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Abstract
Background Currently, one of the most reliable methods for viral infection detection are polymerase chain
reaction (PCR) based assays. This process is time and resource heavy, requiring multiple steps of lysis,
extraction, puri�cation, and ampli�cation procedures. Herein, we have developed a method to detect virus
off swabs using solely shaker-mill based mechanical lysis and the transfer of the viral lysate directly to a
PCR assay for virus detection, bypassing the substantial reagent and time investments required for
extraction and puri�cation steps.

Methods Using Human Coronavirus 229E (HCoV-229E) as a model system, we spiked swabs in vitro for
proof-of-concept testing. Swabs were spiked in serial dilutions from 1.2x106 to 1.2x101 copies/mL and
then placed in 2mL tubes with viral transport media (VTM) to mimic the specimen collection procedures
in the clinic prior to processing via shaker-mill homogenization. After homogenization, 1 µL of lysate was
processed using RT-qPCR for ampli�cation of the nucleocapsid (N) gene, qualifying viral detection.

Results HCoV-229E in vitro spiked swabs were processed in a novel two-step, direct-to-PCR methodology
for viral detection. After running 54 swabs, we con�dently determined our limit of detection to be 1.2x103

viral copies/mL with 96.30% sensitivity.

Conclusion We have proven that the shaker-mill homogenization-based two-step, direct-to-PCR
procedures provides su�cient viral lysis off swabs, where the resulting lysate can be used directly in PCR
for the detection of HCoV-229E. This �nding allows for reductions in the time and resources required for
PCR based virus detection in comparison to the traditional extraction-to-PCR methodology.

Introduction
As the number of viral diseases are on the rise, it is critical to continue to innovate and advance
diagnostic, treatment, and surveillance methods surrounding viral infections. Herein, we are proposing a
novel method for viral pathogen detection off swabs as an improvement or alternative to the current PCR
based assays commonly used for viral detection [1, 2]. The traditional protocol for preparing a sample for
PCR based detection often involves procedures of swabbing a patient, processing the sample to lyse the
virus, extract, and purify its nucleotides, and then amplify the puri�ed genetic material via PCR for
detection of a gene product needed to con�rm the patient’s suspected diagnosis [3]. In the face of the
COVID-19 pandemic, attempts have been made to perform PCR based diagnostics for SARS-CoV-2 with
reduced time and cost, especially as the plastics and reagents needed for traditional viral nucleotide
extractions have become scarce in the face of an exponentially increased global demand [4, 5, 6, 7].
Though some success has been seen with thermal and enzymatic digestion attempts on viral samples to
expose the genetic material for extraction-less PCR detection, no method has shown high viral lysis in
under one minute when dealing with clinical concentrations of virus on swabs [5, 6, 8].

Shaker-mill homogenization as a form of mechanical lysis has been proven time and again as a
successful method for disrupting tissues, microorganisms, and biologic samples for downstream
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molecular analysis; however, these downstream applications often require the use of additional
puri�cation, isolation, or extraction procedures before those analyses can be completed [9, 10, 11, 12].
While, shaker-mill homogenization procedures have not yet been applied directly to diagnostic
technologies, its ability to lyse organisms and tissues far tougher than a virus have been well categorized
[9, 10, 11, 12]. Building off the increased need for novel viral diagnostic methodologies, which reduce the
resources and time required for accurate viral pathogen detection, we felt it was time to examine the
capabilities of shaker-mill homogenization for viral lysis to be used for downstream detection.

Using human coronavirus 229E (HCoV-229E) as our model organism, we developed a novel two-step
methodology of optimized shaker-mill homogenization parameters that allowed for direct-to-PCR viral
detection. HCoV-229E was the chosen model for this project as a biosafety level 2 pathogen with similar
genetic and protein composition to the current SARS-CoV-2 virus for developing novel diagnostic
approaches, until the process is proven in vitro [13, 14]. The linear genome and enveloped structure of
HCoV-229E allows for this virus to be a su�cient in vitro substitute for SARS-CoV-2 during the early
stages of methodology development described within this manuscript [13].

Materials And Methods

Cell Culture and Virus Growth
Human coronavirus 229E (HcoV-229e) (ATCC, Cat. No. VR-740) was added at a multiplicity of infection
(MOI) of 1.0 to an approximately 85% con�uent T75 �ask of MRC-5 cells (ATCC, Cat. No. CCL-171), 48 hrs
after plating. The �ask was maintained with DMEM (Fisher Scienti�c, Cat. No. 11-965-118) supplemented
with 5% heat inactivated fetal bovine serum (Gemini Bioproducts, Cat. No. 100–500) and 1% L-Glutamine
(Gemini Bioproducts, Cat. No. 400 − 106), incubated at 37 °C with 5% CO2 [15]. The cell culture
supernatant was harvested at 72hr post infection when 80% cytopathic effect (CPE) was observed.

Swab Viral Spike
Sterile cotton swabs (Fisher Science, Cat. No. 22-029-488) were submerged for 5 seconds in viral
solutions ranging from 1.2 × 107 to 1.2 × 101 viral copies/mL [16]. The swabs were exposed in a serial
dilution pattern, with three swabs being exposed at each concentration log to evaluate the detection
capabilities of this method. The saturated swabs were then placed in a 2 mL screw capped tube (Omni
International, Cat. No. 19–648) pre�lled with 1 mL of viral transfer buffer [17]. The stem of the swab was
then broken off at a level even with the top of the tube to allow for the cap to be screwed on for
transporting and processing. The samples were prepared at 23 °C and then incubated for 1 hr at 23 °C
prior to processing.

Shaker-Mill Swab Processing for Viral Lysis
Twenty-four 2 mL screw cap tubes containing the virally spiked swabs were processed on the Omni Bead
Ruptor Elite (Omni International, Cat. No. 19-040E) for 30 s at 4.2 m/s. This processing generated froth
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within the tube which was allowed to settle prior to removal of 1 µL of lysate for RT-qPCR (Fig. 1).

HcoV-229E RT-qPCR
HcoV-229E nucleocapsid gene (N gene) was selected as a target for RT-PCR from Vabret et al [1, 18]. The
N gene was targeted with forward primer 5’-AGGCGCAAGAATTCAGAACCAGAG-3’ and reverse primer 5’-
AGCAGGACTCTGATTACGAGAAAG-3’ [1]. 1µL of sample lysate was added to create a �nal reaction
volume of 20µL using the proportions of primers, RNA, SYBR, RT, and DEPC-treated H2O as laid out in the
New England Biologics Luna RT-qPCR Kit (NEB, Cat. No. E3005S). was Ampli�cation of lysate was
performed for 44 cycles and the resulting amplicons were loaded into a 2% agarose (Bio-Rad, Cat. No.
1613101) gel for product visualization.

Plaque Assay Protocol for Viral Quanti�cation
HcoV-229E was quanti�ed with standard plaque assay protocols [19]. HEK-293 cells (ATCC, Cat. No. CRL-
1573) were seeded at 2.0 × 105 cells per well in 6 well tissue culture treated plates (Fisher Science, Cat.
No. 07-200-601) with 2 mL of DMEM (Fisher Scienti�c, Cat. No. 11-965-118) infused with 5% heat
inactivated fetal bovine serum (Gemini Bioproducts, Cat. No. 100–500). Once the cells achieved 85%
con�uence, 200 µL of HcoV-229E stock was added to the media of the �rst well. The media was gently
mixed and 200 µL of the infected media was transferred into the adjacent well. This was repeated to
create serial dilutions throughout the plate. After 24 hrs of incubation, the virally infected media was
removed from each well and replaced with 2 mL of DMEM infused with 5% heat inactivated FBS and 2%
agarose (Bio-Rad, Cat. No. 1613101). The plate was incubated for an additional 5 days at 35 °C with 5%
CO2 and plaques were counted to determine viral concentration in plaque forming units/mL (PFU/mL).

Results
We have successfully demonstrated that shaker-mill homogenization using the Omni Bead Ruptor Elite
provides su�cient viral lysis from spiked swabs to allow for viral detection via direct RT-qPCR of the
lysate. Using this novel method (Fig. 1) at our optimized run parameters of 4.2 m/s for 30 s, we found the
lower limit of reliable detection to be 1.2 × 103 viral copies/mL (Fig. 2, Fig. 3). This limit of detection was
evaluated for reproducibility by testing 56 in vitro spiked swabs from two different viral stock solutions,
using RT-qPCR (Fig. 4). The results were con�rmed via amplicon visualization (Supplemental Fig. 5) and
demonstrated a sensitivity of 96.30% when processing with this two-step, direct-to-PCR method.

In addition to the strong method sensitivity shown with in vitro testing, we also consistently showed
greater than 90% viral lysis after shaker-mill homogenization for 30 s at 4.2 m/s. Plaque assays were
used to determine percent lysis following homogenization as shown with decreased PFU counts between
stock and lysate (Table 1).
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Tabel 1. Viral lysis data at different
run parameters of shaker-mill

homogenization as determined by
plaque assay. 

Run Parameter Average Lysis

4.2 m/s for 15s 62.5%

4.2 m/s for 30s 97.0%

4.2 m/s for 60s 87.5%

Discussion
The cost, time, and availability of current PCR assays have been considered prohibitive measures in the
timely diagnosis and subsequent treatment of viral infections [20]. There is a critical need for the
development of diagnostic technologies that help to improve access and reduce cost—this is especially
important for increasing the treatment of infectious diseases in socioeconomically disenfranchised
populations. While still in its infancy, it is our hope that this novel methodology can be applied as one
potential solution for this need. The authors acknowledge that there are crucial next steps for clinical
validation of this methodology but feel that the presented data is compelling and provides a strong
starting point for this to occur. While these studies was completed using HcoV-229E as an in vitro model
for methodology development geared towards SARS-CoV-2 applications, it is also our hope that this
methodology can be further evaluated at both the benchtop and the bedside to be applied to other
respiratory viruses also commonly tested for via nasopharyngeal or oropharyngeal swabs and PCR based
detection.

In addition to the improvements to access of care, this two-step, direct-to-PCR methodology also has the
potential to improve laboratory safety. As shown in table 1, shaker-mill homogenization results in greater
than 90% lysis of the virus in a sample. This high percentage of viral lysis demonstrates that there would
be few, if any, viable viral particles left in the sample tube when the laboratory technician opens it for
transfer to the RT-qPCR reaction. By using our two-step, direct-to-PCR methodology, the lab technician is
also able to signi�cantly reduce exposure to viral particles that would normally be increased when
opening and closing sample tubes and adding buffers during traditional nucleic acid extraction
processes. The low levels of viable and infectious viral particles when the sample is opened result in
decreased exposure potential through laboratory accidents or aerosolization during sample opening that
could result in laboratory acquired infections.

In contrast to the many bene�ts provided by this novel methodology, the authors do acknowledge that
introducing a new approach to existing methods is di�cult. We expect to see resistance from laboratories
with currently validated testing methods, researchers with years of experience using the traditional
extraction-to-PCR process, and other commercial entities involved in the currently accepted processes for
PCR based viral diagnostics. However, it is our opinion that when advancements in technology and
methodology can be made that will improve access to care, reduce cost, and improve safety, it is our
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responsibility to the public to explore these options. In the face of increasing virally caused infections
globally, it is our duty to do everything we can to shake every tree and turn over every stone to prepare
society to combat these diseases.

Conclusion
We have successfully proven that shaker-mill homogenization provides su�cient viral lysis off swabs,
where the resulting lysate can be used directly in PCR based assays for the detection of virus. This novel
two-step, direct-to-PCR method for viral detection off swabs has shown a lower limit of reliable detection
at 1.2 × 103 viral copies/mL with 96.30% sensitivity in vitro when screening for HcoV-229E. Herein, we
have demonstrated the success of this methodology in vitro and propose it as a novel approach to viral
detection that allows for decrease run time in comparison to traditional PCR based viral detection assay
protocols, as well as a reduction in the materials needed for successful viral detection. Bypassing
standard extraction methods, while maintaining a lower limit of detection one log below the reported viral
load on clinically obtained swabs positive for coronavirus [16], we demonstrated that this novel method
has warranted further clinical evaluation for its potential to reduce the cost and time needed for each test.
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Figures

Figure 1

Graphical depiction of general two-step, direct-to-PCR in vitro testing method that was employed in all
experiments discussed in this manuscript.
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Figure 2

Two-step, direct-to-PCR results from serial dilution of viral concentration spiked onto swabs for limit of
detection testing. Red lines represent 1.2 x 107 viral copies/mL spiked swabs. Brown lines represent 1.2 x
106 viral copies/mL spiked swabs. Pink lines represent 1.2 x 105 viral copies/mL spiked swabs. Navy
lines represent 1.2 x 104 viral copies/mL spiked swabs. Teal lines represent 1.2 x 103 viral copies/mL
spiked swabs. Olive lines represent 1.2 x 102 viral copies/mL spiked swabs. Black lines represent 1.2 x
101 viral copies/mL spiked swabs. Green lines represent virus free, negative control swabs.
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Figure 3

Gel visualization of amplicons from RT-qPCR shown in Figure 2. Starting at the furthest left lane on the
�rst gel, lane 1 is 100bp DNA ladder, lanes 2 and 3 are amplicon visualization of 1.2 x 107 viral
copies/mL swab spike, lanes 4,5, and 6 are amplicon visualization of 1.2 x 106 viral copies/mL swab
spike, lanes 7,8, and 9 are amplicon visualization of 1.2 x 105 viral copies/mL swab spike, lanes 10,11,
and 12 are amplicon visualization of 1.2 x 104 viral copies/mL swab spike, lanes 13,14,15 are empty.
Starting with the furthest left lane on the second gel, lane 1 is 100bp DNA ladder, lanes 2, 3, and 4 are
amplicon visualization of 1.2 x 103 viral copies/mL swab spike, lanes 5,6, and 7 are amplicon
visualization of 1.2 x 102 viral copies/mL swab spike, lanes 8, 9, and 10 are amplicon visualization of 1.2
x 101 viral copies/mL swab spike, lanes 11,12, 13, 14, and 15 are empty. Visualization of a 308 bp
amplicon is con�rmatory of the HCoV-229E N gene.
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Figure 4

HCoV-229E N transcript detection using RT-qPCR following shaker-mill homogenization off swabs spiked
in vitro with 1.2x103 viral copies/mL. Orange lines represent viral stock 1 spiked swabs at 1.2 x 102 viral
copies/mL. Grey lines represent viral stock 2 spiked swabs at 1.2 x 102 viral copies/mL. The green line
with triangle markers represents a negative control, virus-free swab.
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Figure 5

Gel visualization of the amplicons resulting from RT-qPCR done for method sensitivity testing at the lower
limit of detection shown in Figure 4. Visualization of a 308 bp amplicon is con�rmatory of the HCoV-229E
N gene. Note, of all 56 samples shown, only two swab samples (red box) and the one negative control
(blue box) seen on the �nal gel of the series did not validate with amplicon visualization. All other
unlabeled lanes are viral lysate produced N gene amplicon.
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