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Open microfluidic channels are gaining widespread use in biotechnology, biology, and diagnostics
due to their broad applicability and user-friendly design, which enables easy addition or removal
of components. Chapter 1 reviews capillary-driven open microfluidic systems and the
implementation of open microfluidic channels in helping human specimen sampling. Chapter 2
introduces an improved open microfluidic system with enhanced capillary pumping capabilities.
Chapter 3 describes the use of the CandyCollect device—a lollipop-inspired, open microfluidic
tool for collecting salivary pathogens—in an initial human subject study. This remote, at-home
study demonstrated the CandyCollect device’s ability to effectively capture commensal salivary
bacteria, including Streptococcus mutans and Staphylococcus aureus, from healthy adults.
Chapter 4 presents the first clinical data using CandyCollect devices to sample pediatric patients
diagnosed with Group A Streptococcus (GAS) pharyngitis. In summary, this dissertation spans
from the foundational design principles of open microfluidic systems to their practical application

in enhancing human pathogen sampling.
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Chapter 1|Introduction
1.1 Capillary flow in open-microfiuidic channels

Microfluidics is a relatively recent scientific and interdisciplinary field that has developed
rapid advancements over the past few decades and involves the manipulation and control of
fluids in microchannels with dimensions less than 1 mm.*® Compared to conventional closed
microfluidic systems, open microfluidic systems offer numerous advantages, including enhanced
accessibility, simplified fabrication, and ease of use. ’ This is primarily because open systems
remove at least one structural component, such as the floor, ceiling, or walls, thus exposing the
fluidic environment to the external surroundings. In open channels, fluid manipulation can be
achieved via pipetting or via surface tension-driven methods, effectively eliminating the need for
actuation components, such as valves or pumps; this not only simplifies operation but also
facilitates easier and more cost-effective fabrication.®® A particular subset of these systems,
known as “open-microfluidic capillary systems”, further refines this approach by controlling fluid
within devices that maintain open air-liquid interfaces using capillary forces.!>®1° QOpen
microfluidic capillary systems are generally straightforward to produce and compatible with a
wide array of manufacturing methods, including soft lithography, 3D printing, micromilling, and
injection molding.! Their versatility has enabled broad application in various domains such as cell
culture, sample collection and preparation, enzyme-linked immunosorbent assay (ELISA), gel
electrophoresis, and point-of-care diagnostics.311:12

Despite these advantages, a key limitation of capillarity-based systems lies in the
progressive decline of flow velocity—and consequently, flow rate—over time. According to the

Lucas—Washburn—Rideal (LWR) law, this decline is inversely proportional to the square root of



time.'31% To address this limitation, Lee et al. (2020) demonstrated that a capillary tree structure
can sustain a relatively high velocity within the root channel.?> To further extend the duration of
sustained flow and expand the potential applications of such systems, we integrated absorbent
paper pads at the extremities of the capillary tree branches. This design enhancement is

discussed in detail in Chapter 2.

1.2 Microfluidic point-of-care device

Point-of-care (PoC) diagnostics hold significant potential for the early detection and
monitoring of a wide range of diseases, including cancer, diabetes, and cardiovascular
conditions.®~%° The COVID-19 pandemic starkly highlighted the vulnerabilities associated with an
overreliance on centralized laboratory testing infrastructures. This crisis accelerated the global
push to validate alternative specimen types—such as anterior nasal swabs replacing
nasopharyngeal swabs—and prompted a broader reevaluation of diagnostic workflows. As a
result, there has been a tangible shift from conventional sample collection at centralized
healthcare facilities toward decentralized approaches, including self-collection at home or in PoC
environments.'®?° This decentralization is particularly important for increasing diagnostic access
in underserved and remote communities, as well as for enabling real-time health monitoring.

To achieve operational efficiency and cost-effectiveness, portable PoC devices
increasingly leverage microfluidic technology, particularly microchannels that allow precise
manipulation of minute fluid volumes. These microfluidic platforms offer several key advantages:
(1) they significantly reduce the required sample volume—by many orders of magnitude—
compared to traditional assays, (2) they simplify fluid handling, allowing for the addition or

removal of reagents without the need for an expert operator, and, and (3) the ability to perform
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complex biological assays using minimal infrastructure.’>?! Open microfluidic PoC devices can
enable user-friendly sample collection, processing, and storage—presenting critical advantages
for applications in low-resource settings, telemedicine, micro-sampling, and at-home sampling.
Microfluidic devices have been successfully validated for collecting and processing a wide array
of biological fluids, including blood, including blood,??23 plasma,?*?°> sweat,?®?” and saliva.?® Many
of these platforms are further integrated with downstream analytical capabilities, such as nucleic
acid extraction,?® and immunoassays,*° enabling comprehensive diagnostic workflows from the

in-clinic or at-home settings.

1.3 Sampling tools for saliva collection

Saliva is an accessible, non-invasive biological specimen that has garnered increasing
attention for its potential in disease diagnostics and health monitoring. One notable advantage
of saliva sampling is its easy collection process, which may be performed by healthcare
professionals, by individuals themselves, or by guardians on behalf of children. The procedure is
quick, painless, and does not require specialized equipment or invasive tools, making it highly
suitable for routine, large-scale, or at-home diagnostic applications.

It has been reported that human saliva contains approximately 20—30% of the proteins
present in blood,3™33 along with a diverse array of biological constituents including commensal
microbes, bacterial pathogens, and viral agents343> These findings suggest that saliva is a viable
alternative specimen for disease screening, diagnosis, and monitoring.3>3¢ Further, biomolecules
in saliva can be used to identify a variety of cancers,?” illicit and prescription drug use,3*3 and
hereditary disorders and hormonal irregularities®® as well as measure cortisol levels for

diagnosing Cushing's syndrome.*! Infectious disease screening is another prominent application
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of salivary diagnostics. Saliva has been used effectively to detect infections caused by the human
immunodeficiency virus (HIV),*? herpesviruses,3* hepatitis viruses,** and other pathogenic viruses
and bacteria.?*3> Additionally, normative studies have established baseline concentrations of
various biomarkers in saliva collected from healthy individuals, thereby creating a foundation for
future diagnostic reference ranges.**

To support these diagnostic applications, a variety of saliva collection tools have been
commercialized, enabling sample acquisition both in-clinical and at-home settings. Common
technologies include the draining method (SalivaBio Saliva Collection Aid), the spitting method
(e.g., SpeciMAX Stabilized Saliva Collection Kit, Greiner Bio-One), the suction method (e.g.,
Salivette, SalivaBio Oral Swab), and the swab method (e.g., Eswab, ORAcollect™eDx, V-Chek test
card and Whistling, Self-LolliSponge). 41

Although saliva analysis can be less invasive, many sampling methods include a throat
swab of the oropharyngeal area of the patient's mouth which can be very unsettling or
uncomfortable. This discomfort can reduce user compliance and potentially compromise the
quality of the collected sample, leading to inaccurate or inconclusive diagnostic outcomes.>? To
address these limitations and promote a more user-centered approach to saliva-based
diagnostics, our group previously developed the CandyCollect device—a novel, lollipop-inspired,
open-microfluidic sampling tool designed specifically for the painless and user-friendly collection
of salivary pathogens. Initial laboratory studies demonstrated the device’s capability to
effectively capture Streptococcus pyogenes, the bacterium responsible for strep throat. Building
on this proof of concept, this dissertation presents a comprehensive evaluation of CandyCollect’s

versatility and diagnostic potential. Chapter 3 describes its application in nationwide, at-home
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human research studies for detecting commensal oral bacteria, including Streptococcus mutans
and Staphylococcus aureus, while Chapter 4 details the first clinical data collected from pediatric
patients diagnosed with Group A Streptococcus (GAS) pharyngitis. Together, these studies
demonstrate the feasibility of CandyCollect as a scalable and comfortable alternative for salivary

pathogen collection.

1.4 Overview of the dissertation

The works presented in this dissertation demonstrate a comprehensive exploration of
open microfluidic systems, beginning with their fundamental principles and advancing through
to a diverse range of practical applications. These investigations not only highlight the versatility
and innovation inherent in open microfluidic technologies but also provide deeper insight into
their real-world impacts, particularly in improving human health, enhancing accessibility to

diagnostic tools.
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Abstract

The search for efficient capillary pumping has led to two main directions for investigation:
first, assembly of capillary channels to provide high capillary pressures, and second, imbibition in
absorbing fibers or paper pads. In the case of open microfluidics (i.e., channels where the top
boundary of the fluid is in contact with air instead of a solid wall), the coupling between capillary
channels and paper pads unites the two approaches and provides enhanced capillary pumping.

In this work, we investigate the coupling of capillary trees—networks of channels mimicking the

branches of a tree—with paper pads placed at the extremities of the channels, mimicking the
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small capillary networks of leaves. It is shown that high velocities and flow rates (7 mm/s or 13.1
uL/s) for more than 30 seconds using 50% (v/v) isopropanol, which has a 3-fold increase in
viscosity in comparison to water; 6.5 mm/s or 12.1 uL/s for more than 55 seconds with pentanol,
which has an 3.75-fold increase in viscosity in comparison to water; >3.5 mm/s or 6.5 ulL/s for
more than 150 seconds with nonanol, which has an 11-fold increase in viscosity in comparison to
water) can be reached in the root channel, enabling higher sustained flow rates than that of

capillary trees alone.

2.1 Introduction

Simple and autonomous microfluidic systems can be designed by use of capillary forces.
In such systems, bulky active pumps®? are not needed. However, a major drawback in a
capillarity-based system is the decrease of the flow velocity—and the flow rate—with time.
According to the Lucas-Washburn-Rideal (LWR) law, the decrease of the velocity is proportional
to the inverse of the square root of time.3>™ To overcome this drawback, different capillary pump
designs have been developed.

Whereas many passive designs have been developed for capillary-driven flows in closed
channels®?, few have been yet proposed in the case of open channels. The electrowetting-based
pumping device proposed by Satoh et al. is one of the first pumping designs in open geometries,
but requires the addition of electric actuation.'® The most current open-pumping systems rely on
evaporation. Evaporation from a rectangular open-channel has been documented by
Kolliopoulos et al.** and Lynn et al.*?> and pumping has been set from a reservoir or fibrous pads
by Zimmermann et al.'® However, these methodologies are restricted to low boiling point liquids

and entail long experiment durations. The search for efficient open channel pumping based solely

17



on geometrical features is currently progressing. Srinivasan has proposed a geometrical diffuser
for zero gravity pumping in space vanes!* and Guo et al. have developed an interesting system
combining capillarity in closed channels and additional pumping from paper pads has been
documented.?®

In this work, the pumping mechanism involves the use of networks of small channels
where the capillary pressure is high, or matrices of fibers (often paper pads) with a high wicking
power. These capillary pumps are placed behind the “region of interest” where the biological or
chemical processes are performed and can be used in multiple applications including separation
methods or sample processing.

Capillary trees for capillary pumping in closed (confined) channels have been developed
in the past.’® Examples include triple tree line capillary pumps used for performing
immunoassays,*’ microstructures for simple and advanced capillary pumping,® and multilayers
of microfluidic paper to generate the capillary flow.® 2° On the other hand, it was shown that
microporous and fibrous structures, such as paper pads or porous membranes, provide efficient
pumping properties due to their high wicking power.2-23

In the capillary-driven microfluidics field, open systems are of special interest.?*2° These
systems remove at least one ‘wall’ of the microfluidic channel (often the top wall), providing easy
access to the flowing liquid in the channels. We have previously found that a capillary tree can
be used to maintain a high value of velocity in the root channel—the channel of interest for a
given application—in open microfluidic devices.?’

In this work, we show that these open capillary tree channels can easily be connected to

paper pads (mimicking the small capillary networks of leaves). We have chosen to use an open
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channel instead of a closed capillary tree due to fabrication limitations such as difficulty in
adjusting a cover plate over the trees with minimal to no leakage of the flowing solvent.

In itself, an “infinite” capillary tree with decreasing channels has been shown to be
favorable for pumping, but practically, it is impossible to design and fabricate such a device. In
addition, paper alone is limited by the high friction of the liquid in the microporous media. Hence,
the additive structure constituted by the paper pads replaces the downscaling of the trees and
enhances the global pumping effect, first coming from the capillary tree and then from the
fibrous paper “leaves”. The paper pads are placed in milled receptacles at the end of the
branched channels. We used a geometric design of capillary trees where the root channel is
successively divided in a cascade of daughter channels and the cross sections of the daughter
channels are progressively decreased in a ratio of 0.85. With this design, a high flow rate in the
root channel can be achieved and sustained with such designs using bifurcations and paper pads
(Figure 2.1). The multiplication of the tree branches avoids the velocity decrease in the root
channel predicted by the Lucas-Washburn law in the case of a constant cross-section channel.
The flow rate decreases in the branches after each bifurcation, but the flow rate in the root
channel is twice that of the first branches and four times that in the second branches, and so on.
On the other hand, the multiplication of the pads in parallel palliates the friction effect in each

pad on the flow rate in the root channel.
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Figure 2.1. Diagram of an open channel microfluidic device utilizing a capillary tree channel and
paper pads.

A closed form model for the flow dynamics is derived here, coupling the formulation of
the capillary tree flow with the paper pads. In this manuscript, it will be shown that high capillary
velocities are obtained even in the case of highly viscous fluids, pentanol, and nonanol. While
there are publications where paper pads are used to drive flow?>?3, to the best of our knowledge,
this is the first study to couple paper pads to bifurcating trees, specifically in open channel
systems. We show here that by combining homothetic capillary tree channels with paper pads in
an open microfluidic device, such designs maintain a high liquid velocity (7 mm/s or 13.1 uL/s)
for more than 30 seconds using 50% (v/v) isopropanol, which has a 3-fold increase in viscosity in
comparison to water; 6.5 mm/s or 12.1 uL/s for more than 55 seconds with pentanol, which has
an 3.75-fold increase in viscosity in comparison to water; >3.5 mm/s or 6.5 uL/s for more than
150 seconds a fluid that has a viscosity that is 11 times higher than water in the root channel for

more than one minute.
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2.2. Materials and Methods
2.2.1. Fabrication of capillary tree channels

The device consists of winding serpentine-shaped channels (the root channel), a large
inlet in which the liquid is introduced using a pipette, three levels of branches, and semicircle
paper pads at the extremity of the last set of channel branches (Figure 2.1). The dimensions of
the channels are listed in Appendix Table A2; an engineering drawing is included in Appendix A;
and the computer-aided design files are included in the electronic Appendix A. The widths and
depths of the channels are homothetically reduced by a factor of 0.85 after each bifurcation. The
turns in the winding channels do not affect the capillary flow in the absence of capillary
filaments,?® as the rounded bottom avoids the formation of filaments observed in channels of
rectangular cross section.?’ The average wall friction length of the root channel is estimated to
be A~ 259 um from our preceding work.?”3° It was shown that the average friction length
produces the value of the average wall friction 7 by the formulat = uV/A%', where u is the
liquid viscosity.

The device was designed using a computer aided design (CAD) software (Solidworks
2017, Waltham, MA) and the design files were converted to G-code using a computer aided
manufacturing (CAM) software (Fusion 360). Channels were milled in poly(methyl methacrylate)
(PMMA) sheets (3.175 mm thick, #8560K239; McMaster-Carr, Sante Fe Springs, CA). To create
round bottom channels, endmills with a cutter diameter of 1/32” (TR-2-0312-BN) and 1/64” (TR-
2-0150-BN) were used (Performance Micro Tool, Janesville, WI). The devices were fabricated via
micromilling on a Datron Neo computer numerical control (CNC) mill (Datron, Germany). The

channel bottom is estimated to have a few microns of roughness which is one magnitude below
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the roughness values that were observed by Lade et al.3! that would produce fluctuations in flow

velocity.

2.2.2. Paper pads

Whatman #1 paper (Whatman Grade 1 Qualitative Filter Paper, #28450-160, VWR
Scientific, San Francisco, CA) was cut into half circle shapes using a Plotter cutter (Graphtec). A
tight contact between the paper pads and the outlets of the last tree channels is essential to
maintaining the capillary flow of the fluid. The main characteristics of the paper pads are listed
in the Supplemental Material Table Slll. The capillary pressure depends on the liquid that is used

and the values are in alighment with the experimental results.

2.2.3. Solvents

The physical properties of the solvents are indicated in the Appendix Table Al. To mitigate
evaporation of the solvents, pentanol and nonanol, which are low volatile solvents, (boiling
points are 139°C and 213°C for pentanol and nonanol, respectively), were used. Both pentanol
and nonanol have been colored with either Solvent Yellow 7 or with Solvent Green 3 (Sigma-
Aldrich) at concentrations of 0.50 mg/mL and 1.43 mg/mL, respectively. Aqueous isopropyl
alcohol (IPA) (VWR Scientific) was used at a concentration 50% (v/v) and colored with 0.60 %
yellow or 1.2 % blue food coloring. (McCormick). Note that the surface tensions-of the aqueous
IPA solutions decrease with the concentration while the viscosity increases, but the capillary

force (ycosd) stays nearly constant above a concentration of 20% (v/v).
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2.2.4. Capillary trees with integrated paper pads flow experiments

To obtain fluid travel distance and velocity data, 2 mL of the yellow-dyed fluid was
pipetted into the reservoir of the device. Once the fluid front reached the end of level 1, a 200 uL
refill of the yellow fluid was added. After the yellow fluid wetted the paper pad, 500 puL of the
blue-dyed fluid was pipetted into the fluid reservoir with a 200 uL refill after the blue fluid front
reached the end of level 1. Data was reported up to the point with when the paper pad was
saturated at 90 s for IPA50, 57s for pentanol, 154 s for nonanol, for trials 1-3, respectively (Figure

2.3 and Fig. Allll)).

2.2.5. Imaging and Analysis

Videos of the progression of the solvent flow in the device were recorded using a Nikon-
D5300 ultra-high resolution single lens reflective (SLR) camera. The images of the videos were
extracted automatically by the code. The location of the tip of the 50% IPA flow was pinpointed
using MATLAB software, while the travel distance of the pentanol and nonanol flows were
measured manually using Fiji (Imagel) software. For the manual analysis, the scale was set for an
individual trial with the “Set Scale” tool. The fluid front was pinpointed with the “Segmented
Line” tool and the “Measure” function was used to calculate the total distance traveled along the

capillary tree. Each data was from every 10 frames (yellow) or 30 frames (blue).

2.3 Results and Discussion
2.3.1. Theory
In the first phase, the flow advances in the capillary tree, dividing itself at each bifurcation.

The device is designed so that the tree is symmetrical, thus all fluidic channels have the same
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length. This motion has already been analyzed in our prior work.?” We describe here a theoretical
approach for open capillary channel bifurcating trees coupled to paper pads. The nomenclature

and associated definitions used in this section can be found in Table 2.1.

TABLE 2.1. Nomenclature for theoretical approach

Symbol Definjtion [Unit]
Latin, lower
case

p perimeter [mm]
Po perimeter of root channel [mm]
Pn perimeter of branch n [mm]
t time [s]
tn time at extremity of branch n [s]
to time at exit of the root channel [s]
z travel distance [mm]
20 travel distance (root channel) [mm]
Zn travel distance in branch n [mm]
Zp travel distance in the paper pad [mm]

Latin, upper

case
A, characteristic treelength (n (mm]
branches)
C coefficient of the LW law [mm?/s]
K permeability (paper pad) [mm?]
L length of a branch [mm]
Lo length of root channel [mm]
P pressure [Pa]
P; pressure at node j [Pa]
Pcap capillary pressure [Pa]
S cross-sectional area [mm?]
S cross-sectional area (root (mm?]
channel)
Soo cross-sectional area (paper pad (mm?]
entrance)
\% velocity [mm/s]
Vo velocity (root channel) [mm/s]
Vn velocity (branch n) [mm/s]
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Greek, lower
case
o homothetic factor [non-dimensional]
B geomet_rical angle of the (rd]
circular pad
Y liquid-air surface tension [MmMN/m]
A porosity (paper pad) [non-dimensional]
U friction length [mm]
T liquid viscosity [mPa.s]
0 time (for paper pads) [s]
o* Young angle [rd]
[0) generalized Cassie angle [rd]
Greek, upper
case
\Y gradient operator [1/mm]
characteristic number for the . .
2n tree [non-dimensional]

Let us recall that the marching distance in the open root channel (the channel before the

beginning of the bifurcations) is given by

22 05
7 = [P (1)

where 1 is the average wall friction length,?® y is the surface tension, u is the viscosity, t is the
time, 9* is the generalized Cassie angle,®? and index O refers to the root channel, so that 6 is
the generalized Cassie angle in the root channel. Using the pressure at each node (bifurcation)
plus the homothetic relation for the channel perimeters, and cross sections and the mass
conservation equation, one finds the expression of z, for the marching distance in the channels

after the nt" bifurcations:

25



Zy = An [—1+\/1+%€ (t — tn1) (2)

2 A1y cosO*

where C = , o is the homothetic ratio, tn-1 is the time at which the liquid enters the nth

channel, and A, is a geometrical factor which depends on the channel lengths Lo to Ls-; and a. The
algebra leading to this expression is lengthy and fully developed in Appendix A Section 1. Note
that (2) differs from the Lucas-Washburn expression where z ~ t2,

Figure 2.2 (Multimedia View) shows the flow of fluid in a device that combines a capillary
tree and paper pads. When the flow reaches the paper pads, the wicking of the pads is governed

by Darcy’s law.3334

_ _ K _ K Peap=Pj
=g 7P = g S @

where P is the capillary pressure of the paper, P; is the pressure at the channel-paper pad
junction, K is the permeability of the pad, and ¢ is its porosity. The index, p, refers to the paper,
and the triplet (Pcap, K, @) characterizes the paper strip.3>3® The capillary pressure of the paper
pad must be larger—in absolute value—than the pressure P;at the last nodes so that the liquid
continues to flow in the pads (V, >0). This condition is easily satisfied even if the capillary pressure
in the tree increases after each bifurcation: Peapn = Pnycos0y /S, =
a "poycosby /Sy = a "Pegpo. If we remark that @ "P4,0~50 Pa, and that the capillary

pressure in most paper pads is of the order of 3000 Pa at least (Appendix), more than 25
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bifurcations will still produce a capillary pressure inferior to that of the pad—considering a=0.85.
The derivation of the flow motion in the pads (coupled to the tree) is detailed in the Appendix
Section 2. Note that three assumptions are used in the model. First, that the paper pads are
homogeneous (i.e., there is no region of higher or lower poverty). Hence, saturation is neglected,

and the sharp front assumption is used.3”-3° This observation is confirmed by experiments.?33’

Figure 2.2. Still images of an open channel device filled with yellow and blue nonanol solutions.
(a) Yellow liquid is pipetted in the inlet of the open channel. (b) Progression of the yellow liquid
in the root channel and capillary tree. (c) Blue liquid is pipetted in the inlet after the yellow liquid
reaches the paper pad. (d) Progression of blue liquid in the open channel. Scale bar is 1 cm.
(Multimedia View)

Second, it is assumed that the dilatation of the paper fibers from the liquid is negligible,
therefore, the porosity ¢ is constant everywhere in the pad. Third, the cellulose fibers do not
absorb the wicking liquid, thus the mass conservation of the flowing liquid is independent of time.

Equation (3) can be solved using the expression of the pressure, P, found in the first phase
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(flow in the tree) and assuming a circular or flat contact line in the conical (angle 8) or rectangular

pads (8 = 0). The travel distance in the paper is then

2 an
—_ 9 Spo | _ So M
“p = (1+52) So 1+ 1+ (Sp,o) aj, @
where
_ on Polo _ S
=2 Z'nl()l Sg’ o= YT ,and b = ¢ P.qp- Here, po corresponds to the total perimeter of

the cross section of the root channel, Sy is the cross-section surface area, h, is the thickness of

the paper pad, 8 is the paper pad cone angle, tis the time counted from the moment when the

+.. +—] Note that if B is zero, then & is

liquid reaches the pads, and X, [1 + 4L Za)L

infinite, resulting in %" to cancel out in equation (4). The two first parameters a,, and 6 have the

dimension of length, while the unit for b is mm?/s and X, is dimensionless. The ratio — is the
»,0

ratio between the cross-sectional area of the root channel and that of the paper pad (at the
junction with the tree). Using the mass conservation equation, the velocity in the root channel

when the liquid wicks the paper is given by

N S z S b
Vroor = 2" 2 = ¢ (22 22) 2 . 5)
So So 6/ Spo s \2 b(1+a—n)r
2a 5, 1+(S—°) =5
.0 an

where z;, is given by (4).
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2.3.2. Comparison with experiments

The travel distance produced by equation (S13) (Appendix A Section 2) has been checked
against the experiments using colored solutions of 50% IPA (v/v), pentanol, nonanol (Figure 2.3)
flowing in the homothetic tree of ratio a = 0.85. A representative trial for each fluid is shown in
Figure 2.3. Raw data for the travel distance for each fluid is presented in Appendix A Figure A2.
The travel distances in the tree, as measured by the progression of the fluid front, are well
matched by the theory. The theory assumes perfect flow with a circular fluid front in the semi-
circular paper pad and perfect synchronization between the pads; however, in our experiments,
the fluid front deviates from the theory due not-perfectly circular liquid front in the paper, not
perfect synchronization between the flows in the in the different branches and occasional leaking
in the space below the pads. Nonetheless, this does not preclude the data. Note that a velocity
jump is predicted by the model at the tree/pad junction due to the sudden change of capillary
pressure. However, this velocity jump is not high due to the friction along the whole capillary
tree. For this reason and because of the connection between channel and pads, this jump is

hardly seen in the experiments.
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Figure 2.3. Travel distance and velocity over time for 50% (v/v) IPA solution, pentanol, nonanol
solutions in an open channel capillary tree with paper pads. (a) Experimentally determined travel
distances in the bifurcating capillary tree vs. time for the first phase of the flow (orange dots) and
the second phase of the flow (blue dots) after the flow has reached the pads and blue colored
solution has been added to the inlet. Travel distance was determined by measuring the distance
of the fluid front in the device in the recorded videos. The black lines are the theoretical results.
(b) Velocities in the root channel vs. time when the tip of the flow is in the capillary tree (orange
dots) and in the paper pads (blue dots). Velocities were determined using equation (5).

In the case of 50% IPA, the coefficient, (g) 24 cosB* , was found to be approximately

40 mm/s"? (Appendix A Table Al). In the paper pads, a good fit was found for a capillary pressure
of 3000 Pa. Root channel velocities on the order of 7 mm/s were obtained for 60 seconds (Figure
2.3) for 50% IPA. The contact of the liquid with the pads occurs at 35 seconds for both 50% IPA

and pentanol, and 95 seconds for nonanol (Figure 2.3). Raw velocity data plots are presented in

Appendix A Figure A3.
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For the case of pentanol, which is a fluid with an “intermediary” viscosity of 3.75 mPa.s.

the pentanol also has a good fit for the travel distances in the capillary tree is obtained for the
value (Z) 21 cosO* = 40 mm/sY/2,
u
The case of nonanol is of great interest due to its high viscosity of 0.011 Pa.s. A very good
fit for the travel distances in the capillary tree is obtained for the value (%) 2A cosB* = 23.7

mm/s'/2, and a capillary pressure Psp = 5500 Pa in the paper pad. Root channel velocities on the
order of 3.5 mm/s were obtained for 150 seconds (Figure 2.3).

The fluctuations that were observed in the velocity measurements (Figure 2.3) are due to
the discretization, dz/dt. The velocity is the derivative of the travel distance and derivation
amplifies the fluctuations. The only physical variation is at the junction between the channel and

the paper due to abrupt capillary pressure changes.

2.3.3 Discussion

Efficient capillary pumping has been the subject of many investigations. In this problem,
three parameters must be considered: (1) the maximum velocity of the flow, (2) the maximum
flow rate, and (3) the duration of the pumping. Prior research has focused on obtaining the
highest possible velocities, but typically only for a short time and a moderate volumetric flow
rate. For example, Reches et al. *° has obtained interesting velocities of 2 cm/s for water in
treated threads of wool, but along a length of 2 cm, corresponding to a duration time of 1 second.
In Table 2.2, a review of the literature for various methods of capillary pumping is summarized.
The table indicates that it is difficult to obtain high velocities (larger than 1 mm/s) for a long

duration (larger than 30 seconds) in capillary-based systems.
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Table 2.2. Literature review of capillary pumping

Reference Velocity Flow rate Duration Channel
Liquid [mm/s] [uL/s] [s] characteristics
Water? n/a 0.13 15 Large array of PCB pillars
spaced
50to 300 um
Water® 15 n/a 20 Multilayer paper pads
(Whatmann #1)
100 to 200 um
Water*¢ n/a 0.07 n/a Large array of pillars
spaced 50 um—- Sl chips
Waterd 0.3 n/a 1000 Paper pads width 1to 3
cm (rectangular or
circular sectors) Millipore
nitrocellulose
Water® 10 n/a 10 Multilayer paper pads
paper 175 um, gap 36 um
(Whatmann #1)
Glycerol solutions f 0.4 n/a <10 3D printed channels
Width 300 um
acrylonitrile-butadiene-
styrene
Parylene/ Water8 0.4 n/a <10 Channels 10 um
parylene
Water, (Wool, 20 n/a 1 Fiber threads length 1 cm
cotton, wool, polyester
Threads)"
This study Milled capillary trees
Width 1 mm to 300 um
Nonanol >3.5 6.5 >150 PMMA
50% IPA 7 13.1 >60
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Pentanol 6.5 12.1 >55

2 Reference 41.
b Reference 19.
¢Reference 42.
dReference 21.
€ Reference 43.
fReference 31.
8 Reference 44.

h Reference 40.

In our study it is assumed that the capillary tree is “symmetrical”, i.e., all branches at the
same level of ramification are identical. The channels are relatively larger in size due to CNC
milling constrictions; however, this theory is applicable to smaller dimensions up to 300 um in
width when employing other types of fabrication methods. High velocities are obtained with our
device where the dimensions are at the upper side of the microscale limits. If we remark that the
root channel velocity is approximately proportional to the square root of the friction length and
that the friction length decreases proportionally with the channel dimension, a homothetical
reduction of the channel dimension of a factor, n, will result in the reduction of the velocity of a
factor v/n. For example, if the channel cross-section is decreased by 4 (200 pum width), the velocity
will be reduced by a factor of 2. Still, high velocities are obtained with the device for microscale
channels. The progression of the liquid is the same for each path and is obtained by using the

extended LWR law that states that the dynamics of the flow results from the balance between
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the capillary force on the advancing meniscus and the wall friction along the path.3—>%425
Intrinsically, capillary-driven flow velocities decrease as capillary length decreases. Here, our
device enables longer capillary lengths in the root channel due to the multiplication of daughter
branches while maintaining high flow velocities, allowing for applications in diagnostics and
bioanalytical chemistry.?* Note that the approach proposed here is also applicable to closed
systems by using the friction length of the closed channels instead of open capillary channels.?42>
In the microporous paper pads, the wicking liquid velocity is given by Darcy’s law3*34 and
determined by three parameters: permeability, porosity, and capillary pressure.3>3¢

To validate the closed form model derived in this work, experiments were performed
using nonanol, IPA, and pentanol solutions in open microfluidic channels. We chose these liquids
because they wet native PMMA without surface treatment (6 = 13 - 47°, Appendix A Table Al).
Further, evaporation of these liquids is slow compared to the time scale of the capillary flow.
Hence, evaporation is not taken into account for this study.>*=%” High capillary velocities are
obtained even in the case of highly viscous nonanol, which has a viscosity eleven times that of
water (Appendix A Table Al). In the case of the less viscous IPA aqueous solution, velocities higher
than 1 cm/s were obtained.

The device presented here is of interest for its ability to combine velocity, flow rate, and
duration. In the future, the device can be optimized to achieve higher velocity. A longer length of
the last branch of the capillary tree can enable a higher velocity in the root channel. The choice
of the paper matrix is of great importance, especially the two parameters K/¢@ (Leverett
parameter) and capillary pressure (Pcp). Longer pads would allow longer duration of the high

velocity flow. Additionally, the device can be micromilled using different materials, such as
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polystyrene, which enables wider application.*® Devices can be oxygen plasma treated to allow

flow of aqueous solutions (cell culture media, biological fluids, etc.).25 48

2.4 Conclusion

In this work, the dynamics of the capillary flow circulating in a capillary tree with paper
pads placed at the extremities of the capillary tree branches have been investigated. A model for
the dynamics of the flow in the capillary tree has been coupled to a model for the flow in the
paper pads. This coupling has been validated against experiments performed with milled open
PMMA channels and paper pads. It is first shown that capillary trees with homothetically
decreasing cross-sectional areas (in a ratio of 0.85) maintain the flow velocity in the root channel.
Moreover, the presence of paper pads at the extremities of the branches prolongs the duration
of the high flow rate pumping. The present analysis demonstrates the possibility of obtaining
high velocities and flow rates (7 mm/s or 13.1 pL/s) for more than 30 seconds for IPA 50%, 6.5
mm/s or 12.1 uL/s for more than 55 seconds with pentanol and flow rates of >3.5 mm/s or 6.5
uL/s for more than 150 seconds for nonanol. These flow rates are nearly constant (save periodic
jumps due to experimental fluctuations) if conical-shaped paper pads are used as suggested in
the literature.*® >° For volatile fluids, the employment of evaporation could extend the duration
of these high flow rates. Further, we envision many areas of future application including using
our method to push the limits of viscous fluid flow in open channels as we can enable the
sustained passive flow of complex biological fluids. This device has the potential to be applied to
biological experiments such as in vitro cell culture or analytical methods involving biological

fluids.
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Chapter 3| At-home saliva sampling in healthy adults using CandyCollect, a lollipop-inspired
device
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Abstract

Respiratory infections are common in children, and there is a need for user-friendly
collection methods. Here, we performed the first human subjects study using the CandyCollect
device, a lollipop inspired saliva collection device.! We showed the CandyCollect device can be
used to collect salivary bacteria from healthy adults using Streptococcus mutans and
Staphylococcus aureus as proof-of-concept commensal bacteria. We enrolled healthy adults in a

nationwide (USA) remote study in which participants were sent study packages containing

CandyCollect devices and traditional commercially available oral swabs and spit tubes.
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Participants sampled themselves at home, completed usability and user preference surveys, and
mailed the samples back to our laboratory for analysis by gPCR. Our results showed that for
participants in which a given bacterium (S. mutans or S. aureus) was detected in one or both of
the commercially available methods (oral swab and/or spit tubes), CandyCollect devices had a
100% concordance with the positive result (n=14 participants). Furthermore, the CandyCollect
device was ranked the highest preference sampling method among the three sampling methods
by 26 participants surveyed (combining survey results across two enrollment groups). We also
showed that the CandyCollect device has a shelf life of up to 1 year at room temperature, a
storage period that is convenient for clinics or patients to keep the CandyCollect device and use
it any time. Taken together, we have demonstrated that the CandyCollect is a user-friendly saliva
collection tool that has the potential to be incorporated into diagnostic assays in clinic visits and

telemedicine.

3.1 Introduction

Infectious respiratory pathogens are a major health challenge worldwide. Children, in
particular, are frequently affected by respiratory diseases.? The Covid-19 pandemic has
illustrated the importance of global pandemic preparedness, and in particular the need to
develop more comfortable and user-friendly sampling methods to test for pathogens. We
developed a lollipop-inspired saliva collection device called CandyCollect to enable user-friendly
sampling in both children and adults (Figure 3.1). Here, we conducted a human subjects study as
a proof-of-concept to demonstrate functionality of the CandyCollect device for capturing bacteria
from healthy adults and evaluate the comfort and user experience in comparison to standard

saliva collection methods.
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As previously reported, the CandyCollect is a saliva sampling device designed to collect
Streptococcus pyogenes for the diagnosis of Group A streptococcus (GAS) pharyngitis, commonly
referred to as strep throat.! Strep throat is most commonly seen in children.? It is easily treatable
with antibiotics when diagnosed, however diagnosis can be thwarted by invasive sampling
methods which discourage children (and adults) from successfully completing the sampling
process and may result in decreased yields.* The gold standard method for diagnosing strep
throat is a pharyngeal swab coupled with bacterial culture,>® however, gPCR has become a new
tool that can be implemented in diagnosis of strep throat, allowing saliva sampling as a means
for diagnosis.”® Current methods for saliva sampling include spit tubes (e.g., SpeciMAX Stabilized
Saliva Collection Kit), drooling (e.g., SalivaBio Saliva Collection Aid), swabs (e.g., Eswab™) and
cotton rolls (e.g., Salivette®, SalivaBio Oral Swab). In recent years, others have also developed
lollipop-inspired devices, such as Self-LolliSponge™ (with lemon-aromatized cap), and non-
conventional sampling devices using absorbing materials, e.g. V-Chek™ test card and Whistling™
midstream test.%!3 The CandyCollect device was designed to facilitate easy, non-invasive, at-
home sampling of saliva, particularly for children, which is then shipped to a lab for analysis and
diagnosis.! The device sampling mimics the action of eating a lollipop, featuring a polystyrene
stick with an open microfluidic channel for bacterial capture and isomalt candy that functions as
a timer to ensure sufficient sampling time.

Here we demonstrate the versatility and functionality of the CandyCollect device through
experimentation and at-home human research studies using commensal bacteria Streptococcus
mutans and Staphylococcus aureus for proof-of-concept. Commensal bacteria exist in the

microbiome of healthy hosts.!*'> Using commensal bacteria as our analytes of interest, as
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opposed to S. pyogenes, which we reported previously,! allowed us to enroll healthy participants
for our human subjects research. In doing this, our target population was much broader than the
limited population of those with strep throat, allowing greater diversity and easier enroliment of
participants. This also provided the opportunity to test different bacteria and access the
versatility of CandyCollect devices as a broader microbial sampling method. S. mutans and S.
aureus were specifically selected as analytes due to their high prevalence in the healthy adult
population.'®!® The prevalence of S. mutans and S. aureus has been reported to vary between
80-87% and 18-39% in healthy adults, respectively.’®% In-lab experiments demonstrated the
CandyCollect device can capture these commensal bacteria, and, through elution and gPCR,
guantify their concentration. Our human subjects study established two key findings regarding
the CandyCollect device: (1) the CandyCollect device was the preferred sampling method among
participants compared to conventional sampling methods, and (2) the CandyCollect device

captures S. mutans and S. aureus.

3.2 Methods
3.2.1 CandyCollect devices fabrication

CandyCollect device stick fabrication: The CandyCollect devices were milled out of 2 mm
and 4 mm polystyrene sheets (Goodfellow, Cat# 235-756-86 and 700-272-86, respectively) using
a DATRON computer numerically controlled (CNC) milling machine (Datron) (Appendix Figure B1).
Devices were then sonicated in isopropanol (IPA) (FisherScientific, A451-4) and 70% v/v ethanol
(FisherScientific, Decon™ Labs, 07-678-004).

Plasma treatment of CandyCollect devices: Devices were plasma treated with oxygen

using the Zepto LC PC Plasma Treater (Diener Electronic GmbH, Ebhausen, Germany). The
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protocol for plasma treatment is consistent with our previous publication, but in brief, gas was
removed from the chamber down to a pressure of 0.20 mbar, oxygen gas was supplied up to 0.25
mbar for 2 minutes and then a 70 W voltage was applied for 5 minutes.! Following plasma
treatment, devices for spike sample experimentation were ready for use.

Preparation of CandyCollect devices for human subjects study: Candy was applied to
CandyCollect sticks in a kitchen following the hygiene guidance outlined in the Washington State
Cottage Food Operations Law (RCW 69.22.040(2b-f(ii-iv))). Lab members who prepared
CandyCollect were trained in food safety, had a Food Worker Card (WA State), and wore gloves
and a mask during food preparation. The isomalt candy was prepared as described in our previous
paper.! In brief, isomalt was gradually added to water. Food coloring was added with the last
portion of isomalt. Once dissolved the isomalt was then heated to either 171 °F (dissolve time
<20 min) or 165 °F (dissolve time >20 min). Once target temperature is reached, the pot
containing isomalt was quickly placed in room temperature water to initiate cooling. At this time
strawberry candy flavoring was quickly added to the mixture, and the isomalt poured onto a
marble slab to set. After plasma treatment, CandyCollect polystyrene sticks for the human
subjects study were cleaned using hot water and dish soap. Small portions of the isomalt candy
were remelted and applied to the CandyCollect sticks using a silicone mold. Once the candy was
applied to the sticks, the candy was cooled, the device mass was recorded, and the CandyCollect
devices were placed into polypropylene bags and heat sealed. Devices were stored in food
preparation containers with a desiccant (Amazon, Cat# BOODYKTS9C) until being sent to
participants. CandyCollect devices used in this study had masses ranging from 1.2-1.9 grams on

both days (Appendix Table B1-2).
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Figure 3.1. (A) The photo of the CandyCollect device. The CandyCollect device is composed of a
polystyrene stick with a microfluidic channel and red isomalt candy. The open-fluidic channel is
designed to prevent the tongue from removing the collected bacteria, also accumulating bacteria
during the sampling time. The candy flavoring functions as a built-in timer for sampling time (i.e.,
dissolving time of the candy). (B) This figure is reproduced from Lee et al. ! (Figure 1B) with
permission from the Royal Society of Chemistry.

3.2.2 Bacteria culture

Liqguid media preparation: The S. mutans culture media (trypticase soy yeast extract
medium) was prepared based on the method from DSMZ website.20 The S. aureus culture media
(Tryptic Soy Agar/Broth) was prepared based on the protocol from ATCC.21 The S. pyogenes
culture media was prepared following the protocol from Gera & Mclver, 2013.%2 All liquid media
were autoclaved at 121 °C for 30 min, cooled to room temperature, and stored at 4 °C.

Agar plate preparation: 7.5g agar (BD Difco™ Dehydrated Culture Media: Potato Dextrose
Agar, Fisher Scientific, Cat# DF0013-17-6) was added to the 500 mL of liquid media, then
autoclaved at 121 °C for 30 min. 15 mL of liquid media with agar was added to petri dishes, left
to cool overnight, and stored at 4°C until needed for.

S. mutans, S. aureus, and S. pyogenes maintenance in agar plate: S. mutans was prepared

from Streptococcus mutans Clarke (American Type Culture Collection, ATCC®, Cat# 25175™). 880
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uL of liquid media was added to freeze-dried S. mutans, and the bacteria suspension was
transferred into a 10 mL tube. Additional liquid media was added for a total volume of 8.8 mL. S.
aureus was prepared from Staphylococcus aureus subsp. aureus Rosenbach (American Type
Culture Collection, ATCC®, Cat# 25923™). Freeze-dried S. aureus was rehydrated in 910 pL of
liqguid media. S. pyogenes was prepared from Streptococcus pyogenes Rosenbach (American Type
Culture Collection, ATCC®, Cat# 700294™). Freeze-dried S. pyogenes was rehydrated with 1 mL
liguid media, and then transferred to another conical tube containing 4.4 mL of liquid media. To
maintain the bacteria, S. mutans, S. aureus, and S. pyogenes were streaked on their own agar
plates by sterile disposable inoculating loops (Globe Scientific, Fisher Scientific, Cat# 22-170-201).
The agar plates were incubated at 37 °C with 5% carbon dioxide overnight, then stored at 4°C

until needed for experimentation.

3.2.3 In-lab capture of bacteria

Incubation of S. mutans, S. aureus, and S. pyogenes in liquid media: To ensure a pure
culture, fresh S. mutans, S. aureus, and S. pyogenes from agar plates were inoculated in liquid
media and cultured at 37 °C with 5% carbon dioxide in the incubator one day prior to an
experiment.

Capturing, fixing, and staining bacteria: The procedures for capturing, fixing, and staining
bacteria in liquid media are detailed in our previous paper.! In brief, after culturing overnight, the
bacteria suspensions were homogenized with vortexing and added to each CandyCollect device
at a volume of 50 uL (devices negative controls were loaded with 50 pL of PBS). Bacteria were
incubated in the device for 10 min. For devices that were imaged, bacteria were fixed with 4%

paraformaldehyde (PFA) for 15 min, and 50 pL of Alexa FluorTM 488 Wheat Germ Agglutinin
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(WGA, InvitrogenTM, Fisher Scientific, Cat# W11261, 1 mg/mL) at 1:500 dilution (v/v) was added
to the channel for staining S. aureus and S. pyogenes; 50 uL of 1:200 (v/v) WGA was added for
staining S. mutans. An additional three devices were evaluated for a mixture of S. mutans, S.
aureus and S. pyogenes, each at a concentration of 10* CFU/mL to match physiological bacterial

concentration for detection of bacteria in a mixture.

3.2.4 Fluorescence imaging and quantification

Fluorescent images of S. mutans, S. aureus, and S. pyogenes were obtained on a Zeiss
Axiovert 200 with a 10x (0.30 NA) objective coupled with Axiocam 503 mono camera (Carl Zeiss
AG, Oberkochen, Germany). Four regions of interest were randomly chosen from each device to
avoid bias from any regions. The contrast was adjusted uniformly and integrated densities of
three regions of interest from each image were quantified using Fiji (Imagel) software. The details
about imaging and quantification for both bacteria followed the protocol from the previous

paper.!

3.2.5 Elution of S. mutans, S. aureus, and S. pyogenes from CandyCollect devices

The buffer used to elute bacteria captured on CandyCollect devices was phosphate
buffered saline (PBS) (Gibco™, Cat# 10010023) with 5% Proteinase K (Thermo Scientific™, Cat#
EO0491). 300 pL elution buffer and 100 pL of 0.1 mm Zirconia/Silica beads (BioSpec Products,
Cat#110791017) were added in 14 mL round bottom tubes (Corning, Falcon®, 352001) containing
CandyCollect devices. After incubating the tubes at 37 °C for 10 min and vortexing for 50 s,
CandyCollect devices were left in the elution buffer at 4 °C for 90 min. The bacteria suspension

and beads were then transferred from the 14 mL round bottom tubes to 2 mL screw cap

47



microtubes (ThermoFisher, Cat# 3490). The samples were beat-beaten in a MiniBeadBeater
(BioSpec Products, Bartlesville, OK USA), and stored at -20 °C before analysis.

Additional elution buffers evaluated included (1) ESwab™ buffer (Becton, Dickinson and
Company, Cat# R723482) with 5% Proteinase K; (2) ESwab™ buffer with 5% ethanol; (3)
phosphate buffered saline (PBS) with 2% SDS (sodium dodecyl sulfate); and (4) ESwab™ buffer

with 2% SDS. The elution procedures were the same as mentioned above.

3.2.6 Isolation, purification, and enrichment of genomic DNA from S. mutans, S. aureus, and S.
pyogenes

DNA was isolated from bacterial lysates using the Mag-MAX™ Total Nucleic Acid Isolation
Kit (ThermoFisher Scientific, Cat# AM1840) according to the “Purify the nucleic acid” protocol
supplied by the manufacturer. In brief, 115 uL of sample was added to the provided processing
plate. 60 puL of 100% IPA was added to each well containing a sample and the plate was shaken
for 1 min. 20 uL of bead mix was then added to each well, and the plate was shaken for 5 min to
allow DNA to bind to the beads. Beads were captured using a magnetic 96-well separator
(Thermofisher, Cat# A14179) and supernatant was discarded. Four washes (two using Wash
Solution 1 and additional two using Wash Solution 2 provided by the kit) were performed with
shaking for 1 min each and supernatant was discarded between each wash. After final wash,
beads were dried and then 23 uL of 65°C elution buffer was added to each sample to elute DNA
from the beads. By using these methods, DNA was five-fold concentrated compared to the
unprocessed bacterial lysates. The purified bacterial genomic DNA was used as a template in the

qPCR assay.
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3.2.7 Quantitative PCR assay for detection of S. mutans, S. aureus, and S. pyogenes

The species-specific genes, S. mutans gtfB (accession number M17361), encoding
glucosyltransferases, and S. aureus nuc (accession number CP000046), encoding a
thermonuclease, were used for gPCR detection of S. mutans and S. aureus, respectively. The
primers/probe sequences for gtfB were adopted from Lochman et al., 2020,23 the forward primer:
5’-CCT ACA GCT CAG AGA TGC TAT-3’; the reverse primer: 5'-GCC ATA CAC CAC TCA TGA ATT-3’;
the probe: 5'-/56-FAM/TGG AAA TGA/ ZEN/CGG TCG CCG TTA T/3IABkFQ/ -3’. Primers/probe
sequences for nuc were adopted from Wood et al., 2021 and Galia et al., 2019,%* 2> with minor
modifications to both forward and reverse primers, the forward primer (F1): 5'-GGC ATA TGT
ATG GCA ATC GTT TC-3’; the reverse primer (R1): 5’-CGT ATT GTT CTT TCG AAA CAT T-3’; the
probe sequence: 5’-/56-FAM/ATT ACT TAT AGG GAT GGC TAT C/3MGB-NFQ/ -3’. The modified
primers were accessed for their specificity using NCBI Blast tool and verified by gPCR assay with
purified DNA from S. aureus. Details can be found in Appendix Table B3 and Figure B2-3 and the
discussion in the Appendix B. All primers and probes for S. mutans and S. aureus were ordered
from IDT (Integrated DNA Technologies, Inc., Coralville, IA, USA). qPCR was performed using
PerfeCTa® qPCR ToughMix (VWR, Cat# 97065-954). The 25 L reaction volume included 5 pL of
DNA template and 20 pL PerfeCTa® qPCR ToughMix with primers/probe in the qPCR assay. For S.
mutans and S. aureus analysis, the final concentrations of both forward and reverse primers were
300 nM and 500 nM, respectively; the probe concentration for both bacteria was 250 nM. The
details for the qPCR assay for S. pyogenes followed the protocol from our previous paper.! Briefly,
the primers/probe sequences for spy1258 qPCR detection of S. pyogenes in our assay were: the

forward primer: 5-GCA CTC GCT ACT ATT TCT TAC CTC AA-3’; the reverse primer: 5'-GTC ACA
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ATG TCT TGG AAA CCA GTA AT-3’; the probe sequence: 5'-FAM-CCG CAA C"T"C ATC AAG GATTTC
TGT TAC CA-3'-SpC6, “T” =BHQ1.1 For S. pyogenes, the primers were ordered from IDT, the probe
was ordered from MilliporeSigma.* The 25 pL reaction volume included 10 pL of DNA template
and 15 pL PerfeCTa® gPCR ToughMix with primers/probe in the gPCR assay. The final
concentrations of both forward and reverse primers were 300 nM; the probe concentration was
100 nM. To quantify the DNA concentrations of samples, 1:10 serial dilution of purified genomic
DNA ranging from 25 ng to 25 fg were used as standards for each plate. Each concentration of
the standards was allotted into multiple 20 uL aliquots and stored at -80 °C (Appendix Figure B4),
to ensure the same standards were used for all human subjects samples. No-template controls
(NTC) for gPCR and device negative controls (see “in-lab capturing of bacteria”) were also added
to the plates. Amplification and detection were performed in 96-well PCR plates using CFX
connect Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) in technical
duplicate using the following protocol: 95 °C for 5 min followed by 40 cycles of 15 s at 95 °C and
30 s at 60 °C. The samples were considered positive when the Cq value is within the Cq of the

standard curve.

3.2.8 Human subjects study

Participant characteristics: This study was approved by the University of Washington
Institutional Review Board (IRB) under IRB-approved protocol STUDY00013842. Written
informed consent was obtained prior to study procedures. A total of 28 healthy volunteers over
the age of 18 were recruited using the University of Washington Institute of Translational Health

Sciences (ITHS) “participate in research” website along with the study’s website. Inclusion
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criteria: healthy adults over the age of 18. Exclusion criteria: individuals who are allergic to sugar

alcohols or individuals who currently reside in a correctional facility.

3.2.9 Human subjects’ sample and feedback collection

The entire study was performed remotely using Research Electronic Data Capture
(REDCap) for collection of participant information and survey responses (Appendix Table B4), and
kits were mailed to study participants and returned to the study team by mail (Appendix Figure
B5). Each kit contained six CandyCollects, six ESwab™ (Becton, Dickinson and Company, Cat#
R723482), two SpeciMAX Stabilized Saliva Collection Kit (Spit tube) (Thermo Scientific™, Cat#
A50697), and an instruction card. Based on the instruction card, participants collected samples
for two days, and followed the same order of collection on both days: first, one SpeciMAX
Stabilized Saliva Collection Kit, second, three ESwab™, and third, three CandyCollects. Collection
for each method was instructed as follows: for the spit tube, participants spit approximately 1
mL of saliva into tubes provided by SpeciMAX Stabilized Saliva Collection kit; for ESwab™,
participants sucked on the swab for 30 s and then kept the swab in the buffer provided by
ESwab™; for the CandyCollect devices, participants were asked to suck on the lollipop until the
candy was fully dissolved then left each CandyCollect device in an individual empty polypropylene
12 mL round bottom tube (Greiner Bio-one, Cat#163261) and record the time required for the
candy to dissolve. The samples then were mailed back to our lab for analysis at the end of each
day. An electronic survey was sent to each participant on the same day that they collected
samples; the survey included CandyCollect dissolving times and any comments they wanted to
leave about each of the sampling devices. After the Day 2 survey was completed, a user feedback

survey was automatically sent to participants via REDCap. Participants were asked to rank the
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different sampling methods as well as answer other specific questions related to the CandyCollect
device.

We had two rounds of enrollment, targeting 15 participants per group (Figure 3.2). In
group 1, 15 participants were recruited, but one of the participants did not return the kit and was
lost to follow-up, so a total of 14 samples were returned and analyzed. Biological data from this
group is presented in Figure 3.4. In group 2, 15 participants were recruited, however one
participant was lost to follow-up and did not return their kit. A total of 14 kits were returned.
Biological data from these samples is not presented in this paper as the samples are being used

in an additional biological investigation.

(A) (B)
Enr_olled Enrolled Lost to follow-up (n=2)
(n=39) Lost to follow-up (n=30) Survey not returned
’_lj‘ (n=2) 4|r‘\ (n=2)
REDCap survey error

Analyzed Biobank Completed the|| Completed a (n=3)

(n=14) (n=14) full survey partial survey

(n=23) due to REDCap

survey error
(n=3)

Figure 3.2. Participant flow diagram. (A) Human subjects samples for biological analysis. (B) User
feedback surveys.

User feedback from groups 1 and 2 is presented in Figure 3.5. In group 1, all 14
participants answered the survey question corresponding to Figure 3.5A, however due to an
electronic survey error, 3 of the 14 participants were unable to complete the survey questions in
Figure 3.5B. In group 2, 12 of the 14 participants completed the survey questions in Figure 3.5.

This resulted in a total of 26 participants responding to the question in Figure 3.5A and 23
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participants responding to the question in Figure 3.5B. Protocol for sampling and surveys were

identical for both groups.

3.2.10 Human subject sample processing

Participants stored their samples at ambient temperature, and they were picked up the
following day using United Parcel Service (UPS) Next Day Air. Samples were stored at -20 °C upon
receipt and transferred to -80 °C for longer term storage before processing. All laboratory
procedures were performed in accordance with Biosafety Level-2 laboratory practices and the
University of Washington Site-Specific Bloodborne Pathogen Exposure Control Plan. S. mutans
and S. aureus on CandyCollect devices were eluted and lysed following the protocol stated above.
To avoid unnecessary freeze-thaw cycles, ESwab™ and SpeciMAX Stabilized Saliva Collection Kits
samples were aliquoted into 20 uL aliquots and stored at -80 °C. For ESwab™ and SpeciMAX
Stabilized Saliva Collection Kits samples, DNA was isolated using MagMAX™ Total Nucleic Acid
Isolation Kit (ThermoFisher Scientific, Cat# AM1840) according to the protocol “Disruption of
liguid samples” supplied by the manufacturer. Briefly, 175 uL of aliquoted samples were
transferred to each bead beating tube provided in the kit followed by the addition of 230 pL of
Ly sis/Binding solution. Bead beating was carried out via MiniBeadBeater (mentioned above)
twice for 30 s, then each tube was centrifuged at 16,000 g for 3 min. Afterward, genomic DNA of
S. mutans and S. aureus was isolated and enriched following the protocol stated above and

guantified using qPCR with a detection limit of 25 fg.
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3.2.11 Human subject data analysis

Conversion factor: DNA content reported by the gPCR analysis was converted to
estimated copy number of bacterial DNA/mL to facilitate comparisons between the three
methods of saliva collection: CandyCollect, ESwab™, and SpeciMAX Stabilized Saliva Collection
Kits. A conversion factor to derive bacterial concentrations/DNA content was calculated for each
method, taking into consideration the variations in the collection and processing.

In brief, gPCR results from the CFX connect Real-Time PCR Detection System were
reported in ng of DNA corresponding to the 5 uL samples loaded into the machine. Dilutions
corresponding to the purification and enrichment of samples (see Methods section “Isolation,
purification, and enrichment of genomic DNA from S. mutans, S. aureus, and S. pyogenes”) were
used to derive the DNA content of samples input into the purification and enrichment procedure.
Estimates for sample dilution during sampling were employed to further convert the gPCR output
reading to ng DNA per mL saliva. These sample dilution estimates are as follows: Spit tube, we
assumed participants provided 1 mL of saliva as instructed into a tube containing 1 mL of
stabilization solution; ESwab™, we assumed 130 uL of saliva is captured during sampling which
was then stored in 1 mL of ESwab™ buffer; CandyCollect, we assumed 50 uL of saliva was
captured by device. To report copy number of bacterial DNA/mL, based on the genome sizes of
the bacteria (2.6 fg / genome for S. mutans, 3.0 fg /genome for S. aureus),?® %’ detected DNA
values (ng) were converted to the equivalent bacteria number and the data were reported

estimated copy number of bacterial DNA/mL.

54



Statistics: Statistical analysis was performed using GraphPad Prism 9 software. One-way
analysis of variance (One-way ANOVA) was chosen to compare groups and Tukey's multiple

comparison tests were further used in evaluating significance of pairwise comparisons.

3.2.12 Shelf life test

The shelf life experiment followed the protocol established in our previous work.! In brief,
the CandyCollect devices were plasma treated (see Methods section “CandyCollect device
fabrication”) in descending order 1 year (369 days), 4 months (137 days), 3 months (105 days)
and 0 days (control) prior to the experiment with n = 3 replicated devices per time point and
concentration. This allowed for all devices to be tested on the same day. Each time point was
tested in triplicate at four concentrations of S. pyogenes, 103, 10%, 10° and 10° CFU/mL, in addition

to negative controls (concentration 0 CFU/mL).

3.3 Results and Discussion
3.3.1 Capture, Elution, and gPCR detection of S. mutans and S. aureus from CandyCollect
Devices

In testing the capture ability of CandyCollect device with bacteria other than S. pyogenes,
which was reported in our previous work,* finding an elution method that worked for all bacteria
of interest, S. pyogenes, S. mutans, and S. aureus, was important to establish the versatility of
the device. Effective elution is crucial for accurate analysis by gPCR. Various elution buffers were
accessed for high elution rates. Fluorescence images were first quantified to assess the elution
efficiency of the elution buffers (Figure 3.3A and Appendix Figure B6), with high elution efficiency

resulting in less fluorescent signal after elution. While some elution buffers demonstrated low
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elution efficiency (ESwab™ buffer with 5% ethanol, PBS with 2% SDS, and ESwab™ buffer with 2%
SDS), those that demonstrated high elution efficiency (PBS with 5% Proteinase K and ESwab™
buffer with 5% Proteinase K) were then evaluated through qPCR. Several elution buffers were
further eliminated when gPCR results demonstrated some of elution buffers contained gqPCR
inhibitors (data not shown), thus preventing downstream analysis of CandyCollect samples. We
selected PBS with 5% Proteinase K as the elution buffer for the CandyCollect device as it was the
buffer with the highest observed elution rates: approximately 90% of S. mutans and 95% of S.
aureus were removed from CandyCollect (Figure 3.3Ai and 3.3Aii).

We also established the qPCR assays for analyzing DNA content from eluted S. mutans
and S. aureus samples (see Methods section “Quantitative PCR assay for detection of S. mutans,
S. aureus, and S. pyogenes” and Supplementary Information), which yielded good linear
relationships between the DNA content from both eluted bacteria samples and bacterial
concentrations incubated on the device (Figure 3.3B). The elution buffer and gPCR assay were
also tested on a solution containing a mixture of S. mutans, S. aureus and S. pyogenes from
CandyCollect devices (Figure B7). The result showed that PBS with 5% Proteinase K was able to

elute the samples containing multiple bacteria (Figure B7).
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(Ai) Fluorescence images for elution buffer optimization (Aii) Qualification of fluorescence images
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Figure 3.3. CandyCollect efficiently captures S. mutans and S. aureus and facilitates quantitative
bacterial detection by gPCR. (Ai) Fluorescence microscopy images of S. mutans and S. aureus
before elution (left), and after elution with Proteinase K in ESwab™ buffer (ESB) (middle) and with
Proteinase K (Pro. K) in PBS (right). (Aii) Quantification of fluorescence microscopy images. Each
data point represents data from one CandyCollect device and is the average of the integrated
density per area of 12 (10000 um?) regions of interest (ROI) from 4 images of the CandyCollect
device (3 ROIs per image). The bar graph represents the mean + SEM of n = 3 CandyCollect
devices. Data sets were analyzed using one-way ANOVA with Tukey’s multiple comparison test;
p-values are indicated for pairwise comparisons: ***p=0.0009, ****p<0.0001. (B) Reported
concentration of S. mutans (left) and S. aureus (right) from gPCR analysis of bacteria eluted from
CandyCollect devices using proteinase K in PBS as the CandyCollect elution buffer. Bacteria were
incubated in-lab at concentrations of 103, 10* and 10° CFU/mL. S. mutans and S. aureus were
fluorescently labeled with WGA.
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3.3.2 Analysis of Human Subjects Samples via gPCR Demonstrates Feasibility of CandyCollect
Devices for Salivary Commensal Bacteria Capture

We compared the CandyCollect device to two commercially available methods for oral
sample/saliva collection, ESwab™ (oral swab) and SpeciMAX Stabilized Saliva Collection Kits (spit
tube). Participants were instructed to provide a sample using the three methods as follows:
CandyCollect (suck the samples until candy/flavor is gone), ESwab™ (suck 30 seconds), and Spit
tube (collect 1 mL saliva). Although capture of bacterial pathogens is the ultimate goal for the
CandyCollect device, commensal bacteria—bacteria present in healthy hosts—were selected as
a proof-of-concept analytes to evaluate the device in order to maximize the population available
for enrollment in this initial study. Individuals have different populations of commensal bacteria
in their oral microbiome. As such, S. mutans and S. aureus are not universally present in the
population, so we did not expect to detect these bacteria in samples from all participants. In
general, S. mutans is more prevalent in the population compared to S. aureus, at 80-87% and 18-
39% prevalence, respectively.'®1® As such, it is unsurprising that more participants had

detectable S. mutans than S. aureus.
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(A) Detection of S. mutans from human participants
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Figure 3.4. S. mutans and S. aureus can be captured on CandyCollect devices from all the
participants who had positive results from spit tube and/or ESwab™ samples. CandyCollect,
ESwab™, and SpeciMAX Stabilized Saliva Collection Kits (Spit tube) were sent to 14 research
participants for a proof-of-concept test. The concentrations of (A) S. mutans and (B) S. aureus
from participants’ saliva, collected over two days by three different methods, were analyzed via
gPCR and converted to estimated copy number of bacterial DNA/mL in the original saliva sample
(see Methods section “Human subject data analysis” for detailed description of calculations).
Each dot represents the average of two gPCR technical duplicates from one sample (three
samples were collected for the CandyCollect device and ESwab™, and one for the Spit tube each
day). Bar graphs represent the mean + SEM of n = 3 CandyCollect devices or ESwab™. Participants
only completed one spit tube per day.
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Importantly, for participants in which a given bacterium (S. mutans or S. aureus) was
detected in one or both of the commercially available methods (ESwab™ and Spit tubes),
CandyCollect devices had a 100% concordance with the other positive results (Figure 3.4). As
expected in human subjects studies, there was some variability in positive/negative results across
sampling methods and across sampling days. For example, S. aureus was detected in Participant
8 on both Day 1 and 2 in the ESwab™ and CandyCollect samples, but not in Spit tubes sample. In
Participant 4, on Day 2, S. aureus was detected in the spit tube and the CandyCollect samples,
but not in the ESwab™ sample. While we cannot identify the exact cause of this variability, it is
noteworthy that the CandyCollect device did not fail to capture S. mutans or S. aureus when they
were collected by either of the two commercially available methods. In Figure 3.4, we have
reported the data as estimated copy number of bacterial DNA/mL in the original saliva sample;
this concentration is an estimate based on an estimated volume of saliva collected by the
CandyCollect device and ESwab™ (as described in the Methods section). However, due to
approximations in the collection volume these concentrations are less relevant than the presence

or absence of the bacteria.

3.3.3 User Feedback Indicates CandyCollect Devices are the Preferred Saliva Sampling Tool

Of the 26 participants that completed the electronic survey, 65% of them selected
CandyCollect as the best method of saliva collection (Figure 3.5A). Of the 23 participants who
completed the detailed survey questions (Figure 3.5B), 70% of the participants ranked
CandyCollect as being the best sampling experience, 65% chose it as the most sanitary sampling
method, 87% selected it as being the least disgusting and uncomfortable, and 57% selected it as

being the least invasive. (Note on sample size in Figure 5: Figure 5A represents n=26 and Figure
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5B represents n=23 due to an electronic survey error wherein 3 participants failed to receive all
survey questions (see Methods section “Human subjects’ sample and feedback collection”).
Overall, the CandyCollect device was selected by the majority of participants as the preferred

saliva collection method (Figure 3.5A) and sampling experience (Figure 3.5B).

3.3.4 Shelf Life Tests: CandyCollect Devices Capture S. pyogenes after 1 Year of Storage

Bacterial adhesion to the polystyrene channel of the CandyCollect device is facilitated by
an increase in the hydrophilicity and wettability caused by oxygen plasma treatment of the
surface.1?82° Hydrophilicity has been observed to decay over time, 30 potentially reducing the
efficacy of bacterial capture by the CandyCollect device. Previously, we established through
guantification of fluorescence images, that there was no notable difference in bacterial adhesion
to CandyCollect devices plasma treated 0, 3, 7 and 14 days before bacterial incubation, and
devices plasma treated 0 and 62 days before bacterial incubation.! Here, we have expanded on
this research by evaluating CandyCollect devices over longer time frames, which is required for
the device to be effective in a commercial setting. Devices from all time points—0 days, 3 months,
4 months and 1 year—were able to collect bacteria (Figure 3.6 and Appendix Figure B8). Although
there is a significant difference between the integrated density per area in the images from the
0 days and 1-year devices (Figure 3.6B), there is only a 25% reduction in bacteria captured after
1 year of storage. In the future, longer lasting surface treatment can be used, such as treatments
used for commercially available cell cultureware, which typically has a multiyear shelf life.

While S. mutans and S. aureus are well established commensal microbes, it is important
to note that the location of these bacteria within the oropharyngeal space might differ from the

location of pathogens of interest. GAS-related strep throat is an infection of the back of the
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throat. S. mutans is a commensal bacterium of the oral cavity and particularly the gingiva (i.e.,
gums).3%32 S, qureus is located primarily in the anterior nares and is also found in other places in
the respiratory tract (e.g., mouth, nose, and throat).33 Nevertheless, independent of the primary
location of each microbe, it is known that these bacteria are present in saliva.3* 3> The present
study lays the foundation for microbial collection from human subjects using the CandyCollect
device, and it is important to evaluate the device in subsequent clinical studies for each pathogen

of interest.

(A) Saliva collection methods ranked
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Spit Tube
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Figure 3.5. Participant feedback shows overall preference for CandyCollect devices. (A)
Participants were asked to rank the three sampling methods (CandyCollect, ESwab™, and Spit
Tube) in terms of best overall sampling method to worst overall sampling method. (B) Participants
were asked to select one sampling method that most accurately fits the above descriptions (best
sampling experience, most sanitary, least disgusting/uncomfortable, and least invasive). The
CandyCollect device was the most frequently selected sampling method for all of the above user
feedback questions.
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We acknowledge that this pilot study was performed with a relatively small sample size;
the goal was to establish the potential of the CandyCollect device in healthy adults before
progressing to individuals with respiratory illness. We have ongoing studies with larger sample
sizes in adults and children with respiratory illness. These additional studies also include user
feedback surveys, and we will determine if the feedback from these larger cohorts is consistent

with the feedback from this initial cohort.

(A) Fluorescence images from CandyCollect (B) Qualification of fluorescence images
for shelf life test
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Figure 3.6. Shelf life tests demonstrate that CandyCollect devices effectively capture S. pyogenes
after 1 year of storage. Devices were plasma treated and stored at room temperature for 0 days
(control group), 3 months, 4 months, and 1 year. (A) Fluorescence microscopy images indicate
capture of S. pyogenes after 1 year of storage is similar to the control, with ~25% decrease in
bacteria captured. (B) Quantification of the integrated density per area (pixel/um?). Data sets
were analyzed using one-way ANOVA and Tukey’s multiple comparison tests (*p<0.05). No
significant difference between 0 days (control group) and 3 months of storage was found. Note:
depicted images are from CandyCollect devices incubated with S. pyogenes at a concentration of
1x10° CFU/mL for 10 minutes. Each data point represents an individual CandyCollect device (4
images were taken per device, and the data point plotted is the average); the bars represent the
mean = SEM of n=3 CandyCollects. S. pyogenes was fluorescently labeled with WGA.
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3.4 Conclusion

In this work, we used two commensal bacteria, S. mutans and S. aureus, as proof-of-
concept bacteria to demonstrate the abilities of the CandyCollect device in capturing salivary
bacteria in healthy adults. The results showed that (1) the CandyCollect device can effectively
capture com-mensal bacteria from healthy participants in a home set-ting, (2) samples are stable
through standard shipping at room temperature and the bacteria can be eluted and quantified
using gPCR, (3) most users ranked CandyCollect as their first choice for oral sampling method
(compared to standard oral swabs and spit tubes), (4) the CandyCollect device is functional after
storage times of up to one year. For more reproducible clinical characterization work and
commercial implementation, simple manufacturing can be set up by using rapid injection molding
as the design is fully amenable to injection molding.3® The present study opens up several exciting
areas of future work as a new tool for at-home and in-clinic sampling that is intuitive, convenient,
and child friendly. Currently, we are conducting a study using CandyCollect with patients age 5-
17 with GAS pharyngitis. In addition, future work includes extending the capabilities of

CandyCollect to viruses, mycobacteria, and fungal pathogens.
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Abstract

State the purpose: Obtaining high-quality samples to diagnose streptococcal pharyngitis
in pediatric patients is challenging due to discomfort associated with traditional pharyngeal
swabs. This may cause reluctance to go to the clinic, inaccurate diagnosis, or inappropriate
treatment for children with sore throat. Here, we determined the efficacy of CandyCollect, a

lollipop-inspired open-microfluidic pathogen collection device, to capture Group A Streptococcus
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(GAS) and compare user preference for CandyCollect, conventional pharyngeal swabs, or mouth
swabs in children with pharyngitis and their caregivers.

Results: All child participants (30/30) were positive for GAS by gPCR on both the mouth
swab and CandyCollect. Caregivers ranked CandyCollect as a good sampling method overall
(27/30), and all caregivers (30/30) would recommend CandyCollect for children 5 years and older.
Twenty-three of 30 children “really like” the taste and 24/30 would prefer to use CandyCollect if
a future test were needed. All caregivers (30/30) and most children (28/30) would be willing to
use CandyCollect at home.

Conclusion: All participants tested positive for GAS on all three collection methods
(pharyngeal swab, mouth swab, and CandyCollect). While both caregivers and children like
CandyCollect, some caregivers would prefer a shorter collection time. Future work includes
additional studies with larger cohorts presenting with pharyngitis of unknown etiology and

shortening collection time while maintaining the attractive form of the device.

4.1 Introduction

Group A Streptococcus (GAS) accounts for over 600 million cases of bacterial pharyngitis
worldwide each year,! affecting 15% of school-aged children in developed countries. In
developing nations the burden is markedly greater, with rates 5-10 times higher.! Though
symptoms of GAS pharyngitis almost always resolve after 3-4 days, antibiotics are recommended
to shorten the course of the infection, lessen spread, and prevent acute suppurative
complications.! Accurate detection of GAS is imperative; untreated and recurring GAS infections
can lead to severe outcomes, such as acute rheumatic fever, which causes carditis in 30-45% of

cases and is the most common cause of acquired heart disease in children worldwide.*
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A standard method for diagnosing GAS pharyngitis is with a rapid antigen detection test
(RADT), which requires a posterior pharyngeal swab sample and provides a positive or negative
result within minutes.? If the RADT is negative, a throat culture is performed on a posterior
pharyngeal swab in order to detect false negatives, and laboratory analysis takes more time.?3
Another option is a molecular test (e.g., quantitative polymerase chain reaction (qPCR)), again
requiring a posterior pharyngeal swab.* Pharyngeal swabs are uncomfortable, often acting as a
deterrent for children and adults; however, it is important to confidently diagnose bacterial
pharyngitis not only for the long-term health of the patient but also to avoid over-prescribing
antibiotics.! DeMuri, et al. established that mouth swabs (sucked on like a lollipop) provide an
adequate sample for the detection of GAS when sensitive methods such as PCR are used.®

With developments in PCR and RADTs using saliva instead of posterior pharyngeal swabs,
more options are now available for salivary detection, such as spit tubes (OMNIgene™), passive
drooling, mouth swabs (Eswab™), and cotton rolls (Salivette®).6® The CandyCollect, a lollipop-
inspired open-fluidic sampling device, was first introduced in our 2021 in-lab study that showed
its ability to capture and accumulate Streptococcus pyogenes for analysis.” In 2022, we tested the
device with a remote, at-home human subjects study in which the CandyCollect devices
effectively captured commensal bacteria (Streptococcus mutans and Staphylococcus aureus) from
healthy adults.'® The CandyCollect devices were shipped to the lab in dry tubes under ambient
conditions to be quantified using gPCR from the elution fluid.'® Ours is not the only lollipop-
inspired device; there are at least three other collection or testing devices with a similar lollipop
form already on the market, although these alternative devices do not look like a traditional candy

lollipop and also do not provide flavor. The Self-LolliSponge™ by Copan has the user keep the
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sponge stick in their mouth for a “few minutes” with a lemon scented cap to improve the
experience.!! The V-Chek COVID-19 Saliva Antigen Test provides a “‘Lollipop’ Saliva Swab” that
the user places in their mouth for 90 seconds and then attaches to a lateral flow assay cassette.!?
The Whistling COVID-19 Saliva Antigen Rapid Test combines an absorbent material attached to a
handle that the user places in their mouth with an immunochromatographic assay.*?

Obtaining high-quality samples to diagnose GAS pharyngitis in pediatric patients is
important for treatment; however, the current collection tools are not child friendly. Here we
aimed to demonstrate the feasibility of the CandyCollect device by collecting salivary samples
from 30 pediatric patients aged 5-17 years with known GAS pharyngitis. Further we aimed to
compare user preference for CandyCollect, conventional pharyngeal swabs, or mouth swabs

among children with pharyngitis and their caregivers.

4.2 Method
4.2.1 Mouth swabs and CandyCollect devices

Swabs and media: The pharyngeal swab used in the clinical visit was a standard of care
double swab, BBL™ CultureSwab™ Transport Systems by Copan (FisherScientific, Cat# B4320109).
The white-capped Eswab™ with nylon flocked swabs and Liquid Amies media collection kits by
Copan (FisherScientific, Cat# R723480) were used as mouth swabs.

CandyCollect device stick fabrication: The CandyCollect device is milled from a sheet of 4
mm polystyrene (Goodfellow, Cat# 700-272-86) using the DATRON Neo computerized numerical
control (CNC) mill as previously described.® The Fusion file and an engineering drawing of the

CandyCollect device are included in the Appendix C (Figure C1). After sanding rough edges,
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devices were sonicated in isopropanol (IPA) (FisherScientific, A451-4) and 70% v/v ethanol
(FisherScientific, Decon™ Labs, 07-678-004).

Plasma treatment of CandyCollect devices: A Zepto LC PC Plasma Treater (Diener
Electronic GmbH, Ebhausen, Germany), using oxygen gas, increased hydrophilicity of the device
surface. The process includes decreasing the chamber pr essure to 0.20-0.25 mbar and adding
oxygen gas while 70 W voltage is applied for 5 minutes.0

Preparation of CandyCollect devices for human subjects study: CandyCollect devices were
prepared as previously described with the exception of storage containers and candy mass.>°
Half of the patients (1-15) were sampled with CandyCollects made with 1.2-1.34 g isomalt candy,
while the second half (16-30) were sampled with 0.45-0.57 g; procedures are duplicated here for
convenience. In accordance with the kitchen hygiene guidelines of the Washington State Cottage
Food Operations Law (RCW 69.22.040(2b-f(ii-iv))), candy was applied to CandyCollect sticks by
lab members who are trained in food safety, have a Food Worker Card (WA State), and wore gloves
and a mask during food preparation. Candy was prepared by gradually adding isomalt to water
while heating to a target temperature of 171°C, then adding food coloring. Next, the isomalt
mixture was cooled in a room temperature water bath while strawberry candy flavoring was
added. Plasma treated CandyCollect sticks were cleaned using hot water and dish soap. After the
sticks were dry, small amounts of isomalt candy were re-melted and added to silicone molds with
the CandyCollect sticks. Once the candy was cooled, the mass was recorded, and the device was

heat-sealed in a polypropylene bag. Devices were stored in Ziploc® storage bags with a food safe

desiccant (Amazon, Cat# BOODYKTS9C) until being sent to UW-Madison for the clinical study.
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4.2.2 Clinical Study Procedures
4.2.2.1 Subjects and Specimens

Caregiver-child dyads were recruited from an ambulatory care clinic that serves children
in Madison, Wisconsin. Children were diagnosed with GAS pharyngitis using a traditional
pharyngeal swab via RADT. The study protocol and procedures were reviewed and approved by
the appropriate institutional review board (UW-Madison Health Sciences Institutional Review
Board, #2021-1427). The study team implemented procedures in accordance with the ethical
standards of the relevant human subjects research oversight committees (institutional, local, and
national) and in accordance with the Helsinki Declaration of 1975, as revised in 2008. Study data
were collected and managed using REDCap (Research Electronic Data Capture) hosted at the
University of Wisconsin-Madison, School of Medicine and Public Health.134

A parent or legal guardian (aka “caregiver”) provided verbal consent for their own
participation in the study and caregiver permission for their child, and all children provided verbal
assent. Eligible children needed to be able to suck on swabs and the CandyCollect devices and
could not have a sensitivity to sugar-free products; additionally, a parent or legal guardian needed
to be present and enroll in the study along with the child. Immediately after the clinic visit, in
which the traditional pharyngeal swab was obtained, a research nurse guided participants
through collecting four oral samples: two commercially available mouth swabs (Eswab™) for 10
seconds each and two CandyCollect devices until the candy was fully dissolved (Figure 4.1). The
samples were stored at -80°C and shipped on dry ice prior to gPCR analysis. Race and ethnicity

information was collected based on the requirements of NIH. Race and ethnicity information was
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taken from the electronic health record, where it had previously been entered based on self-

report by the parent/legal guardian.

Strawberry candy

Open channel for
capture pathoge

Figure 4.1. GAS sampling tools used in this study: pharyngeal (throat) swab, ESwab™ (mouth
swab), and the CandyCollect device (from left to right). The components of the CandyCollect
device include: 1) strawberry candy to facilitate pleasant user experience of the CandyCollect
device and 2) open channels which capture bacterial pathogens.

4.2.2.2 Testing Preference Survey

After sample collection was complete, the research nurse gave a paper-based survey to
both the child and their caregiver. All survey questions are included in Appendix C, Table C1-C2.
The research nurse provided instructions about the Wong-Baker FACES® Pain Rating Scale to all
child participants, explaining that each face represents a person who has no pain (hurt), or some,
or a lot of pain (Appendix Figure C2).1> The nurse asked the participants to choose the face that
best describes the pain they experienced during each type of testing. The research nurse assisted
children with completing the form if they needed help reading or understanding. The research

nurse gave caregivers privacy in completing their surveys, to encourage honest responses, only
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answering questions as needed. Participants were also asked to provide suggestions and free
responses about the main reasons for their preferences. All free response questions are included

in Appendix Table C3.

4.2.3 Specimen Processing and Laboratory Analysis

The detailed specimen processing and laboratory analysis procedures were previously
described.’® In brief, the mouth swab and CandyCollect sample collection was directed by a
research nurse. Samples were stored in -20 °C and then transferred to storage at -80 °C within 12
days. Samples were shipped to the University of Washington on dry ice and then stored at -80 °C
before processing. All laboratory procedures were performed in accordance with Biosafety Level-
2 laboratory practices and the University of Washington Site-Specific Bloodborne Pathogen
Exposure Control Plan. CandyCollect devices and mouth swabs were processed as previously
described;!? additional details are in the Appendix C. Briefly, the material on the CandyCollect
device was eluted by phosphate-buffered saline (PBS) (Gibco™, Cat# 10010023) with 5%
Proteinase K (Thermo Scientific™, Cat# EO0491); for mouth swab samples, S. pyogenes DNA was
isolated using MagMAX™ Total Nucleic Acid Isolation Kit (ThermoFisher Scientific, Cat# AM1840)
according to the protocol supplied by the manufacturer. After elution and lysis, the samples were
also enriched and purified using MagMAX™ Total Nucleic Acid Isolation Kit following the protocol
supplied by the manufacturer.1©

gPCR was performed for the detection of S. pyogenes genomic DNA as previously
described.” 19 The results were expressed as Cycle threshold (Ct, number of cycles until the
sample was detected above the threshold). Any Ct value below or equal to Ct values for the lowest

concentration of DNA standards (5 fg) on the same plate was considered positive; this cut-off was
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determined from standard curves performed with genomic DNA isolated from S. pyogenes
(Appendix Figure C4).°
Statistics: Statistical analysis was performed using GraphPad Prism 9 software. Paired t-

tests were used to evaluate the significance of pairwise comparisons.

4.2.4 Preparation of positive and negative controls

Preparation of positive controls (via in-lab capture of S. pyogenes) and negative controls
is described in our prior publications > 1° and the Appendix C. In brief, S. pyogenes was prepared
from Streptococcus pyogenes Rosenbach (American Type Culture Collection, ATCC®, Cat#
700294™), and cultured in Todd-Hewitt Yeast broth.% S. pyogenes culture was inoculated one day
prior to experiments. For positive controls, 50 uL of S. pyogenes culture media were added to the
CandyCollect devices, and mouth swabs were soaked in the S. pyogenes culture media for 10

seconds. PBS was used as the negative control sample.

1014

B male
8- B rFemale

Number of participants

5 6 7 8 9 10 11 12 13 14
Age group (years)

Figure 4.2. Subject demographics. Thirty participants, aged 5-14 years, were enrolled in this
study. Of all the participants, 16 were females and 14 were males.
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4.3 Results
4.3.1 Demographic Characteristics

In this study, 30 pediatric child-caregiver dyads were enrolled at a clinic in Madison,
Wisconsin. Enrolled child participants were aged 5 to 14 years with GAS pharyngitis, which is
consistent with the age range in which GAS pharyngitis is most common;! the mean age of
participants was 8.8 years (Figure 4.2 and Appendix Table C4). More than 90% of child participants

were white and not Hispanic. (Appendix Table C4).

(A) Detection of S. pyogenes (B) Detection of S. pyogenes from individual pediatric patients
from pediatric patients
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Figure 4.3. (A) Pooled cycle threshold (Ct) values of samples collected from 30 child participants
with GAS pharyngitis with the mouth swabs (left, light grey) and CandyCollect devices ((right,
dark grey). Ct from the two sampling methods of all 30 participants are not significantly different
(p>0.05). (B) individual Ct values collected from the CandyCollect devices (purple, square) and
mouth swabs (green, circle). Data are plotted by the Ct of the CandyCollect devices; the
participant numbers were randomly re-numbered. Any Ct value below or equal to Ct values for
the lowest concentration of DNA standards (5 fg) on the same plate was considered positive;
this cut-off was determined from standard curves prepared with genomic DNA isolated from S.
pyogenes; all points plotted are positive results.

4.3.2 gPCR analysis of GAS in CandyCollect devices and mouth swabs
Each sample was analyzed using qPCR and the Ct is shown in Figure 4.3. The samples

collected by CandyCollect devices have an average Ct of 31.28 (range=19.1-38.6) and mouth
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swabs have an average Ct of 32.08 (range=19.5-38.1); the Ct from the two sampling methods of
the 30 participants are not significantly different (p>0.05). Nine samples collected by
CandyCollect devices have a higher Ct than the corresponding mouth swabs and the Ct of 13
samples collected by CandyCollect devices is lower than the corresponding mouth swabs. Two
different versions of the CandyCollect device (with 0.5 g and 1.3 g candy) were used, with half of
the participants using each size. The comparison of the Ct values from two different sizes of candy
(15 participants each size), shown in Appendix Figure 3C, are not significantly different (p>0.05).
There is also no notable correlation between the CandyCollect device consumption time and the
Ct values (Figure 4.4).
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Figure 4.4. Collection time of CandyCollect devices vs. Ct values of samples collected from 15
participants using the large CandyCollect devices (Candy = 1.3 g, green) and from 15 participants
using small CandyCollect devices (Candy = 0.5 g, purple).

4.3.3 User Feedback of CandyCollect devices and two other commercial collection tools

All 30 children and their caregivers completed feedback surveys. Twenty-nine of 30
children responded that they did not feel any pain or discomfort while using the CandyCollect
devices; in comparison, more than half of participants felt pain/discomfort with the traditional

throat swabs (Figure 4.5). Twenty-seven of 30 caregivers ranked the CandyCollect as a good
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sampling method overall; 29/30 caregivers indicated that using the CandyCollect device was a
pleasant experience for their child (Figure 4.5). The majority of children reported that the
CandyCollect device is easy to use (17/30), and they “really like” the taste (n=23/30) (Figure 4.6).
The majority of caregivers reported that the appearance of the CandyCollect was appealing (n=
26/30) (Figure 4.6). When asked to consider using CandyCollect, mouth swab, or throat swab if
they needed another GAS pharyngitis diagnostic test next week, more than a half of the children
(24/30) and caregivers (17/30) preferred to use the CandyCollect device, with the remaining
children and caregivers preferring the mouth swab; no participants selected the throat swab
(Figure 4.6). For caregivers of children who consumed the 0.5 g CandyCollect device
(consumption time range 2.3-5.9 min; 3.3 min median), 12/15 preferred the CandyCollect device
and 3/15 preferred the mouth swab; for caregivers of children who consumed the 1.3 g
CandyCollect device (consumption time range 4.3-14.2 min; 6.5 min median), 5/15 preferred the
CandyCollect device and 10/15 preferred the mouth swab. Almost all children (28 out of 30) and
all caregivers (30 out of 30) stated that they would be willing to use the CandyCollect device at
home (Figure 4.6). All caregivers report they would recommend using the CandyCollect device
(Figure 4.6) for children 5 years and older. All survey questions are included in Appendix Table C1-

C2.
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(A) Children’s ranking of pain/discomfort
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Figure 4.5. Survey responses to assess the comparison of three collection methods. All survey
questions are included in Appendix Table C1 and C2: (A) Appendix Table C1 questions 1-3 (B)
Appendix Table C2 questions 2, 4, and 6 (C) Appendix Table C2 questions 1, 3, and 5.
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4.4 Discussion

The ultimate goal of the CandyCollect device is to capture bacterial pathogens for
laboratory detection. In our previous in-lab study, we developed the CandyCollect device to
capture S. pyogenes in saliva and established a qPCR assay to detect S. pyogenes eluted from
CandyCollect devices.” We also used CandyCollect devices to capture commensal bacteria
(Streptococcus mutans and Staphylococcus aureus) from healthy adults in a home setting as
proof-of-concept human subjects research.'® The present publication is the first human subjects
research that used CandyCollect devices with pediatric patients. The results show that all 30
children diagnosed with GAS pharyngitis using a RADT were positive on CandyCollect devices and
mouth swabs. As expected in studies of human subjects, there was some variability in the amount
of bacteria (Ct value) across sampling methods and participants, which was also shown in a
previous study comparing throat swabs and mouth swabs.”

From the user feedback surveys, many caregivers noted the CandyCollect device is less
frightening for children than other sampling methods, especially in comparison to throat swabs.
Several caregivers noted that the CandyCollect device is easy, fun, and non-invasive. Some
caregivers indicated that the CandyCollect device could help children be less afraid of going to
the doctor or even be excited to do the test. All survey free responses and suggestions are
included in Appendix Table C3. When asked for suggestions to improve CandyCollect devices, the
most common suggestion was to shorten the sampling time. We responded to this suggestion
mid-study by using a CandyCollect device that afforded a shorter sampling time for the second
half of participants. As noted in the Results, caregivers indicated a preference for either the

CandyCollect device or the mouth swab, with no caregivers (and no children) preferring the throat
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swab. Notably, more caregivers preferred their children to use CandyCollect devices rather than
mouth swabs when their child used smaller CandyCollect devices with a faster dissolving time
(12/15) in comparison to caregivers of children who used the larger CandyCollect devices with a
longer dissolving time (5/15). Slightly more children also preferred using CandyCollect devices
when they used faster-dissolving CandyCollect devices (13/15 vs. 11/15). Schuster et al., also
reported the same reasoning for sampling preferences: 73% of participants preferred the nasal
swab compared to saliva collection by drooling due to the faster sampling time.'” We are currently
working to modify the CandyCollect device so as to have faster dissolving candy.

There are three major limitations for this study. First, this pilot study was performed with
a relatively small sample size; we have ongoing studies with larger sample sizes in adults and
children with GAS and other respiratory illnesses. Second, participants were recruited from a
single site with relatively homogenous demographics, although we have no reason to suspect
that demographics influence capture of pathogens in saliva. Our ongoing work includes remote
nationwide studies with enrollment demographics matching national distribution of
race/ethnicities. Finally, to maximize the number of positive cases tested with CandyCollect
devices in this feasibility study, we only included children who tested positive for GAS on
pharyngeal swabs analyzed with RADT during their clinic visits; future studies will include children

with pharyngitis of unknown etiology evaluated with standard clinical and research protocols.

4.5 Conclusion
The CandyCollect device, a user-friendly pathogen collection method, is specifically
designed to make both in-clinic and at-home sampling more accessible for children. In our

inaugural pediatric clinical study, we demonstrated the CandyCollect device successfully captured
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GAS from 30 children in a clinical setting. Notably, a majority of the children and their caregivers
expressed a preference for the CandyCollect device as their chosen method for collecting GAS
(compared to traditional throat swabs and mouth swabs). This study represents a significant step
towards facilitating collection of samples for the detection of GAS and other respiratory
pathogens. Currently, we are modifying the CandyCollect device based on user feedback to
optimize its performance and user experience. We will enroll more participants to achieve larger
sample sizes of children with GAS pharyngitis and also include healthy children and/or children
who test negative for GAS on the in-clinic RADT. We are also developing methods to integrate the
CandyCollect device with RADT; initial work is reported in Sanchez et al.'® The present study paves
the way for several exciting research directions, including: (1) integrating existing lateral flow
immunoassay techniques with the CandyCollect device to enhance the diagnostic capabilities at
home and shorten the diagnostic time, and (2) expanding the range of pathogens that can be

captured using the CandyCollect device.
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(A) Caregivers’ ranking for CandyCollect (C) Willingness to do CandyCollect at home
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for children in general
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Figure 4.6. Survey responses to assess the ranking of CandyCollect devices and user preferences.
All survey questions are included in Appendix Table C1 and C2. (A) Appendix Table C2 question
10 (B) Appendix Table C1 questions 6 and 7 (C) Appendix Table C1 question 5 and Appendix Table
C2 question 9 (D) Appendix Table C1 question 4 and Appendix Table C2 question 7 (E) Appendix
Table C2 question 8 (F) Appendix Table C2 question 11.
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Chapter 5| Conclusion and Future Directions

This dissertation advances the foundational design of open microfluidic capillary flow
systems and highlights the significant potential of open microfluidic technologies in patient-
centered specimen collection devices.

Chapter 2 demonstrates that capillary trees with homothetically decreasing cross-
sectional areas and incorporating absorbent paper pads at the terminal ends of the branches
significantly extend the duration of high-flow pumping. This work opens new avenues for applying
open microfluidics to challenging scenarios, such as sustaining the passive flow of viscous
biological fluids like blood or saliva in open channels.

The collection of oral samples for diagnosing streptococcal pharyngitis is particularly
important in pediatric populations. To address limitations of traditional pharyngeal swabs, our lab
previously developed CandyCollect, an open microfluidic device for salivary pathogen collection,
designed in the form of a lollipop to increase child compliance. Chapter 3 presents a proof-of-
concept study showing that CandyCollect successfully captures various species of commensal oral
bacteria from saliva from healthy adults nationwide. Chapter 4 validates CandyCollect as the
preferred collection tool among children and caregivers. Clinical data from pediatric patients aged
5-14 years showed 100% concordance between CandyCollect samples and conventional
sampling methods, supporting its clinical viability.

The increasing interest in applying open microfluidic systems to human health highlights
the significance of the technologies presented in this work. The capillary-driven flow system,
which utilizes open-channel tree structures integrated with paper pads, shows great potential for

a range of biological applications, including in vitro cell culture and analytical assays involving
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biofluids. Further development is needed to fully explore these applications—for example, using
the capillary channels to separate plasma from whole blood, with the paper pad serving as an
absorbent medium to collect the plasma.

CandyCollect, on the other hand, could be further refined by incorporating ingredients
preferred by caregivers—such as replacing artificial food coloring with natural colorants—
reducing sample collection time by enhancing capture and elution efficiency, and improving the
sensitivity of downstream assays. Scalability challenges could be addressed through mass-
production techniques like injection molding. Currently, the CandyCollect device is limited to
saliva sample collection. To expand its utility as a point-of-care (PoC) diagnostic tool, it could be
integrated with commercial rapid test kits, enabling both sample collection and detection in the

at-home setting and to broaden its diagnostic utility.
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Appendix
A. Appendix for Chapter 2

Reproduced in part from Jodie C. Tokihiro,* Wan-chen Tu,* Jean Berthier,* Jing J. Lee, Ashley M.
Dostie, Jian Wei Khor, Madeleine Eakman, Ashleigh B. Theberge,” Erwin Berthier,” “Enhanced
capillary pumping using open-channel capillary trees with integrated paper pads.” Physics of

Fluids 35, 082120 (2023). https://doi.org/10.1063/5.0157801

Table Al. Physical properties of the solvents. The term (%) 2AcosB* is the coefficient of the

extended Lucas-Washburn law and there is a slight difference between the value obtained from

literature and from experiments.

e Experimental data /(g) 2Acos8* [mm/s'2]

Physical property 50% IPA Nonanol | Pentanol
aSurface tension y [MN/m] 24 28.5 25.4
@Viscosity u [mPaes] 3.2 11.2 3.75
ab Contact angle U [deg] 18 13
y cos 8 [mN/m] 22.8 27.8
¢y cos 8" [mMN/m] 14.6 17.9
48.2 28.5 41.3
dLiterature data (E) 2\ cosO* [mm/s'?]
40 23-25 40

2air at room temperature*”; ® contact angle of the solvent on native PMMA; ¢cos & is the

Cassie contact angle®; 9 calculated using values in the table on line 1 (y), 2 (1), 5 (y cos §°), and A

=259 um™2. ¢fit with the travel distance in the root channel (zo).
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Table A2. Characteristic dimensions of the homothetic channels

Dimension Level O (root) | Level1l Level 2 Level 3
Width [mm] 1.06 0.90 0.77 0.65
Depth [mm] 1.76 1.50 1.28 1.08
Wetted perimeter po [mm] 4.13 3.51 3.00 2.53
Friction length A [um] 259 220 187 159
Cross-sectional area So [mm?] 1.75 1.26 0.92 0.66

2 obtained from previous publication.'?
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Table A3. Characteristics of Whatman #1 paper pads.

2Physical and geometrical Symbol Value Unit
properties
Permeability K 2.3x10° mm?
Porosity [0} 0.7 -
Capillary pressure (IPA 50%) Pcap 3300 Pa
Capillary pressure (nonanol) Pcap 5500 Pa

2 porosity and permeability are obtained from the literature3, capillary pressures were

determined by fitting K and ¢ to the experimental data.
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Section 1. Dynamics of capillary flow in the open-channel capillary tree

Root channel. We derive first the dynamics in the root channel. Neglecting the evanescent

initial inertial regime,®° the balance between capillary force Fep and wall friction Fgrqq leads to

. _ v,
Fcap =pycosf* = Fdrag =P ZyT =D 2 (/170)' (51)

where T is the average friction, p the total channel perimeter in a cross section, Vp the average
velocity (which is a function of time and/or travel distance), A the average friction length, u the
viscosity, y the surface tension, and 8* the generalized Cassie angle!! (in order to take into
account the free surface of the open channel and accommodate for the potential of non-
monolithic channels comprising different materials on the floor and walls). Then we have the

relation between travel distance and time

dzi _ 2Ly cosf*

” PR (S2)

And finally

[22y coso”
Zp = %\/E (S3)

Note that the time at which the flow reaches the bifurcation at a distance Lo from entrance, is
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k2 _ L
to = 21y cos6* LO T (54)

21y cos@*
P .

where C =

Tree branches. After the first bifurcation, at the level n, we must use a formulation that

uses the pressures and write the pressure equilibrium along a fluidic path®%-1>

Vo 1 _ ppycosby

5 5, (S5)

Vo 1
Po Loy ot +Pnznp

where z, here is the travel distance in the n'" ramification, S, the cross-sectional area and V, the
I d . L . .
velocity in the daughter branch (V;, = %). Relation (S5) indicates that the capillary pressure is

equal to the pressure associated to the friction along a path starting from the root channel to the
n'" channel. Using the relations linked to the homothetic ratio a, we have for the cross-sectional

perimeters are

_ . on—1., _
Pn = AQPp_q = =+ = a7 p; = a’p,, (S6)
and the cross-sectional areas are

S, =a?S,_ = = a?Vg = q?n§, (S7)
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Moreover, the friction lengths are homothetic because they are proportional to the hydraulic

diameter of the channel

An = aln_l = = an_lﬂ.l = anlo (58)

Hence the ratio % is constant for all indices i from 0 to n, equal to Z—O. Moreover, the Cassie angles
i 0

are everywhere the same, i.e., 8* = 8] = --- = 6,,. Substituting (S6), (57) and (S8) in (S5) yields
a?Ly Vo + a? ™D L Vit +aPl, Vy 1 + 2z, V, = };—”glo cosf* = a"%lo cosf* = a"% .
0
(S9)

Using the mass conservation equation,

Vo=Qa*)V; =QRa*)?V, = =Q2a* )", (510)

and remarking that I, = %”, (S9) becomes a differential equation in z, that can be integrated to

obtain a quadratic polynomial in z,

Z% + 2[(2“4)71140 + (2 a4)n_1 L1 + + 2(14Ln_1]2n = anC (t - tn—l) , (511)
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Denoting A, = 2a*)"Ly, + Ra®)™ 1L, + -+ 2a*L,_; = Qa*)"LyZ,_; , where X,_; =

L1 Lp—1 . .
[1 + 2atle + -+ a1 a4)"—1L0]’ the solution is
zZ, = A, [_1+\/1+aA_r;f (t_tn—l)] (512)

Note that the travel distance given by relation (S12) is not of the conventional Lucas-Washburn

form (z = V/t), but of the form z ~ —A4 + VA2+a"Ct .
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Section 2. Dynamics of capillary flow in the paper pads (coupled to that in the open-channel

capillary tree)

When reaching the extremities of the tree branches, the liquid start wicking the paper

pads. The motion wicking of the pads is governed by Darcy’s law 117

K K Pca —P;

where P is the capillary pressure of the paper and P; the pressure at the junction channel-paper
pad. Kis the permeability of the pad and ¢ its porosity. The index p refers to the paper. The triplet
(Pcap, K, @) characterizes the paper strip.181°

Three assumptions are used in the present model. First, the paper pads are
homogeneous, i.e., there are no regions of higher or lower porosity. Hence, degree of saturation
(local percentage of liquid) is assumed the same everywhere in the paper pad.?®?! As a
consequence, the capillary pressure P.qp is constant everywhere, and there is no smearing of the
advancing contact line, which is described in the literature as a sharp front approach.?? Second,
it is assumed that the dilatation of the paper fibers with the penetrating the liquid is negligible,
so that the porosity ¢ is constant everywhere in the pad. Third, the cellulose fibers do not absorb

the wicking liquid, so that the mass conservation is independent of the time. Then equation (513)

can be cast under the form
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2
d(zp) _
dt

% (Pcap - PJ) (514)

In order to solve equation (S14), the pressure P; mut be determined. According to (S5)

Vo 1 Vy 1
Pi=polLopy st tpnlnpyts, (S15)

where n is the channel level at the junction with the paper pads. Using again (S6), (S7), (S8) and

(510), the pressure P; can be expressed as

_ Yo 1 Lh 1 o yn_ 1 — Yo 1
Pf_pOLO‘uAOso(l L02a4+ +L0(2a4)n) pOLO'uAOsOZ"' (516)

Using the mass conservation equation, the velocity Vp can be expressed in function of the velocity

in the paper
V()SO = Zn(ﬁVpS ) (517)

where S, is the total cross-sectional area of the pad. We consider two types of paper pads:

rectangular and conical (triangular). We can group together the two geometries by writing

Sy =Spo+2Bhy2z,, (518)
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where z, is the penetration distance, h, is the thickness of the paper pad, Sp,0the cross section of
the paper at the junction—there can be a sharp increase of section between the last channels of
the tree and the pads— and B the cone semi-angle. In the case of a rectangular pad, 8 = 0. In the
case of a cone, the wetted cross-section in the paper pad is assumed to have a perfectly rounded
interface.

Successively substituting (S18) in (S17) and (S17) in (S16) yields the expression of the

pressure P;in function of Vpand z,

- _ Do Lo n Sp_,o 2B hyp zp

P =50z, 2, (SO R ). (519)

For simplifying the notations, let us note a, = 2"Z, K2 §=—2 andp =25p The
) n n /10 SO’ Zﬂhp qu cap:*

two first parameters a,, and B have the dimension of a length, while the unit for b is mm?/s.
d
Substituting (S19) in (S14), and using the relation 1, = %, produce the differential equation for

the penetration distance z,

a(zp)° an Spo d2p _, _
20 (1+22) + 24, 0 =0 (520)
The solution is
2 an
_ an @ _ i b(1+7)1'
Z, = (1+’%") 5 1+ 1+ (Sp,o) —= | (S21)
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where B = t - t is the time taken from the entrance of the pad (B = O, z, = 0). Note that, for

rectangular pads, § = oo, (% = 0), and (S21) becomes

2
Sp, S b
zp=anSL° —1+\/1+(—°) =1. (S22)

0 Sp,o an

For rectangular pads, it is verified that, if the capillary pressure P.qp in the paper is very high (the

parameter b is large), (522) can be simplified, and the travel distance in the paper is

Z, = Vbt = %t, which is simply the Lucas-Washburn law for paper alone, obtained by

direct integration of (S14) with P;=0. In this case, the influence of the tree completely disappears.

In the general case, deriving (S21) in respect to time, the velocity of the fluid in the pad is

v, =% . (S23)

Using the mass conservation equation (S17), the velocity in the root channel when the liquid

wicks the paper is given by

Voot = 2" 2 = (222 +22) 2 - , (524)
L) So &/ Spo so \2 b(1+°R) T
2an 1+<Sp%) a%'
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where z, is given by (S21). At the precise time when the fluid contacts the pad (& = 0, z, = 0),

relation (S24) vyields V¢ 0 =$Tb, and replacing a, and b by their expressions, Peap

n

PoLo U Vroot,0

S PV which is the expression of the pressure Py at the end of the root channel when the
0 0

velocity is Vygot.0-

Let us consider the case of conical pads. The penetration distance z, can be removed from

(524) by using (S21)

_ 2" 1¢ b (§+anV1+D1)

Vroot =~ Granviip:’ (525)
where D = (%)2 b(t;_n)

The unit of D is 1/s. In the case of rectangular pads, the derivation of V,.,,; yields

Veoor = 22 yissxd (s27)
where D, = (%)2 a%
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Table A4. Summary of coefficients used in the different solvents

Coefficient Unit IPA 50% Nonanol | Pentanol
a mm 0.0026 0.0026 0.0026
d mm 1.6 1.6 1.6
a/d - 0.002 0.002 0.002
Spo/Sp - 0.38 0.38 0.38
b mm?/s 3.7 1.8
Viscosity u mPa.s 3.2 11.2 3.75
Capillary pressure Pcap Pa 2072 4116
2"Sn - 11.34 11.34
Surface tension y mN/m 24 28.5
Contact angle ¢ degrees 18 13
Cassie contact angle 9” degrees 55.5 52.0
Capillary force y cos 9 mN/m 13.6 17.5
Washburn coefficient
Y mm/s/?2 47.0 28.5
(—) 2A cosB*
U
Washburn coefficient from fit with
experiments
mm/s*/? 38 25
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Figure Al. Engineering drawing of device with dimensions.
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Figure A2. Raw data plots of all trials for (a) 50% IPA and (b) nonanol (c) pentanol of distance
traveled over time.
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B. Appendix for Chapter 3

Reproduced in part from Wan-chen Tu,* Anika M. McManamen, * Xiaojing Su, Ingrid Jeacopello,
Meg G. Takezawa, Damielle L. Hieber, Grant W. Hassan, Ulri N. Lee, Eden V. Anana, Mason P.
Locknane, Molly W. Stephenson, Victoria A. M. Shinkawa, Ellen R. Wald, Gregory P. DeMuri, Karen
Adams, Erwin Berthier, Sanitta Thongpang#, Ashleigh B. Theberge#, “At-Home Saliva Sampling in
Healthy Adults Using CandyCollect, a Lollipop-Inspired Device.” Analytical Chemistry.
2023;95(27):10211-10220.
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Figure B1. Schematic of the CandyCollect device dimensions. All dimensions are in mm.
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Table B1. Mass, diameter, thickness, and dissolving time of CandyCollects in Figure 3.4 (Day 1)

Participant Mass (g) Diameter (mm) | Thickness (mm) | Time (min)
1 1.34 16 4 4:35
1.24 16 4 4:16
1.37 16 4 5:00
2 1.26 16 4 2:48
1.21 16 4 3:31
1.38 16 4 3:51
3 1.34 16 4 4:13
1.33 16 4 5:01
1.28 16 4 4:16
4 1.37 16 4 4:50
1.23 16 4 4:21
1.40 16 4 4:34
5 1.34 16 4 4:25
1.30 16 4 4:51
1.40 16 4 4:31
6 1.32 16 4 5:02
1.39 16 4 5:37
131 16 4 4:19
7 1.24 16 4 8:32
1.41 16 4 7:00
1.32 16 4 7:52
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8 1.30 16 7:58
1.39 16 8:22
1.34 16 4:43
9 1.40 16 2:48
1.23 16 2:10
1.36 16 2:12
10 1.86 16 3:14
1.86 16 2:34
1.90 16 2:45
11 1.33 16 5:04
1.37 16 3:58
1.37 16 4:54
12 1.40 16 2:37
1.34 16 2:06
1.21 16 2:39
13 1.24 16 4:35
1.33 16 4:32
1.21 16 4:25
14 1.32 16 5:41
1.32 16 5:24
1.32 16 5:31
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Table B2. Mass, diameter, thickness, and dissolving time of CandyCollects in Figure 3.4 (Day 2)

Participant Mass (g) Diameter (mm) | Thickness (mm) | Time (min)
1 1.7 16 5 4:45
1.72 16 5 4:33
1.83 16 5 5:00
2 1.80 16 5 3:51
1.76 16 5 2:49
1.77 16 5 3:29
3 1.70 16 5 5:46
1.72 16 5 6:20
1.72 16 5 5:54
4 1.84 16 5 5:50
1.79 16 5 5:00
1.76 16 5 4:59
5 1.77 16 5 6:01
1.75 16 5 5:20
1.72 16 5 4:48
6 1.82 16 5 4:53
1.88 16 5 5:01
1.9 16 5 4:21
7 1.81 16 5 9:08
1.83 16 5 10:34
1.77 16 5 9:49
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8 1.74 16 4:53
1.81 16 6:18
1.90 16 4:18
9 1.86 16 2:47
1.81 16 2:34
1.89 16 2:39
10 1.31 16 2:08
1.24 16 2:57
1.37 16 3:10
11 1.89 16 5:35
1.77 16 6:02
1.76 16 6:49
12 1.83 16 4:37
1.81 16 4:49
1.77 16 4:59
13 1.86 16 5:37
1.77 16 6:11
1.88 16 6:35
14 1.81 16 5:32
1.9 16 6:22
1.79 16 6:36
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S. aureus primer modification and verification

The primer/probe sequences for the S. aureus gPCR assay were referenced from Galia et al.,
2019 with minor modifications for both forward and reverse primers. Probe sequence remains
the same as in Galia et al., 2019 except using FAM as a reporter dye. The forward primer
sequence was modified based on the NCBI database for S. aureus sequence (25923) (GenBank
accession no. CP000046); the reverse primer sequence modification was based on the ATCC
Genomes database for S. aureus (25923). All primer/probe sequences are listed in Table S3
below. Primer validation is shown in Figure B2-3.

Table B3. The sequences of S. aureus primers and probe. The original forward (FO), reverse (R0)

primers, and probe are adopted from Galia et al., 2019; in this study, modified forward and
reverse primers were designated as F1 and R1.

Primers/prob | sequences Notes

e

Forward (FO) | 5-GGCATATGTATGGCAATTGTTTC-3’ Galia et al. 20191

Forward (F1) | 5’-GGCATATGTATGGCAATCGTTTC-3’ This study

Reverse (RO) | 5'-CGTATTGCCCTTTCGAAACATT-3’ Galia et al. 20191

Reverse (R1) | 5'-CGTATTGTTCTTTCGAAACATT-3’ This study

Probe 5’-/56-FAM/ATT ACT TAT AGG GAT GGC TAT C/3MGB- Galia et al. 20191
NFQ/-3’

We first tested the original forward/reverse primer pair (FO/R0), from Galia et al., 2019, for gPCR
amplification and efficiency with SYBR Green chemistry. A 1:10 serial dilution of purified DNA
from S. aureus was used as templates (10 ng to 10 fg/reaction). Purified DNA from S. mutans and
S. pyogenes (10 ng/reaction) were used as negative controls. gPCR was run under the following

thermal cycling conditions: 5 min at 95 °C followed by 40 cycles of 95 °C for 15 s and 60 °C for 30
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s. Based on the amplification plot (Figure B2), gPCR with FO/RO primer pair did not have a good
dynamic range of detection and the reaction efficiency was low. In addition, two negative
controls had strong fluorescence signals (data not shown). This prompted us to seek
improvement in primer design. The modified forward primer sequence (F1) has only one
nucleotide different from the FO; the modified reverse primer sequence (R1) has two nucleotides
different from the RO (Table B3). To validate the new primers, the new primer was paired with
the original forward or reverse primers or another new primer: FO/R1, F1/R0, F1/R1, and was
examined for gPCR amplification and efficiency as above. The FO/R1 primer pair had improved
assay dynamic range and efficiency compared to the original FO/RO. The F1/R0 and F1/R1 primer
pairs sets provided the best assay dynamic range and efficiency (Figure B2). It is noted that non-
specific amplification can also be detected in the gPCR assays for these three pairs of primers. To
increase specificity, F1/R0 and F1/R1 primer pairs were combined with the probe originally
designed from Galia et al., 20191, and TagMan master mix was used for the qPCR assay with
purified DNA as above. The results showed that the F1/R1 primer pair had better sensitivity and
wider assay dynamic range compared with F1/R0 pair (Figure B3A). The efficiency is 85%. Agarose
gel electrophoresis showed a single PCR product (~70 bp, an expected amplicon size) in gPCR
with both F1/R0 and F1/R1 primers/probe pairs indicating amplification specificity (Figure B3B).
Based on these results, we proceeded to use F1/R1 primers in the qPCR assay together with the

TagMan probe for detection of S. aureus in this paper.
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gPCR amplification plots and standard curves with SYBR green chemistry

RFU

RFU

RFU

RFU

Figure B2. S. aureus primer validation by gqPCR with SYBR Green chemistry. The gPCR
amplification plots and standard curves were from different combinations of S. aureus forward
and reverse primers. SYBR Green chemistry was used for detection. FO and RO are the original
forward and reverse primers used in Galia et al. 2019%; F1 and R1 are modified forward and
reverse
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(A) gPCR amplification plots (left) and standard curves (right) with TagMan probe
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(B) Agarose gel electrophoresis
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2 3 4 5 6 7 8 9101 M 12
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S. aureus, 10 ng
S. aureus,1 ng
S. aureus, 0.1 ng
S. aureus, 10 pg
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CONONAWN=-T

S. aureus, 0.1 fg
No template control
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Figure B3. S. aureus primer validation by agarose gel electrophoresis and qPCR with TagMan
probe. The modified forward and reverse primers (F1/R1) with probe analysis used in this paper
for S. aureus detection. (A) The qPCR amplification plots (left) and standard curves (right) of S.
aureus. Probe was added in the qPCR assay. The result showed that the F1/R1 pair (bottom) had
better sensitivity and wider dynamic range compared with F1/R0O pair (top). (B) Agarose gel
electrophoresis demonstrated high selectivity of the qPCR assay. Agarose gel electrophoresis
showed a single PCR product (~70 bp, expected amplicon size) in qPCR with both F1/R0 and F1/R1
primers/probe pairs (top: FIRO and bottom: F1R1) indicating amplification specificity. The
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templates were 1:10 serial dilution of DNA (10 ng to 0.1 fg /reaction) from S. aureus DNA (lane 1
to 9) and lane M is DNA ladder. No PCR products were shown in DNA samples from no template
control (lane 10), S. pyogenes (lane 11) (10 ng), and S. mutans (lane 12) (10 ng). 3% agarose gel
was used to separate DNA products from the qPCR reactions.
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(A) S. mutans standard curves for human participant samples
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(B) S. aureus standard curves for human participant samples
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Figure B4. Standard curves for the (A) S. mutans and (B) S. aureus qPCR assays. 1:10 serial
dilutions of genomic DNA ranging from 25 ng to 25 fg was used as template for gPCR. Each dot
represents one technical duplicate (in cases where one point is visible the duplicates were
identical). The standard curves in which Cq values were plotted against starting template DNA,
were linear. qPCR slopes ranged from -3.09 to -3.46 for S. mutans and -3.18 to -3.36 for S. aureus
across 7 independent experiments.
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Table B4. Survey questions for user feedback

Was the CandyCollect easy to hold on to the handle? (1 Very Bad -
5Very
Good)

Was the CandyCollect easy to suck on? 1-5

Does the CandyCollect look appealing (the color, the overall appearance)? 1-5

Did you like the taste of the CandyCollect? 1-5

Do you have a dry mouth today? Yes No

Do you have a chronic condition such as Sjogren’s syndrome that affects saliva | Yes No

production?

If so, did you think your saliva production decreased during your participation | Yes No

in this study?

Would you recommend these CandyCollect to children ages 4 and above? Yes No

Please explain your choice from the previous question.

How can we improve our CandyCollect for children? (Provide any suggestions)
(optional)

What was your preferred method of sampling?

CandyCollect
ESwab
Spitting
Tube

What was the most suitable sampling method for children?

CandyCollect
ESwab
Spitting
Tube

Please explain your choice from the question above

What method provided the best sampling experience?

CandyCollect
ESwab
Spitting
Tube

Rank the methods from easiest to hardest to use.

CandyCollect
ESwab
Spitting
Tube

What method provided the best sampling experience?

CandyCollect
ESwab
Spitting
Tube

116




Which method seemed the least invasive?

CandyCollect
ESwab
Spitting
Tube

Which method was the least disgusting or uncomfortable?

Yes No

Which method was the most sanitary?

Was it easy to follow the instructions?

How easy was it to complete the surveys and enroll in our study?

How can we improve our instructions and the survey section of this form?
(Provide any suggestions) (optional)
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Figure B5. At-home saliva sampling devices for human subjects study. Self-saliva collection
methods enable at-home sampling then shipping back to lab analysis. Three different collection
methods included six CandyCollect devices, six ESwab™, and two SpeciMAX Stabilized Saliva
Collection Kits (from left to right). (A) wrapped (B) unwrapped.
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(Ai) Fluorescence images from CandyCollect for elution buffer optimization

Proteinase K in ESB EtOH in ESB SDS in ESB

Sample pre-elution Proteinase K in PBS SDS in PBS

(Aii) Qualification of fluorescence images B) Quantitative PCR assay

[ [ *xk

| g :

1507 [ Ll > " ns
- §1.5x10°7 | L
[ . ° L[]
< E —
1003 o o] e e
£c e e & 1x10
s 2 L - S ® °
23 I g 2
B 3 507 1 e || - 8 5x10°
e ° © .
g L 8 £ —
£ Ly 20e | : . g
Control PBS+ ESB+ ESB+ ESB+ PBS+ @ PBS+ ESB+ ESB+ ESB+ PBS+

Pro.K Pro.K EtOH SDS SDS Pro.K Pro.K EtOH SDS SDS

Elution buffer Elution buffer

Figure B6. Additional elution experiments demonstrate that S. aureus captured by CandyCollect
devices can be removed efficiently via elution buffers. (A) S. aureus at a concentration of 1x10°
CFU/mL was incubated on the CandyCollect device and eluted via five elution buffers. The image
result suggests that only the Proteinase K in PBS and Proteinase K in ESwab buffer (ESB) could
efficiently remove S. aureus on CandyCollect. S. aureus was green fluorescently labeled with
WGA. (Aii) Quantification of the integrated density per area (pixel/um?). Each data point
represents an individual CandyCollect; The bar graph represents the mean + SEM of n = 3
CandyCollects. Data sets were analyzed using one-way ANOVA; p-values are indicated for
pairwise comparisons between the control and different elution buffers: *p < 0.1, **p < 0.01,
**%*p <0.0001 (Tukey’s multiple comparison tests). (B) Proteinase K in PBS and Proteinase K in
ESwab buffer were the most efficient elution buffers based on the qPCR results. Quantification
of S. aureus by gPCR. Each data point represents an individual CandyCollect. No significant
differences were observed between Proteinase K in PBS and Proteinase K in ESwab buffer.
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Detection of S. pyogenes, S. mutans,
and S. aureus from a mixed sample

3x10-1

2x10-

T

okﬂo

th-

DNA content (ng/ mL saliva)

T 1 T
S. pyogenes S. mutans S. aureus
Type of bacteria

Figure B7. qPCR tests demonstrate that the mixture of three bacteria in saliva can be analyzed
for their individual concentrations. Three bacteria, S. pyogenes, S. mutans, and S. aureus, were
mixed at the concentration of 10* CFU/mL. Quantification of the three bacteria by qPCR. DNA
contents were detected in a bacterial concentration-dependent manner. Each data point
represents an individual CandyCollect; the bars represent the mean + SEM of n=3 CandyCollects.
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CandyCollect shelf life test
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Figure B8. qPCR shelf life tests demonstrate that the CandyCollect device effectively captures S.

pyogenes after 1 year of storage. CandyCollect devices were plasma treated and stored at room

temperature for 0 days (control group), 3 months, 4 months, and 1 year. After the storage period,

S. pyogenes was incubated on the CandyCollect devices, eluted, and analyzed by gPCR. Each data

point represents an individual CandyCollect device; the bar graph represents the mean + SEM of

n = 3 CandyCollect devices. Data sets were analyzed using one-way ANOVA followed by Tukey's

multiple comparisons test; p-values are indicated for pairwise comparisons between different

storage times (*p<0.05 and **p<0.01). Note: one of the CandyCollect devices from 1 year shelf

life 10 CFU/mL had no gPCR signal.
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C. Appendix for Chapter 4
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Table C1. Survey questions for user feedback (children)

1 | Circle a number below to show how much pain
(discomfort) you felt during the THROAT SWAB.

0 No hurt

[Children were shown the Wong-Baker FACES® Pain

Rating Scale, refer to Figure S2.] 2 Hurts Little Bit
4 Hurts Little More
6 Hurts Even More
8 Hurts Whole Lot
10 Hurts Worst
99 Declined to answer

2 | Circle a number below to show how much pain
(discomfort) you felt during the MOUTH SWAB.

[Children were shown the Wong-Baker FACES® Pain

0 0 No hurt

Rating Scale, refer to Figure S2.] 2 2 Hurts Little Bit
4 4 Hurts Little More
6 6 Hurts Even More
8 8 Hurts Whole Lot

10 10 Hurts Worst

99 Declined to answer

3 | Circle a number below to show how much pain
(discomfort) you felt during the CANDYCOLLECT
(lollipop).

[Children were shown the Wong-Baker FACES® Pain

0 0 No hurt
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Rating Scale, refer to Figure S2.]

2 2 Hurts Little Bit

4 4 Hurts Little More
6 6 Hurts Even More
8 8 Hurts Whole Lot

10 10 Hurts Worst

99 Declined to answer

If you needed to have another test for strep throat

i ?
next week, which would you prefer? 1 Throat Swab

2 Mouth Swab

3 CandyCollect (lollipop)

99 Declined to answer
Would you be willing to do the CandyCollect
(lollipop) at home? 1 Yes

2 No

99 Declined to answer
Was the CandyCollect (lollipop) easy to suck on?

1 1 Very Easy

2 2

3 3

4 4

5 5 Very Hard

99 Declined to answer
Did you like the taste of the CandyCollect (lollipop)?

1 1 Really like it
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2 2

3 3

4 4

5 5 Don't like it

99 Declined to answer
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Table C2. Survey questions for user feedback (caregivers)

1 [ Think back to the moment when your child was

having the THROAT SWAB done by the clinic staff. 1 1 - Pleasant
Please provide your impressions of the THROAT
SWAB by marking your impression on the scale 2 2
between Pleasant and Unpleasant.
3 3
4 4
5 5
6 6
7 7 - Unpleasant

2 | How would you rate the THROAT SWAB overall? Slider (number, Min: -5, Max: 5)
Slider labels: Bad, Good

3 | Think back to the moment when your child was

having the MOUTH SWAB done by the clinic staff. 1 1 - Pleasant
Please provide your impressions of the MOUTH
SWAB by check marking your impression on the 2 2
scale between Pleasant and Unpleasant.
3 3
4 4
5 5
6 6
7 7 - Unpleasant

4 | How would you rate the MOUTH SWAB overall? Slider (number, Min: -5, Max: 5)
Slider labels: Bad, Good

5 | Think back to the moment when your child was

having the Candy?ollect (Igllipop) (_:lone by the clinic 1 1 - Pleasant
staff . Please provide your impressions of the

CandyCollect (lollipop) by checkmarking your 2 2
impression on the scale between Pleasant and

Unpleasant. 3 3
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5 5
6 6
7 7 - Unpleasant
6 | How would you rate the CandyCollect (lollipop) Slider (number, Min: -5, Max: 5)
overall? Slider labels: Bad, Good
7 | If your child needed to have another test for strep
throat next week, which would you prefer? 1 Throat Swab
2 Mouth Swab
3 CandyCollect
(lollipop)
99 Declined to answer
8 | What do you think is the most suitable sampling
method for children in general? 1 Throat Swab
2 Mouth Swab
3 CandyCollect
(lollipop)
99 Declined to answer
9 | Would you be willing to have your child do the
CandyCollect (lollipop) at home? 1 Yes
2 No
99 Declined to answer
10 | Does the CandyCollect (lollipop) look appealing (the
color, the overall appearance)? 1 1 Really like it
2 2
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3 3
4 4
5 5 Don't like it
99 Declined to answer
11 | Would you recommend these CandyCollect
(lollipop) to children ages 5 and above? 1 Yes
2 No
99 Declined to answer
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Table C3. Free response question

Please explain your response

How can we improve our CandyCollect
(lollipop) for children? Provide any
suggestions

Not scary, pleasant color, tasty, soothing on
throat

Shorter time, other flavors, not sure about
the sugar free sweetener

Child friendly, appealing to children.

No ideas

It takes longer than a swab but it is way more
pleasant and fun for the child.

| think it's a great idea. Only complaint is that
it takes a little while-but my child didn't
mind!

Compared to throat swab, more
appealing/less scary. Could help kids be less
afraid to go to the doctor in general.

Consider making handle white instead of
clear to make it look more like a lollipop.

My child is 10 yr old: he was in tears on the
way here dreading the throat swab test. The
candy collect would not only provide test
results but also perhaps soothe his sore
throat.

My only suggestion would be having a few
flavors?

It seems fun for kids.

N/A

N/A

No suggestions

Kids like lollipops so not scary

Not take as long

They would be old enough to follow
instructions and not have to worry of
choking. They would also enjoy it.

N/A

Great, non-invasive test for an already painful
ailment.

If it goes forward-esp over the counter-very
easy, detailed instructions are helpful.

N/A

N/A

The CandyCollect was easy and fast; he
seemed to enjoy it and there was no pain-big
plus!!!:)

Different flavors for kids to choose from

My child seemed to find it far more pleasant
than the throat swab.

| can't think of any suggestions.
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N/A

Avoiding food dye would be beneficial for
many children.

This is a simple, appealing test for kids: the
color, size, and flavor all seem like a lollipop.

Make sure that parents know whether it
includes red artificial food dye. Some parents
avoid red dye #40 and similar additions.
Parents might feel reassured knowing the
ingredients and whether vegetable dye is
used.

Seems like the candy would be way more
appealing than having a throat swab.

Variety of flavors

Great alternative to throat swab

Quicker collection

Easy for kids to suck on as it tastes good and | None
kids like suckers

Child was excited to do the test. Nothing
No discomfort, especially compared to throat | None

swab.

| feel based on the time for it dissolve that it
would be better for kids 5 and older. | think
that is a great age to be able to do that and
wait. My son has a strong gag reflex so |
think this was great.

| don't have any suggestions for
improvement. | think it was a great way to
collect a sample and | really hope strep can
be detected this way.

My child liked the flavor, enjoyed the
concept. It takes a bit longer than the mouth
swab though.

Maybe have it dissolve in less time.

Easy, non-invasive

Quicker process

The mouth swab was easy, but if it's not
effective the Candycollect was just as good!

Maybe shorter suck time?!

It is more pleasant than throat swab by far-
but was time consuming.

No suggestions

Much easier than throat swab.

N/A

Really liked the concept of the CandyCollect
but the time was a little long. The mouth

swab is quick and easy even though no flavor.

N/A
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Great way to collect in a fun way for kids.

My only concern would be the length of time
and how much swallowing they have to do if
their throat is very sore, and if they aren't
feeling well.

N/A

| don't have any feedback.

If it didn't take as long

Offer a variety of flavors (Grape, Bubblegum),
too long to do test
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Figure C1. Schematic of the CandyCollect device dimensions. All dimensions are in mm. This
figure is reproduced from Tu et al. ! (Figure S1) with permission from the ACS publication
(Analytical Chemistry).
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Wong-Baker FACES® Pain Rating Scale
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©1983 Wong-Baker FACES Foundation. www.WongBakerFACES.org
Used with permission. Originally published in Whaley & Wong's Nursing Care of Infants and Children. ©Elsevier Inc.

Figure C2. Wong-Baker FACES® Pain Rating Scale.? Face O represents does not hurt at all; face 2
represents hurts just a little bit; face 4 represents hurts a little bit more; face 6 represents hurts
even more; face 8 represents hurts a whole lot; face 10 represents hurts as much as you can
imagine, although you do not have to be crying to have this worst pain.
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Table C4. Study Participant Characteristics (Child Participants)

Characteristic In this study In Dane County,
No. (percentage) Wisconsin?
Mean age 8.8 + 2.5 years
Female, n (%) 16 of 30 (53%) 49.9%
Race, n (%)
American Indian or Alaska Native 0 (0%) 0.5%
Asian 1(3%) 6.6%
Black or African American 1(3%) 5.8%
Native Hawaiian or Other Pacific 0 (0%) 0.1%
Islander
White 28 (93%) 84.1%
Ethnicity, n (%)
Hispanic or Latino 1(3%) 7.0%
Not Hispanic or Latino 29 (97%) 78.0%
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(Ai) Pooled Ct values of all devices

(Aii) Ct of all devices of individual participant
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Figure C3. Pooled and individual cycle threshold (Ct) values of samples collected from mouth

swabs and CandyCollect devices (A) all 30 child

participants (B) from15 participants using the

large CandyCollcet devices (Candy = 1.3g, green) and (C) from 15 participants using small
CandyCollect devices (Candy = 0.5g, purple). Ct values from the two sampling methods are not
significantly different (p>0.05). The participant numbers were randomly re-numbered.

135



Method (This section is reproduced from Lee et al. 3 and Tu et al. 2)

Bacteria culture

Liquid media preparation

For the THY liquid media, 30 g of Todd-Hewitt Broth (BD Bacto™ TH broth, Fisher Scientific, Cat#
DF0492-17-6) and 2 g of Yeast Extract (United States Biological Corporation, Fisher Scientific, Cat#
NC9796728) (THY) were added to 0.8 L distilled water and dissolved to completion. Additional
distilled water was added for a total volume of 1 L. THY liquid media was autoclaved at 121 °C for

30 min, cooled to room temperature, and stored at 4 °C.

Agar plate preparation

7.5g agar (BD Difco™ Dehydrated Culture Media: Potato Dextrose Agar, Fisher Scientific, Cat#
DF0013-17-6) was added to the 500 mL of liquid media, then autoclaved at 121 °C for 30 min. 15
mL of liquid media with agar was added to petri dishes, left to cool overnight, and stored at 4°C

until needed for.

S. pyogenes maintenance in agar plate

Freeze-dried S. pyogenes was rehydrated with 1 mL liquid media, and then transferred to another
conical tube containing 4.4 mL of liquid media. To maintain the bacteria, S. pyogenes were
streaked on agar plates by sterile disposable inoculating loops (Globe Scientific, Fisher Scientific,
Cat# 22-170-201). The agar plates were incubated at 37 °C with 5% carbon dioxide overnight,

then stored at room temperature for up to 7 days.
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In-lab capture of bacteria on CandyCollect devices and mouth swab
Incubation of S. pyogenes in liquid media
To ensure a pure culture, fresh S. pyogenes from agar plates were inoculated in liquid media and

cultured at 37 °C with 5% carbon dioxide in the incubator one day prior to an experiment.

Preparation of positive and negative controls

After culturing overnight, the bacteria suspensions were homogenized with vortexing at a
concentration of 1x10* CFU/mL and added to each CandyCollect device at a volume of 50 pL and
incubated for 10 minutes; for the mouth swab, the swab was soaked in homogenized bacteria

suspensions for 10 seconds (PBS was used for device negative controls).

Specimen Processing and Laboratory Analysis

Research nurse stored the mouth swab (ESwab™) and CandyCollect samples at -20 °C for a few
days after sampling at Madison, Wisconsin, and the samples were shipped to University of
Washington using United Parcel Service (UPS) Next Day Air. Samples were stored at -80 °C before
processing. All laboratory procedures were performed in accordance with Biosafety Level-2
laboratory practices and the University of Washington Site-Specific Bloodborne Pathogen
Exposure Control Plan. To avoid unnecessary freeze-thaw cycles, mouth swab (ESwab™) samples

were aliquoted into 20 pL aliquots and stored at -80 °C.

Elution of S. pyogenes from CandyCollect devices

The buffer used to elute bacteria captured on CandyCollect devices was phosphate buffered
saline (PBS) (Gibco™, Cat# 10010023) with 5% Proteinase K (Thermo Scientific™, Cat# EO0491).
300 pL elution buffer and 100 pL of 0.1 mm Zirconia/Silica beads (BioSpec Products, Cat#
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11079101Z) were added in 14 mL round bottom tubes (Corning, Falcon®, 352001) containing
CandyCollect devices. After incubating the tubes at 37 °C for 10 min and vortexing for 50 s,
CandyCollect devices were left in the elution buffer at 4 °C for 90 min. The bacteria suspension
and beads were then transferred from the 14 mL round bottom tubes to 2 mL screw cap
microtubes (ThermoFisher, Cat# 3490). The samples were beat-beaten in a MiniBeadBeater

(BioSpec Products, Bartlesville, OK USA), and stored at -20 °C before analysis.

DNA isolation from mouth swab samples

DNA from mouth swab was isolated using MagMAX™ Total Nucleic Acid lIsolation Kit
(ThermoFisher Scientific, Cat# AM1840) according to the protocol “Disruption of liquid samples”
supplied by the manufacturer. Briefly, 175 uL of aliquoted samples were transferred to each bead
beating tube provided in the kit followed by the addition of 230 L of Lysis/Binding solution. Bead
beating was carried out via MiniBeadBeater (mentioned above) twice for 30 s, then each tube
was centrifuged at 16,000 g for 3 min. Afterward, genomic DNA of S. pyogenes was isolated and
enriched following the protocol stated above and quantified using qPCR with a detection limit of

5 fg.

Isolation, purification, and enrichment of genomic DNA from S. pyogenes

DNA was isolated from bacterial lysates using the MagMAX™ Total Nucleic Acid Isolation Kit
(ThermoFisher Scientific, Cat## AM1840) according to the “Purify the nucleic acid” protocol
supplied by the manufacturer. In brief, 115 uL of sample was added to the provided processing
plate. 60 puL of 100% IPA was added to each well containing a sample and the plate was shaken

for 1 min. 20 uL of bead mix was then added to each well, and the plate was shaken for 5 min to
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allow DNA to bind to the beads. Beads were captured using a magnetic 96-well separator
(Thermofisher, Cat# A14179) and supernatant was discarded. Four washes (two using Wash
Solution 1 and additional two using Wash Solution 2 provided by the kit) were performed with
shaking for 1 min each and supernatant was discarded between each wash. After final wash,
beads were dried and then 23 uL of 65°C elution buffer was added to each sample to elute DNA
from the beads. By using these methods, DNA was five-fold concentrated compared to the
unprocessed bacterial lysates. The purified bacterial genomic DNA was used as a template in the

gPCR assay.

Quantitative PCR assay for detection S. pyogenes

The details for the qPCR assay for S. pyogenes followed the protocol from our previous paper.?
Briefly, the primers/probe sequences for spy1258 qPCR detection of S. pyogenes in our assay
were: the forward primer: 5’-GCA CTC GCT ACT ATT TCT TAC CTC AA-3’; the reverse primer: 5’-
GTCACA ATG TCT TGG AAA CCA GTA AT-3’; the probe sequence: 5'-FAM-CCG CAA C"T"C ATC AAG
GAT TTC TGT TAC CA-3'-SpC6, “T” = BHQ1.1 The primers were ordered from IDT, the probe was
ordered from MilliporeSigma. The 25 pl reaction volume included 10 pL of DNA template and 15
uL PerfeCTa® gPCR ToughMix with primers/probe in the qPCR assay. The final concentrations of
both forward and reverse primers were 300 nM; the probe concentration was 100 nM. To
quantify the DNA concentrations of samples, 1:10 serial dilution of purified genomic DNA ranging
from 5 ng to 5 fg were used as standards for each plate. No-template controls (NTC) for gPCR and
device negative controls were also added to the plates. Amplification and detection were
performed in 96-well PCR plates using CFX connect Real-Time PCR Detection System (Bio-Rad

Laboratories, Hercu-les, CA, USA) in technical duplicate using the following protocol: 95 °C for 5

139



min followed by 40 cycles of 15 s at 95 °C and 30 s at 60 °C. The samples were considered positive

when the Ct value is within the Ct of the standard curve.

Threshold cycle (Ct) evaluation for positive results of human subject samples

To evaluate gqPCR efficiency and specificity, a 1:10 serial dilution of purified genomic DNA (5 ng -
5fg) isolated from S. pyogenes was used to construct a standard curve (Figure C6A and C6B) along
with the following three different negative controls: 1. Device control - experiments were
performed with CandyCollect devices running through all the procedures using PBS, instead of S.
pyogenes suspension. 2. Other bacterial species controls - experiments were performed with
Streptococcus mutans and Staphylococcus aureus. 3. gPCR control - elution buffer from the
MagMAX™ Total Nucleic Acid Isolation Kit was used as non-template control (Figure C6C). While
all DNA concentrations of DNA standard generate normal PCR amplification curves, all negative
controls either did not show any amplification curve or resulted in the Ct value higher than 40,
indicating PCR specificity. Furthermore, the efficiency of the qPCR standard is within 100-103 %.
After resolving on 3% agar gel, a single band was shown for qPCR products from all tested
concentrations of standards, further validating the specificity of gPCR amplification (Lee et al.
Figure S4).3 Clinical samples were run across three PCR plates, and a standard curve was run
separately on each plate. The Ct values for the lowest concentration of DNA standards (5 fg) were
37.96, 38.88, and 38.23, and we compared the Ct values of the samples with the lowest Ct value
of standard curve on the same plate. This number was used as a cut-off number for differentiating
positive and negative detection. Any Ct value below or equal to Ct values for the lowest
concentration of DNA standards (5 fg) on the same plate was considered positive, and all clinical

samples were below the cycle threshold and therefore positive.
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Figure C4. (A) Standard curves for the S. pyogenes qPCR assays. 1:10 serial dilutions of genomic
DNAranging from 5 ngto 5 fg were used as templates for gPCR. Each dot represents one technical
duplicate (in cases where one point is visible the duplicates were identical). (B) The qPCR
amplification plots of standard curve and (C) the gPCR amplification plots of negative controls
from a representative of three gPCR plates.
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