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The modeling of the viability decay of viruses in sessile droplets is addressed considering a
droplet sitting on a smooth surface characterized by a specific contact angle. To
investigate, at prescribed temperature, how surface energy of the material and ambient
humidity cooperate to determine the virus viability, we propose a model which involves the
minimum number of thermodynamically relevant parameters. In particular, by considering
a saline water droplet (one salt) as the simplest approximation of real solutions (medium
and natural/artificial saliva), the evaporation is described by a first-order time-dependent
nonlinear differential equation properly rearranged to obtain the contact angle evolution as
the sole unknown function. The analyses were performed for several contact angles and
two typical droplet sizes of interest in real situations by assuming constant ambient
temperature and relative humidity in the range 0-100%. The results of the simulations,
given in terms of time evolution of salt concentration, vapor pressure, and droplet volume,
elucidate some previously not yet well-understood dynamics, demonstrating how three
main regimes—directly implicated in nontrivial trends of virus viability and to date only
highlighted experimentally—can be recognized as the function of relative humidity. By
recalling the concept of cumulative dose of salts (CD), to account for the effect of the
exposition of viruses to salt concentration on virus viability, we show how the proposed
approach could suggest a chart of a virus fate by predicting its survival time at a given
temperature as a function of the relative humidity and contact angle. We found a good
agreement with experimental data for various enveloped viruses and predicted in particular
for the Phi6 virus, a surrogate of coronavirus, the characteristic U-shaped dependence of
viability on relative humidity. Given the generality of the model and once experimental data
are available that link the vulnerability of a certain virus, such as SARS-CoV-2, to the
concentrations of salts or other substances in terms of CD, it is felt that this approach could
be employed for antivirus strategies and protocols for the prediction/reduction of human
health risks associated with SARS-CoV-2 and other viruses.
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INTRODUCTION

As well known, the current pandemic events have rekindled the
attention on the behavior of the virus diffusion and viability in
several environmental conditions to envisage proper guidelines to
prevent or somehow stop the contagion spreading. Within this
framework, contamination of surfaces by people infected with
SARS-CoV-2 virus has in particular raised concerns and
introduced multiple precautions into everyday life and hospital
routines, so becoming a crucial issue for understanding how to
design suitable measures to safeguard human health.

Enveloped and non-enveloped viruses are known to survive
inside expectorated respiratory droplets deposited on surfaces
(Yang et al, 2012; Yang and Marr, 2012). The common
experimental procedure to evaluate the decay of the infectivity
of viruses on surfaces consists in suspending them in virus
medium or artificial/natural saliva, depositing droplets on
surfaces placed in chambers with controlled temperature and
humidity, extracting the drops (or their residues after complete
evaporation) via dilution at fixed times, and inoculating cell
cultures with the diluted fluid. This is a reproduction of a real
infection route where saliva droplets (or residues) enter the host
body, rehydrate quickly (in the lungs or in the mucous
membranes), and infect the cells. Ambient humidity has been
proven to affect the viability of enveloped viruses in airborne
(Yang and Marr, 2012) and deposited droplets (Yang et al., 2012;
Prussin et al., 2018; Lin and Marr, 2020). Experimental evidence
from recent literature suggests that a viable working hypothesis is
to relate the survival of an encapsulated enveloped virus in a
droplet to the toxic effect of dissolved salt and to the complex
interplay with the relative humidity (RH) of the surrounding
environment. In fact, with reference to some enveloped viruses, it
has been reported (Yang et al, 2012; Yang and Marr, 2012;
Prussin et al., 2018; Lin and Marr, 2020) that for a virus included
in aerosol or deposited droplets of saline medium, the viability
decreases as RH decreases, displaying a minimum at intermediate
values of RH and increases up to a rather high value at RH < 50%
(the so-called U shape behavior). Interestingly, Yang et al., 2012
identified three regimes of viability in terms of RH for the
influenza A virus (IAV) in the medium (e.g., phosphate-
buffered saline [PBS] and PBS + proteins). Recent experiments
on the enveloped Phi6 (a surrogate of SARS-CoV 2) with natural
saliva (Fedorenko et al., 2020) have also been carried out: the
more complex composition varies the viability vs. RH curve
probably due to the interplay of the proteins with the salts,
but the U shape is maintained. However, apart from
qualitative observations and empirical evidence, the physics
underlying these phenomena is not yet understood, and
simple thermodynamics models capable to predict the
experimental evidences and to explain the abovementioned
regimes are not available so far.

Several hypotheses have been formulated on the effect of
humidity on virus survival in evaporating droplets, such as
surface inactivation at the air-water interface, and on changes
in concentrations of dissolved salts and pH (Yang and Marr,
2012; Prussin et al., 2018; Lin and Marr, 2020). A concentration of
solutes (salts, sugars, or other) different from the physiological
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one establishes an osmotic gradient between the inside and
outside of enveloped viruses. In various experimental studies
(Choi and Montemagno, 2014), it is shown that viruses shrink or
swell in hypertonic or hypotonic solutions, respectively, and that
the rate constant of swelling is greater than that of shrinkage.
Their results show that the exposition to a certain osmotic
gradient, combined with temperature, pH, and exposure time,
can irreversibly damage viruses. Viruses suspended in an
evaporating droplet are thus exposed to osmotic stresses, and
their damage is dependent on the solution history. Moreover, A.
Cordova et al. (Cordova et al., 2003) proposed a theoretical model
of the osmotic shock—a rapid change of salts concentration (e.g.,
from a hyper-tonic solution to a diluted one)—that causes the
destruction of T phage and other enveloped viruses capsid. With
their words: “T phages were susceptible to osmotic shock because
their capsids were significantly less permeable to salt ions than to
water molecules. During the incubation stage there is sufficient
time for high salt concentrations to become established inside the
capsid, in response to the high molarity of the external solution.
Experimentally this was ensured by incubating for at least 15 min.
During the rapid dilution, however, there is not enough time for the
salt ions to leave the capsid; rather, only more water diffuses in,
resulting in an osmotic pressure that ruptures the capsid at a
critical value of the incubation salt concentration.” This dilution
process is analogous to the virus infection route through droplets
in real and laboratory conditions and highlights how an osmotic
shock depends on the relative concentrations (before and after
dilutions) and on the incubation time in the concentrated
solution. For the viruses in sessile drops, the scenario is even
more complex as the concentration varies over time and the salts
crystallize depending on the relative humidity.

The relative humidity of air, RH, is defined as the ratio of the
actual partial pressure of water vapor to the saturation vapor
pressure at the temperature of the air environment. The value of
RH ranges from 0 to 1 and, frequently, is reported as a percentage,
that is, as RH x 100%. When exposed to a humid environment,
water evaporates from the drop if the activity of water within the
drop is higher than the RH of the environment. In turn, this
evaporation promotes a gradual reduction of water activity within
the drop due to the increase of concentration of other substances.
The evaporation stops as soon as the water activity within the
droplet matches the value of RH. Conversely, an increase in the
water content of the drop occurs if the RH is higher than the water
activity of the drop itself. However, it is worth to recall that there
are two further relevant quantities related to salts and their water
solutions, that is, the deliquescence relative humidity (DRH) and
the efflorescence relative humidity (ERH). Deliquescence occurs,
for a water-soluble salt in a solid state, when the relative humidity
becomes equal to the activity of the corresponding saturated salt-
water solution. In this event, the solid starts sorbing water from
the air, thus forming a saturated aqueous solution. The value of
DRH can be estimated based on purely thermodynamic
arguments as the point at which the value of relative humidity
equals the water activity of the saturated salt aqueous solution, at
the prescribed temperature. In the case of solid crystalline NaCl
(halite), the practical deliquescence relative humidity (DRH) at
20°Cis 75.6% RH (Apelblat, 1993). Conversely, the value of ERH
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is dictated by nucleation and growth kinetics of salt crystals and
occurs in supersaturated aqueous salt solutions. Efflorescence,
that is precipitation of salt crystals within aqueous solutions,
occurs when water evaporation induces an increase of salt
concentration leading to supersaturated mixtures. In fact, as
the relative humidity decreases, water evaporates from a drop
of salt aqueous solution so that the water activity matches the
relative humidity. At a critical value of RH, that is, ERH, the salt
starts precipitating. Notably, a hysteretic behavior is observed, in
that ERH is always smaller than DRH. For aqueous solutions of
NaCl at 25°C values of ERH ranging from 43.9 to 56.7% have been
reported, depending on the size of the drops (Gao et al., 2007).

Evaporation and crystallization of medium and artificial/
natural saliva are complex phenomena due to the presence of
several ions species, proteins and surfactants. PBS is a buffer
solution of 3-4 salts where NaCl is the most abundant salt. It is
commonly used for cell culture and virus medium to simulate the
physiological environment with or without the addition of
proteins, as reported for the enveloped virus Influenza A
(Yang et al., 2012) and is an acceptable virus transport and
storage medium for SARS-CoV 2 (Perchetti et al, 2020).
Crystalline patterns of medium (Yang et al, 2012; Carreon
et al, 2018) depend on composition (salts + proteins), RH,
and evaporation time. The drops of artificial saliva are often
realized by adding one or more salts [up to 10 salts in (Biryukov
et al., 2020)] and mucin to distilled water. A droplet of natural
saliva, besides water, contains several nonvolatile soluble salts
(dissociated in Cl, K, P, Na, Ca, and Mg ions, arranged in
decreasing molarity) and biological compounds (albumin,
mucin, urea, and others) (Rehak et al., 2000; Bel'skaya et al.,
2019), including viruses. Bel'skaya et al. (Bel'skaya et al., 2019)
analyzed evaporated droplets of saliva from 100 healthy
participants and highlighted relations between the composition
and the surface tension with the morphology of the crystallized
salt. Proteins could aggregate and be adsorbed by the growing
surface of a salt crystal changing the growth of faces, as well as
hinder the growth of existing crystals. Thus, the composition,
environmental, and surface parameters determine the
evaporation process, the exposition time of viruses to osmotic
stresses and how and if the solutes are crystallized at the
extraction time. All these aspects in relation with the dilution
process—experimental or natural—affect the history of a virus
and its survival.

Regarding the evaporation process, Vejerano and Marr
(Vejerano and Marr, 2018) compared microdroplets of three
types of fluid with increasing number of components: 1) NaCl
solution + mucin, 2) NaCl solution + mucin + DPPC (a lung
surfactant), and 3) natural saliva. The evaporation rate is lower as
the number of compounds increase and decrease as the
evaporation proceeds. Both aspects are related to the reduction
of water activity due to the presence and increasing concentration
of soluble (salt) and nonsoluble (proteins) compounds. Zhang,
2011 compared the evaporation of sessile droplets of natural
saliva and saline solutions (for the time range before solution
enrichment and crystallization) with the predictions of a model
which accounts for the water activity reduction. For both the
studies, the evaporation rates of saline solutions, medium, and
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saliva are of the same order of magnitude and show similar
trends. In recent experiments, comparing saline water and natural
saliva evaporation, Basu et al. (Basu et al, 2020) stated: “the
deviation between the surrogate (saline water) and human saliva
droplets originates in the complex composition of the later (mucus,
surfactants, polyelectrolytes, etc) as well as inherent inhomogenity
in the sample due to collection methodology. Nonetheless, the D/D0
(drop diameter/initial diameter vs time) appears to follow a similar
trend at an offset rate and exhibits similar phenomenology.”

In this study, we model the evaporation of a sessile droplet of
saline (a salt, NaCl) to approximate the solutions used in
experiments (virus medium and saliva) given its close
resemblance to the medium used in most viability
experiments, its evaporation rates comparable to those of
medium and saliva and for the analytical intractability of a
complex solution such as natural saliva. In reference to the
previous articles, considering the evaporation of a saline drop
as an approximation of the medium and saliva simplifies the
treatment while maintaining the main evaporative characteristics
and, as we shall see, is sufficient to predict the U-shaped
dependence of viability on RH.

To upload realistic data into the model and make faithful
predictions, we first compared the experimental survival tests on
surfaces of various enveloped coronaviruses available in the
literature in order to highlight the common features, the
dependence on parameters such as the temperature T and RH
of the air and the properties of the surfaces. We found that the
common experiments are usually performed by placing a droplet
containing various kinds of enveloped coronaviruses solution
(1-50 uL) on flat surfaces, controlling the temperature and the
relative humidity RH, then extracting some samples at predefined
time points and analyzing them via plaque assays. Interestingly,
Casanova et al, 2010 evaluated the residual infectivity of
gastroenteritis virus (TGEV) and mouse hepatitis virus (MHV)
on stainless steel as potential surrogates of SARS-CoV-1,
reporting a monotonic dependence on the ambient
temperature T, of the virus mortality and a trend vs. RH that
was not monotonic but inverse-U shaped, that is, with a higher
mortality at RH = 50% and a higher survivability at RH = 20
and 80%.

Some survival experiments of SARS-CoV 2 in aerosol and on
surfaces have been also conducted in the last months (Biryukov
et al, 2020; Chin et al, 2020; Fedorenko et al, 2020;van
Doremalen et al., 2020). The review by Aboubakr et al. (2020)
presents tables of coronaviruses stability in aerosol and on
surfaces. The recent study of Biryukov et al., 2020 sheds light
on the behavior of SARS-CoV-2 on surfaces: it decays more
rapidly when either RH (20, 40, 60, and 80%) or T, (24 and 35°C)
is increased, while droplet volume ranging from 1 to 50 uL and
some material surfaces (e.g., stainless steel, plastic, or nitrile
glove) would seem not to significantly affect the decay rate,
the fit of their data—obtained by using a simulated saliva
composed of water, several salts, and mucin—suggesting a
linear dependence on T, and RH in the tested parameters’
range. For the non-tested RH near 100%—with negligible
evaporation and thus near physiological conditions—the
viability is expected to be higher, like the bulk solution and
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thus the U-shaped curve is restored. The experiments reported in
by Fedorenko et al. (2020) analyzed the viability of the
bacteriophage virus Phi6 (an enveloped virus, surrogate of
SARS coronavirus) in three different solutions: pure water, SM
buffer—in which the main salt is NaCl—and natural saliva. Glass
samples were covered by micro-droplets by spraying (droplet
diameters in the range 10-600 um), incubated at different RHs
(23, 43, 57, and 78%), and T, = 25°C for 14 h and analyzed via
plaque assay. The virus decay for both SM and saliva does not
follow a monotonous but inverse-U-shaped trend with RH with
virus in saliva showing a lower decay than in SM for all RHs. The
survival in water is the lowest for all RHs. The optical microscopy
images show complete evaporation of pure water and saliva for all
RHs, while for SM buffer, it is observed as a crystalline structure
for RH = 23%, partially hydrated droplets at RH = 43%, and
hydrated droplets for RH > 57%. The hydrated SM buffer micro-
droplets for RH > 43% after 14 h suggest that NaCl is in a
supersaturated condition (with a concentration higher than the
solubility one). In fact, the efflorescence relative humidity (ERH)
of NaCl is ~43%. The highest concentration of salts is at RH =
43% that corresponds with the highest virus mortality. Saliva
shows a U trend with the lowest viability for RH = 57%. However,
saliva shows higher viability among other solutions for all RHs
and may be due to the protective effect of the proteins, surfactants
and salts which aggregate and form phases during evaporation, as
suggested by Vejerano and Marr (Vejerano and Marr, 2018). The
U-shaped dependence on RH is also reported in the studies of
Marr et al. (Prussin et al.,, 2018; Lin and Marr, 2020) on the
enveloped virus Phi6 and non-enveloped MS2. They proposed a
mechanism of higher virus inactivation at middle RH based on
the concept of cumulative dose (concentration of salt species per
time) (Lin and Marr, 2020).

By starting from these experimental evidences, in what
follows, we propose a mathematical model of a spherical cap
droplet encapsulating a model virus, which incorporates all the
relevant thermodynamics aspects of interest, by so analyzing the
dependence on RH and on the material surface characteristics
(through the contact angle 6) of the virus viability, by, in
particular, relating the evaporation of saline sessile droplets to
a proper measure of the so-called cumulative dose, CD. Sensitivity
analyses at varying RHs and contact angles have been finally
provided to construct charts of the virus fate that could be
immediately used to make quantitative predictions on viruses’
viability as a function of ambient humidity and materials on
which the encapsulated viruses are sitting. Importantly, we show
that the proposed approach is also capable to give a clear
explanation of the three regimes highlighted by experimental
evidence, which were not yet understood till now.

PRELIMINARY CONSIDERATIONS ON THE
EFFECT OF RELATIVE HUMIDITY

The dependence on RH of viability of viruses in aerosols and on
surfaces has been experimentally investigated in by Casanova
et al. (2010), Prussin et al. (2018), Marr et al. (2019), Biryukov
et al. (2020), Fedorenko et al. (2020), Lin and Marr 2020.

Virus Survival on Surfaces

Focalizing on sessile droplets evaporation is in fact
fundamental to consider the possible relations with viability
on surfaces. Indeed, all the experiments reported in the
literature are performed by depositing a sessile droplet of
liquid (with a volume in the range 1-50 uL) on the tested
surfaces and placing them in a chamber with controlled T,
and RH. Droplets of water, salts, proteins, and biomolecules at
specific concentrations recreate the physiological environment
similar to the real one (saliva). The RH tested spans from 20 to
80% (Casanova et al., 2010; Vejerano and Marr, 2018; Marr et al,,
2019; Aboubakr et al., 2020; Biryukov et al., 2020; Chin et al,
2020; Fedorenko et al., 2020; Kampf et al., 2020; Lin and Marr,
2020; van Doremalen et al., 2020), and the viability tests continue
for days or weeks, so that the droplets undergo evaporation.

From the mathematical point of view, in case of a pure water
droplet, the mass rate of evaporation, #1, under the hypothesis of
pinned drop-surface contact line, depends on the temperature,
RH, and contact angle 0 and is well approximated by the
following equation (Hu and Larson, 2002):

1(t) = TRD yarer (1 = RH)p),, (0.27[0(1))* + 1.30), (1)

where R is the pinned contact radius, D, and pgup are,
respectively, the diffusivity coefficient and the saturated vapor
concentration [both function of temperature (Hu and Larson,
2002)], and 6 is the contact angle. More details on the relevant
assumptions leading to Eq. 1 are reported in Modelling
Evaporation of Sessile Droplets of an Aqueous Salt Solution at
Room Temperature: Effects of Humidity and Contact Angle. We
anticipate here that Eq. 1 holds for 0 <8 <90°, and even though
the pinned contact line implies a decrease of 6 during
evaporation, the mass rate can be generally considered
constant with the largest error smaller than 6% (Hu and
Larson, 2002). Eq. 1 and thus the analysis can be extended for
contact angles larger than 90",

In a view that the evaporation time could be considered to
represent a good estimate of the period with the higher
probability of transmissibility, Bhardwaj and Agrawal, 2020
applied this model. They assumed a constant mass rate, for
the case of a typical volume distribution of saliva droplets that
are generated during a sneeze or a cough and could deposit on a
surface (1-10 nL), with contact angles in the range of the more
common materials (steel, glass, polymers, wood, and cotton). We
have replicated these calculations considering the case of
evaporation of droplets with a volume in the more realistic
range of volumes adopted in actual viability experiments
(Figure 1). Even though we considered in these preliminary
calculations pure water droplets and not the actual droplets
made of solutions of salts, proteins, and surfactants, we clearly
see that the evaporation times are in the order of several hours
(for a 50 puL water droplet). Actually, it appears from almost all-
viability studies that coronaviruses are able to live even much
longer than these evaporation times, that is, for days or even
weeks (Casanova et al, 2010; Aboubakr et al., 2020; van
Doremalen et al., 2020).

As a matter of fact, considering the evaporation time of pure
water as the viability time (Bhardwaj and Agrawal, 2020) is an
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FIGURE 1 | Full evaporation times for (A) 1 pL and (B) 50 L water sessile droplets vs RH considering two common temperatures of viability experiments (20 and
35°C) and for extreme contact angles for common surfaces. The values are calculated to gain corresponding orders of magnitudes of the evaporation times and thus

were obtained with the Eg. 1 assuming a constant mass rate.

oversimplified view since it hinders the underlying mechanism
of virus inactivation. Rather, as shown by several studies of
Yang et al., 2012; Yang and Marr, 2012; Prussin et al., 2018;
Vejerano and Marr, 2018; Marr et al., 2019; Lin and Marr, 2020,
the dependence between survival of viruses on T, and RH has to
be clarified on the basis of the physicochemical changes
occurring during droplet evaporation. To this aim, a useful
concept is that of cumulative dose (CD) of salts that are present
in the medium and natural/artificial saliva (Lin and Marr,
2020).

During the evaporation, there is in fact an enrichment of
nonvolatile compounds such as salts, proteins, and surfactants
(Lin and Marr, 2020). Solutions with high concentrations of salts
lead to significant changes to the membrane structure (Choi and
Montemagno, 2014) and elasticity (Pabst et al., 2007; Yang and
Marr, 2012) and can cause inactivation. CD could be considered
in first approximation as the product of salt concentration and
time. The abovementioned studies reported a U-shaped viability
curve with the maximum mortality of the enveloped Phi6 virus at
RH ~ 80% (Prussin et al., 2018; Lin and Marr, 2020). At low RHs,
the droplets dry completely and rapidly, the salts crystallize, and
enveloped viruses survive since they are no more in a high-
concentration solution. On the opposite, at RHs near 100%, the
evaporation is slow and droplets stay in a nearly physiological
condition (Yang and Marr, 2012). As mentioned above
(Fedorenko et al., 2020), the Phi6 virus shows a U-shaped
dependence of viability both for SM buffer and natural saliva,
with the peak position dependent on the solution considered.
With specific reference to SARS-CoV-2, a recent study by
Biryukov et al.,, 2020 shows a decreasing trend with RH, but
the humidity tested does not exceed 80%. It can be expected that
at humidity close to 100%, with very slow evaporation and
therefore close to physiological conditions, survival increases,
thus showing U dependence.

viruses

material surface ~ ® R .

FIGURE 2| Schematic representation of a droplet sitting on a flat surface
with spherical cap shape. The contact angle is 0, the local height is h (r, t), and
the radius of the contact line is R.

MODELING EVAPORATION OF SESSILE
DROPLETS OF AN AQUEOUS SALT
SOLUTION AT ROOM TEMPERATURE:
EFFECTS OF HUMIDITY AND CONTACT
ANGLE

Let us consider a simplified modeling of the drying of saliva sessile
drop-containing viruses, which consists in a droplet of an
aqueous solution of sodium chloride placed on a flat surface.
It is assumed that the droplet, both at the start of the drying
process and during the evaporation, takes the shape of a spherical
cap. This hypothesis is legitimate if the droplet is too small to sag
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under the action of the gravitational field and if the flow within
the droplet is too weak to alter the interface shape (Hu and
Larson, 2002; Ronald, 2014). In addition, we impose a “pinned
contact line,” thus the assumption of a constant contact radius
(CCR) of the droplet contact line (Hu and Larson, 2002) is
hypothesized, as suggested by observations on common-use
surfaces and more appropriate than the complementary
assumption of constant contact angle (ideal and
superhydrophobic surfaces). A consequence of this choice is
that, during droplet evaporation, the contact angle that the
droplet forms with the substrate does not remain constant in
time. The geometrical parameters of a droplet that evolves
according to the CCR hypothesis are illustrated in the
schematic sketch of Figure 2.

Based on geometrical considerations, the following
relationships can be written:
R? R
h(r,t) = -r2 - , 2
(5 \Jsin2 0(t) r tan 0 (¢) @
1 - cos O™
hIN = h(0,0) = R(nem), (3)

where R is the radius of the contact line of the droplet, r is the
radial coordinate, 0 is the contact angle of the droplet with the flat
substrate, and 0™ represents the initial value of the contact angle
that is formed as the droplet is deposited onto the surface. It is
assumed here that 8™ = 02, thus imposing that at ¢ = 0, the
configuration of the drop is equal to the one that the droplet
would display at static equilibrium, that is, with no evaporation
process occurring. As a consequence, once the initial volume of
the droplet V" is fixed, the other geometric parameters of the
droplet at the starting time, R™ and k'™, can be easily calculated.
Accordingly, one can also write the time-dependent droplet
volume V(t) as a function of the instantaneous value of the
contact angle, 0(t).

To describe the process dynamics, we also hypothesize that
the droplet evaporates slow enough into stagnant air that the
mass transfer is limited by the diffusion of water in the gaseous
phase surrounding the droplet (assumed to be stagnant), the
flow within the droplet is at low Reynolds’ number Re, and heat,
mass, and momentum transport processes are all at quasi-steady
state. In addition, it is also assumed that evaporation rate is slow
enough that the temperature of the droplet is uniform and
constant with time inside the droplet, and equal to the constant
value of that of the substrate and the surrounding air
environment (T,). The assumption of a quasi-steady-state
profile for the water mass concentration within the gaseous
phase surrounding the droplet is fulfilled if R%/ (Dygrertr) < 1, tp
denoting the evaporation time and D,y representing the
diffusivity of water in air.

Another important point is that we have imposed that at the
interface between the droplet and the external gaseous phase,
the concentration of water Pyap (expressed in kg/m’) is equal to
the equilibrium concentration of water vapor at the given
temperature, which is dictated by the equilibrium vapor

pressure of water (namely, Psap in the case of a droplet of

Virus Survival on Surfaces

pure water or P(v)j;l in the case of a droplet of a water
solution). Using the ideal gas law, we have that the water
concentration in the gaseous phase at the droplet-air interface,
for a droplet made of pure water or of a water solution, is given by:

pO - W r PO,sal — % (4)
vap RoasT vap RoasT >

where Rgas is the universal gas constant and Mpy,o is the
molecular weight of water (0.018 kg/mol). It is noted that, in
the case of drying of a pure water droplet, pgap is constant with
time, at a given temperature, T, and is determined by the value of
P9 that is readily available from water chemical-physical tables
(e.g., it is 2,340, 3,170, 4,250 Pa, respectively, at 20, 25, and 30°C).
If a nonvolatile solute (e.g., salt, proteins, and like) is present, the
value of pg’u;"l depends upon P!, which, in turn, is determined
by the solute concentration that increases as a consequence of
water evaporation. In the case of a water solution, the value of
PB;Z;"I can be calculated once a proper expression for activity
coefficient of water within the droplet solution is available. In
particular, for a mixture of water with a salt, at a given

temperature, we have that:
PS;;pOZ = (1 - xmlf)’}waterpgup’ (5)

where x,,; is the molar fraction of solute (salt) in the mixture and
Vowater 18 the activity coefficient of water that depends upon the
value of x,,;;. For the case of sodium chloride aqueous solutions,
data for y,,,, are available at 25°C in the literature (Pitzer et al.,
1984). These data are adequately described by the following

. . : SAT SAT
quadratic expression, in the range x0. =X 20, where x.7);

S
represents solubility of NaCl in water, that is, the molar fraction

of salt in the aqueous solution at saturation (0.09992):

Vivater = 1 = 0.6604 1%, — 9.7399x2,. (6)

Conversely, in the gaseous phase, at a great distance from the
droplet surface, concentration of water can be assumed to take the
value po, = RH %, where RH is the relative humidity of
the environment surrounding the droplet, ranging from 0 to 1. It
is noted that the effect of droplet curvature on P is neglected. In
fact, for a radius of curvature of 1 mm, simple calculations lead to
have that the increase of Pgap as compared to that of a flat surface
is less than 0.1%.

The abovementioned assumptions allow simplification of the
mathematical complexity of the problem at hand, which is reduced
to solve a Laplace equation, representing the quasi-steady-state
mass balance within the gaseous region above the droplet. If one
disregards the momentum and energy balances within the liquid
and gaseous phases, assuming uniform and time invariant
temperature and uniform solute concentration within the
droplet, the approximate solution of such a problem, in terms
of the instantaneous total mass evaporation rate of the droplet, 1,
is provided for a droplet of pure water by Eq. 1 (Hu and Larson,
2002; Ronald, 2014), while in the more general case of a droplet of
water solution, it can be written as:

1i1 () = TRDyarer [Pl (1) — RHpY, | x [0.27 6 (£) +1.30].  (7)
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As for the case of Eq. 1, also Eq. 7 holds true for values of
0<8(t)<m/2. Based on Eqs 2 and 3, Eq. 7 can be rearranged to
obtain an explicit evolution nonlinear differential equation for
0(t) that can be formally written as:

0=—f[O(t), (8)

where f[0(¢)] has an explicit but lengthy expression that can be,
however, easily derived by substituting the volume and the
pinned radius as functions of the contact angle into all
the above recalled relations. We also highlight that, in the
previous calculations, p., (i.e, the mass density of the
solution) depends on the concentration of salt. We have
obtained an expression of p., as a function of the molar
fraction of salt, x.;, by fitting experimental data available in
the literature (Green and Southard, 2018).

RESULTS AND DISCUSSION

As seen, Eq. 8 relates the instantaneous rate of variation of the
contact angle formed by the droplet of water—salt solution with
the substrate to its current value, involving three relevant
parameters: the relative humidity of the environment, RH, the
initial contact angle between the droplet and substrate, 8™ = 652,
and the initial volume, VN, The initial contact angle depends
upon the surface properties of the substrate, that is, upon its
chemical nature and its roughness as evaluated on different scales.

By numerically solving Eq. 8, the time evolution of the salt
concentration, C,y, vapor pressure of the aqueous solution, P(V)j;l ,
contact angle, 8, and droplet volume, V, have been computed.

The results of these calculations can be exploited to assess the
viability of the virus present in a sessile droplet if we introduce a
suitable measure of vitality of the virus related to a quantity
representative of the harmful “cumulative” exposure of the virus
present within the droplet to the salt dissolved in the liquid phase.
This, as already stated and suggested from experiments, is the
time-dependent quantity named “cumulative dose” (Lin and
Marr, 2020), CD, which measures the accumulation of damage
to the structure of the virus expressed as:

D = jo Cout (), ©)

in which Cg, is the salt concentration within the droplet and the
upper limit of integration and 7 represents the generic time at
which CD is evaluated. A threshold value of CD, say CD*, is then
introduced as the critical value above which the virus is
inactivated. Once the value of CD* is provided by targeted
experiments, one can then evaluate the viability time of the
virus from Eq. 9, at prescribed conditions of RH, for selected
substrate material (i.e., at assigned 6?), and for a given initial
volume of the droplet.

To determine a reasonable value for CD* to be used in our
calculations, we refer to the experiments performed by Lin and
Marr, 2020 on viability of the non-enveloped virus MS2
incubated in bulk lysogeny broth (LB) of different ionic
strengths. In particular, results on MS2 viability are reported
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FIGURE 3 | Experimental data from Lin and Marr (Lin and Marr, 2020)
and the best fitting curve. A threshold RV of 0.3 (dotted line) has been
assumed to find a critical value of cumulative dose CD*.

(Lin and Marr, 2020) in terms of relative viability (RV) as a
function of time, RV being defined as the ratio of the post-
exposure concentration of MS2 to its pre-exposure
concentration.

In the same publication, Lin and Marr, 2020 also reported the
experimental results of tests performed in bulk solutions, in terms
of RV of MS2 virus as a function of cumulative dose of NaCl. To
define a realistic analytical relationship between RV and CD to be
used in our simulations, we have fitted these data using a power
law function, obtaining the following expression:

RV = 1-0.00948(CDyq/ ) - (10)

which is reported, along with original data points, in Figure 3.
This equation will be employed for obtaining the outcomes from
numerical computations in terms of RV.

Analyzing these data, we have determined that an RV = 0.3 is
attained at CD = 5.6 x 107 (kg-s)/m3, which has been then
assumed as a reference value of CD* for the purposes of the
present calculations. Obviously, different choices are legitimate,
with obvious consequences on the results of the following
calculations, but the strategy is general and may be adapted
easily to the more sophisticated measure of the cumulative
dose threshold or critical conditions (e.g., inserting a threshold
value for the dose itself).

Simulations based on the illustrated model have been carried
out, at 25°C, for three different values of RH (i.e., 40, 80, and
100%), four different values of 82 (n/18, 7/6, n/3, m/2)—to
simulate different substrate materials—and two different values
of the initial volume of the droplet, V¥ (10 and 1 pL), assuming
that the initial concentration of salt within the droplet has a fixed
value equal to 10 kg/m”. It is worth noting that only for the case of
RH = 100%, our calculations have been limited to the case of
052 = 71/18 since for higher values of 67, the value of 6 (¢), which
in that case grows with time, becomes higher than 77/2 within the
chosen time frame, thus violating the condition for validity of Eq.
7, that is, 0 < 0 (¢t) < /2.
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FIGURE 4 | Results of model calculations of the evaporation process of a sessile drop of aqueous solution with a starting volume of 10 nL, at an RH = 100%, in
terms of time evolution of (A) the salt concentration, Csar, and (B) the volume, V, for flat surfaces with different wettability, at T=25°C. Only the calculations performed for
an initial contact angle equal to 7/18 are presented since, for the cases 679 = /6, 679 = /3 and 672 = /2, the condition for validity of Eq. 7, that is, 0 < 8(t) < 7/2 is
not fulfiled during the evolution of the drop within the selected time frame of the simulation (i.e., for the 10 nL droplet, it is set to 3 x 10*s and the contact angle
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The selection of the RH values is motivated by the fact that
there are two relevant values of the pressure of water vapor at the
droplet-air interface established for the aqueous solution at the
initial conditions. These are the value ng;l = 3153.5Pa,
corresponding to the initial value of salt concentration,
namely, C%, = 10kg/m’ (i.e, an initial salt mass and molar
fractions, respectively, given by N, =0.0096 and
xIN =0.003089) and the of Py = 2387.5Pa,
corresponding to the saturation concentration of the salt in

water at 25°C, namely, C34T = 317.34kg/m’ (i.e., a salt mass

salt
and molar fraction at saturation, respectively, given by w3il =

0.26483 and x*4T = 0.09992). As a consequence, as discussed by

Yang et al., 2012; Yang and Marr, 2012, three different regimes
can be identified depending on the assigned value of RH:

value

RH >RH,, RH, = (1 —xD,)y,,;; = 0.9948, (11)

RH, > RH >RH,, RH, = (1 -x}, )y, =0.9948, RH,
= (1S = 0753, (12)
RH <RH,, RH, = (1-x31)y%T = 0.753. (13)

In particular, if the value of RH is within the regime I, it is
expected that the volume of the droplet increases indefinitely
since the RH is greater than the water activity of the solution, thus
promoting the water condensation and the dilution of the salt.

If the value of RH is within the regime II, it is expected that the
volume of the droplet decreases with time, due to the
thermodynamic driving force pushing the system toward
phase equilibrium, which promotes the water evaporation and
the consequent increase of salt concentration. Once the phase
equilibrium is attained, the volume then remains constant and no
further changes of its value are expected to occur. The
concentration of the salt within the droplet and the contact
angle also decrease with time down to the value that they
attain when the equilibrium is established and then remain
indefinitely constant with time.

If the value of RH falls within the regime III, it is again
expected that the volume of the droplet decreases with time, due
to the thermodynamic driving force that promotes the water

evaporation and the consequent increase of concentration of the
salt. However, since at a certain instant of time, the saturation
condition is attained and the salt starts to precipitate, from that
point on, the concentration of the salt within the droplet remains
constant with time, while the volume continues to decrease until
the droplet completely disappears.

It is important to note here that aqueous salt solutions tend to
form supersaturated mixtures without precipitating at the true
thermodynamic saturation point. In fact, the indicated RH, value
of 0.753 is the one dictated by purely thermodynamic arguments.
This value actually corresponds to the already mentioned DRH
value. Since precipitation occurrence is affected by nucleation and
growth kinetics of salt crystals, a more suitable value to be used to
mark the transition from regime II to regime III would be the
value of ERH, which, in the case of NaCl aqueous mixtures, is in
the 0.439 to 0.567 range at 25°C, depending on the drop size. Since
the choice of the value of RH, does not affect the calculations and
the qualitative conclusions of the present investigation, in the
following development, we illustrate the case in which one
assumes that salt precipitation occurs at the thermodynamic
saturation point.

All the simulations have been performed for the specific case
of a droplet aqueous solution of NaCl at a temperature of 25°C,
assuming a concentration-independent value of water diffusivity
in air (Dyarer = 2.6 x 107> m?/s; Lide, 2020).

Results of the numerical computations are shown in Figures
4-9, where the time evolution of the salt concentration, Cs;, and
of the volume, V, respectively, for a drop with a starting volume of
10 nL (Figures 4-6) and of 1 pL (Figures 7-9) are reported. The
behaviors illustrated in these figures are representative of those
expected for RH values within the three different regimes, that is,
RH =100% (regime I, Figures 4, 7), RH = 80% (regime II, Figures
5, 8) and RH = 40% (regime III, Figures 6, 9). It is noted here that,
for the case of regime III, the reported plots of Cg,; should be
truncated at the instant of time at which the conditions that
Cout = CfﬁtT =317.34 kg/m3 occurs. From that point on, both
quantities remain constant at their values at saturation.
Obviously, if ERH is taken as the value at which the salt
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FIGURE 5 | Results of model simulations of the evaporation process of a sessile drop of aqueous solution with a starting volume of 10 nL, at an RH = 80%, in terms
of time evolution of (A) the salt concentration, Cszt, and (B) the volume, V, for flat surfaces with different wettability, at 7 = 25°C.
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FIGURE 6 | Results of model simulations of the evaporation process of a sessile drop of aqueous solution with a starting volume of 10 nL, at an RH = 40%, in terms
of time evolution of (A) the salt concentration, Cszt, and (B) the volume, V, for flat surfaces with different wettability, at 7 = 25°C.
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FIGURE 7 | Results of model simulations of the evaporation process of a sessile drop of aqueous solution with a starting volume of 1 plL, ata RH = 100%, in terms of
time evolution of (A) the salt concentration, Cs4, and (B) the volume, V, for flat surfaces with different wettability, at T = 25°C. Only the calculations performed for an initial
contact angle equal to /18 are presented since, for the cases 679 = 7/6, 679 = /3, and 672 = 7/2, the condition for validity of Eq. 7, that is, 0 < 8(t) <7/2 is not
fulfilled during the evolution of the drop within the selected time frame of the simulation (.., for the 10 nL droplet, it is set to 3 x 10%s).

precipitation occurs, the horizontal lines reported in Figures 6A,
9A should be changed accordingly. In view of the values reported
for ERH in the case of aqueous solutions of NaCl, an RH = 40%
would still fall in the regime III

Based on these computations, it is finally possible to evaluate
the time evolution of CD for the different conditions considered
in the simulations. In Figures 10A,B, respectively, for initial
volumes equal to 10 nL and 1 pL, the temporal evolution of CD

Frontiers in Materials | www.frontiersin.org

April 2021 | Volume 8 | Article 631723


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Di Novo et al.

Virus Survival on Surfaces

" Vol = 11 at RH 80% -
Coanlkg/m’) Vi
300
250 i a 0.8
I
200 ! 0.6
150 ‘ l’ /
'l 60=n/18 0.4 N 80=s/18
100 : / 60=7/6 N #9=r/6
/ . U: , 0-2 — "F‘)=ﬁ!3
50 P p— Z]H.L:; N — F0=gp2
_ y i
1000 2000 3000 4006 el 0 0 1000 2000 3000 400({ [s]

FIGURE 8| Results of model simulations of the evaporation process of a sessile drop of aqueous solution with a starting volume of 1 L, at an RH = 80%, in terms of
time evolution of (A) the salt concentration, Cszt, and (B) the volume, V, for flat surfaces with different wettability, at 7 = 25°C.
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FIGURE 9 | Results of model simulations of the evaporation process of a sessile drop of aqueous solution with a starting volume of 1 pL, at an RH = 40%, in terms of
time evolution of (A) the salt concentration, Cgat, and (B) the volume, V, for flat surfaces with different wettability, at T = 25°C.
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the calculations performed for an initial contact angle equal to /18 are presented.
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FIGURE 11 | (A) Results of model calculations of the evaporation process of a sessile drop of aqueous solution in terms of relative viability of the virus as a function
of the time and the RH, for a starting volume of the drop equal to 1 pL and 69 = 1/18; (B) Time evolution of the logarithm of the relative viability at an RH = 80%,
compared to survival measurements of two surrogates of SARS-CoV, the transmissible gastroenteritis virus (TGEV) and mouse hepatitis virus (MHV). The data have been
re-adapted from Casanova et al. (Casanova et al., 2010). (C) Evolution of relative viability as a function of the RH. In the inset, the comparison of the theoretical
outcomes (continuous line) with experimental data for the Phié model virus (Prussin et al., 2018; Lin and Marr, 2020) shows the same trend and highlights the so-called
“U-shaped” behavior.

for the different combinations of RH and 6°? is reported. The
time corresponding to the attainment of an estimated relative
viability of the virus equal to 0.3 can be then predicted by
selecting for CD* the reference value of 5.6 x 107 (kg-s)/m’
obtained for the case of MS2 virus by Lin and Marr, 2020. In
fact, one can then determine from Figures 10A,B the value of
time as the abscissa corresponding to the intersection point
between the horizontal line drawn at CD = CD* and the selected
CD curve.

Making use of Eq. 10, we expressed the obtained theoretical
predictions in terms of RV (see Figure 11), thus allowing a direct
comparison of our calculations with experimental measurements
reported in the recent literature on the survival of different virus

models that represent appropriate surrogates of coronavirus
(Casanova et al., 2010; Prussin et al., 2018).

Although the results obviously depend on the selected value of
relative viability (in the case at hand 0.3) and, in turn, of CD*,
some general qualitative conclusions can be drawn.

The main observation is that the amount of time needed to
attain a certain value of the relative viability of the virus, as
evaluated by the proposed procedure and criteria, displays a non-
monotonic dependence on RH, with a minimum value located
within the regime II region. This is highlighted in Figure 10, in
which the CD curves, referred to different values of the contact
angle, display a non-monotonic behavior as a function of RH,
with the intersection of the horizontal CD* threshold line, and in
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Figure 11A, where the relative viability surface is reported as a
function of RH and time along with the plane representing the
selected threshold RV = 0.3.

Figure 10 shows that at an RH value of 40% of the drop
disappears before CD becomes equal to CD*, while, at RH = 100%,
CD is expected to become equal to CD* at much longer times
since the drop increases in size, thus gradually diluting the salt in
a way that there is a delay of the moment at which the
combination of salt concentration and time of exposure of
virus becomes critical (CD = CD*).

It is worth to highlight that, at RH falling in the regime I1I (e.g., at
RH = 40%), the droplet completely evaporates before CD*is attained
and the virus survives since it is no longer encapsulated into a highly
concentrated solution. Similarly, the rapid drying reduces the
exposition time to osmotic stresses (Choi and Montemagno,
2014) and avoids achieving high salt concentration inside the
capsid which would cause an osmotic shock during the
subsequent dilution (Cordova et al., 2003). These considerations
could explain the high RV reported for low RH. In the region of
regime II, instead the drop settles in a condition of equilibrium with
the surrounding air without reaching the saturation concentration.
The virus is then subjected to high salt concentrations for a long time
which may explain the high mortality.

The outcomes of the simulations compare well with the available
experimental data as evident in Figure 11B, where our results in
terms of RV vs time, at RH = 80% and room temperature, are
reported along with the data on the viability of the transmissible
gastroenteritis virus (TGEV) and of the mouse hepatitis virus
(MHYV), that are model viruses indicated as proper surrogates of
severe acute respiratory syndrome coronavirus (Casanova et al.,
2010). In addition, the computed RV displays a dependence on
RH that closely resembles the experimentally determined U-shaped
dependence of relative viability exhibited by other two virus models
(i.e., Phi6 and MS2), reported by Prussin et al., 2018; Lin and Marr,
2020 (see Figures 11A,C). Quite interestingly, the theoretical curves
show a discontinuity in the values of viability at the boundary
between the regimes III and II, in which the viability decreases by
attaining the critical limit, as qualitatively hypothesized by Yang et al,,
2012 by observing the relationship between RH and the viability of
influenza A virus in salt droplets from laboratory experiments.

Finally, from our simulations, it is also evident that virus
survival generally tends to increase with the contact angle of the
surface on which the drop is deposited. Indeed, fixing a time ¢' in
Figure 10, CD is lower for less hydrophilic surfaces. This is in
agreement with the recent experimental evidences that SARS-
CoV-2 survives more on commercial polymers (usually slightly
hydrophobic) than on glass (hydrophilic) (Aboubakr et al., 2020).
The interplay among thermo-hygrometric conditions, drop size,
initial salt concentration (and other substances or molecules
trapped into the droplet), and surface properties (i.e., contact
angle) decides the fate of the virus.

CONCLUSION

In order to predict the viability of enveloped viruses in sessile
aqueous drops when sitting on flat surfaces, we implemented a

Virus Survival on Surfaces

mathematical model that incorporates all the relevant
thermodynamics aspect of interest and, under physically
consistent quasi-steady-state conditions, we obtained a
nonlinear evolution differential equation on the sole
unknown time-dependent contact angle, by taking into
account the crucial role of relative humidity RH at a
prescribed ambient temperature and the salt concentration
variations during the evaporation process. To make the
problem mathematically feasible, we have considered the
relatively simple case of a droplet of an aqueous NaCl salt
solution, which is considered to be a crude approximation of a
real saliva drop still retaining some of the main features relevant
for virus survival. A real saliva drop actually displays a more
complex structure. In particular, the assumptions of spherical
cap shape of the drop, constant contact radius (CCR) of the
droplet contact line with the flat substrate, and some other
simplifying hypotheses coherent with the experimental
observations, including homogeneity of the drop, were also
made. The aqueous spherical cap simulating a drop of saliva is
assumed to have inside viruses and other nonvolatile
compounds, including sodium chloride salt. Although real
saliva drops are more complex, containing several types of
salts, variable amounts of proteins, surfactants, and other
components, we assumed as key factor for determining the
viability of the virus the salt concentration, in line with
literature evidence. The effect of salt, whose
concentration increases as the water evaporates from the
drop, was thus accounted for in a critical parameter, CD%,
which represents a threshold value for the cumulative dose
CD that includes the time of exposure of the virus to a given salt
concentration.

The main conclusion is that the viability of the virus, as
evaluated by the proposed procedure and criteria, displays a
non-monotonic dependence on RH, with a minimum value
occurring within the region of the so-called regime II, that is,
at intermediate values of RH. Modeling results also suggest that
virus survival increases with the contact angle of the surface on
which the drop is deposited. It is considered that these results and
the proposed method could have important practical implications
for the prediction of survival time of viruses, including SARS-
CoV-2 responsible for COVID-19, and for ad hoc designing
engineered material surfaces in synergy with controlled
thermo-hygrometric = parameters for creating adverse
environmental conditions for virus spread and viability.
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