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Keywords Coronavirus disease 2019 (COVID-19) has already affected millions of people worldwide. There are reports of

COVID-19 SARS-CoV-2 transmission as a consequence of environmental contamination. The SARS-CoV-2 laden infective

iﬁRS'COsz droplets can actively persist on the surface of different materials for several hours to days. Sunlight can affect the
erapeutics

stability of SARS-CoV-2 in these aerosols and thereby have an impact on the decay rate of the virus. Solar ra-
diation might play an important role in inactivating SARS-CoV-2 that persists in different surfaces and the
environment. Among the different climatological factors, ultraviolet radiation was found to have an important
role in determining the spread of SARS-CoV-2. Although ultraviolet radiation C (UVC), UVB, UVA, visible light,
and infrared radiation possess germicidal properties, human CoVs including the recently emerged SARS-CoV-2
are inherently sensitive to UVC. However, the successful decontamination using other wavebands requires
higher dosages and longer administration times. Furthermore, studies have also identified association between
COVID-19 fatalities and the latitude. The intensity of sunlight is highest near the equator, and therefore pop-
ulations in these regions with more regular exposure to sunlight are less susceptible to vitamin D deficiency. This
article has analyzed the potential impact of sunlight in reducing SARS-CoV-2 transmissibility, morbidity, and
mortality. It is evident that there exists an interesting link between sunlight exposure, latitude, and vitamin D
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status with COVID-19 incidence, fatality and recovery rates that requires further investigation.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was
first reported from the Huanan seafood market in Wuhan, Hubei prov-
ince, China [1]. It has now affected over 164 million people worldwide,
with nearly 3.5 million deaths reported globally as of May 18, 2021.
SARS-CoV-2 got rapidly spread across the world as a result of the effi-
cient human-to-human transmission. However, the air travel further
facilitated the distribution of COVID-19 across international border at a
faster rate [2]. SARS-CoV-2 is the sixth coronavirus that can infect
human beings [1]. Among the previous coronaviruses (CoVs),
SARS-CoV-2 exhibited close genomic similarity with SARS-CoV [3].

High efforts are being made continuously to develop effective vac-
cines, drugs and therapies to counter this pandemic disease that is
posing high global threats and challenges to humanity [4-6]. Photody-
namic therapy, photo-biomodulation and light-based technologies have
been reported to effectively inactivate SARS-CoV-2 and aid in the
management and treatment of COVID-19 during this pandemic crisis
[7-11]. The present study aims to analyze the available literature to
evaluate the potential role of sunlight in reducing morbidity and mor-
tality associated with SARS-CoV-2 infection in humans. This article also
presents an overview of the potential impact of sunlight in reducing
SARS-CoV-2 transmissibility.

The ability of infectious particles containing SARS-CoV-2 to persist
on different environmental surfaces has contributed to the rapid spread
of COVID-19. Therefore, the strategies used to reduce viral diffusion in
public environments can help control the ongoing pandemic [12].
Although the evidence suggests possible germicidal properties for UVC,
UVB, UVA, visible light, and infrared radiation, available data on UVC
are the most robust. The depth of UVC penetration is the lowest among
all the wavebands but can deliver adequate virucidal doses in a short

https://doi.org/10.1016/j.amsu.2021.102419

duration. However, the successful decontamination using other wave-
bands requires higher dosages and longer administration times [13].
Human CoVs, including the recently emerged SARS-CoV-2, are inher-
ently sensitive to ultraviolet (UV) radiation [14,15]. A recent in vitro
study has confirmed the virucidal activity of UV-C against the clinical
isolates of SARS-CoV-2 absorbed on commonly used materials at a
working distance of 2-3 cm from the light source [12]. Furthermore,
UV-C irradiation was also found to efficiently reduce virus titer
(99.99%) on inanimate surfaces such as stainless steel, plastic, and glass
at doses ranging from 10.25 to 23.71 mJ/cm? [16].

Sunlight contains a spectrum of UVA, UVB, and UVC, with wave
lengths ranging 320-400 nm, 260-320 nm, and 200-260 nm, respec-
tively. Among these, UVC can inactivate CoV, while the synthesis of
vitamin D is closely related to UVB radiation exposure [15]. However,
both UVA and UVB have poor virucidal activity [17]. Sunlight that
reaches the earth’s surface contains only UVA and UVB since UVC is
absorbed by atmospheric ozone (Fig. 1). Therefore, sunlight reaching
the Earth’s surface is ineffective in directly eradicating SARS-CoV-2 via
virucidal activity [17]. In contrast, Herman et al. (2020) reported that
UVB in sunlight can inactivate both SARS-CoV and SARS-CoV-2 present
on surfaces as well as in the air. However, inactivation times depend on
the latitude, season, and hour of the day [18]. Although the germicidal
activity of UVC can be utilized to disinfect personal protective equip-
ment, medical instruments, air, and water, it should not be used in any
way that can result in potential exposure to humans [17].

The relationship between sunlight exposure and the COVID-19 re-
covery rate was evaluated in Jakarta, Indonesia, by Asyary and Ver-
uswati (2020) [19]. Their findings showed that a higher duration of
sunlight exposure was found to be associated with an increase in the
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recovery rate among patients, indicating the potential of sunlight
exposure for accelerating recovery. However, they could not find a
correlation between sunlight exposure and the occurrence of COVID-19
and associated death [19]. Direct exposure of skin to sunlight promotes
the production of vitamin D, a vital component that regulates the im-
mune system [20]. Vitamin D can lower the risk of respiratory tract
infections such as COVID-19 through a multitude of cellular interactions
that involves reduction in the production of inflammatory cytokines,
maintaining endothelial integrity, and increasing ACE2 concentrations
[21].

The intensity of sunlight is highest near the equator, and therefore
populations in these regions with more regular exposure to sunlight are
less susceptible to vitamin D deficiency. High COVID-19 associated
deaths in northern US states are hypothesized to be the result of vitamin
D deficiency in African-Americans [22]. If the link between disease
severity and vitamin D status is found causative, COVID-19 could
become seasonal [23]. The consumption of adequate vitamin D might
limit the spread of SARS-CoV-2 especially in individuals with dark skin
tone, excess body fat, and genetic predisposition to vitamin D deficiency
[22]. Therefore, vitamin D supplementation can be done among the
susceptible population with darker skin especially during the dark
months of winter and spring season [22,23]. Although high dose vitamin
D consumption (>40001IU/day) should be recommended only after
performing clinical trials, supplementation at moderate doses can be
suggested for individuals at risk of deficiency [23].

Furthermore, studies have identified a link between COVID-19 fa-
tality rate and latitude, further confirming the relationship between
sunlight exposure and COVID-19 mortality [20]. The link between
latitude and COVID-19 mortality was further confirmed based on the
data obtained from USA [22]. Therefore, the countries that are closer to
the equator had comparatively lower fatality rates as compared to the
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countries that are farther away [20,22,23]. Nakada and Urban (2020)
studied the different environmental factors that could have influenced
the spread of SARS-CoV-2 in Sao Paulo, Brazil. The results suggest that
COVID-19 infection rate is inversely correlated with UV radiation and
temperature, indicating a possible role for sunlight in decreasing
SARS-CoV-2 infectivity [24]. In a descriptive observational
cross-sectional study conducted in France with a sample set of 64, 553,
275 individuals, a significant negative correlation was observed be-
tween sunlight exposure and COVID-19 mortality rate [25]. In another
ecological study conducted in the different regions of Italy, the received
solar UV radiation was found to have an impact on the incidence of
COVID-19 and the occurrence of disease complications [26]. However,
the statistical outcomes may not confirm the existence of a specific
cause-effect relationship between received solar UV radiation and the
disease variables such as incidence and mortality rate.

Among the different climatological factors, ultraviolet radiation was
found to have an important role in determining the spread of COVID-19
[27]. Higher incidence of COVID-19 was linked to increased population
density and reduced solar irradiance [27]. SARS-CoV-2 was found to be
highly susceptible to irradiation with UVC light. The viral stock with a
high infectious titer (5 x 10° TCID5p/mL) got completely inactivated
within 9 min of exposure. Complete inactivation was achieved with a
UVC dose of 1048 mJ/cm? [14]. However, complete inactivation was
not achieved while the virus was exposed to UVA light indicating weak
inactivation potential.

There are reports of SARS-CoV-2 transmission as a consequence of
environmental contamination. SARS-CoV-2 can actively persist on the
surface of different materials for several hours to days [28,29].
SARS-CoV-2 aerosolized from the infected patients could remain infec-
tive over the surface for considerable amount of time especially during
the winter further increasing the risk for re-aerosolization and
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Fig. 1. The impact of sunlight exposure in SARS-CoV-2 transmission, morbidity, mortality, and recovery rate.
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subsequent infections. Available data also indicate that SARS-CoV-2 can
get inactivated relatively easily as compared to influenza A during
summer [29]. Solar radiation might play an important role in inacti-
vating SARS-CoV-2 that persist in different surfaces and the environ-
ment [27]. Therefore, sunlight might have a role in deciding the
occurrence, spread, and duration of COVID-19 pandemics [29].

Similarly, available evidence suggests that sunlight UV radiation
dose is negatively correlated with the percentage of patients testing
positive for human coronaviruses (CoVHKU1, CoVOC43, CoVNL63, and
CoV229E), including SARS-CoV-2 in the United States [15]. In another
ecological study (multiple-group design), ultraviolet radiation was
found to be significantly related to the incidence of COVID-19 and dis-
ease severity (based on hospital and ICU admissions). In addition,
temperature was found to be the main climatic factor responsible for the
difference in SARS-CoV-2 spread across Spanish regions [30]. Carleton
et al. (2021) evaluated the combined spatially resolved dataset from
3235 regions across 173 countries to analyze the relationship between
COVID-19 cases and local environmental conditions. The findings
indicate that UV exposure can decrease the COVID-19 growth rate [31].
Similarly, countries present in the lower temperature regions were
found to be associated with a rapid increase in the COVID-19 cases
compared to the countries in warmer climatic regions [32]. The tem-
perature may play a major role in viral transmissibility as it has a direct
impact on virus viability and host immunity. However, the relationship
between temperature and SARS-CoV-2 transmissibility is complex in
nature [33]. The hot air generated in enclosed spaces such as parked
vehicles as a result of solar heating is a promising strategy for disin-
fection since SARS-CoV-2 is inactivated at 56 °C (within 30 min) [34].
However, passive solar heating is a sustainable technique with benefits
of no added costs that can be used only in countries with hot climate.

SARS-CoV-2 can get rapidly transmitted through the respiratory
droplets generated during sneezing or coughing. Sunlight can affect the
stability of SARS-CoV-2 present in these aerosols and thereby have an
impact on the decay rate of the virus [11]. A study that evaluated the
impact of relative humidity and sunlight on the stability of aerosolized
SARS-CoV-2 identified sunlight as an important factor that can influence
SARS-CoV-2 transmission via aerosols [11]. Furthermore, sunlight can
rapidly inactivate SARS-CoV-2 present on the surfaces, thereby affecting
its persistence on surfaces and subsequent exposure risk [9]. It can be
hypothesized that natural sunlight may act as an effective disinfectant
for contaminated nonporous materials. Antimicrobial photodynamic
therapy can be considered as an alternative therapeutic strategy against
SARS-CoV-2 and involves the use of safe and cost-effective photosensi-
tizers (phenothiazines or porphyrins). This technique can be used to
develop photoactive fabrics that can disinfect surfaces, air and waste-
water both under natural sunlight and artificial light [35].

Therefore, based on the available data, the incidence, mortality, and
recovery rate in patients with COVID-19 is considered to be correlated
with sunlight exposure and vitamin D levels. We can also hypothesize
that there exists an interesting link between sunlight exposure, latitude,
and vitamin D status with COVID-19 incidence, fatality and recovery
rates. However, further studies are warranted to estimate the optimum
level of sunlight exposure as well as the possible role of vitamin D
supplementation for decreasing the incidence and fatality rate of
COVID-19 in high-risk populations.
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