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properties and their impact on ice
nucleation efficiency of respiratory viral RNA and
proteins†

Mattie Hibbs, a Devendra Pal, a Gorjana Barudzijab and Parisa A. Ariya *ab

Ice nucleation processes in the earth's atmosphere are critical for cloud formation, radiation, precipitation,

and climate change. We investigated the physicochemical properties and ice nucleation potential of

selected viral aerosols, including their RNA and proteins, using advanced techniques such as scanning-

transmission electron microscopy (S/TEM), small angle X-ray scattering (SAXS), particle analyzers, and

a peltier chamber. The experiments revealed that RNA particles obtained from MS2 bacteriophage had

a mean freezing point of −13.9 ± 0.3 °C, comparable to the average ice nucleation temperature of

global dust particles, which is approximatively −15 °C. RNA from MS2, Influenza, SARS-CoV-1 and SARS-

CoV-2 demonstrated average ice nucleation temperatures of −13.9 ± 0.3 °C, −13.7 ± 0.3 °C, −13.7 ±

0.3 °C, and −15.9 ± 0.4 °C, respectively. SAXS analysis indicated a high local crystallinity value of 0.5 of

MS2 RNA particles, hinting that high crystalline nature may contribute to their effectiveness as ice nuclei.

Dilution experiments show that viral RNA consistently catalyzes ice nucleation. The addition of dust-

containing particles, such as Fe2O3, CuO, and TiO2, to MS2 bacteriophage droplets enhanced ice

nucleation, as did UV radiation. We herein discuss the implications of this work on ice nucleation and

freezing processes.
Environmental signicance

Ice nucleation plays a critical role in cloud formation, thus impacting the global radiation budget. Examining the physicochemical properties of ice nucleating
particles is essential to improve our understanding of ice nucleation processes. Numerous studies have characterized the ice nucleation properties of bio-
aerosols, including bacteria, fungi, and pollen, but there is only one study to our knowledge which examines the ice nucleation potential of viruses. Our study is
the rst to show that selected respiratory viruses including SARS-CoV-2 can serve as efficient ice nuclei. Surface property analysis, namely small-angle X-ray
scattering, revealed that crystallinity and polydispersity are potential drivers of ice nucleation abilities. This work contributes to the fundamental research
in understanding bioaerosols and climate interactions.
Introduction

The Intergovernmental Panel on Climate Change (IPCC)1,2 has
identied airborne particles, or aerosols, as a priority research
area for air quality and climate change. Air pollution and,
notably, small aerosols cause around 7 million premature
deaths every year globally, making them an important topic in
health science research.3 Furthermore, aerosols are critical in
several atmospheric processes, including cloud formation,
precipitation, the radiation budget, and global climate change.4

Understanding the physicochemical properties such as size,
shape, abundance, and surface topography of aerosols,
ciences, Canada. E-mail: parisa.ariya@

y, 801 Sherbrooke St. W., Montreal, QC,

tion (ESI) available. See DOI:

cts, 2024, 26, 2010–2019
particularly bioaerosols, is crucial for assessing their role in
aerosol–cloud interactions.5–7

Bioaerosols are aerosols of biological origin or those con-
taining biological parts or derivatives, including bacteria and
viruses.8 Viruses exist ubiquitously in the natural environment,
including in soil, water, and air. Their numbers are greater than
any other biological entity with an estimated 10 nonillion (1031)
individual viruses on Earth.9,10 Airborne viruses can interact
with other aerosol particles in the atmosphere andmay undergo
physicochemical transformations and long-range trans-
portation.11 These physicochemical changes are inuenced by
the aerosols' microphysical characteristics and by atmospheric
conditions such as humidity, temperature, and radiation.12–15

Although a comprehensive understanding of the physico-
chemical properties of bioaerosols is necessary for assessing
their impact on atmospheric chemistry processes and epide-
miological processes (uptake and transport mechanisms),16,17
This journal is © The Royal Society of Chemistry 2024
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their role as ice and cloud condensation nuclei remain active
research areas.

In recent decades, various emerging contaminants have
been identied as effective ice nuclei, specically contaminants
originating from nano/microplastics,18 metal–organic
complexes,19 and pharmaceutical materials.20 Dust particles are
known to be the most abundant type of ice nucleating particles
in the atmosphere, while certain bioaerosols are among the
most efficient.21,22 For example, Pseudomonas syringae bacteria
have evolved to induce ice nucleation within a temperature
range of approximately −2 to −7 °C.23 In comparison, dust
particles exhibit ice nucleation abilities around −15 °C.21,24 The
ice nucleation mechanisms of various bioaerosols including
pollen,25 fungi,26 and bacteria23 have been extensively studied,
but very little is known about the ice nucleation ability of
airborne viruses.27

In this study, we investigated the ice nucleation abilities of
airborne viruses and their RNA, along with the impact of mixing
the viruses with dust particles. We conducted microphysical
experiments focusing on MS2 Bacteriophage (also termed
Bacteriophage MS2 or MS2), a single-stranded RNA virus which
infects Escherichia coli. MS2 is a commonly found virus and,
along with other bacteriophages, serves as a good surrogate for
studying airborne viruses.28 Additionally, we assess the ice
nucleation abilities of selected virus particles, such as SARS-
CoV-1 RNA, SARS-CoV-2 RNA and proteins, RNA from human
inuenza, and heat-inactivated SARS-CoV-2 (COVID-19).
Furthermore, we investigated the surface properties of viruses
to understand their potential role in ice nucleation
mechanisms.

Methods
Ice nucleation – immersion-mode drop freezing experiments

A common way to study the ice nucleating ability of ice nucle-
ating particles (INPs) is drop freezing assay experiments, which
have been shown by Vali29 to be an accurate method for calcu-
lating the active ice nuclei content of the solution from which
the droplets were formed. Drop freezing experiments are char-
acterized by the simultaneous cooling of equal-sized droplets
until frozen, and the freezing point of each droplet is recorded.
Based on the observed freezing temperatures, the differential
nuclei concentration k(T) can be obtained (Methods: Ice
nucleation – analysis, eqn (1)).

In this study, we conducted drop freezing assays of viral
droplets using a laboratory-built ice nucleation apparatus.30,31 In
brief, solutions containing either viral particles or somemixture
of viral particles with other common aerosols, were made by
dilution using ultrapure Milli-Q water (18.2 MU cm Milli-Q
Synergy UV system, Millipore Sigma, USA). MS2 viral solutions
were prepared at varying concentrations of 100×, 200× and
330× and all additional particles were present in solutions at
a 0.1% bymass concentration. To ensure an even distribution of
particles, all solutions were vortexed. Each experiment was
comprised of approximately 120 droplets of equal volume (10
mL, with radius of approximately 1.34 mm) deposited onto
a vaseline-coated copper plate and replicated trice. Once each
This journal is © The Royal Society of Chemistry 2024
droplet was placed uniformly on the freezing plate, the plate
was cooled at a constant rate of 0.9 degrees centigrade per
minute, and the temperature at which the liquid droplet
solidied was recorded. To verify that all freezing events were
captured, we recorded a video for cross-verication.

We also investigated the impact of mixing with dust particles
(nanosized TiO2, Fe2O3 and CuO) and UV exposure on the ice
nucleation ability of MS2. To examine how ice nucleation
changes when viral droplets are clustered together, designated
samples were briey centrifuged for about 2–5 minutes to
promote particle agglomeration. To assess the impact of light
on viral droplets, MS2 samples are exposed to UVA (315–400
nm) or UVB (280–315 nm) irradiation for 30 minutes.
Ice nucleation – analysis

The differential nuclei concentration k(T) (in L−1) describes the
average number of ice nuclei in a temperature interval, n(T), per
unit of volume, V, and can be expressed as:

kðTÞ ¼ nðTÞ
V

; (1)

Upon algebraic rearrangement and integration, the cumu-
lative concentration of active ice nuclei, K(T) (in L−1) is
obtained:

KðTÞ ¼ ln N0 � ln NðTÞ
V

; (2)

where N0 is the number of droplets in the initial population and
N(T) is the number of unfrozen droplets at temperature T.29

All data processing, statistical analysis methods, and plot-
ting methods/soware are discussed in Methods: Statistical
analysis and plots.
Litesizer particles sizer

Litesizer particle sizer 500 (PSA, Anton Paar) was used to analyze
the particle diameters of MS2 samples. The PSA instrument
uses dynamic light scattering to obtain information about the
physical properties of the samples. Three measurements were
made for each sample at 25C with the default measurement
angles of 15°, 90°, and 175°. This analysis yielded the diffusion
coefficients and transmittances.
Electron microscopy imaging

Talos F200X scanning/transmission electron microscope (S/
TEM) was used. Talos combines high resolution S/TEM and
TEM imaging, with energy dispersive X-ray spectroscopy (EDS),
which allows signal detection and elemental analysis of selected
areas. The imaging was performed by Facility for Electron
Microscopy Research at McGill University. Bacteriophage MS2
was prepared for S/TEM imaging by staining with uranyl acetate
and the Spirit 120 kV TEM is used for imaging. Another set of
MS2 samples was prepared without uranyl acetate staining to
determine the composition of the material on the grid and
imaged in the Talos F200X 200 kV TEM.
Environ. Sci.: Processes Impacts, 2024, 26, 2010–2019 | 2011
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Heat inactivation of SARS-CoV-2 viruses

In a biosafety 3 laboratory, a specic volume of SARS-CoV-2 was
heat-inactivated at 92 °C for 1 hour with continuous shaking to
ensure biosafety during subsequent handling in a biosafety
level 1 laboratory setting. BLAST results of sequenced genome
conrmed SARS-CoV-2 identity (Fig. S2†). Fig. S1† shows the
heat inactivation images of SARS-CoV-2 viral load sample, and
genomic data are provided in the ESI (Fig. S1 and S2†). Methods
for heat inactivation of SARS-CoV-2 usually use temperatures of
around 56–60 °C (ref. 32–34) although those methods are typi-
cally used to only reduce the viral activity when the sample is
needed for serological assays. A few studies have also examined
the remaining infectivity when SARS-CoV-2 samples are exposed
to 80 °C for 1 hour,35 92 °C for 15 minutes34 and 95 °C for 3
minutes.35 We performed heat inactivation at 92 °C for 20
minutes; viral activity is still observed and therefore the expo-
sure time is increased to one hour.

To conrm no remaining live virus, the inactivated virus was
tested by inoculating host cells. The test sample is passaged
twice; the rst passage is incubated for 3 days, and the second
passage is incubated for 7 days. Vero E6 conuent monolayers
were infected with SARS-CoV-2 virus (MOI 0.05), heat-
inactivated SARS-CoV-2, and monitored for cytopathic effect
(CPE). On day 3, the supernatant was removed, spun down to
remove any cell debris, and then transferred to a new lot of Vero
E6 conuent monolayers and monitored for 7 days. Heat-
Inactivated SARS-CoV-2 using this protocol did not cause
infection as determined by the lack of CPE in the inoculated
Vero E6 cells. RIM-1, lineage B.1.147 was used for heat-killed
samples (formally called CP13.32) which is SARS-CoV-2 that is
propagated from a McGill University Health Center (MUHC)
patient sample from March/April 2020. The RIM-1 viral stocks
were whole genome sequenced, and the GenBank accession
number is MW599736. Images of inactivated viruses are given
in ESI Fig. S1.†
Small angle X-ray scattering (SAXS) analysis

The SAXSpoint 2.0 (Anton Paar, Austria) at McGill University
was used to analysis physical properties of MS2 bacteriophage
samples. The SAXS instrument employed CuKa radiation
source with a wavelength (l = 1.54 Å) and an Eiger R 1M
(Horizontal) detector. The source-to-detector distance was set at
576.33 mm for the experiments. 30 mL of sample volume was
used during each experiment and placed in quartz capillary (1
mm, Anton Paar). During eachmeasurement, a total of 3 frames
were recorded with 20 minutes per frame of X-ray exposure. The
obtained SAXS proles were corrected as a function of the
scattering vector (q = (4p/l)sin q, where 2q is the scattering
angle). Data analysis of the SAXS measurements is performed
using SasView 5.0.4 soware, an open-source code widely used
for SAXS data analysis.36 The Milli-Q water was used as back-
ground data; it has been subtracted from all the measured
samples and the normalized dataset was used for subsequent
analysis (SAXSpoint2). The SasView soware is also used for
Guinier analysis to check the data quality. Correlation function
analysis was performed to extract the surface properties,
2012 | Environ. Sci.: Processes Impacts, 2024, 26, 2010–2019
including the polydispersity, average core thickness, and local
crystallinity of each sample. The user specied the q-ranges of
analysis, and the soware extracted these properties/
parameters using a Guinier function to t the designated low-
q range values, and a Porod model for tting the high-q range
values.37

Polydispersity is calculated in the soware by dividing the
standard deviation of the size distribution by the mean size
value. Local crystallinity is calculated by dividing the average
hard block thickness (Lc) by the long period (Lp).

Statistical analysis and plots

Various statistical analyses were performed to investigate the
ice nucleation efficiency of the different samples. The reported
results include 1st and 99th percentiles, along with median and
average values. Two-sample t-tests were performed in RStudio
using the t-test function, in which it assumed that the two
populations have different variances. Standard errors were
calculated via the following equation appropriate for large
sampling data, where s corresponds to the standard deviation
and N is the sample size.

SE ¼ s
. ffiffiffiffiffi

N
p

(3)

All graphs were made in RStudio. Data is publicly available
on the Borealis data repository.38

Materials and supplies

The metal oxides used were TiO2, Fe2O3, and CuO; they were
purchased from Sigma-Aldrich in nanoparticle form. SARS-CoV-
1 RNA and RNA from Bacteriophage MS2 (product code: 10 165
948 001) were purchased from Sigma-Aldrich. Bacteriophage
MS2 (0 810 052) was manufactured by Zeptometrix Corporation
and supplied by Cedarlane Laboratories. Inuenza RNA (VR-
95DQ) was manufactured by American Type Culture Collec-
tion and supplied by Cedarlane Laboratories. SARS-CoV-2 RNA
(ssRNA) (EURM019) was supplied by the Joint Research Centre
(European Commission), and proteins were supplied by Life
Technologies Inc. SARS-CoV-2 was propagated and then heat
inactivated in a BSL3 laboratory at the Research Institute of the
McGill University Health Centre (RI MUHC).

A note on terminology

In this paper, we use the terms virus and viral particle. Virus is
the general term for what we are studying; SARS-CoV-1, SARS-
CoV-2, inuenza, and MS2 bacteriophage are all viruses. A
viral particle is a particle containing viral material.

Results and discussions

In this study, we conduct a comprehensive series of ice nucle-
ation microphysics experiments involving various viral compo-
nents, including the model virus MS2 Bacteriophage and its
RNA, heat-inactivated SARS-CoV-2 (COVID-19), SARS-CoV-2
RNA, and SARS-CoV-1 RNA and proteins. Our goal was to
This journal is © The Royal Society of Chemistry 2024
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investigate the effectiveness of the ice nucleation abilities of
these viral components and compare the results with proxy dust
particles. Furthermore, we explored the inuence of mixing
with dust particles and the impact of UV radiation on the virus'
respective ice nucleation abilities. A summary of the mean
freezing ice nucleation temperatures of various samples is given
in Fig. 1.
Ice nucleation of bacteriophage MS2: impact of UV light
exposure

Fig. 1 and 2a show the mean freezing temperatures from drop-
freezing experiments for MS2 Bacteriophage at different dilu-
tions (100×, 200×, 330×). The mean freezing temperatures for
samples of MS2 Bacteriophage at 100×, 200× and 330× dilu-
tions were −16.5 ± 0.3, −18.8 ± 0.3, and −18.2 °C, respectively
(Fig. 1, red box; Table 1). We observed that the mean freezing
temperatures decreased by about 2 °C with an increased dilu-
tion factor from 100× to 200×, and no signicant change in
subsequent dilutions. This may likely be due to decreased
Fig. 1 Mean freezing temperatures from drop freezing experiments of v

This journal is © The Royal Society of Chemistry 2024
particle concentration affecting ice nucleation site availability,
thus slowing down the catalytic process.39 Interestingly, MS2
RNA exhibited a mean freezing temperature of −13.9 ± 0.3 °C,
indicating RNA's potential role in ice nucleation (Fig. 1).

To investigate the impact of irradiation on the ice nucleation
ability of airborne viruses, we exposed 100× diluted MS2
samples to UVA (315–400 nm) and UVB (280–315 nm). The
mean freezing values of UVA- and UVB-exposed MS2 samples
were −13.4 ± 0.4 and −12.6 ± 0.3 °C, respectively (Table 1), and
the cumulative nucleus concentration of photolyzed MS2 and
centrifuged photolyzed MS2 samples are shown in Fig. 2b. A t-
test (p = 0.108) conrmed no signicant difference in ice
nucleation results between UVA-versus UVB-exposed MS2-100×
samples, but a signicant (p � 0.00001) difference was indeed
observed between untreated MS2-100× mean freezing temper-
atures and both UV-treated samples (Fig. 1 and 2b). As shown in
Table 1, UVA exposure elevated the freezing temperature by
−3.1 °C and UVB elevated it by −3.9 °C. This indicates that UV
radiation may increase the ice nucleation potential.
arious samples; †centrifuged.

Environ. Sci.: Processes Impacts, 2024, 26, 2010–2019 | 2013
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Fig. 2 Comparison of the cumulative nucleus spectra obtained from drop-freezing experiments of different samples and their respective
treatments. (a) MS2 at dilutions 100×, 200×, and 330×; (b) UVA- and UVB-treated MS2 samples; (c) MS2 solutions mixed with TiO2, Fe2O3, and
CuO; (d) untreated viral RNA from: MS2, SARS-CoV-1 (SARS), SARS-CoV-2, and human influenza (e) SARS-CoV-2 treatments: heat-inactivated (*)
and centrifuged (†); (f) SARS-CoV-1 RNA: untreated and centrifuged (†).
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Mixing MS2 with dust-like particles: impacts on ice nucleation

We examined the impact of mixing MS2 with common metal
oxides found in dust particles such as TiO2, Fe2O3 and CuO
2014 | Environ. Sci.: Processes Impacts, 2024, 26, 2010–2019
nanoparticles. We exposed viral MS2-100× dilution samples at
0.1% solutions of TiO2, Fe2O3, and of CuO. The mean freezing
temperatures are given in Fig. 1 (orange box) and Fig. 2c shows
This journal is © The Royal Society of Chemistry 2024
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Table 1 Freezing temperature summary statistics from drop-freezing experiments involving different preparations of MS2 samples, including
various dilution factors and UV treatments

Statistic (°C) Mean Median 1st percentile 99th percentile Standard error ðs= ffiffiffiffiffi
N

p Þ

Reference/blank
Milli-Q water −20.5 −21.3 −22.9 −16.8 0.2

MS2 dilutions
MS2 100× −16.5 −16.9 −20.1 −9.6 0.3
MS2 200× −18.8 −19.8 −21.6 −7.7 0.3
MS2 330× −18.2 −19.5 −21.5 −9.8 0.3

MS2 100×, UV treatments
MS2 100× −16.5 −16.9 −20.1 −9.6 0.3
MS2 100×, UVA −13.3 −14.9 −19.1 −4.3 0.4
MS2 100×, UVB −12.6 −14.3 −18.5 −4.2 0.3
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the cumulative nucleus concentration of MS2 compared with
the mixtures of MS2 with dust particles. The mean freezing
temperatures of MS2-100× diluted sample alone was −16.5 ±

0.3 °C; when MS2 was mixed with TiO2, Fe2O3 and CuO, the
freezing temperatures increased to −12.7 ± 0.2 °C, −14.4 ± 0.2
and−10.7± 0.3 °C, respectively. These ndings suggest that the
presence of dust particles can enhance the ice nucleation ability
of viral particles, likely due to increased surface area and
effective ice nucleation sites provided by the dust particles.40 A
statistically signicant difference (p < 0.05) is found between the
mean freezing temperatures MS2-100× sample, and the MS2-
100× mixture samples. Fig. S3 and S4 in ESI† show the cumu-
lative nucleus concentrations of a selection of airborne particles
(Fig. S3†) as well as TiO2, Fe2O3, and CuO (Fig. S4†).
Ice nucleation of SARS-CoV-2, RNA and related samples

Heat inactive SARS-CoV-2 had a mean freezing temperature of
−17.6 ± 0.4 °C, which decreased further upon centrifugation to
−18.9 ± 0.2 °C. It is essential to consider that the heat inacti-
vation process may lead to the presence of fragmented RNA and
protein shells in the sample, potentially affecting its ice nucle-
ation behavior. Ice nucleation of these coronaviruses-related
samples show that even when a viral droplet contains an inac-
tive virion, it still has the potential to be a good INP.

Furthermore, we investigated the ice nucleation efficiency of
several RNA samples considering many airborne viruses are
RNA viruses.41 The ice nucleation efficiencies of RNA fromMS2,
SARS-CoV-1, SARS-CoV-2, and Inuenza was investigated. Viral
RNA, enclosed within the capsid, can degrade under certain
atmospheric conditions, such as high relative humidity or
reactive oxygen species (ROS), potentially leaving RNA frag-
ments in the atmosphere.42 Viral RNA exhibits high mutation
rates and morphological diversity,43 making it suitable for
studying ice nucleation processes that depend on particle
structure and morphology.40

The ice nucleation efficacy and cumulative nucleus concen-
trations of RNA from MS2, SARS-CoV-1, SARS-CoV-2, are shown
in Fig. 2d. The mean freezing temperatures of RNA from MS2,
SARS-CoV-1, and Inuenza were−13.9 ± 0.3 °C,−13.7± 0.3 °C,
and −13.7 ± 0.3 °C, respectively (Fig. 1), revealing that RNA
freezes at warmer temperature than some ice-nucleating dust
This journal is © The Royal Society of Chemistry 2024
particles (Fig. 1). Fig. 2e and f show the cumulative nucleus
concentrations of SARS-CoV-1 RNA and SARS-CoV-2 RNA as well
as the centrifuged samples. Centrifugation in these experiments
did not signicantly affect the ice nucleation abilities of either
RNA type.

In this study, our primary focus has been on using deacti-
vated viruses to ensure health and safety during the experi-
ments in our microphysics labs, acknowledging that the ice
nucleation behavior is expected to be altered. Furthermore,
some S/TEM and BET facilities cannot host even deactivated
viruses. Using different preparation methods, all RNA tested
display ice nucleation efficiency, demonstrating that the various
methods of RNA isolation are not likely the cause of ice nucle-
ation, but that the RNA itself is. It is important to clarify that
when we refer to RNA as an ice-nucleating particle, we are
considering the entire structure of the RNA, including the
capsomeres. However, we do not make specic claims about
whether the ice nucleation ability resides strictly in the genetic
material or within the capsid's system, as that is beyond the
scope of this paper. Yet, we recommend future research in this
domain.
Surface properties and ice nucleation efficiency

Small-angle X-ray scattering (SAXS) measurements provide
crucial insight into the nanoscale density differences in both
solid and aqueous samples.44,45 These density differences
determine the particles size distribution, shape, dispersity
(monodispersed and polydispersity) pore size, and local crys-
tallinity, which are essential for assessing ice nucleation capa-
bilities.17,46 The scattering data obtained from SAXS
measurement contains information on the size, shape, orien-
tation, squared contrast, weighted concentration, and volume
of the particles.37 For this study, we used SasView 5.2 soware
for correlation function analysis to estimate the changes in
phase or orientation change in particles, affecting local crys-
tallinity (phase) of the materials.36 Table 2 presents the local
crystallinity and polydispersity of MS2 samples. Polydispersity
measures the width of the size distribution of correlation
function decay rates and not the particle size distribution.47 The
change in phase (local crystallinity) and polydispersity of
Environ. Sci.: Processes Impacts, 2024, 26, 2010–2019 | 2015
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Fig. 3 Intensity counts of MS2 at 100×, 200× and 330× dilutions

Table 2 Physical properties of MS2 samples extracted from SAXS data
with SasView software. Properties include polydispersity, average core
thickness, and local crystallinity. Diffusion coefficients and trans-
mittances from two of three trials for each MS2 sample, obtained from
the Litesizer 500 particle sizer (Anton Paar) are also given

SAXS correlation function analysis parameters

Sample Polydispersity
Avg. core thickness
(Å) Local crystallinity

MS2 100× 2.44 9.2 0.51
MS2 200× 2.40 7.0 0.39
MS2 330× 2.79 7.2 0.28

Litesizer particle sizer physical properties

Sample

Diffusion coefficient (mm s−1) Transmittance

Measurement
1

Measurement
2

Measurement
1

Measurement
2

Mill-Q
water

0.74 0.62 87.5% 87.6%

MS2 100× 1.60 1.83 87.2% 87.2%
MS2 200× 1.82 1.48 87.9% 87.9%
MS2 330× 1.59 1.59 87.7% 87.7%
Fe2O3 +
MS2 + Milli-
Q

4.68 4.76 10.6% 10.9%
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material signicantly impacts the ice nucleation capability of
materials.20,37

In this study, we analyzed three MS2 samples (100×, 200×
and 330×) to understand their physical properties and their role
in ice nucleation mechanism. The MS2 100× sample exhibited
higher local crystallinity and similar polydispersity compared to
MS2 200× and MS2 330×, shown in Table 2. The combination
of high polydispersity and local crystallinity likely makes the
MS2 100× sample more efficient at ice nucleation (Table 1). A
higher degree of crystallinity suggests a greater potential for the
sample to organize neighboring water molecules into ice-like
crystal formations, enhancing its ice nucleation capability.20,40

Conversely, MS2 330×, with slightly higher polydispersity but
signicantly lower local crystallinity, and MS2 200×, with
similar polydispersity but lower crystallinity than MS2 100×,
show ice nucleation at cooler temperatures (Fig. 1). Therefore,
a higher degree of crystallinity suggests a stronger ice nucle-
ation capability.

The overall effectiveness of ice nucleation depends on the
combined effect of both local crystallinity and polydispersity.
Previous studies have shown that materials with high crystal-
linity and polydispersity oen have polymorphic surfaces that
lower the free energy, facilitate local structuring upon cooling,
and promote crystallization in a supercooled state.20,37,47,48 For
example, efficient atmospheric ice nuclei, such as silver iodide
and Pseudomonas syringae bacteria, nucleate ice at relatively
warmer temperatures due to their crystallinity, symmetry, and
size, which allow them to adopt structures closer to hexagonal
ice at supercooled temperatures.37,49 Density, poly-surfaces, and
2016 | Environ. Sci.: Processes Impacts, 2024, 26, 2010–2019
polydispersity are control parameters that induce crystallization
and favor structures acting as precursors for the ice nucleation
process.

The SAXS intensity counts of the three different MS2 dilution
samples are shown in Fig. 3. The observations suggest the MS2-
100× had the highest scattering intensity, while the more
diluted samples had very similar scattering patterns to each
other. These results are likely due to the increased concentra-
tion of viral particles in the 100× solution. Further dilutions
have reduced viral particles concentrations, and thus they more
closely freezed/resemble the Milli-Q blank (Table 1).

Furthermore, Litesizer particle sizer data includes the
diffusion coefficients and transmittance, shedding light on
surface physiochemistry (Table 2). These coefficients provide
valuable information about the movement of particles, disper-
sion, and stability in the solution and the extent to which light is
transmitted through the sample. These are not necessarily
predictors of excellent or poor ice nuclei but serve as supple-
mental data to show the internal structure of a solution of viral
particles in water. We see no signicant difference between
water and viral solutions' transmittance and diffusion proper-
ties but a considerable difference between these samples and
the mixtures with dust particles.
Can airborne viruses be important in ice nucleation?

Aerosols are seeds for cloud formation,4 and as stated, one of
the signicant uncertainties in climate change predictions.50

During the last decades of bioaerosol research on ice nucle-
ation, it has become evident that bioaerosols and their
remnants can act as efficient ice nuclei.21,22 There are several
studies which have quantied the microbial concentrations in
the planetary boundary layer51,52 and at higher altitudes relevant
to cloud formation.53–55 However, despite the known abundance
obtained from SAXS analysis plotted on a log-scale.

This journal is © The Royal Society of Chemistry 2024
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of viruses compared to bacteria in ambient air, there are no
studies to our knowledge which specically investigate their
role in cloud formation. Further work should be done to assess
the concentrations of viruses at cloud-relevant heights.

The amount of airborne virus at a given time varies due to
several factors, namely droplet size, evaporation rate, gravita-
tional settling, and the viral load.56,57 These factors make
calculating airborne viral concentrations complex and subject
to many limitations. Additionally, there is an abundance of
environmental conditions which can affect the interaction of
airborne viruses with other aerosols and their behaviour in the
context of ice nucleation. These environmental factors include
humidity, radiation (particularly UVC) and temperature.58–60

Once the virus enters the air, it is subject to all of these envi-
ronmental factors and interactions with other particles.
Notably, viruses are smaller in size than bacteria and course
dust particles, and thus may have longer residence times and
experience similar or even longer ranges of transport.61,62 Even if
the virus is not active or completely intact, this work has shown
that select viruses may still retain their ice nucleation abilities.
Such microphysical processes they may undergo at this stage
are understudied and deserve further research is required.

Current research has shown that some airborne viruses
including MS2 bacteriophage, SARS-CoV-1 and SARS-COV-2 and
their remanent RNA have distinct physicochemical surfaces
properties that allow them to act as effective ice nuclei at
temperatures comparable to those of dust particles, which have
long been considered one of the most critical global ice nuclei
in the Earth's atmosphere.21,41 Like dust particles, viruses are
present in massive quantities, experience transport through air,
and some have been shown to effectively facilitate ice nucle-
ation at temperatures between −13 and −17 °C. The earlier
work done by Adams et al. (2021)27 suggests that they may play
a more important role in the composition of marine environ-
ment INPs than those of terrestrial environments. Yet, there are
many unknowns. Hereby, we recommend further observation,
laboratory, and modelling experiments to accurately evaluate
their importance.

Concluding remarks

In this study, we show for the rst time that selected RNA of four
different respiratory viral entities exhibit mean ice nucleation
temperatures up to −13.7 °C. Adding dust-like aerosols to MS2
droplets increases ice nucleation temperatures or makes them
more efficient ice nuclei. The combination of high crystallinity
and polydispersity in these viruses may partially explain the
effectiveness of ice nuclei. The results of this study indicate that
some viruses and selected viral structures, such as RNA and
proteins, might have the ability to be effective ice nuclei.

Ice nucleation ability in viral structures opens new avenues
for understanding water uptake in viral processes, which may
have signicant implications for the transmission of respiratory
viruses indoors and outdoors. As we learned from decades of
bioaerosol nucleation research,6,63,64 airborne pathogenic parti-
cles, including some viruses and bacteria, exhibit an extensive
range of ice nucleation abilities that should be explored. As viral
This journal is © The Royal Society of Chemistry 2024
entities such as viral RNA and proteins are ubiquitous in natural
surface waters, it is crucial to delve deeper into the impact of
viruses on freezing processes in these environments. With
technological advances, including ice nucleation, one can better
understand many other effective ice nuclei from biological
origins or emerging materials from human activities. Our study
emphasizes the need for continued research in this domain,
with potential implications for atmospheric processes and the
frozen water dynamics in natural settings. Understanding the
ice nucleation capabilities of viruses could provide valuable
insights into climate modelling and the environmental behav-
iour of airborne pathogens.
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