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Abstract

Effective sampling for severe acute respiratory syndrome 2 (SARS-CoV-2) is a common

approach for monitoring disinfection efficacy and effective environmental surveillance. This study
evaluated sampling efficiency and limits of detection (LODs) of macrofoam swab and sponge
stick sampling methods for recovering infectious SARS-CoV-2 and viral RNA (VRNA) from
surfaces. Macrofoam swab and sponge stick methods were evaluated for collection of SARS-
CoV-2 suspended in a soil load from 6-in? coupons composed of four materials: stainless steel
(SS), acrylonitrile butadiene styrene (ABS) plastic, bus seat fabric, and Formica. Recovery of
infectious SARS-CoV-2 was more efficient than vVRNA recovery on all materials except Formica
(macrofoam swab sampling) and ABS (sponge stick sampling). Macrofoam swab sampling
recovered significantly more vVRNA from Formica than ABS and SS, and sponge stick sampling
recovered significantly more vVRNA from ABS than Formica and SS, suggesting that material

and sampling method choice can affect surveillance results. Time since initial contamination
significantly affected infectious virus recovery from all materials, with VRNA recovery showing
limited to no difference, suggesting that SARS-CoV-2 VRNA can remain detectable after viral
infectivity has dissipated. This study showed that a complex relationship exists between sampling
method, material, time from contamination to sampling, and recovery of SARS-CoV-2. In
conclusion, data show that careful consideration be used when selecting surface types for sampling
and interpreting SARS-CoV-2 VRNA recovery with respect to presence of infectious virus.
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Introduction

The ability to reliably detect the presence of an infectious pathogen is a key component of
effective infection control strategies to monitor and respond to disease outbreaks. During
past outbreaks as seen with severe acute respiratory syndrome—associated coronavirus
(SARS-CoV), Middle East respiratory syndrome, and the coronavirus disease 2019
(COVID-19) pandemic (SARS-CoV-2), critical data were collected on the environmental
persistence of CoV in aerosols (Liu et al. 2020; Dabisch et al. 2021), in water (Tran et

al. 2021), and on contaminated surfaces (Van Doremalen Neeltje et al. 2020; Ardura et al.
2021; Harvey et al. 2021; Marcenac et al. 2021). Though the dominant route of transmission
for SARS-CoV-2 is direct contact with respiratory droplets, aerosols, or mucosal secretions
from infectious individuals (CDC 2021c; Peng et al. 2022), contaminated environmental
surfaces in community and other environments (e.g., hospital rooms, schools, or public
transportation) may also play a role in indirect transmission (CDC 2021b).

Studies on the persistence of infectious coronaviruses on surfaces and the role these surfaces
play in viral transmission have explored viral stability and survival (Mahl and Sadler 1975;
Sizun et al. 2000; Marques and Domingo 2021). Middle East respiratory syndrome and
endemic human coronaviruses were shown to be able to persist as long as 9 days (Kampf

et al. 2020) and infectious SARS-CoV-2 as long as 3 days (Van Doremalen Neeltje et al.
2020) after deposition onto surfaces. For SARS-CoV-1, fomite transmission was associated
with nosocomial spread (Chen et al. 2004). And though the risk of infection via fomite
transmission is likely low, infection via contact with contaminated surfaces or fomite
transmission of SARS-CoV-2 is still possible (CDC 2021b).

Interpreting respiratory virus sampling studies is challenging because many sampling
strategies target either viral nucleic acid (e.g., viral RNA [VRNA]) or infectious virus, with
few employing an integrated approach. Strategies using VRNA recovery are most common
because VRNA kits are widely available, rapid, and comparatively cheap; however, multiple
studies have identified that VRNA presence and concentration do not correlate with an
increased presence of infectious virus (Colaneri et al. 2020; Santarpia et al. 2020; Yamagishi
et al. 2020; Moore et al. 2021; Zhou et al. 2021). Recently, sampling the exhaled breath

of a patient with COVID-19 did not result in detection of infectious virus, despite the
confirmation of very high loads of VRNA (Johnson et al. 2022) detected in those samples.
This disconnect between VRNA and infectious virus is true for many viral agents, including
Ebola; high quantities of Ebola VRNA can be detected but do not correlate with infectious
Ebola virus on disinfected surfaces (Cook et al. 2016).

An additional complicating factor in interpreting surveillance studies is the breadth of
methods employed. A systematic review of primary studies on SARS-CoV-2 sampling
from fomites (in 2020 alone) found significant discrepancies in viral culture and isolation
methods, and none of the studies reported successful viral culture despite positive reverse
transcription quantitative polymerase chain reaction (RT-qPCR) detection of SARS-CoV-2
VRNA (Onakpoya et al. 2021). Though many of these studies employed swab sampling for
VRNA or to detect infectious virus on surfaces (Pena et al. 2021), other methods included
sponge (Fernandez-de-Mera et al. 2021) or sterile gauze (Santarpia et al. 2020) sampling
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methods. Despite swab studies sharing similar methodology, variations in moistening agent
(e.g., viral transport media, cell culture media, extraction media, saline solutions) and swab
type (e.g., Dacron swab, macrofoam swab, flocked swabs) make direct comparisons difficult
(Chia et al. 2020; Pasquarella et al. 2020; Razzini et al. 2020; Pena et al. 2021; Zhou et al.
2021).

Developing a unifying method able to detect both vVRNA and infectious virus on high-
touch surfaces is a key need to enable rapid data collection, comparable across studies, to
support the identification of transmission routes and contamination locations and to monitor
and identify effective countermeasure strategies. Because no surface sampling method for
SARS-CoV-2 had been proven at the onset of this work, methods were adapted from
validated norovirus (macrofoam swab; Scherer et al. 2009; Park et al. 2015; Park et al.
2017; Silvestri et al. 2021) and anthrax (cellulose sponge stick; Rose et al. 2011; CDC
2012; Silvestri et al. 2021) sampling methods. Macrofoam swab and sponge stick sampling
methods are simple to perform, commercially available, evaluated on multiple surface types,
validated for sampling biological agents (albeit not SARS-CoV-2), and have sampling
protocols available (CDC 2012; Park et al. 2017). These methods are also commonly

used for sampling large surface areas (e.g., walls, desktops, carpet) common to high-touch
community environments (Park et al. 2017).

This study evaluated macrofoam swab (hereafter swab) and sponge stick (hereafter sponge)
for their ability to sample SARS-CoV-2 contamination (infectious and VRNA) on high-
touch surfaces common to community and other environmental surfaces (stainless steel
[SS], acrylonitrile butadiene styrene [ABS] plastic, Formica, and bus seat fabric [SF]).
Using varied SARS-CoV-2 contamination levels, this study sought to better understand the
efficiency of both sampling (swab and sponge) and analysis (VRNA and infectious virus)
methods for SARS-CoV-2 detection. Overall, this study sought to inform how sampling
method and analysis choice impact how data can be used to monitor transmission risk and
countermeasure efficacy.

Cells and virus

SARS-CoV-2 (isolate USA-WA1/2020) was obtained from the ATCC (American Type
Culture Collection), and all work with SARS-CoV-2 was performed within a class Il
biosafety cabinet within a biosafety level 3 (BSL-3) facility (Battelle Eastern Science
and Technology Facility) with appropriate personal protective equipment and appropriate
training. Vero cells (ATCC CCL-81, derived from African green monkey kidney) were
used for SARS-CoV-2 infectivity assays and were maintained and propagated as described
previously (Hardison, Ryan, et al. 2022). Briefly, Vero cells were maintained in complete
growth medium (CGM; Dulbecco’s minimal essential medium [DMEM]) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. SARS-CoV-2 for
coupon inoculation was prepared with a 5% soil load. SARS-CoV-2 stocks were diluted
60:40 (volume:-volume) in either DMEM (5% FBS) or simulated saliva (5% FBS).
Simulated saliva was prepared as described previously (Woo et al. 2010) and modified

to include a 10-fold increase in phosphates (final concentration of 15 mM KHoPQy, 24.6
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mM KyHPQOy,). Viral inoculum titer was determined by 50% tissue culture infectious dose
(TCIDsp) assays on Vero cells for each test.

Murine hepatitis virus strain A59 (MHV-A59) and L2 cells were kindly provided by Dr.
Julian Leibowitz (Texas A&M College of Medicine, College Station, TX) and 17 Clone

1 (17CL-1) cells were provided by Dr. Susan Baker (Loyola University, Chicago, IL).
MHV-AB9 was titrated on L2 cells and propagated in 17CL-1 cells as described previously
(Hardison, Nelson, et al. 2022). Briefly, cells were maintained and propagated in CGM
supplemented with Glutamax at 37 °C, 5% CO,. MHV-A59 was propagated in 17CL-1 cells
at a multiplicity of infection of 0.3 in low-FBS media (DMEM with Glutamax, 2% FBS, 1%
penicillin-streptomycin). Post-inoculation, virus was adsorbed at room temperature for 1 hr;
post-adsorption, low-FBS media was added to each flask and incubated at 37 °C, 5% CO»,
until the flask reached 80% to 90% cytopathic effect. Infected flasks were directly frozen
(-80 °C), thawed at room temperature, and contents were clarified (2,000 x g, 4 °C, 20 min).
Clarified viral lysate was aliquoted and stored at —=80 °C in single-use (1 mL) vials.

Coupon materials

Coupon materials were obtained and prepared as described previously (Hardison, Nelson,
et al. 2022; Hardison, Ryan, et al. 2022). For this study, fatigue-resistant 301 SS (0.01 in.
thick; C40 Rockwell hardness; meeting ASTM A666 specifications) and impact-resistant
ABS plastic (3/8 in. thick; R101-R109 hardness; meeting UL 94 HB specifications) were
purchased from McMaster-Carr, Formica laminate was purchased from Home Depot, and
SF was sourced from American Seating (Item # 00333uw1). Materials used as simulated
contaminated surfaces included fatigue-resistant 301 SS (0.01 in. thick, C40 hardness;
ASTM A666 specifications), impact-resistant ABS plastic (3/8 in. thick, R101-R109
hardness, UL 94 HB specifications), Formica laminate, and SF (# 00333uwl), cut into
medium (6-in2) and large (10-in2) coupons. After cutting, coupon materials were prepared
as described previously (Hardison, Nelson, et al. 2022; Hardison, Ryan, et al. 2022). Briefly,
SS and ABS coupons were cleaned with 70% isopropanol and then wiped with a cloth. SF
coupons were not cleaned and were used as received after cutting. After cleaning, coupons
were air-dried and packaged in heat-sealed polyethylene and sterilized by electron beam
with a dose of 40 kGy. Coupons were used only once for testing.

Coupon size selection

MHV-AB9 was used to evaluate whether coupon surface area affected viral recovery via
swab and sponge sampling methods. Viral recovery from large (10 x 10 in., 645.2 cm?)
and medium (6 x 6 in., 232.2 cm?2) SS coupons was performed as described. Three
concentrations of MHV-A59 (1.31 x 10%, 1.39 x 104, and 1.20 x 102 TCIDsp), applied

to individual medium and large SS coupons, were used to evaluate whether coupon surface
area affected viral recovery using swab and stick sampling methods. Inoculation, sampling,
and recovery procedures were similar to those described in sections below for SARS-CoV-2.
No significant differences were noted in either percentage recovery (Supplemental Table
S1, Figure S1) or log reduction in inoculum (Supplemental Table S1) between stick or
swab sampling methods; however, the initial inoculum concentration did affect MHV-A59
recovery (p = 0.028, three-way analysis of variance); this effect was independent of method
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and coupon size and was explored during testing with SARS-CoV-2. These results informed
the decision to perform SARS-CoV-2 testing using 6-in. x 6-in. coupons to improve
throughput and operations under BSL-3.

Coupon inoculation

Coupons were inoculated in triplicate with viral inoculum (SARS-CoV-2 in simulated
saliva) in evenly spaced droplets across each coupon surface (1.0 mL inoculum per coupon).
Coupons were inoculated after aseptically laying them flat in secondary containment in a
biosafety cabinet. Inoculum concentrations were chosen across a range to identify detection
limits and recovery efficacy for each material and sampling method. Initial testing coupons
(Figure 1) were inoculated with a target of 1E + 05 TCID5g SARS-CoV-2 per coupon
(actual: 4.87E + 04 £ 5.71E + 03 to 2.46E + 05 + 6.74E + 03 TCIDsgg/coupon; 2.2E + 07 to
8.86E + 07 genome copies [GC]/coupon). Blank coupons and inoculum direct-spike controls
were included during each test, to allow detection of cross-contamination and drifts in the
titers of viral working stocks.

Sampling methods

Coupons were sampled immediately (7) or after 3 hr ( 73), during which time samples
were left undisturbed in the biosafety cabinet at ambient temperature and relative humidity
(21.7 °C £ 0.3 °C, 50% = 2% RH) monitored with Hobo loggers. Swab sampling used dry
swabs packed individually. Swabs were soaked overnight at room temperature in 10 mL
phosphate-buffered saline, and sampling was performed as described previously (Park et al.
2017). Briefly, the swab was moved across the coupon in horizontal, vertical, and diagonal
patterns with a firm uniform force. Polyurethane StickSponges were 1.5 x 3 in. in size and
suspended in 10 mL neutralizing buffer. Briefly, the widest part of the wet sponge was wiped
on the coupon in an overlapping S pattern, rotating the sponge, in vertical (wide side of the
sponge), horizonal (opposite wide side), and diagonal (narrow sides) strokes. Finally, the
sponge top was used to wipe the perimeter of the coupon.

Coupon extraction

Swabs and sponges were extracted immediately post-sampling. Swab extraction initiated by
adding the swab to 5 mL low-FBS DMEM (DMEM supplemented with 2% FBS) followed
by vortexing (2 min; 10-sec bursts) at maximum speed (~3,200 rpm). Next, both sides of
the swab were expressed along conical tube sides and the swab head was discarded. Sample
extracts were inverted three times and passed through Sephadex G-25 via centrifugation

(2 min; 1,000 rcf). Stick extraction used a different method. Stick heads were ejected into
45 mL of low-FBS DMEM within a stomacher bag, followed by a 1-min stomach session
at ~260 rpm. Extracts were concentrated to 5 mL via 100K MWCO Protein Concentrator
followed by Sephadex G-25 filtration as described previously (Hardison, Ryan, et al. 2022).
Extracts were immediately tested for viral titer via TCIDg, with an aliquot kept at =80 °C
for analysis.
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Quantification of infectious virus

Virus recovered during testing was quantified by TCIDsgq assay as previously described
(Hardison, Ryan, et al. 2022). Briefly, Vero cells were seeded in 96-well plates in CGM to
achieve 80% to 85% confluency the next day. Serially diluted sample extracts (in DMEM
supplemented with 2% FBS) were plated (0.1 mL) onto replicate wells of Vero cell 96-well
plates (7= 12) and incubated at 37 °C and 5% CO». Plates were scored for cytopathic effect
48 hr post-infection and viral titer was determined via the Reed-Muench method (Reed

and Muench 1938). The TCIDsg assay limit of detection (LOD) was 1.8 log;g TCIDsgq per
mL. Percentage recovery of infectious material (Figure 1) was determined by calculating
normalized recovery (recovered TCIDsgg/coupon divided by inoculated TCIDsgg/coupon).
MHYV was titered on L2 cells using TCIDsgq assays as previous described (Hardison, Nelson,
et al. 2022), with results calculated via the Reed-Muench method.

RNA extraction and RT-qPCR

Sample extracts were inactivated prior to removal from the BSL-3 facility via incubation

at 75 °C for 45 min (CDC 2021a). Protocol validated as guided by the U.S. Federal Select
Agent Program guidance. VRNA was used to extract samples using the QlAamp Viral RNA
Extraction kit (140 pL sample) with an 80 L final eluent suspended in Qiagen Buffer AVE.
RT-gPCR was performed using 5 uL of eluent in a final volume of 20 pL per reaction.
Reactions were performed using the TagMan Fast Virus 1-Step Master Mix with a FAM-
labeled 60x primer/probe mix specific for the SARS-CoV-2 N1 gene as previously described
(Gabitzsch et al. 2021). Standard curves, generated from serial dilutions of synthetic SARS-
CoV-2 RNA, were used to calculate GC from test sample Ct values using the standard
curve. This value was then converted to GC/coupon by accounting for sample and extraction
volume.

Limit of detection calculation

Recovery values (TCIDsg/coupon or GC/coupon) were plotted against inoculation
concentrations, and linear regression was used to generate curves (Supplemental Figure

S2). The LOD for each data set was defined as the point where the inoculation concentration
(x~value) intersects the assay LOD; the TCIDgq assay had an LOD of 64 TCIDsg/coupon
(1.8 log TCID5p/mL) and the RT-qPCR assay had a LOD of 4900 GC (3.69 log GC/coupon).
LODs were determined for each material and time point (Table 1) using linear regression
results (Supplemental Table S2). Assay LODs are represented in Figures 2 to 5 as a dashed
line. Assay LOD values are 1.8 log TCIDsgg/coupon for infectious virus recovery and 3.69
log GC/coupon for RT-gPCR.

Analysis and statistics

The study design allowed for several comparisons to be made for each sampling method

and surface material type for both infectious virus and VRNA recovery. The matrix shown in
Table 1 enabled the recovery, including LOD comparison, from the four different surfaces as
a function of sampling method (swab or sponge) and time post-inoculation of the surface (7
vs. 73). The number of samples and test inoculum ranges for each test are also provided in
Table 1. The Results section presents these comparisons divided by material type.
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Inoculation of the surfaces with different concentrations of infectious virus allowed for
LODs to be determined for each sampling method on each surface type, for both infectious
virus and VRNA as a function of time after surface inoculation. Inoculum levels were
lowered, in an iterative approach, until nondetects were achieved for each sampling method
and material type.

Statistical analysis to determine significance of SARS-CoV-2 recovery (Figure 1) used a
combination of ordinary two-way analysis of variance and Holm-Sidak’s #test (calculated
in GraphPad Prism 7.0e or 9.3.1, GraphPad Software, San Diego, CA, www.graphpad.com).
Individual and multiple comparison Holm-Sidak #tests were performed (Prism 7.0e) to
compare results varying in one category (e.g., one material across multiple sampling

times). Percentage recovery of infectious material and vVRNA (Figure 1) was determined by
calculating normalized recovery (recovered TCIDsg/coupon divided by inoculated TCID5q/
coupon or recovered GC/coupon divided by inoculated GC/coupon). Linear regression was
performed on recovery data and regression comparison was performed (Prism 7.0e) to
compare slope and y~intercepts between 7y and 73 data sets for each material tested.

Recovery of SARS-CoV-2 from direct inoculation on swab and sponge materials

A similar, albeit not statistically significant, difference was seen for MHV-A59 recovery
efficiency (54% + 29% recovery swab; 38% + 11% recovery sponge). Recovery efficiency
of SARS-CoV-2 vVRNA was significantly less than infectious virus for both swab (VRNA
recovery 5.9% * 0.2%; n= 3, p=0.0091) and sponge (VRNA recovery 4.1% + 1.8%j;
n=8). To determine whether sample processing affected VRNA recovery, samples were
collected before and after the Sephadex gel filtration step in the analysis method. Samples
collected post-filtration showed a loss of 0.78 to 0.85 log;g VRNA GC/sample; only 16% +
2% of inoculated VRNA was recovered after filtration. Interestingly, filtration did not affect
infectious recovery as severely, with only a loss of 0.1 to 0.21 log TCIDgp/sample; 70.2%
+ 12% of inoculated virus was recovered after filtration. These data suggest that Sephadex
filtration may reduce the ratio of viral VRNA to infectious virus (pre-filtration, 640 GC:1U;
post-filtration, 140.67 GC:IU).

Recovery of SARS-CoV-2 from stainless steel

Recovery from nonporous stainless steel was compared between immediate (7g) and 3 hr
post-inoculation ( 73) for both swab and sponge sampling. SARS-CoV-2 recovery from SS
showed generally increased recovery of infectious SARS-CoV-2 at TO for swab (Figure

1A) and sponge (Figure 1B) sampling versus 73. However, increased recovery was only
statistically significant for swabs (Figure 1A, p=0.0071). Interestingly, recovery of SARS-
CoV-2 vVRNA, measured in GC, did not show any significant difference at 7; by either swab
(Figure 1C) or sponge (Figure 1D). Recovery of VRNA from SS was substantially decreased
when compared to infectious recovery for each of the two sampling methods.

To assess whether SARS-CoV-2 recovery from SS varied across inoculation concentrations,
recovery of infectious virus (Figures 2A, 2B) and VRNA (Figures 2C, 2D) was evaluated
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over several orders of inoculum magnitudes. Regardless of inoculation concentration

and sampling method (Figures 2A, 2B), infectious SARS-CoV-2 recovery from SS was
significantly higher at 7q than at 73. Linear regression showed significant high recovery of
infectious SARS-CoV-2 at 7 for both swab (p=0.0167) and sponge (p = 0.0002) sampling.
Interestingly, no difference in recovery of SARS-CoV-2 VRNA was observed between 7
and 73 data sets (Figures 2C, 2D).

Linear regression was also used to determine the LOD for infectious SARS-CoV-2 and
VRNA recovery (Table 1). These data (Table 1) reflected the importance of time for recovery
of infectious virus, with the more sensitive LOD seen at 7, for both sponge and swab
methods. The data (except Formica with swab) showed that infectious SARS-CoV-2 LODs
increased with time after inoculation of the surface. However, this trend was not observed
with VRNA SARS-CoV-2 recovery except carpet SF.

Recovery of SARS-CoV-2 from ABS

Initial sampling results from ABS at 7y and 73 appeared similar to sampling results from
SS. Recovery of infectious SARS-CoV-2 from ABS demonstrated greater recovery at 7 for
swab sampling (Figure 1A, p=0.0047), whereas increased recovery via sponge sampling
(Figure 1B, NS) only showed a trending increase (i.e., difference in recovery between time
points was not statistically significant). Like SS, VRNA recovery from ABS did not show
any difference between 7 and 73 via either swab (Figure 1C) or sponge (Figure 1D)
methods. Interestingly, recovery of VRNA from ABS was significantly higher when using
the sponge method at both 7 (0 < 0.0001) and 73 (o =0.0003) compared to using the

swab method. ABS was the only material in which sampling recoveries were significantly
different between sampling methods.

Testing across inoculation concentrations showed that infectious SARS-CoV-2 was
recovered at higher efficiency at 7; than at 73 when sampled with the swab method (Figure
3A, p=0.0409) but not with the sponge method (Figure 3B). No differences in VRNA
recovery were observed over inoculation concentrations for either swab (Figure 3C) or
sponge (Figure 3D) method.

Linear regression from the data in Figure 3 was used to calculate the LOD for infectious
SARS-CoV-2 and VRNA recovery for each sampling method (Table 1). Though the
infectious virus LODs were slightly lower for swab (7, 2.51 log TCIDsg/coupon; 73, 2.99
TCIDsg/coupon) and sponge (7, 2.15 TCIDsgg/coupon; 73, 2.3 TCIDsg/coupon) methods
when compared with SS LODs, differences between sampling methods were not as stark.
Aligning with the data in Figures 1 and 3, calculated LODs for vVRNA recovery were similar
for 7gand 73 when sampling with the sponge method ( 7, 4.76 GC/coupon; 73, 4.73 GC/
coupon). Though not statistically significant, swab sampling on average was more sensitive
at 73 than at 7 (7g, 5.01 GC/coupon; 73, 4.39 GC/coupon).

Recovery of SARS-CoV-2 from Formica

Sampling from Formica showed a slightly greater recovery at 7 than at 73 (Figures 1A,
1B); however, no differences were statistically significant. Recovery of vVRNA via swab did
show greater recovery at 7 (Figure 1C, p=0.0020), although sponge recovery did not
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exhibit any statistical difference (Figure 1D). Sponge and swab recovery were similar for
recovery of infectious virus and VRNA recovery at both 75 and 7.

Data collected across inoculation concentrations showed that more infectious SARS-CoV-2
was collected at TO via sponge (Figure 4B, p=0.0088) but not by swab. Though no
significant differences were identified initially, a review of the data suggests that increased
recovery may be more pronounced at higher inoculation concentrations. A similar pattern
was identified for vVRNA recovery, with higher recovery at 7 for sponge (Figure 4D, p=
0.0053) but not swab (Figure 4C) sampling. The data in Figure 4D also appear to suggest
that recovery at 7 may be more pronounced at higher inoculation concentrations, similar to
that observed in Figure 4B. Though these results suggest that inoculation concentration may
influence sponge recovery, additional data, particularly at higher concentrations, are needed
to confirm.

LODs (Table 1) were calculated using linear regression (Supplemental Table S2) and
demonstrated increased sensitivity (lower LOD values) at 7j for sponge sampling; this was
similar to the significant differences seen in the data (Figures 4B, 4D).

Recovery of SARS-CoV-2 from SF

Sampling from SF showed a similar pattern of recovery as SS; that is, increased recovery

of infectious SARS-CoV-2 at TO via swab (Figure 1A, p=0.0358) but not via sponge
(Figure 1B) sampling. Like SS, no significant differences were observed for vVRNA recovery
(Figures 1C, 1D) or between sponge and swab sampling at either 7, or 7.

Sampling across inoculation concentrations showed greater recovery of infectious SARS-
CoV-2 virus at T for swab (Figure 5A, p=0.0011) and sponge (Figure 5B, p < 0.0001)
sampling. Recovery of SARS-CoV-2 VRNA was also higher at 7 than at 73 for swab
(Figure 5C, p=0.0307) and sponge (Figure 5D, p < 0.0001) sampling. Notably, recovery
of infectious SARS-CoV-2 at 73 was very low, requiring higher inoculation concentrations
to be detectable (particularly for sponge sampling; Figure 5B). Recovery from SF was
consistently lower than from SS, ABS, and Formica, particularly at the 73 time point.

LODs for SF recovery demonstrated that swab sampling exhibited increased sensitivity at
7o (Table 1) for infectious SARS-CoV-2 and VRNA recoveries, aligning with differences
observed in the data (Figures 5A, 5C). Sponge sampling showed increased sensitivity at 7;
for vVRNA but not infectious for SARS-CoV-2 (Table 1). Note that viral recovery data for 73
(Figure 5B) were limited owing to difficulties recovering infectious virus from the matrix;
thus, only the 7 data were able to fit well to a curve (Supplemental Table S2). However,
recovery data from 73 were well clustered (Figure 5B) and suggested that infectious virus
recovery at 73 is much lower than at 7y and likely had an increased LOD as well (Table 1).

Discussion

The choice of sampling and extraction methods, surface type to sample, quantitative or
qualitative survey, and analysis type are key factors to consider when developing a viral
surveillance strategy. The choice of assay target (infectious virus or viral RNA) is a critical
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factor, because surveillance strategies seek to define the presence of an infectious agent.
Amid the recent SARS-CoV-2 pandemic, environmental sampling data from high-touch and
household surfaces (Marcenac et al. 2021), nonporous surfaces in community spaces (e.g.,
store door handles; Ardura et al. 2021; Harvey et al. 2021), and hospital settings (Pasquarella
et al. 2020) have been heavily leveraged to inform the presence of the SARS-CoV-2 virus,
as well as support risk assessment for selecting strategies for opening public and community
spaces and to monitor the effectiveness of mitigation strategies (e.g., disinfection; Faezeh et
al. 2021). The testing performed in this study utilized a range of virus surface concentrations
(from ~1.7 log to ~5.7 log) to determine the effects of virus surface concentration on
sampling recovery. The tested range, however, may not fully represent the possible range of
virus concentrations in the real world.

The results of this study suggest that infectious SARS-CoV-2 is recovered at a higher
percentage than VRNA for both swab and sponge methods (Figure 1), with only some cases
where similar percentages of each are recovered (Figure 1C, swab on Formica; Figure 1D,
sponge on ABS). Though recovery from most materials was straightforward, recovery from
SF, particularly at 73, was difficult and resulted in lower infectious virus (Figures 5A,

5B) and VRNA (Figures 5C, 5D) recovery than other materials. This difficulty mirrors that
observed previously (Hardison, Nelson, et al. 2022) and suggests that porous materials may
show lower viral recovery than nonporous materials. This study noted that vVRNA recovery
levels were not consistent with infectious virus recovery levels, with lower percentages

of VRNA recovered from SS, Formica, and SF (Figure 1). Material differences were also
observed, with swab sampling recovering significantly more vRNA from Formica than ABS
or SS (Figure 1C) and sponge sampling recovering more VRNA from ABS than Formica and
SS (Figure 1D). These data suggest that both material and method can affect recovery of
VRNA.

Additionally, a stark reduction in infectious recovery at the 73 time point was observed for
SS (Figures 2A, 2B), ABS (Figures 3A, 3B), Formica (Figure 4B), and SF (Figures 5A,
5B). However, time did not affect vVRNA recovery for SS (Figures 2C, 2D), ABS (Figures
3C, 3D), Formica (Figures 4C, 4D), and SF (Figure 5C). Though VRNA recovery was
increased at 7p from SF via sponge sampling (Figure 5D), the data were limited owing to
the difficulties in working with SF. These results suggest that time has a significant effect on
infectious virus recovery and has a reduced, or more limited, effect on VRNA recovery.

These data show that vRNA can remain detectable after viral infectivity has dissipated.

One potential explanation for this result is the presence of noninfectious virus particles

(e.g., defective particles, partially inactivated virus) above the LOD, whereas infectious virus
particles are absent or present below the LOD. These noninfectious particles, long identified
in coronaviruses (Makino et al. 1984; Baudoux et al. 1998), could allow a positive RT-gPCR
signal despite a lack of infectivity (Cook et al. 2016). The lower VRNA recovery (relative

to infectious virus) may be due to increased RNA degradation on fomites (Julian et al.
2011), aggregation of infectious virions, or varied levels of RNA:infectious particle ratios
(commonly referred to as the particle to pfu ratio to measure the efficiency by which a virus
infects cultured cells). The reported ratios for SARS-CoV-2 vary widely, (Julian et al. 2011;
Cook et al. 2016; Colaneri et al. 2020; Ratnesar-Shumate et al. 2021) and have been reported
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as several hundred RNA genome copies per infective particle (Cotman et al. 2021) to tens

of thousands of RNA copies per infective particle (Johnson et al. 2022). In this study, the
ratio was affected by Sephadex gel filtration (640 GC:IU pre-gel filtration and 140.67 GC:I1U
post-gel filtration).

The methods utilized in this study were able to recover infectious virus at 7o and 73, with a
decreasing trend over time. These sampling and analysis methods were also able to recover
VRNA at 7y and 73, with minimal impact of time on recovery for all materials except

seat fabric. Surveillance methods that rely on VRNA detection alone have limited ability

to assess virus infectivity on surfaces or time since when the surface was contaminated.
Although coronaviruses, including SARS-CoV-2, have been detected on some surfaces for
days (Chan et al. 2011; van Doremalen et al. 2013; Warnes et al. 2015; VVan Doremalen
Neeltje et al. 2020) to weeks (Sizun et al. 2000; Rabenau et al. 2005; Casanova et al. 2010),
results without infectivity information can only suggest whether contaminants have been on
surfaces at some point in time.

Conclusion

There is a complex relationship between sampling method, material sampled, time from
contamination to sampling, sample readout (VRNA vs. infectious virus), and recovery

of SARS-CoV-2. Careful choices are key to avoiding data bias and, potentially, missing
infectious material on one surface while catching it on another. Because there is no
correlation between detecting VRNA and infectious virus, the authors suggest that careful
thought be given to sampling strategies relying on VRNA monitoring, with respect to
interpretating risk of infection. Additionally, though VRNA can remain detectable over
time, infectious SARS-CoV-2 degrades quickly; this differential effect of time complicates
interpretation of sampling results when using VRNA analytical methods. A larger evaluation
of how presence of infectious virus correlates with VRNA presence over realistic sampling
time periods (8-12 hr or 2-5 days), considering surface material, recovery of vVRNA, and
recovery of infectious virus is warranted.
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Bars on each graph represent significant differences between recovery at 7p and 73, as
determined by linear regression comparison (Graphpad Prism v9.3.1). ns: not significant; *p

<0.05; **p<0.01; ***p<0.001; ****p< 0.0001.
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Sampling of SARS-CoV-2 on ABS plastic. Recovery from (A, C) swab and (B, D) sponge
methods with results from 7 recovery (gray circles) or 73 recovery (black squares).

Open circles or squares identify samples in which at least one replicate was below the
LOD. Data shown on graphs represent individual recovery values. Linear regression lines,
shaded in gray (7p) or black (73), are shown. Details of each linear regression are shown
in Supplemental Table S2. Bars on each graph represent significant differences between
recovery at 7 and 73, as determined by linear regression comparison (Graphpad Prism
v9.3.1). ns: not significant, *p < 0.05; **p < 0.01; ***p< 0.001; ****p < 0.0001.
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Figure 4.

Sampling of SARS-CoV-2 on Formica. Recovery from (A, C) swab and (B, D) sponge
methods with results from 7 recovery (gray circles) or 73 recovery (black squares).
Open circles or squares identify samples in which at least one replicate was below the
LOD. Data shown on graphs represent individual recovery values. Linear regression lines,
shaded in gray (7p) or black (73), are shown. Details of each linear regression are shown
in Supplemental Table S2. Bars on each graph represent significant differences between
recovery at 7 and 73, as determined by linear regression comparison (Graphpad Prism
v9.3.1). ns: not significant; *p < 0.05; **p< 0.01; ***p< 0.001; ****p < 0.0001.
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Figure5.
Sampling of SARS-CoV-2 on seat fabric. Recovery from (A, C) swab and (B, D) sponge

methods with results from 7 recovery (gray circles) or 73 recovery (black squares).
Open circles or squares identify samples in which at least one replicate was below the
LOD. Data shown on graphs represent individual recovery values. Linear regression lines,
shaded in gray (7p) or black (73), are shown. Details of each linear regression are shown
in Supplemental Table S2. Bars on each graph represent significant differences between
recovery at 7 and 73, as determined by linear regression comparison (Graphpad Prism
v9.3.1). ns: not significant; *p < 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001. ND
indicates that regression comparison was not possible owing to difference in line slopes.
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