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ABSTRACT

Introduction: The gold standard for COVID-19 diagnosis is currently a real-time reverse transcriptase
polymerase chain reaction (RT-PCR) to detect SARS-CoV-2. This is most commonly performed on
respiratory secretions obtained via a nasopharyngeal swab. Due to supply chain limitations and high
demand worldwide because of the COVID-19 pandemic, access to commercial nasopharyngeal swabs
has not been assured. 3D printing methods have been used to meet the shortfall. For longer tesm
considerations, 3D printing may not compare well to injection molding as a production‘method due to
the challenging scalability and greater production costs of 3D printing.

Methods: To secure sufficient nasopharyngeal swab availability for ourgational‘healthcare system, we
designed a novel injection molded nasopharyngeal swab (“the IM2 swab®)JmWe performed a clinical
diagnostic study comparing the IM2 swab to the Copan ELQQSwab. Forty patients with a known
diagnosis of COVID-19 and 10 healthy controls were re€rtiited.\Paired nasopharyngeal swabs were
obtained from the same nostril of each participaA¥anditested for SARS-CoV-2 by RT-PCR.

Results: When compared to the Copan FLOQSwabjrésults from the IM2 swab displayed excellent overall
agreement and positive percent agreeémentef96.0% and 94.9% respectively. There was no significant
difference in mean RT-PCR cycleithresheld values for the ORFlab (28.05 vs 28.03, p = 0.97) and E-gene
(29.72 vs 29.37, p = 0.64) targetsrespectively. We did not observe any significant adverse events and
there was no significant'difference in patient reported pain.

ConclusioniIn summary, the IM2 nasopharyngeal swab is a clinically safe, highly accurate option to
commercial nasopharyngeal swabs.
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Key Summary Points

Why carry out this study?

* There is a shortage of nasopharyngeal swabs required for SARS-CoV-2 testing.

¢ Alternatives to commercial swab manufacturing such as 3D printing and injection mold production are
urgently needed.

¢ Injection mold production is an alternative which can scale production up rapidly at a r

cost. We asked if nasopharyngeal swabs produced via injection mold manufacturing a

diagnostically accurate when compared to a commercial nasopharyngeal swa

What was learned from this study?

¢ By injection molding, we were able to design and produce a nasophar swab which is clinically

accurate, safe, and acceptable to patients when comparéd to a commercial swab.

DIGITAL FEATURES
This article is published with digital feat luding a summary slide, to facilitate understanding of

the article. To view digital features I i€le go to https://doi.org/10.6084/m9.figshare.13353311.

Y4


https://doi.org/INSERTDOI

INTRODUCTION

Since its emergence in December 2019, COVID-19 has ravaged the globe at an alarming rate, infecting 63
million worldwide and causing more than 1.4 million deaths.! Testing requirements are increasing
worldwide as part of early detection and surveillance strategies, particularly as many countries experience
second waves of infection and deaths.>?® Active case finding by testing asymptomatic individuals, including
high-risk frontline workers, has been shown to be useful to identify hidden reservoirs offdisease‘in the

community.*

The goal to scale up testing has unfortunately been hampered by shortagés indmaterials including PCR
reagents, and diagnostic nasopharyngeal swabs.>® To address the shartagesefnasopharyngeal swabs, 3D-
printing of polymer swabs has been used as a strategy,” *Qwith the Veterans Health Administration leading
efforts to evaluate their safety and functionality.!! #6Weverythe widespread adoption of 3D-printed
swabs is limited by scalability of production and@ngoing,eosts of printing. To overcome these limitations,
our multi-disciplinary team (comprising otélaryngelegists, infectious disease physicians and bioengineers),
designed and tested a novel nasopharyngeal,swab (the IM2 swab) produced by injection-molding, which

allows for high-throughput production.at'a fraction of the cost of current swabs.

We aimed to evaluated¢the performance of the IM2 swab in comparison to a traditional nasopharyngeal

swab in acc@rately detecting SARS-CoV-2 in the clinical setting.

METHODS
The IM2 swab is made of biocompatible nylon and comprises a tip with blades extending parallel to its
longitudinal axis (Figure 1a,b). When rotated, the perpendicular motion of these edges allows for the

scraping and collection of cellular material from the nasopharynx. The academic team engaged a



commercial company experienced in injection mold production to produce the IM2 swab. Prior to the
clinical diagnostic study, IM2 swabs were individually wrapped and sterilized with ethylene oxide. Swabs
were also subject to post-sterilization mechanical testing by an independent testing facility (TUV SUD PSB,
Singapore) for tensile and flexural strength in accordance with international standards (ISO 527-1:2012
Plastics — Determination of Tensile Properties and ISO 178:2010 Plastics — Determination offFlexural

Properties).

From June 25 to August 3 2020, we performed a diagnostic study to evaluate the pérformance, safety and
acceptability of the IM2 swab when compared to the Copan FLOQSwab{Becton, Dickinson and Company,
MD, USA #22052). The FLOQSwab is the standard-of-care swab Used¥fer”SARS-CoV-2 testing in our
institution and meets World Health Organization guilance for laboratory testing.!? The study was
approved by the Institutional Review Board of thegNationaly#ealthcare Group, Singapore (Approval

number: DSRB 2020/00464) and all participantssWere reerdited with informed consent.

Forty confirmed COVID-19 cases ingthe, first,2fWweeks of illness and 10 healthy controls were recruited.
Paired nasopharyngeal swabs (i.e. one M2 swab and one FLOQswab) were consecutively obtained from
the same nostril of each participant. Immediately after collection, each swab was placed into placed into
3ml of BD Universal.Virdl Transport media (Becton, Dickinson and Company, MD, USA #220527). The same
type of media was used for all swabs. Subjects were assigned “odd” or “even” case numbers, according
to the order inlwhich they were enrolled. Participants assigned an “odd” case number received the IM2
swabfirst, followed by the FLOQSwab, while the reverse was true for participants assigned an “even” case
number. The samples were tested for SARS-CoV-2 by RT-PCR on the Roche cobas® platform at the hospital
clinical laboratory. The detection of ORFlab gene target with or without the E-gene target was interpreted

as a positive result. Samples positive for the E-gene only were considered to be presumptively positive.



For presumptively positive samples, repeat RT-PCR of the same sample for both the ORFlab and E-gene
targets was performed, however, only the original test result was used for the evaluation of the swab’s

performance.

This study was approved by the National Healthcare Group Domain Specific Review Board (NHG DSRBRef:
2020/00464). This study was performed in accordance with the Helsinki Declaration of 1964, and its)later

amendments. All subjects provided informed consent to participate in this study.

RESULTS

Based on the results of independent mechanical testing, the IM2 was ablesté support an average tensile
force of 65N and an average flexural maximum load of 0.27N before breaking. This was comparable to the
FLOQSwab (average tensile force 19N, average flexuralfmaximun®rload 0.2N), which we had earlier tested
at the same center. On torsional testing, the IM2"Swabiwas able to tolerate an average of 22 turns (7920

degrees) on itself before breaking.

The IM2 swab showed excellentiovenall@greement (OA) and positive percent agreement (PPA) of 96.0%
and 94.9% respectivelyéwhen compared to the FLOQSwab (Figure 1c-e). The median day of illness for
COVID-19 cases was 7d{range: 2 — 14 days). None of the swabs from the 10 control participants tested
positive. Infterms of /comfort, 28 participants felt no difference between the swabs, 15 felt that the
FLOQSwab wasymore comfortable, while 7 felt that the IM2 swab was more comfortable (Figure 1f,g). The
mediah, pain score was 3 for both swabs, with no significant statistical difference observed (p = 0.12,
Wilocoxon’s signed rank test). One episode of nausea was noted after administration of the IM2 swab and
one episode of blood-stained mucous after the FLOQSwab. There were no serious adverse events, such

as frank epistaxis or swab breakage, observed in this study



We did not observe any statistically significant difference in mean Ct values for the IM2 swab when
compared to the FLOQSwab for the ORFlab (28.05 + 4.54 vs 28.03 + 3.99, p = 0.97) and E-gene (29.72 +

5.66 vs 29.37 = 5.01, p = 0.64) respectively.

There were two discordant cases that had an overall positive result on the FLOQSwab butdot oh thelM2
swab (Figure 1c). These two cases were considered presumptively positive, as they were,positive for the
E-gene target only, at very high cycle threshold (Ct) values of 37.39 and 37.914(Figure 2b). Repeat testing
of the same samples yielded a negative result for both the ORFlab ané E-genetargets, suggesting that

these are equivocal cases at the limit of detection of the test assay.

We did not observe an increase in presumptive positive résultsiwhen using the IM2 swabs. A total of four
FLOQSwabs and three IM2 swabs were deemedsto’be presiimptively positive. The Ct values for the E-gene
in these instances were high (range 36.29°—139.34)¢ Repeat RT-PCR testing of these samples yielded a
negative result in 2 of 4 FLOQSwahs"afd, indlsof 3 IM2 swabs, suggesting that these are samples with low

viral loads at the limit of detection.

Bland-Altman plots,sh@wed that there was no significant difference in Ct values for the IM2 swab when
compared 10 the'FLO@Swab for the ORFlab (mean difference = 0.024, p =0.97, 95% CI [-1.23, 1.28]) and
Efgene targets(mean difference = 0.349, p = 0.64, 95% Cl [-1.16, 1.86]) (Figure 2c,d). Equivalence testing
by twelene-sided tests of means (TOST)® confirmed that the performance of the IM2 swab was equivalent
to the FLOQSwab for both the ORFlab and E-gene targets, within the limits of 2 Ct values (p = 0.0015 and

0.017 respectively, alpha = 0.05).



After each encounter, information was also collected from clinicians about the maneuverability of the
swab. There were five instances, out of fifty paired swabs, where the administering clinician felt increased
difficulty in accessing the same location of the nasopharynx with the IM2 swab compared to the
FLOQSwab. Specifically, this was due to the over-flexibility of the IM2 swab, which may be addressed by
increasing the density of the injected material in subsequent prototypes. None of these ifstances

demonstrated discordant results between the IM2 and FLOQSwab.

DISCUSSION

Injection molding is an inexpensive manufacturing process used for pfoducingleveryday items at high
volume, including bottle caps and plumbing pipes. Here, we show that aniimjéction molded swab is highly
accurate in detecting SARS-CoV-2 when compared to ajstandard-of-care flocked swab. There were no
significant adverse events associated with the use of"the, injection molded swab. While there was no
difference in pain score, there appeared to bes@a%prefesence for the flocked swab in terms of comfort,
suggesting that refinements to the injectioR"molded@swab may be helpful to improve comfort. Important
to the pandemic setting, swabs prodticed byinjection molding can be generated at a much lower cost and
provided to the frontline more‘rapidly.{several million a month), presenting a more efficient solution to

facilitate large-scale testing.

As the scal@”of testing worldwide continues to increase as the COVID-19 pandemic escalates, novel
methods of preduction for each of the test components are needed to mitigate the increased costs.
Acquisition costs for diagnostic nasopharyngeal swabs are influenced by the cost of raw materials, wages,
demand, competition and start-up costs. At the time of this writing, the IM2's cost in Singapore is less

than half of the commercial swab.



Our study design included COVID-19 cases up to 14 days of illness and thus allowed us to demonstrate
the swab’s consistent performance across a wide spectrum of viral loads. We also randomized the
sequence of swabs for each subject to avoid any sequential bias in the pick-up of material for testing. A
potential limitation faced during the study was the definition of a suitable Ct value difference to determine
non-inferiority. As the widespread adoption of RT-PCR from nasopharyngeal swabs is a new development
with the onset of COVID-19, we were unable to find clear guidance in the literature t on-
inferiority threshold. Based on the confidence intervals demonstrated in this study Fkx , the IM2
swab’s performance is equivalent to the FLOQSwab within the limit of 2 C . hope that this

information will be useful to guide future studies of a similar nature.

CONCLUSION
The IM2 swab is safe and highly accurate for COVID- in en compared to the traditional flocked
swab. Injection molded manufacturing has the n educe the cost and increase the scalability

of nasopharyngeal swab production.
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Figure 1. Clinical performance) of IM2 swab compared to the FLOQSwab. a, Overview and

approximate dimensions."b, High resolution photo of the swab tip. c-e, Categorical results of COVID-19

testing in 40 C éses and 10 controls, for (c) combined ORFlab and E-gene testing, (d) ORFlab
target only,'and ene target only. f, Particpants’ perception of comfort on paired swab testing in the

tril. g, Pain score for the FLOQSwab and IM2 swab, with the median represented by the

al red line.



Figure 2. Comparison of Ct valué en the IM2 swab and FLOQSwab. a-b, Correlation of Ct values

between the IM2 sw ab for the ORFlab and E-gene targets on RT-PCR. Red line
represents line of best} r model). Open circles represent test-positive cases that were identified
on only one of swabs. In such cases, the negative sample was assigned a Ct value corresponding to
th tection for the purpose of illustration only. c-d, Bland-Altman plots for the comparison of
Ct s between paired positive swabs for the ORFlab and E-gene targets. The horizontal axis shows
the mean Ct value for each pair of swabs, while the vertical axis shows the difference in Ct value between
the swabs (Ct value for IM2 swab - Ct value for FLOQSwab). The dotted red lines represent the limits of -

2 and +2 Ct values. The mean difference in Ct value is represented by the blue bar and the shaded area

represents the boundaries of the 95% confidence interval.





