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Abstract

Heat treatment denatures viral proteins that comprise the virion, making the virus

incapable of infecting a host. Coronavirus (CoV) virions contain single‐stranded RNA

genomes with a lipid envelope and four proteins, three of which are associated with the

lipid envelope and thus are thought to be easily denatured by heat or surfactant‐type
chemicals. Prior studies have shown that a temperature as low as 75°C with a treatment

duration of 15min can effectively inactivate CoV. The degree of CoV heat inactivation

greatly depends on the length of heat treatment time and the temperature applied. With

the goal of finding whether sub‐second heat exposure of CoV can sufficiently inactivate

CoV, we designed and developed a simple fluidic system that can measure sub‐second
heat inactivation of CoV. The system is composed of a stainless‐steel capillary immersed

in a temperature‐controlled oil bath followed by an ice bath, through which virus solution

can flow at various speeds. Flowing virus solution at different speeds, along with

temperature control and monitoring system, allows the virus to be exposed to the

desired temperature and treatment durations with high accuracy. Using mouse hepatitis

virus, a betacoronavirus, as a model CoV system, we identified that 71.8°C for 0.51 s

exposure is sufficient to obtain >5 Log10 reduction in viral titer (starting titer: 5 × 107

PFU/ml), and that when exposed to 83.4°C for 1.03 s, the virus was completely

inactivated (>6 Log10 reduction).
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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) is the

virus responsible for the currently ongoing global pandemic, the cor-

onavirus disease of 2019 (COVID‐19; Lai et al., 2020; Valencia, 2020;

Velavan & Meyer, 2020). The main transmission routes of SARS‐CoV‐2
include direct or indirect contact with objects or contaminated surfaces,

short‐range person‐to‐person transmission via droplets from coughing or

sneezing, and long‐range airborne transmission via aerosols

(Morawska & Cao, 2020). Therefore, environmental sterilization and

virus inactivation are of great importance to prevent and control the

spread of the virus. Currently, the most commonly used methods to

sterilize or inactivate viruses include treatments using chemical agents,

UV irradiation exposure, and heat treatment, which have been in-

tensively assessed and reported (Darnell et al., 2004; Heilingloh et al.,

2020; Inagaki et al., 2020; Kratzel et al., 2020; Pastorino et al., 2020;
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Ratnesar‐Shumate et al., 2020). Compared with other methods, one

major advantage of heat treatment is its relatively shorter treatment

time and simplistic method, along with the ability to be incorporated into

various human‐occupied spaces (Batéjat et al., 2021; Kariwa et al., 2006;

Yap et al., 2020). These features allow for such heat treatment methods

to be readily implemented into a variety of existing applications or sys-

tems that could be retrofitted to add rapid pathogen inactivation func-

tionality, such as to existing heating, ventilation, and air conditioning

(HVAC) systems as well as sewer systems.

Heat inactivation is a relatively easy, safe, and efficient method to

disinfect coronavirus (CoV), as CoV is an enveloped virus that is sur-

rounded by a lipid bilayer with viral spike proteins projecting from the

lipid envelope, where both the envelope and the spike protein are sus-

ceptible to heat (Schoeman & Fielding, 2019). Previous studies have

shown that at a temperature of 56°C and higher, with heat application

time typically longer than 1min, is needed to efficiently inactivate CoVs

such as SARS‐CoV and MERS‐CoV (>6 Log10 reduction; Darnell et al.,

2004; Pastorino et al., 2020; Yap et al., 2020). More specifically, at re-

latively low temperatures (56–65°C), treatment time of 15–60min were

required, while at higher temperatures (70–100°C) a much shorter

duration of 1–15min were needed (Chin et al., 2020; Darnell et al., 2004;

Leclercq et al., 2014; Pastorino et al., 2020; Saknimit et al., 1988; Yap

et al., 2020). For example, heat treatment of SARS‐CoV‐2 at 70°C for

5min achieved >4.5 Log10 reduction (Chin et al., 2020), with another

study reported that heat treatment at 92°C for 15min achieved >6 Log10

reduction for SARS‐CoV‐2 (Pastorino et al., 2020). However, for heat

treatment to be utilized for liquid and airborne CoV inactivation in broad

ranges of practical settings, such methods need to be applicable at a

significantly shorter heat treatment time (even if the temperature itself

has to be much higher). Otherwise, there is limited practicality in such

heat treatment methods. For example, having to increase the tempera-

ture of liquid for minutes would consume a large amount of energy, and

having to treat air for minutes is impractical.

Here, we hypothesize that a much shorter heat treatment time may

be sufficient to destroy key components of CoVs (e.g., envelope or the

spike proteins) to inactivate CoV. Conventional testing methods for the

heat treatment of CoVs mostly utilize a simple method of dipping a CoV‐
containing tube into a temperature‐controlled water bath. Such methods

are valid when heat treatment time in the range of minutes is tested but

cannot be used for seconds or sub‐second testing. In this study, we

developed a simple flow‐through heating and cooling method utilizing a

stainless‐steel capillary tube and used the method to investigate the

effect of CoV heat treatment at an extremely short heat exposure time

of 0.1–1 s (equivalent to actual treatment time of 0.18–2.30 s, obtained

through heat transfer simulation) at an actually applied temperature

range of 35–100°C. This study provides essential data for the develop-

ment of sub‐second CoV heat inactivation approaches, including methods

to efficiently inactivate airborne CoVs indoors. As all CoVs are sur-

rounded by lipid bilayer membranes with similar proteins and have si-

milar physical properties (Schoeman & Fielding, 2019), we expect that

our findings using mouse hepatitis virus (MHV), a betacoronavirus, as a

model system that has extensively used as a surrogate coronavirus

(Casanova et al., 2009; Hulkower et al., 2011; Körner et al., 2020;

Ye et al., 2016), can be broadly applicable to CoVs in general, including

SARS‐CoV, SARS‐CoV‐2, and MERS‐CoV, to name a few. One of the

potential applications of our findings is to heat inactivate airborne viruses

by renovating a ventilation system, and another promising application is

to disinfect the sewer system by scaling up the presented system and

optimizing the system design. A previous study showed that the time

needed for SARS‐CoV‐2 inactivation can be reduced to 5min when the

treatment temperature is 70°C (Chin et al., 2020). Taking consideration

of our findings, if a filter in an HVAC system can be heated to a high

temperature, SARS‐CoV‐2 in the circulating air can be efficiently killed

rapidly. Here, the needed temperature to completely (or mostly)

inactivate the viruses can be determined based on our data. Since many

other viruses, such as dengue virus, influenza virus, and measles virus, are

also enveloped viruses where the envelopes contain surface proteins

(Gelderblom, 1996), we expect that this heat inactivation method can

have broad utility in inactivating/disinfecting many other viruses of global

consequences.

2 | MATERIALS AND METHODS

2.1 | Virus and cells preparation

The coronavirus used in this study is mouse hepatitis virus strain A59

(MHV‐A59) and has been described previously (Bond et al., 1979;

Wippold et al., 2020). Mouse L2 cells, which are susceptible to MHV

infection, were grown in Dulbecco's modified Eagle's medium (DMEM)

supplemented with 4mM glutamine and 10% defined calf serum

(Hyclone) at 37°C 5% CO2 environment (Sturman & Takemoto, 1972).

2.2 | Virus titration and plaque assay

Plaque assays were conducted as described previously, and viral titer

quantified at 2 days postinfection after removing the agarose overlay

and staining the cells with crystal violet (Leibowitz et al., 2011).

Samples were assayed in triplicate and the number of plaques was

counted. Infectivity was determined and expressed as plaque‐
forming units (PFUs) per ml.

2.3 | Heat treatment of virus solution

Figure 1 shows the experimental setup that allows rapid and high‐
temperature heat treatment of viruses. A stainless‐steel (SS) capillary
tubing (SS 304, 1/16 in. outer diameter [1572 µm], 0.02 in. [500 µm]

wall thickness, 0.0225 in. [572 µm] inner diameter, Mcmaster‐Carr)
was bent and immersed in an oil bath and then in an ice bath se-

quentially. A relatively small inner diameter tubing was selected to

minimize the volume of the solution so that the virus solution can be

rapidly heated and cooled down. SS was utilized to maximize heat

conduction from the exterior to the interior of the tubing. Since a

short pulse of the high‐temperature application was desired to
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accurately assess the impact of the temperature on viral infectivity,

an ice bath was utilized to rapidly cool down the heated viral

solution. A temperature‐controlled oil bath (Instatherm® Economy

Bath/Controller Kit, Ace Glass, Inc., VWR) equipped with a Type J

thermocouple temperature sensor was employed to control the heat

treatment temperature. Vegetable cooking oil (Member's mark,

Sam's Club) was used in the oil bath. A mixture of ice and water was

used as the ice bath to cool down the treated virus solution im-

mediately after treatment. A syringe pump (Fusion 200, Chemyx)

was employed to control the flow rate of the injected virus solution.

Silicone tubing was used to connect the syringe to the inlet of the SS

tubing and also to collect the heat‐treated samples from the outlet of

the SS tubing. Low‐thermal‐conducting silicone tubing was utilized to

further limit the temperature exposure to only a short section of the

overall tubing. The collected virus samples were stored at −80°C

until plaque assays were conducted to measure the infectivity of the

heat‐treated viruses.

Stock MHV viruses of 2.7 × 109 PFU/ml were diluted by DMEM

media with 10% FBS to 5 × 107 PFU/ml, a high‐enough titer to ac-

curately determine the effectiveness of heat treatment on viral in-

fectivity. For each heat treatment, a virus solution aliquot of 1.5 ml

containing approximately 75 million viral PFUs was injected into the

SS capillary tubing under varying flow rates by a syringe pump while

the oil bath temperature was set to 55–170°C. The heat‐treated
samples were collected at the outlet of the silicone tubing. The set

exposure time was calculated based on the traveling distance of the

viral solution through the length of the SS tubing immersed in the oil

bath (5 cm). The flow rate and set exposure time are summarized in

Table S1. A viral solution flowing through the tubing while the oil

bath temperature was set to room temperature (22°C) was used as a

control to account for any potential viral titer reduction due to virus

adhering to the tubing surfaces and other potential losses.

2.4 | COMSOL simulation of temperature

The COMSOL Multiphysics 5.5a software (COMSOL Inc.) was used

for the temperature profile simulation of the viral solution.

To perform this finite element analysis, a 3D geometry was chosen,

where the geometry was created using the following initial and

boundary conditions (Zhang et al., 2019, 2020): no‐slip conditions on

the tubing surfaces; the fluid is Newtonian and the flow within the

channel is incompressible; no viscous stress and convective flux on

the tubing outlet; convective heat flux is considered as the source of

heat influx from the oil to the tubing.

The simulation was performed using non‐isothermal flow (nitf)

multi‐physical interfaces laminar flow (spf) coupled with heat

transfer in solids and fluids (ht) under the stationary study model.

The initial inlet flow temperature and ambient air temperature

were set to 22°C. The material physical properties of viral solution

were set to be identical to those of water. The material properties

of the SS tubing were set to: density = 7850 kg/m3; thermal con-

ductivity = 16.2W/(m K); heat capacity at constant pressure =

500 J/(kg K). Here, we assume the overall heat loss by the oil bath

is equal to the overall heat gain of water flowing by (the heat loss

to ambient air is deemed negligible). Then, the temperature‐
dependent heat transfer coefficient (H) was calculated based on

Equation (1) (Bergman et al., 2011; Shashi Menon, 2015) and the

real‐time temperature measurement (see Section 2.5 for more

details). The calculated H value is 473.6W/(m2 K) under the

thermal treatment condition of 125°C (oil bath temperature) for

0.5 s (based on the length of merged SS tubing and set flow rate),

while the H value increased to 675.5W/(m2 K) when the treatment

condition is 170°C for 0.1 s. The H values obtained in this study

are close to previously published results (Kobasko et al., 2010).

Physics‐controlled mesh with the element size of “finer” was ap-

plied for the simulation. A mesh refinement testing using the ty-

pical condition of 125°C and 0.5 s exposure time was conducted

(Figure S1). The mesh convergence test result (see Figure S1 for

more details) indicates the mesh is refined enough to obtain a

solution that can be trusted (the relative error is 2%–3% when

compared to the “finer” mesh result with the threshold value,

where the convergent value at “extremely fine” mesh condition

was used as threshold value).

ρ× × − = × × × −H A T T C Q T T( ) ( )oil ss w w in out (1)

F IGURE 1 Schematic illustration of the virus heat inactivation testing system [Color figure can be viewed at wileyonlinelibrary.com]
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where

A: surface area where the heat transfer takes place;

Toil: temperature of the surrounding oil;

Tss: temperature of the solid surface;

Cw: heat capacity of water;

Qw: flow rate of water;

ρ: density of water;

Tin: water temperature at inlet; and

Tout: water temperature at outlet.

2.5 | Real‐time temperature measurement and
validation of the measurement method

To measure the real‐time temperature of the viral solution flowing

through the tubing while the heat is applied through the heated oil

bath, the SS tubing was cut apart between the oil bath and the ice bath,

and the two ends were re‐connected through a T‐connector with an

insulation material (Fiberglass) wrapped around the connector

(Mcmaster‐carr). A J‐type thermocouple was inserted through the top

end of the T‐connector to obtain the real‐time temperature of the viral

solution flowing through the tubing. The temperature of the tubing

wall was measured by attaching the sensor head of the thermocouple

to the outside wall of the SS tubing and wrapped with fiberglass.

The temperature measured by this experimental setup

(T‐thermocouple) was validated and calibrated by withdrawing water

heated to a known temperature via a syringe pump (EGATO® 111,

KD Scientific) while the temperature reading of the sensor was

recorded. The schematic illustration of this measurement setup is

described in Figure S2a.

3 | RESULTS AND DISCUSSION

3.1 | Validation of the viral solution treatment
temperature

As our study aims to inactivate CoVs with a sub‐second exposure to

high temperature, accurately measuring the real temperature applied

to the viral solution is imperative. Since the solution cannot be he-

ated up or cooled down instantaneously and the desired temperature

exposure time is quite short, this is nontrivial. First, to validate

whether the thermocouple inserted into the T‐junction of the SS

tubing (called T‐thermocouple here) can accurately measure the

solution temperature inside the SS tubing, a solution with known

temperature, set by heating the bulk of the solution in a

temperature‐controlled water bath, was drawn into the SS tubing at

various flow speeds and its temperature was measured. This mea-

sured temperature inside the SS tubing (2 cm away from the heated

water bath) was then compared to that of the bulk solution tem-

perature. Figure S2b shows these calibration curves. The results

show that the temperature probe accurately measures the solution

temperature inside the SS tubing. For example, at a fast flow of 0.1 s

exposure, which minimizes any cooling of the solution outside of the

water bath, the measured temperature was almost identical to the

water bath temperature (Figure S2b, 0.1 s condition, 97.8°C water

bath temperature = 97.7°C measured temperature). Second, when

the flow rate was set lower (i.e., longer exposure to ambient tem-

perature), it is expected that the solution will cool down slightly the

moment it leaves the SS tubing section immersed inside the water

bath. Indeed, the measurement result shows that as the treatment

time increases to 0.25, 0.5, and 1 s (i.e., slower flow rate), the mea-

sured temperature becomes slightly lower than the water bath

temperature. For example, for water bath temperature of 98.0°C and

exposure time of 0.25, 0.5, and 1 s, the T‐thermocouple temperature

readings were 95.4, 94.5, and 92.6°C, showing slight cooling of the

solution flowing inside the tubing. Therefore, the actual temperature

of the virus solution was corrected by the calibration curves

(Figure S2b), which were then used as the actual temperatures virus

solution was exposed to.

3.2 | COMSOL heat transfer simulation

The heat transfer efficiency and temperature profile within the SS

capillary tubing are important to understand the actual heating

condition of the viral solution. We used COMSOL Multiphysics™ to

simulate the heat transfer from the SS tubing to the flowing CoV

solution inside the tubing. The experiments were conducted at

steady state, and thus there is no transient term. The maximum

Reynolds number is approximately 520 obtained from the condition

of 0.5 m/s and applied oil bath temperature of 160°C (real solution

temperature inside the tubing measured was 56°C), which is much

lower than the critical Reynold number of 2300 for turbulence flow.

In this laminar flow regime, we anticipate a temperature gradient

along the radial direction of the pipe. At steady state, the tempera-

ture gradient does not change with time, but is a function of the

location along the axial direction. Figure 2a shows the temperature

change of flowing virus solution within the SS tubing when the oil

bath temperature was set to 125°C and a moderate exposure time of

0.5 s (flow rate = 92,300 µl/h) was used. Here, the SS tubing tem-

perature increases rapidly as it enters the oil bath (pink zone), then

gradually drops when the tubing is exposed to air (yellow zone), and

then rapidly drops as it enters the ice bath (blue zone). The reason

that the SS temperature inside the oil bath (pink zone) is not the

same as the oil bath temperature is due to the cooling effect of room

temperature virus solution continuously flowing into the tubing,

especially since the length of the tubing immersed inside the oil bath

was relatively short (5 cm). Using a much longer tubing inside the oil

bath would have eventually made the SS tubing temperature the

same as the oil bath temperature, but that makes it impossible to

apply a short heat exposure, the reason why a relatively short tubing

length was utilized.

The virus solution temperature follows the SS tubing tempera-

ture relatively closely. The highest solution temperature of 85.9°C

was achieved right as it comes out from the oil bath (this highest
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temperature is referred to as the simulated temperature (Max) in

Table S1) and maintains its temperature relatively stable (tempera-

ture drop of only 6.5°C over a 10 cm length), until arriving at the

segment of the SS tubing immersed in the ice bath. Therefore, the

effective heat treatment region was designated from the tempera-

ture point within the oil bath (pink zone) where the temperature

rises above that of the pre‐ice bath temperature (the ending tem-

perature of the yellow zone) to the pre‐ice bath temperature. The

“actual exposure time” was calculated based on this “effective heat

treatment region” (the length is slightly longer than 10.0 cm). For

example, in the case of 125°C 0.5 s heat treatment condition, this

“actual exposure time” is around two times longer than the set

exposure time, which in this case was 1.03 s.

Figure 2c exhibits the temperature distribution under the con-

dition of 170°C oil bath temperature and “set exposure time” of 0.1 s

(flow rate = 461,500 µl/h). Even though the set temperature was

higher, due to the five times faster flow rate of incoming room

temperature solution, the SS tubing temperature only reached a peak

value of around 72°C due to the larger cooling effect coming from

the incoming solution (for the 125°C, 0.5 s condition, the SS tubing

reached a temperature around 92°C). This effect can also be seen by

the drop in the SS tubing temperature as it exits the oil bath. In this

case, the highest solution temperature of 58.1°C was at the point

where the SS tubing exits the oil bath, with a minimum drop in

temperature until it enters the ice bath. Thus, as before, the effective

heat treatment region could be designated similarly. The tempera-

ture comparison table summarizes (Table S1) the set oil bath tem-

perature, the calibrated real‐time temperature based on the

T‐junction temperature sensor readout, and the actual temperature

that accommodates the cooling effect.

3.3 | Heat inactivation of MHV

An average viral load of SARS‐CoV‐2 is 7 × 106 per ml (Stadnytskyi

et al., 2020), therefore we chose 5 × 107 PFU/ml of MHV, which is a

slightly higher concentration and would also provide a rigorous test

for the rapid heat inactivation system presented here. Our study

investigated the effect of rapid heat treatment (<1 s) on coronavirus

inactivation by flowing the MHV virus solution through a stainless

tubing immersed in an oil bath, which temperature was controlled

from 55 to 170°C. We found that the coronavirus was inactivated

F IGURE 2 The simulated temperature distribution of the entire heat inactivation testing system when using the oil bath to apply heat. The
top color bar represents the axial cross‐sectional SS tubing, and traverse sectional views of positions i–iv are displayed in the right circles.
(a) 125°C, 0.5 s exposure condition, along with the (b) corresponding traverse sectional views. (c) 170°C, 0.1 s exposure condition, along with
the (d) corresponding traverse sectional view. Zone <1> pre‐oil bath; Zone <2> oil bath; Zone <3> ambient air; Zone <4> ice bath.
The distance for simulation starts from 30mm before the oil bath [Color figure can be viewed at wileyonlinelibrary.com]
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efficiently (>6 Log10 reduction) by applying an oil bath temperature

of 115°C and residence time of 1 s (set exposure time). When the set

exposure time decreased to 0.5 s, an oil bath set the temperature of

125°C (actual temperature = 83.4°C) or higher was needed to

completely inactivate the MHV. When the set exposure time further

decreased to 0.25 s, the virus titer reduction was >6 Log10 at an oil

bath set the temperature of 150°C (actual temperature = 81.3°C).

However, when the set exposure time was reduced to 0.1 s, MHV

could not be sufficiently inactivated even when the oil bath set

temperature was increased to 170°C (Figure 3a).

These results were then re‐plotted based on the actual treat-

ment temperature and exposure time, as shown in Figure 3b. As

discussed in Section 3.2, the actual exposure time calculated was

around two times longer than the set exposure time. For visualiza-

tion purposes, the actual exposure times were rounded to 2, 1, 0.5,

and 0.2 s (Table S1, the temperature ranges for the rounding were

2.01–2.30, 0.98–1.07, 0.48–0.54, and 0.18–0.2 s, respectively), which

are corresponding to the set exposure time of 1, 0.5, 0.25, and 0.1 s.

Among the oil bath set temperatures ranging from 55 to 170°C, the

shortest treatment time required to inactivate the MHV effectively

(>5 Log10 reduction) was concluded as 0.25 s set exposure time

(0.51 s actual exposure time), with an actual exposure temperature

of 71.8°C (oil bath set temperature = 140°C). However, when the oil

bath set temperature was increased to 150, 160, and 170°C, slightly

higher remaining virus titers (mean values) were obtained with re-

latively large error bars (three to five repeats). Furthermore, among

the oil bath set temperature we tested (55–170°C), the most rapid

thermal treatment to completely inactivate MHV (>6 Log10 reduc-

tion with the remaining viral titer = 0 PFU/ml) was determined to be

0.5 s set exposure time (1.03 s actual exposure time), with an actual

exposure temperature of 83.4°C (oil bath set temperature = 125°C).

When these results were plotted into a 2D format (Figure S3b), the

correlation between the viral inactivation and actual exposure tem-

perature showed that heat treatment temperature as high as around

70°C is required to effectively provide sub‐second heat inactivation

(>5 Log10 reduction) regardless of the actual treatment time.

Table 1 summarizes the inactivation effectiveness under differ-

ent heat treatment conditions, where our results were highlighted

F IGURE 3 Effect of heat treatment on the infectivity of MHV. Remaining infectivity of MHV after different heat inactivation conditions (a)
by oil bath set temperature and set exposure time; (b) by actual exposure temperature from real‐time measurement and actual exposure time
based on simulation. Virus titers were averaged from three independent biological replicates (n = 3), and error bars indicate standard deviations.
(c) Example images from the quantitative plaque assay that was used to determine posttreatment PFUs of the MHVs: (i) No plaque formation at
high dilution but several plaques formed at low dilution indicates remaining infectivity of MHV; (ii) Examples of wells with too many plaques
indicate large amount of infection‐capable MHVs, which require a further dilution to accurately conduct plaque count; (iii) Examples of plaque
assay result after successful MHV heat inactivation (no plaque formation even at original “no diluted” sample solution, top red box),
unsuccessful heat inactivation (or partial inactivation depending on its dilution; middle green box), and assays that need to be repeated at
higher dilution for accurate plaque count (bottom purple box) [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Summary of previously reported heat inactivation conditions with temperature ranging from room temperature to 120°C for
heating duration from sub‐second to 1 h

# Temperature (°C) Exposure duration Remaining infectivity Log10 reduction Virus type Other notes References

1 22–25 7 days 1.5–2 SARS CoV RH 40%–50% Chan et al. (2011)

2 22–25 28 days >5 SARS CoV RH 40%–50% Chan et al. (2011)

3 40 1min 0.16 MHV‐2 Saknimit et al. (1988)

4 40 5min 0.33 MHV‐2 Saknimit et al. (1988)

5 40 15min 0.34 MHV‐2 Saknimit et al. (1988)

6 42 60min <1 SARS‐CoV‐2 Wang et al. (2020)

7 56 1min 6.65 SARS‐CoV‐2 Chin et al. (2020)

8 56 15min 4.92 MERS‐CoV Leclercq et al. (2014)

9 56 15min 3–4 SARS‐CoV‐2 Wang et al. (2020)

10 56 20min Incompletely inactivated >5 SARS‐CoV Darnell et al. (2004)

11 56 30min Incompletely inactivated >5 SARS‐CoV‐2 Pastorino et al. (2020)

12 56 30min ND >4.51 SARS‐CoV‐2 Chin et al. (2020)

13 60 1min 2.60 MHV‐2 Saknimit et al. (1988)

14 60 5min 3.55 MHV‐2 Saknimit et al. (1988)

15 60 10min >6 SARS‐CoV‐1 Model prediction Yap et al. (2020)

16 60 15min >4.51 MHV‐2 Saknimit et al. (1988)

17 60 15min ND >7 SARS‐CoV‐2 Wang et al. (2020)

18 60 30min >4.51 MHV‐2 Saknimit et al. (1988)

19 60 60min Incompletely inactivated >5 SARS‐CoV‐2 Pastorino et al. (2020)

20 60.2 0.20 s >2 MHV This study

21 65 30 s 3.45 MERS‐CoV Leclercq et al. (2014)

22 65 1min Incompletely inactivated Data not shown MERS‐CoV Leclercq et al. (2014)

23 65 4min Incompletely inactivated >5 SARS‐CoV Darnell et al. (2004)

24 65 15min ND >5.59 MERS‐CoV Leclercq et al. (2014)

25 70 1min 5.34 ~1.25 SARS‐CoV‐2 Chin et al. (2020)

26 70 5min ND >4.5 SARS‐CoV‐2 Chin et al. (2020)

27 71.8 0.51 s >5 MHV This study

28 75 15min ND >5 SARS‐CoV Darnell et al. (2004)

29 80 <1min >6 SARS‐CoV‐1 Model prediction Yap et al. (2020)

30 80 1min >4.51 MHV‐2 Saknimit et al. (1988)

31 83.4 1.03 s ND >6 MHV This study

32 87.3 2.23 s ND >6 MHV This study

33 90 0.1min 6 MERS‐CoV Model prediction Yap et al. (2020)

34 92 15min ND >6 SARS‐CoV‐2 Pastorino et al. (2020)

35 110 0.1min 6 SARS‐CoV‐1 Model prediction Darnell et al. (2004)

36 112 0.01min 6 MERS‐CoV Model prediction Darnell et al. (2004)

37 120 ~1 s 6 SARS‐CoV‐1 Model prediction Kratzel et al. (2020)

Abbreviation: ND, not detectable.
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with shade. In general, coronaviruses are relatively stable at room

temperature and are sensitive to heat when the temperature

increased to 65°C, after which the degree of inactivation linked to

temperature became obvious. Since a small increase in temperature

(after 65°C) results in a large increase in inactivation percentage and

the temperature experienced by the viruses are not equal to the

applied heating temperature (Abraham et al., 2020), our study fills a

gap of sub‐second heat treatment.

4 | DISCUSSION AND CONCLUSION

We developed an experimental system and protocol that can con-

duct sub‐second thermal treatment of coronaviruses, identified the

thermal treatment conditions that result in efficient thermal

inactivation of coronaviruses. We successfully developed an experi-

mental setup that allows applying sub‐second duration of heat to

coronavirus solution where the temperature applied to the CoV

solution can be monitored in real time. Through experimental mea-

surement and computational thermal simulation, we validated the

real temperature that the CoV solutions are exposed to. Using this

setup and MHV (a model betacoronavirus), we identified that ap-

plying a temperature of 71.8°C (actual temperature) for 0.51 s

(actual exposure time) is sufficient to obtain >5 Log10 reduction in

viral titer (starting titer: 5 × 107 PFU/ml), and that when exposed to

83.4°C (actual temperature) for 1.03 s (actual exposure time), the

virus was completely inactivated (zero titer, >6 Log10 reduction). This

is the first systematic study on how very short heat treatment time

at various temperatures influences viral infectivity, through which

we have identified for the first time the minimum temperature and

exposure time required to inactive the infectivity of CoV. The pre-

vious study by Yu et al., where direct heat inactivation of airborne

viruses at 200°C was demonstrated, indeed shows that sub‐second
exposure is sufficient to inactivate viruses. Our result presented here

can provide critical information to such systems where a significantly

lower temperature than the tested 200°C in their study may be

sufficient to heat‐inactivate CoV. Considering other examples and

conditions such as hospital operation rooms, where the airflow rate

is much faster (around 0.15–0.18m/s; Khankari, 2018; Memarzadeh

& Manning, 2002), our study results can provide important design

criteria such as how thick a heat‐applying filter has to be to provide

sufficient treatment time. Of course, to apply CoV inactivation

strategies in any practical applications, confirmation experiments

have to be conducted with the authentic CoV of interest. Since heat

treatment is a simple, inexpensive, and efficient approach to in-

activate coronaviruses, our method can be used to further study the

thermal sensitivity of viruses, as well as providing critical data that

can be used to develop efficient CoV heat inactivation methods that

can be broadly applied to real‐world settings.
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