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Highlights

Electron beam irradiation is an effective approach for SARS-CoV-2 inactivation under cold-chain conditions.
The effective inactivation dose was defined as 3 kGy that is far below the safe limit for food processing.
Cell-based virus assays are essential to evaluate the SARS-CoV-2 inactivation efficiency for the
decontaminating strategies.



Abstract:

The spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from cold-chain foods to
frontline workers poses a serious public health threat during the current global pandemic. There is an urgent
need to design concise approaches for effective virus inactivation under different physicochemical conditions
to reduce the risk of contagion through viral contaminated surfaces of cold-chain foods. By employing a time
course of electron beam exposure to a high titer of SARS-CoV-2 at cold-chain temperatures, a radiation dose
of 2 kGy was demonstrated to reduce the viral titer from 10*° to 0 TCIDso/mL. Next, using human coronavirus
0OC43 (HCoV-0C43) as a suitable SARS-CoV-2 surrogate, 3 kGy of high-energy electron radiation was defined
as the inactivation dose for a titer reduction of more than 4 log units on tested packaging materials. Furthermore,
guantitative reverse transcription PCR (RT-gPCR) was used to test three viral genes, namely, E, N, and ORF1ab.
There was a strong correlation between median tissue culture infectious dose (TCIDso) and RT-gPCR for SARS-
CoV-2 detection. However, RT-qPCR could not differentiate between the infectivity of the radiation-inactivated
and nonirradiated control viruses. As the defined radiation dose for effective viral inactivation fell far below the
upper safe dose limit for food processing, our results provide a basis for designing radiation-based approaches
for the decontamination of SARS-CoV-2 in frozen food products. We further demonstrate that cell-based virus

assays are essential to evaluate the SARS-CoV-2 inactivation efficiency for the decontaminating strategies.

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); inactivation; electron beam

radiation; food decontamination; cold-chain



1. Introduction

The coronavirus disease 2019 (COVID-19), which is caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has resulted in a global health crisis and enormous social and economic distress
(Wang et al., 2020). Previous studies have reported that SARS-CoV-2 is transmitted between humans, mainly
via respiratory droplets or aerosol particles (Jarvis, 2020; W. Liu et al., 2020). However, cold-chain practitioners
might be infected via contact with contaminated cold-chain foods that tested nucleic acid positive for SARS-
CoV-2 (P. Liu et al., 2020). SARS-CoV-2 was detected up to 72 h after applying it to plastic and stainless steel
at 21°C-23°C (van Doremalen N et al., 2020). At 4°C and —20°C, the virus on food surfaces remained infectious
even after 21 days (Feng et al., 2021; Fisher, 2020). The Chinese Center for Disease Control and Prevention
reported that the spread of SARS-CoV-2 from cold-chain foods to humans was likely one of the transmission
routes of COVID-19 (Ma et al, 2021). AIll these studies raised concerns about the
possible transmission of SARS-CoV-2 to humans via frozen food packages (Chen et al., 2022; Chi et al., 2021a,
2021b). Therefore, how to interrupt the potential cold-chain transmission of SARS-CoV-2 has become a global
challenge.

Owing to its rapid spread and long survival time, it is critical to design effective disinfection approaches
to cut off the viral transmission route. Currently, the commonly used disinfectants include ethanol, sodium
hypochlorite, and ultraviolet radiation, which have shown remarkable inactivation efficiency against SARS-
CoV-2 (Kampf et al., 2020; Leslie et al., 2021; Sellera et al., 2021). In addition to their potential toxic
contamination of frozen food, chemical disinfectants tend to freeze in cold-chain environments, resulting in an
obvious reduction in their disinfection efficiency. In contrast, ultraviolet radiation cannot penetrate the surfaces
of food packaging materials, thereby leaving blind areas for virus inactivation (He et al., 2022; Ruetalo et al.,
2021). Hence, it is urgent to explore efficient disinfection approaches to prevent cold-chain transmission.
Irradiation with high-energy gamma rays or electron beams has long been used for sterilization of food and
presents unique merits over other sterilization methods, including high penetrating power, environmental
friendliness, and low harmful effects on the nutritional value of foods (Mousavi Khaneghah et al., 2020; Pillai
SD and Shayanfar, 2017). However, employing irradiation techniques for the inactivation of SARS-CoV-2 has
not been explored.

The purpose of this study was to determine the feasibility of using the irradiation approach for complete
inactivation of SARS-CoV-2 on food packages under cold-chain conditions. The results will help to design
strategies and tactics for the decontamination of frozen food products to reduce possible viral fomite

transmission among frontline workers and customers.

2. Materials and Methods
2.1. Cell lines and viruses

Vero E6 (ATCC, CRL-1586) and BHK-21 (ATCC, CCL-10) cells were cultured in Dulbecco’s modified
eagle medium (DMEM) (HyClone, South Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA), 100 IU/mL of penicillin, and 100 pg/mL of streptomycin.



SARS-CoV-2 (hCoV-19/China/CAS-B001/2020, National Microbiology Data Center NMDCNO0000102-
3, GISAID No. EPI_ISL_514256-7) and HCoV-0C43 (VR-1558) were obtained from the CAS Key Laboratory
of Pathogenic Microbiology and Immunology, Institute of Microbiology, Chinese Academy of Sciences (CAS).
The viral concentrations of two coronaviruses SARS-CoV-2 and HCoV-0OC43 used in the study were the
achievable stock concentrations, which are higher than the viral titers present in general clinical respiratory
samples (1 x 10° to 1 x 10* TCIDso/mL) and meet the requirement (viral titer > 4.0 logs) of the health industry
standards of the People's Republic of China (WS/T 775-2021) (Pan et al., 2020; To KK et al., 2020; Zhang et
al., 2021).
2.2. Virus inactivation with low-energy electron irradiation

Low-energy electron irradiation (LEEI) was performed with a 160 keV electron accelerator (MEB160
desktop electron beam equipment, Sichuan Zhiyan Technology Co., Ltd., Sichuan, China). All experiments
based on SARS-CoV-2 were performed under biosafety level 3 (BSL-3). The SARS-CoV-2 and HCoV-0OC43
stocks were serially diluted in DMEM without serum or BSA. Ten microliters of various concentrations of viral
stocks were placed on stainless steel (12 mm diameters sterile disks) laid on 24-well plates under different
temperature conditions (4 °C and —20 °C) until the sample surface was completely dry. The samples were treated
with radiation doses of 0, 1.0, 2.0, 3.0, 6.0, and 9.0 kGy using LEEI according to the manufacturer’s instruction
(Fig. 1A). As the radiation source emitted the electron beam at a uniform rate, the exposure time was determined
by set irradiation dose. Then the stainless steel was transferred to 1.5 mL microfuge tubes to extract virus based
on the testing method 1SO 18184:2019 (Textiles-Determination of antiviral activity of textile products). Briefly,
1 mL of serum-free DMEM was added in the containers, and then they were agitated by vortex mixer for 5 s
and 5 times to wash out the virus from the specimens. Eluted virus samples were tested in duplicates using the
TCIDso assay to determine the radiation dose required for the complete inactivation of virus.
2.3. Virus recovery and TCIDs assay

The median tissue culture infectious dose (TCIDsp) assay was used to determine virus titration and
performed in a 96-well plate with 4 x 10* cells/well. The cells were washed with PBS twice before inoculation
of samples. The inactivated viral sampleswere serially diluted in DMEM without serum. The cells were
incubated for 72 h at 37 °C with 5% CO,. Cytopathic effects were recorded for the calculation of TCIDsg
according to the Reed and Muench method.
2.4. Virus inactivation with high-energy electron irradiation

High-energy electron irradiation (HEEI) was performed with a 10 MeV electron accelerator (China
Institute of Atomic Energy). The HCoV-0OC43 stocks were serially diluted in DMEM without serum or BSA.
Ten microliters of HCoV-0OC43 viral stocks were placed on a stainless steel sheet (12 mm diameters sterile
disks), filter paper (a square 10 mm on a side), and plastic (a square 10 mm on a side) in sealed microfuge tubes
that were surface decontaminated with sodium hypochlorite, and the samples were kept at 4 °C or —20 °C. The
samples were treated with radiation doses of 0, 1.0, 2.0, 3.0, and 6.0 kGy using HEEI according to the

manufacturer’s instructions (Fig. 1B). Viruses on different materials were resuspended completely in serum-



free DMEM based on the testing method 1SO 18184:2019, and then the TCIDso assay was used to determine
the radiation dose required for the complete inactivation of the virus.
2.5. Extraction and quantification of viral RNA

Viral RNA was extracted from the cell supernatants as previously described (Naslund et al., 2008). Briefly,
RNA was extracted and purified in 1.5 mL microfuge tubes using TRIzol™ LS reagent (Thermo Fisher,
Waltham, MA, USA) and RNeasy Mini Kit (Qiagen Inc.) in accordance with the manufacturer's instructions.
cDNA was synthesized using One Step PrimeScript 11l RT-gPCR Mix with UNG (Takara Bio, Shiga, Japan)
according to the manufacturer’s protocols. The primers and probes used are described in Supplementary Table
S1. The PCR target region of ORF1ab gene was 100 bp, accounting for 0.470% of the total 21290 bp of ORF1lab
gene. The PCR target region of E gene was 113 bp, accounting for 49.6% of the total 228 bp of the gene. The
PCR target region of N gene was 128 bp, accounting for 10.2% of the total length of the gene 1260 bp. A total
of 341 bp in length was targeted by PCR of the three genes, accounting for 1.14% of the total 29903 bp of the
viral genome. Viral load was quantified using the cycle quantification (Cq) values.
2.6. Statistical analysis

All infection experiments were repeated in three independent experiments. Data analysis was performed in
Microsoft Excel and GraphPad Prism (GraphPad Software, USA). The t-test was used to analyze the collected
data and for all P-values, P <0.05 was considered significant. R squared (R?) values and P-values were
calculated and used to determine the relationship between the Cq values and viral titers using simple linear

regression and correlation analysis tools from GraphPad Prism.

3. Results
3.1. Determination of the minimal dose of LEEI for the complete inactivation of SARS-CoV-2 and HCoV-
0C43

To test the viral inactivation ability of electron beam radiation, a time course of electron beam exposure
was employed to determine the minimal amount of radiation required to inactivate SARS-CoV-2, as well as
HCoV-0C43 as a SARS-CoV-2 surrogate, on the surface of stainless steel sheets that maintain the longest
viability of SARS-CoV-2 (van Doremalen N et al., 2020). The LEEI was chosen due to the size limits of the
electron accelerator in biosafety level 3 (BSL-3) laboratories. LEEI against 10 median tissue culture infectious
dose (TCIDsg)/mL of SARS-CoV-2 suspensions completely inactivated viral infectivity in the presence of a
radiation dose of 2.0, 3.0, 6.0, or 9.0 kGy at a temperature of 4°C or —20°C (Fig. 2A). Similar results were
obtained for 10 TCIDso/mL of HCoV-OC43 suspensions under the same conditions (Fig. 2B).

The viral inactivation efficiency of irradiation was determined using three cycles of infections. The Vero
E6 monolayers infected with 10*® TCIDso/mL of SARS-CoV-2 after irradiation at doses of > 2 kGy were fully
protected (Fig. 2C). No cytopathic effect was observed when BHK-21 monolayers were infected with 107
TCIDso/mL of HCoV-OC43 irradiated with a dose of 2 kGy or above (Fig. 2D). The experiments were

conducted using the second and third passages of cell culture supernatants on corresponding cells, and the



cytopathic effect was monitored. A minimal dose of 2.0 kGy of LEEI caused more than a 99.99% reduction in
SARS-CoV-2 titer, representing effective virucidal activity. Furthermore, the results indicate that HCoV-OC43
with moderate pathogenic potential to humans, has the same susceptibility to LEEI as that of SARS-CoV-2, and
it can be used as a suitable surrogate for the highly pathogenic SARS-CoV-2.

3.2. Viral inactivation efficiency of HEEI on different packaging materials

The similar inactivation effect of radiation on SARS-CoV-2 and HCoV-OC43 demonstrates that HCoV-
OC43 is a suitable candidate for surrogates for SARS-CoV-2. Hence, HCoV-OC43 was used for radiation
inactivation tests in subsequent studies to avoid the potential infection risk of the experiment operators through
aerosol particles during the extraction of SARS-CoV-2 from packaging materials. Plastic and filter paper were
chosen to mimic cold-chain food packaging materials. HEEI was used because of its much better ability to
penetrate the inner parts of the irradiated materials. As seen in Fig. 3A, the minimum effective inactivation dose,
using HEEI, for 10** TCIDso/mL of HCoV-OC43 suspension on stainless steel was 2 kGy at 4°C, which was
identical to the inactivation dose when using LEEI. Unlike stainless steel, the minimum inactivation dose for
HCoV-0C43 on plastic and filter paper was 3 kGy, indicating that HCoV-OC43 on these materials was more
resistant to radiation. Similar results were observed at —20°C. Taken together, 3 kGy was determined as the
minimum effective inactivation dose for a SARS-CoV-2 titer reduction of more than 4 log units on the surface
of the tested materials.

3.3. Effect of radiation on SARS-CoV-2 detection using quantitative reverse transcription PCR (RT-gPCR)
assay

Currently, the detection of SARS-CoV-2 on cold-chain food packaging surfaces is performed using viral
RNA-based RT-gPCR methods (Feng et al., 2021; Guo et al., 2022; Li et al., 2022); hence, the effect of LEEI
on the integrity and detectability of viral RNA was determined. The irradiated or nonirradiated viral suspensions
were further assessed using RT-gPCR to measure the copy numbers of three viral genes, namely, envelope (E)
(Fig. 4A), nucleocapsid (N) (Fig. 4B), and RNA-dependent RNA polymerase (ORF1ab) (Fig. 4C). Although
irradiation at a 2.0-kGy dose inactivated viable SARS-CoV-2 to undetectable levels using the TCIDsq assay
(Fig. 2), the respective quantitation cycle (Cq) values of these three viral genes scarcely changed after irradiation
compared with that of the nonirradiated control (P > 0.05). This indicates that the radiation-treated viral RNA
was unacted at least within the short PCR target regions of the E, N, and ORF1ab genes. The detection limit for
the RT-gPCR-based assay for SARS-CoV-2 under irradiation was approximately 10** TCIDso/mL if Cq values
set within 30-35 cycles were valid.

Results of the viral E gene detection in viral suspensions irradiated with a 2-kGy dose showed that SARS-
CoV-2 suspensions at TCIDso/mL of 10°° (Cq = 17.21), 10*° (Cq = 24.42), and 10*®° (Cq = 27.44) fell within
the linear range of the assay (R? = 0.9056) (Fig. 4D). Similar results were observed for the detection of the viral
N (Fig. 4E) and ORF1ab (Fig. 4F) genes. These data show that there was a strong correlation between TCIDsg
and RT-qPCR for the detection of SARS-CoV-2 on experimental fomites.

3.4. The combination of virus culture and RT-qPCR is feasible to evaluate the SARS-CoV-2 inactivation



efficiency

Since direct RT-gPCR could almost equally detect viable and radiation-inactivated SARS-CoV-2 on stainless
steel, a combination of virus culture and RT-gPCR-based approach were explored to selectively test viable
viruses. Neat and 10-fold dilutions of SARS-CoV-2 suspensions on stainless steel were collected and transferred
to the Vero E6 cell culture. After 72 hours incubation, three viral genes in the supernatants of the infected cells
were detected by RT-gPCR (Fig. 5A). The viruses in the supernatants of the Vero E6 cells incubated with
untreated viral suspensions can be detected by RT-gPCR. In contrast, the RT-qPCR tests showed negative
results in the supernatants of the Vero E6 cells incubated with radiation-inactivated viral suspensions. Further
analysis showed that the RT-qPCR Cq values of the E gene were highly correlated with viral titers in the range
of 10*°-107%° TCIDso/mL (R? = 0.9351) (Fig. 5B). For the viral N gene, a correlation was observed between the
Cq values and the TCIDso/mL titer from 10*°~10'° (R? = 0.8703) (Fig. 5C). For the ORF1lab gene, the Cq
values and TCIDso/mL titer from 10*°-10%° showed a linear relationship (R? = 0.8905) (Fig. 5D). These results
validate the combination of virus culture and RT-PCR as a feasible approach to evaluate the SARS-CoV-2
inactivation efficiency for the decontaminating strategies.

4. Discussion

The current global SARS-CoV-2 pandemic is of urgent concern because of its high transmission rate, viral
fast-growing mutations, vaccine escape, and spread throughout the world. Although vaccines and measures of
infection prevention and control are available currently, infections are often reported in high-risk groups
working in zones with high traffic of international cargo, such as borders, customs checkpoints, and airports
(Pefa et al., 2020; Widera et al., 2021). Thus, there is an urgent need to design concise approaches for effective
virus inactivation under different physicochemical conditions, to reduce the risk of contagion through viral
contaminated surfaces during the delivery of letters or freights (Ulloa et al., 2021). Most chemical biocides,
such as electrolyzed water, ethanol, and sodium hypochlorite, demonstrate prompt anti-SARS-CoV-2 activity
(Leslie et al., 2021; Takeda et al., 2020); however, their use is limited in foodstuff and organic substances, and
their virucidal effects require certain conditions (Uema et al., 2021). Ultraviolet-C light irradiation is considered
the most effective germicidal method that is adopted to inactivate various pathogenic species, but it has very
limited penetration of packaging materials and the inner packing material (Inagaki et al., 2020; Ruetalo et al.,
2021). Gamma radiation has been used to inactivate many types of microorganisms since 1971, though the
method has certain logistical and technical limitations that may have substantial adverse effects on materials
and humans (Al-Hadyan et al., 2021). Electron beam irradiation is another promising sterilization option.
Previous studies have analyzed the sensitivity of various viruses and bacteria to HEEI (Brahmakshatriya et al.,
2009; Jeong et al., 2021; Praveen et al., 2013; Preuss et al., 1997; Smolko and Lombardo, 2005). The viral
inactivation efficiency of electrons is mainly dependent on doses irradiated, regardless of whether low- or high-
energy electrons are used (Predmore et al., 2015).

In this study, we validated the virucidal activity of electron beam radiation and first defined the minimum



effective inactivation dose for a SARS-CoV-2 titer reduction of more than 4 log units under cold-chain
temperatures (4°C and —20°C). HCoV-0C43 was selected as a suitable candidate for surrogates for the highly
pathogenic SARS-CoV-2 because its sensitivity to radiation shared significant similarities with SARS-CoV-2
(Boegel et al., 2021; Song et al., 2019). At a dose of 2.0 kGy, LEEI reduced SARS-CoV-2 titer by more than 4
log units (99.99% reduction). Both LEEI (160 keV) and HEEI (10 MeV) inactivated HCoV-OC43 on stainless-
steel surfaces with the same dose as that used for SARS-CoV-2. Food packaging materials, including plastic
and filter paper, seem to be more refractory to radiation; therefore, the virus requires a higher dose (3 kGy) of
HEEI to reduce the viral titer by 99.99% (Gidari et al., 2021). This may be partly because these organic materials
scavenge the reactive species produced in the radiation matrix, which is known to reduce radiation effectiveness
during treatment (Sommer et al., 2001).

To our knowledge, the effect of low-dose rate electron beam radiation on SARS-CoV-2 or other
coronavirus activity has not been investigated. The indicator of the energy required to reduce a titer by one log
(D1o value) is often used to evaluate the susceptibility of a virus to a sterilization method (Jain et al., 2021;
Loveday et al., 2021). We could not calculate the D1 value (irradiation dose required to reduce 90% of the virus
titer) because of the limitations of the irradiation machine and viral titer. The Dy value is calculated using the
inverse of the slopes of the regression lines (1/slope) of irradiation dose against log virus titer (Jain et al., 2021).
As seen in Fig.2A, 10*® TCIDso/mL of SARS-CoV-2 was the achievable stock concentration, and the virus at
this titer was completely inactivated at a radiation dose of 2.0 kGy. For the irradiation machine we used in BSL -
3 only integer dose values can be set, so we can only use two doses at most (0 and 1 kGy), which did not permit
to draw the regression lines. Nevertheless, our results indicate a high effectiveness of electron beam radiation
in inactivating SARS-CoV-2 and HCoV-0C43.

Food irradiation has long been used as a safe food processing technology for disinfection and prolonging
shelf life. A joint committee formed by the Food and Agriculture Organization, International Atomic Energy
Agency, and World Health Organization once concluded that food exposed to an ionizing radiation of less than
10 kGy did not cause any toxicological hazard, nutritional, or microbial problem (Diehl, 2002; Ravindran and
Jaiswal, 2019). In our current study, 3 kGy was defined as the minimum radiation dose required for the nearly
complete inactivation of SARS-CoV-2 in food packaging materials at cold-chain temperatures, which is far
below the upper safe limit of 10 kGy for food processing. Therefore, our results will provide the basic key data
for designing radiation-based approaches for decontamination of SARS-CoV-2 from frozen food products.

Electron beam radiation and gamma radiation are ionizing radiation. Their mechanisms of virus
inactivation are thought to lead to disruption of the genetic material and protein/collagen damage (Dziedzic-
Goclawska et al., 2005; Grieb et al., 2002; Ohshima et al., 1996; Summers and Szybalski, 1967; Ward RL.,
1980). Radiation damage to nucleic acids of viruses is believed to play a major role in virucidal activity, whereas
the minor molecular targets of the mechanisms are believed to be proteins and lipids in the viral envelope (Elliott
etal., 1982; Hume et al., 2016; Korystov Yu N, 1992). The genome of SARS-CoV-2 is a positive-sense single-

stranded RNA of 29.9 kb in length that contains 14 functional open reading frames encoding 29 structural,



nonstructural, and accessory proteins (Bai et al., 2022). The total PCR target regions of the E, N, and ORFlab
genes in the RT-qPCR assay account for approximately 1.14% of the total viral genome in length, which means
that the most commonly used RT-qPCR method could very likely yield similar results regardless of whether the
radiation damaged or intact viral genome is used. This was validated in our results that the Cq values of these
three viral genes after 2 kGy lethal irradiation were not significantly different from those of the nonirradiated
control group. A previous study showed that a 50-kGy dose of radiation was needed to accomplish complete
viral RNA degradation and genes could not be detected using an RT-gPCR assay (Al-Hadyan et al., 2021). As
the irradiation doses of 2-3 kGy may only cause minor damage to the viral genome, the irradiation-damaged
viral genome could be easily detected by RT-gPCR in our current experiments. Our results therefore indicate
that RT-gPCR-based detection is not suitable as the only method for evaluating the SARS-CoV-2 inactivation
efficiency of radiation. Importantly, we further demonstrated that real-time PCR could only detect viral genes
when applied to supernatants of VVero E6 cells harvested upon infection with SARS-CoV-2 untreated rather than
treated with 2 kGy of radiation (Fig. 5), suggesting a combination of virus culture and RT-PCR as a feasible
approach for evaluation of the SARS-CoV-2 inactivation efficiency. Taken together, we validate the biological
assay of infectivity of viruses, including TCIDso assays, rather than RT-qPCR methods, which is mandatory to
determine the inactivation potential of any decontaminating approach toward SARS-CoV-2 or any other virus

and microorganisms.

5. Conclusions

In summary, we defined 3 kGy as the minimum effective inactivation dose of electron beam radiation for
a SARS-CoV-2 titer reduction of more than 4 log units on experimental packaging materials under cold-chain
temperatures. Given that the minimum irradiation dose for viral inactivation is far below the upper safe limit
for food processing, our study provides a basis for establishing radiation-based sterilization methods for cold-

chain food during the current SARS-CoV-2 pandemic.
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Figure legends

Fig. 1. Workflow of inactivation of viruses using electron beam radiation. A. The radiation dose required for
the inactivation of SARS-CoV-2 was determined using low-energy electron irradiation (LEEI). B. HCoV-0C43
was used as a surrogate for SARS-CoV-2 and treated with both LEEI and high-energy electron irradiation

(HEEI) to determine the radiation dose required for the inactivation of the virus in different materials.

Fig. 2. Effect of LEEI on the infectivity of SARS-CoV-2 and HCoV-OC43. Up to 10 pL of clarified viral
supernatant of 10*® TCIDso/mL of SARS-CoV-2 (A) or 10 TCIDso/mL of HCoV-OC43 (B) was placed on
stainless steel sheet and exposed to increasing doses of LEEI at 4°C or —20°C, respectively. The stainless steel
sheet was washed thoroughly with serum-free DMEM, and the solution containing eluted viruses was tested in
duplicates using the TCIDsg assay. Representative microphotographs (magnification x 100) of Vero E6 (C) and
BHK-21 (D) monolayers 72 h post-infection with SARS-CoV-2 or HCoV-OC43 under treatment with the
indicated doses of radiation at —20°C are shown. Complete viral inactivation was determined using three
consecutive passages of cell culture supernatants on corresponding cells with no cytopathic effect. The data are

the mean of triplicate measurements. The experiments were repeated three times with similar results.

Fig. 3. Effect of the tested materials on HCoV-OC43 inactivation using HEEI. Ten microliters of viral stock
containing 10°—10° TCIDso/mL were placed on different materials at 4°C (A) or —20°C (B). Virus particles were
carefully recovered after the indicated doses of radiation and processed for TCIDsy assay. Complete viral
inactivation was verified using three consecutive passages of cell culture supernatants on corresponding cells

with no cytopathic effect. The mean + SD of triplicate measurements is shown. " P < 0.05, ™ P < 0.01.

Fig. 4. Influence of LEEI on the sensitivity of RT-gPCR assay for SARS-CoV-2 detection. Ten microliters of
serially diluted (10-fold) viral samples on stainless steel surfaces were exposed to 2 kGy of radiation or not
irradiated, and then the viral particles were recovered. SARS-CoV-2 RNA was extracted and subjected to RT-
gPCR assays. At each dilution, the Cq detection threshold and linear relationship between TCIDso and Cq values
for viral E (A and D), N (B and E), and ORFlab (C and F) genes are shown. The mean + SD of triplicate

measurements is shown.

Fig. 5. Combination of virus culture and RT-qPCR methods. The SARS-CoV-2 with indicated titers
placed on stainless steel surfaces were recovered, and the viral suspensions were incubated with Vero
E6 monolayers for 72 h. Viral RNA extracted from the cell supernatants was subjected to RT-qPCR
assays of the E, N, and ORFlab genes. SARS-CoV-2 inactivated using 2 kGy of radiation could not
be recovered (A). Correlation analysis was performed between viral TCIDso and Cq values of the £
(B), N (C), and ORFlab (D) genes. The dashed grey line represents the RT-qPCR limit of detection.
The data are the mean of triplicate measurements.
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