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Chapter

Physical Inactivation of
SARS-CoV-2 and Other
Coronaviruses: A Review

Raymond W. Nims and Mark Plavsic

Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus
responsible for the ongoing pandemic of Coronavirus Disease 2019 (COVID-19).
Other members of the enveloped RNA virus family Coronaviridae have been
responsible for a variety of human diseases and economically important animal
diseases. Disinfection of air, environmental surfaces, and solutions is part of infec-
tion prevention and control (IPAC) for such viruses and their associated diseases.
This article reviews the literature on physical inactivation (disinfection) approaches
for SARS-CoV-2 and other coronaviruses. Data for thermal (heat) inactivation,
gamma irradiation, and ultraviolet light in the C range (UVC) irradiation have been
reviewed. As expected, the susceptibilities of different members of the
Coronaviridae to these physical inactivation approaches are similar. This implies
that knowledge gained for SARS-CoV-2 should be applicable also to its emerging
mutational variants and to other future emerging coronaviruses. The information is
applicable to a variety of disinfection applications, including IPAC, inactivation of
live virus for vaccine or laboratory analytical use, and waste stream disinfection.

Keywords: coronaviruses, D value, gamma irradiation, SARS-CoV-2, thermal
(heat) inactivation, UVC inactivation

1. Introduction

The ongoing pandemic of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and its associated disease, Coronavirus Disease 2019 (COVID-19),
have resulted in the generation of a tremendous amount of literature on various
aspects of the disease and the virus. Of importance to this chapter is the literature
on physical disinfection strategies for the virus, and infection prevention and con-
trol (IPAC) strategies for reducing potential transmission of the virus. In addition,
physical inactivation approaches are used for rendering patient samples safe for
handling in laboratories conducting diagnostic assays. Certain physical inactivation
approaches also are used as barrier technologies for rendering human and animal
raw materials safe for use in biologics manufacture. The literature specific to SARS-
CoV-2 that has been published in the past 18 months is supplemented by previous
literature on other relevant human and animal coronaviruses. These include human
coronavirus 229E (HCoV-229E), severe acute respiratory syndrome coronavirus
(SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), porcine
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epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus (TGEV), por-
cine hemagglutinating encephalomyelitis virus (PHEV), and canine, feline, and
bovine coronaviruses (this list is not all-inclusive). For the present review chapter,
the authors searched the literature for gamma irradiation, electron beam, high
pressure, UVC, and heat (thermal) inactivation of coronaviruses in general, and in
particular, the specific coronaviruses listed above. No limits were placed on date of
publication, although, for obvious reasons, the data on SARS-CoV-2 were obtained
from papers published since 2019.

Strategies for IPAC of SARS-CoV-2 include an impressive arsenal of pharma-
ceutical (vaccines, palliative therapies) and non-pharmaceutical interventions (face
mask usage, social distancing, testing, contact tracing and quarantine), as well as
chemical and physical approaches for liquid, surface, and air disinfection and for
personal hygiene. In this chapter, we have attempted to review the physical inacti-
vation efficacy data for SARS-CoV-2 and other coronaviruses. Our primary empha-
sis in this review is on IPAC, but other applications of physical inactivation
approaches, such as rendering laboratory samples safe for handling within a bio-
safety I or II facility, and barrier treatments for inactivating potential contaminants
in biologics animal-derived materials, are discussed.

2. Overview of physical viral inactivation approaches

The most commonly employed physical approaches for inactivating viruses are
thermal (heat) inactivation (applied either to viruses in solutions or dried on sur-
faces); irradiation (applied to viruses in solutions, in solids, or dried on surfaces);
and high pressure (most often employed for disinfection of food items). The irra-
diation approaches include gamma irradiation, X-irradiation, electron beam irradi-
ation, and 254 nm ultraviolet light (UVC) irradiation. Irradiation with ultraviolet
light in the A range and with visible light typically requires the addition of a
photoactive chemical and, therefore, these are not truly physical approaches, but
rather mixed physical/chemical approaches. The latter will not be dealt with in this
chapter. Electron beam irradiation and high-pressure treatment are most commonly
used for food preservation and the efficacy data to be found in the literature
necessarily involve viruses of food concern (e.g., caliciviruses, astroviruses, reovi-
ruses, picornaviruses, and adenoviruses) [1, 2]. Coronaviruses are not considered
viruses of food concern [3] and, therefore, there are little or no data for inactivation
of coronaviruses by electron beam irradiation and high-pressure treatment. As a
result, there will be little discussion of these approaches in this chapter.

Physical inactivation approaches display efficacy for a broad range of viruses,
including both lipid-enveloped and non-enveloped viruses. The factors determining
virucidal efficacy for one virus type over another differ among the physical
approaches. For instance, particle size appears to be the major determinant for
inactivation efficacy of gamma, X-ray, and electron beam irradiation [4], while
genomic structure (single vs. double strand, circularity, and relative content of
pyrimidine dinucleotides) appears to be more important for determining UVC
inactivation efficacy [5]. Thermal inactivation appears to be effective for both lipid-
enveloped and non-enveloped viruses, and particle size does not appear to correlate
with efficacy [6]. Having said this, the most highly resistant of viruses to heat
inactivation are the non-enveloped parvoviruses, circoviruses, and polyomaviruses
[6]. The orthogonality of mechanism of inactivation displayed by these physical
approaches is convenient. If one approach is not practical for a given virus family,
another approach may be applied. A good example is the parvovirus family of small
non-enveloped viruses. These typically are highly resistant to thermal inactivation
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and to gamma, X-ray, and electron beam irradiation but are quite susceptible to
UVC irradiation [7].

Physical inactivation approaches also differ with respect to the types of sample
matrices that may be treated. Thermal inactivation has the broadest range of matrix
types, including liquids and surfaces. Of course, temperatures high enough to inac-
tivate viruses may have adverse impacts on the sample matrices being irradiated.
Gamma radiation has high penetrability, and can be used for liquids and solids,
though the matrix to be irradiated must be brought in close contact with a gamma
source, and such sources are available only at specialized irradiation facilities. In
order to minimize potential side effects of gamma irradiation (free radicals, heat)
and to maintain the integrity of the sample matrix (such as bovine serum), the
typical gamma irradiation process requires keeping the sample to be irradiated at
very cold temperature (typically, such samples are kept on dry ice during irradia-
tion) [8]. Electron beam radiation has low penetrability, so is typically used for thin
items such as food items [1]. Due to its low penetrability, ultraviolet light irradiation
is effective only if the radiation reaches all portions of the matrix being irradiated
[9]. It is a line-of-sight approach. It is used for inactivating viruses on non-porous
surfaces and liquids which have low UVC-absorbance characteristics [9].

An advantage of physical inactivation approaches is the first-order behavior
typically displayed for inactivation of viruses (see Box 1). This enables one to make
informed predictions of inactivation efficacy at temperatures, times, fluences that
have not specifically been tested empirically.

First-order viral inactivation by physical approaches. One commonality among the physical
inactivation approaches is that, as a generality, the log;o reduction in virus titer observed following
treatment is first-order (linear) with respect to time in the case of heat inactivation, or with applied dose
(fluence) in the case of irradiation. Of course, there are exceptions, which are sometimes attributed to
mixed virus populations with differential susceptibility to the inactivation approach. It is likely that the
biphasic or non-linear behavior attributed to such mixed populations is due to experimental artifact,
including the inclusion of data points which approach the limit of detection of the titration assays used, or
simply the fact that most of the available virus has already been inactivated. The typical first-order behavior
of the physical inactivation approaches enables the calculation of decimal reduction values (D) for a given
virus, corresponding to the thermal treatment time or irradiation fluence associated with a 1-log;o reduction
in virus titer. Knowing such a D value allows one to adjust the thermal contact time or the irradiation
fluence such that a desired log;o reduction value may be achieved for a given virus. For instance, in the
tables to follow in this chapter, thermal inactivation D values are plotted against temperature to allow
estimation of log reduction at any given time and temperature. Similarly, gamma irradiation and UVC
irradiation efficacy are expressed in terms of log; reduction per kGy (gamma irradiation) or logso
reduction per mJ/ cm? fluence (UVC). This enables one to estimate the effectiveness of the irradiation
approach for inactivating a given virus under conditions not tested empirically.
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Left panel: calculation of a D value for heat inactivation of a parvovirus at 60 °C (from [10]); right panel,
first-order behavior for two data sets (x and Q) and one data set displaying non-linear behavior (A) for
inactivation of a parvovirus by gamma irvadiation (from [4]).
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3. Inactivation of coronaviruses by gamma irradiation

Gamma irradiation is commonly used for sterilization of plasticware (especially
tissue culture flasks, bottles, pipette tips, and pipettes). For such applications, a
high fluence (hundreds of kGy) may be used to kill any prokaryotic microbes and
viruses [11]. When it comes to disinfecting surfaces, again, sufficiently high
fluences may be employed to kill any microbes and viruses. For disinfection of
frozen or liquid solutions, care must be taken to balance the need for adequate
sterilization with maintenance of the expected performance of the solutions being
irradiated [4]. Gamma radiation interacts with solutions in different manners,
depending on a number of factors, including the temperature of the solution
and the presence of radiation-scavenging compounds. At very low temperatures
(< —60°C, for instance, and in the presence of radiation scavengers, such as con-
centrated proteins), the radiation impacts on the solution itself are limited, and the
impacts on suspended microbes are more selectively targeted to vital macromole-
cules such as genomic material. These effects are termed “direct” radiation effects.
At temperatures above freezing and in the absence of scavenging compounds,
effects termed “indirect” are imparted to the solution. These are characterized as
radiolysis products attributed to the interaction of photons with water, forming
oxygen radicals that can damage not only suspended microbes but also any biolog-
ical materials in solutions. As a result of the above, inactivation of viruses in
solutions, such as animal serum or culture medium containing serum, is typically
accomplished by irradiating the sample matrices frozen on dry ice [4, 8].

As mentioned already, gamma radiation is highly penetrating, therefore is ideal
for pathogen reduction in deeply frozen containers of animal serum and other bio-
logical samples. The data pertaining to efficacy of gamma irradiation for inactivating
coronaviruses [12-16] are displayed in Table 1. These data were collected using
deeply frozen tissue culture medium containing small amounts of bovine serum
(i.e., the harvest medium containing the virus that comprised the viral stocks tested).
In each case, the sample temperature during irradiation was maintained through use
of dry ice, so that primarily the direct effects of the radiation on the viral macromol-
ecules were to be expected. As expected, based on the known mechanism of action of
gamma radiation on the viruses, and the relatively large particle size (60-136 nm) of
the coronaviruses, the inactivating efficacies of gamma irradiation on SARS-CoV,
MERS-CoV, and SARS-CoV-2 were similar in the reported studies [12-16]. The
consensus data indicate an efficacy of 0.5-0.9 log; inactivation per kGy of gamma
radiation. At the typical range of fluences administered to frozen animal serum
(25-45 kGy), as an example, one would therefore expect >12 log;, inactivation of
coronaviruses (i.e., 0.5 log;( inactivation per kGy x 25 kGy). It may be predicted that

Virus® Temperature  Inactivation D value Efficacy Efficacy at 25 Ref.
(°C) matrix (kGy) (log10/kGy) kGy (logio)
SARS-CoV-2 —80 (dryice) Culture medium 1.6 0.63 16 [12]
SARS-CoV-2 —80 (dryice) Culture medium 1.1 0.92 23 [13]
SARS-CoV —80 (dryice) Culture medium <1.7 <0.60 <15 [14]
SARS-CoV —80 (dryice) Culture medium >0.15 NDP ND [15]
MERS-CoV ~ —80 (dryice) Culture medium 2.0 0.50 12 [16]

“MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV-2, severe acute vespiratory syndrome
coronavirus 2; SARS-CoV, severe acute respirvatory syndrome coronavirus.
"ND, not determined. The highest fluence tested (0.15 kGy) failed to cause > one logqg inactivation.

Table 1.
Efficacy of gamma irradiation for inactivating coronaviruses.
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members of the coronavirus family, including future emerging species, should each
be highly susceptible to inactivation by gamma radiation.

Greater efficacy for inactivating coronaviruses may be expected when irradiating
solutions at higher temperatures (especially above freezing) and in the absence of
radiation scavengers. This is due to the additional contribution of the indirect effects
of gamma radiation. Of course, under these conditions, the matrix being irradiated
may be degraded to the point where it no longer is useful for the intended application.

As indicated in the above, gamma irradiation should be considered a very effec-
tive physical approach for inactivating coronaviruses, such as SARS-CoV-2. Reports
have suggested, for instance, the suitability of gamma irradiation for inactivation of
SARS-CoV-2, while preventing loss of antigenic content, for use in preparing vac-
cines [17]. In a practical sense, however, the requirement for a gamma radiation
source such as cobalt®® limit the general availability of this approach for routine use.
Items or solutions to be gamma irradiated must be shipped to an irradiation facility
to accomplish this.

4. Inactivation by UVC irradiation

As mentioned above, photons of light from various regions of the electromagnetic
spectrum (i.e., visible, UVA, UVB, and UVC) have been used for inactivation of
viruses. Available scientific literature indicates that light in the UVC range has the
greatest efficacy for inactivating viruses, through a purely physical mechanism of
action that does not depend on chemical radiation-sensitizing compounds. While
visible light (405 nm) in the absence of photosensitizing agents has been shown to
have efficacy for inactivating SARS-CoV-2, this activity is relatively weak, compared
to that of UVC. For instance, a fluence of 288 mJ/cm?” was required to cause a 2.58
logyo inactivation [18], equating to about 0.0090 log;o/ (mJ/cm?), an order of magni-
tude greater than the UVC fluence required (see below). The reason for the unique
efficacy of UVC light in the absence of sensitizing agents is thought to be the corre-
spondence of the UVC light wavelength, typically 254 nm light from mercury vapor
lamps, with the absorbance peaks of the target nucleic acids (~265 nm) [9, 19].

Only the efficacy of UVC light is discussed in the tables below. Unlike gamma
irradiation, which can penetrate solids, UVC irradiation is a line-of-sight approach,
which depends on exposure of target organisms to the radiation. The impacts to the
target organism depend on the absorbed dose. As with gamma irradiation, the dose of
UVC light applied can be expressed in a single fluence term that takes into account
both dose rate and time. A variety of units have been used in the literature, which can
lead to confusion when attempting to compare results between labs. We use the units
mJ/cm? in this chapter, since most of the virus inactivation results to be found in the
literature have been expressed in these units. Conversion of other fluence units, such
as J/m? to mJ/cm” is straightforward, while exposures expressed in units of mW/cm®
must be multiplied by the exposure time (in seconds) to convert to mJ/cm®.

The mechanism of inactivation of viruses by UVC radiation is thought to involve
interaction of the energetic photons with nucleic acids comprising the viral genome.
Pyrimidine nucleotides (uracil, thymine, cytosine) are especially susceptible to the
formation of covalent dimers following exposure to UVC. A more thorough discus-
sion of mechanisms and pyrimidine dimer formation, and relevance for predicting
efficacy for viruses of different genomic structure, is beyond the scope of this
chapter. Readers are referred to excellent source papers [5, 20, 21].

There is some literature on coronavirus inactivation in liquid matrices by UVC
radiation, and rather scanty information on irradiation of these viruses on solid
surfaces or in aerosols. A summary of the evaluation of UVC efficacy for
inactivating SARS-CoV-2 and other coronaviruses in liquid matrices is displayed in
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Table 2. No attempt to cherry-pick the efficacy data has been made in assembling
this table, although it will be readily apparent on review of this table that discrepant
results in terms of D value and log;, inactivation per mJ/cm” have been reported.
For an informed analysis of possible factors underlying these discrepant values,
relating primarily to optical density of the liquid matrices and dosimetry

difficulties, the reader is referred to Boegel et al. [19].

Neglecting the clearly discrepant values in this table, certain of which unfortu-
nately have caused some confusion on the sensitivity of coronaviruses to UVC
radiation [33], a consensus D value in the range of 0.5-2 mJ/ cm’ may be inferred.
This D range corresponds to a consensus efficacy of 0.5-2 log;o/m]J/cm” (Table 2).
To put these D values into perspective, the most UVC-resistant viruses (adenovi-
ruses and polyomaviruses), have UVC D values >50 m]/ cm? [6].

A summary of the evaluation of the inactivation of coronaviruses by UVC radia-
tion on solid surfaces and in aerosols is provided in Table 3. As mentioned above,
there are fewer reports for this topic within the literature. On a theoretical basis, UVC
radiation accessibility to viruses dried on surfaces or present in aerosols should be
optimal, therefore such considerations as impact of stirring or impact of matrix
absorption of the radiation should not confound the efficacy results to the extent that
these do in liquid matrix studies. Although the dataset in Table 3 is limited, the
agreement between observed D values between reports and between coronaviruses is
fairly close, perhaps in keeping with the lessened impact of confounding factors
mentioned above. The D values shown in Table 3 also are in good agreement with the
consensus D values (0.5-2 mJ/cm?) from the liquid matrix studies.

Virus® Wavelength Inactivation D value Efficacy Reference
(nm) matrix (m]J/cm?) (logm/m]/cmz)
SARS-CoV-2 254 Culture medium 1.7 0.59 [19]
SARS-CoV-2 254 Culture medium 6.7 0.15 [22]
SARS-CoV-2 254 Culture medium 1.8 0.56 [23]
SARS-CoV-2 254 Culture medium 0.5-7.5 0.13-2.0 [24]
SARS-CoV-2 282 Culture medium 12.5 0.080 [25]
SARS-CoV-2 254 Culture medium 98 0.010 [26]
SARS-CoV-2 265 Culture medium 0.6 1.7 [27]
SARS-CoV-2 254 Culture medium 0.016 Not calculated” [28]
SARS-CoV 254 Culture medium 22 0.044 [29]
SARS-CoV 254 Culture medium 300 0.20 [15]
SARS-CoV 260 Culture medium 300 0.20 [30]
HCoV 229E 254 Culture medium 1.8 0.56 [19]
HCoV 229E 254 Culture medium 1.7 0.59 [31]
HCoV 0OC43 254 Culture medium 1.7 0.59 [19]
HCoV 0OC43 267 PBS 2 0.5 [32]
MHV 254 Culture medium 1.2 0.82 [19]
MHV 254 Culture medium 1.1 0.91 [31]

"HCoV, human coronavirus; MHV, mouse hepatitis virus; PBS, phosphate buffered saline. SARS-CoV, severe acute

vespiratory syndrome covonavirus; SARS-CoV-2, severe acute vespiratory syndrome coronavirus 2.

" The reported inactivation kinetics were not first-order.

Table 2.

Efficacy of Ultraviolet C (UVC) irradiation for inactivating covonaviruses in liquid matrices.
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Virus® Wavelength  Surface/Aerosol D value Efficacy Reference
(nm) (mJ/cm?) (logw/m]/cmz)
SARS-CoV-2 254 Plastic 1.4 0.71 [23]
SARS-CoV-2 222 Plastic 1.2 0.83 [34]
SARS-CoV-2 260-285 Stainless steel 1.6 0.63 [35]
SARS-CoV-2 260-285 N95 mask fabric 21 0.05 [35]
HCoV 229E 222 Aerosol 0.56 1.8 [36]
HCoV 0OC43 222 Aerosol 0.39 2.6 [36]
MHV 254 Aerosol 0.66 1.5 [37]
IBV 254 Aerosol 13.8 0.07 [38]

“HCoV, human covonavirus; IBV, infectious bronchitis virus; MHV, mouse hepatitis virus; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2

Table 3.
Efficacy of Ultraviolet C (UVC) irradiation for inactivating coronaviruses on surfaces or in aerosols.

For general reviews of UVC inactivation of coronaviruses in various matrices,
the reader may also consult Boegel et al. [19], Hadi et al. [20], Chiappa et al. [39],
and Helfling et al. [40]. Pendyala et al. [21] used efficacy modeling based on
pyrimidine dinucleotide content to predict UVC efficacy for inactivating various
alpha-, beta-, and gamma-coronaviruses. The conclusion of the modeling was that
coronaviruses, as a family, are highly susceptible to UVC, and the D values obtained
in the modeling for the various coronaviruses ranged from 18.0 to 28.1 J/m?
(1.8-2.8 mJ/cm?), aligning well with the consensus D values from Tables 2 and 3.

The data presented suggest that UVC irradiation is a very effective physical
approach for inactivating coronaviruses, such as SARS-CoV-2. It is not surprising,
therefore, that UVC has been proposed for a variety of applications, including
indoor air sanitization [36, 41-44], inactivation of coronaviruses in water [33] or
other solutions, inactivation of biological samples for downstream use in assays
[22], and surface hygiene [34, 45], including sanitization of personal protective
equipment [35, 46, 47].

5. Thermal (heat) inactivation

As is the case for gamma irradiation, heat can be highly penetrating, depending
upon the inactivation matrix. For instance, heat transfer within liquids is typically
efficient, so heat inactivation is a commonly employed method for inactivating
adventitious agents (including viruses) in solutions. Heat inactivation is also com-
monly utilized for decontaminating non-porous surfaces. For some time, there has
existed a dogma that heat inactivation of viruses is more effective when applied to
solutions (liquid or wet inactivation) than to surfaces (carrier or dry inactivation).
Exceptions to this have been noted recently [48, 49], and it is more correct to state
that relative efficacy for wet vs. dry heating may depend upon the specific virus
being inactivated.

The mechanisms underlying inactivation of viruses by heat are thought to be the
same for both enveloped and non-enveloped viruses. The treatment is thought to
result in leaky protein capsids, which allow penetration of the capsid by nucleases
and loss of capsid contents to the environment. In either case, nucleases would be
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expected to rapidly degrade the genomic material and render the viruses non-
infectious [50]. If this mechanism is correct, heat inactivation efficacy should be
similar for enveloped and non-enveloped viruses. Indeed, examination of wet heat
inactivation data across virus families confirms this conclusion [6]. While certain
viruses (e.g., animal parvoviruses and polyomaviruses) exhibit unusually high heat
resistance, in general non-enveloped viruses do not appear to be significantly more
resistant to heat than enveloped viruses [6].

The literature on heat inactivation of coronaviruses, including SARS-CoV-2, is
extensive. The reports generally contain information on efficacy of one or more
temperatures evaluated for one or more time periods. These studies [15, 29,

30, 51-65] generally do not report D values, only log;o reduction in titer obtained
from heating at a given temperature for set time periods (e.g., 56°C for 30 min).
Examples of this sort of heat inactivation data are given in Table 4. Note that in
Table 4, data for temperatures greater than 45°C are displayed. Results at lower
temperatures are associated with a great deal of variability. For readers interested in
coronavirus stability at the lower temperatures (ambient to ~45°C), the following
review papers may be consulted [65-70]. The data in Table 4 indicate that inacti-
vation of coronaviruses at temperatures between 48 and 54°C may be incomplete at
exposure times up to 60 min. Temperatures >56°C are generally quite effective at
exposure times of 10 min or greater, while temperatures >80°C are very effective
within 1 or 2 min of exposure. Similar efficacies of heat inactivation for various
members of the Coronaviridae are observed.

Relatively few reports of heat inactivation on carriers (dry heat) have been
published for coronaviruses (Table 5). These studies [35, 71-73] have been
concerned primarily with decontamination of personal protective equipment
(gowns, N95 respirators) for reuse, although Fischer et al. [35] and Biryukov et al.
[72] also evaluated inactivation of SARS-CoV-2 on stainless steel carriers. Estimates
of D values for heat inactivation on surfaces (Table 5) range from ~7 min at 60°C
(PEDV) to 11-35 min at 55-70°C (SARS-CoV-2).

The most useful heat inactivation results are expressed in terms of D values
measured at three or more temperatures. The latter datasets enable the plotting of D
vs. temperature curves, which, in turn, enable comparison of the efficacy of the
heat inactivation results obtained in different laboratories, as well as estimation of D
at non-measured temperatures. It should be noted that, while the kinetics of inacti-
vation of viruses by heat at a given temperature are expected to be first-order with
respect to time, the relationship between D and temperature is more complex [74].
In the past, the latter relationship has been plotted on semi-log scales (log;o D vs.
time), resulting in linear plots from which Z values (°C per log;o change in D) could
be calculated. These Z values could then be used to estimate D at non-measured
temperatures. More recently, it has been discovered that the plot of D vs. tempera-
ture can be fit accurately with the power function. Examples of such plots for
coronavirus heat inactivation are shown in Figures 1 and 2. The resulting line
equation coefficients (Table 6) then may be used, in a more intuitive and straight-
forward manner, to estimate D at non-measured temperatures [74].

Some authors [66, 75] have taken the interesting and informative approach of
combining the heat inactivation data from multiple individual reports to create
summary plots of D vs. temperature. An example for heat inactivation of
coronaviruses in liquids and on surfaces has been reported by Guillier et al. [66].
The portion of the dataset within the temperature range 40°C-70°C has been
reproduced as Figure 1 below. As can be appreciated from this figure, there is
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Virus?® Temperature (°C) Inactivation matrix Inactivation efficacy Reference

SARS-CoV-2 56 Culture medium 3.4 logyo in 15 min [51]
65 Culture medium >6 log;o in 15 min

SARS-CoV-2 56 Culture medium 4.3 logyo in 10 min [52]
70 Culture medium >5.2 logyo in 10 min
90 Culture medium >5.2 logyo in 10 min

SARS-CoV-2 56 Culture medium >3 logyo in 15 min [53]
95 Culture medium >5logio in 1 min

SARS-CoV-2 56 Culture medium >4 log;o in 30 min [54]
65 Culture medium >4 log in 15 min

SARS-CoV-2 56 Culture medium >5 logyo in 30 min [55]
92 Culture medium >6 logyo in 2 min

SARS-CoV-2 56 Culture medium >5 logyo in 30 min [56]
98 Culture medium >5 logyo in 2 min

SARS-CoV 60 Phosphate buffered saline >4 logyp in 15 min [57]

SARS-CoV 56 Culture medium >6 logyo in 90 min [30]
67 Culture medium >6 log; in 60 min
75 Culture medium >6 log;o in 30 min

SARS-CoV 56 Culture medium >5logyo in 30 min [58]
60 Culture medium >5logyo in 30 min

SARS-CoV 56 Culture medium >4 log;o in 10 min [15]
65 Culture medium >4 log;o in 4 min

SARS-CoV 58 Culture medium 4.9 logyo in 30 min [59]
68 Culture medium >4.3 logyo in 10 min

SARS-CoV 56 Culture medium >6 logyo in 30 min [29]

MERS-CoV 56 Culture medium 4 logyo in 24 min [60]
65 Culture medium 4 logyo in 1 min

PEDV 50 Culture medium 1.1logyo in 60 min [61]
60 Culture medium 5logio in 30 min

PEDV 48 Culture medium 1.7 logyo in 10 min [62]

CaCoV 60 Culture medium >4 logyo in 15 min [63]
80 Culture medium >4 logyo in 1 min

MHV 60 Culture medium >4 log;o in 15 min [63]
80 Culture medium >4 log;o in 1 min

FIPV (Wt) 54 Culture medium 2 logyo in 15 min [64]

“SARS-CoV-2, severe acute respivatory syndvome coronavivus 2; SARS-CoV, severe acute vespiratory syndrome
coronavirus; MERS-CoV, Middle East respiratory syndrome covonavirus; PEDV, porcine epidemic diarrhea virus;
CaCoV, canine coronavirus; MHV, mouse hepatitis virus; FIPV (Wt), feline infectious peritonitis coronavirus (wild-

type).

Table 4.
Efficacy of heat inactivation for inactivating covonaviruses in liquid matrices.
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Virus® Temperature (°C) Surface type Inactivation efficacy Reference
SARS-CoV-2 70 N95 mask fabric 3 logyo in 48 min [40]

70 stainless steel 3 logyo in 88 min
SARS-CoV-2 70 NO95 mask fabric >5.5logy in 60 min [71]
SARS-CoV-2 55 stainless steel 1logyo in 35 min [72]
PEDV 60 NO95 mask fabric >3 logyo in 20 min [73]

“SARS-CoV-2, severe acute vespivatory syndrome coronavirus 2; PEDV, porcine epidemic diarrhea virus.

Table 5.
Efficacy of heat inactivation for inactivating coronaviruses on suvfaces.
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Figure 1.
Relationship between decimal reduction value (D; time required for 1 log,, inactivation) and temperature for
heating studies involving various covonavivuses. Data ave from reference [66].
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Figure 2.
Relationship between decimal reduction value (D; time required for 1 log,, inactivation) and temperature for
heating studies involving SARS-CoV-2. Data are from vefevence [75] (0), [76] (@), and [77] m).

considerable variability in response at the lower temperatures, while greater con-
currence is seen at temperatures of 50°C and above. The ability of the power
function (D = a x temperature ’; where D is the decimal reduction value and # and
b are calculated coefficients) to fit the combined coronavirus dataset is similar to
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Coronavirus a® b r’ D at 56°C (min)  Reference for D values
Various Coronaviridae 226E+23 129 0.786 6.4 [66]
Alphacoronaviruses

TGEV 438E+20 109 0.967 39 [78]
CaCoV 123E+09 4.92 0.856 31 [79]
PEDV 711E+15 857  0.953 7.4 [80]
Betacoronavirus

SARS-CoV-2 2.70E+18 10.1  0.985 6.0 [76]
SARS-CoV-2 297E+23 131  0.996 3.7 [77]
SARS-CoV-2 9.52E+6  3.69  0.980 3.4 [51]
SARS-CoV-2 (modeled)  7.18E+14  7.81  0.998 16 [75]

“Abbreviations used: a and b, coefficients for power function line equation D = a x Temperature; D, decimal
reduction value; CaCoV, canine covonavirus; PEDV, porcine epidemic diarrhea virus; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; TGEV, transmissible gastroenteritis vivus.

Table 6.
Power function coefficients for D vs. temperature curves for thermal inactivation of coronaviruses.

the ability of this function to fit data for multiple temperatures for SARS-CoV-2
generated within a given laboratory (Figure 2).

In cases where a laboratory has generated D vs. temperature data for three or
more temperatures, these data may be plotted as shown in Figure 2. This figure
compiles line fit data from two empirical liquid inactivation studies for SARS-CoV-2
[76, 77]. The third line on this plot is the line fit obtained from modeling of SARS-
CoV-2 inactivation at various temperature by Yap et al. [75]. The modeling by Yap
and coworkers was performed on the basis of heat inactivation data generated by
various labs, using as challenge viruses a variety of coronaviruses (SARS-CoV,
SARS-CoV-2, MERS-CoV, MHV, PEDV, and TGEV) [75]. The agreement between
the line fits for these three datasets in striking. It is apparent from the plots in
Figure 2 that it takes hours to achieve 1 log;, inactivation of SARS-CoV-2 at
temperatures <40°C, while inactivation at temperatures greater than 50°C requires
only min.

In Table 6, the power function line fit coefficients for heat inactivation studies
evaluating various coronaviruses are displayed. The estimation of D at 56°C is
shown as a means of demonstrating the utility of the power function line fitting
approach for enabling comparison of datasets generated at different laboratories.
Note that at 56°C, D values for the various coronaviruses range from 3 to 39 min,
with the 39 min required for TGEV considered to be atypical.

Taken together, the data in Figures 1 and 2 and Tables 4-6 support the expec-
tation that similar heat sensitivities are to be expected for various members of the
Coronaviridae family. To put the D values shown in Table 6 into perspective,
more heat susceptible virus families include the Rhabdoviridae (Dsg -c ranging from
0.2 to 1.9 min) and Retroviridae (Dsg -c of 1.4 min), while less susceptible viruses
include animal members of the Parvoviridae (Dsg -c > 10 hours) [6]. The heat
susceptibilities displayed by the Coronaviridae are fairly typical of enveloped and
non-enveloped viruses in general, except as noted above.

The literature that has been reviewed above indicate that heat inactivation is
typically utilized for inactivation of coronaviruses in solutions, but this physical
approach has also been used for decontamination of these viruses on surfaces, such
as stainless steel and N95 respirator material. In addition, hot (>63°C), humid (95%
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relative humidity) air exposure for 1 hour has been described for decontaminating
enveloped RNA virus (bacteriophage Phi6 used as a surrogate for SARS-CoV-2)
dried on surfaces within aircraft [81].

6. Discussion

Physical pathogen inactivation approaches have a number of advantages. First
among these is the fact that these approaches display efficacy for a broad range of
pathogen types, up to and including bacterial and fungal spores. In the hierarchy of
pathogen susceptibility to microbicides (sometimes referred to as the Spaulding
scale [82]), only infectious proteins (prions) may remain resistant to these physical
approaches as normally applied [83, 84]. Per the established hierarchy with regard
to viral inactivation [85-88], non-enveloped viruses display much greater suscepti-
bility to microbicides, while enveloped viruses are considered to be among the most
susceptible of all pathogens to microbicides. For physical inactivation approaches,
this hierarchy may be somewhat different. As mentioned in the introduction to this
chapter, the orthogonal physical approaches may display complementary efficacies
for different virus families, and efficacy is not solely determined by envelope status
or particle size.

Secondly, to a certain extent, the physical approaches require additions of pho-
tons to the inactivation matrix, not molecules—as in the case of chemical inactiva-
tion. This means that the physical approaches can be used without the necessity of
removing the inactivating agent from the inactivation matrix. For example, gamma
irradiation can be applied to finished product in sealed containers, ultraviolet irra-
diation can be applied through glass or plastic tubing, and heat can be applied to
containers of liquids. Each of the methods can be applied to surfaces without the
need to subsequently remove an inactivating agent.

The first-order behavior of physical inactivation approaches, discussed previ-
ously in this chapter, is also a useful attribute. For instance, gamma irradiation and
UVC inactivation efficacies are typically first-order with respect to applied fluence.
Efficacy of heat inactivation is typically first-order with respect to time at any given
temperature. This means that once a log;, inactivation per fluence value is obtained,
efficacy at a different fluence (gamma irradiation or UVC) can be estimated. Sim-
ilarly, once a D value is obtained at a given temperature for heat inactivation, the
efficacy for a different contact time can be estimated with some confidence.

In this chapter, we have attempted to convert, where possible, inactivation
results from different reports into the log;o inactivation per fluence values and the D
values discussed above, so that the readers can make informed estimates of inacti-
vation efficacy for these approaches under non-evaluated conditions. These esti-
mates are quite straightforward in the case of gamma and UVC irradiation. For
example, if 2 log;( inactivation per kGy gamma irradiation or per mJ/cm” UVC is
measured in a study, then 4 log,¢ inactivation should be expected at 2 kGy or at
2 mJ/cm?. For heat inactivation, if the D value at 65°C is 10 min, then 2 logio
inactivation should be expected after 20 min at the same temperature. The equa-
tions for the power function line fit of D vs. temperature plots [6] also allow one to
estimate inactivation efficacy for non-measured temperatures. The plots shown in
Figures 1 and 2 can be thought of as depicting a 1 log; inactivation surface. Any
point on the line reflects the conditions necessary to achieve 1 log;, inactivation.
Points to the right of this line will result in greater than 1 log,o inactivation, while
points to the left of the line will result in less than 1 log;, inactivation.

As is apparent from this chapter, the three physical inactivation approaches
discussed (gamma irradiation, UVC irradiation, and heat inactivation) each display

12



Physical Inactivation of SARS-CoV-2 and Other Coronaviruses: A Review
DOI: http://dx.doi.org/10.5772/intechopen.103161

efficacy for all members of the Coronaviridae family and for SARS-CoV-2 in partic-
ular. The different approaches may be useful, in particular, for different applica-
tions. For instance, in case of IPAC, of the three approaches, UVC is most useful for
decontaminating indoor air. For such an application, indoor air to be recirculated is
passed through a unit which exposes the air to an appropriate UVC fluence. This
can be done while the indoor spaces are being occupied. For surface inactivation,
each of the three approaches may be useful, depending upon the surface to be
decontaminated. For decontamination of liquid matrices, again, each of the three
approaches could be useful. The disadvantages of the three approaches are:

¢ Gamma irradiation. Gamma irradiation must be performed at an irradiation
facility. It is typically applied to inanimate surfaces, such as plasticware, at high
fluences for sterilization. For decontaminating biological liquids, the
irradiation is typically done at low temperature to avoid the damaging effects
of indirect radiation effects.

» UVC irradiation. Ultraviolet light is a line-of sight-approach. If the inactivation
matrix is shielded from the photons, or absorbs the photons, the efficacy for
inactivation will be low. Establishing dosimetry under the actual inactivation
conditions and assuring that all portions of the matrix receive photons is
essential for efficacy. For IPAC, surface disinfection by UVC must be
conducted while the indoor spaces are not occupied.

* Heat inactivation. Extent of inactivation depends on the temperature applied
and the contact time, as well as on the specific virus being inactivated. Since
coronaviruses appear to be very susceptible to heat inactivation, this approach
is useful. Achieving and maintaining the desired inactivation temperature for
the required contact time can be challenging. Heat and humidity have been
used for IPAC, specifically for disinfecting aircraft cabins [81]. This approach
also is commonly applied in the biologics industries.

For each of these physical approaches, a balance must be achieved between the
desired log;o reduction in infectious virus level and the need to retain the desired
attributes of the material being decontaminated. This includes inanimate surfaces,
such as plasticware in the case of gamma irradiation [11]. To put this in another
way, users are not always free to use extremely high fluences of gamma or UVC
radiation, or extremely high temperatures as a means of assuring decontamination.
Each of these physical approaches are capable of causing unintended damage to
biological solutions and material surfaces. Treatment of indoor spaces with UVC
radiation must be conducted when those spaces are unoccupied by humans.

7. Conclusions

This chapter represents a review of the literature on physical inactivation of
SARS-CoV-2 and other members of the Coronaviridae. While physical approaches
include X-irradiation, electron beam irradiation, and high pressure treatment, liter-
ature on those approaches for inactivation of coronaviruses were not identified
during the search. Therefore, the chapter discusses only gamma irradiation, UVC
irradiation, and heat inactivation. The Coronaviridae in general, and SARS-CoV-2 in
particular, appear to be quite susceptible to each of these three physical inactivation
approaches. The various approaches have utility for different applications. For
instance, of the three approaches, UVC is most useful for indoor air
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decontamination, each is useful for liquid or surface inactivation. Each approach
has its advantages and disadvantages, which were discussed for the benefit of the
reader.
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