions, assembly, and saliva
collection for each device, with response options ranging from "Very easy" to
"Very difficult." Results (Figure 2.3) were categorized into instruction (Figure 2.3a),
assembly (Figure 2.3b), and saliva collection (Figure 2.3c). In terms of instruction
readability, SwabSeq’s instructions were rated as easiest to read, and instructions
for Medschenker, Passive drool, and Salivette were also considered easy on average.
SuperSAL’s instructions were rated as the most difficult. Assembly was rated as easy
for all devices, with Medschenker and Salivette being the simplest. SuperSAL had
the most "Difficult" ratings. For saliva collection, Medschenker and Salivette were
favored, with over 70% rating them as easy to use. SwabSeq was moderately easy,
while Passive drool received mixed feedback. SuperSAL was consistently rated the
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Figure 2.3: Survey responses on (a) instruction difficulty, (b) assembly difficulty,
and (c) saliva collection difficulty. Each bar is centered on the midpoint of “fair”
responses. (a) SwabSeq’s instruction was rated the easiest to read, whereas Su-
perSAL’s was rated the most difficult. (b) Medschenker was rated the easiest to
assemble, whereas SuperSAL was rated the most difficult. (c) Medschenker and
Salivette were rated the easiest to collect saliva with, whereas SuperSAL and Passive
drool were rated the most difficult.
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most difficult.

Overall, survey results seemed to align well with the quantitative metrics measured in
our study. The saliva collection difficulty survey ranked devices from easiest to most
difficult as follows: Medschenker, Salivette, SwabSeq, Passive drool, and SuperSAL.
Saliva collection rates followed similar trends, with Salivette and Medschenker
having the highest collection rates and the most "Easy" or "Very easy" responses,
indicating they were the easiest to use. SuperSAL had the lowest collection rate
and the most "Difficult" or "Very difficult" responses, making it the hardest device.
Responses for Passive drool and SwabSeq were also consistent with their collection
rates.

In the instruction difficulty survey, the ranking from easiest to hardest was SwabSeq,
Medschenker, Passive drool, Salivette, and SuperSAL. Instruction reading rates
followed similar trends as the survey. Medschenker had the highest reading rate,
despite some variance, with 41% of users finding the instructions "Very easy."
SwabSeq had the most "Very easy" responses and the highest readability score,
though its reading rate was lower than Medschenker’s. For Salivette, survey results
indicated users didn’t find the instructions overly difficult but it had the lowest reading
rate, possibly due to the small font and multiple languages that were presented on
the same page. SuperSAL had a low reading rate, low readability score, and the
most "Difficult" responses, indicating that its instructions were the hardest to follow.

Discussion
While there is prior research focusing more on the usability of saliva collection
devices [46] than on the diagnostic quality of the saliva collected, as has been
the primary focus of many previous studies [25], [44], [45], [47]–[50], our study is
novel in that we use quantitative metrics such as saliva collection rate and instruction
reading rate to quantify the usability of common saliva collection devices in tandem
with surveys to capture the full image of device usability. Our results underscore the
need for an all-encompassing device that can address the functionality and usability-
related issues that are present in the myriad of saliva collection devices on the market.
An ideal device should not only efficiently collect saliva, but also be user-friendly;
clear instructions, intuitive assembly, and comfortable saliva collection are essential.
Device design should account for hygiene, by eliminating sources of leakage and
providing user instructions on proper sanitization.

Despite the valuable insights gained, this study has several limitations that should be
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acknowledged. While this study’s focus on the user experience in saliva collection
represents a novel approach, further validation in the lab is required to determine the
optimal saliva collection device or method for specific biomarkers. Targeted analyses
on specific salivary biomarkers should be conducted to ensure that the collection
device does not interfere with biomarker levels, regardless of user preferences—
for instance, there is evidence that swab-based devices interfere with cortisol in
saliva [45], [49], although users generally found it easy to collect saliva with swabs.
Moreover, this study focuses on healthy adults, with mean age of 27.27 and standard
deviation of 6.99, where most ages are clustered around the 20s and some right
skewness from data points in the 40s and 50s. The findings should not be generalized
beyond this group, as results may vary across different demographic groups. When
choosing saliva collection methods, factors like accessibility and age-related changes
in saliva flow should be considered. For example, devices requiring both hands may
not suit individuals with limited mobility, and devices with choking hazards should
not be used with younger children. Future studies could benefit from surveying a
broader demographic or conducting specialized research on specific groups, such
as younger children or individuals with lower mobility or dexterity, to validate that
our findings may be generalized to a broader demographic.

The study raises several intriguing questions that could be the focus of future re-
search, such as the use of stimulated saliva for diagnostics. In this study, subjects
collected unstimulated saliva, which some found challenging. Stimulating saliva-
tion could enhance collection efficiency, especially in mass-testing scenarios, as was
seen in the results with water-stimulated and citric-acid-stimulated saliva flow rates
(Appendix A). Prior literature suggests that water stimulation may yield viable saliva
samples for metabolomics [50], as well as saliva stimulated by chewing paraffin for
salivary protein analysis [47]. Stimuli like citric acid can greatly boost saliva flow
rates, though caution is needed to maintain sample viability. Future research could
explore optimal citric acid concentrations for this purpose.

Methods
Aim, design, and registration of the study

The study aimed to assess saliva collection devices and measure individual saliva
flow rates under various conditions. The study was deemed exempt by the Caltech
Institutional Review Board (IRB) due to the minimal-risk nature of the tasks involved
(exemption number IR21-1142). The sample size of 60 subjects was determined
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through statistical estimation.

Recruitment of subjects

Subjects above the age of 18 were recruited by fliers, emails, and word-of-mouth
advertising. Upon recruitment, subjects were asked for consent to fast for 30 minutes
before the session in order to simulate a typical saliva collection protocol. During
the 30 minutes, subjects were asked to avoid eating, drinking, smoking, chewing
gum, or brushing their teeth. Subjects provided written informed consent at the
beginning of the study. Then, subjects were timed while reading the Informed
Consent Form in order to calculate the base reading rate in words per minute.

Saliva collection with devices

Subjects used five saliva collection devices in random order. To improve precision,
saliva samples were measured by mass rather than volume. To convert Salivette
saliva mass to volume, we used a median unstimulated saliva density of 1.007 g/mL
from prior literature [48]. Subjects were timed while reading the instruction manual
for each device. Next, subjects collected saliva using the device while being timed
until the specified amount was collected: 1 mL for MedSchenker and Passive drool,
0.5 mL for SwabSeq, until the indicator turned red for SuperSAL, and for 2 minutes
with the Salivette swab. After each device, subjects answered a questionnaire about
saliva leakage, the difficulty of assembly, instructions, collection, and provided
optional comments. The questionnaire is presented as Pocket Material at the end of
this dissertation.

Statistical analysis

The statistical justification for the sample size of the experiment is described in detail
in the first subsection of Methods. One-way ANOVA and Tukey’s HSD Pairwise
Comparison were used to compare saliva collection and instruction reading rates
for the five devices. One-way ANOVA and Tukey’s HSD Pairwise Comparison
were used to compare survey responses between devices by enumerating Likert-
scale responses (Very easy, Easy, Fair, Difficult, and Very difficult) to integers 1-5
(respectively, in this order of the responses) where necessary. Alpha (maximum
value for p-value) was 0.05 (5%) for all tests to determine statistically significant
results.
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2.4 Development of SalivaStraw: A Novel Saliva Collection Device
Using the insights learned from our comparative study on existing devices, we
developed SalivaStraw, a novel, proof-of-concept saliva collection device.

Design Rationale and Theoretical Considerations
Saliva collection devices face several challenges, including ensuring efficient sample
collection, user comfort, ease of use, and proper hygiene. The development of Sali-
vaStraw stemmed from these challenges and the findings of the comparative analysis
in Section 2.3, which identified limitations in existing devices. Specifically, issues
such as saliva leakage, user variability in collected saliva volume, and confusion in
usage instructions were prevalent.

The core design goal for SalivaStraw was to create a device that minimizes saliva
leakage during collection, prevents overcollection of saliva, requires no assembly,
is compatible with multiple different collection tubes, and can be produced at low-
cost by injection molding. The concept was to design a device that would leverage
passive drool to collect clear, whole saliva without the leakage problem of passive
drool devices. The device would be easy to use, as it is a single-component system
that requires no assembly with minimal user operations.

Theoretical considerations for SalivaStraw’s design were largely informed by the
principles of fluid dynamics, particularly the Poiseuille flow equation, which de-
scribes the laminar flow of fluids through cylindrical tubes and is given by

Δ𝑃 =
8𝜇𝐿𝑄
𝜋𝑅4

where 𝜇 is the viscosity of fluid, 𝐿 is the length of the pipe, 𝑄 is the volumetric flow
rate, and 𝑅 is the radius of the pipe. This equation was used to determine the lengths
and radii of the saliva and air channels while balancing pressure differences needed
to drive saliva and air flow. Further details on the theoretical model of SalivaStraw
are provided in Appendix B.

Design and Materials
SalivaStraw is a compact, straw-like device designed to be fit into the opening of
a standard saliva collection tube. It features two through-holes: a wider saliva
inlet and a narrower air outlet (vent). The user pools saliva in their mouths and
gently blows or guides the saliva into the saliva inlet. Air inside the tube exits
through the vent as saliva fills up inside the tube. The air vent and saliva inlet are
vertically offset to optimize collection efficiency and prevent overcollection. This
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Figure 2.4: Concept of SalivaStraw usage. 1) The user places the SalivaStraw in
their mouth, passively allowing saliva to flow through the saliva inlet and into the
connected collection tube. 2) Once the saliva fills up and blocks the air outlet (vent),
no more air can exit and no more saliva can enter. 3) SalivaStraw is then discarded
after a single use.

offset ensures that once the saliva reaches a critical volume, it blocks the air vent,
stopping further collection. This mechanism provides a natural stopping point for
users and minimizes leakage.

SalivaStraw was initially designed with a tapered form in the first design iteration
to fit a variety of collection tube sizes, enhancing modularity. However, the design
was modified in Version 2 to incorporate a threaded lid for a more secure fit with a
cryovial, after initial testing showed the possibility of saliva leaking through the seal
between SalivaStraw and the cryovial. While this modification improved stability, it
reduced the device’s compatibility with other tubes. Future design iterations could
explore hybrid approaches that retain the adaptability of the tapered design while
incorporating a more secure sealing mechanism.

The ideal material for SalivaStraw is Delrin or HDPE, both water-resistant and
biocompatible plastics commonly used in dental applications. The initial design for
manufacturability (DFM) analysis indicated that the tapered version of SalivaStraw
could be injection molded in a single mold, with an estimated cost of $0.21 per unit
when produced at a scale of 100,000 parts per batch, which is around five times
cheaper than the cost of the cheapest device, Salivette, in Table 2.2.
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Figure 2.5: CAD models (a, b, c) and photos (d, e, f) of various SalivaStraw
versions, showcasing the progression from the initial tapered designs (a, b, d, e) to
a lid-integrated design (c, f). a) and d) feature the initial 5-mL prototype, which
has the largest size of the three and is press-fit into the mouth of a 5-mL cryovial.
b) and e) show the initial version of the 2-mL prototype that was press-fit into a
2-mL cryovial. This model was later changed to the second version shown in c) and
f), which has an integrated threaded lid that can be screwed onto the same 2-mL
cryovial and improves the airtight seal between the cryovial and SalivaStraw.

Theoretical Performance Estimates
The performance of SalivaStraw was initially estimated using fluid dynamics prin-
ciples, particularly Poiseuille flow, which informed our design approach for saliva
collection. Internal testing was conducted with very early prototypes to establish
baseline performance. The initial 5-mL prototype demonstrated promising saliva en-
try characteristics but exhibited leakage through the air vent during forceful blowing,
with bubbly saliva being particularly problematic. Similarly, the first 2-mL proto-
type encountered challenges with saliva entry due to mouthpiece size constraints
and inadequate sealing between components. Subsequent design iterations incorpo-
rated refined fluid dynamics modeling that identified critical parameter thresholds
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previously overlooked. By optimizing these parameters based on Poiseuille flow
principles, later prototypes achieved improved performance in the following round
of internal testing.

As testing results showed that saliva could leak from between SalivaStraw and
the cryovial, a second version of SalivaStraw was developed with a threaded lid
design to enhance sealing with cryovials, with the optimized parameters in place.
Further internal testing was conducted to assess the performance of this improved
SalivaStraw model. The most significant improvement in this prototype compared
to the press-fit prototype was that the sealing issue between SalivaStraw and the
cryovial was eliminated. In this round of testing, collection times for approximately
0.75 mL of saliva ranged from 50 to 61 seconds, yielding flow rates between 0.74
and 0.90 mL per minute, with an average rate of 0.84 mL per minute. Under normal
usage conditions, the device functioned without observable leakage, which indicated
that the refined parameters maintained efficient saliva entry while addressing some
of the previous prototypes’ limitations. However, excessive pressure—similar to the
force required to inflate a balloon—still caused saliva to bubble through the air vent.
While this represents an improvement over earlier designs, further refinement of the
venting mechanism may be necessary to prevent fluid egress under high-pressure
conditions. Furthermore, user instructions for SalivaStraw should indicate clearly
that excessive exhalation pressure should not be exerted in normal use cases and
that there may be leakage if this is not accounted for. Another key observation was
that the saliva inlet remained relatively small, as the improved prototype was built
for a 2-mL cryovial, which is small by itself. Once the collection chamber filled to
capacity, residual saliva pooled at the inlet instead of entering the tube, as expected.
However, due to the narrow inlet diameter, this buildup eventually led to overflow
and minor leakage. Increasing the inlet size in future iterations could help mitigate
this issue by allowing saliva to enter more efficiently without accumulation at the
entry point.

Overall, these refinements mark a significant improvement over early prototypes,
with optimized fluid dynamics enhancing saliva entry while reducing leakage. Fu-
ture iterations should continue refining inlet dimensions and venting mechanisms to
ensure robust performance across a range of user conditions. This iterative devel-
opment process demonstrated the importance of precise fluid dynamics modeling
in optimizing saliva collection device design, ultimately leading to more effective
prototypes with reduced leakage and enhanced sample collection efficiency.
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Discussion
SalivaStraw has the potential to serve as a standardized device for saliva collection,
as it enables the passive drool method for clear whole saliva collection while min-
imizing leakage and reducing the risk of secondary contamination. Its design is
informed by usability insights from existing saliva collection devices, prioritizing
ease of use and reliable sample collection. Despite these advantages, formal user
testing was not conducted due to logistical constraints. Future validation studies
will be necessary to assess its usability, efficiency, and performance across diverse
user populations.

Beyond individual usability, scalability is an important factor in widespread adop-
tion. The SalivaStraw design lends itself to cost-effective mass production, partic-
ularly with the tapered version, which could be injection molded in a single mold
at a low per-unit cost. However, future iterations must balance cost, compatibility,
and performance trade-offs, particularly when considering modifications such as
the threaded lid. Additionally, integration into existing saliva collection workflows
remains an open question. Ensuring compatibility with automated processing sys-
tems and laboratory pipelines could enhance the device’s utility in both clinical and
research settings.

Our results with stimulated saliva in the comparative study on existing saliva collec-
tion devices revealed differences in collection dynamics, suggesting a potential av-
enue for future iterations of SalivaStraw. Incorporating a stimulation method—such
as citric acid on the mouthpiece—could facilitate faster collection, particularly for
individuals with low saliva production. However, further research would be re-
quired to assess the diagnostic viability of stimulated saliva before implementing
this modification.

More broadly, this work contributes to ongoing efforts to improve and standardize
noninvasive sample collection methods. With the growing demand for at-home di-
agnostics, telemedicine, and field-based sample collection in low-resource settings,
innovations like SalivaStraw could help bridge the gap between accessible sample
collection and high-quality laboratory analysis. Future iterations, guided by usabil-
ity studies and further design refinements, have the potential to make saliva-based
diagnostics more practical, scalable, and widely available.
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Methods
Prototype Development

The initial design of SalivaStraw was developed using Fusion 360[51] for computer-
aided design (CAD). Iterative prototyping was carried out using 3D printing, allow-
ing for rapid adjustments to key design parameters such as the saliva inlet geometry
and air vent placement. Once a viable prototype was identified, refined versions
were fabricated with HDPE through machining, utilizing a lathe and drill press in
the shop to create precise features necessary for functional testing.

Internal Testing

Preliminary functional testing was conducted to evaluate saliva entry, minimize leak-
age through the air vent, and assess overall usability. These assessments informed
refinements to SalivaStraw parameters and modifications to the seal between the
straw and the collection tube, ensuring reliable sample collection. Further valida-
tion studies, including formal user testing, will be necessary to comprehensively
assess the device’s performance.

2.5 Conclusions
In our comparative study of existing saliva collection devices, we present key find-
ings across the evaluation of five saliva collection devices, measured with metrics
such as saliva collection rate, instruction reading rate, and leakage rate, as well as a
user survey on the usability of each device. Aggregated results showed that no single
device performed well on all of the metrics. We then introduce SalivaStraw, a novel
device that was designed to address key challenges in saliva collection by enabling
clear whole saliva collection via the passive drool method while minimizing leakage
and potential contamination. Its development was informed by insights from the
comparative study, prioritizing ease of use, manufacturability, and sample integrity.
The prototyping process, including CAD modeling, 3D printing, and machining,
allowed for iterative refinement of the design, culminating in a device that is simple
to use and scalable for mass production. While preliminary testing confirmed basic
functionality, formal user validation is necessary to fully assess SalivaStraw’s us-
ability and performance across diverse populations. Future iterations could explore
design modifications such as integrated saliva stimulation to enhance collection ef-
ficiency, particularly for individuals with low saliva flow. More broadly, this work
contributes to efforts to improve and standardize noninvasive sample collection, with
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potential implications for expanding access to saliva-based diagnostics in clinical,
at-home, and low-resource settings.

An important factor to take into consideration for optimizing saliva collection is the
variation in saliva production. Saliva production can be influenced by a wide range
of physiological, environmental, and behavioral factors, all of which can not only
affect the saliva flow rate but also saliva composition [20], [28]. Major factors that
can affect unstimulated saliva production include degree of hydration, body position,
or circadian rhythms, while minor factors include gender, age, or psychic effects
such as the thought or sight of food [28]. While physiological factors like age or sex
are difficult to standardize, environmental or behavioral factors like where or when
saliva collection takes place or how the subject is positioned should be controlled
for. Moreover, as food intake, introduction of various chemicals, or dental hygiene
activities can introduce additional variation in saliva production, saliva collection
protocols should explicitly state requirements such as no eating, no brushing teeth or
using mouthwash, and no smoking for 30 minutes prior to saliva collection to ensure
subject compliance and retrieval of good quality saliva samples. By accounting for
these influencing factors, researchers can enhance the reproducibility and reliability
of salivary biomarker analyses.

2.6 Appendix A: Salivary Flow Rates
In the comparative study of saliva collections devices, subjects collected saliva under
three different conditions: unstimulated, after gargling water (control), and after
gargling citric acid (stimulated). The purpose of this part of the study was to assess
the feasibility of collecting stimulated saliva with commercial saliva collection
devices. Water served as a control to measure the effect of liquid in the mouth.
For each condition, three samples were collected at 30-second intervals. In the
unstimulated case, subjects pooled saliva for 30 seconds, spat into a tube, and
repeated this twice. For the water and citric acid conditions, subjects gargled the
liquid for 30 seconds, spat it out, and then collected saliva at 30, 60, and 90 seconds.
The weight of all nine samples was recorded, and was then converted to flow
rate. Pairwise permutation tests were used to compare saliva flow rates between
conditions, between sex, and between time points in each condition.

Water (p = 0.001) and citric acid (p ≪ 0.001) stimulation significantly increased
saliva flow rates compared to unstimulated conditions (Figure 2.6a). Citric acid
stimulation showed the highest increase in flow rate, around 3.17 times higher
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Figure 2.6: Saliva flow rates in unstimulated, water-stimulated, and acid-stimulated
conditions with p-values for (a) all 60 subjects and (b) 59 subjects separated by sex
at birth, excluding one subject who did not provide information. (a) Both water
and citric acid significantly stimulated saliva production, with citric acid increasing
saliva flow rates 3.17 times compared to unstimulated saliva production rates. (b)
Males had higher flow rates than females in all conditions, with the biggest difference
in citric-acid-stimulated saliva.

than no stimulation and 2.25 times higher than water stimulation. Furthermore,
we observed significant differences between male and female saliva flow rates for
all three conditions (p-values 0.047, 0.007, and 0.008, respectively) (Figure 2.6b).
Males had higher saliva flow rates than females in all salivation conditions, with
citric acid stimulation showing the most pronounced difference.

Over time, unstimulated saliva flow rates remained stable (Figure 2.7). Water
stimulation led to an initial increase in flow rate, followed by a significant decrease
after 30 seconds (p = 0.002). Citric acid stimulation resulted in a more sustained
increase, with significant decreases observed between all time points (p = 0.002 for
30 to 60 seconds, and p = 0.010 for 60 to 90 seconds). These results show that
water as a stimulus has an effect that lasts up to around 60 seconds after stimulus
introduction, whereas citric acid has a longer-lasting effect that is observed even at
90 seconds after stimulus introduction.
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Figure 2.7: Change in saliva mass over time after stimulus introduction at t = 0.
Significant decreases in flow rate were observed in water stimulation after 30 s, and
between all time points in citric acid stimulation.

2.7 Appendix B: Theoretical Model and Parameters of SalivaStraw
The design of SalivaStraw was derived from the Poiseuille Flow equation, which is
given by

Δ𝑃 =
8𝜇𝐿𝑄
𝜋𝑅4

where 𝜇 is the viscosity of fluid, 𝐿 is the length of the pipe, 𝑄 is the volumetric flow
rate, and 𝑅 is the radius of the pipe. Δ𝑃 denotes the pressure difference between the
two ends of the pipe.

In the context of the SalivaStraw design, we use an effective viscosity to approximate
saliva’s flow behavior, despite its non-Newtonian nature. This approach is valid
because, at low shear rates typical of laminar flow, saliva exhibits approximately
Newtonian behavior, making it reasonable to apply Poiseuille’s law. Saliva is a
shear-thinning fluid, meaning its viscosity decreases with increasing shear rate.
However, under the moderate shear conditions expected in the device, empirical
studies have shown that saliva stabilizes to an effective viscosity that can be treated
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as constant [48]. Additionally, Poiseuille’s law assumes a viscosity that does not
vary radially across the tube, an assumption that holds as long as the flow remains
laminar.

To validate our assumption of laminar flow, we calculate the Reynolds number for
flow in a pipe with some approximate parameters for SalivaStraw:

𝑅𝑒 =
𝜌𝑣𝐷

𝜇

where 𝜌 is the density of saliva (≈ 1000 kg/m³), 𝑣 is velocity, 𝐷 is the air vent
diameter (1-1.5 mm), and 𝜇 is the saliva viscosity (1.5 mPa·s). Given the small
diameters and low velocities involved, our calculations confirm that 𝑅𝑒 < 2000,
indicating laminar flow, justifying the use of Poiseuille’s law. Since we ensure
that the Reynolds number remains below the critical threshold for turbulence, the
effective viscosity provides a sufficiently accurate approximation for modeling saliva
flow through the system.

Using the relationship between the characteristics of the pipe and pressure drop
across the pipe defined by Poiseuille flow, we were able to determine the lengths and
radii for the air outlet and saliva inlet to ensure that a) air can flow through the vent
but not saliva, and that b) saliva can flow through the saliva inlet without backflow.

The device consists of two primary components: the air outlet (𝐴) and the saliva
inlet (𝑆), modeled as two separate pipes. The pipe lengths and radii are denoted
as 𝐿𝐴 and 𝐿𝑆, and 𝑟𝐴 and 𝑟𝑆 for the air outlet and saliva inlet, respectively. The
pressure required for saliva to flow through 𝑆 and 𝐴 are denoted as 𝑃𝑠𝑎𝑙

𝑆
and 𝑃𝑠𝑎𝑙

𝐴
,

respectively. The pressure required for air to flow through 𝑆 and 𝐴 are similarly
denoted, 𝑃𝑎𝑖𝑟

𝑆
and 𝑃𝑎𝑖𝑟

𝐴
, respectively. The conditions a) and b) described above can

now be rewritten in terms of the pressure notations, such that equation (2.1) and
(2.2) correspond to condition a) and equation (2.3) to condition b):

𝑃𝑠𝑎𝑙
𝐴 ≫ 𝑃𝑎𝑖𝑟

𝐴 (2.1)

𝑃𝑠𝑎𝑙
𝐴 ≫ 𝑃𝑠𝑎𝑙

𝑆 (2.2)

𝑃𝑠𝑎𝑙
𝑆 > 𝑃𝑎𝑖𝑟

𝑆 (2.3)

Specifically in equation (2.1), the ratio of 𝑃𝑠𝑎𝑙
𝐴

to 𝑃𝑎𝑖𝑟
𝑆

must be maximized in order
to stop saliva from escaping through 𝐴, but the air outlet cannot be so narrow that
even air cannot leave through it.
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Additionally, because 𝐴 is narrower than 𝑆, it follows that 𝑃𝑎𝑖𝑟
𝐴

> 𝑃𝑎𝑖𝑟
𝑆

. Furthermore,
to ensure proper fluid dynamics in the SalivaStraw system, 𝑃𝑠𝑎𝑙

𝑆
must be greater

than 𝑃𝑎𝑖𝑟
𝐴

. This condition arises due to the significantly higher viscosity of saliva
(𝜇𝑠𝑎𝑙 = 1.57 mPa·s [48]) compared to air (𝜇𝑎𝑖𝑟 = 0.02 mPa·s), which increases the
resistance to flow in the saliva inlet. Putting the conditions above all together lead
to this inequality that describes the system:

𝑃𝑠𝑎𝑙
𝐴 >> 𝑃𝑠𝑎𝑙

𝑆 > 𝑃𝑎𝑖𝑟
𝐴 > 𝑃𝑎𝑖𝑟

𝑆

From here, we denote the ratio of 𝑃𝑠𝑎𝑙
𝐴

to 𝑃𝑠𝑎𝑙
𝑆

as𝑇 , which is the number to maximize
in order to stop saliva from leaking through 𝐴. While maximizing𝑇 , we must ensure
that 𝑃𝑠𝑎𝑙

𝑆
is greater than 𝑃𝑎𝑖𝑟

𝐴
for proper fluid dynamics, so we denote the ratio of 𝑃𝑠𝑎𝑙

𝑆

to 𝑃𝑎𝑖𝑟
𝐴

as 𝑇 ′, which has to be greater than 1 at all times. Expanding the expressions
for 𝑇 and 𝑇′ using the Poiseuille Flow equation, we get:

𝑇 =
𝑃𝑠𝑎𝑙
𝐴

𝑃𝑠𝑎𝑙
𝑆

=
𝐿𝐴/𝑟4

𝐴

𝐿𝑆/𝑟4
𝑆

𝑇 ′ =
𝑃𝑠𝑎𝑙
𝑆

𝑃𝑎𝑖𝑟
𝐴

=
𝜇𝑠𝑎𝑙

𝜇𝑎𝑖𝑟
∗
𝐿𝑆/𝑟4

𝑆

𝐿𝐴/𝑟4
𝐴

> 1

Substituting the terms for 𝑇 ′ in the expression for 𝑇 and plugging in the values for
the viscosities of air and saliva, we get:

𝑇 ′ =
𝜇𝑠𝑎𝑙

𝜇𝑎𝑖𝑟
∗
𝐿𝑆/𝑟4

𝑆

𝐿𝐴/𝑟4
𝐴

=
𝜇𝑠𝑎𝑙

𝜇𝑎𝑖𝑟
∗ 1
𝑇

> 1

which gives us 𝑇 < 78.5. Iterative testing identified 𝑇 < 78.5 as a critical deter-
minant of SalivaStraw’s functionality, with more significance than anticipated in
preliminary modeling. The first versions of the prototypes used for internal testing
had 𝑇 = 58.82 for the 5-mL prototype and 𝑇 = 102.4 for the 2-mL prototype.
Testing results for the 5-mL and the 2-mL prototype showed that saliva could escape
through the air outlet if 𝑇 is too small and saliva could not enter through the saliva
inlet if 𝑇 is too big. Based on these observations, we redesigned the prototypes
to achieve 𝑇 values that approached but remained below the critical threshold of
78.5. These targeted adjustments successfully mitigated both the air outlet leakage
problem in the 5-mL prototype and the inlet flow restriction in the 2-mL prototype
in the next round of internal testing, demonstrating the practical significance of
maintaining 𝑇 within this optimal range. The values derived for 𝐿𝐴, 𝐿𝑆, 𝑟𝐴, and
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𝑟𝑆 using the threshold for 𝑇 are given in Table 2.4. The parameters are for the
fixed 2-mL and 5-mL SalivaStraw initial models (tapered press-fit) and the 2-mL
SalivaStraw v2 model (threaded lid). CAD schematics for the three SalivaStraw
models are provided as pocket material at the end of the dissertation.

Finally, we validate the pressures associated with pushing saliva through the air
vent with physiological data. The maximum exhalatory pressure a male human
with large lung capacity can generate is approximately 11,704 Pa [52]. Using the
Poiseuille Flow equation to calculate the pressure required for saliva to flow through
the air vent at approximately 1 mL/min, we get:

Δ𝑃 =
8𝜇𝑠𝑎𝑙𝐿𝐴𝑄

𝜋𝑅4
𝐴

=
8 · (1.5𝑚𝑃𝑎 · 𝑠) · (30𝑚𝑚) · (1𝑚𝐿/𝑚𝑖𝑛)

𝜋 · (0.6𝑚𝑚)4

= 147, 366𝑃𝑎

which shows that the pressure required to push saliva through the air vent is 147,366
Pa. Since this is far beyond the physiological capability of a human, saliva leakage
through the air vent is not feasible under normal usage conditions, demonstrating
that SalivaStraw will be effective in minimizing leakage of saliva through the air
vent.

Prototype 𝐿𝐴 (mm) 𝑟𝐴 (mm) 𝐿𝑆 (mm) 𝑟𝑆 (mm) T
2-mL v1 and v2 30 0.6 48 2 77.16
5-mL v2 40 0.8 51 2.5 74.80

Table 2.4: Parameters for the various models of SalivaStraw, determined from
calculations with the Poiseuille Flow equation. Both the press-fit version and
the threaded-lid version of the 2-mL model have same the same parameters, but
threaded-lid version features a more airtight seal with the collection tube to prevent
potential leakage problems.
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C h a p t e r 3

FRACTION COLLECTION FOR SALIVARY PROTEOMICS
WITH COLOSSEUM

[1] A. S. Booeshaghi, Y. Kil, K. H. Min, J. Gehring, and L. Pachter, “Low-cost,
scalable, and automated fluid sampling for fluidics applications,” Hard-
wareX, vol. 10, e00201, Oct. 1, 2021. doi: 10.1016/j.ohx.2021.e00201.

3.1 Abstract
We present colosseum, a low-cost, modular, and automated fluid sampling device for
scalable fluidic applications. The colosseum fraction collector uses a single motor,
can be built for less than $100 using off-the-shelf and 3D-printed components, and
can be assembled in less than an hour. Build instructions and source files are
available at https://doi.org/10.5281/zenodo.4677604. In addition to its
broad utility in fluid handling, colosseum’s ability to fractionate biological samples
makes it well-suited for applications in salivary proteomics, where isolating specific
molecular fractions can enhance biomarker detection and assay reproducibility.

3.2 Introduction
Fraction collectors are liquid handling machines used in analytical and preparative
workflows that require sample separation or longitudinal collection [53]. Typical
fraction collectors consist of a rotating rack loaded with containers and a distributing
arm for collecting fixed volumes of fluid [54]. Fraction collectors are preferable to
manual collection that can be tedious and introduce human error [55]. They are
integral to various scientific fields, particularly in chromatography-based methods
such as high-performance liquid chromatography (HPLC) and fast protein liquid
chromatography (FPLC), where they facilitate the separation and collection of com-
plex mixtures for downstream analysis [56]. The ability to split and collect samples
is especially valuable in proteomics and metabolomics, where metabolic and pro-
teomic analytes are often bound together—by enabling the isolation of molecules
of specific size prior to mass spectrometry analysis, fraction collectors can sepa-
rate unbound metabolite biomarkers from bound ones [57]. Especially relevant to
salivary biomedicine is the use of fraction collectors in isolating and purifying ex-
tracellular vesicles (EVs) from biological samples [58]. Extracellular vesicles (EVs)

https://doi.org/10.1016/j.ohx.2021.e00201
https://doi.org/10.5281/zenodo.4677604
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are membrane-bound particles secreted by various cell types that play an important
role in intercellular communication through the exchange of proteins, nucleic acids,
and lipids [59]. Salivary EVs contain various protein biomarkers and are highly en-
riched in microRNAs (miRNAs), making them potentially valuable for noninvasive
monitoring of various diseases [2], [59].

Saliva is increasingly recognized as a viable biofluid in fields such as proteomics,
metabolomics, and extracellular vesicle (EV) research [59]–[61]. Its diverse compo-
sition of analytes makes it well-suited for chromatography-based separations [62],
where fraction collectors facilitate the isolation of specific biomolecular compo-
nents. In a typical salivary proteomics pipeline such as liquid chromatography
tandem mass spectrometry (LC-MS/MS), samples progress through several key
stages: initial collection and preparation, chromatographic separation, mass spec-
trometry analysis, and data processing. After saliva samples have been collected
and preprocessed, they undergo chromatographic separation. A fraction collector
interfaces between chromatographic separation and mass spectrometry analysis—
downstream of the chromatography column, a fraction collector is stationed to
automatically collect specific aliquots of fluid exiting the chromatography column,
preserving separated biomolecules before they proceed to mass spectrometry for
identification and quantification. This fractionation step is essential for detecting
low-abundance proteins that might otherwise be masked by highly abundant com-
ponents such as amylase and mucins, thereby enhancing the depth and reliability of
salivary proteome analysis [63] and improving protein biomarker discovery in saliva
for diseases ranging from cancer to autoimmune disorders [64]–[69]. In another
application of proteomics, EV isolation from saliva benefits from fraction collection
when it is used in conjunction with size exclusion chromatography (SEC), as it
can separate EVs from free proteins and RNA, enhancing their diagnostic utility
[70]. Fractionation in saliva may offer additional advantages by separating mucins
and enzymes from biomarkers of interest and thereby mitigating interference [71]
and reducing sample degradation [72]. These advantages make automated fraction
collectors an invaluable tool for advancing saliva-based diagnostics and biomarker
discovery, especially in proteomics.

Most laboratories currently rely on commercial fraction collectors, which are ex-
pensive and difficult to customize (Table 3.1). To reduce cost and facilitate custom
applications, a number of open-source fraction collectors have been developed.
These devices, while less expensive, continue to rely on complex engineering de-
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Model Capacity (# tubes) Price (USD)
Cytiva Frac30 30 2,089.00
BioFrac Fraction Collector 60-252 7,556.00
Gilson Fraction Collector 105-240 4,424.55
GE AKTA Frac-900 Series 95, 392 3,935.00
Buchi C-660 12, 30, 60 12,888.97
Open-Source Customizable <100

Table 3.1: Costs and capacity of commercial fraction collectors. The costs are based
on new, unused models. The capacity of each fraction collector is given by how
many tubes the device can hold.

signs and parts that may be difficult to source and manufacture, thus driving costs
higher, lengthening the assembly process, and complicating operation.

We have designed and built a simple, low-cost, and modular fraction collector that
is easy to assemble and use. This open-source fraction collector, which we call
colosseum, is based on design principles for modular, robust, open-source hardware
[73], and offers advantages to commercial systems by virtue of being significantly
less expensive and easily customizable.

The colosseum fraction collector can be assembled in less than an hour and costs
$96.25. Unlike the micrIO [74], which is built from parts of a salvaged Illumina
Genome Analyzer that costs $1,500, the colosseum fraction collector uses off-the-
shelf and 3D-printed parts. The LEGO MINDSTORM fraction collector [75] costs
$500, and while it uses more commonly available components, it still requires cutting
and bending of steel C-channel. Furthermore, most fraction collectors require the
use of multiple axes to position a dispenser head over a reservoir. Control of such
a system can require communicating with and driving up to three separate motors
in tandem. The colosseum fraction collector is based on a simpler design where a
mechanical coupling between the motor, the tube rack, and the dispenser arm enables
rotation of the rack and position of the arm with only one motor. Designing around a
single motor simplifies operation, and reduces cost, complexity, and assembly time.

3.3 Results
The colosseum fraction collector consists of four 3D-printed components, two rotary
shafts, five rubber feet, one stepper motor, an Arduino, and a motor controller (Figure
3.1a,b). We chose the spiral tube layout (Figure 3.1c) instead of the rectangular
tube layout of previously published fraction collectors as it enables serial fraction
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Figure 3.1: a) The colosseum fraction collector (left) is controlled by a single motor.
A motor controller shield (red) is connected to an Arduino Uno (blue) and drives
the motor. The computer’s Graphical User Interface (right) and Python backend
sends motor movement instructions to the Arduino. The Arduino-motor controller
then sends those instructions to the motor. A motor located in the base turns the
shaft of the tube rack. Grooves in the bottom of the fraction collector constrain the
dispenser arm to rotate in tandem. (b) Angled view, (c) top view, (d) bottom view
of mechanical coupling between the dispenser arm and tube rack, (e) side view of
mechanical coupling of motor and tube rack.
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collection with only one motor. By coupling the dispenser arm to the tube rack with
a slot-cam mechanical coupling (Figure 3.1d) we constrained the rotation of the
tube rack and movement of the dispenser arm to rotation of a single stepper motor
located in the base of the fraction collector (Figure 3.1e).

The device is modular: each component can be developed, tested, and fabricated
separately using mutually compatible interfaces. The tube rack fits 1.5 mL Eppen-
dorf tubes and can easily be modified to accept tubes of varying sizes under the
constraint that they follow the spiral pattern (Figure 3.2a). The tube rack fits 88
tubes with a packing efficiency of 60.2% relative to the optimal packing of 146 tubes
on a circular disk of the same size as the tube rack [76]. In addition, the dispenser
arm can be modified to accept connectors and tubing of various sizes to enable
parallel dispensing.

The device is controlled by a graphical user interface (GUI) that communicates
with an Arduino, CNC motor shield, stepper motor driver, and software adapted
from the poseidon syringe pump [73]. Experiment parameters such as flow rate,
total volume, total time, volume per fraction, and number of fractions are input by
the user in the GUI and the Python or JavaScript back-end structures and sends
Arduino-interpretable commands to the Arduino for execution. The GUI can be
installed with the pip package-management tool and run with a single command on
Mac, Linux, or Windows, or it can be run directly in a web browser at https://
pachterlab.github.io/colosseum/. The web-browser implementation takes
advantage of the web serial specification [77] and the browser-serial API [78] to
read and write from the serial port within a web browser environment.

To ensure that commands set by the GUI correctly align the dispenser arm with
each collection tube, we measured and converted the angle between pairs of tubes
to motor steps, and programmed this list of angular displacements into the control
software (Methods). We also used a simple iterative scheme to approximate the
position of equally spaced points along an Archimedean spiral and compared it
to our measurements. We found high concordance in the angular displacements
(Figure 3.2b,c). This allows us to programmatically generate arbitrary spiral mo-
tor displacements based on the distances between successive tubes and distances
between successive arms of the spiral.

In order to characterize collection errors across a range of flow rates commonly
used in microfluidics and FPLC [79], [80], we sampled 180 fractions over six flow
rates ranging from 22.5 mL/hr to 720 mL/hr. We found that the collection errors

https://pachterlab.github.io/colosseum/
https://pachterlab.github.io/colosseum/
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were within ±6.5%, with one sample having -10.6% error due it being the first
fraction collected. These data suggest that the use of the colosseum system with the
poseidon syringe pump results in accurately collected fractions (Figure 3.2d). Next,
we sought to assess the fraction collecting performance over an increasing amount
of sample volume, as is commonly performed in gradient elution series [54]. For
a fixed flow rate, we collected 20 fractions with 12-second increments in collection
time per tube over the course of 42 minutes in three replicates (Figure 3.2e). We
found that the collected fractions closely followed the expected fraction amount with
a Spearman correlation of 0.997, showing that the colosseum fraction collector can
be used to accurately collect gradient elution series.

3.4 Discussion
We have demonstrated a low-cost, modular, and automated fraction collector that
uses 3D-printed parts and off-the-shelf components, can be built in an hour, and is
simple to run. We show how colosseum samples fluid accurately over a wide range of
flow rates making it useful for microfluidics experiments and proteomics protocols.
The low cost of our device could enable several instruments to run in parallel. For
example, a single control board can in principle run multiple fraction collectors
and syringe pumps thus facilitating large-scale experiments (Figure 3.2f). We have
also thoroughly documented the build process with instructional README’s and
videos, and we have made all of the results described in this paper reproducible on
Google Colab.

Although colosseum has not yet been demonstrated in salivary experiments, its abil-
ity to facilitate fraction collection in other fluidic systems suggests strong potential
for advancing salivary biomarker research, particularly in proteomics. When used
in tandem with chromatography and mass spectrometry, colosseum could enhance
salivary assay sensitivity and reproducibility by isolating specific molecular frac-
tions, improving the detection of low-abundance protein analytes while reducing
interference from mucins and enzymes [71], [72]. Additionally, its affordability
and scalability make it well-suited for high-throughput studies, such as longitudinal
biomarker monitoring and assessing individual responses to therapeutic interven-
tions. As an automated liquid sampler, colosseum could streamline time-series
experiments by automatically collecting aliquots of saliva over time following a
perturbation, ensuring reproducible and efficient analysis. Further exploration of
colosseum’s specific applications in salivary biomedicine, including potential adap-
tations for handling saliva’s unique properties, is discussed in Chapter 5 of this
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Figure 3.2: a) Tube placement on the colosseum is defined by an Archimedean spiral
with tubes distributed 13 mm apart along the spiral and with 17.39 mm distance
between subsequent arms of the spiral. b) The tubes are placed uniformly along
the spiral where the arc length between any two tubes is constant, but the rotational
displacement between any two tubes is nonconstant. c) Iterative approximation to the
tube locations is similar to the measured tube locations. d) The error in the fraction
size for 88 samples across a range of flow rates. e) The fraction size increases
with increasing dwell time for a constant flow rate and the Spearman correlation
of the means is 0.997. f) Multiple fraction collectors enable parallel collection
which drastically decreases experimental time at a marginal increase in cost. The
demonstrated accuracy across various flow rates (22.5-720 mL/hr) encompasses the
range typically used for chromatography-based applications in salivary biomedicine
(60-120 mL/hr) [81]. This validation ensures that the colosseum can reliably handle
the flow rates commonly employed in salivary proteomics, where stepwise separation
of proteins based on size or charge can significantly improve detection sensitivity
for low-abundance biomarkers [63].
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dissertation.

3.5 Methods
We designed the colosseum fraction collector by following basic principles of open-
source hardware design [73].

Part Design and Fabrication
The fraction collector consists of four 3D-printed parts: a base, base plate, dispenser
arm, and tube rack. The base holds the base plate, dispenser arm, and tube rack in
place with additional hardware. The base plate acts as a horizontal support for the
main rotary shaft, with rotational bearings that support the shaft in two places. The
dispenser arm consists of two connected parts: the top part of the arm holds the
fluid tubing and the bottom part acts as a cam follower that follows the spiral track
on the bottom of the tube rack. Collection tubes are placed in the tube rack and
are organized in a spiral pattern that mirrors the pattern the dispenser arm follows
during rotation. The tube rack is constrained to the shaft with a flange coupling set
screw and is mechanically coupled to the motor with a timing belt so that rotation of
the motor results in rotation of the tube rack and the dispenser arm. After numerous
sketch iterations, we used Fusion 360 [51] to generate a 3D CAD model of the device
and added dimensional tolerances of +3-5% to all parts to account for variance in
3D printing. To prepare the appropriate files for 3D printing, Simplify3D [82]
was used to slice the STL model and generate GCode with 10% infill and 0.2 mm
layer height. Parts were printed on a Prusa i3 Mk3 3D printer [83] with 1.75 mm
diameter PLA filament, at 215 °C nozzle temperature and 60 °C bed temperature,
with 10% infill. STL files for all parts can be found in the GitHub repository
https://doi.org/10.5281/zenodo.4677604. A 3D interactive viewer through
Autodesk Fusion 360 is available at this link: https://a360.co/4iOSAf5. The
time to print all parts separately was approximately 73 hours, but may vary depending
on the printer model used and the print settings. All parts required to assemble the
colosseum fraction collector can be found in the bill of materials.

Device Assembly
A complete guide on how to assemble the colosseum fraction collector can be found
on YouTube. A step-by-step assembly guide is also available on protocols.io [84].

The assembly of the device starts with the base. Five rubber feet are screwed onto
the bottom of the base to stabilize the device and to ensure that the timing pulleys on

https://doi.org/10.5281/zenodo.4677604
https://a360.co/4iOSAf5
https://doi.org/10.5281/zenodo.4677604
https://www.youtube.com/watch?v=yG7ECh5GO0o
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the motor and the tube rack shaft are elevated and free of obstruction. A timing belt
pulley is secured to the shaft of a NEMA 17 motor and the motor is then screwed
onto the floor of the base. The tube-rack shaft is also inserted into the floor of the
base along with a bearing that acts to stabilize the shaft. A timing belt pulley is
secured to the shaft and couples its rotation with that of the motor. The motor and
the shaft are connected by a timing belt of length 120 mm. The mounting holes in
the base for the motor are designed so that the user can adjust the distance between
the two timing pulleys in order to prevent slippage of the timing belt. Additionally,
washers are inserted in between the base floor and the screws holding the motors so
that the plastic of the base does not get worn out over time. The base plate is then
screwed onto the floor of the base using M5 screws and nuts.

The dispenser arm, which is secured to a shaft with an M3 set screw, is placed
into the base plate along with a bearing. A torsion spring is placed on the shaft,
between the dispenser arm and the base plate to lessen slack between the dispenser
cam follower and the tube rack spiral groove. The tube rack shaft is then inserted
into the tube rack and secured in place with a flange coupling set screw.

The motor cables are routed through the side of the base and connected to the
Arduino. The Arduino is connected to a CNC shield and DRV8825 Pololu motor
controller [85]. The Arduino is also connected to a computer. This allows the user
to send and receive signals to the motor via serial commands. Power is supplied
to the stepper motor driver via terminals on the CNC motor shield. We supply the
stepper motor driver with 12 V DC at 3.0 A. The DRV8825 has a maximum current
rating of 2.2 A per phase and the bipolar NEMA 17 stepper motor has a rated current
of 2.0 A per phase. The stepper motor driver limits the amount of current that can
be delivered to the stepper motor via a potentiometer.

User Interface
The GUI translates the parameters set by the user into motor commands sent to
the Arduino. The Arduino runs our custom firmware, pegasus [86], which sends
command strings to the motor controller which in turn sends pulse-width-modulated
signals to the motor. The GUI is written in Python using Qt, an open-source, cross-
platform GUI framework. All packages related to the GUI are pip-installable and
the GUI can be launched with a single command from the command line. The
web-browser GUI is written in JavaScript, requires no installation, and can be run
by simply navigating to a website. The GUI consists of two parts: parameter inputs
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and a status monitor, the latter of which displays the total volume dispensed, time
elapsed, and current tube location. Upon opening the GUI, users are prompted to
connect to an Arduino. To run the colosseum fraction collector, users must specify
three parameters: the flow rate, total time or total volume, and volume per fraction
or number of fractions. The remaining parameters are calculated using the ones
provided. In addition to these parameters, users must also specify the tube size to
ensure that the fraction size will not be greater than the capacity of the tube. Users
can operate the colosseum by pressing the run, pause, resume, and stop buttons
in the GUI. All software required to run the colosseum fraction collector is freely
available on Github under an open source BSD-2-Clause License.

Python 3.6 and JavaScript code is used on the back end to interpret user input from
the GUI and send custom commands to the Arduino, accordingly. The Python
implementation uses the pyserial package [87] to interface with the serial port and
the web-browser implementation uses the browser-serial package [78]. Parameters
from the GUI are translated into dwell time per tube and number of tubes to fill. The
angle between each tube in the spiral was measured on Fusion 360 using the Inspect
tool, saved as a csv file, and specified in the Python backend. These angles are then
converted into the number of steps the motor must rotate. The motor stops rotating
at each tube location for a specified amount of time in order to dispense the fluid
into the tube. The motor then moves a set number of steps to reach the next tube.
The status monitor displays the amount of total volume dispensed, how much time
has elapsed since the start of the experiment and which tube the fraction is being
dispensed into.

Testing and Validation
We tested the functionality of the device with numerous experiments where tap
water is flown in at a set flow rate, or varying flow rate. We used the poseidon
syringe pump, a 60 mL syringe, microfluidic tygon tubing and 1.5 mL Eppendorf
tubes to pump fluid to the colosseum. The poseidon syringe pump was controlled
with the pegasus software [86]. For a varying number of flow rates and a set dwell
time per tube for each flow rate, we collected 30 fractions and compared the fraction
sizes to the predicted fraction size of 1 mL by weighing each tube before and after
collection (Figure 3.2d). We used a 200x 1 mg analytical scale manufactured by
Yae First Trading Co., ltd part number TEK-AB-0392 to measure the amount of
collected fluid. In order to properly fit the Eppendorf tubes on the tube rack, we cut
off the caps from the Eppendorf tubes before collecting fractions in them and put
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them back on for the final measurement, making sure that the cap corresponded to
the tube from which it was removed.

In follow up experiments we fixed the flow rate and linearly increased the collection
time. For a fixed flow rate of 22.5 mL/hr and 20 fractions with 12-second increments
in collection time per tube, we collected fractions and compared the observed
fraction sizes to the predicted fraction sizes (Figure 3.2e). We used pegasus to run
the colosseum with varying dwell times per tube.

We estimated the cost and time for using k fraction collectors to show that these
devices, when used in parallel, can reduce the experimentation time. For example,
if we collect n fractions on each of k fraction collectors with a volume per fraction
v and a constant flow rate f per collector then the time it takes to run this collection
is t = n/k*v/f.

To test the accuracy of the measured angles between two successive tubes we used
an iterative scheme to estimate the radius and angular position based of the polar
form of Archimedean spiral of 𝑟 = 𝑏 ∗ 𝜃 for a constant b. The radius and the arc
length are used to update the angular position and then the angular position is used
to update the radius. Optimal packing was calculated with the "best known packings
of equal circles in a circle" [76] online tool with the outermost disk corresponding
to the diameter of the area available for tube placement and the packing disks
corresponding to the distance between tubes along the arc.

Data Analysis
All data analysis was performed with Python 3.7. Jupyter notebooks that run in
Google Colab and all experimental data to reproduce Figure 3.2 can be found on our
static GitHub repository containing all files relevant to the published manuscript for
colosseum: https://github.com/pachterlab/BKMGP_2021. The project can
also be found in the project’s main GitHub repository, which reflects all updates to
the project: https://github.com/pachterlab/colosseum.

3.6 Appendix A: Optimizing colosseum for Salivary Proteomics
In salivary proteomics, fractionation is a critical step that follows chromatography to
further separate and isolate proteins of interest before mass spectrometry analysis.
The flow rate during this step, particularly the rate at which sample fractions are
collected, is a key factor that influences both the resolution of the separation and the
recovery of proteins. This section discusses the relationship between the flow rate

https://github.com/pachterlab/BKMGP_2021
https://github.com/pachterlab/colosseum
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through the chromatography column and the flow rate feeding the fraction collector,
along with considerations for optimizing fractionation protocols.

Liquid chromatography separates biomolecules based on their differential interac-
tions with two key components: the stationary phase and the mobile phase. The
stationary phase is a fixed material within the chromatography column that retains
analytes to varying degrees based on their physicochemical properties, while the
mobile phase is the solvent that flows through the column, carrying the sample com-
ponents. The interaction between these phases dictates the separation of proteins
and other biomolecules.

Flow Rates
The flow rate into the chromatography column is typically controlled by a pump
feeding into the liquid chromatography (LC) set-up and is typically dependent on the
chromatography method being used. For example, fast protein liquid chromatogra-
phy (FPLC) can tolerate much higher flow rates up to 5 mL/min[88], whereas the
typical range for high-performance liquid chromatography (HPLC) is kept below
2 mL/min[81]. The flow rate feeding the fraction collector is generally controlled
to match the chromatography system’s flow, allowing fractions to be collected con-
tinuously as the eluate exits the chromatography column. However, the flow rate
entering the fraction collector can be different from the flow rate used in the chro-
matography column due to the use of flow splitters and the specific settings of the
fraction collector.

Flow rates across many types of LC set-ups typically range from 0.3 mL/min to 2.0
mL/min, although with 4.6-mm-ID columns, the typical range is limited to 1.0 to
2.0 mL/min [81]. Lower flow rates are often used for more detailed separation or for
smaller columns, while higher flow rates (1.5 to 2.0 mL/min) may be employed to
increase the speed of processing, though this may reduce the resolution of separation.
All of these flow rates are within the range that can reliably be used with colosseum.
It is important to match the time intervals for fraction collection to the flow rate
feeding into the fraction collector, as a fraction collector is typically set to collect
fractions based on time intervals or volume increments, if not used in tandem with a
UV detector that triggers fraction collectors at certain conditions. The user interface
in colosseum allows the user to choose between time-based collection and volume-
based collection, and automatically times collections based on the system’s flow
rate, thus facilitating the experiment.
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Fraction Size
When performing liquid chromatography for salivary proteomics, one of the key
considerations is the size of the fractions collected during the separation process.
The size of the fractions collected during chromatography is influenced by several
factors, including the flow rate, the resolution of the chromatography system, and
the complexity of the sample. Fractions are typically collected in sub-milliliter
volumes, depending on the separation method and the desired resolution. In LC-
MS workflows with saliva, flow rates commonly range from 200-250 𝜇𝐿 per minute,
with fractions often collected at one-minute intervals, resulting in fraction volumes
that balance resolution and analyte recovery [89]–[91].

The size of the fraction affects the purity and yield of proteins in the sample.
Smaller fractions lead to higher purity as they allow for more precise separation of
compounds eluting from the chromatography column, but they may result in lower
overall yield since the total amount of protein collected in each fraction is reduced
[92]. On the other hand, larger fractions can increase yield by collecting more of the
eluate, capturing a greater quantity of the target protein, but may be lower in purity
as broader collection windows can include multiple overlapping peaks, leading to
co-elution of impurities mixed in with the protein of interest [92]. Furthermore,
the capacity of the fraction collector, such as the volume of a single fraction or
the number of total fractions, could be a factor in choosing the fraction size. The
fraction size in colosseum is 1.5 mL per fraction, for a total of 88 fractions usable
in one run, which makes it suitable for salivary proteomics pipelines.

Gradient Elutions
An elution gradient is commonly used to improve separation efficiency. In a gradient
elution system, the composition of the mobile phase is gradually changed over
time to elute analytes based on their affinity for the stationary phase [93]. For
example, in reverse-phase chromatography, the organic solvent concentration is
increased to progressively release hydrophobic proteins, whereas in ion-exchange
chromatography, a salt gradient disrupts ionic interactions, causing proteins to elute
sequentially. The elution gradient significantly affects the resolution and timing of
protein elution, with different proteins or peptides eluting at different points in the
gradient based on their physicochemical properties. As the gradient progresses,
proteins are separated based on their affinity for the stationary phase, allowing for
the collection of fractions at various time points that contain distinct sets of proteins.
In one salivary experiment, whole saliva samples with 100 𝜇𝑔 proteins in each were
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separated using an HP1100 LC system with a Vydac C4 reversed-phase column at
250 𝜇𝐿/min, employing a gradient elution from 5% to 85% mobile phase B over 40
minutes, followed by 25 minutes at 85% B, resulting in 35 one-minute LC fractions
per sample [90]. The colosseum fraction collector is well-suited for elution gradient
workflows. In one of its validation experiments, each consecutive fraction had a
linearly increasing flow volume, indicating that the fractionation process effectively
captured the progressive elution profile of proteins.

Other Factors for Optimization: Removal of 𝛼-Amylase
Salivary 𝛼-amylase is the most abundant protein in saliva, and along with albumin
and immunoglobulins, comprises up to 75% of the total saliva proteome. These high-
abundance proteins cause significant ion suppression for low-abundance biomarkers
in mass spectrometric analysis, obscuring potential biomarkers of interest. Studies
have shown that starch-based depletion methods can achieve up to a 97% reduction
in amylase activity, allowing for enhanced detection of several potential biomarkers
including desmoplakin, short palate lung and nasal epithelium carcinoma-associated
protein 2, mucin-7, and several immunoglobulin isoforms that would otherwise
remain undetected [94].

Amylase depletion from saliva samples can be achieved using a simple starch affinity-
based approach. A potato starch solution is prepared by washing with water, cen-
trifuging in between washes. Saliva is then mixed with the washed starch and
incubated in a rotating shaker in room temperature, for the amylase to react with the
starch. After incubation, the mixture is centrifuged and the supernatant, which now
contains saliva with reduced amylase levels, is collected for protein analysis. [91]
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C h a p t e r 4

LONGITUDINAL TRANSCRIPTOMICS WITH SALIVA

[1] Y. Kil and L. Pachter, “Differential analysis reveals isoform switching fol-
lowing pneumococcal vaccination,” bioRxiv, Mar. 10, 2025. doi: 10.1101/
2025.03.09.642237.

4.1 Abstract
Advances in RNA-sequencing (RNA-seq) technology have enabled scalable and
accessible transcriptomics studies, including those using noninvasive biosamples
like saliva. Longitudinal RNA sequencing studies have been used to track gene
expression over time, revealing biological pathways and expression patterns. Saliva’s
noninvasiveness allows for frequent sampling, opening new possibilities in health
monitoring. Traditional approaches for such longitudinal studies rely on pairwise
comparisons or linear regression models, but these methods face challenges when
dealing with many time points. Spline regression offers a robust alternative by
efficiently capturing temporal patterns. In this study, we apply spline regression to
analyze longitudinal RNA-seq data and demonstrate its advantages in isoform-level
differential expression analysis. Our findings highlight the importance of isoform
switching, which may be missed in gene-level analyses.

4.2 Introduction
Advances in RNA-sequencing (RNA-seq) technology have made RNA-seq scalable
and accessible [95], allowing researchers to conduct longitudinal transcriptomics
studies that measure the expression of genes over time [96]–[103]. Longitudinal
-omics studies, which can span multiple types of omics data such as genomics, tran-
scriptomics, and proteomics, have become increasingly important in biomedicine,
offering powerful tools for monitoring health and disease over time [104]–[106].
Longitudinal -omics leverages the ability to observe molecular changes dynami-
cally to uncover insights into disease mechanisms, often on a personalized level,
enabling more precise and effective healthcare strategies.

Saliva is an increasingly recognized biosample for longitudinal -omics studies due
to its noninvasive, easy-to-collect nature, and the wealth of biological information
it contains. Unlike other biological fluids, such as blood or urine, saliva can be

https://doi.org/10.1101/2025.03.09.642237
https://doi.org/10.1101/2025.03.09.642237
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collected frequently over extended periods without discomfort, making it particu-
larly suited for longitudinal studies that require repeated sampling. Saliva harbors a
wide array of biomolecules, including RNA, DNA, proteins, and small metabolites,
which reflect systemic changes in the body and can provide insights into various
physiological and pathological processes [107]. Moreover, salivary biomarkers have
been implicated in a variety of chronic disease groups such as cancer, autoimmune
diseases, and metabolic disorders, thus establishing saliva as a potential medium for
health monitoring [8], [9], [108], [109]. The longitudinal analysis of salivaomics,
including transcriptomics, proteomics, and metabolomics, offers a unique oppor-
tunity to track changes over time, providing valuable data on the progression of
diseases or responses to treatments. In this study, bulk RNA-seq of saliva [18] is
used to explore longitudinal transcriptomic changes, further demonstrating saliva’s
potential in noninvasive health monitoring and personalized medicine.

When analyzing RNA-seq data from saliva or other biosamples, an important con-
sideration is the concept of isoforms—different RNA transcript variants produced
from the same gene. These variants result from processes like alternative splic-
ing, where different exons can be included or excluded from the final transcript
[110]. Isoforms from the same gene can encode mRNA or proteins with different
functions, localizations, or regulatory properties [110]. A particularly significant
phenomenon is isoform switching, where the relative abundance of these transcript
variants changes between conditions or over time [111]. This switching can reveal
subtle but biologically important signals that would be completely masked in con-
ventional gene-level analyses where transcript counts are simply summed together
[112]. Detecting these isoform-level changes is especially valuable in longitudinal
studies of complex biological processes, such as immune responses, where the spe-
cific mRNA isoform being expressed can dramatically affect biological outcomes.

The most commonly used approaches for biological discovery from longitudinal
RNA-seq studies are specific to the number of time points present in the study.
Most published longitudinal transcriptomics studies, such as the aforementioned
ones, have only 3-5 time points [96]–[100], [102], [103], making it difficult or
impossible to apply traditional time series methods. In these cases where the
number of time points is small, conducting pairwise comparisons between time
points is the most intuitive and effective way to look for differentially-expressed
genes. When there are more time points, pairwise comparisons can still be useful for
examining changes in gene expression at specific times, but the high-dimensionality
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of the analysis resulting from tens of thousands of genes and many time points can
make implementation tedious, and aggregating results from the many pairs can be
challenging and suffer from multiple testing difficulties.

One way to identify differentially expressed (DE) genes in time-course RNA se-
quences with many time points is to model the data with splines. A spline is a
smooth function that consists of piecewise polynomials connected at points called
“knots”—in simpler terms, splines can be thought of as flexible curves that adapt to
follow the shape of data over time, similar to how a draftsman’s spline tool bends
to create smooth curves through fixed points. Fitting splines to time course data is
a straightforward approach to reduce dimensionality of the data, while preserving
qualitative features. Splines can be fit to longitudinal data with uniformly spaced, or
uneven time points in cases where sampling is not uniform. Moreover, spline regres-
sion can be used to analyze longitudinal data without biological replicates, whereas
replicates are necessary for classic DE methods such as pairwise comparisons [113].

The shape of the polynomials that make up a spline and the number and placement
of knots, define the many types of splines. The degree of the spline refers to the
degree of the piecewise polynomials forming the spline: a cubic spline, for instance,
is constructed from polynomials of degree 3. To ensure that a spline is continuous,
there are two conditions that need to be met: 1) all polynomials of degree d in the
spline must be (d-1) times differentiable, and 2) all derivatives up to degree (d-1)
must be continuous at each knot. In addition to these conditions, a natural spline is
constrained to be linear at the end points. Natural splines are widely used in spline
regression because their edge constraints make them mimic natural phenomena more
than other splines.

The number of knots in a spline can also be expressed in terms of “degrees of
freedom,” which is a statistical term denoting the number of independently variable
parameters in a system. The number of knots, k, and the degrees of freedom, df,
are related to each other, but the relationship depends on the type of the spline.
For instance, B-splines, which are splines additionally defined by control points
for enhanced shape control, have df = k + d degrees of freedom, where d denotes
the degree of the polynomials [114]. Natural splines have df = k + 1 degrees of
freedom, due to the constraints at the end points [114]. The number and placement
of knots can determine how well the spline fits the data, so it is important to choose
an appropriate number of knots for the spline. With more knots the spline fit may
be better, but additional parameters increase the risk of overfitting [113]. As for
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the locations of the knots, they can be placed uniformly throughout the range of the
data with equal numbers of points between each knot, or be optimized to minimize
variance [115].

Figure 4.1: Time series data and analysis workflow. Left: Hourly samples with 20
pre- and 20 post-vaccination time points, matched by hour. a) Broad DE analysis
between pre- and post-vaccination without time consideration. b) DE analysis
within each condition to detect temporal expression changes. c) DE analysis with
both time and condition, comparing splines fit to each. Right: Daily samples with
30 post-vaccination time points. Splines are fit to each isoform, and DE isoforms
with spline-like patterns are identified.

In this work, we analyze a dataset published in Mias et. al. [18], which aimed to
demonstrate the potential of longitudinal saliva multiomics for noninvasive health
monitoring by tracking immune responses to a vaccination [18]. Researchers moni-
tored one healthy individual across three distinct time periods: (1) hourly sampling
for 24 hours under normal conditions, (2) hourly sampling for 24 hours after admin-
istering the pneumococcal polysaccharide vaccine (PPSV23), and (3) daily sampling
for 33 days following the vaccination. The original study utilized a pipeline named
MathIOmica, which employs spectral methods to analyze time series data based on
temporal trends through autocorrelation analysis, where each time series is compared
with a delayed version of itself and categorized into classes based on autocorrela-
tions and signal spikes [18]. From the original data, we sub-sample and construct
two time series, hourly and daily, from the bulk RNA-seq data generated from this
study and show that spline regression coupled applied to accurate quantifications can
be used to identify isoforms that may be biologically relevant, but that are missed
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in a naïve gene-level analysis.

4.3 Results
Description of the Time Series
The hourly series has 20 time points prior to vaccination and 20 time points after.
The pre-vaccination hourly timepoints are matched with the post-vaccination time
points for the hour of the day, and time points are evenly distributed. The principal
components analysis (PCA) of the hourly samples shows some separation between
early and late time points, but not much separation between conditions (Figure
4.2, left). The daily series has 30 time points, all of which are post-vaccination,
sampled at the same time every day. All 30 time points in the daily series were
after vaccination, so the only covariate for the daily series was time. Therefore, we
used sleuth to look for genes that varied in expression over time without changes in
condition. The PCA of the daily samples did not show a conclusive pattern on the
time-course behavior of the samples (Figure 4.2, right).

Figure 4.2: [PCA of hourly (left) and daily (right) samples, colored by condition and
labeled by time. Left) For the hourly series, there is some separation between the
early and late time points but not much separation between pre- and post-vaccination
samples. Right) Overall, the samples are more clustered than spread out, and the
PCA does not show a conclusive pattern on how samples change over time.

Results of Immune Perturbation
Hourly Series, Pre- and Post-Vaccination

From the hourly series with 20 pre- and 20 post-vaccination samples, a total of 1208
genes were identified as differentially expressed over time and between conditions
(Table 4.1, Appendix A). 178 of the 1208 DE genes from the hourly series were
also found in the original study. Among the top DE genes are TYROBP, STXBP2,
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PCBP2, and ADGRE5, which are genes associated with immune-system-related
pathways, such as the Immune System pathway (R-HSA-168256) and Innate Im-
mune System pathway (R-HSA-168249) from the Reactome 2024 database [116].
TMPRSS11E, the top DE gene, is known to be highly expressed in the squamous
epithelium and to be related to the innate immune response [117]. TYROBP, another
DE gene from the hourly series, is a key immune signaling adaptor that regulates the
activation of natural killer cells and myeloid cells, playing a crucial role in innate
immunity and neuroinflammation [118]. The identification of these immune-related
genes and Reactome pathways in salivary transcriptomics demonstrates the potential
of saliva as a diagnostic medium for monitoring immune responses. The ability to
detect genes like TYROBP and TMPRSS11E in saliva is particularly significant
as it shows that this noninvasive biofluid can effectively capture systemic immune
signatures that traditionally might require blood sampling. This reinforces the utility
of saliva in biomedicine as a window into systemic physiological processes.

Gene Set Enrichment Analysis (GSEA) for Reactome pathways using all 1208 DE
genes showed numerous pathways expected of an immune response to a vaccination,
such as “Immune System,” “Innate Immune System,” and “Neutrophil Degranula-
tion,” but there were pathways not specific to immune response, such as “Cellular
Responses to Stimuli/Stress” (Table 4.2, Appendix A). In spite of the differences
in Reactome databases used for GSEA between the original study and our results,
terms from the original study (Reactome 2022) and from sleuth (Reactome 2024)
showed significant overlap in immune-system-related terms, suggesting that our
spline-based analysis was able to capture the immune response as well.

Daily Series, Post-Vaccination

In the daily series with 30 post-vaccination samples, sleuth identified 241 genes with
expression patterns that varied over time more than noise as differentially expressed
genes (Table 4.3, Appendix). 123 out of the 241 DE genes were also marked as
DE in the original study. The top 10 DE genes for the daily samples are presented
in Table 4.3 (Appendix A), ranked by statistical significance, as well as the splines
fit on the isoforms of the top DE gene, PLAT. PLAT is known to modulate both
innate and adaptive immunity by influencing immune cell activation, migration,
and cytokine production [119]. NAMPT has also been found to regulate immune
responses by maintaining NAD+ levels in immune cells [120].

GSEA for Reactome pathways with DE genes from the daily series revealed many
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significant pathways related to immune responses, such as “Immune System,” “Neu-
trophil Degranulation,” and “Cytokine Signaling in Immune System” (Table 4.4,
Appendix A). However, similar to the hourly series, the top pathways contained Re-
actome pathways that are not specific to immune response, such as “Metabolism of
Proteins.” As with the hourly series, GSEA terms from the original study (Reactome
2022) and from sleuth (Reactome 2024) showed overlap in immune-system-related
terms, such as ’Adaptive Immune System’, ’Immune System’, ’Innate Immune
System’, ’Interferon Gamma Signaling’, ’Interleukin-1 Signaling’, and ’Neutrophil
Degranulation,’ showing that our methods were able to capture pathways similar to
the original study that are relevant to the immune response.

Differential Expression Analysis in the Isoform Resolution
Using kallisto and sleuth in tandem enables DE analysis on the isoform resolution.
With spline regression on each isoform, we can capture isoform-level temporal
dynamics that could be hidden if isoform counts are aggregated into gene-level
counts prior to analysis. For instance, if two transcripts have opposing temporal
expression patterns, adding them together for a gene-level analysis may cancel out
their expression levels. We show that performing differential expression analysis in
the isoform level captures genes more specific to the immune response. Furthermore,
we show that for many of the DE genes in both the hourly and daily series, isoform-
level results show isoform switching, which is defined as a significant change in the
relative contribution of isoforms to the parent gene expression [111].

Hourly Series, Pre- and Post-Vaccination

We ran sleuth in transcript mode with p-value aggregation enabled on abundance
estimates from spline regression applied to each isoform. The gene-level DE results
were compiled by aggregating p-values of the isoforms with the Lancaster method.
As sleuth allows for gene-level analysis, we analyzed the hourly series on both
isoform-level and gene-level and compared the results. 615 genes were identified
as differentially expressed from gene-level analysis, as opposed to the 1208 genes
from the isoform-level analysis. The top DE gene for both gene- and isoform-
level analyses was TMPRSS11E. In gene-mode, sleuth aggregates all isoforms for
a given gene prior to filtering and analysis, which may lead to isoforms with highly
contrasting patterns getting added to form a lower contrasting pattern and getting
filtered out as a result. GSEA with the 615 DE genes from gene-level analysis
identified Reactome pathways not particularly relevant to the immune response,
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whereas GSEA with DE genes from isoform-level analysis showed immune-related
pathways, as expected from a longitudinal study with an immune perturbation.

When running sleuth directly on isoform-level abundance estimates, we were able
to capture genes with isoforms that show varying expression patterns over time.
One of the top genes, VASP, showed evidence of isoform switching, as shown in
Figure 4.3. The post vaccination splines for all 8 isoforms of VASP are plotted in
the top panel, as well as a breakdown of each isoform’s expression (bottom left)
compared to the aggregate gene-level expression (bottom right). The aggregated
gene-level expression over time looks different from most of the splines, suggest-
ing that dynamics of temporal expression are not the same for all isoforms and
that summing the isoform counts may hide individual isoform expression patterns.
We can see from the isoform fractions that the isoform that dominates the gene’s
expression switches from ENST00000588273 to ENST00000705987, and later to
ENST00000245932. This isoform switching phenomenon in VASP is particularly
interesting in this time series with immune perturbation, as VASP is known to play a
crucial role in T-cell activation and expansion [121]. The detection of such nuanced
expression changes in saliva demonstrates the depth of molecular information that
can be captured through salivary transcriptomics when appropriate computational
methods are applied. Such granular insights would be entirely missed in conven-
tional gene-level analyses, highlighting the value of our isoform-level approach for
salivary biomedicine applications.

Daily Series, Post-Vaccination

The difference between gene-level and isoform-level analysis results were also seen
in the daily series. While 241 genes were marked as DE in the isoform-level
analysis with p-value aggregation, only 106 genes were marked as DE in the gene-
level analysis. The top 10 DE genes from isoform-level analysis, except for RPS27L,
were not identified as DE in gene-level analysis. As with the hourly series, GSEA
with the 106 genes from gene-level analysis identified Reactome pathways that were
not specific to an immune response that is expected of a vaccination, suggesting that
many of the genes that were relevant to the immune response were lost in gene-level
analysis.

Similar to the hourly series, DE analysis on the isoform level identified genes
with varying isoform expression patterns, with some showing signs of isoform
switching. Figure 4.4 shows the temporal expression of isoforms for gene PLAT,
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Figure 4.3: Isoform switching seen in gene VASP, in post-vaccination series. Top:
Overlayed isoform expression patterns show different temporal trends. Bottom left:
Fraction of isoform expression of total gene expression over time, showing change
in which isoform dominates the expression of the gene. Bottom right: Total gene
expression over time, which can deviate from the constituent isoform expression
patterns, implying that isoform-level analysis may highlight temporal dynamics of
a gene that might be missed on a gene-level analysis.

the top DE gene from the daily series, as an example. For the five isoforms
that passed the filter for low expression and were aggregated into the PLAT gene,
there seem to be distinct groups of splines that resemble each other (Fig. 4.4,
top panel). This is further corroborated by the isoform fractions (Fig. 4.4, lower
left) as it shows ENST00000352041 and ENST00000677722 taking up most of the
expression of PLAT in the first few days of the series and then later being replaced
by ENST00000429089 and ENST0000067867 later in the series. Interestingly, for
the daily series, this switch in isoform fractions can also be observed in other DE
genes from the isoform-level results; it does not seem to be universal among all DE
genes, especially in those where all isoforms are consistently expressed over time.
However, the observed isoform switching in PLAT, a gene involved in modulating
both innate and adaptive immunity by encoding tissue-type plasminogen activator
(tPA) [119], further illustrates how salivary transcriptomics can reveal dynamic
molecular changes during immune responses. This level of detail in longitudinal
monitoring would be difficult to achieve with more invasive sampling methods due
to the lower frequency of sampling, further supporting saliva’s value for precision
medicine applications.
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Figure 4.4: Isoform switching seen in gene PLAT from the daily time series. Top:
Overlayed isoform expression patterns show different temporal dynamics of isoforms
for PLAT. Bottom left: Fraction of isoform expression to total gene expression
shows the change in which isoform dominates the expression for the gene. Bottom
right: Total expression for gene PLAT, which does reflect the complexity of isoform
expression patterns as evident in the hourly series.

4.4 Conclusions and Discussion
We present a method of analyzing longitudinal transcriptomic data that leverages
sleuth for time-course DE analysis at the isoform-level using spline regression.
While this pipeline can be applied to longitudinal RNA-seq data generated from any
sample, applying this to salivary transcriptomics is especially valuable as saliva,
with its noninvasive nature and readily production, is uniquely suited for longitu-
dinal health monitoring applications. The computational approach developed in
this chapter establishes a foundation for more advanced applications in salivary
biomedicine, as explored in Chapter 5. Our isoform-level analysis method enhances
the value of salivary transcriptomics in several ways: it enables the detection of nu-
anced expression patterns that could serve as more precise biomarkers, it supports
personalized medicine applications through noninvasive longitudinal monitoring,
and it provides a framework that can be integrated with other omics data types
from saliva. By addressing the computational challenges in analyzing time-series
salivary RNA-seq data, particularly at the isoform level, this work contributes to the
broader goal of establishing saliva as a valuable biofluid for precision diagnostics
and health monitoring. Chapter 5 builds upon these methodological advances to
explore practical applications and future directions for salivary biomedicine.
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In this chapter, we also show that spline regression is an effective method of identify-
ing temporally DE genes when compared to other methods of analyzing longitudinal
data. Furthermore, we show that sleuth’s ability to perform isoform-level DE anal-
ysis enables the identification of genes with isoform switching that may be missed
in a classic, gene-level DE analysis. The findings from this study demonstrate the
pipeline’s potential for more precise and comprehensive analysis of time-dependent
transcriptomic data in similar longitudinal studies with multiple experimental con-
ditions and many time points. However, the concept of analyzing time-course
RNA-seq with splines is not new. The analysis has been introduced as an approach
that can be utilized with different DE analysis tools such as edgeR [122] and limma
[123] (Appendix C). The novelty of our approach is to apply spline regression on
the isoform level and to aggregate them into gene-level conclusions via sleuth. Our
results show that the immune perturbations in this study are better captured with
isoform-level analysis than with gene-level analysis.

Splines have many advantages over traditional pairwise comparisons or linear re-
gression approaches that are suitable for longitudinal data analysis with many time
points. Compared to the longitudinal transcriptomic studies from other publica-
tions with 3-5 time points, the study used in this pipeline contains dozens of time
points, and comparing timepoints pairwise is a tedious task that does not utilize
the time-series structure fully. Spline regression offers a flexible approach for mod-
eling complex, non-linear expression patterns, whereas linear regression may be
too restrictive to accurately capture such variability. Moreover, it is possible to use
splines to model time-course RNA-seq data with missing time points, as well as time
points that are unevenly spaced. Although there are some benefits of using splines
to interpolate transcriptomic time-series data, there is a need for caution, especially
when estimating parameters. When using splines to model time-course transcrip-
tomic data, it is important to choose an appropriate number of knots, or degrees of
freedom. In the user manual for limma and in Svensson’s walkthrough for sleuth
on modeling time-course experiments with splines, the recommended degrees of
freedom is given as 3 to 5 [123], [124]. Though the reasons for this seemingly
arbitrary range are not presented anywhere, this range of degrees of freedom is also
recommended and seems to work well for modeling biological phenomena other
than transcriptomics, such as serum glucose concentration over 30 days [113]. The
degrees of freedom chosen for the current pipeline was 5, to account for the fact that
there are 20 and 30 data points in the two time series of interest.
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The fit of the splines was evaluated using 𝑅2, with average values of 0.366 for pre-
vaccination hourly samples, 0.489 for post-vaccination hourly samples, and 0.476
for daily samples. While these 𝑅2 values are not particularly high, several factors
should be considered. Increasing the degrees of freedom generally improves the
𝑅2 value; however, AICc indicates that a model with five degrees of freedom is
preferable to one with seven. Additionally, many time points have zero counts,
even with a stricter filter than the default in sleuth, which likely contributes to
the lower fit. Alternative spline approaches, such as manually placing knots, may
enhance the fit, although our attempts with B-splines resulted in poor-quality genes
(primarily mitochondrial), suggesting that natural splines, which are constrained to
better model biological patterns, would be more suitable for this type of analysis.

4.5 Methods
Here we outline our computational pipeline for analyzing longitudinal salivary
RNA-seq data, which integrates several specialized tools to extract biologically
meaningful patterns from the complex time-series data.

Subsampling Time Points
We perform spline regression on this data using sleuth [125], a program to ana-
lyze RNA-Seq experiments for which transcript abundances have been quantified
with kallisto [126]. Natural cubic splines are fit to the hourly series, with 20
pre-vaccination and 20 post-vaccination samples, and daily series, with 30 post-
vaccination time points. Regarding sample selection for each time series, the orig-
inal study selected 24 hourly samples, whereas the current analysis used only 20.
The first four samples were omitted in the current pipeline because the vaccine was
administered between hours 4 and 5 of the 24-hour post-vaccination series. This
omission ensures that the remaining 20 samples and their matched pre-vaccination
counterparts more accurately represent the change in condition.

Pseudo-Alignment with kallisto
All samples in the time series data were pseudo-aligned to Ensembl v. 112 annotation
for Homo Sapiens (GRCh38.p14) with kallisto. The k-mer length was set to the
default value of 31. The -b argument indicates that the number of bootstraps was
set to 100.



54

Differential Expression Analysis with sleuth
All analyses were undertaken with R version 4.4.2 [127] and sleuth version 0.30.1.
The following R packages were loaded into RStudio: sleuth, splines, and biomaRt.
The sample-to-covariates matrix, which is a required argument for sleuth, was
compiled outside R for each of the time series. A transcript-to-gene mapping
was created using biomaRt’s useEnsembl() function, in order to enable p-value
aggregation on the results [112]. The annotation used for the transcript-to-gene
mapping was the same annotation used for pseudo-alignment in kallisto. When
importing kallisto results into sleuth, the default filter for sleuth (minimum of 5
reads observed in 47% of reads) was modified to be stricter (minimum of 5 reads
observed in 67% of reads). The two main R scripts for analyzing the hourly and
daily series are provided in Appendix B.

The objective of our study was to find genes that are highly variable in expression
over time, either within one experimental condition (daily) or between two different
experimental conditions (hourly) such as treatment and control, in which time and
condition can interact and introduce complexities in the data. The models for the two
datasets were set up as follows. For the hourly series with pre- and post-vaccination,
the expression for the full model is given by:

𝐸𝑥𝑝𝑟 ∼ 𝛽0 +
∑︁

𝑐∈{𝑝𝑟𝑒,𝑝𝑜𝑠𝑡}

(
𝛽𝑐 · 𝑐 +

𝑑. 𝑓 .∑︁
𝑘=1

𝛾𝑐,𝑘 · 𝑐 · 𝑆𝑘 (𝑡)
)
+ 𝜖 .

For the reduced model, the expression is given by:

𝐸𝑥𝑝𝑟 ∼ 𝛽0 +
∑︁

𝑐∈{𝑝𝑟𝑒,𝑝𝑜𝑠𝑡}
𝛽𝑐 · 𝑐 + 𝜖 .

The expression weight, 𝛽0 represents the intercept term, 𝛽𝑐 represents coefficients
for the main effects of each condition (pre or post), 𝑐 indicates condition (pre or
post), 𝛾𝑐,𝑘 represent coefficients for the interaction of condition 𝑐 (pre or post) with
the 𝑘-th spline basis function, 𝑆𝑘 (𝑡) represents spline basis functions from 𝑘 = 1 to
𝑛 degrees of freedom, which is equal to 5 in this case, and lastly, 𝜖 is a noise term.

In the syntax of the R language, the full model for the hourly series is given by
(~0 + group + group:X) and the reduced model (~0 + group), where group
is the condition covariate releveled by the pre-vaccination levels and X is a natural
cubic spline with 5 degrees of freedom. The (group:X) denotes that a spline was
fit to each condition, pre- and post-vaccination. The reduced model includes group,
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such that the difference between the full and reduced models represents the interac-
tion terms, which is given as (group:X). By comparing the full and reduced model
in this manner, sleuth identifies isoforms that have different expression patterns for
each condition. In contrast, the original study treated pre-vaccination samples as
baseline levels and subtracted them from post-vaccination samples to create a ’delta
hourly’ time series for the main analysis [18]. For the daily series where all time
points are post-vaccination, the full model for the daily series includes time, mod-
eled as a natural cubic spline with 5 degrees of freedom and expressed as (~X) in
R, and the reduced model includes noise, expressed as (~1) in R. The expressions
for the full and reduced model are given by:

𝐸𝑥𝑝𝑟 ∼ 𝛽0 +
𝑑. 𝑓 .∑︁
𝑘=1

𝛾𝑘 · 𝑆𝑘 (𝑡) + 𝜖,

𝐸𝑥𝑝𝑟 ∼ 𝛽0 + 𝜖 .

Similar to the hourly series, 0 represents the intercept term, 𝛾𝑘 represent coefficients
for the 𝑘-th spline basis function, 𝑆𝑘 (𝑡) represents spline basis functions from 𝑘 = 1
to 𝑛 degrees of freedom, which is equal to 5 in this case, and 𝜖 represents residual
error.

Sleuth was run on transcript (isoform) mode such that splines are fit to each isoform,
after which the results are compiled into gene-level differential expression results
through p-value aggregation with the Lancaster method [112]. There are two testing
methods in sleuth: the likelihood ratio test and the Wald test. For the likelihood ratio
test, which is used in the current study, sleuth compares two models: a full model
with all parameters of the experiment, and a reduced model with the parameters to
control for. For each type of analysis, full and reduced models were fit to the data,
with specific details about the model used for each analysis provided in the Results
section. To implement splines in R, the ns() package in the splines library was used
[127]. The DE analysis results were filtered for q-values < 0.05, and were exported
to a Python notebook for plotting. All R and Python notebooks as well as the full list
of DE genes and related pathways may be found on a designated GitHub repository:
https://github.com/pachterlab/KP_2025.

Gene Set Enrichment Analysis (GSEA)
The DE analysis results from sleuth were exported as CSV files, and cleaned up in a
Python notebook. The list of DE genes were analyzed on Enrichr [128] for Reactome

https://github.com/pachterlab/KP_2025
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2024 pathways. To match the original study where the data was published, GSEA
results were filtered for adjusted p-values < 0.003.

Visualization
To visualize the spline regression results, normalized transcript counts and full
models containing spline coefficients were exported as CSV files from sleuth into
a Python notebook. Splines were visualized for each isoform of a DE gene, as
sleuth was operated on transcript mode and the spline coefficients were fit to each
isoform instead of the gene. Transcript TPMs were aggregated to plot gene-level
expression. All Python notebooks and CSV files may be found on a designated
GitHub repository: https://github.com/pachterlab/KP_2025.

Data Availability
The data used for this study is publicly available at NCBI Gene Expression Omnibus
database (accession GSE108664) and has an accompanying publication [18].

4.6 Appendix A: Differential Gene Expression Analysis and Gene Set Enrich-
ment Analysis Results

Presented in the following tables are differential gene expression analysis results and
gene set enrichment analysis results. The full list of DE genes and GSEA results
cn abe found on the GitHub repository: https://github.com/pachterlab/KP_
2025.

https://github.com/pachterlab/KP_2025
https://github.com/pachterlab/KP_2025
https://github.com/pachterlab/KP_2025
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Gene ID Gene
Name

# Aggregated
Transcripts

P-value Q-value

ENSG00000274058 TMPRSS11E 1 1.014E-08 8.215E-05
ENSG00000011600 TYROBP 6 2.409E-08 9.754E-05
ENSG00000197111 PCBP2 8 3.672E-08 9.912E-05
ENSG00000076944 STXBP2 10 1.198E-07 2.426E-04
ENSG00000117984 CTSD 3 1.861E-07 2.502E-04
ENSG00000162244 RPL29 1 2.065E-07 2.502E-04
ENSG00000125753 VASP 8 2.163E-07 2.502E-04
ENSG00000134333 LDHA 4 2.784E-07 2.505E-04
ENSG00000170296 GABARAP 4 4.086E-07 3.008E-04
ENSG00000196352 CD55 8 3.991E-07 3.008E-04

Table 4.1: Top 10 Differentially expressed genes from the hourly series. A total
of 1208 genes were identified as differentially expressed over time and between
conditions. Among the top DE genes are TYROBP, STXBP2, PCBP2, and AD-
GRE5, which are genes associated with immune-system-related pathways, such as
"Immune System" and "Innate Immune System" from the Reactome 2024 database.

Term # Genes P-value Adj-P-value
Immune System 247 2.56E-28 2.15E-25
Cellular Responses to Stimuli 139 2.60E-28 2.15E-25
Cellular Responses to Stress 125 5.09E-26 2.81E-23
SRP-dependent Cotranslational
Protein Targeting to Membrane

44 1.22E-24 5.06E-22

Innate Immune System 149 9.82E-22 3.25E-19
Nonsense Mediated Decay
(NMD) Enhanced by the Exon
Junction Complex (EJC)

41 1.54E-21 3.63E-19

Nonsense-Mediated Decay
(NMD)

41 1.54E-21 3.63E-19

Peptide Chain Elongation 36 5.26E-21 1.09E-18
Response of EIF2AK4 (GCN2)
to Amino Acid Deficiency

38 6.60E-21 1.21E-18

Neutrophil Degranulation 84 1.50E-20 2.48E-18

Table 4.2: Top 10 Reactome Pathways identified from DE genes in the hourly
series. GSEA with all 1208 DE genes from the hourly series shows some immune-
response-related pathways such as “Immune System,” “Innate Immune System,”
and “Neutrophil Degranulation” but also many non-immune-specific pathways.
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Gene ID Gene
Name

# Aggregated
Transcripts

P-value Q-value

ENSG00000104368 PLAT 5 5.10E-09 3.30E-05
ENSG00000105835 NAMPT 22 5.10E-08 1.63E-04
ENSG00000130066 SAT1 7 3.89E-07 6.22E-04
ENSG00000176788 BASP1 2 3.75E-07 6.22E-04
ENSG00000185201 IFITM2 5 1.34E-06 1.71E-03
ENSG00000167996 FTH1 9 2.55E-06 2.71E-03
ENSG00000136167 LCP1 2 4.10E-06 3.15E-03
ENSG00000163902 RPN1 1 3.58E-06 3.15E-03
ENSG00000185088 RPS27L 2 4.63E-06 3.15E-03
ENSG00000119535 CSF3R 9 4.93E-06 3.15E-03

Table 4.3: Top 10 Differentially expressed genes from the daily series. A total of
241 genes were identified as differentially expressed in the daily series, for which all
samples were post-vaccination. Many of the top DE genes are relevant to the immune
system, including PLAT and NAMPT, which are known to modulate immune cells.

Term # Genes P-value Adj-P-value
Immune System 62 2.17E-11 2.00E-08
Neutrophil Degranulation 22 7.00E-08 3.23E-05
Cytokine Signaling in Immune
System

27 6.32E-07 1.95E-04

Innate Immune System 34 8.63E-07 1.99E-04
Metabolism of Proteins 47 9.88E-06 1.83E-03
Signaling by Interleukins 17 3.16E-05 4.87E-03
Class I MHC Mediated Antigen
Processing & Presentation

15 4.37E-05 5.77E-03

Signaling by Rho GTPases 21 5.74E-05 6.64E-03
Signaling by Rho GTPases,
Miro GTPases and RHOBTB3

21 8.01E-05 7.50E-03

Apoptotic Cleavage of Cellular
Proteins

5 8.34E-05 7.50E-03

Table 4.4: Top 10 Reactome Pathways identified from DE genes in the daily series.
GSEA with all 241 genes from the daily series identified many Reactome pathways
related to the immune response, with the top 10 pathways including terms such
as “Immune System,” “Neutrophil Degranulation,” and “Cytokine Signaling in
Immune System.”
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4.7 Appendix B: Code Implementation for Longitudinal RNA-seq Analysis in
sleuth

This appendix provides the complete R code implementation used to perform the
differential expression analysis described in Chapter 4. The code demonstrates
the practical application of sleuth for analyzing longitudinal RNA-seq data at the
isoform level, including data import, normalization, time-course modeling using
natural splines, and differential expression testing. This implementation served as
the computational foundation for all results presented in the main chapter and is
included here to ensure reproducibility and to serve as a reference for researchers
seeking to apply similar methodologies to their own longitudinal transcriptomic
datasets. While the two main R scripts are included in this Appendix, all R and
Python notebooks may be found on a designated GitHub repository: https://
github.com/pachterlab/KP_2025.

Below is the script used to analyze the hourly series, which contains 20 pre-
vaccination and 20 post-vaccination time points.

1 # Import dependencies

2 library(sleuth, splines)

3 library(biomaRt)

4

5 # Set up annotations for genes and transcripts

6 ensembl <- biomaRt::useEnsembl(biomart = "genes",

7 dataset = "hsapiens_gene_ensembl",

8 mirror=’www’)

9 t2g <- biomaRt::getBM(attributes = c("ensembl_transcript_id",

10 "ensembl_gene_id",

11 "external_gene_name"),

12 mart = ensembl)

13 t2g <- dplyr::rename(t2g, target_id = ensembl_transcript_id,

14 ens_gene = ensembl_gene_id,

15 ext_gene = external_gene_name)

16

17 # Set working directory and import metadata

18 setwd("~/longsaliva")

19 s2c <- read.delim("s2c_hourly.txt", sep=" ", header=TRUE)

20 time <- rep(seq(from=1, to=length(s2c$sample)/2, by=1), times=2)

21 s2c <- dplyr::mutate(s2c, time=time)

22 sample <- paste0(rep(c(’pre’, ’post’), each=20),’_’,s2c$time)

23 s2c$sample <- sample

24

25 colnames(s2c) <- c("path", "sample", "condition", "time")

https://github.com/pachterlab/KP_2025
https://github.com/pachterlab/KP_2025
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26

27 # Setting the pre-vaccination points as reference

28 group <- relevel(factor(s2c$condition), ref=’pre_vaccination’)

29

30 # Changing filter on low-count reads to be stricter than default

31 new_filter <- function(row, min_reads = 5, min_prop = 0.67) {

32 mean(row >= min_reads) >= min_prop

33 }

34

35 # Create sleuth object for analysis

36 so <- sleuth_prep(s2c, target_mapping = t2g,

37 aggregation_column = "ens_gene",

38 extra_bootstrap_summary = TRUE,

39 filter_fun = new_filter)

40

41 # Fit "full" and "reduced" model, compare with LRT

42 X <- splines::ns(s2c$time, df=5)

43 full_design <- model.matrix(formula(~0 + group + group:X))

44 colnames(full_design)

45 so <- sleuth_fit(so, full_design, "full")

46 so <- sleuth_fit(so, ~0+group, "reduced")

47 so <- sleuth_lrt(so, "reduced", "full")

48

49 # View DE analysis results

50 sleuth_table <- sleuth_results(so, ’reduced:full’, ’lrt’, show_all

= FALSE, pval_aggregate = TRUE)

51 sleuth_de <- dplyr::filter(sleuth_table, qval <= 0.05)

52 head(sleuth_de)

53

54 # Optionally output results as CSV

55 # write.csv(sleuth_de, ’hourly_results.csv’)

Below is the script used to analyze the daily series, which contains 30 post-
vaccination time points, which results in a slightly different analysis process to
that used for the hourly series.

1 # Import dependencies

2 library(sleuth, splines)

3 library(biomaRt)

4

5 # Set up annotations for genes and transcripts

6 ensembl <- biomaRt::useEnsembl(biomart = "genes",

7 dataset = "hsapiens_gene_ensembl",

8 mirror = "useast")



61

9 t2g <- biomaRt::getBM(attributes = c("ensembl_transcript_id",

10 "ensembl_gene_id",

11 "external_gene_name"),

12 mart = ensembl)

13 t2g <- dplyr::rename(t2g, target_id = ensembl_transcript_id,

14 ens_gene = ensembl_gene_id,

15 ext_gene = external_gene_name)

16

17 # Set working directory and import metadata

18 setwd("~/longsaliva")

19 s2c <- read.delim("s2c_daily.txt", sep=" ", header=TRUE)

20 time <- seq(from=1, to=length(s2c$sample), by=1)

21 s2c <- dplyr::mutate(s2c, time=time)

22 colnames(s2c) <- c("path", "sample", "time")

23

24 # Changing filter on low-count reads to be stricter than default

25 new_filter <- function(row, min_reads = 5, min_prop = 0.67) {

26 mean(row >= min_reads) >= min_prop

27 }

28

29 # Create sleuth object for analysis

30 so <- sleuth_prep(s2c, target_mapping = t2g,

31 aggregation_column = "ens_gene",

32 extra_bootstrap_summary = TRUE,

33 filter_fun=new_filter)

34

35 # Fit "full" and "reduced" model, compare with LRT

36 X <- splines::ns(s2c$time, df=5)

37 full_design <- model.matrix(formula(~ X))

38 so <- sleuth_fit(so, formula = full_design, fit_name = "full")

39 so <- sleuth_fit(so, formula = ~ 1, fit_name = "reduced")

40 so <- sleuth_lrt(so, "reduced", "full")

41

42 # View DE analysis results

43 sleuth_table <- sleuth_results(so, ’reduced:full’, ’lrt’, show_all

= FALSE, pval_aggregate = TRUE)

44 sleuth_de <- dplyr::filter(sleuth_table, qval <= 0.05)

45

46 # Optionally output results as CSV

47 # write.csv(sleuth_de, ’daily_results.csv’)
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4.8 Appendix C: Comparison of Pipeline Performance for Longitudinal RNA-
seq Data

The development of computational pipelines for RNA-seq analysis has significantly
advanced our understanding of transcriptomic dynamics in various biological con-
texts. The pipeline introduced in this chapter using sleuth[125] is designed to
perform differential expression analysis on RNA-seq data on the isoform level[112],
which can uncover isoform-level signals that may be hidden in a traditional gene-
level analysis. We applied sleuth on longitudinal, time-course RNA-seq data on
saliva to see whether modeling data with splines could uncover temporal dynamics
in the isoform-level, and through the results in Chapter 4, we show that sleuth indeed
was able to detect temporal signals in gene expression.

This appendix presents a focused comparison between the pipeline described in
Chapter 4, which utilizes sleuth, and a leading alternative approach combining
edgeR for import, organization, filtering, and normalization with limma[123] for
linear modeling and empirical Bayes moderation in differential expression analysis.
The edgeR[122]-limma pipeline represents the most competitive alternative to our
sleuth-based methodology for several key reasons. First, edgeR provides a direct
method for importing kallisto pseudo-alignment outputs through tximport, allowing
us to use identical quantification data as input to both pipelines. This enables a
more objective comparison by eliminating variability that might arise from different
alignment strategies. Second, limma explicitly supports spline regression—the
same statistical approach employed in sleuth—making it theoretically capable of
modeling similar expression patterns across time. The comparison is focused on
the hourly time series, which has 20 pre-vaccination and 20 post-vaccination time
points, to highlight the viability of using these computational pipelines on time
series data that have matched time points in different conditions.

Despite these methodological similarities, our preliminary analyses revealed sub-
stantial differences in the ability of these pipelines to detect biologically meaningful
signals in longitudinal RNA-seq data. While both approaches utilize comparable
statistical frameworks, our sleuth-based pipeline demonstrated enhanced sensitivity
in identifying time-dependent expression patterns with biological relevance. By
benchmarking against the edgeR-limma approach—which represents current best
practices in the field—we provide evidence for the specific advantages of our sleuth-
based pipeline in the context of longitudinal RNA-seq analysis. The results presented
in this appendix serve to validate the technical advancements of our approach and
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provide practical guidance for researchers analyzing longitudinal transcriptomic
data who must choose between these competing methodological frameworks.

1 # Import dependencies

2 library(tximport, tidyr)

3 library(limma)

4 library(splines)

5

6 # Set working directory and import metadata

7 setwd("~../../longsaliva")

8 s2c <- read.delim("s2c_hourly.txt", sep=" ",

9 header=TRUE)

10 df <- dir(file.path("."))

11 time <- rep(seq(from=1, to=length(s2c$sample)/2, by=1),

12 times=2)

13 s2c <- dplyr::mutate(s2c, time=time)

14 colnames(s2c) <- c("path", "sample", "condition",

15 "time")

16

17 # Set up annotations for genes and transcripts

18 ensembl <- biomaRt::useEnsembl(biomart = "genes",

19 dataset = "hsapiens_gene_ensembl",

20 mirror = "useast")

21 t2g <- biomaRt::getBM(attributes = c("ensembl_transcript_id",

22 "ensembl_gene_id"),

23 mart = ensembl)

24 t2g <- dplyr::rename(t2g, TXNAME = ensembl_transcript_id,

25 GENEID = ensembl_gene_id)

26 files <- file.path(s2c$path, "abundance.h5")

27 names(files) <- s2c$sample

28 all(file.exists(files))

29

30 # Import kallisto outputs

31 txi <- tximport(files, type = "kallisto",

32 tx2gene = t2g,

33 ignoreTxVersion = TRUE,

34 countsFromAbundance = "lengthScaledTPM")

35 names(txi)

36

37 # Filter low-expression counts with edgeR

38 y <- edgeR::DGEList(txi$counts)

39 keep <- edgeR::filterByExpr(y)

40 y <- y[keep, ]

41
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42 # Modeling time as natural spline with 5 d.f. as with sleuth

43 X <- ns(s2c$time, df=5)

44

45 #Then fit separate curves for the control and treatment groups:

46 Group <- factor(s2c$condition)

47 Group <- factor(s2c$condition ,

48 levels = c("pre_vaccination", "post_vaccination"))

49 design <- model.matrix(~0 + Group*X, data=y)

50 colnames(design)

51

52 # Normalize and run voom transformation on limma

53 y <- edgeR::calcNormFactors(y)

54 v <- voom(y, design)

55 fit <- lmFit(v, design)

56 fit <- eBayes(fit)

57

58 # View DE results

59 tt <- topTable(fit, coef=8:12)

The edgeR-limma pipeline above yielded only 10 DE genes, which was not a
sufficient number of genes to yield any significant gene set enrichment analysis
(GSEA) results. The genes marked as differentially expressed over time are shown
below:

Gene ID Gene Name Avg. Expr. F-statistic P.Value Adj.P.Val
ENSG00000274058 None 4.783 11.286 6.20E-07 4.43E-03
ENSG00000135390 ATP5MC2 3.067 10.923 8.98E-07 4.43E-03
ENSG00000101146 RAE1 1.053 9.718 3.23E-06 1.06E-02
ENSG00000006534 ALDH3B1 2.288 9.375 4.70E-06 1.16E-02
ENSG00000149573 MPZL2 2.284 9.027 6.96E-06 1.21E-02
ENSG00000168421 RHOH 5.018 8.879 8.22E-06 1.21E-02
ENSG00000083844 ZNF264 2.680 8.845 8.55E-06 1.21E-02
ENSG00000141665 FBXO15 2.431 8.566 1.18E-05 1.36E-02
ENSG00000189266 PNRC2 3.531 8.520 1.24E-05 1.36E-02
ENSG00000151366 NDUFC2 2.267 8.263 1.68E-05 1.49E-02

Table 4.5: Genes identified as differentially-expressed over time by the edgeR-limma
pipeline on the hourly time series. Only 10 genes were identified, as opposed to the
1208 identified by sleuth on the same data. Gene Set Enrichment Analysis was not
performed due to the insufficient number of genes.

The comparative analysis between our sleuth-based pipeline and the edgeR-limma



65

approach revealed striking differences in sensitivity for detecting differential ex-
pression in longitudinal RNA-seq data. The edgeR-limma pipeline yielded only
10 differentially expressed genes, despite using identical kallisto pseudoalignment
outputs and employing comparable statistical frameworks for modeling temporal
patterns. Our sleuth-based methodology identified 1,208 differentially expressed
genes from the same dataset, demonstrating significantly higher detection power.

The substantial disparity in detection sensitivity had significant downstream im-
plications for biological interpretation. The limited set of 10 genes identified by
edgeR-limma proved insufficient to yield any statistically significant results in gene
set enrichment analysis (GSEA), effectively preventing meaningful pathway-level
insights. In contrast, the much larger gene set identified by sleuth enabled robust
enrichment analysis, revealing biologically coherent temporal patterns as detailed
in Chapter 4.

These results underscore the critical importance of pipeline selection in longitudi-
nal RNA-seq studies, particularly for isoform-level analyses. While both methods
theoretically support spline-based modeling of time-course data, sleuth demon-
strated dramatically enhanced capacity to detect biologically relevant expression
changes. This performance difference may be attributed to sleuth’s specialized de-
sign for transcript-level analysis and its sophisticated handling of technical variance
in RNA-seq data.

For researchers conducting longitudinal transcriptomic studies, these findings sug-
gest that sleuth offers substantial advantages over the edgeR-limma approach, par-
ticularly when temporal patterns and isoform-specific dynamics are of interest. The
practical implications extend beyond mere statistical power to the fundamental abil-
ity to extract meaningful biological narratives from complex time-series RNA-seq
data.
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C h a p t e r 5

FUTURE DIRECTIONS IN SALIVARY BIOMEDICINE

5.1 Introduction
The work presented in this dissertation has contributed to advancing salivary
biomedicine by addressing key challenges in saliva collection, fractionation, and
longitudinal analysis. From optimizing collection methods to developing open-
source tools for fluid handling, each chapter has laid the foundation for improving
the accessibility and reliability of salivary biomedicine by leveraging techniques
and methods from biomedical engineering. The comparative analysis of saliva col-
lection devices and the development of SalivaStraw offer insights into enhancing
sample quality and usability across diverse populations. The colosseum fraction col-
lector presents a versatile platform for saliva fractionation, expanding opportunities
for biomarker discovery and downstream analyses such as proteomics and exosome
isolation. Finally, the exploration of longitudinal transcriptomics with saliva un-
derscores the potential of high-frequency sampling to capture dynamic biological
changes.

While these contributions advance the infrastructure for salivary research, this work
does not encompass large-scale studies linking these tools directly to biomarker
discovery or clinical outcomes. Bridging this gap requires comprehensive validation
of collection methods across diverse populations through extensive clinical trials.
Such endeavors would demand significant time and resources, as well as coordinated
efforts across multiple research sites to capture diverse biological and technical
variables. The following sections propose future projects aimed at addressing these
gaps, leveraging the tools and methodologies developed in this dissertation to pave
the way for more standardized and scalable approaches in salivary diagnostics.

5.2 Advancing Saliva Collection Technologies
Validation of SalivaStraw
A primary limitation of the current SalivaStraw development is the lack of for-
mal user testing. While theoretical fluid dynamics principles and internal testing
suggest promising performance characteristics, a systematic validation study is nec-
essary to establish SalivaStraw’s effectiveness in real-world settings. Future work
should include a comparative user study similar to that conducted for existing de-
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vices in Section 2.3, using metrics such as collection efficiency, leakage rates,
and user-rated usability scores. The study design should incorporate diverse par-
ticipant demographics, including pediatric subjects, elderly individuals, and those
with limited dexterity, to ensure the device’s universality. Additionally, analytical
validation should assess whether SalivaStraw affects salivary biomarker concentra-
tions compared to established collection methods. This would involve collecting
paired samples using SalivaStraw and reference devices, followed by analysis of key
biomarkers including proteins, metabolites, and nucleic acids. Such a comprehen-
sive validation approach would address both the usability and analytical reliability
aspects of SalivaStraw, providing a solid foundation for its broader implementation
in research and clinical settings.

Stimulated Saliva Collection with SalivaStraw
A key area for future development is the exploration of stimulation methods to
enhance saliva yield and consistency for diagnostic applications. Our comparative
study on saliva collection devices included an investigation into the effects of citric
acid as a gustatory stimulus for salivation [129]. Findings demonstrated that citric
acid stimulation increased saliva production more than three-fold compared to un-
stimulated conditions [84]. While further research is necessary to assess how citric
acid stimulation affects specific biomarkers [130], this approach could particularly
benefit elderly patients, individuals with xerostomia, or others with low resting
saliva flow [131]. SalivaStraw, our proof-of-concept saliva collection device, is
well-suited to investigate this method further, as citric acid could be applied directly
to the mouthpiece without requiring additional equipment. Additionally, since citric
acid stimulation reduces saliva viscosity [130], a device that minimizes leakage and
overcollection, such as SalivaStraw, would be essential for ensuring a sterile and
efficient saliva collection process.

Devices for Non- or Less-Cooperative Subjects
Usability is a critical factor in saliva collection, particularly for individuals who
may have difficulty complying with collection protocols. While most saliva collec-
tion devices are accessible for healthy adults, they may not be as user-friendly for
younger or elderly populations or individuals with disabilities. As identified in our
comparative analysis of existing saliva collection devices [129], no single device is
universally suitable across all demographics.

During later iterations of SalivaStraw’s design, we developed a version with a bent
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saliva inlet, paired with a squeezable collection tube, to facilitate saliva collection
in non-upright subjects. This design was particularly motivated by the need for
single-handed saliva collection in pediatric subjects, allowing caregivers to hold the
child while simultaneously collecting saliva. The prototype included an air outlet
with a narrow, blunt syringe needle inserted into the collection tube lid and a saliva
inlet made from PTFE tubing to enable flexibility. Collection is initiated by inserting
the bent straw into the mouth, compressing the low-density polyethylene (LDPE)
collection tube, and blocking the air vent. Once saliva enters the straw, the air vent
is uncovered, allowing continuous flow until the collected saliva reaches the vent,
at which point suction ceases—following the same fluidic principles as the standard
SalivaStraw design. While initial informal testing confirmed the feasibility of this
approach, further iterations and formal testing are necessary to refine the design and
improve its applicability across diverse populations.

Another potential advancement in saliva collection accessibility involves integrating
a candy-like segment onto the mouthpiece to encourage compliance, particularly in
pediatric and non-cooperative subjects. A similar concept has been implemented
in an oral bacterial sampling device [132], but future work could tailor this ap-
proach for general saliva collection. Ideally, this concept could be incorporated
into SalivaStraw by adding a flavored coating to the mouthpiece. However, further
investigation is needed to determine the impact of this modification on the fluid
dynamics of SalivaStraw—as the user may aspirate instead of blowing saliva—and
the potential effects of the coating on saliva sample integrity.

5.3 Expanding Applications of Saliva-Based Analysis
Exosome Extraction with colosseum
Having established tools for efficient collection and fractionation, we can now ex-
plore broader applications of these technologies. A particularly promising direction
is exosome extraction using the colosseum, which is a generic fraction collector that
can be applied to saliva fractionation. Exosomes, a type of extracellular vesicles
that carry RNA and proteins, are abundant in saliva and are valuable for biomarker
discovery and disease monitoring [133]. Future work could integrate the colos-
seum fraction collector with size exclusion chromatography (SEC) [134] to isolate
salivary exosomes from saliva. This would require optimizing specific parameters:
flow rates, filtration sizes, and buffer compositions. The ability to extract exosomes
efficiently would enable downstream proteomic and RNA analyses, expanding the
utility of salivary diagnostics in personalized medicine and noninvasive disease
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monitoring.

Applications of Longitudinal Health Monitoring with Saliva
The longitudinal monitoring capabilities of salivary diagnostics have significant im-
plications for clinical applications, particularly in cancer surveillance and infectious
disease management. Saliva is increasingly recognized as a valuable medium for
"liquid biopsy"—a noninvasive alternative to traditional tissue sampling that can
provide real-time insights into disease progression [135]. In oral squamous cell
carcinoma (OSCC) and gastric cancer, several salivary mRNA biomarkers have
demonstrated diagnostic potential [136], [137], with longitudinal monitoring of
these markers potentially enabling early detection of recurrence without requiring
invasive procedures. The COVID-19 pandemic further highlighted saliva’s utility in
infectious disease monitoring, where salivary mRNA biomarkers could be tracked
over time to understand disease severity and progression patterns [138], [139]. The
noninvasive nature of saliva collection makes it particularly suited for these appli-
cations, as it enables high-frequency sampling with minimal patient discomfort,
allowing clinicians to capture disease dynamics with unprecedented temporal reso-
lution. This approach to frequent, minimally invasive monitoring of transcriptomic
biomarkers represents a significant advancement in disease surveillance that could
transform patient care across multiple conditions.

Beyond its applications in precision and personalized medicine with transcriptomic
biomarkers, saliva holds significant potential for advancing female and mental health
research, specifically. Saliva presents a particularly compelling sample for female
health due to the hormonal complexity and fluctuations inherent to female physi-
ology. Across various life stages in female physiology such as menstrual cycles,
pregnancy, menopause, and hormonal therapies, key hormones like estrogen, pro-
gesterone, and luteinizing hormone undergo dynamic changes that influence repro-
ductive health, mood, metabolism, and overall well-being [140]–[144]. Tracking
these fluctuations can also offer crucial insights into conditions like polycystic ovary
syndrome (PCOS), menstrual irregularities, or diseases that disproportionately af-
fect more women than men, while enabling personalized approaches to treatment and
management of these conditions [145]–[148]. Saliva’s noninvasive nature enables
stress-free, at-home sampling, making it uniquely suited for longitudinal studies that
capture these subtle, time-sensitive shifts. Furthermore, the ability to measure free,
bioavailable hormone levels in saliva offers direct insights into reproductive health,
fertility, and broader hormonal patterns [149]–[154]. Leveraging saliva for female
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health monitoring not only addresses these biological needs but also contributes to
closing the research gap created by the historical underrepresentation of women in
biomedical studies [155], [156], paving the way for more inclusive and personalized
healthcare.

Saliva also holds great promise for mental health research and monitoring, partic-
ularly because its collection method inherently reduces stress compared to other
biosamples like blood or urine [157]. There is already a substantial body of research
exploring salivary biomarkers of mental health and stress such as cortisol or alpha-
amylase, reinforcing its utility in this field [158]–[162]. Mental health studies often
aim to measure stress-related biomarkers, such as cortisol, where the collection pro-
cess itself can influence results: traditional sampling methods, like venipuncture,
may induce anxiety or discomfort, potentially skewing these measurements [163].
In contrast, saliva collection is quick, painless, and can be done in familiar envi-
ronments, making it ideal for capturing more accurate baseline stress levels, while
reflecting accurate levels of biomarkers in the body [164]. This low-stress sampling
method not only improves data quality but also makes mental health monitoring
more accessible, encouraging frequent sampling and long-term tracking without
adding burden to the participant.

Beyond its advantages for specific applications like stress monitoring or female
health monitoring, saliva offers significant practical benefits for at-home, routine
monitoring of specific biomarkers. This is because saliva collection does not require
supervision from a healthcare professional, unlike blood sampling. There have been
many studies developing point-of-care salivary hormone biosensors, mostly cen-
tered around cortisol, using various mechanisms, such as electrochemical sensors
[165], [166], and lateral flow assays [167]–[171], which could allow users to obtain
immediate results without needing to send samples to a lab. Despite these advance-
ments, there are currently no FDA-approved, at-home saliva-based hormone tests
available on the market. Instead, most available salivary hormone test kits require
users to collect saliva in a tube with preservation buffers and then send the samples
to a laboratory for analysis [3], [24]. This lack of FDA-approved saliva-based hor-
mone tests may be due to challenges related to standardization and the variability of
hormone concentrations in saliva, which can be influenced by factors such as time of
day, hydration levels, and individual differences [28]. Additionally, interpreting hor-
mone data can be complex, often requiring medical expertise to contextualize results
within a person’s broader health profile. Given these challenges, a more realistic and
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impactful future direction would be the development of a system for at-home saliva
collection and analysis, where results could be logged and shared with healthcare
professionals for remote monitoring and interpretation. A telemedicine-based ap-
proach could empower individuals to track hormone levels over time while ensuring
that medical guidance is integrated into the process. Through the development of
standardized collection methods and investigation of key salivary biomarkers, my
research contributes to laying the groundwork for such a system, enhancing the
feasibility and reliability of saliva-based hormone monitoring and bringing it one
step closer to clinical implementation.

Understanding Biological Timescales with Saliva
Longitudinal salivaomics also presents an opportunity to explore fundamental bio-
logical questions about the temporal dynamics of biomarkers. Different biological
processes operate on distinct timescales, with some biomarkers fluctuating rapidly
in the order of minutes to hours, while others follow longer trends in the order of
days to weeks [172]–[174]. Saliva’s readily production and noninvasiveness enable
frequent sampling, making it an ideal biofluid for capturing these dynamic changes
with high temporal resolution. This raises the possibility of detecting biological
signals that might otherwise be overlooked due to limited sampling resolution. As
demonstrated in Chapter 4, immune response signals in saliva exhibited measurable
changes on an hourly scale. This suggests that increasing the frequency of sampling
could provide new insights into biomarker fluctuations and their biological rele-
vance. Future research should systematically investigate optimal sampling intervals
for different biomarkers, integrating high-frequency saliva sampling with advanced
statistical models to refine health monitoring and disease progression studies.

5.4 Scalable Fluidics and High-Throughput Analysis
Fluidic systems are essential to a wide range of scientific applications, but their
broader adoption depends on improvements in scalability, automation, and cost-
effectiveness. Increasing the scalability and accessibility of fluidic systems could
enable new discoveries by making it easier to conduct large-scale, high-throughput
experiments. The colosseum open-source fraction collector, a key component of
this dissertation, plays an important role in enabling high-throughput fluid collection
for various research applications as described in Chapter 3. Although the use case
of colosseum was presented in the context of salivary biomedicine in Chapter 3, the
usefulness of colosseum is further demonstrated by its wide adoption across disci-
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Studies using colosseum
Title / Usage Institution Area Year
Effects of Core Size and Surfactant
Choice on Fluid Saturation Development
in Surfactant/Polymer Corefloods [175]

ICL Chemical &
Environmen-
tal Science

2024

Multimodality Imaging of Fluid
Saturation and Chemical Transport for
Two-Phase Surfactant/Polymer Floods in
Porous Rocks [176]

ICL Chemistry &
Geochemistry

2025

Water Treatment Sampling with
colosseum

Yale Chemical &
Environmen-
tal
Engineering

2024

Continuous culture for malaria parasite,
Plasmodium falciparum

UC Berkeley Infectious
Diseases and
Vaccinology

2024

Studies benchmarking colosseum
Title Area Price (USD) Year
Low-cost modular chromatography
column rack and vial holders [177]

Column chro-
matography

334 2023

REVOLVER: A low-cost automated
protein purifier based on parallel
preparative gravity column workflows
[178]

Protein
purification

250 2022

Customizable large-scale HPLC fraction
collection using low-cost 3D printing
[179]

HPLC 280 2025

Turning a 3D Printer into a HPLC
Fraction Collector: A Tool for
Compound-Specific Stable Isotope
Measurements [180]

HPLC N/A (uses
existing 3D
printer)

2023

Open source fraction collector/MALDI
spotter for proteomics [181]

Proteomics 1795 2022

Table 5.1: Applications of the colosseum fraction collector across scientific disci-
plines. The upper section showcases its diverse applications across research insti-
tutions and scientific disciplines, from chemical engineering to infectious disease
research. The lower section highlights how colosseum has influenced the scien-
tific community to develop and benchmark similar open-source fraction collectors,
spanning various applications from column chromatography to proteomics. These
benchmarking represent a growing ecosystem of affordable alternatives to commer-
cial equipment. Together, these applications and derivative works illustrate how
colosseum has not only lowered barriers to complex fluidic experiments but also
inspired other researchers to continue advancing the democratization of scientific
tools, amplifying the impact of the original innovation.
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plines (Table 5.1), where its low cost and customizability have enabled researchers
to conduct complex fluidics experiments without being constrained by the availabil-
ity of specialized commercial equipment or advanced technology. Likewise, the
poseidon syringe pump [73], designed by our lab in previous years, has contributed
to the advancement of more efficient fluidic systems. Together, these devices create
more opportunities for conducting complex fluid-based experiments at scale. Fu-
ture research should focus on the continued development of open-source devices like
colosseum, which have the potential to democratize scientific discovery by lowering
accessibility barriers and enabling more laboratories to perform complex fluidic
experiments and advance knowledge across disciplines.

Building on the concept of open-source and low-cost devices, the development of
an affordable open-source sequencing platform would be transformative when in-
tegrated with fluidic systems like colosseum and poseidon. This integration would
make large-scale studies, such as those in salivary transcriptomics, significantly more
accessible and cost-effective. While existing platforms like Oxford Nanopore and
open-source solutions such as DropSeq [182] have advanced the field, a purpose-
built low-cost sequencing solution used in tandem with colosseum and poseidon
could dramatically lower the barriers to conducting complex RNA sequencing ex-
periments. This combination would create a fully open-source pipeline that en-
hances both accessibility and scalability for researchers with limited resources. In
the context of salivary transcriptomics, this would enable more efficient RNA se-
quencing pipelines and facilitate broader applications in population health studies,
precision medicine, and biomarker discovery, further unlocking the potential of
salivary diagnostics as a noninvasive and scalable tool for health monitoring.

5.5 Prospective
The future of saliva-based diagnostics lies in improving accessibility, reliability, and
scalability across collection methods, biomarker analyses, and data interpretation.
Innovations such as optimized collection devices, tailored to diverse populations, and
open-source fluidic systems like colosseum will pave the way for broader adoption of
salivary biomedicine in both research and clinical settings. Furthermore, integrating
at-home saliva collection with telemedicine-based analysis could empower individ-
uals to monitor dynamic changes in their health easily and noninvasively while
ensuring medical oversight. As salivary biomedicine evolves, the technologies and
approaches developed in this dissertation provide a foundation for transformative ad-
vances in healthcare. By lowering the barrier to noninvasive biological monitoring,
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these tools offer not just a window into human biology, but a gateway to previously
inaccessible insights. The future of personalized medicine, population health, and
patient empowerment will be significantly shaped by our ability to harness the full
diagnostic potential of this remarkable biofluid.
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POCKET MATERIAL: SURVEY FOR COMPARATIVE
ANALYSIS OF SALIVA COLLECTION DEVICES

Below is the survey used in the comparative analysis of saliva collection devices, as
presented in Chapter 2.

1

Questionnaire
Answer all of the questions below for each device that you use.

1. How many times have you used this device before?

 More than 3 times  1-3 times  Never

2. How difficult were the user instructions for this device?

Very difficult Difficult Fair Easy Very easy

Opinions/comments (optional):
__________________________________________________________________________
__________________________________________________________________________
__________________________________________________________________________

3. How difficult was it to assemble the device components?

Very difficult Difficult Fair Easy Very easy

Opinions/comments (optional):
__________________________________________________________________________
__________________________________________________________________________
__________________________________________________________________________

4. How difficult was it to collect saliva with this device?

Very difficult Difficult Fair Easy Very easy

Opinions/comments (optional):
__________________________________________________________________________
__________________________________________________________________________
__________________________________________________________________________

5. Did saliva leak out of the device or get on your hands or clothes?

 Yes  No
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POCKET MATERIAL: CAD SCHEMATICS OF SALIVASTRAW

Below are the CAD schematics of all three models of SalivaStraw, as presented in
Chapter 2 of this dissertation.
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