Open Access Article. Published on 25 August 2023. Downloaded on 2/13/2026 1:56:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 14822

Received 21st April 2023,
Accepted 17th August 2023

DOI: 10.1039/d3nr01859%n

A safer framework to evaluate characterization
technologies of exhaled biologic materials using
electrospun nanofibers+t

David T. Evans, ©= Dalton J. Nelson, “2 Megan E. Pask ‘= and Frederick R. Haselton "= *

Exhaled biologic material is the source for the spread of many respiratory tract infections. To avoid the
high-level of biosafety required to manage dangerous pathogens, we developed a safer framework using
the endogenous surrogate targets RNase P and Streptococcus mitis as a means to sample exhaled bio-
logics. Our exhalation collection scheme uses nanoscale fibrous poly(vinyl alcohol) substrates as face-
mask inserts. After a period of breathing or speaking, the inserts are removed and dissolved. RNase P RNA
and S. mitis DNA are extracted for quantification by multiplexed RT-gPCR. Both surrogate biomarkers
were detected in all samples obtained during breathing for at least five minutes or speaking for one
minute. Phrases repeated 30 times had the most copies with 375 + 247 of S. mitis and 54 + 33 of RNase
P. When the phrases were repeated just 5 times, the S. mitis copies collected were still detectable but at a
significantly lower level of 11 + 5 for S. mitis and 12 + 9 for RNase P. These results demonstrate a collec-
tion and quantification framework that can be readily adapted to further characterize the exhalation of

nanoscale biologic materials from healthy individuals, explore new collection designs safely, and serve as

rsc.li/nanoscale

Introduction

Exhaled biologic materials are the source for the spread of
many respiratory tract infections. However, the emergence of
the SARS-CoV-2 virus that ignited the COVID-19 pandemic
drew widespread attention to the lack of methods for measur-
ing the exhalation characteristics of this new virus."™ One of
the reasons that research facilities struggled to adequately
diagnose, monitor, and study the spread of this disease was
safety concerns with handling potentially infectious samples.
A balance of protecting researchers and obtaining necessary
public health knowledge brought investigation to a
standstill.>”” A simple, non-pathogenic framework for quantifi-
cation of exhaled biologic materials from healthy volunteers in
advance of the next pandemic would save time, qualify more
eligible volunteers, and have minimal safety concerns while
still providing a pathway for improving technologies to charac-
terize exhaled pathogens.

An ideal framework requires four essential components:
safer targets, simple collection systems that work with all
masks, basic reproducible respiratory maneuvers, and a highly
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a method to incorporate sample controls for future pathogen exhalation studies.

sensitive detection scheme for DNA and RNA biomarkers of
exhaled biologics. S. mitis and RNase P are two promising
safer exhalation surrogates for bacterial and viral pathogens,
respectively. S. mitis is a commensal bacteria abundantly
present in the respiratory tract.®”® It has previously been
shown that exhaled breath from healthy volunteers carries
microorganisms from the respiratory tract, thus indicating
S. mitis has the potential to be collected in exhaled breath.'* A
benign respiratory viral RNA endogenous to all humans would
be ideal as a surrogate viral pathogen. Potential candidates
include Epstein-Barr virus and Cytomegalovirus, however,
both are DNA viruses and neither one is common to a high
percentage of the population. Instead, we used RNA that
encodes for the human RNase P enzyme as an RNA biomarker
since it is present in all human cells. Furthermore, it is com-
monly used as a human sample control in PCR detection
assays.'>'* The endogenous nature of both targets in almost
all humans opens the volunteer pool to healthy candidates for
a given study by avoiding limiting participants to only patients
diagnosed with the disease.

A simple collection method is also needed, and in this
framework, we used electrospun poly(vinyl alcohol) (PVA)
inserts in a facemask. PVA is a well characterized polymer
widely used for biomedical applications due to its tailorable
properties and biocompatibility."*” The nanosized fibers pro-
duced by electrospinning form a fine, porous substrate to

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Overall schematic of exhaled biologic collection within a facemask on electrospun PVA inserts which are then processed through magnetic

bead extraction of targets for subsequent detected by PCR.

collect biologic materials with natural respiratory maneuvers,
namely, exhaled breath or speech. The unmodified PVA fibers
produce a high surface area to volume ratio which allows for
collection of exhaled biologics by entrapment within the
porous substrate and physisorption to the polymeric
fibers.'® > The solubility of nanoscale PVA fibers in water is an
additional property that can be tuned to integrate with highly
sensitive standard sample preparation and RT-qPCR methods
available in well-equipped laboratories. These properties allow
quantitative analysis of multiple target nucleic acid sequences
in a sample even when very few copies are present. Annealing
the PVA electrospun substrates with heat has been shown to
increase the crystallinity of the polymeric structure thus
decreasing the solubility to varying degrees based on time and
temperature.>® After collection, mask inserts are processed to
extract DNA or RNA and then RT-qPCR is used to quantify the
collected endogenous surrogates (Fig. 1). The properties of
PVA, namely non-toxic, ease of manufacturing in a high
surface to area to volume form, adjustable water solubility, and
compatibility with PCR, make it an excellent material for use
in a respiratory collection system.

To demonstrate the utility of this framework, we recruited
healthy volunteers to provide respiratory samples and sought
to answer four basic questions: (1) Are S. mitis and RNase P
biomarkers detectable from exhaled breath? (2) What is the
simplest respiratory maneuver needed to detect exhaled
materials? (3) How long must a mask be worn to quantitatively
detect exhaled material? (4) Is a surgical or N95 mask more
effective for quantification of exhaled materials?

Materials and methods
Production of electrospun PVA substrates

The electrospinning set-up is shown in Fig. S1.f PVA with a
molecular weight (MW) of 205 kDa and a degree of hydrolysis
(DH) of 88% (Sigma #324590) was dissolved in nuclease-free
deionized water to produce a 12% w/w solution in water. PVAs
with higher degrees of hydrolysis (98%-+) were not used due to
a lack of water solubility. Lower molecular weight PVA did not

This journal is © The Royal Society of Chemistry 2023

produce proper electrospun fibers but instead deposited as a
thin film or small droplets. The PVA suspension was placed on
a stir plate overnight at 85 °C to fully dissolve the polymer. The
final solution was then left to cool to room temperature while
any bubbles rose out of solution. The PVA solution was loaded
into a 5 mL syringe attached to Tygon® tubing that split into
two lines with a 1/2” 21-gauge blunt tip needle at each end.
The tubing was primed until the solution reached the needles
and the syringe was placed on a syringe pump (New Era Pump
Systems Inc.) which was set to dispense the PVA solution at
1.5 mL h™" (0.75 mL per h per needle tip). The needles were
fixed 20 cm from a 12" x 12", 1/8" thick, mirror finished stain-
less steel plate that was connected to ground. An electrode was
attached to each needle and charged with 30 kv from a high
voltage power supply (Gamma High Voltage Research, Inc.) to
produce nanofibers deposited onto the stainless-steel plate
(Fig. S11). Every 75 minutes, the power supply was briefly shut
off and the steel plate was rotated 90 degrees for a total of four
rotations across 5 hours to evenly deposit the fibers on the
plate. The syringe was replaced with a new full syringe during
the 150-minute rotation. The final deposited fiber sheet was
peeled off and placed between two pieces of aluminium foil
for safe storage.

According to the methods used by Wong, et al., the electro-
spun PVA was annealed by heating for 2 hours to provide stabi-
lity for the humid mask environment. Annealing at too high a
temperature crystallizes the polymer to a point where it can no
longer be dissolved during the later extraction steps.”®* The
electrospun PVA sheets were annealed at 85 °C or 120 °C under
vacuum for 2 hours to test which would produce properly
stable and soluble substrates. Once cooled, the PVA substrates
were cut into 1” x 1" squares to fit two inserts contralaterally in
two common facemask types, surgical and N95 (Fig. S1%). To
test stability, inserts were worn inside a facemask and breathed
through while wearing for 30 minutes as a realistic replicate
environment of what the inserts will be exposed to during col-
lection periods. Subsequently, they were processed in the same
way as the first step of the extraction protocol (outlined below)
by dissolving in 560 pL of buffer AVL (Qiagen #19073) to test
solubility.
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Scanning electron microscope (SEM) imaging

To ensure nanofiber formation, 5 mm x 5 mm samples of
the electrospun PVA were cut out and adhered to SEM pin
stub mounts with double-sided carbon tape. Each sample
was then gold sputter coated using a Cressington 108
Sputter Coater at 30 mA for 20 seconds. The sputter-coated
samples were imaged on a Zeiss Merlin SEM with a Gemini
II column at 3 kV from a 5 mm working distance (Fig. S17).
All fiber diameter and pore size measurements were taken
using Image] software. Thirty fiber diameter and thirty pore
size measurements were taken from three different electro-
spun PVA samples.

RT-qPCR

All samples were analyzed in duplicate on a Rotor-Gene Q real-
time PCR cycler (Qiagen, Germantown, MD) in a multiplexed
reverse transcription PCR reaction that detects both RNase P
and S. mitis. In 0.2 mL thin-walled microcentrifuge PCR tubes,
20 pL PCR samples were composed of 16 pL of PCR mix solu-
tion and 4 pL of extracted sample. The PCR mix solution was
prepared in bulk for the whole PCR run immediately before
aliquoting and adding the extracted samples. All primers and
probes were sourced from Integrated DNA Technologies (IDT,
Coralville, IA). The solution was composed of 1x Luna®
Universal probe one-step reaction mix (New England Biolabs,
Inc., cat. #E3006S), 1x RNase P 2019_nCoV CDC EUA kit
primer/probe mix labeled with FAM (cat. #10006770), 400 nM
S. mitis forward primer, 400 nM S. mitis reverse primer,
200 nM S. mitis probe, and 1x Luna® WarmStart® RT enzyme
mix. In the few cases where amplification of no template
controls occurred, the same extracted samples were tested
again to ensure there was no contamination or non-specific
amplification.

The RNase P primer and probe sequences from the CDC
kits are as follows: forward primer - 5-AGA TTT GGA CCT GCG
AGC G-3', reverse primer - 5-GAG CGG CTG TCT CCA CAA
G-3', probe: 5'-(FAM)TTC TGA CCT(TAO) GAA GGC TCT GCG
CG (IAbRQSp)-3'. The S. mitis primers and probe were
designed based on sequences from a prior study with one
modification of a mixed base ‘S’ to detect two strains.”* This
modification was based on amplicon mapping to the bacterial
genome GenBank® [A]582646.1] because the mixed base
primer showed the best results in preliminary PCR testing
(data not shown). The sequences are as follows: forward
primer - 5-GCC ATT GAA GCS GTT ACT TTG-3', reverse primer
~ 5'-CAT CCG ACA TTA ACG CAA GTT C-3', probe - 5'-(HEX)ATG
ATT GAG (ZEN)CGT GGA ACG GTG GGT(IABKFQ)-3'.

The samples were incubated at 55 °C for 15 minutes for the
reverse transcription step. This was followed by a 2-minute
denaturing step at 95 °C. Finally, the samples were cycled
through melting and annealing/extending steps 45 times at
95 °C for 10 seconds and 60 °C for 40 seconds respectively.
Fluorescence measurements were taken on the green (470/
510 nm) and yellow (530/555 nm) channels.
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Analytical performance

To evaluate the analytical sensitivity of this PCR reaction,
quantitative standards prepared by serial dilutions from syn-
thetic S. mitis DNA (IDT) and RNase P RNA (Biosynthesis)
targets were spiked directly into the assay at a range of copies.
S. mitis and RNase P were tested independently of one another
from 10’ copies down to 10° copy per reaction. Subsequently,
the analytical sensitivity tests were repeated in the presence of
10> copies of the opposite target to test potential cross target
detection or exhaustion of reaction components.

Efficiency of biomarker extraction from mask inserts

To test the performance of the RNA and DNA extraction
process from the mask inserts, 2 x 10° copies of both RNase P
and S. mitis were directly spiked onto an insert and processed
by the above protocol. Alongside this extraction, the same
amount of target was spiked directly into a different extraction
tube as a comparator. Control samples with the mask insert
but no target and no insert or target were also included. RT-
gPCR was used to quantify the extraction efficiencies.

Respiratory maneuvers

Mask samples worn by healthy volunteers were collected and de-
identified under Vanderbilt University’s Institutional Review
Board #212208. Volunteers were divided into two categories:
breathing and speaking. The speaking individuals were asked to
repeat the following phrases either 5 or 30 times.

“We will beat the coronavirus...

...sing a song of six pence...

...Peter Piper picked a peck.”

These phrases were selected based on a previous study that
analyzed the airflow patterns produced while speaking plosives
that produce directed transport in the form of approximately
conical turbulent jets.>®> The non-speaking individuals were
asked to wear the mask for 5 or 30 minutes while simply
breathing. Each volunteer was asked to complete their tasks
twice, once while wearing a N95 mask (3 M) and once while
wearing a surgical mask (Eco Pack). Upon completion, each
mask insert was dissolved in a separate 560 pL aliquot of
buffer AVL, left to incubate at room temperature for
10 minutes, and then stored at 4-8 °C. Any unexpected respir-
atory events such as sneezing, coughing, and unplanned
speech were recorded, however none occurred of significant
consideration. Finally, each volunteer provided a saliva sample
to serve as an oral cavity reference value.

Extraction of RNA and DNA biomarkers

Due to the volume and viscosity of a solution used to dissolve
the mask inserts, typical DNA and RNA isolation methods,
such as spin columns, were not used. Instead, samples were
processed for extraction and concentration of RNA and DNA
using MyOne™ Silane Dynabeads™ (Invitrogen, #37002D)
with a similar method as previously described.”®?” The
samples of worn mask inserts previously dissolved in a viral
lysis buffer (Qiagen Buffer AVL, #19073) were removed from the

This journal is © The Royal Society of Chemistry 2023
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fridge and brought to room temperature. Once at room tempera-
ture, 560 pL of 100% ethanol, 5.6 pL 2-mercaptoethanol, and
20 pL Dynabeads™ MyOne™ silane magnetic beads were added
to the sample and thoroughly mixed by vortexing to capture any
RNA and DNA. The magnetic beads were isolated on the side of
the tube using a magnetic tube rack and the supernatant was
removed. The magnetic beads were resuspended in 1 mL of a
wash solution composed of 16% binding buffer [4 M guanidine
thiocyanate, 10 mM Tris HCl (pH 8), 1 mM ethylenediamine
tetraacetic acid (EDTA, pH 8), and 0.5% Triton X-100] in ethanol.
The magnetic beads were again isolated to remove the super-
natant and washed with a 70% ethanol solution. Finally, the RNA
and DNA were eluted into 50 pL of molecular grade water and the
magnetic beads were removed. Saliva samples were processed in
the same manner, except 5 pL of the saliva was added to buffer
AVL instead of the mask insert. Extracted samples were stored at
4-8 °C until they were ready to be analyzed by PCR.

Results
Electrospun PVA

Using SEM to image the electrospun substrates, fiber formation
was clearly visualized in all samples (Fig. 2). The average diameter
of the fibers was 335.9 + 68.2 nm®. The average pore size between
the fibers was 5.46 + 2.59 um?. This small scale, porous structure
increases the surface area which is beneficial for dissolving the
PVA during the extraction process.

When not annealed, the electrospun PVA shrinks by
approximately 70% after being worn for 30 minutes in a
humid mask environment (Fig. 3). When annealed at 120 °C,
the insert withstands the humid environment and no notice-
able shrinkage occurs, however, the insert is no longer soluble
for DNA and RNA extraction. When the electrospun PVA is

View Article Online
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Fig. 3 Effect of annealing conditions on insert shrinkage and solubility.
The top row was not annealed while the second and third rows were
annealed at 85 °C and 120 °C respectively. The second column shows
the insert shrinkage after exposure to a worn facemask.

annealed at a lower temperature of 85 °C, shrinkage is mini-
mized to 15% and dissolves with no issues similar to when no
annealing occurs.

PCR assay analytical sensitivity

To test the primer and probe sets for S. mitis and RNase P
detection in the multiplexed RT-qPCR assay, analytical sensi-
tivity experiments were performed for targets ranging from 10”

\f'l

EHT = 3.00kV
WD = 49mm

270ct 2020
110135
X

Fig. 2 Two contralateral mask inserts fixed in a surgical (top) and N95 (bottom) mask for sample collection. A blown-up SEM image (right) shows
the fibrous and porous properties of the electrospun PVA (scale bar = 2 um).

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Analytical sensitivity of RT-qPCR biomarkers. S. mitis (A) and RNase P (B) multiplex PCR detection results with targets run separately (n = 4,
all replicates shown). Average detection results with 10° copies of the opposite target spiked into the reaction (C) (n = 3, mean + s.d.).

copies down to 10° copies per reaction. Each target was investi-
gated independently, without the presence of the opposite
target. These results showed consistent detection down to one
copy for both targets with one outlier in the 10" S. mitis
samples (Fig. 4A & B). Furthermore, when 10> copies of the
other target were spiked into the reaction, the assay still con-
sistently detected one copy (Fig. 4C).

Efficiency of biomarker extraction from mask inserts

When evaluating the extraction process from the mask inserts,
2 x 10% copies of each surrogate target were spiked into the
samples prior to extraction. Once the extraction is performed
and eluted into 50 pL, 4 uL of the elution is used in each PCR
reaction. That means, each PCR reaction theoretically con-
tained a maximum of 160 copies of each target. Fig. 5 shows
28 + 6.6 copies of RNase P and 52 + 7.7 copies of S. mitis were
recovered from spiking the target directly into the sample
prior to extraction resulting in 17.8% and 32.2% extraction
efficiencies respectively. Thirty-two + 6.6 copies of RNase P and
59 + 6.6 copies of S. mitis were recovered from the mask inserts
resulting in 19.8% and 36.8% extraction efficiencies, respect-

0 --———————————————"——————-
100% Efficiency = 160 Copies
140 o Spiked on insert
- 120 = Direct spike without insert
(]
§ 100
) | — | | — |
o 80
2
‘s 60
0
© 40
20
0
RNase P S. Mitis

Fig. 5 Copies detected after spiking 2 x 10° copies of synthetic RNase
P RNA (left) and S. mitis DNA (right) onto mask inserts (dark grey) or
directly into the extraction buffer (light grey). No significant difference
was revealed between samples of the same target with or without the
insert (n = 3, mean + SD, paired T-test, a = 0.05).
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ively. There was no statistical difference between these recov-
eries and the recoveries of the controls.

Detection of S. mitis and RNase P in healthy volunteer
samples

For the healthy volunteer samples collected from each set of
breathing (5 or 30 minutes) and speaking (5x and 30x phrases)
groups, both biomarkers were detectable by multiplexed RT-
gPCR. The histogram of the quantification cycles (Cq) shows
the range of detection for these sample (Fig. 6). For each surro-
gate target, 30 samples are displayed resulting from two
sample per patient, one for each mask type. The saliva
samples for the two targets have 15 values each, one for each
volunteer. These include two volunteers, one 10-minute
breathing and one 10x speaking, not included in later figures
because these groups were incomplete.

Saliva samples were taken from each volunteer along with
their exhaled breath samples. Fig. 7 and Fig. S2f shows the
relationship between the copies detected in the saliva samples
and the mask samples for each volunteer. While each individ-
ual point is one volunteer sample, groups of the same collec-
tion parameter are connected with a line based on mask type,
speaking, or breathing, and collection time (5 and 10 minutes
for breathing or 5x or 10x for speaking).

Processing the worn mask inserts yielded 50 pL of extracted
RNA and DNA biomarkers. Of this extract, 4 pL was used in
the 20 pL PCR reaction. Therefore, the actual number of copies
collected on a mask insert is 12.5x the number detected in the
corresponding PCR reaction. The number of RNase P and
S. mitis copies detected in the PCR reactions is reported in
Fig. 8 separating them out based on each parameter: breathing
vs. speaking, time worn or number of spoken phrases, and
mask type. Breath samples show no statistical difference
between 5 minutes and 30 minutes of collection time for
either target. The controlled speech samples show a statistical
difference for both RNase P and S. mitis between the 5 and 30
repeated phrases with a clear increase in copies collected
when the phrases were spoken more times. For breathing
samples, after normalizing the results to the number of copies
detected in saliva for a given individual, only the S. mitis target
collection in an N95 mask was significantly different between
collection times. After normalizing the speaking samples to
the saliva samples, no significant differences were observed.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr01859h

View Article Online

A

7

6

5
€4 €
z €
z g
383 3

2

1

L

R A R N T N N B S B

F A F LIRS ST F§ s F &858 &

,,9' ‘9' ”9' gy 9 .?' CON K B A A S

F I & & &I egTee

Mask RNase P Samples Cq Range Mask S. Mitis Samples Cq Range

C D

7 7

6 6

5 5
€4 €4
H ]
3 H
O: 0;

2 2

1 1

0 0

SOOI N O SOOI OO
¥V LYY SLHS LA A A R R I . S . A 4
P N N N I T § Y S S S T ST TS
TP s eeegTFe e e PP e eeegTFeee

Saliva RNase P Samples Cq Range

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 August 2023. Downloaded on 2/13/2026 1:56:20 AM.

A 20 © Surgical Breathing 30 min B 700
= ©N95 Breathing 30 min /7/,, . 600
S15 it 8
. @ _—-"V=0.0036x+7.2406 = 500
- o g R? = 0.3272 £
] @ 400
810 & K]

3 y =0.0018x + 6.9886 8 300
o R?=0.2519 ©
E 5 L 4 ~=-' 200
= ® 100
0 0
0 600 1200 1800 2400 3000
RNase P Copies in Saliva
C 100 ASurgical Phrases 30x D 700
ANO95 Phrases 30x A 600
% 80 %
o sl S
I _~"y=0.0384x + 34.237 = 500
= = e2? R?=0.8315 £
g 60 » 400
=] 2 A - 2
= o
Cua0 | y = -0.0031x + 46. © 300
s I R?=0.0128 2
@ A S 200
Z248 o
100
0 0
0 500 1000 1500 2000

RNase P Copies in Saliva

Saliva S. Mitis Cq Range

Fig. 6 Distribution of RT-qPCR C, values for samples collected from healthy volunteers. Histograms of the results for all RNase P (A) and S. mitis (B)
mask samples (n = 30) and all RNase P (C) and S. mitis (D) saliva samples (n = 15).

© Surgical Breathing 30 min
©N95 Breathing 30 min

y=0.0177x + 107.69
R?=0.9984

R?=0.5254

3000 6000 9000 12000

S. Mitis Copies in Saliva

15000 18000

ASurgical Phrases 30x

-y =0.0577x + 133.77
g R?=0.9311

ANOS5 Phrases 30x

y =0.0323x + 133.83
R?=0.9547

0 2000 4000 6000

S. Mitis Copies in Saliva

8000 10000

Fig. 7 Comparison of RNase P (A & C) and S. mitis (B & D) copies detected in saliva vs. mask type. Plots A & B are of the 30 minutes breathing
samples and plots C & D are of the 30x speaking samples. Each point is a different individual and trend lines are grouped by mask type with the
hollow points and dashed lines representing surgical masks and the solid points and lines representing N95 masks. See Fig. S271 for 5 minutes and 5x

phrases data.

Discussion

The goal of this study was to develop and demonstrate a
simple framework to study the exhalation of biologic materials

from the human respiratory tract while avoiding direct hand-

ling of known infectious samples. Other respiratory disease

monitoring systems directly detect potential infectious patho-
gens that require high safety overhead to protect the research-

This journal is © The Royal Society of Chemistry 2023

ers and, furthermore, often have complex collections systems.
(1) We found that RNase P and S. mitis were suitable surrogates
contained in the exhaled breath of all healthy volunteers. (2)
These surrogates were collected with electrospun PVA during

simple breathing and speaking maneuvers and produced

quantifiable targets when coupled with extraction and RT-
gPCR detection. (3) Detectable levels of target were reached
while breathing for just five minutes or speaking for less than
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Fig. 8 Effect of respiratory maneuver and mask type on copies detected. Each graph is split in half with breathing groups on the left and speaking
groups on the right. Breathing has samples of 5 and 30 minutes collection periods while speaking has samples where volunteers repeated the
phrases 5 and 30 times. Within each subgroup, data bars show surgical (dark grey) and N95 (light grey) collection data. The top two graphs show the
number of copies detected in a single PCR reaction (8% of the total copies collected) with RNase P in plot A and S. mitis in plot B. The bottom two
graphs show the data normalized to the number of copies detected in saliva samples from each volunteer with RNase P (C) and S. mitis (D) (n = 3 for
all samples except 5 minutes breathing samples n = 4, Cl = 95%, standard deviation error bars, error bars on graph C were too large to fit on a

reasonably scaled graph).

one minute but speaking for longer periods of time signifi-
cantly increased the detection level. (4) The mask type, surgical
or N95, did not significantly affect the collection in a quantifi-
able way.

Data collected from volunteer exhaled breath and controlled
speech samples suggests RNase P and S. mitis are omnipresent
endogenous targets that produce detectable levels in short col-
lection times (Fig. 6). These results indicate they can be used
as surrogates for respiratory pathogens when conducting
studies to characterize exhaled biologic materials without the
concerns required to test for infectious agents. Another poten-
tial application of these surrogates is to serve as controls to
ensure sufficient sample is provided from exhaled breath col-
lection and further used as a baseline to confirm that all
downstream processes, such as PCR sample preparation, are
working appropriately. While we assumed that saliva would be
a successful normalization method, it is noteworthy that we
did not find a correlation between targets collected on the
mask inserts and targets detected in saliva samples from the
same individual. Future studies incorporating biomarker
targets characteristic of different regions of the respiratory
tract might help clarify these results. Speaking and breathing
may produce droplets collected on the mask inserts from
regions of the respiratory tract, such as the oropharynx, that
vary in target concentration compared to the regions that pro-
duced the saliva samples, such as the oral cavity. This could be
an explanation for outliers produced in the expected positive
trends when normalizing samples to the individual’s saliva
(Fig. 7 & Fig. S2t). Variance could also occur by different
breathing rates or the force with which the subject is speaking.
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The goal of this study was to identify a target that could work
reproducibly; however, future studies may use other targets.
For example, one of the other 756 identified bacterial species
across the upper and lower respiratory tracts could be chosen
based on prevalence in different regions of interest.®

After selecting a proper molecular weight and degrees of
hydrolysis along with processing steps including electro-
spinning and annealing, PVA proved to be an excellent collec-
tion platform. PVA is a polymer commonly used for biomedical
applications because it has been well-characterized, is biocom-
patible and non-toxic, and can be tailored to varying levels of
strength and water solubility.'*>® Furthermore, it has been
widely used for electrospinning applications to produce nano-
fiber, porous substrates ideal for collecting small particles.”®
The inserts handled well during collection and were easily dis-
solved to maximize extraction of the RNA and DNA biomarkers
(Fig. 3). Other collection substrates could be used such as
gelatin filters, which can be purchased,>® or media-based sam-
plers for preserving live microorganisms.”

For the volunteer pool tested, all the parameters produced a
detectable level of both RNase P and S. mitis target (Fig. 6).
When comparing the difference in collected target for the 5x
vs. 30x speech patterns, statistically different results were
observed (Fig. 8). As expected, the greater amount of speech
deposited significantly more detectable S. mitis and RNase
P. The breathing samples were not statistically different based
on the length of collection time for either target (Fig. 8). This
could be attributed to factors such as shearing off loosely col-
lected biologic material during inhalation or degradation of
the target by nucleases on the insert over longer collection
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times before it was preserved in a buffer solution. The differ-
ences in breathing and speaking samples can potentially be
attributed to the oropharynx for speech and the tongue or
teeth for breathing. Further origin of expelled biologic
materials such as the vocal cord or testing of expelled biologic
material based on respiratory maneuvers such as coughing,
sneezing, or singing could provide additional useful insights.

Since there can be different availabilities of mask types or
preference among users, we compared surgical masks to
N95 masks under the same conditions. None of the para-
meters showed a significant difference in the amount of target
collected for either surrogate. This indicates both mask types
are suitable to use for the model system based on the para-
meters we tested and should not otherwise affect the results.
Other collection schemes, such as cloth masks or no mask at
all could be explored in future studies.

The PCR measurement of exhaled material is a product of
the collection efficiency (the fraction of the total exhaled
targets collected on the mask inserts) and the extraction
efficiency (the fraction of the total target recovered from the
PVA inserts). There are three places that target loss occurs
which could indicate the number of copies exhaled is actually
higher than what was detected. The 1” x 1” mask inserts take
up less than 12% of the target area inside the mask, therefore,
they only collect a portion of what is actually expelled which
would indicate a low collection efficiency. In this study we only
sampled a small area of total potential collection area to mini-
mize the working volume required to dissolve the PVA, to
reduce the amount of reagents used, and to retain the natural
airflow within a mask. Our biomarker extraction procedures
yielded a modest 20-30% extraction efficiency, indicating a
large share of the DNA collected is lost during the nucleic acid
extraction from PVA (Fig. 5). We expect the RNase P RNA extrac-
tion efficiency is lower than S. mitis DNA extraction due to
difficulties dealing with RNA such as molecular instability and
the presence of RNases in saliva and on the insert which
degrade RNA (Fig. S3t1). Future studies could explore the use of
biosafe RNase inhibitors to prevent such degradation. Finally,
the reported copies detected are from the portion of sample
used in the PCR reaction which is just 8% of the volume avail-
able after the extraction procedure. PCR volume modifications
could be explored to incorporate more sample into a reaction.
When accounting for all three types of loss, the number of
detected copies is less than 1% of what is exhaled. Therefore,
these results should not be interpreted as the full expelled bio-
logic content. Instead, they can be used relatively to compare
samples and are features that could be further optimized to
increase the detection signals. Additional development of the
collection material itself could investigate the inclusion of
polymer surface modifications that bind exhaled biologics to
further increase collection efficiency.

There was no significant decrease in extraction efficiency
from the mask insert compared to directly extracting the
targets from solution (Fig. 5). This indicates the PVA inserts do
not hinder the extraction process but the extraction itself has a
low efficiency; however, the high analytical performance of the
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detection assay helps to compensate. The primers and probes
designed to detect S. mitis are effective down to a single copy
in a 20 pL reaction volume when combined with a CDC detec-
tion kit for RNase P, even when undergoing a 15-minute
reverse transcription step at 55 °C intended for the RNA
samples (Fig. 4). Furthermore, RNase P maintained sufficient
detection performance in the multiplexed reaction. While one
of the S. mitis 10" samples did not detect any target, we believe
this is an outlier since all the 10° copies were successfully
detected. When 10° copies of the opposite target were spiked
into a sample, detection was still successful implying the reac-
tion components do not get fully consumed by a high concen-
tration of the opposing target.

Since we followed standard RT-qPCR designs, this nucleic
acid detection method can be easily adapted to almost any
target by switching out the primer and probe sequences,
although a multiplex screening would be required if more
than one target is used. For this multiplexed PCR assay, the
high analytical sensitivity allows for very few copies of target to
be detected giving flexibility in the collection and extraction
methods. However, the geometric efficiencies, as described by
the slope of the analytical sensitivity log-linear fits (Fig. 4),
exceeds 100% in our detection platform with 135% for RNase
P and 106% for S. mitis.”® Likely, this is due to non-specific
amplification of primer dimers or secondary products due to
the multiplexed nature of the reaction.*® However, amplifica-
tion rarely occurred without the presence of the target of inter-
est, therefore, this low-level non-specific amplification does
not affect the results of the detection platform. Furthermore,
this efficiency measurement has been shown not to be fully
optimal and an overestimate in some cases of highly reprodu-
cible studies.**?

While this framework shows great potential, there were
several unexpected observations. First, we expected to detect
increased copies with increased time worn for both breathing
and speaking samples. The lack of increased target collected
with increased time worn while breathing may indicate some
imperfection in the system. Second, we expected to see
increased exhaled target produced by individuals with more
target in saliva. Though we did show that among individuals,
the amount of target varies greatly in saliva samples (Fig. 7 &
Fig. S2%), this did not successfully normalize the data as
expected (Fig. 8). This suggests that what is exhaled may be
representative of other regions of the respiratory tract rather
than just oral saliva.

Conclusions

This study developed a framework that can be used to safely
characterize the exhalation of exhaled biologic materials.
Samples collected from anyone in a simple manner and
reasonable amount of time can then be evaluated using stan-
dard detection technologies. Avoiding pathogenic targets from
infected individuals simplifies future experiments by increas-
ing the number of eligible volunteers and avoiding high level

Nanoscale, 2023, 15, 14822-14830 | 14829


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr01859h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 August 2023. Downloaded on 2/13/2026 1:56:20 AM.

(cc)

Paper

biocontainment requirements which enables more labora-
tories to conduct the research. Finally, two potential candi-
dates are identified that could be used as sample controls in
future pathogen exhalation studies.
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