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The survival of murine hepatitis
virus (a surrogate of SARS-CoV-2)
on conventional packaging
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STechnology Center of Chengdu Customs, Chengdu, China

Introduction: The cold chain conditions have been suggested to facilitate long-
distance transmission of SARS-CoV-2, but it is unclear how viable the virus is on
cold chain packaging materials.

Methods: This study used the MHV-JHM strain of murine hepatitis virus as a model
organism to investigate the viability of SARS-CoV-2 on foam, plastic, cardboard,
and wood sheets at different temperatures (-40°C, —20°C, and 4°C). In addition,
the ability of peracetic acid and sodium hypochlorite to eliminate the MHV-JHM
on plastic and cardboard sheets were also evaluated.

Results: The results indicate that MHV-JHM can survive on foam, plastic, or
cardboard sheets for up to 28 days at —40°C and —20°C, and up to 14 days on
foam and plastic surfaces at 4°C. Although viral nucleic acids were still detectable
after storing at 4°C for 28 days, the corresponding virus titer was below the limit
of quantification (LOQ).

Discussion: The study highlights that a positive nucleic acid test result may not
indicate that the virus is still viable, and confirms that peracetic acid and sodium
hypochlorite can effectively eliminate MHV-JHM on packaging materials under
cold chain conditions.
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1 Introduction

Since late 2019, the outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has caused more than 758 million confirmed cases and 6.85 million deaths worldwide
(1). SARS-CoV-2 spreads primarily through respiratory transmission, but evidence shows that
it can also spread through contaminated environmental surfaces (2-4). Multiple studies have
shown that the coronavirus is capable of surviving on a variety of surfaces for varying durations
(5, 6). Specifically, studies have revealed that SARS-CoV-2 can remain viable on food surfaces
for up to 21 days when stored in refrigeration (4°C) or freezing temperatures (—10°C to —80°C)
(7). These conditions are essential for preserving perishable food, but they also provide favorable
conditions for the survival of coronavirus. Although several outbreaks of COVID-19 have been
linked to imported cold chain food (8, 9), information regarding the viability of the causative
agent, SARS-CoV-2, on cold chain packaging materials is limited.
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As SARS-CoV-2 must be handled in a Biosafety Level 3 (BSL-3)
laboratory (10), surrogate coronavirus such as the JHM strain of
murine hepatitis virus (MHV-JHM) have been extensively used as
model viruses for studying SARS-CoV-2. The merit of using such
viruses for mimicking SARS-CoV-2 is that they can be manipulated
under BSL-2 laboratory conditions, reducing the threshold and cost
of study. Additionally, viruses like MHV-JHM share the same genus
with SARS-CoV-2 which could offer insights relative to SARS-
CoV-2 studies (11, 12). Except for MHV-JHM, bacteriophage phi
6, transmissible gastroenteritis virus (TGEM), and human
coronavirus OC43 were also used as surrogates to investigate
coronaviruses (13, 14). In the present study, we analyzed the
viability of MHV-JHM under the cold chain conditions. Our tests
were performed on four packaging materials (foam, plastic,
cardboard, and wood sheets) under three temperatures of —40°C,
—20°C, and 4°C. The viability of virus was confirmed by 50% tissue
culture infectious dose (TCIDs,). Since nucleic acid-based methods
remain the gold standard for confirming the presence of
coronavirus (15), it is sometimes mistakenly believed that the
identified SARS-CoV-2 nucleic acid fragment has the same
infectious potential as the actual virus in the environment.
Therefore, we are intrigued to investigate whether a digital
polymerase chain reaction (dPCR) positive material eventually
tests negative for virus viability.

In practice, surface disinfection of cross-border goods is crucial
to prevent the spread of SARS-CoV-2 (16). Spraying liquid chemical
disinfectants is the most commonly used method for object
disinfection (17). This study also compared the effectiveness of two
disinfectants (peracetic acid and sodium hypochlorite) on plastic and
cardboard sheets (18, 19), providing a reference for disinfection
measures under cold chain conditions.

2 Materials and methods
2.1 Viruses, cells and packaging materials

Mouse fibroblast 1929 cells were obtained from Yaji
Biotechnology Co., Ltd. (Shanghai, China) and cultured in modified
DMEM media composed of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. The cells were incubated at 37°C with 5%
CO,. MHV-JHM was obtained from the American Type Culture
Collection (ATCC) (VR-765) and propagated in mouse fibroblast
1929 cells. In Brief, a 25 cm? flask containing the L929 monolayers
were inoculated with 50 pL of MHV-JHM and 450 pL of modified
DMEM media. Followed by incubation at 37°C with 5% CO, for
60 min, 4.5 mL of modified DMEM media was added to the flask.
The virus were allowed to grow in L929 monolayers at 37°C with
5% CO, until more than 95% of the cells exhibited cytopathic
effects (CPEs).

Four types of cold chain packaging materials, each with a
thickness of 1 mm, were used in this study. These included plastic
boxes made of polyethylene terephthalate (Xian Yuan Packaging Co.,
Ltd., Xiamen, China), foam boxes made of expandable polystyrene
(Hezi Packaging Materials Co., Ltd., Hunan, China), cardboard boxes
(Shengtai Group, Jiangsu, China), and paulownia wood (Zhongtian
Wood Co., Ltd., Shenzhen, China).
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2.2 Concentration and purification of
MHV-JHM

To prepare the virus stocks, cell cultures were frozen at —80°C for
at least 1h and then thawed in a 37°C water bath to lyse the cells and
release the virus. The lysate was then centrifuged at 986 x g for 10 min
at 4°C to pellet the cell debris. The supernatant was collected and
further clarified by centrifugation at 5,000 x g for 1 h at 4°C to remove
impurities. Followed by loading over 1 mL of 30% sucrose solution
(w/v) and centrifuged at 112,500 x g for 2.5h at 4°C, the virus pellet
was resuspended in 1.8 mL of modified DMEM media and aliquoted.
The virus stocks were frozen at —80°C until use. The titer of the virus
stocks were calculated according to Reed and Muench method (20).

2.3 Viability of coronavirus on cold chain
packaging materials

To prepare the virus containing packaging materials, sheets of
1.4cm x 1.4 cm were cut from the materials. Followed by sterilization
with ethylene oxide and placed into a 12-well cell culture plate, 25 pL
of MHV-JHM virus stocks were pipetted onto the surface of the
packaging materials. The plate was left to dry at 25°C for 40 min in a
biosafety cabinet. After drying, the samples were incubated at —40°C,
—20°C, and 4°C for 0, 6, 12, 24h, 3, 5, 7, 14, 21, and 28 days. At each
time point, 500 pL of modified DMEM media was added to each well,
and the plate was shaken at 30 rpm on ice for 10 min. The eluate was
then collected, aliquoted, and frozen at —80°C for the subsequent
TCIDs, assay and dPCR analysis (Figure 1). The image of sample
preparation is listed in Supplementary Figure S1.

2.4 Spraying disinfection experiment

To perform the spraying disinfection experiment, we utilized two
types of disinfectants: 0.3% peracetic acid and 2000 mg/L sodium
hypochlorite. The disinfectants were diluted with phosphate-buffered
saline (PBS) to their recommended concentrations and were
pre-chilled at either —20°C or 4°C (with added antifreeze: 28% NaCl).
To ensure consistent and uniform spraying, the virus containing
packaging materials were sprayed at a specific distance (20 cm) and
angle (45°) using a spray bottle. After spraying, the samples were
stored at —20°C or 4°C for 24 h. A control group was included where
PBS was used instead of the disinfectants while maintaining all other
procedures. We added 0.5% sodium thiosulfate to the virus elution to
neutralize any residual disinfectant. The virus titer was calculated
using the Reed and Muench method as before.

2.5 Quantitation of viral titers using a 50%
tissue culture infectious dose assay

The 1929 cells were seeded at a density of approximately 20,000
cells per well in 96-well plates and incubated for 16h at 37°C with 5%
CO,. The virus stock solution was serially diluted in modified DMEM
media. Each dilution was then added to six wells of a 96-well plate
containing 1929 cell culture monolayers (six replicates per dilution).
The plates were incubated for two to 5days and observed daily to
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FIGURE 1
Experimental procedure for evaluating surface viability of MHV-JHM on cold chain packaging materials. Source: Created with BioRender.com.

monitor the development of cytopathic effects (CPEs), and the virus
titers calculated.

2.6 RNA extraction and digital polymerase
chain reaction

To extract the viral RNA, we used either the Nucleic Acid
Extraction and Purification Kit (Vazyme Co. Ltd., Nanjing, China) or
the VNP-32P Automated Nucleic Acid Extraction System (Vazyme
Co. Ltd., Nanjing, China) following the instructions provided by the
manufacturer. We then performed a digital PCR (dPCR) using the
High One-Step RT-dPCR Probe Super Mix (Cy5.5) kit (Sniper Co.
Ltd., Suzhou, China). The dPCR mixture contained 3.5 pL of One-step
RT-dPCR master mix probe buffer, 1 uL of enzyme mix, 1 pL each of
the forward primer (5-TACTAGGTTTGCGCCCGGTA-3") and
reverse primer (5-CGCTGGTTGGAACTGCTTCT-3"), 1puL of
TagMan probe (5'-ATCTGGTTCGCGGCCACAATCCCGT-3'), 2L
of RNA template, and 12.5 pL of enzyme-free water. The dPCR assays
were performed using a DQ24 digital PCR instrument (Sniper Co.
Ltd., Suzhou, China). The specificity of the primers used in dPCR was
confirmed by polymerase chain reaction (PCR) and quantitative
polymerase chain reaction (QPCR) (Supplementary Figure S2). The
reaction systems and protocols involved in PCR and qPCR are listed
in Supplementary Table S1. The probe concentration was optimized
and shown in Supplementary Figures S3, S4. The cycle threshold (Ct)
value is a key parameter for determining the presence or absence of
coronavirus. Therefore, a TaqMan probe-based quantitative
polymerase chain reaction (QPCR) was employed to detect nucleic
acid samples and determine their copy numbers by using a known
copy number plasmid as a reference standard. This method was used
to convert the number of nucleic acid copies into Ct (cycle threshold)
values. The reaction components and steps of the TagMan probe-
based qPCR are listed in Supplementary Table S2.
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2.7 Statistical analyses

The statistical analysis was conducted using R Studio (version
4.2.2). Normality of the variables was determined using the Shapiro-
Wilk test. For variables with normal distribution, one-way analysis of
variance (ANOVA) was used to assess differences between groups. In
cases where the data did not follow a normal distribution, the Mann—
Whitney U test or Kruskal-Wallis test was utilized. Statistical
significance was set at a p-value of less than 0.05.

3 Results

3.1 The viability of MHV-JHM on cold chain
packaging materials

The TCIDs, results showed that the viability of MHV-JHM
decreased over time at 4°C on all packaging materials (Figure 2C).
However, no significant decrease (p>0.05) in MHV-JHM viability was
observed after 24h on foam and cardboard sheets. On plastic sheets,
the titer of MHV-JHM decreased from 107 to 10>* TCID5,/100 uL
after 24 h, while on wood sheets, it was below the limit of quantification
(LOQ) within the same time period. After 3days, the titers of
MHV-JHM decreased by two orders of magnitude on foam, plastic,
and cardboard sheets from 107%, 107, and 10** TCID5,/100 pL to 10°2,
10°%, and 10** TCIDs,/100 pL, respectively. From day 3 to day 7, the
titers of MHV-JHM on foam and plastic sheets decreased by 1.4 and
0.8 log units, respectively. After 14 days, the titer of MHV-JHM on
cardboard sheets was below the LOQ, and on day 21, the titers of
MHYV-JHM on foam and plastic sheets were also below the LOQ.

Interestingly, no significant difference (p >0.05) was found in
the titers of MHV-JHM on all packaging materials storing at —40°C
and —20°C between day 0 and day 28, except the foam sheets at
—20°C where the titer of MHV-JHM differed between day 0 and day
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FIGURE 2

The titers of MHV-JHM on the foam, plastic, cardboard, and wood sheets at —40°C (A), —20°C (B), and 4°C (C). LOQ means limit of quantification, and
grey backgrounds indicate values below the limit of detection. All data are shown as the mean + s.e. The virus titer on a packaging material at various
sampling times was compared to the initial virus titer. A p-value less than 0.05 was considered statistically significant, and indicated by asterisks (*).
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28 (Figures 2A,B). The titer of MHV-JHM on wood sheets was
below the LOQ after 3days and fluctuated thereafter at —40°C
and —20°C.

Since low temperatures such as —40°C and —20°C barely change
the viability of viruses over time, we decided to explore the relationship
between virus titers and storage time at 4°C by using the maximum
likelihood estimation algorithm. Figure 3 depicts a linear correlation
between storage time and virus titers on foam, plastic, and cardboard
sheets. The adjusted determination coefficient (R’,;) values were 0.86,
0.77, and 0.67, respectively, with corresponding slopes of —0.378,
—0.307, and —0.357. The virus titer on plastic and cardboard sheets
decreased significantly over time, with a reduction of 0.3-0.4 log units
per day at 4°C. The titer of virus on cardboard sheets was only
depicted for the first 7 days, because it fell below the LOQ after 14 days
(Figure 3).
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3.2 The nucleic acid levels of MHV-JHM on
packaging materials over time

In addition to the virus titer, we also determined the nucleic acid
levels of MHV-JHM on different packaging materials at 4°C over time.
Our findings revealed consistent high levels of MHV-JHM nucleic
acid (10*° to 10%° copies/pL) on all packaging materials at 4°C
(Figure 4). Over the course of 28days, the nucleic acid levels of
MHV-JHM on foam, plastic, cardboard, and wood sheets decreased
from 10°%, 107, 10°°, and 10%* copies/pL to 10°2, 10%%, 10°7, and 10
copies/pL, respectively. Significant differences in virus nucleic acid
concentration were observed between foam and cardboard sheets,
foam and wood sheets, plastic and cardboard sheets, and plastic and
wood sheets (p<0.05). Nucleic acid concentrations of MHV-JHM
were higher in foam and plastic sheets compared to cardboard sheets
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(0.8+0.4 log units) and wood sheets (1.1+0.6 log units) at different
time points (mean * standard deviation) (Figure 5).

As the gold standard for SARS-CoV-2 confirmation, the nucleic
acid (NA) test raises questions about the virus viability of samples
testing positive. In China, a CT value below 35 confirms positivity,
typically determined using the qPCR. We used digital PCR (dPCR)
for its superior sensitivity, necessitating the conversion of dPCR
results, the viral copy cumbers, into CT values to determine sample
positivity. The sample subjected to qPCR analysis had a known copy
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FIGURE 4

The viral copy numbers of MHV-JHM on the foam, plastic,
cardboard, and wood sheets at 4°C. All data are shown as the
mean + s.e. A p-value less than 0.05 was considered statistically
significant, and indicated by asterisks (*).

10.3389/fpubh.2023.1319828

number of viral nucleic acid which allowed for the estimation of the
Ct value. The linear regression formula that converts the Ct value to
copy number is Y=—-3.466X+39.70, where Y represents the Ct value
while X represents copy number (Supplementary Figure S5).
According to this formula, the Ct values for viral RNA on foam,
plastic, cardboard, and wood sheets stored at 4°C on day 28 were
consistently below 35, estimated to be 9.67, 9.67, 9.81, and 9.98,
respectively.

3.3 The effects of spraying disinfection
treatment on the removal of MHV-JHM

As the titer of MHV-JHM presented a similar dynamic pattern at
both —40°C and —20°C, we therefore use —20°C as a model
temperature to investigate the effect of disinfectants on the viability of
coronavirus. Additionally, we conducted a similar experiment at 4°C
as a parallel control. The experiments were performed on plastic and
cardboard sheets, since these materials are not just cheap but also easy
to obtain. In the spraying disinfection experiment, the dosage of
disinfectants been used was determined by weighing the packaging
samples before and after spraying (Supplementary Table S3), which
was 21.46+7.20g/m? (meantstandard deviation). As shown in
Figure 6, the titer of virus on both materials were below the LOQ in
the presence of peracetic acid or sodium hypochlorite at 4°C, with a
killing rate of >99.99%. Similar results were also observed while
incubation at —20°C. Notably, the plastic sheets had a higher titer of
virus in the absence of any disinfectants, irrespective of the storing
temperature (Figure 6).
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by 50% tissue culture infection dose (TCID50). The blue line represents the viral copy numbers, which was determined by digital polymerase chain
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4 Discussion

The persistence of airborne viruses on material surfaces poses
a great threat to susceptible individuals. The viability of coronavirus
on cold chain packaging materials stored at three different
temperatures (—40°C, —20°C, and 4°C) were investigated using a
SARS-CoV-2 surrogate, MHV-JHM. The results showed that
MHV-JHM remained viable on foam, plastic, and cardboard sheets
for the entire 28days duration at both —-40°C and
—20°C. Additionally, the viability of MHV-JHM was maintained for
up to 14days at 4°C on foam and plastic surfaces, which is
consistent with previous studies (21, 22). It has been suggested that
environmental conditions are important factors affecting the
viability of coronaviruses (5). Our study found that MHV-JHM was
more stable on foam and plastic surfaces compared to wood and
cardboard sheet surfaces at 4°C. We attribute this to the rapid
evaporation of virus-containing microdroplets on the surface of
porous materials (wood and cardboard sheets) which impairs the
viability of MHV-JHM (23, 24), given that the drying condition is
able to denature the viral protein, change the viral lipid, and finally,
result in a lower titers of virus (25). In addition to water evaporation,
other conditions such as pH and the concentration of salts also
determined the “fate” of the virus (26). It is important to note that
the copy number of MHV-JHM on wood sheet surfaces decreased
dramatically over time. Perhaps, the rapid inactivation of virus on
wood sheet surfaces accelerated the degradation of viral
RNA. Despite adding an equal volume of MHV-JHM microdroplets
to foam, plastic, cardboard, and wood sheet surfaces, the virus titer
in the elution from wood or cardboard sheet samples were lower
than those from foam and plastic sheet samples. This phenomenon
prompt us to suspect that the risk of coronavirus infection through
porous packaging materials, such as wood and cardboard sheets,
might be lower than the risk of infection through impermeable
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packaging materials, such as foam or plastic sheets. Further
evidence is required to substantiate this hypothesis.

In addition to investigating virus viability, we also examined the
effectiveness of disinfectant sprays in eliminating coronavirus attached
to packaging surfaces. While previous studies have focused on
disinfection at temperatures ranging from 4°C to 68°C (27), little
evidence exists regarding the effectiveness of sanitizers under cold
chain conditions. Alcohol-based, quaternary ammonium, peroxide,
and chlorine disinfectants are commonly used in the cold chain
environment (18, 22). However, alcohol-based disinfectants may cause
plastic materials to swell and harden, and the efficacy of quaternary
ammonium disinfectants is reduced in materials with high water
hardness or absorbency (28). Therefore, this study evaluated the
efficacy of peracetic acid, a peroxide disinfectant, and sodium
hypochlorite, a chlorine disinfectant, in eliminating MHV-JHM. Our
data indicated that both disinfectants were effective in inactivating the
viruses at —20°C or 4°C, achieving a kill rate of greater than 99.99%.
As the virucidal activity of disinfectants against coronaviruses was
typically determined by the carrier tests or the suspension tests (29),
the present data provides valuable information regarding the practical
application of disinfectants in direct spray form (30).

To associate the NA results with the viral viability, we utilized the
dPCR technique, which provided highly reproducible and precise
results with exceptional sensitivity (31). The dPCR results highlights
the discovery that a positive nucleic acid (NA) test result may not
indicate that the virus present in the sample is still alive and infectious,
as has been previously reported (18, 32, 33). It was demonstrated that
various coronaviruses share comparable environmental tolerance (27),
our data obtained from MHV-JHM could gain further insights into
the survival of other coronaviruses on the packaging materials at low
temperature conditions, such as SARS-CoV-2.

It is important to show the limitations of the present study. Since
the surrogate virus MHV-JHM was utilized instead of SARS-CoV-2,

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1319828
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Xie etal.

future studies should consider using the real SARS-CoV-2 to validate
the present findings. Additionally, the viability of coronavirus on a
wider range of cold-chain packaging materials should be investigated.
Recent studies have shown that the viability of coronavirus is close
related to several factors, such as relative humidity and pH (34), the
exact impact of these cofactors should be addressed in the upcoming
studies. In addition, we only assessed the efficacy of two disinfectants
on the elimination of coronavirus, future study should explore more
disinfectants and investigate their effectiveness in eliminating the
SARS-CoV-2 virus on cold chain packaging materials.

5 Conclusion

In summary, this study found that the SARS-Cov-2 surrogate
virus MHV-JHM could survive on foam, plastic, and cardboard
surfaces for 28 days at —40°C and —20°C. It could also survive for up
to 14 days on foam and plastic surfaces at 4°C. The risk of coronavirus
infection through porous packaging materials, such as wood and
cardboard sheets, might be lower. Additionally, we underscore that a
positive nucleic acid (NA) test result may not indicate that the virus
present in the sample is still alive and infectious. The MHV-JHM on
packaging materials can be eliminated at cold chain conditions by
using peracetic acid or sodium hypochlorite.
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