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Abstract

Objective: To 1) characterize the decay curve of infective SARS-CoV-2 over
time on the surface of cardboard packaging and plastic mailer packaging; 2)
characterize the transferability over time of virus-inoculated cardboard pack-
aging and plastic mailer packaging to skin. Methods: We inoculated samples
of plastic and cardboard packaging with a titer of SARS-CoV-2 > 10° TCID,,/
mL to evaluate the survivability and transferability to the skin (pig skin) over
time. A cell culture-based infectivity assay (TCID,,) was used to determine
viral titers. Regression analysis was used to characterize decay curves. Re-
sults: The time that SARS-CoV-2 remained transferable to skin was reduced
on both packaging substrates compared to the total time of survivability, though
cardboard demonstrated a substantially larger reduction. Virus inoculated
plastic substrates continued to transfer the virus to the skin after 7 hours of
holding time and regression analysis predicts this transferability would re-
main detectable up to 9.5 hours of holding time. Inoculated cardboard sub-
strates demonstrated detectable transfer at 15 minutes of holding time, but no
viable virus could be detected on the skin after 30 minutes of holding time.
Conclusions: The type of material used as a packaging substrate substantially
modifies the potential for SARS-CoV-2 fomite transmission. The use of ma-
terials that limit fomite transmission from packaging should be considered
among strategies to reduce the transmission of SARS-CoV-2. Future research
should investigate the generalizability of these findings for other viral patho-
gens that potentially transmit via fomite.
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1. Introduction

The SARS-CoV-2, novel human coronavirus was erupted in Wuhan, Hubei Prov-
ince, China in December 2019 [1]. Certain types of human coronaviruses pro-
duce respiratory illnesses Severe Acute Respiratory Syndrome (SARS) and Mid-
dle East Respiratory Syndrome (MERS) [2]. SARS-CoV-2 produces the respira-
tory illness known as COVID-19. Reported COVID-19 illnesses have ranged
from mild to severe, including respiratory illness resulting in death. Severe cases
are most common in those in high-risk groups, including older people and
people of all ages with severe chronic medical conditions including (but not li-
mited to) heart disease, lung disease, and diabetes [3].

The Centers for Disease Control and Prevention (CDC) indicates that surface
disinfection is part of the exposure control strategy to limit the spread of COVID-
19. Contact transmission is an infection spread through direct contact with an
infectious person (e.g., touching during a handshake) or with an article or sur-
face that has become contaminated, referred to as fomite transmission [4].

Given the potential fomite exposure pathway for the SARS-CoV-2 virus, there
is interest in determining the survivability of the virus on various substrates to
characterize those with have greater or lesser potential to be a source of expo-
sure, though little data has been generated to address this issue. van Doremalen
et al. (2020) evaluated the residency time of SARS-CoV-2 on several materials
and substrates and reported that viable virus could be detected in aerosols up to
3 hours post aerosolization, up to 4 hours on copper, up to 24 hours on card-
board, and up to 2 - 3 days on plastic and stainless steel [5]. Chin et al (2020)
reported that no infectious virus could be recovered from printing and tissue
papers after 3-hour incubation [6]. Consistent with the findings of van Dorema-
len et al (2020), Chin ef al (2020) reported that residency times were typically
longer on smooth, non-porous surfaces [5] [6].

Packaging materials received at home, businesses, or healthcare facilities are
of special interest for SARS-CoV-2 as it allows an exposure pathway even for
those practicing standard mitigation strategies. Packages may come into contact
with multiple packers and carriers before reaching their ultimate destination and
may receive viral particles from any packer or carrier that is actively shedding
SARS-CoV-2 virus. Several studies exist that have attempted to characterize fo-
mite transmission of virus to skin, but these studies typically either have used a
non-pathogenic virus with human hands or relied on a theoretical model to
characterize the transfer of pathogenic virus to human skin in order to avoid
human contact with a pathogenic virus [7] [8] [9]. No study to date has eva-
luated the potential for a contaminated fomite to actually transfer SARS-CoV-2
viral particles to skin from casual contact. As well, the laboratory procedure to
recover virus from surfaces in current studies is extremely rigorous and is not
representative of the fomite’s ability to actually allow the transfer of, and poten-
tial subsequent infection by, SARS-CoV-2.6 As such, an important data gap ex-
ists regarding the potential for SARS-CoV-2 to transfer from various fomite ma-
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terials to skin.

To address these data gaps regarding the exposure pathway of the SARS-CoV-2
virus from packaging materials, the current study was designed to characterize
the transferability over time from virus-inoculated cardboard packaging and

plastic mailer packaging to skin.

2. Methods
2.1. Materials

The challenge virus in this study is the Severe Acute Respiratory Syndrome-Related
Coronavirus 2 (SARS-CoV-2) (COVID-19 Virus), Strain: USA-WA1/2020, Source:
BEI Resources (Manassas, VA, USA), NR-52281. The host cell line used for titer
measurement is Vero E6, ATCC CRL-1586 (Manassas, VA, USA). Substrate ma-
terials consisted of cardboard (comprised of 23# medium sandwiched between
two 26# linerboard sheets) samples (each cut to ~2" x 2") and plastic (polyethy-
lene) mailer samples (each cut to ~2" x 2"). The human skin simulant used was

Stellen Medical Porcine Skin Sheets sourced from Fisher Scientific®.

2.2. Experimental Protocol

The material samples were not treated with chemical antivirals or antimicro-
bials. Each type of material was evaluated independently. For each type of ma-
terial, a 2 inch x 2 inch piece was cut and exposed to UV light for 15 min per
side to reduce the bioburden. Each piece had 100 uL virus spread evenly over the
surface. The pieces were held under ambient conditions (20°C + 3°C, 30% - 70%
relative humidity). In the first phase of the experiment, six holding times after t
= 0 were tested: 1, 3, 7, 12, 16, and 24 hours (cardboard) or 36 hours (plastic).
The longer final time point for plastic (e.g. 36 hours) was selected based on pre-
vious findings in the scientific literature suggesting that plastic surfaces exhibit
longer survival periods for SARS-CoV-2 compared with cardboard [5]. A start-
ing inoculum concentration of 106.55 TCID,,/mL was used.

After each holding time, virus was extracted from the material surfaces and
analyzed for the number of infectious viral units by a cell culture-based infectiv-
ity assay (TCIDs,). Due to transferability results from carboard to skin near or
below the limit of detection (LOD) at all time points in the first phase of experi-
mentation, an additional phase of experimentation was conducted to character-
ize survivability and transferability at holding times less than 1 hour. The second
phase of this study followed the same study protocol as the first phase, evaluat-
ing only the cardboard packaging substrate for holding times of 15 seconds, 1
minute, 3 minutes, 5 minutes, 15 minutes, and 30 minutes. A starting inoculum
concentration of 106.43 TCID,,/mL was used in this phase of experimentation.

Concurrent with the survival experiments, independent samples were eva-
luated for the transferability of the virus to a human skin simulant, laboratory
grade pig skin. Samples had a piece of pig skin applied to the surface at each

holding time to simulate a touch and transfer action by manually pressing the
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skin against the carrier with light pressure, holding for 5 seconds, and then wip-
ing the skin across the carrier. The virus was then recovered from the pig skin
and assayed using TCID;,. All experiments were performed in three replicate
runs (N = 3) per condition. For all samples, virus was recovered with 15-mL of
viral recovery media and scraped with a cell scraper. An aliquot of the extraction
sample was ten-fold serially diluted in dilution medium (DM) and inoculated
onto host cells to determine the viral infectious units. The 50% tissue culture in-
fectious dose per mL (TCID;,/mL) was determined using the method of Spearman-
Karber [10] [11]. In the case where a sample contained no detectable virus, a sta-
tistical analysis was performed based on Poisson distribution to determine the
theoretical maximum possible titer for that sample.

In parallel, an aliquot of the original viral stock was held and assayed for viral
infectious units at 3 time points over the total holding period.

The residual infectious virus in the test and controls were detected by vir-
al-induced cytopathic effect (CPE) [12]. Dilutions of the viral recovery sample
were added to cultured cell monolayers in a multi-well plate at a minimum of
four wells per dilution per sample. The inoculated plates were incubated at 36 +
2C in 5% * 3% CO, for 4 - 9 days. The host cell cultures were observed and
refed, as necessary, during the incubation period. The virus-specific CPE was
scored by examining both tests and controls. The general LOD for the infectivity
assay was 0.83 Log,, TCID50/mL, expressed as 2.01 Log,, TCID,, per sample
(since the total volume of extraction was 15 mL), and based on the Poisson dis-
tribution which is considered statistically conservative. If one assay well demon-
strated positivity and one well was negative, a titer of 0.59 Log,, TCID50/mL was
calculated, expressed as 1.77 Log,, TCID50 per sample, which is near the LOD.
Good Laboratory Practices (GLP) was used in this study.

2.3. Statistical Analysis

Summary statistics were produced in the form of mean Log,, TCID50/mL con-
centrations with standard error. To estimate the time at which viral inoculum
decayed to the point of non-detect on surfaces, an exponential decay model was
used to predict time to LOD. Log transformed viral concentration data were
analyzed through linear regression to produce a point estimate of time to inter-
section with the LOD and 95% confidence limits.

3. Results
3.1. Survivability

Figure 1 presents the results of the mean with a standard error of 3 replicates of
SARS-CoV-2 concentrations for each holding time recovered from the surface of
cardboard and plastic mailer packaging substrates. These results are comparable
to those reported by van Doremalen et al (2020) in that SARS-CoV-2 was de-
tectable, but near the limit of the detection after 24 hours of residency time on
cardboard. On the plastic substrate, SARS-CoV-2 remained detectable after 24
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hours of residency but measured near the LOD after 36 hours of residency.
Regression analysis for cardboard (Figure 2) estimates the decay rate, indi-
cating that virus inoculum is reduced to the LOD by 31.8 hours (95% CI 23.4,
45.4 hours). The results of regression analysis for viral survival on plastic mailers
(Figure 3) estimates 22.0 hours (95% CI 16.2, 31.3 hours) to reach the LOD for

Logio TCID.,/mL

1.5
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Holding Time (hours)

= @ Cardboard  ==@=Plastic Mailers  +--®-. Limit of Detection

*The general LOD for the infectivity assay was 0.83 Log,, TCIDs,/mL, expressed as 2.01 Log,, TCID;, per sample, and based on Poisson distribu-
tion which is considered statistically conservative. Indicates one assay well demonstrated positivity in one replicate, resulting in a calculated titer
of 0.59 Log,, TCIDs/mL, expressed as 1.77 Log,, TCIDs, per sample, which is near the LOD.

Figure 1. Survivability of SARS-CoV-2 on cardboard and plastic packaging material (mean + standard error).
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Figure 2. Linear regression of log transformed viral survival data on cardboard.
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Figure 3. Linear regression of log transformed viral survival data on plastic mailers.
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the infectivity assay. Given the extensive overlap in confidence intervals calcu-
lated for the time to reach LOD for carboard and plastic mailers, we cannot con-
clude that there is a statistically significant difference for survivability of the vi-

rus between cardboard and plastic substrates at 95% confidence limit.

3.2. Transferability

These results indicate the amount of virus that was able to transfer to pig skin
from contact with an inoculated packaging substrate (Figure 4). For cardboard
samples, after 1 hour of holding time (the earliest evaluated time point in phase
1) pig skin that came into contact with the inoculated cardboard material either
measured trace amounts of virus near the LOD or did not receive any detectable
virus from that contact. The lack of transfer of virus to pig skin was evident
throughout all holding times evaluated despite clear survivability on the inocu-
lated substrate. For holding times of 3, 12, 16, and 24 hours, no viral positivity
was identified in any assay wells for any replicate, indicating that no results were
above the LOD transferred to skin. At 1 hour of holding time, 1 well of 1 repli-
cate demonstrated positivity and at 7 hours of holding time 1 well in 2 replicates
demonstrated positivity resulting in estimated concentrations near the LOD
transferred to skin with extremely low estimated transfer efficiencies of 0.7% and
2.6% (e.g. concentration on skin/concentration on substrate) respectively from
cardboard to skin. It is important to note that concentrations and transfer effi-

ciencies for hours 1 and 7 are calculated with multiple non-detect values assigned
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*The general LOD for the infectivity assay was 0.83 Log,, TCID;,/mL, expressed as 2.01 Log,, TCIDj, per sample, based on Poisson distribution
which is considered statistically conservative. 'Indicates one assay well demonstrated positivity in one replicate, resulting in a calculated titer of
0.59 Log,, TCIDs,/mL expressed as 1.77 Log,, TCIDs, per sample replicate, which is near the LOD. “Indicates one assay well demonstrated positiv-
ity in two replicates, resulting in a calculated titer of 0.59 Log,, TCID;,/mL expressed as 1.77 Log,, TCIDs, per sample replicate, which is near the
LOD.

Figure 4. SARS-CoV-2 recovered from skin after contact with cardboard and plastic packaging (mean + standard error).
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as the LOD and likely overestimate any potential transfer.

Plastic mailers, however, transferred viable virus to pig skin at least 7 hours
after the plastic was inoculated. As well, the transfer of virus from plastic to skin
is highly efficient. At the 1 hour and 3 hour holding times, the transfer efficiency
of the virus to skin was 56%. At 7 hours the transfer efficiency was 23%. The re-
gression analysis for the transferability of virus from the inoculated plastic sub-
strate (Figure 5) estimates that viral transfer will continue to be detectable from
plastic to skin until 9.5 (95% CI 6.2, 15.9) hours post inoculation. As the virus
was not detected on any pig skin samples above trace amounts that came into
contact with inoculated cardboard samples, no regression analysis could be

conducted for these samples.

3.3. Phase 2 Results

In phase 2, survivability of the SARS-CoV-2 virus on cardboard remained fairly
stable with slight decay over 30 minutes measuring 4.44 Log,, TCID, per sample
at 15 seconds and 4.02 Log,, TCID;, per sample at 30 minutes (Figure 6). Re-
gression analysis estimates 2.01 hours (95% CI 1.38, 15.66) for viral concentra-
tions to reach the LOD on cardboard. However, due to the heavily biased sample
times in the early timeframe (before 15 minutes) and the large width of the con-

fidence interval, this regression-based estimate is not considered reliable.
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Figure 5. Linear regression of log transformed viral transfer to pig skin from plastic mailers.
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Figure 6. Survivability of SARS-CoV-2 on cardboard over 30 minutes (mean * standard
error).
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Figure 7. Transferability of SARS-CoV-2 from cardboard to pig skin over 30 minutes
(mean + standard error).

The amount of SARS-CoV-2 transferred from cardboard to skin over 30 mi-
nutes (Figure 7) ranged from 3.90 Log,, TCID;, per sample at 15 seconds to be-
low the LOD at 30 minutes. In terms of efficiency of transfer, after some rela-
tively efficient transfer from cardboard to skin at 15 seconds and 1 minute (29%
and 43% respectively), transfer efficiency quickly decayed to 11% at 3 minutes,
5.6% at 5 minutes, and 4.2% at 15 minutes. At the 30-minute holding time point
for inoculated cardboard, virus was no longer detectable on pig skin, suggesting
a transfer efficiency of less than 1.0%, though this value could be as low as zero.
In comparison, transfer efficiency ranged from 56% to 23% on inoculated plastic
mailers during the first 7 hours.

Regression analysis estimates 29.3 minutes (95% CI 14.1, 120.3) for viral
concentrations to reach the LOD for transfer from cardboard. However, even
though the point estimate is consistent with the observations at 30 minutes in
this study, the heavily biased sample times in the early timeframe (before 15
minutes) and the large width of the confidence interval limit the interpretation
of this finding.

4. Discussion

The survivability of SARS-CoV-2 on various types of surfaces remains an im-
portant factor in evaluating the potential risk of fomite transmission of the virus
to potentially cause infection and the disease known as COVID-19. While sparse
data are available to compare the findings of the current study, the survivability
times determined are similar to those reported by van Doremalen et al (2020)
for cardboard and plastic surfaces [5]. However, the current study is the first
study we are aware of to directly evaluate the transfer potential of SARS-CoV-2
to skin from a highly inoculated surface over time and illustrates the importance
of considering not only survivability but also transferability, when evaluating
material for the potential risk of fomite transmission of SARS-CoV-2.

Our findings indicate that while SARS-CoV-2 may remain viable in cardboard

substrates up to 24 hours after inoculation, after only 30 minutes of holding
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time, the transfer of the virus to the skin becomes undetectable. This suggests
that cardboard mitigates the potential transfer of the virus to the skin within 30
minutes of inoculation, very significantly reducing or eliminating altogether the
potential of becoming ill with COVID-19 from casual contact with a contami-
nated cardboard package after 30 minutes.

In contrast, the virus remains highly transferable within 7 hours of inocula-
tion of the plastic mailer substrate, with regression analysis predicting that
transferability may persist up to 9.5 hours post-inoculation. The risk for fomite
transmission of SARS-CoV-2 from plastic mailer substrates is affected by the ef-
ficiency of the transfer. In the first 3 hours after inoculation of the substrate, the
transfer of the virus from plastic mailers to skin is highly efficient, with meas-
ured concentrations on the skin more than half of those measured on the plastic
surface. This increases the probability that the concentration of the virus re-
ceived from this contact by a human receptor could be infective. By comparison,
the potential for transfer of the virus from cardboard to skin was decreased by
89% at 3 minutes, 95% at 5 minutes and was unmeasurable by 30 minutes. In
fact, the potential to transfer virus from cardboard to skin after 3 minutes of
holding time was less than that measured for plastic mailers after 7 hours of
holding time.

While the mechanism whereby cardboard exhibits a lower transferability of
SARS-CoV-2 has not been studied, cardboard is a porous material composed of
a cellulose matrix providing substantial binding potential for organic material. A
reasonable hypothesis for these findings is that a liquid solution of the virus
quickly absorbs into the cellulose matrix of the substrate where the viral particles
remain bound until they are no longer viable. This is consistent with other find-
ings that no viable virus could be recovered after 3 hours from printing and tis-
sue papers, even using rigorous laboratory recovery techniques [6]. The high
transferability from plastic mailer substrates may be related to the surface feature
of the material (smooth and non-porous), resulting in a looser attachment of the
viral particles and without permeation of virus into the interior of the material.

There are several strengths to our study. We chose high starting inoculum
concentrations of 106.55 TCID;/mL and 106.43 TCID,/mL, which are ap-
proximately an order of magnitude higher than a concentration representative of
the higher end of viral concentrations found in the sputum of a human cough.
[5] This ensured that viral concentrations would not be underestimated com-
pared to the maximum real-world exposure scenario of a packaging material
being exposed to a highly infectious human cough. As well, the use of an organic
human skin simulant (pig skin) ensures that a realistic characterization of trans-
fer to skin was achieved as compared to what might be observed with a synthetic
material. The manipulation of the skin material on the inoculated substrate (a
5-second pressing and a swipe) is a novel approach intended to provide a repre-
sentative model for casual contact with a package.

Selection of material for packaging substrate is an important consideration in
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risk management decision making to control the spread of COVID-19 to con-
sumers, packagers, and carriers. Results suggest that the risk of receiving a po-
tentially infectious concentration of SARS-CoV-2 from contact with a contami-
nated package is much higher in packages based on a plastic substrate compared
to a cardboard substrate, particularly in the first seven hours after contamination
occurs. The opportunity to transfer a potentially infectious concentration of SARS-
CoV-2 from cardboard packaging is mitigated within 30 minutes of holding
time, while this risk may persist 7 to 9 hours with a plastic package. Further stu-
dies may illustrate the potential effect of the temperature, relative humidity
and/or organic matrix on viral survivability and transferability. Future research
should also evaluate the generalizability of these results to other respiratory viral
pathogens in terms of the differences in fomite transfer potential from packaging

substrates to better inform mitigation strategies for infection control.
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Table 1. The results of survivability and transferability of SARS-CoV-2 on cardboard packaging substrates.
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15s 1 min 3 min 5 min 15 min 30 min 60 min
Cardboard—survivability* 4.44 (0.07) 4.77 (0.32) 4.15 (0.07) 4.65 (0.07) 4.44 (0.19) 4.02 (0.26) 4.02 (0.08)
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*Virus extracted by rigorous scraping; **Expressed asthe average (standard deviation) of three experiments

Table 2. The results of survivability and transferability of SARS-CoV-2 on plastic packaging substrates.

Viral units (Log,, TCID5,)** per sample

Sample
1hr 3 hr 7 hr 12 hr 16 hr 36 hr
Plastic—survivability* 4.57 (0.19) 4.23 (0.13) 3.32(0.19) 3.23 (0.00) 2.79 (0.17) <1.93 (0.13)
Plastic—transferability* 4.32 (0.08) 3.98 (0.33) 2.68 (0.34) <1.93 (0.14) <2.07 (0.05) <2.01 (0.00)

*Virus extracted by rigorous scraping; **Expressed as the average (standard deviation) of three experiments
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