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Background: The nasopharyngeal swab is the gold standard collection method for COVID-19, but is invasive and
painful, subsequently resulting in poor patient acceptance. This investigation explores the process of developing
and validating an alternative respiratory pathogen collection device that relies on a nasopharyngeal irrigation
mechanic. The primary objective was to determine if sufficient pathological sampling can be achieved by mech-
anism of nasopharyngeal irrigation that is proportionate to the nasopharyngeal swab method.
Methods: The study device was designed using Shapr3Dmodeling software and fabricated on a fused deposition
modeling printer. Fifteen participants were enrolled with each receiving a saline nasopharyngeal washing using
the study device. Specimen adequacywas evaluated by two real-time reverse transcriptase polymerase chain re-
action (PCR) testing methods to identify the presence of the human RNase P gene. Results were evaluated quan-
titatively through interpretation of the PCR cycle threshold (Ct).
Results: All 15 specimens tested positive for the presence of RNaseP, demonstrating specimen cellularity, ade-
quate extraction of nucleic acids, and the absence of inhibitors to amplification. The mean Ct value was 29.5
(Applied Biosystems TaqPath RT-qPCR) and 30.7 (NECoV19). All participants felt the study device irrigation pro-
cedure was faster than the nasopharyngeal swab, with none experiencing any discomfort from the irrigation
mechanism.
Conclusion: The importance of early diagnostic testing and its role in countermeasures for communicable diseases
such as COVID-19 iswell established in the literature. Innovation to bolster our testing infrastructure ismore im-
portant now than ever. This study was successful in developing and validating an alternative nasopharyngeal re-
spiratory pathogen collection device that utilizes fluid debridement as its core mechanic. Data from this pilot
study demonstrated the study device was successful in producing high-quality specimens for PCR testing. Feed-
back from the study participants was also in favor of the study device when compared to the nasopharyngeal
swab.

© 2022 Elsevier Inc. All rights reserved.
Keywords:
Respiratory virus
Self-collection respiratory pathogen device
COVID-19
1. Introduction

Widespread diagnostic testing for severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) continues to be a limiting factor in
efforts to accurately project case numbers and inform public health re-
sponse to contain coronavirus disease 2019 (COVID-19). Global supply
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and personnel shortages stifled the deployment of testing options for
patients, hindering downstream processes such as contact tracing and
containment [1,2]. With the resurgence of endemic respiratory tract in-
fections (RTI) such as influenza [3], it is paramount to have reliable al-
ternative testing modalities to bolster the current infrastructure.

The nasopharyngeal (NP) swab is the standard collectionmethod for
SARS-CoV-2 [4], due to data suggesting a higher viral concentration in
the nasal cavity [5]. However, the literature suggests lower patient ac-
ceptance of the NP swab collectionmethod [6] with procedural discom-
fort contributing to the low acceptance rate [7]. The NP swab collection
procedure is traumatizing for patients as it requires deep probing of the
posterior nasopharynxwith a stiff swab applicator. The nasopharyngeal
swab procedure has been known to cause pain and injuries such as ep-
istaxis [8]. Additionally, there is also a considerable infection risk to
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healthcare workers administering the nasopharyngeal swab as patients
tend to cough or sneeze during the procedure [9]. A potential solution is
to offer patients an alternative collection method that is more comfort-
able and can produce adequate specimens for diagnostic testing.

This paper explores the process of developing and validating an al-
ternative respiratory pathogen collection device. Industry development
principles such asDesign Control Guidance forMedical DeviceManufac-
turers was adopted as a guide for the prototyping of the study devices
[10]. Design control is a development principle endorsed by the Food
andDrug Administration (FDA) to facilitate the development ofmedical
grade equipment [10].

In exploring a potential alternative nasopharyngeal specimen collec-
tion method, a team of emergency medicine researchers developed the
concept of nasopharyngeal debridement using fluid irrigation. This al-
ternative respiratory pathogen collection device (study device) was de-
signed to be self-administered by the patient but also be administered
by a healthcare professional. The study device irrigates the patient's na-
sopharyngeal cavity with saline, debriding epithelial cells potentially
harboring respiratory pathogens. The irrigation solution is immediately
recaptured into a self-contained chamber within the study device, min-
imizing the need to handle infectious bodily fluids.

The primary project question is whether sufficient specimen collec-
tion can be achieved bymechanism of nasopharyngeal irrigation that is
proportionate to the nasopharyngeal swabmethod. It is also postulated
that, the replacement of the traditional nasopharyngeal swab with a
fluid debridement mechanic will result in higher patient acceptance.

Using data collected from wound care literature, it was determined
the optimal irrigation pressure is 5–15 pounds per square inch (PSI),
which is sufficient to overcome the pathogen adhesion threshold [11-
13]. Engineering considerationswere incorporated into the studydevice
to ensure a consistent irrigation pressure of 10–20 PSI, but not to exceed
30 PSI. Five specimens were collected from members of the develop-
ment team, followed by microscopic examination of the specimens to
access for the presence of epithelial cells. The presence of epithelial
cells is often used as a measurement for specimen adequacy and is ac-
cepted as a precursor for pathogens [14]. Three of the five (60%) speci-
mens demonstrated the presence of epithelial cells under microscopic
examination. This suggested the process of fluid debridement may be
a potential alternative to mechanical debridement with a nasopharyn-
geal swab.

This study is a follow-up pilot evaluation of the study device to fur-
ther expand on the feasibility study. In this study, 15 participants
were enrolled from a pool of emergency medicine staff, including phy-
sicians, nurses, care technicians, and medical scribes.

Specimens were tested for the presence of RNase P which is sup-
ported in the literature as an objective measurement of specimen ade-
quacy [7].
2. Methods

2.1. Study approval

The study protocol was reviewed and approved by the organiza-
tion's Institutional Review Board (IRB). The study proposal was also ap-
proved by a COVID-19 Research Steering Committee, Investigational
Device Review Committee, and The Human Subjects Research Safety
Review Committee.
2.2. Participant enrollment

Study participants were enrolled from a convenient sampling of
emergency department staff during their shift. Study inclusion criteria
included: 1) age 19 years or older, and 2) current staff members of the
emergency department.
112
2.3. Study device fabrication

All study devices were designed using Shapr3D software and fabri-
cated on an Ultimaker S3 brand fused deposition modeling (FDM) 3D
printer. The study devices were printed in Ultimaker brand polylactic
acid (PLA)material. PLAmaterialwas selected because it is a biodegrad-
able vegetable-based polymer-blend composed primarily of cornstarch,
but more importantly, it is non-toxic and safe for human use.

A total of 20 study devices were manufactured and subjected to a
quality control process including evaluation of 1) print quality and in-
tegrity, 2) fit of the individual components, and 3) pressure testing.
Each study device received three pressure tests with themean outcome
recorded as the final pressure measurement for the respective device.
The first 15 study devices tested passed all quality control parameters
andwere used on enrolled participants. Themedical air delivery system
equipped in most emergency departments and the Anest Iwata com-
pressed air conversion factors [15] was used to develop a PSI control
for pressure testing.

All study devices were sanitized using PDI P13872 sanitation wipes,
allowed to air dry, then sealed inside a specimen bag along with a pre-
filled 5 ml syringe and a 15 ml centrifuged tube.

2.4. Specimen collection process

To ensure consistency in the specimen collection process, all irriga-
tion procedures were administered by the study personnel.

After the irrigation process was completed, the recollected speci-
mens were transferred from the study device into a capped 15 ml con-
ical centrifuge tube for transport.

2.5. Specimen evaluation process

Each study device collected sample was tested for adequacy using
both an internal control and an external control. Testing for both con-
trols was performed real-time reverse transcription polymerase chain
reaction (rRT-PCR). Evaluation of the presence of human RNase P gene
expression as an internal control serves to confirm specimen cellularity,
adequate extraction of nucleic acids, and intact amplification. For this
study, the presence of RNase P in each sample was tested using two dif-
ferent rRT-PCR reagent master mixes (Applied Biosystems™ TaqPath™
1-Step RT-qPCR Master Mix, CG and Invitrogen™ SuperScript™ III
Platinum™ One-Step qRT-PCR Kit). To further evaluate the adequacy
of the samples collected using the study device, MS2 bacteriophage
(ATCC 15597-B1) was added as an external control to each sample
prior to rRT-PCR testing.

Nucleic acid was extracted from each sample using the MagMAX
Viral/Pathogen Nucleic Acid Isolation kit (Applied Biosystems) on the
KingFisher Flex (ThermoFisher Scientific) extraction instrument. The
extracted RNA, if present, was reverse-transcribed to form cDNA,
which is then amplified by PCR using primers and probes specific to
the RNase P gene, or MS2 bacteriophage gene target. The presence of a
gene target in the sample is determined by the quantitative cycle
threshold (Ct) value. The Ct is reported at the intersection between an
amplification curve and an empirically determined threshold represent-
ing the number of cycles of amplification required to detect the fluores-
cence of a product of the PCR reaction. The value is reported numerically
and can be interpreted as a relative measure of the starting concentra-
tion of the gene target in the original specimen. A lower Ct typically cor-
relates with a higher starting concentration of the targeted gene.

2.6. Statistical analysis

For a single cohort non-comparison pilot study, it was determined
15 samples would provide sufficient power to identify an intervention
effect. The decision to enroll 15 participants was also based on lean
manufacturing principles in which batch manufacturing can facilitate



Fig. 1. Study device attached to a 5 ml syringe.
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the rapid validation of a particular design parameter to guide the devel-
opment process. Data from this pilot study is reported using descriptive
statistics.

3. Results

A total of 15 participants were enrolled in the study. On average, the
study device recollected approximately 3.1 ml of the 5ml of saline used
during the irrigation process. All 15 participants felt the study device ir-
rigation procedure was faster than the nasopharyngeal swab based on
their own experiences with administering or receiving a nasopharyn-
geal swab. None of the participants reported experiencing any discom-
fort from the irrigation mechanism. Four participants have had a
nasopharyngeal swab collection previously, with all reporting the
study device collection was more comfortable.

Three separate rRT-PCR tests were performed on each study speci-
men. In the first test, all 15 specimens (100%) demonstrated adequate
amplification of the MS2 bacteriophage external control, indicating
there was no contamination of the irrigated saline (wash) or 3D printed
material with any exogenous substance that could inhibit PCR amplifi-
cation. The rRT-PCR tests using the Applied Biosystems™ TaqPath™ 1-
Step RT-qPCR Master Mix, CG and the Invitrogen™ SuperScript™ III
Platinum™ One-Step qRT-PCR Kit reagents were conducted on test
runs two and three, respectively. All specimens in the second and
third test runs demonstrated adequate amplification of the human
RNase P gene target with respective mean Ct values of 29.5 and 30.7.
Both tests had the same distribution of specimens with strong amplifi-
cation (26.67%), adequate amplification (73.33%), and weak or no am-
plification (0%) (Fig. 5). The amplification plots for the RNase P tests
are illustrated in Figs. 3 and 4, each test had a threshold of 0.200 delta
Rn. The Ct values for each test are reported in Table 1 (See Figs. 1 and 2).

4. Discussion

The nasopharyngeal cavity has consistently demonstrated a higher
viral concentration for the SARS-CoV-2 virus and is endorsed by the
CDC as the diagnostic standard for COVID-19 testing [4,5]. A small
study in China demonstrated the potential for improved diagnostic
sensitivity for COVID-19 when the nasopharyngeal cavity was
premoistened before swabbing for the SARS-CoV-2 virus [16]. When
considering most laboratories are equipped with PCR testing instru-
ments calibrated for nasopharyngeal samples, we felt it was wise to ex-
plore alternative collection methods for nasopharyngeal specimens.
Drawing from our experience as emergencymedicine clinicians, we ap-
plied the principles of wound irrigation to develop the study device.
Through our literature review, we were able to determine the optimal
Table 1
CT values for each PCR test on study specimen. CT values cutoff set at 35.

Study
samples

Control CT values
(MS2 gene target)

TaqPath CT values
(RNase P gene target)

SuperScript CT values
(RNase P gene target)

1 28.441 30.041 30.872
2 29.254 30.891 30.927
3 28.548 30.548 34.466
4 26.143 29.947 30.791
5 27.519 30.102 31.022
6 28.133 29.95 30.364
7 27.821 26.394 27.341
8 26.341 25.443 26.019
9 29.905 29.003 29.134
10 29.75 26.794 27.011
11 27.514 34.153 37.886
12 29.575 30.214 32.049
13 28.92 28.048 27.999
14 28.185 29.664 30.008
15 29.273 30.684 34.4
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irrigation pressure (5–15 PSI) to debride tissue surfaces for pathogens
andwas successful in engineering a device that adhered to these param-
eters. We acknowledge the irrigation pressure is dependent upon the
plunger force as applied by the user and may result in discrepancies in
the irrigation pressure. To ensure consistency the inner bore of the irri-
gation tip incorporated a gradual taper from 2mm to 1mmat the distal
end. The taper was carried over the length of 30 mm. This tapered de-
sign ensured an irrigation pressure of 10 PSI so long as a steady plunger
force was applied, while not exceeding 30 PSI even under maximal
plunger force.

Data from our feasibility study was supportive of the study hypothe-
sis but we acknowledge the limitations of our study design. This was the
basis for our follow up pilot study where a larger sample size was en-
rolled, but more importantly, we employed an objective measurement
for specimen quality by testing for the presence of RNase P. Along with
the presence of RNase P, which was detected in 100% of our samples,
we also utilized the CT value as an additional objectivemeasure for spec-
imen adequacy. CT values between 37 and 40 are generally considered
the cutoff range for PCR testing, indicating a negative specimen
[7,17,18]. In our study, we established a cutoff CT value of 35. Our
study specimens demonstrated a consistently low CT value with
73.33% indicating adequate amplification and 26.67% indicating strong
amplification of the target gene [17,18]. This data suggests our study de-
vice was successful in producing high quality specimens.

We feel further research is needed to continue our evaluation of this
alternative collection method. We acknowledge the potential for a false
negative outcome in our data as the presence of bacterial deoxyribonu-
cleic acid (DNA) could in theory trigger a positive RNase P finding. Nev-
ertheless, the presence of bacteria in our specimens is a confirmatory



Fig. 2. PSI test gauge.

Fig. 3. Amplification plot for RNase P TaqPath test.

Fig. 4. Amplification plot for RNase P SuperScript test.
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Fig. 5. CT values from each batch. Values above the red line indicates weak or negative gene amplification, values between the red and black lines indicates adequate gene amplification,
and values below the black line indicates strong gene amplification.
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indicator of success in overcoming the pathogen adhesion threshold.
This means debridement for the SARS-CoV-2 virus is also possible.
Since our device is intended to fulfill a gap in RTI diagnostic testing, it
is sensible for us to evaluate the diagnostic fidelity of our device when
compared to the standard collectionmethod in RTI cases – the nasopha-
ryngeal swab. A prospective study comparing diagnostic outcomes for
viral PCR testing is the logical next step.

5. Conclusion

The importance of early diagnostic testing and its role in counter-
measures for communicable diseases such as COVID-19 is well estab-
lished in the literature. Innovation to bolster our testing infrastructure
is more important now than ever. Using the principles of fluid debride-
ment, we were successful in developing an alternative nasopharyngeal
respiratory pathogen collection device. Data from this pilot study dem-
onstrated the study device was successful in producing high-quality
specimens for PCR testing. Feedback from the study participants was
also in favor of the study device when compared to the nasopharyngeal
swab.
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