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ARTICLE INFO ABSTRACT

Index Terms: Several studies on vaccines and medicines against virus-based illnesses (COVID-19, SARS, MERS) are being
Virus transmission conducted worldwide. However, virus mutation is an issue. Therefore, inactivation and disinfection of viruses are
COVID-19 crucial. This paper presents a method for virus inactivation by physical techniques. The infrared (IR) technique is
iﬁﬁ_ﬁ’v_z preferred over other disinfection techniques such as ultraviolet (UV) and chemical disinfectants (alcohol) due to
Inactivation the associated health and environmental benefits.

In this study, IR sources with various wavelengths were characterized and a far infrared (FIR) source was used
to inactivate viruses. FIR sources have a therapeutic effect on the human body and have been used in medical
centers. Virus spread is highly affected by environmental conditions such as temperature, humidity, and airflow.
A setup with IR sources, an IR camera, an automatically controlled humidity chamber, and an airflow unit was
constructed to study the viability of viruses in stationary droplets as a function of relative humidity and tem-
perature. Bacteriophage Phi6 was used as a model organism for studying enveloped viruses such as influenza and
coronavirus. IR techniques were used for studying virus inactivation. The effect of various physical conditions
such as temperature, humidity, and airflows was considered to study the effect of radiation on the stationary
droplets of Phi6. All measurements were performed under laboratory conditions with controlled temperature and
humidity. The IR camera system was used to measure the surface temperature of Phi6 suspension droplets. The
samples subjected to IR radiation were processed for plaque assay preparation and counting. Measurements were
carried out to reduce and eliminate droplets, which are one of the transmission pathways of viruses. IR was
radiated in closed and open-air conditions with appropriate humidity and temperature.

This study reports the effective inactivation of viruses by FIR. The inactivation rate under 50 %rh for IR
radiated at 1.4 m height for 3 h in closed environmental chamber was 90%, and that under an airflow rate of
0.20 m/s for 10 min in open-air conditions at a height of 1.0 m was 45.7%.

Infectious disease
Phi6 bacteriophage

1. Introduction

COVID-19 is the disease caused by the new type of coronavirus,
SARS-CoV-2. It was first reported in December 2019. It caused an
epidemic worldwide and was declared a pandemic by the World Health
Organization in March 2020 [1]. According to the WHO, by first quarter
of 2022, 5.5 million deaths due to COVID-19 were reported [2-5]. Past
outbreaks of SARS and MERS, as well as the recent SARS-CoV-2, show
that new epidemics may occur in the future. However, it is essential to
ensure that the epidemic is eliminated with minimum adverse situations
in these cases. Many factors affect the course of such outbreaks, with
climate factors being prominent in the spread of the coronavirus [6-12].

* Corresponding author.
E-mail address: baki.karaboce@tubitak.gov.tr (B. Karaboce).

https://doi.org/10.1016/j.ijthermalsci.2022.107595

Several studies have investigated the effect of humidity and temperature
on the increase and decrease in the transmission rates of infectious
diseases with respect to climatic factors. The basic idea here is that
humidity and temperature are periodically and seasonally variable, and
respiratory viral infections increase or decrease in parallel with this
change [13-17]. Previous reports have found that the influenza viruses
are more persistent in cold and dry or very humid conditions, as their
inactivation rate is low [18,19].

The SARS-CoV-2 virus is not viable outside of a living organism
(host). It requires suitable environmental conditions for spreading. Most
viruses survive best at both extremely high (84 %rh and above) and low
(30 %rh and below) relative humidity (rh) environments but are highly
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degraded, i.e., inactivated, at medium humidity (40 %rh to 60 %rh) [6,
20]. The virus infectivity decreases exponentially as the temperature
increases between 14 °C and 34 °C. This suggests the existence of a
relationship between virus inactivation and temperature [21].

Infectious diseases can be transmitted from one individual to another
by inhalation (aerosol), as a result of sneezing or coughing (droplets),
and by contact with the surfaces on which droplets (fomite) exist. These
droplets and aerosols contain human respiratory fluid and microor-
ganisms. The respiratory fluid provides the conditions for the virus to
remain active. Respiratory fluid from surface droplets or suspended
aerosols may evaporate to a certain extent when released in ambient
conditions. Water loss in the respiratory fluid and contents such as
proteins and sodium chloride cause a change in the ambient conditions.
The pH of the environment also changes. It is envisaged that an increase
in the concentration of the medium can cause the inactivation of mi-
croorganisms. It is also reported that a high temperature causes high
inactivation rates [22,23]. Heat treatment applied to viruses increases
their inactivation by disrupting their surface proteins; in other words,
the viruses become less contagious [24]. One study clearly showed that
host cell fluids containing virions contain electrolytes, amino acids, and
NaCl. The higher concentration resulting from evaporation leads to
faster virus inactivation. Ambient humidity also affects the inactivation
rate [25]. Thus, it is well known that humidity and temperature sub-
stantially affect the stability of viruses [23,26,27].

Many studies have reported that the decay of viruses outside of the
host depends on environmental conditions (humidity, temperature,
airflow and evaporation kinetics, etc.). A study aimed to evaluate the
relationship between weather factors (temperature, humidity, solar ra-
diation, wind speed, and rainfall) and SARS-CoV-2 infection in the State
of Rio de Janeiro, Brazil. Solar radiation showed a strong negative
correlation with the incidence of SARS-CoV-2, whereas temperature
(maximum and average) and wind speed showed a negative correlation
[15]. Our previous study experimentally proved that infrared (IR) ra-
diation could accelerate the drying of droplets by a few orders of
magnitude compared to conditions with no IR radiation [28]. Under
favorable conditions, the transmission of viruses leads to an increase in
the replication rate of viruses on the hosts, resulting in a higher risk of
mutations. Therefore, physical methods that can be used safely in indoor
areas are urgently required.

The IR technique, which is not harmful to human health and has no
side effects, was used in this study for virus inactivation. Although UV
and chemical disinfectants such as alcohol are more frequently used for
inactivation, we examined the use of the IR technique because it is a
healthy method that is used for therapy.

IR heating involves the transfer of thermal energy in electromagnetic
waves. The IR source emits radiation with a peak wavelength towards an
object. Although every material emits IR radiations above the absolute
temperature, the radiations have different efficiencies, wavelengths, and
reflectivities. In IR heating applications, the wavelengths range from 0.7
pm to 1.0 mm, and the radiations are called short wave (near IR), me-
dium wave (medium IR), or long (far IR) wave radiations. FIR sources
are efficient heaters that heat the surface on which they radiate, without
affecting the ambient temperature. Wavelength of our FIR source is
approximately 7.9 pm and surface temperature is around 120 °C. In this
study, we conducted experiments to investigate how IR radiation affects
virus inactivation. The findings will contribute to the development of
new physical disinfection systems.

This paper presents an alternative approach to control the trans-
mission of SARS-CoV-2. Although a surrogate for SARS-CoV-2 was used,
the results reveal that the decay rate of enveloped viruses such as SARS-
CoV-2 outside of the host can be increased using IR radiation. Because
SARS-CoV-2 transmission and disease severity appear to depend on the
viral load, the accelerated decay of viruses can substantially impact the
control of the SARS-CoV-2 pandemic and subsequent pandemics due to
respiratory viruses such as influenza in the future.
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2. Materials and methods

The enveloped Phi6é model bacteriophage was used to simulate SARS-
CoV-2 viruses. Phi6 is a dsSRNA phage of the Cystoviridae family. It has
been suggested as a suitable surrogate for studying enveloped RNA vi-
ruses, including SARS coronaviruses. Similar to the SARS-CoV-2 virus, a
lipid membrane encompasses it; furthermore, it has spike proteins and
has similar size [29]. Bacteriophage Phi6 (DSM 21518), a model for
enveloped RNA viruses such as SARS-CoV-2, was propagated according
to the supplier’s instructions. Briefly, Pseudomonas SP (DSM 21482), the
suggested host of Phi6, was inoculated in Tryptic Soy Broth (TSB) me-
dium (Merck Millipore) and incubated overnight at 25 °C 100 pL Pseu-
domonas SP overnight culture and 3 mL TSB soft agar were mixed and
overlaid on TSB agar plates. Lyophilized Phi6 stock on filter paper was
placed on agar plates immediately. The leaves were then incubated at
25 °C for 18 h. The top layer of soft agar was scraped into SM Buffer. The
mixture of soft agar and TSB medium was shaken at room temperature
for 4-5 h. The mixture was then centrifuged at 5000 g for 15 min to
pellet down cells. The remaining bacterial cell debris in the supernatant
was filtered through a 0.45 pm membrane. The filtrate was collected as
Phi6 stock and stored at 4 °C. The concentration of the Phi6 stock was
108-10° plaque-forming units (PFU)/mL, which is determined by plaque
assay [30-33]. Experiments were carried out in open-air laboratory
conditions, as shown in Fig. 1. The humidity-controlled chamber is
showcased in Fig. 2. A scaffold system was designed to install IR panels
at different positions for ambient conditions (laboratory conditions), as
seen in Fig. 1. In this way, it is possible to apply the IR radiation from the
desired distances (0.5 m, 1 m, and 1.4 m). During the experiments, the
surface temperatures of the plates radiated by IR sources were recorded
with an IR camera (Optris PI, accuracy is +2 °C). An air fan was used to
generate airflow. The plate with Phi6 droplets was placed on a pan of a
precise balance during IR application. A humidity-controlled cabinet
with dimensions 1 m x 1 m x 1 m was constructed, as seen in Fig. 2. An
air nebulizer is used for humidity generation in the cabin whose isola-
tion satisfies stable humidity. A control circuit was used to control and
stabilize the required humidity values. During the experiments, the
surface temperatures of the plates radiated by IR sources were recorded
with an IR camera. Testo 480 Digital Temperature, Humidity and
Airflow meter was used with accuracies of 0.1 °C, 0.1 %rh, and 0.01 m/s.

The effect of IR radiation on the viability of the Phi6 virus in sta-
tionary droplets was determined by spotting 50 x 2 pL droplets with a
total volume of 100 pL stock virus suspension in SM buffer on a 35 mm
tissue culture plate. The droplet preparation process for the experiment
and control plates required approximately 1.5 min. The measurements
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Fig. 1. Experimental setup for measurements in open environment. a) Scaffold
system and b) schematic details of the measurement set up.
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Fig. 2. Experimental set up for the measurements inside the humidity cabin.

were observed with a microbalance before the experiment, and no sig-
nificant difference was observed between the experimental and control
plates. The culture plate was placed on a pan of a precise balance
installed on a vibration-free marble block. The balance pan with covers
surrounding the half side establishes a controlled and stable environ-
ment during IR application. This situation allowed us to compare our
previous droplet mass reduction experiments with IR radiation experi-
ments. Placement of the culture plate on the pan of precise balance has
created an opportunity to observe the drying and vanishing of the
droplets. Humidity, distance, and time dependence of degradation of
Phi6 bacteriophage by IR radiation were examined. Even though we did
not work with SARS-Cov2 but Phi6 bacteriophage, we know the drying
mechanism and times of water droplets, which are carriers (environ-
ments of viruses) for viruses [28]. FIR sources have been mostly used
because of their positive effects on human health. The Near IR and
Medium IR were also studied. Kuas ISP Basic450 (600 mm x 600 mm
panel) was used as the FIR source, Kuas ISP Basic450 (600 mm x 600
mm panel) was used as the MIR source, and the Kuas I-PIPE (113.5 cm X
20 c¢m) was used as the NIR source. Kuas ISP Basic450 FIR source was
placed on the top of the Culture plate, where droplets were spotted at
0.5 m, 1 m, and 1.4 m heights. While one culture plate with Phi6
bacteriophage was radiated by FIR source, other equivalent culture
plates with Phi6 bacteriophage were prepared and used as a control
solution in the same environment with no IR radiation. As soon as the
FIR application had been completed, both samples were quantified and
compared by triplicate plaque assay.

Dried virus droplets were collected by adding 1 mL SM Buffer and
shaking by gyro rocker for 15 min. 9-Fold serial dilutions of the collected
samples were prepared by using SM Buffer. 100 pL of Phi6 virus serial
dilution and 100 pL of Pseudomonas SP overnight culture were added to
3 mL soft agar. The mixture is vortexed, poured over hard agar plates,
and allowed to solidify. This process is performed for each diluted virus
solution obtained by serial dilution, and each is repeated three times.
Plates were incubated at 25 °C for 18 h [34]. The number of plaques on
plates in which the plaques are between 30 and 300 was counted, and
the viral titer of the samples was calculated by the following formula (1)
[33]. An appropriate host cell was selected, proper media and growth
conditions for cellular and viral viability were prepared, and a viral
incubation period for countable plaque formation was accurately
determined to improve the accuracy of the plaque assay method
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2=
24

Fig. 3. Images of the formed plaques which represents the lysis of Phi6 infected
bacterial cells observed on plates of all dilution levels. In a), b) and c), plaques
are too much that can not be counted, in d) and e) plaques are countable, in f)
no significant plaques.

number of plaques

Viral Titer (PFU / mL) =
iral Titer ( /mL) (dilution factor x volume of virus diluton added)

(€8]

[35-37]. To minimize the error in measurements, plaque counting was
performed by three different individuals, and the experiments were
repeated three times in general. A + 10% variation in the plaque assay
counting technique was achieved [38].

Plaque assay preparation with IR application has been detailed in the
supplemental information at the end of the paper.

Images of the formed plaques which represents the lysis of Phi6
infected bacterial cells observed on plates of all dilution levels are given
in Fig. 3 in which plaques are uncountable in a), b) and c), countable in
d) and e) but no significant plaques in f). In this experiment, the number
of plaques was counted as 262 + 3 for a dilution of 108 (Figs. 3d) and
29 + 1 for 10~° (Fig. 3e). The plate with 262 + 3 plaques for 1078
dilution was considered for viral titer calculations.

Percent inactivation was calculated after the viral titer in control and
IR exposed samples were determined as follows in (2):

(2)

. L. Viral Titer — Viral Titer,
% inactivation = ( Control Eposed ) 1 100

Viral Titerconror

The time, distance, and airflow dependence of Phi6 bacteriophage
degradation under IR radiation were analyzed in open-air conditions.
The humidity, time, and distance dependence were examined.

The uncertainty in the plaque assay experiments was analyzed as
tabulated in Table 1. The errors in micropipettes have been presented in
a laboratory report by Artel [39]. Other sources of errors were calculated
either during observations and experiments or estimated based on pre-
vious experiences. The expanded uncertainty of measurement is the
product of the standard uncertainty of the measurement multiplied by
the coverage factor k = 2, which yields a confidence level of approxi-
mately 95% for a normal distribution. The standard measurement un-
certainty was determined as per GUM and EA-4/02 [40,41]. The
expanded uncertainty was calculated as 9.30%. A 10% error was
considered for all the measurements.

Airflow value (0.20 m/s) was selected to simulate a flow of a stan-
dard fan of air conditioner unit or free airflow in a room at open win-
dows conditions. Humidity levels were chosen to cover the most
probable environmental humidity conditions. Humidity levels of 20 %
rh—40 %rh represent dry climates or hot indoor areas in winter, 50 %
rh-70 %rh represent closed areas in warm seasons, and above 80 %rh
represent the conditions in rainy seasons in tropical regions.
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Table 1
Uncertainty analysis in plaque assay experiments.
Error sources Value Divisor  Standard
% uncertainty %
Error in micro pipet (100 pL) 2.24 2.00 1.12
Error in stock virus amount 1.00 1.73 0.58
Error in micro pipet (1 mL) 2.24 2.00 1.12
Volume of virus dilution added 1.00 1.73 0.58
Error in stock virus counting 3.00 1.73 1.73
Time variation before plaque 1.00 1.73 0.58
counting
Time and temperature variation in 3.00 1.73 1.73
incubation
Distance between IR source and 0.50 1.73 0.29
culture plate
Repeatability 6.00 1.73 3.47
Combined Uncertainty 4.65
Expanded Uncertainty (k = 2) 9.30

3. Measurement results

This study used Phi6 bacteriophage, a pathogenic enveloped virus,
and Pseudomonas Sp, a propagated host. The experiments were carried
out by exposing them to IR radiation at different relative humidity
values at different times and distances. The accuracy of maintaining the
constant humidity level was kept at approximately 3%. FIR radiation
was applied onto droplets of 100 pL infected solution from a distance of
0.5 m for 3 h in a humidity-controlled cabinet. The inactivation rate with
respect to various humidity levels is shown in Fig. 4. The increase in
moisture content also led to an increase in the inactivation. The lowest
percentage of inactivation occurred at 20 %rh and the highest at 80 %rh
conditions.

At low humidity levels, droplets dry faster, whereas at higher relative
humidity values such as 80 %rh, evaporation becomes slower, and the
drying time extends compared to low humidity in the cabin. This
parameter will potentially affect the viability of the viruses in the
droplets. This can be observed in Fig. 5 in which FIR source was applied
at 80 %rh level at a distance of 1 m at different times depending on the
time.

Fig. 5 represents the different durations in the cabin at which the FIR
radiation was applied at a distance of 1 m at 70 %rh humidity. The in-
crease in FIR application time resulted in higher inactivation, both at 80
%rh and 70 %rh levels.

Inactivation graph of 100 pL virus-containing solution applied for 3 h
at a distance of 0.5 m with a FIR source. Error bars indicate the +10%
uncertainty in measurements.

The effect of temperature on virus inactivation has been discussed in

120 %

100 %

80 %

60 %

40 %

0%
25 30 40 50 60 70 80

Relative Humidity, rth%

Inactivation rate of Phi6 Viruses, %

Fig. 4. Inactivation graph of 100 pL virus containing solution applied for 3 h at
a distance of 0.5 m with a FIR source. Error bars indicate the +10% uncertainty
in measurements.
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Fig. 5. Graph of the inactivation at different times of FIR application 1 m
distance at 80 %rh level (blue columuns) and at 70 rh % level (yellow colums).
Measurements were performed inside the cabin. Error bars indicate the £10%
uncertainty in measurements.

many studies. For example, in a study they performed between 14 °C and
34 °C, they showed that the virus infectivity decreased exponentially
depending on the temperature increase. IR radiation heat surfaces more
when applied at close ranges. Depending on this approach, the graphic
of the result of the experiment where we used FIR from different dis-
tances is shown in Fig. 6. Virus inactivation varies linearly with distance.
As the distance decreases, the droplets dry faster, leading to an increase
in inactivation. The percentage of inactivation is significantly higher in
the experiment performed from 0.5 m distance than the 1 m distance. In
addition, the plate’s surface temperature graph contains 100 pL of virus-
containing liquid for different humidity levels. The IR radiation is
applied for 3 h from a distance of 0.5 m. At all humidity values, the final
surface temperatures are between ~40 °C and ~44 °C, as shown in
Fig. 7.

To ensure that the initial conditions of all experiments were the same
and the IR effect could be seen clearly, the IR heater was activated 3 h
before the start of the experiment. Thus, the ambient temperature was
stabilized. Therefore, the initial temperatures of the environment for the
experiments were the same. After the necessary humidity adjustment
was made, the plates containing the droplets were placed in front of the
IR heater. These humidity differences also affected the temperature on
the surfaces of the plates in the first place. However, as seen in the
figure, the final temperatures are approximately the same for all plates.

Experimental results carried out under open-air laboratory condi-
tions are shown in Fig. 8. Virus inactivation higher than 50% has been
observed even less than 1 h at 1 m height in open-air laboratory ambient
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Fig. 6. Virus inactivation in different distances and humidity levels.
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Fig. 8. Virus inactivation according to different application times of the IR
application in ambient conditions.
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Fig. 9. Virus inactivation with 0.10 m/s (blue columns) and 0.20 m/s (orange
columns) air flow in 10 min, 20 min and 30 min of FIR applications. Error bars
indicate the +£10% uncertainty in measurements.
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conditions. Since the difference in laboratory humidity during the
measurement may have prevented the linear measurement with respect
to time, the difference between 45 min and 1 h is negligible.

Virus inactivation is even possible in 10 min with 0.20 m/s airflow in
open-air conditions. Virus inactivation with 0.10 m/s and 0.20 m/s
airflow in 10 min, 20 min, and 30 min of FIR applications can be seen in
Fig. 9. Error bars indicate the £10% uncertainty in measurements.

4. Discussions

Measurements show that IR radiations that induce a temperature rise
of above 42 + 2 °C on the surface affect virus viability on fomites. The
heat produced by IR radiation increases the evaporation rate of virus
suspension and changes the microscale environment of viruses. We can
hypothesize that the higher temperature on the surface leads to a rapid
vaporization of the virus suspension droplets; thus, the microscale
environment cannot insulate and keep the virus from external changes.
At ambient conditions, the microscale environment of the virus would
insulate the virus and save the viral structure from surviving and
remaining infectious for long periods. A study [42] showed that the
droplet evaporation rate changes the solute concentration over time; as
water evaporates from the droplets, solutes such as sodium chloride in
the media become more concentrated. Inactivation of viruses is gov-
erned by the cumulative dose of solutes or the product of concentration
and time, as in disinfection kinetics. In addition, another study shows
that the lowest virus reduction occurs during evaporation in the pres-
ence of the liquid in which the virus is contained. They stated that when
the external environment where the virus is completely dried, there will
be more concentration increase, and this will cause faster inactivation
[25]. However, it will be challenging to establish a connection between
the existing humidity and the surface temperature.

Results of studies on preventing virus transmissibility using IR
technique were summarized. After the mass reduction measurements
under the IR effect, the isotonic fluid that a 3 times faster reduction was
achieved, as can be seen partially in our previous study. The impact of
mass reduction at various application heights of IR sources is shown in
Fig. 10 [28]. The temperature and relative humidity during the mea-
surements are shown in Fig. 11 and Fig. 12, respectively. It must be
noted that even though the droplets disappear at temperatures of
approximately 35.5 °C, inactivation is possible at temperatures above
42 °C.
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Fig. 10. Time-dependent decrease of 100 mg isotonic droplet under the effect
of IR sources and ambient conditions on wooden surfaces. Ambient conditions
mean no IR radiation.
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The discussions below are the results of virus inactivation measure-
ments performed inside a humidity chamber.

In recent studies, the inactivation of many viruses, including various
influenza viruses, was lower at 50 %rh-60 %rh humidity. This is
consistent with our result. However, studies for investigation of hu-
midity effect on inactivation of viruses are in progress [33,43-45].

IR radiation application was realized on enveloped Phi6 virus model.
Most of the Phi6 enveloped viruses were inactivated by IR. IR applica-
tion was made from 0.5 m for 3 h at different humidity levels. Over 90%
inactivation was observed at humidity levels above 50 %rh for 100 pL of
the virus suspension. Time-dependent measurements of IR application
were performed, and a linear relationship between time and inactivation
of viruses was observed for 70 %rh and 80 %rh levels at a height of 1 m.
The efficiency of IR radiation in virus inactivation for 70 %rh and 80 %
rh levels are higher at 0.5 m than at 1 m. IR radiation has been applied to
inactivate the viruses at 80 %rh level according to different application
times. Virus solutions were exposed to IR radiation from various dis-
tances for 3 h for 80 %rh level. The inactivation rate is significantly
higher at 0.5 m compared to 1 m distances. As stated in the studies in the
literature, viruses survive best at very low (33 %rh and below) and very
high (100 %rh) relative humidity levels and their viability decreases at
intermediate level humidity. As a result of low viability, they cannot
infect humans, and the risk of transmission is reduced.

Virus inactivation experiments by IR radiation were also realized in
open-air conditions besides humidity chamber experiments. Virus
inactivation of more than 50% was observed in less than 1 h in room
conditions, according to different application times in open-air labora-
tory conditions. The experimental results showed that virus inactivation
in minutes is possible according to data showing that inactivation of
viruses is 56.7%, 54.2%, and 48.7% in 30 min, 20 min, and 10 min,
respectively.
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Even though vaccine and medicine studies are in progress and few
SARS-CoV-2 vaccines are in use, the virus can be mutated, and vaccines
and medicines may not be effective for viral transmissions. Viruses (and
bacteria) have been omnipresent for millions of years. Therefore, pre-
venting viral (and bacterial) transmission is a topic of interest.

Our study shows that IR radiation reduces virus viability. The heat
produced by FIR (also MIR and NIR) increases the evaporation rate of
the virus suspension and reduces the viral survival rate. The higher the
temperature on the surface, the higher the vaporization rate of the virus
suspension.

We studied the IR effect on Phi6 enveloped viruses with bacterio-
phage (Phi6-EwB). We applied IR radiation of various wavelengths on
Phi6 enveloped viruses with bacteriophage. As soon as the IR application
ended, Phi6-EwB were started to vitalize within minutes. This is not
common in real life. Therefore, the degradation of viruses by IR appli-
cation is more effective than the results declared here. It must be noted
that viruses can live only with a convenient medium. Environmental
conditions such as above room temperature (23 °C), airflow, and open-
air conditions will generally degrade the viruses. Since ASHRAE/ASHE
Standard 170-2017 in Hospitals states ventilation of between 0.10 m/s
and 0.20 m/s for safety and comfortability, we studied the effect of
airflow on virus inactivation rate was studied at 0.10 m/s and 0.20 m/s.
Time dependence of virus inactivation at various flows showed a linear
behavior. Virus inactivation increased with increasing duration of
airflow [46].

The membrane and nucleocapsid proteins of viruses such as SARS-
CoV-2 are damaged by a temperature increase [47]. To inactivate vi-
ruses by thermal methods, temperatures of 60 °C for 30 min, 65 °C for
15 min, or 80 °C for 1 min are considered sufficient. However, this study
was carried out in water; therefore, a comparison with the studies
conducted in a dry environment is difficult.

For virus inactivation performed by Kampf et al. IR radiation at 60 °C
for 30 min can be compared with the partial inactivation when the
surface temperature reaches 42 °C in 45 min and 60 min applications
seen in Fig. 8, which we obtained from our studies.

For the SARS-CoV-2 in cell culture, 99.99% inactivation was ach-
ieved after heating at 56 °C for 15 min, showing that it was compatible
with the theoretical model (3) [48].

14(T)=1.3257¢"1) x 48h 3)

In equation (3), t4 denotes inactivation parameter 4 (4 loglO re-
ductions) and T is the temperature in °C. According to the theoretical
model, at a body temperature of 37 °C, 99.99% inactivation occurs in 48
h. In comparison, at 39 °C, 99% inactivation is expected in 14 h and
99.99% inactivation in 28 h. It can be said that the inactivation in the
range of 50%-90% obtained at 42 °C for 30 min to 4 h for the MS2
bacteriophage is compatible with the theoretical model (3) developed by
Seifer et al. However, it is difficult to make a complete comparison.

5. Conclusion

In this study, a human-friendly FIR source, also known as a thera-
peutic IR source, was used. Measurements with medium IR and near IR
wavelengths were used for comparison. Optimized conditions of FIR
usage in closed and partially closed places were determined. The use of
FIR led to a decrease in the virus viability and viral transmission by
fomites. Virus inactivation is possible within minutes with FIR appli-
cation in optimized humidity and airflow conditions.

A customized design of FIR (or MIR and NIR) can be used to curb
viral transmission by fomites (surfaces of tables, walls, railings, and
tools). A general design of FIR can disinfect most viruses (and bacteria).
A detailed investigation of the possibly contaminated areas and a custom
application of FIR with the help of MIR or NIR) can help determine the
most effective solution for preventing viral transmission. Since plaque
assay experiments are time-consuming, the number of data points
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obtained is limited. Hence, future studies will be conducted for detailed
airflow measurements.

Various types of prototype FIR devices that simulate the optimum
humidity and airflow conditions are in progress in our laboratory. The
degradation of viruses is significant for reducing the spread of infections.
Moreover, other factors (such as temperature and airflow) can be com-
bined with humidity for the inactivation of viruses. Studies on trans-
missible gastroenteritis virus (TGEV) and mouse hepatitis virus (MHV)
have shown that viral inactivation on surfaces can be realized by
different mechanisms [49]. When protein shells (viral capsids) of viruses
condense on the boundary surfaces of a solution, the virus surface be-
comes damaged more easily [50-52]. Drying and interaction at the
boundary surfaces can differentiate virus inactivation in different hu-
midity environments. A study showed that at high humidity levels (at
around 80 %rh), water molecules evaporate more slowly, hydropho-
bicity decreases, and inactivation increases at the boundary surfaces
[53]. However, further research on this topic is required.

It should be noted that the technique is healthy and may present an
additional therapeutic effect. Conventional plaque assay measurements
are suitable for determining virus inactivation but are complex and
prone to error. Their use in virological experiments is disadvantageous
because they require a long time to prepare and process. Therefore,
limited data were obtained.

Lastly, this study reported findings from a bacteriophage model,
which may not fully represent human viruses. Human viruses, such as
influenza virus and coronavirus, should be used in future studies to
elucidate the effects of IR exposure on virus survival and transmission.
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