Atmos. Chem. Phys., 25, 6179-6195, 2025
https://doi.org/10.5194/acp-25-6179-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Chemistry
and Physics

Introduction

The role of surface-active macromolecules
in the ice-nucleating ability of lignin,
Snomax, and agricultural soil extracts

Kathleen A. Alden'>%, Paul Bieber2, Anna J. Miller?, Nicole Link?, Benjamin J. Murray', and
Nadine Borduas-Dedekind?

1School of Earth and Environment, University of Leeds, Leeds, UK
2Depar’tment of Chemistry, University of British Columbia, Vancouver, V6T 1Z1, Canada
3Institute for Atmospheric and Climate Science, ETH Zurich, 8006, Switzerland
ipreviously published under the name Kathleen A. Thompson

Correspondence: Kathleen A. Alden (k.a.alden@1leeds.ac.uk) and Nadine Borduas-Dedekind
(borduas @chem.ubc.ca)

Received: 9 September 2024 — Discussion started: 22 November 2024
Revised: 21 February 2025 — Accepted: 26 February 2025 — Published: 25 June 2025

Abstract. Organic matter in agricultural soil dust can enhance dust’s ice-nucleating ability relative to mineral
dust and thus impact local cloud formation. But how is this organic matter able to nucleate ice? We hypothe-
sised that hydrophobic interfaces, such as the air—water interface, influence how organic matter nucleates ice,
which can be quantified by measuring surface tension. Here, we investigated correlations between surfactant
properties and ice-nucleating activities of amphiphilic macromolecules common in agricultural soils and known
ice nucleators, namely lignin and macromolecules from Snomax. Lignin and Snomax solutions were analysed
using our droplet freezing technique, FINC, and an optical contact angle tensiometer. Results showed that lignin
and Snomax solutions of increasing concentrations had increasing ice-nucleating activity and decreasing surface
tension. In addition, high-speed cryo-microscopy of the same solutions revealed a preference for freezing at the
air—water interface, consistent with these proxies being ice-active surfactants preferentially residing at the air—
water interface, and thus hydrophobic surfaces. We then tested this relationship in field-collected agricultural
soil extracts from the UK and Canada. Despite the trend observed for lignin and Snomax, there was no clear
correlation between surface tension and freezing temperature of the soil extracts. This discrepancy may arise
from the high complexity of the soil solutions, where hydrophobic interfaces in the bulk potentially compete
with the air—water interface. Overall, we present further evidence of the role of hydrophobic interfaces in the
heterogeneous ice nucleation of organic aerosols with implications for aerosol—cloud interactions.

these particles to nucleate ice.

the physicochemical properties that influence the ability of

Atmospheric ice formation influences the reflectivity and
longevity of clouds (Murray et al., 2012; Storelvmo et al.,
2015). A small fraction of aerosols act as ice-nucleating par-
ticles (INPs), which trigger the formation of ice in clouds,
creating an important mechanism for controlling cloud ra-
diative effects and climate (Lohmann and Feichter, 2005;
Ceppi et al., 2017). However, it remains difficult to predict

While desert dust has been identified as a dominant
source of global dust emissions (Hoose et al., 2010; Vergara-
Temprado et al., 2017; Herbert et al., 2024), agricultural soil
dust contributes up to 25 % of the global dust emissions bud-
get (Ginoux et al., 2012), making it a potentially important
source of INPs to the atmosphere. Ice-active entities present
both on leaf surfaces (Georgakopoulos and Sands, 1992;
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Morris et al., 2013; Hill et al., 2014) and within soils (Hill
et al., 2016; Knackstedt et al., 2018) in agricultural regions
can be injected into the atmosphere either by passive wind
erosion or by harvesting activities. Work by Lighthart (1984)
found that harvesting activities increased bacteria concentra-
tions from 643 colony-forming units per cubic metre to 6660
colony-forming units per cubic metre. This increase in bio-
logical aerosol particles can lead to the rise in INP concen-
trations downwind of these harvesting activities (Suski et al.,
2018). Furthermore, soil dust can be washed into nearby
rivers and lakes (Knackstedt et al., 2018). These soil parti-
cles can then be aerosolised by wind and wave action at the
water’s surface, forming aerosols enriched in INPs (Axson
et al., 2016; Cornwell et al., 2020). In rivers, high turbulence
levels can also increase the release of INP-enriched aerosols
into the atmosphere (Knackstedt et al., 2018).

Agricultural soils are rich in biological materials such
as bacteria, pollen, and fungi, as well as in organic mat-
ter such as macromolecules including lignin, hemicellulose,
cellulose, and plant proteins such as Rubisco (Huang et al.,
2021; Alsante et al., 2023). Agricultural soil dust aerosols
have an enhanced ice-nucleating ability compared to min-
eral dust aerosols due to the presence of biogenic material
(Conen et al., 2011; Hiranuma et al., 2011; Steinke et al.,
2016; O’Sullivan et al., 2016; Hiranuma et al., 2021; Pereira
et al., 2022) and may contribute substantially to the global
INP population (Herbert et al., 2024).

Biological material is a potential source of ice-nucleating
macromolecules (INMs) in the atmosphere. Surface-active
agents, also known as surfactants, are amphiphilic macro-
molecules, with both hydrophobic and hydrophilic moi-
eties (Rosen and Kunjappu, 2012). Many organic macro-
molecules, such as fatty acids, have surfactant properties
which make them important for atmospheric processes such
as cloud droplet formation (Gérard et al., 2016, 2019), and
these properties may also play a role in their ice-nucleating
ability. Due to their amphiphilic nature, surfactant molecules
partition to the surface of atmospheric aerosol droplets, re-
ducing the surface tension of growing cloud droplets at the
air—water interface (Bieber and Borduas-Dedekind, 2024;
Ovadnevaite et al., 2017). Therefore, surfactants lessen the
barrier for further droplet growth from the condensation of
water vapour onto the aerosol droplet, increasing the effi-
ciency of cloud droplet formation (Gérard et al., 2016; Ovad-
nevaite et al., 2017). These hydrophobic interactions at the
air—water interface of cloud droplets could also impact atmo-
spheric ice nucleation since the location of the ice-nucleating
material within the droplet has been shown to influence its
ice-nucleating ability (Fornea et al., 2009).

On solid aerosol particles, surfactant coatings, such as
fatty acids and alcohols, interfere with ice-active sites
to either enhance ice nucleation (Hiranuma et al., 2013;
Kupiszewski et al., 2016; China et al., 2017; DeMott et al.,
2018) or inhibit it (Kuwabara et al., 2014; Boose et al.,
2019). In aqueous droplets, surfactant macromolecules form
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a monolayer at the air—water interface of a droplet (Nes-
mérdk and Némcovd, 2006; Rosen and Kunjappu, 2012).
Fornea et al. (2009) found that ice-nucleating substances tend
to freeze at warmer temperatures when placed at the air—
water interface of droplets instead of being immersed within
the droplet bulk. Bieber and Borduas-Dedekind (2024) also
demonstrated that freezing of ice-nucleating proteins from
Snomax occurs preferentially at the air—water interface of
droplets compared to the bulk solution. These findings sug-
gest that the partitioning of surfactant molecules to the
droplet air—water interface could enhance the ice-nucleating
ability of these substances.

Furthermore, at higher concentrations, when the surfactant
macromolecules become saturated at the surface of droplets,
they begin to aggregate and partition to the hydrophobic in-
terface and out of the aqueous solution (Rosen and Kun-
jappu, 2012). This behaviour results in the formation of
concentration-dependent aggregates, called micelles, which
could create new nucleation sites or block pre-existing sites
(Gavish et al., 1990; DeMott et al., 2018). The structure of
micelles formed in atmospheric aerosol droplets can vary de-
pending on the temperature, humidity, saturation, pH, and
composition of the droplet itself (Pfrang et al., 2017). These
observations suggest that multiple structures could form
from organic macromolecules with different ice-nucleating
ability. In addition, Bogler and Borduas-Dedekind (2020)
found that the ice-nucleating ability of lignin cannot be nor-
malised to the amount of material in the solution, suggesting
the formation of concentration-dependent aggregates, or mi-
celles, with different ice-nucleating abilities.

Aggregates can form in droplet solutions in ways other
than surfactant saturation and micelle formation. For many
organic macromolecules, their ice-nucleating ability is
closely linked to their aggregation, and there is usually a
critical size for aggregates to form to optimise their ice-
nucleating ability (Dreischmeier et al., 2017; Qiu et al., 2017;
Schwidetzky et al., 2023). Proteinaceous aggregates of the
bacteria Pseudomonas syringae nucleate ice at three different
temperatures depending on the size of the aggregates (Hart-
mann et al., 2022; Qiu et al., 2019; Lukas et al., 2022). There
are three different types of bacterial ice nucleators which are
classified based on the aggregate size: Class A triggers freez-
ing at —2 °C, Class B triggers freezing at —5 °C, and Class
C triggers freezing at —8 °C (Lukas et al., 2022). Aggre-
gation of proteinaceous INMs is likely influenced by elec-
trostatic and hydrophobic interactions between proteins and
components of the bacterial membrane (Lukas et al., 2020;
Schwidetzky et al., 2021a). The importance of aggregation
has also been observed for polysaccharides in pollen washing
waters, which has been shown to exhibit ice-binding prop-
erties when aggregates are smaller than 100kDa and only
exhibit ice-nucleating properties when aggregates are larger
than 100kDa (Dreischmeier et al., 2017; Wieland et al.,
2025). In more complex samples, like fertile soils, dissolved
organic material can adsorb onto larger particles or reactions
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can occur, leading to coagulation and formation of complex
particles and aggregates (Jackson and Burd, 1998). Although
aggregation sometimes forms sites for ice nucleation, it also
has the potential to hide ice-active sites. McCluskey et al.
(2018) found that heating organic samples sometimes in-
creases their ice-nucleating ability. They suggested that this
increase in ice-nucleating activity was due to aggregates be-
ing dissolved and redistributed within the solution, opening
up ice-active sites for nucleation (McCluskey et al., 2018).
Other studies have shown that organic coatings, likely surfac-
tants, reduce the ice-nucleating ability of mineral dust parti-
cles (Boose et al., 2019). Therefore, the pathways and drivers
of aggregation for organic INMs remain elusive, and an accu-
rate description of the ice-nucleation ability of organic matter
requires further investigation.

Here, we investigated the relative contribution of surfac-
tant macromolecules to the ice-nucleating ability of agricul-
tural soils. We first investigated the freezing and surface ac-
tivities of two proxies for soil macromolecules: lignin and
Snomax. Lignin is a common biopolymer found in woody
plants, which is thought to make up 30 % of all organic
carbon in the environment (Boerjan et al., 2003). Snomax
consists of inactive Pseudomonas syringae bacteria typically
found on plants and in soil (Wex et al., 2015) and was used
in this study as a proxy for ice-active proteins in fertile soils.
The protein causing Snomax to nucleate ice up to —2°C is
termed inaZ and is located at the membrane of the bacteria
(Maki and Willoughby, 1978; Wolber et al., 1986). This pro-
tein contains an ice-nucleating beta-sheet template and a hy-
drophobic end shaping its amphiphilic properties (Hartmann
et al., 2022). To nucleate ice at the highest temperatures,
inaZ must aggregate and form larger structures (Qiu et al.,
2019). The results of our investigations into these proxies
were then compared with field samples of agricultural soils
collected from the UK and Canada. The goal of this study
was to gain an understanding of the contribution of surfac-
tant macromolecules to the ice-nucleating ability of anthro-
pogenic soils by investigating the surface tension reduction
and ice-nucleating activity of soil extracts and their compo-
nents.

2 Methods

2.1 Organic matter sample collection and preparation
2.1.1 Lignin

A series of aqueous suspensions of lignin (471003, Batch 1,
Sigma Aldrich), ranging in concentration from 10 mgL~! to
2000mgL~!, were prepared in glass vials and diluted using
microbiology-free reagent water (W4502, Sigma Aldrich,
hereafter termed SA water). For consistency and compara-
bility with previous work, we used the same batch of kraft
lignin as Bogler and Borduas-Dedekind (2020) and Miller
et al. (2021). The carbon concentration of the produced aque-
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ous suspensions of lignin were determined based on a carbon
content of 50 %, from elemental analysis completed by the
supplier (Bogler and Borduas-Dedekind, 2020). The result-
ing carbon concentrations ranged from 5 to 1000 mgCL~!.

2.1.2 Snomax

An aqueous stock solution of Snomax (Snomax® Interna-
tional) was prepared at a concentration of 1000mgL~! in a
centrifugal tube (sterile, 50 mL, Basix, Fisher Scientific) with
SA water. The Snomax solution was then filtered through a
0.22 um syringe filter (PES membrane, sterile, Merck Milli-
pore) to remove large aggregates and cellular fragments and
to focus the investigation on ice-nucleating macromolecules
(INMs). The filtered stock solution was diluted with SA wa-
ter to obtain a dilution series, ranging in concentration from
0.01 to 1000 mgL~"!.

2.1.3 Soil samples collection

Soil samples were collected from three different agricultural
locations in the UK and in British Columbia, Canada (Table 1
and Fig. S1 in the Supplement): the University of British
Columbia (UBC) Farm, the University of Leeds (UoL) Farm,
and Rothamsted Research. At each location, soil samples
were taken from crop fields with bare soil, at least 1 m from
the boundary of the field. Polypropylene centrifuge tubes of
50 mL (Sarstedt Inc.), which were purchased sterilised, were
used to sample from the top 5 cm of soil, with at least three
samples collected per location. Additionally, at each loca-
tion, a clean 50 mL centrifuge tube was opened and exposed
to ambient air for 20 to 30s to examine the contamination
of ice-nucleating particles from handling the samples (i.e. a
handling blank). Aside from location, there were also two
distinct sampling periods (Table 1). The samples taken in the
UK were obtained a few weeks after harvest season, whereas
the Canadian samples were taken just a couple of hours af-
ter the soils were tilled in preparation for planting the next
season’s crops.

For the ice-nucleation analysis, the handling blanks were
treated the same as the soil samples to verify that the ex-
tracted soil solutions were above any contamination intro-
duced during sample manipulation. All sample tubes and
handling blanks were then frozen at —20 °C until analysis
to stop any biological degradation of the samples, as shown
in Beall et al. (2020).

2.1.4 Organic matter soil extraction

A sample preparation method was developed to analyse the
ice-nucleation activity and surface tension of the macro-
molecules in the soil samples. Previous soil extraction meth-
ods first dry-sieved the soil samples to 63 um before adding
deionised water to make up a soil suspension (Tobo et al.,
2014; Suski et al., 2018). In our case, dry-sieving removed
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Table 1. Overview of the collected agricultural soil samples in Canada and in the UK.

Sample Location Coordinates  Crop type  Sampling date
(°N,°E) (D/IM/Y)
UBC Farm Vancouver, Canada  49.25, —123.24  vegetables = 31/03/2022
UoL Farm Tadcaster, UK 53.87, —1.32  wheat 12/10/2022
Rothamsted Research ~ Harpenden, UK 51.81, —0.36  linseed 29/09/2022

a large fraction of the material, so we decided to skip this
procedure to maximise the organic matter extracted. Instead,
the soil samples were first made into a suspension with wa-
ter so all organic matter could be dissolved into the solution
before any further extractions were completed. Then, 40 mL
of MilliQ water (which was chosen to maintain consistency
across the two different labs) was added to 40 g of the soil
samples to create a 10° mgL~! concentration suspension. A
centrifuge (Sorvall RC5B) and a fixed-angle rotor (Thermo
Scientific SS-34) separated the larger soil particles from the
prepared suspension, spinning between a relative centrifugal
force of 4300 and 12 000 g for 1 h. An average cutoff particle
diameter of 0.4 um for the extracted supernatant was calcu-
lated using Stoke’s law (Gombos et al., 2018), assuming an
average soil density of 1.3 gcm™ (Rai et al., 2017). Follow-
ing centrifugation, the supernatant was extracted and filtered
through a 0.22 um syringe filter (PES membrane, Millipore,
Sigma Aldrich) to remove the larger remaining fragments.
The filtered solutions were stored in airtight containers in
the fridge at 4 °C until they could be analysed for their ice-
nucleation activity and surface tension.

2.2 Analysing the surface activity
2.2.1 Surface tension measurements

The surface tension of the extracted soil sample solutions
were measured using a DataPhysics optical contact angle
(OCA) 15 EC tensiometer (shown in Fig. S2). The pendant
drop method was used, where an electronic dosing system
dispenses a small amount of solution to form a droplet (with
avolume of 24.1 £ 1.1 (mean = SD) uL), suspended from the
tip of a needle. The DataPhysics SCA software uses the given
value for the needle’s outer diameter as a reference to deter-
mine the size of the droplet. The surface tension is then cal-
culated automatically using the DataPhysics SCA software
for OCA by fitting the Laplace—Young equation to the shape
of the droplet (Berry et al., 2015). For each soil extract solu-
tion, three droplets were formed and three individual surface
tension measurements were taken for each droplet. Then, the
mean and the standard deviation for the measurements were
calculated.

To acquire a surface tension measurement, the droplet
needs time to equilibrate with the surrounding air (Gérard
et al., 2016). The required equilibrium time was determined
by measuring the surface tension every 30s for a MilliQ
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water droplet suspended for 5min (Fig. S3). After about
2 min, the surface tension measurements’ accuracy and re-
producibility improved and remained steady for the next few
minutes (Fig. S3). Therefore, in this study, the droplet was
left to equilibrate for 2 min before taking a surface tension
measurement. The surface tension of pure water increases
linearly with decreasing temperature (Gittens, 1969) (see
Fig. S4). To address the effect of temperature on surface ten-
sion, we used a Peltier temperature control unit (TPC 160,
DataPhysics) to maintain a constant temperature of approx-
imately 22 °C with an uncertainty of +0.3 °C during this
study.

2.2.2 Micelle formation measurements

Two methods were used to attempt to measure the critical mi-
celle concentration (CMC) of lignin, pyrene fluorescence and
conductivity (Miller, 2020) (Table S3). For both, sodium do-
decyl sulfate (SDS), a well-known standard surfactant, was
used as a reference to ensure the methods would successfully
measure the CMC if micelle formation was present.

Pyrene is a fluorescent, hydrophobic molecule which can
be used to probe micellar solutions because it preferentially
partitions to the interior, hydrophobic region of micelles if
they are present. This partitioning changes its fluorescent in-
tensity; maximum changes in the fluorescent intensity occur
when the surfactant concentrations are at the CMC (Kalyana-
sundaram and Thomas, 1977). We used the pyrene method
following Aguiar et al. (2003). Dilution series of SDS and
lignin were prepared, with 12 concentrations each (SDS: 0
to 18 mM; lignin: 0 to 750mgCL~!). A 100 uM pyrene in
90 : 10 acetonitrile—water solution was used to spike the SDS
and lignin solutions to obtain a final pyrene concentration of
2 uM. A total of 200 pL of each solution was then pipetted in
triplicates into black polystyrene 96-well plates for analysis
in the Tecan Infinite® 200 PRO Microplate Reader (Tecan,
Switzerland) using an excitation wavelength of 335 nm and
measured fluorescent intensity at 373 and 384 nm. Each well
was measured in triplicate, and all measurements were con-
ducted at a set temperature of 29 °C. For calculating the CMC
using the pyrene 1 :3 method, the ratio of the intensity at
373nm to the intensity at 384 nm was plotted against the
surfactant concentration, which should result in a sigmoidal
curve, for which the inflection point is the CMC (Fig. S7).
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Conductivity is also a common technique for determining
the CMC for ionic surfactants because as micelles form, the
conductivity of the solution increases (Nesmérdk and Ném-
covd, 2006). The advantage of conductivity measurements is
that they are relatively simple, are low-cost, and can be done
at varying temperatures. Here, the conductivity of SDS so-
lutions were measured for 30 concentrations ranging from
0 to 152mM at 0, 5, 10, 15, and 25 °C. For lignin, con-
ductivity measurements were taken for solutions of up to
415mgCL~! at 0 and 25 °C. Measurements were made us-
ing an Oakton Waterproof CON 150 portable conductivity
meter (Fisher Scientific). Samples were kept at the desired
temperature by submerging them inside an ethanol cooling
bath while simultaneously stirring by hand with the con-
ductivity probe. The conductivity measurement was recorded
only when both the temperature and the conductivity reading
stabilised, typically after 2—5 min. To determine the CMC,
we used the method by Carpena et al. (2002). Specifically, a
Boltzmann-type sigmoid curve was fit to the first derivative
of the conductivity-concentration data, where the inflection
point equals the CMC (Fig. S8).

2.3 Instrumentation and sample analysis
2.3.1 Total organic carbon (TOC) analysis

The total organic carbon (TOC) analysis of the agricultural
soil extracts was quantified using a high-temperature TOC
analyser in the differential mode (Multi NC2100, Analytik
Jena). The analyser determines the amount of total carbon
(TC) by injecting 150 L of the sample directly into a com-
bustion tube set at a temperature of 800 °C. The carbon is
digested and TC is measured from the detection of the gen-
erated carbon dioxide by non-dispersive infrared spectrome-
try (NDIR). Next, the analyser determines the total inorganic
carbon (TIC) by injecting another 150 pL of the sample into
the TIC condensation vessel, where phosphoric acid is added
and then the carbon dioxide is purged and detected. The soft-
ware then calculates the TOC as the difference between TC
and TIC.

The TOC analyser was calibrated using standards di-
luted from commercially prepared stocks of 1000ppm
TOC (76067-250ML-F, Merck Life Science UK Ltd) and
1000 ppm TIC (12003-250ML-F, Merck Life Science UK
Ltd) (see Table S1 in the Supplement). After filtration to
0.22 um, 2 mL of each soil extract solution was pipetted into
glass auto-sampler vials and secured with a snap cap. A han-
dling blank was analysed alongside the sample solutions.
The difference in measured TOC between the sample and
the blank was calculated to determine the organic carbon
from the soil (see Table S2). TIC concentrations were up
to 26.3 mgCL~!; this small concentration will not affect the
freezing point depression of the aqueous droplets.

The organic carbon content of the Snomax sample was
measured using a Shimadzu TOC-LCPH instrument in the

https://doi.org/10.5194/acp-25-6179-2025

6183

non-purgeable organic carbon (NPOC) mode. The instru-
ment was set to a combustion temperature of 680 °C, a sparge
time of 1:50min, and a gas flow of 80 mL min~!. Sample
acidification was 1 %. Standards were prepared from a potas-
sium phthalate TOC standard solution (1000 mgL ™!, Sigma
Aldrich) in concentrations of 2.0, 5.0, 10.0, and 20.0 mg Ll
The calibration curve (Fig. S5) resulted in (y =4.999x +
1.120, R = 0.999). The Snomax sample was diluted by a
factor of 10 prior measurements to fall within the range of
the calibration curve.

2.3.2 High-speed cryo-microscopy measurement

To analyse the onset freezing location of the droplets, a high-
speed cryo-microscopic technique was used as described in
detail in Bieber and Borduas-Dedekind (2024). This tech-
nique can distinguish between freezing onsets at the air—
water interface (AWI) and the bulk volume of the droplets.
Briefly, a sample droplet (0.5 uL) was pipetted onto a glass
slide which was previously coated with a repellent polymer
(Fluoropel 800, 0.2 %, Cytonix, USA) to avoid interactions
of the ice-nucleating substances with the glass slide. Af-
terwards, another glass slide was placed onto the droplet,
separated by 220 um thick spacers to create a cylindrical
droplet. This assembly was cooled by —3 °C min~! until ice
formation was observed optically with a high-speed camera
(Chronos 1.4, Krontech, Canada). An ice-nucleation event
at the AWI can be distinguished from ice nucleation in the
bulk of the droplet based on statistics, and the choice of opti-
mal iterations is described in Bieber and Borduas-Dedekind
(2024). The polar coordinates, including the radius of the
freezing location (R), were obtained from screenshots of
each individual freezing event. To quantify the difference be-
tween freezing at the AWI versus in the bulk, the locations
of freezing events, expressed in terms of the radius squared
(R?), were plotted against the fraction of frozen droplets
counted from the middle of the droplet towards the outside.
R? was chosen because of the cylindrical geometry. There-
fore, a bulk freezing sample would follow a linear trend in
this plot. In addition, the normalised polar coordinates for 32
freezing events were calculated and plotted as target plots.
For the data analysis, the volume was divided into five equiv-
alent concentric segments, and the frequency of ice nucle-
ation in each segment was calculated. Bulk nucleation would
result in a frequency of 20 % for each segment as shown the-
oretically with Monte Carlo simulations and experimentally
with birch pollen samples (Bieber and Borduas-Dedekind,
2024). If a sample is ice-active at the AWI, the resulting
frequency in the outermost segment will be enhanced (see
Fig. 2).

2.3.3 Ice-nucleation analysis

The drop Freezing Ice Nuclei Counter (FINC) is a custom-
built drop freezing technique used to investigate heteroge-

Atmos. Chem. Phys., 25, 6179-6195, 2025



6184

neous ice nucleation by immersion freezing, as described
by Miller et al. (2021). Briefly, FINC consists of an ethanol
bath (LAUDA Proline RP 845, Lauda-Konigshofen) used to
cool the sample, with a mounted camera and LED lights for
detecting freezing based on changes in light intensity. Each
cooling experiment consists of three 96-well Piko PCR trays,
with each well containing 10 uL aliquots of sample solutions.
Solutions were pipetted into the PCR trays inside a laminar
flow hood to reduce contamination during sample prepara-
tion. FINC cools at a rate of 1°Cmin~! until an endpoint
of —32°C, and the camera takes an image every 0.2 °C. The
recorded freezing temperatures were then calibrated to ac-
count for the temperature difference within each well (see
Sect. S6 in the Supplement).

The fraction of droplets frozen as a function of temper-
ature, fice(T'), was determined from the corrected freezing
temperatures, as shown in Eq. (1), where N(T) is the num-
ber of droplets frozen at temperature, 7', and Ny, i the total
number of droplets in the PCR tray.

N(T)
Niotal

fice(T) = (D

To further quantify the ice-nucleating activity, the sample
solutions were normalised by their organic contents. The ac-
tive site density per mass of carbon, np,, was calculated as
a function of fice(T), as shown in Eq. (2), where Vjy is the
volume of sample in each well (10 uL for each experiment
in this case) and Cp,c is the mass concentration of dissolved
organic carbon within the sample solution. The TOC mass
concentration of the soil extract solutions, Cc, was quanti-
fied using a TOC analyser.

In(1 — fice(T
() = —% %)

2.3.4 Heat treatment experiments

Heat treatment experiments were carried out using the proto-
col described in Daily et al. (2022). For the UBC Farm and
UoL Farm soil sample extracts, 5 mL aliquots were trans-
ferred into 50 mL polypropylene centrifuge tubes (Basix,
Fisher Scientific). A heating bath from a rotary evaporator
(B-490, Buchi) was filled with deionised water, and a clamp
stand was used to secure the centrifuge tubes in position to
fully immerse the sample within the water bath at 98 °C for
30 min. The tubes were tightly closed to prevent evaporation,
which would lead to an increase in the solution concentra-
tion. After heating, the aliquots were left to cool before fur-
ther surface tension and ice-nucleation analysis.
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3 Results and discussion

3.1 Soil proxies
3.1.1 Surface tension of lignin and Snomax

First, we measured the surface tension of lignin and Sno-
max solutions using an OCA tensiometer as a function of
concentration (Fig. 1). As expected, the greatest surface ten-
sion reductions were observed for the most concentrated so-
lutions of both lignin and Snomax (Fig. 4a). Specifically, a
5.8mNm~! reduction was observed for the 1000 mgCL~!
lignin solution. Comparatively, an even larger reduction of
8.5mNm~! was observed for the Snomax mass concentra-
tion of 125.2mgCL~". The concentration of lignin and Sno-
max needed to exceed 200 and 62.5mgCL™!, respectively,
before a measurable surface tension reduction of at least
0.5mNm~! was observed (Fig. 1). We measured an aver-
age surface tension for pure water at 22 °C of 72.2mNm~!
(see Fig. S3). We hypothesised that the surface-active soil
proxies were accumulating at the air—water interface of the
suspended droplet on the tensiometer and nucleating ice
at this hydrophobic interface as demonstrated by Bieber
and Borduas-Dedekind (2024). Indeed, Bieber and Borduas-
Dedekind (2024) showed that the hydrophobic air—water in-
terface was the location of freezing for ice-nucleating pro-
teins in Snomax.

The threshold concentration for observing changes in sur-
face tension of 62.5mgCL~!' of Snomax is comparable
to TOC concentrations found in the atmosphere. For in-
stance, TOC concentrations of cloud water droplets mea-
sured by Cook et al. (2017) and Pratt et al. (2013) were up
to 16.6mgCL~! and up to 9.9 mgCL~!, respectively. Fur-
thermore, Gérard et al. (2016) collected PM; 5 in Sweden
and measured a concentration of anionic, cationic, and non-
ionic surfactants up to 27 = 6 mM, which we estimate to be
approximately equivalent to 3000 mgCL~! based on an av-
erage molecular weight of 225 gmol~! from the range of
100-350 gmol~! predicted by Yazdani et al. (2021), and as-
suming a 50 % carbon content. These observations suggest
that atmospheric concentrations of environmental surfactants
may reduce the surface tension of cloud droplets (Gérard
etal., 2016, 2019).

3.1.2 IN ability increased with a decrease in surface

tension

Next, we examined the ice-nucleating ability of two common
proxies of atmospherically relevant organic macromolecules,
lignin and Snomax, using the droplet freezing assay FINC
(see Fig. S11 for frozen fractions). The 200mgCL~! so-
lution of lignin had a median freezing temperature 7509 of
—19.0°C, corroborating the —18.8 °C reported by Bogler
and Borduas-Dedekind (2020) and the —22.0 °C reported by
Bieber et al. (2024). Next, the lignin solution was diluted by
3 orders of magnitude to obtain values approaching the han-
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Figure 1. Surface tension (blue) and average freezing temperature (75, red) plotted against the mass concentration of the analysed soil

proxies. (a) Lignin and (b) Snomax.

dling blank (Fig. S11a). The 125.2mgCL~"! solution of Sno-
max nucleated ice at a T5( value of —5.8 °C (Fig. S11b). A di-
lution series along 5 orders of magnitude led to the character-
istic stepwise frozen fraction curve of Snomax, corroborating
the freezing temperatures reported by Wex et al. (2015), who
observed a range in freezing temperatures of Snomax solu-
tions between —2 and —9 °C. Filtering the Snomax solution
to 0.22 um resulted in a small decrease in its freezing activity,
particularly at —2 °C (Fig. S12), indicating the loss of Class
A aggregates due to filtration (Lukas et al., 2022).

Increases in the concentrations of lignin and Snomax led
to an observed increase in 150 and correlated to decreases in
surface tension (Fig. 4a). This observed correlation was sta-
tistically significant for both lignin and Snomax (lignin: 2 =
0.82, p = 0.0136; Snomax: r2=0.79, p = 0.0072). Surfac-
tants have previously been shown to enhance ice-nucleating
activity (Hiranuma et al., 2013; China et al., 2017; Qiu et al.,
2017; DeMott et al., 2018; Perkins et al., 2020; Schwidetzky
et al., 2021b). For example, some surfactant macromolecu-
lar layers are considered a good lattice match for ice for-
mation, such as those formed from fatty acids (Qiu et al.,
2017; DeMott et al., 2018). Our analysis showed that het-
erogeneous ice nucleation at moderate supercooling temper-
atures (> —9 °C) was observable with concentrations as low
as 0.0l mgCL~! of Snomax. Overall, the observed corre-
lation between measured surface tension reduction and IN
activity of the soil proxies indicates that the formation of a
surfactant monolayer may play a role in heterogeneous ice
nucleation.

Next, we can estimate the concentration of lignin re-
quired for a monolayer to form in our tensiometer droplets
(see Sect. S7 in the Supplement for equations). The lignin
used in this study has a molecular weight of approximately
10* gmol ™! (Bogler and Borduas-Dedekind, 2020). Assum-
ing a density of 1 gem™! and assuming the polymer is spher-
ical, the diameter of a single lignin polymer would be 3.2 nm.
To calculate the surface area taken up by one lignin molecule,
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we used this average radius to calculate the average cross-
sectional area of one lignin molecule to be 8.04 x 1014 cm?.
The average volume of the droplets used in our tensiometer
was 24.1 uL, making the average droplet surface area equal
to 0.403 cm?2. Using these values, we are able to show that
the average lignin concentration required to form a mono-
layer in our droplets would be 3.46 mgL~!. This concentra-
tion is smaller than the lignin concentration examined in this
study (10-2000 mgL~"), indicating that the lignin solutions
were likely saturated at the air—water interface in our mea-
surements.

3.1.3 High-speed cryo-microscopy to identify freezing at
the air—water interface

We used a high-speed camera on top of a cryo-microscope
to locate the onset freezing in single droplet experiments fol-
lowing our previous work (Bieber and Borduas-Dedekind,
2024). We used this technique to identify that the onset freez-
ing location of filtered Snomax samples statistically favoured
the air—water interface (AWI) by observing its onset freezing
to be at the outermost fifth of the droplet in 59 % of the 32 ex-
periments (Figs. 2 and S6b) (Bieber and Borduas-Dedekind,
2024).

To better visualise these data and to now compare them
with lignin, we plotted the fraction of droplets frozen against
the location of freezing in the cylindrical droplet, where R>
represents distance from the origin (Fig. 2). If the nucleation
occurs randomly anywhere in the volume of the droplet, then
we expect the fraction frozen points to fall on the 1: 1 line
(dotted black line in Fig. 2). This behaviour is illustrated
by birch pollen washing water, where the macromolecules
responsible for ice nucleation are dispersed throughout the
volume of the droplet. In contrast, the ice-nucleating sur-
factant and filtered Snomax solution deviate from the 1: 1
line with a strong preference for freezing closer to the in-
terface (R? > 0.8). Here, we also found that lignin exhibits
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Figure 2. Fraction of frozen droplets ( ff) plotted against the onset
freezing locations (r?) for cylindrical droplets squeezed between
two protein-repellent glass slides. Lignin (5000 mgC L) is plot-
ted and compared with filtered Snomax, docosanol, and P. syringae
cells adapted from Bieber and Borduas-Dedekind (2024). The mean
freezing temperatures were —20.6 °C for lignin and —6.3 °C for the
filtered Snomax sample, which is in the range of the investigated
concentrations. Note that the droplet volume was 0.5 uL. for these
measurements.

intermediate behaviour, with a deviation from the 1:1 line
only above R? = 0.6. Nucleation at R> > 0.8 (i.e. close to the
AWI) occurred in 34 % of the 32 measurements (Fig. S6a).
This result indicates that there is enhanced ice-nucleating ac-
tivity of lignin at the AWI; however, it is less pronounced
compared to the Snomax samples (Fig. 2).

Considering the smaller droplet volumes used for the high-
speed freezing assay, which were only 0.5 uL. compared to
the 10pL used in FINC, we would expect the freezing ac-
tivity to vary between the two techniques. In addition, the
solution concentrations for lignin and Snomax used in the
high-speed freezing assay were higher (5000 mgCL~! and
125mgCL~!, respectively) compared to Fig. 1, which may
lead to more pronounced AWI activity.

3.1.4 Formation of micelles

The observed surface tension reductions may also indi-
cate the potential for micelle formation within the solutions
(Mabrouk et al., 2022). As surfactants become saturated at
the surface of a droplet, as is likely the case in this study,
the macromolecules cluster together into micelles to min-
imise the exposure of the hydrophobic moieties to the water
(Rosen and Kunjappu, 2012). The concentration of surfac-
tants needed to initiate micelle formation is called the critical
micelle concentration (CMC) (Rosen and Kunjappu, 2012).
Once micelle formation is initiated, further increases in con-
centration do not lead to further decreases in surface ten-
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sion since the surface is saturated (Nesmérak and Némcova,
2006). We hypothesised that the formation of micelles may
create or cover ice-active sites for nucleation.

To investigate the potential impact of micelle formation
on the ice-nucleating activity of lignin, we used pyrene fluo-
rescence (Aguiar et al., 2003) and conductivity (Nesmérak
and Némcova, 2006) to try to measure the CMC of our
lignin suspensions (Figs. S7 and S8 and Table S3). Using
these techniques, we were unable to measure a CMC for
lignin. Considering that our complementary measurements
using sodium dodecyl sulfate (SDS) yielded a CMC for both
techniques, we were able to confirm that the measurement
techniques worked. Instead, the results from our lignin sus-
pensions indicate that lignin may not be supersaturated at the
AWTI and that micelle formation is not occurring within these
suspensions. Therefore, we can conclude that the formation
of micelles was not necessary for lignin to nucleate ice, and it
is likely that interactions at the AWI are more important for
the ice-nucleating ability of lignin, as suggested by Bieber
et al. (2024).

3.2 Soil extracts
3.2.1 Surface tension of soil extracts

Next, we investigated whether the observed relationship be-
tween ice-nucleating activity and surface tension reduction
also held true for field-collected agricultural soil extract solu-
tions from the University of British Columbia (UBC) Farm,
the University of Leeds (UoL) Farm, and Rothamsted Re-
search (Fig. 3). Unlike the soil proxies presented above, we
did not observe a relationship between the ice-nucleating
ability of the soil extract solutions and their surface tension
reduction (UBC: r2=0.25, p =0.5032; UoL: r? =0.22,
p = 0.689; Rothamsted: r2=0.01, p = 0.9868; Fig. 4b).
The largest surface tension reduction observed from the
soil extract solutions in this study was 2.2 mN m~!, but this
change did not correlate with TOC concentrations or freezing
activity (Fig. 3). We hypothesised that the complexities of the
soil solutions could be enhancing the aggregation of the or-
ganic matter, thereby creating ice-active sites. Although the
soil extract solutions were filtered to 0.22 um, the solutions
still consisted of a complex mixture of biological and min-
eral components. Most likely, the solutions were made up
of fragments of organic material from plant debris, bacte-
ria, fungi, pollen, etc., as well as nanoscale mineral particles,
such as clays (Conen et al., 2011; Steinke et al., 2016, 2020).
The presence of these other molecular components within the
soil solutions can act as hydrophobic surfaces for the accu-
mulation and aggregation of ice-active entities. So, instead
of forming at the AWI, aggregates can form within the bulk
of the water droplets (Bieber and Borduas-Dedekind, 2024;
Bieber et al., 2024). The lack of relationship between surface
tension and freezing activity in the soil solutions indicates
that surfactant-like macromolecules are not required to accu-
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Figure 3. Surface tension and average freezing temperature (75q) plotted against the mass concentration of the soil extracts from (a) UBC
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Figure 4. The average freezing temperature (75() plotted as a func-
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was observed (lignin: r2=0.82, p =0.0136; Snomax: r2=0.79,
p = 0.0072). For the soil extracts, no significant correlation was ob-
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mulate at the AWTI for the heterogeneous ice nucleation to be
observed in supercooled droplets of agricultural soil extracts.

IN ability of soil extracts

The soil extract solutions displayed a range of atmospheri-
cally relevant freezing activity (Fig. 5). Specifically, the Tsg
of the undiluted soil extracts ranged from —15.5 to —6.3 °C,
a difference of 11.2 °C. All the freezing activities for the soil
extracts were above the handling blanks (Fig. 5), indicating
that the observed freezing could be attributed to the soil sam-
ples. Our results demonstrate the breadth of freezing ability
of a range of soil extracts across two continents.

3.2.3 Sensitivity of soil extracts to heat treatment

To identify heat-labile biological material in the soil extracts
(Hill et al., 2016; O’Sullivan et al., 2018; Daily et al., 2022),
heat tests were performed on the two extracted soil dilution
series from the samples with the highest ice-nucleating ac-
tivities from UoL Farm and UBC Farm. We observed a loss
of the ice-nucleating activity (Fig. 6), particularly at around
—5°C in the np, spectra, suggesting that ice-nucleating pro-
teins are being denatured, as a result of the heat treatment
(Steinke et al., 2016; Suski et al., 2018; Daily et al., 2022;
Wieland et al., 2025). In the undiluted extracted soil solu-
tion for the UoL sample 1, we observed a shift in the 75
from —7.2 to —11 °C, whereas in the undiluted UBC sample
1, there was a decrease in the 759 from —9.2 to —10.6 °C.
In general, the ice-nucleating ability of the soil extracts re-
mained high, despite exposure to heat treatment which can
reduce the freezing temperatures substantially (Garcia et al.,
2012; Suski et al., 2018). Heat-stable INMs have been pre-
viously observed in soil samples, which break down after
hydrogen peroxide treatment (O’Sullivan et al., 2014; Suski
et al., 2018). Hill et al. (2016) found a large fraction of the
ice-nucleating ability of agricultural soils to be resistant to
all tests except oxidation by hydrogen peroxide. They con-
cluded that this ice-nucleating ability was likely attributed to
plant material (Hill et al., 2016). These findings are similar to
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Figure 5. Fraction frozen (fice(7)) curves as a function of tem-
perature for the three soil extract solutions and their dilutions from
(a) UBC Farm, (b) UoL Farm, and (¢) Rothamsted. The indicated
solution concentrations refer to the carbon content of each solution.

those in our study, where the freezing activity remained unaf-
fected by the heating, suggesting that the majority of the ice-
nucleating activity was attributable to heat-stable INMs from
the breakdown of plant material, such as lignin, cellulose,
starch, or pectin (Borduas-Dedekind et al., 2019; Steinke
et al., 2020; Chen et al., 2021).

In addition, a small positive shift in freezing temperature
of 2°C was observed in the 0.0015mgCL~! concentration
UoL extract (Fig. 6a). Combined with the overall lack of
a noticeable loss in freezing activity as a result of freez-
ing, this observation suggests that ice-active entities were
released during the heating of the soil samples. Similar ob-
servations have been made previously, for example by Mc-
Cluskey et al. (2018), who showed that ice nucleation was
enhanced after heating marine bioaerosols. They hypothe-
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sised that this increased ice-nucleating activity was due to
the breakdown of cell walls and the release of INMs into
suspension. Since we filtered our soil samples to 0.22 pm,
whole cells were removed from the suspension, and thus the
breakdown of cell walls was unlikely to be a source of INMs
in our study. The authors also suggested that the observed
increase in ice-nucleating activity could be due to the heat
causing the dissolution of aggregates in suspension, redis-
tributing macromolecules and exposing new ice-active sites
(McCluskey et al., 2018). This mechanism is more likely to
explain this observed anomaly for the 0.0015 mgCL~" con-
centration UoL extract (Fig. 6a).

Surface tension measurements were also taken before and
after heating the soil extract solutions (see Table S4). We
anticipated that removing heat-sensitive INMs, such as pro-
teins, may have allowed us to see the relationship between
surface tension and ice-nucleating activity, as observed for
the lignin solutions (Fig. 4a). However, for both the UoL
Farm and UBC Farm samples, we observed little change in
the surface tension reduction after heating (Table S4). There-
fore, no relationship between the ice-nucleating ability of the
soil extract solutions and their surface tension reduction was
observed after heating the soil extracts.

3.3 Normalised freezing spectra
3.3.1  npy for lignin and Snomax

Furthermore, we examined the normalised ice-nucleating ac-
tivity of the lignin and Snomax dilutions series. The freezing
activity for the lignin normalised to the carbon content (7,,)
increased with decreasing concentration of lignin (Fig. 7a).
This trend was also observed by Bogler and Borduas-
Dedekind (2020) and is further demonstrated by the parame-
terisation by Miller et al. (2021), which indicates higher ny,
for the lower concentrations of lignin (20 mgCL~!). The ag-
gregation of lignin molecules at higher concentrations may
obscure ice-active sites. Indeed, once the aggregates are dis-
solved at lower concentrations, the ice-nucleating activity in-
creases as the ice-active sites are released into solution.

We also observed that the n,, of the Snomax solutions
increased with decreasing Snomax concentrations below
—7°C (Fig. 7a). This stepped profile in the Snomax freezing
activity indicates that the formation of larger aggregates at
higher Snomax concentrations is impacting its ice-nucleating
activity. As the Snomax concentration decreases, the larger
aggregates break up, leading to a solution with a larger quan-
tity of less active entities, which overall increases the ice-
nucleating activity. Similarly to lignin, the larger aggregates
also likely block sites for ice nucleation, so these sites are
released into solution upon their dissolution.

3.3.2 nny for the soil extracts

The dilution series for the soil extracts from UBC and UoL
farms aligned to within 2 °C as a function of temperature for
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Figure 6. Ice-active mass site density (ny) as a function of the temperature of the dilution series for soil extracts before and after heat

treatments. (a) The UoL Farm and (b) the UBC Farm.

ny (Fig. 7b). However, for the Rothamsted sample, the last
dilution (0.0021 mgCL~") has an n, up to an order of mag-
nitude higher than the rest of the dilution series. This obser-
vation may also support the aggregation of macromolecules
such as lignin or proteins of bacterial origin, which block
ice-active sites at higher soil concentrations (Hartmann et al.,
2022; Lukas et al., 2020, 2022).

We observed a large spread in the normalised freezing
spectra of our soil extract solutions (Fig. 7b). This observa-
tion suggests that the soil’s organic carbon content cannot
solely explain its ice-nucleating activity. Similar work has
also shown that the ice-nucleating ability of agricultural soils
does not correlate directly with the dissolved organic con-
tent (O’Sullivan et al., 2014). Work by Conen et al. (2011)
analysed the ice-nucleating activity of agricultural soils from
Mongolia, Germany, Hungary, and Yakutia. They found a
variation of 2 orders of magnitude in the np, of the different
soil samples, but this variation could also not be explained by
the organic carbon content of the soils (Conen et al., 2011).

The npy, for the lignin solutions was compared with the ny,
of the soil extract solutions to analyse the ice-nucleating ac-
tivity and relative contributions from lignin and ice-active
proteins and compared to Wilson et al. (2015) and Miller
et al. (2021) (Fig. 7¢). The majority of the ice-nucleating ac-
tivity of the soil extracts is greater than that of lignin solu-
tions of 20 mgC L~! (Miller et al., 2021) but varies due to
the spread of our data. For example, at —15 °C, the ny of
the Rothamsted sample is within about 1 order of magnitude
of lignin, whereas the np, of the UoL sample is a factor of
10 to 1000 greater than lignin. This observation suggests that
lignin’s potential contribution to the investigated soils’ over-
all ice-nucleating activity varies across different samples. In
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contrast, the ice-nucleating activity of the extracted soil solu-
tions is lower than that of the sea surface microlayer (Fig. 7c).

The ny, of the soil extracts was compared with the Sno-
max np values. The large increase in ny, from 0.2 to
100mgCL~! in the UoL Farm samples occurring at —6 °C,
correlates with a sharp increase in ice-nucleating activity in
the Snomax data. This increase in ice-nucleating activity was
also observed in the UBC soil extract solutions, as the ny,
increased by 2 orders of magnitude at around —6 °C. This
correlating increase in np, suggests that proteinaceous INMs
are contributing to the ice-nucleating activity of the UoL and
UBC soil extracts at these high freezing temperatures. How-
ever, smaller concentrations are present in the soil extracts
compared with our pure, filtered Snomax solutions. Addi-
tionally, the high ice-nucleating activity of the soil extracts
was observed even though the soil extract solutions were fil-
tered to 0.22 um, consistent with other studies that have also
shown ice-nucleating activities remain high despite filtration
(Pummer et al., 2012; O’Sullivan et al., 2015). These two ob-
servations suggest that biogenic macromolecules contribute
significantly to the ice-nucleating ability of all the soil ex-
tracts examined here.

4 Conclusions

This study investigated the relative contribution of surfactant
macromolecules to the ice-nucleating activity of two proxies
for soil macromolecules, lignin and Snomax. We observed a
correlation between the two solutions’ surface tension reduc-
tion and freezing temperature. In addition, we used a high-
speed cryo-microscope to reveal that ice nucleation by lignin
preferentially occurs at the air—water interface of droplets

Atmos. Chem. Phys., 25, 6179-6195, 2025



6190 K. A. Alden et al.: Surface-active ice-nucleating macromolecules in soils

Lignin:
(a) Soil Proxies 5mgCL!
20 mgC L™?
50 mgC L!
® 200mgCL™?
500 mgC L™t
e 1000 mgCL™?

107

10°
Snomax:

0.001252 mgC L™
0.01252 mgC L1
0.1252 mgC L™
1.252 mgC L™t
12.52 mgC L~!
62.5 mgC L™!
93.75 mgC L™t
125.2 mgC L

103

Nm [(mg C)~1]

10!

107!

*

Bogler and BD (2020)
—— Miller et al. (2021)

(b) Soil Extracts

UBC:
107 0.0174 mgC L1
0.174 mgC L1
1.74 mgC L?

17.4 mgC L™!

103

Rothamsted:
® 0.0021 mgCL™?
® 0.021mgCL™?!
® 021mgCL™?
® 21mgCL™?

103

Nm [(mg C)~1]

10!
UoL:
0.0015 mgC L™!
® 0.15mgCL™?
® 15mgCL™?

1071

(c) All Together

107 k—_

00000 0000 00000000 000

UBC

UoL

Rothamsted

Lignin

Snomax

—— Lignin (Miller et al.,2021)
------ SML (Wilson et al., 2015)

=
o
”
® e 0 00

Nm [(mg C)71]
=)

1071

-25 -20 -15 -10 -5
Temperature [°C]

Figure 7. Ice-active mass site density (n) as a function of temperature for (a) the soil proxies, lignin and Snomax, and their dilutions;
(b) the three soil extracts and their dilutions from the UBC Farm (Vancouver, Canada), the UoL Farm (Tadcaster, UK), and Rothamsted
(Harpenden, UK); and (c) the soil proxies and soil extracts compared together. For comparison, data from Bogler and Borduas-Dedekind
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based on lignin solutions of 20 mgC L~! from Miller et al. (2021) are also plotted. The indicated solution concentrations refer to the carbon
content of each solution.
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in a similar manner to that previously reported for proteins
from Snomax (Bieber and Borduas-Dedekind, 2024). These
observations indicate that surfactants are aggregating at the
air—water interface of the droplets, creating a template for
ice nucleation. Similarly, we investigated surfactant macro-
molecules as ice-nucleating particles in three soil samples
collected in the UK and Canada. However, we found little
reduction in surface tension in the soil extracts despite high
ice-nucleating activities, indicating no clear relationship be-
tween the surface tension reduction and the ice-nucleating
ability of these soils. This observation indicates that surface-
active macromolecules did not dominate ice-nucleating ac-
tivity in these soils or that the ice-nucleating entities prefer-
entially clustered with other components of the complex soil
extract. The latter is consistent with observations by Bieber
and Borduas-Dedekind (2024), who showed that in the pres-
ence of cell fragments ice-nucleation proteins had an affinity
for the surfaces of those fragments as well as the air—water in-
terface. Nevertheless, we demonstrate that surfactant proper-
ties can correlate with ice-nucleating properties, though only
for soil proxies and not soil extracts. Hence, we cannot use
surface tension to predict ice-nucleating activity, but it does
provide a diagnostic tool that can be used to help understand
the mechanisms of nucleation.

Furthermore, we found that the mass of total organic car-
bon in the sample alone does not allow for the prediction
of its ice-nucleating ability, which is rather a function of the
complex composition of the soil samples and their physic-
ochemical properties. Previous work has also shown that
some soils contain more ice-active material per mass than
others (O’Sullivan et al., 2014). Heat treatments resulted
in a loss of ice-nucleating activity at freezing temperatures
above —10 °C, indicating the importance of ice-active pro-
teins to the ice-nucleating ability of our soil extracts. How-
ever, the overall reduction in ice-nucleating activity after
heating was minor relative to reported reductions in the ac-
tivity of Snomax or lichens (Daily et al., 2022), suggesting
that a large proportion of the ice-nucleating activity was at-
tributable to heat-stable compounds such as lignin, cellulose,
or other polysaccharides, as has been shown in previous work
(Borduas-Dedekind et al., 2019; Steinke et al., 2020; Chen
et al., 2021; Daily et al., 2022). However, the relative contri-
bution of the different components remains unclear, and fur-
ther study is required to better understand the mechanisms of
ice nucleation in agricultural soil dust.

Data availability. Raw data from the FINC and tensiome-
ter analysis are presented in a spreadsheet available at
https://doi.org/10.5518/1575 (Alden et al., 2025). The data
are separated into different sheets within the spreadsheet. The first
two sheets contain the FINC and tensiometer measurements from
the undiluted soil proxies and soil extract solutions. We then have
tabs containing the measurements from the dilution series for each
sample and the heat treatment of our UBC and UoL farms.

https://doi.org/10.5194/acp-25-6179-2025

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-25-6179-2025-supplement.

Author contributions. KAT, BJM, and NBD designed the re-
search. KAT, PB, AJM, and NL made measurements and analysed
the data. KAT and NBD wrote the manuscript with contributions
from all authors.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. We acknowledge financial assistance from
the Engineering and Physical Sciences Research Council (EP-
SRC) (EP/S023593/1); the Natural Environment Research Council
(NERC) (NE/V019740/1, NE/T00648X/1); and Go Globalink, Mi-
tacs, University of British Columbia. We also thank Rachel Gasior
for helping with the TOC analysis at the University of Leeds. We
thank Tim Carter at UBC Farms, Jarrod Benson at UoL Farm, and
Jon West at Rothamsted Research for helping with the soil sam-
pling. The work at UBC was carried out on the traditional, ancestral,
and unceded territory of the Musqueam people.

Financial support. This research has been supported by Mitacs
(Go Globalink), the Engineering and Physical Sciences Research
Council (grant no. EP/S023593/1), and the Natural Environment
Research Council (grant no. NE/V019740/1).

Review statement. This paper was edited by Hinrich Grothe and
reviewed by two anonymous referees.

References

Aguiar, J., Carpena, P., Molina-Bolivar, J., and Carnero Ruiz, C.:
On the determination of the critical micelle concentration by the
pyrene 1:3 ratio method, J. Colloid Interf. Sci., 258, 116-122,
https://doi.org/10.1016/S0021-9797(02)00082-6, 2003.

Alden, K. A., Bieber, P., Miller, A. J., Link, N., Murray, B. J., and
Borduas-Dedekind, N.: Dataset for “The role of surface-active
macromolecules in the ice nucleating ability of lignin, Snomax,
and agricultural soil extracts”, University of Leeds [data set],
https://doi.org/10.5518/1575, 2025.

Alsante, A. N., Thornton, D. C. O., and Brooks, S. D.: Ice nu-
cleation catalyzed by the photosynthesis enzyme RuBisCO and

Atmos. Chem. Phys., 25, 6179-6195, 2025


https://doi.org/10.5518/1575
https://doi.org/10.5194/acp-25-6179-2025-supplement
https://doi.org/10.1016/S0021-9797(02)00082-6
https://doi.org/10.5518/1575

6192

other abundant biomolecules, Commun. Earth Environ., 4, 1-9,
https://doi.org/10.1038/s43247-023-00707-7, 2023.

Axson, J. L., May, N. W., Colén-Bernal, I. D., Pratt, K. A., and Ault,
A. P.: Lake Spray Aerosol: A Chemical Signature from Individ-
ual Ambient Particles, Environ. Sci. Technol., 50, 9835-9845,
https://doi.org/10.1021/acs.est.6b01661, 2016.

Beall, C. M., Lucero, D., Hill, T. C., DeMott, P. J., Stokes, M.
D., and Prather, K. A.: Best practices for precipitation sam-
ple storage for offline studies of ice nucleation in marine and
coastal environments, Atmos. Meas. Tech., 13, 6473-6486,
https://doi.org/10.5194/amt-13-6473-2020, 2020.

Berry, J. D., Neeson, M. J., Dagastine, R. R., Chan, D. Y. C., and Ta-
bor, R. F.: Measurement of surface and interfacial tension using
pendant drop tensiometry, J. Colloid Interf. Sci., 454, 226-237,
https://doi.org/10.1016/j.jcis.2015.05.012, 2015.

Bieber, P. and Borduas-Dedekind, N.: High-speed cryo-microscopy
reveals that ice-nucleating proteins of Pseudomonas syringae
trigger freezing at hydrophobic interfaces, Sci. Adv., 10,
eadn6606, https://doi.org/10.1126/sciadv.adn6606, 2024.

Bieber, P., Darwish, G. H., Algar, W. R., and Borduas-
Dedekind, N.: The presence of nanoparticles in aqueous
droplets containing plant-derived biopolymers plays a role in
heterogeneous ice nucleation, J. Chem. Phys., 161, 094304,
https://doi.org/10.1063/5.0213171, 2024.

Boerjan, W., Ralph, J., and Baucher, M.: Lignin
Biosynthesis, Annu. Rev. Plant Biol.,, 54, 519-546,
https://doi.org/10.1146/annurev.arplant.54.031902.134938,
2003.

Bogler, S. and Borduas-Dedekind, N.: Lignin’s ability to nucle-
ate ice via immersion freezing and its stability towards physico-
chemical treatments and atmospheric processing, Atmos. Chem.
Phys., 20, 14509-14522, https://doi.org/10.5194/acp-20-14509-
2020, 2020.

Boose, Y., Baloh, P., Plotze, M., Ofner, J., Grothe, H., Sierau,
B., Lohmann, U., and Kanji, Z. A.: Heterogeneous ice nucle-
ation on dust particles sourced from nine deserts worldwide —
Part 2: Deposition nucleation and condensation freezing, At-
mos. Chem. Phys., 19, 1059-1076, https://doi.org/10.5194/acp-
19-1059-2019, 2019.

Borduas-Dedekind, N., Ossola, R., David, R. O., Boynton, L. S.,
Weichlinger, V., Kanji, Z. A., and McNeill, K.: Photomineraliza-
tion mechanism changes the ability of dissolved organic matter
to activate cloud droplets and to nucleate ice crystals, Atmos.
Chem. Phys., 19, 12397-12412, https://doi.org/10.5194/acp-19-
12397-2019, 2019.

Carpena, P, Aguiar, J., Bernaola-Galvén, P., and Carnero Ruiz,
C.:  Problems Associated with the Treatment of
Conductivity—Concentration Data in Surfactant Solutions:
Simulations and Experiments, Langmuir, 18, 6054-6058,
https://doi.org/10.1021/1a025770y, 2002.

Ceppi, P., Brient, E, Zelinka, M. D., and Hartmann, D. L.
Cloud feedback mechanisms and their representation in
global climate models, WIREs Clim. Chang., 8, e465,
https://doi.org/10.1002/wcc.465, 2017.

Chen, J., Wu, Z. J., Zhao, X., Wang, Y. J., Chen, J. C, Qiu, Y. T,
Zong, T. M., Chen, H. X., Wang, B. B., Lin, P, Liu, W., Guo,
S., Yao, M. S., Zeng, L. M., Wex, H., Liu, X., Hu, M., and
Li, S. M.: Atmospheric Humic-Like Substances (HULIS) Act as

Atmos. Chem. Phys., 25, 6179-6195, 2025

K. A. Alden et al.: Surface-active ice-nucleating macromolecules in soils

Ice Active Entities, Geophys. Res. Lett., 48, €2021GL092443,
https://doi.org/10.1029/2021GL092443, 2021.

China, S., Alpert, P. A., Zhang, B., Schum, S., Dzepina, K., Wright,
K., Owen, R. C., Fialho, P., Mazzoleni, L. R., Mazzoleni, C.,
and Knopf, D. A.: Ice cloud formation potential by free tro-
pospheric particles from long-range transport over the North-
ern Atlantic Ocean, J. Geophys. Res.-Atmos., 122, 3065-3079,
https://doi.org/10.1002/2016JD025817, 2017.

Conen, F., Morris, C. E., Leifeld, J., Yakutin, M. V., and
Alewell, C.: Biological residues define the ice nucleation prop-
erties of soil dust, Atmos. Chem. Phys., 11, 9643-9648,
https://doi.org/10.5194/acp-11-9643-2011, 2011.

Cook, R. D., Lin, Y.-H., Peng, Z., Boone, E., Chu, R. K.,
Dukett, J. E., Gunsch, M. J., Zhang, W., Tolic, N., Laskin,
A., and Pratt, K. A.: Biogenic, urban, and wildfire influ-
ences on the molecular composition of dissolved organic com-
pounds in cloud water, Atmos. Chem. Phys., 17, 15167-15180,
https://doi.org/10.5194/acp-17-15167-2017, 2017.

Cornwell, G. C., Sultana, C. M., Prank, M., Cochran, R. E., Hill,
T. C.J., Schill, G. P, DeMott, P. J., Mahowald, N., and Prather,
K. A.: Ejection of Dust From the Ocean as a Potential Source of
Marine Ice Nucleating Particles, J. Geophys. Res.-Atmos., 125,
€2020JD033073, https://doi.org/10.1029/2020JD033073, 2020.

Daily, M. L., Tarn, M. D., Whale, T. F.,, and Murray, B. J.: An eval-
uation of the heat test for the ice-nucleating ability of minerals
and biological material, Atmos. Meas. Tech., 15, 2635-2665,
https://doi.org/10.5194/amt-15-2635-2022, 2022.

DeMott, P. J., Mason, R. H., McCluskey, C. S., Hill, T. C. J.,
Perkins, R. J., Desyaterik, Y., Bertram, A. K., Trueblood,
J. V., Grassian, V. H., Qiu, Y., Molinero, V., Tobo, Y., Sul-
tana, C. M., Lee, C., and Prather, K. A.: Ice nucleation
by particles containing long-chain fatty acids of relevance to
freezing by sea spray aerosols, Environ. Sci., 20, 1559-1569,
https://doi.org/10.1039/C8EMO0386F, 2018.

Dreischmeier, K., Budke, C., Wiehemeier, L., Kottke, T., and
Koop, T.: Boreal pollen contain ice-nucleating as well as
ice-binding ‘antifreeze’ polysaccharides, Sci. Re., 7, 41890,
https://doi.org/10.1038/srep41890, 2017.

Fornea, A. P., Brooks, S. D., Dooley, J. B., and Saha, A.: Het-
erogeneous freezing of ice on atmospheric aerosols contain-
ing ash, soot, and soil, J. Geophys. Res.-Atmos,, 114, D13201,
https://doi.org/10.1029/2009JD011958, 2009.

Garcia, E., Hill, T. C. J., Prenni, A. J., DeMott, P. J., Franc, G. D.,
and Kreidenweis, S. M.: Biogenic ice nuclei in boundary layer air
over two U.S. High Plains agricultural regions, J. Geophys. Res.-
Atmos., 117, D18209, https://doi.org/10.1029/2012JD018343,
2012.

Gavish, M., Popovitz-Biro, R., Lahav, M., and Leiserowitz,
L.: Ice Nucleation by Alcohols Arranged in Monolayers
at the Surface of Water Drops, Science, 250, 973-975,
https://doi.org/10.1126/science.250.4983.973, 1990.

Georgakopoulos, D. G. and Sands, D. C.: Epiphytic populations of
Pseudomonas syringae on barley, Can. J. Microbiol., 38, 111-
114, https://doi.org/10.1139/m92-018, 1992.

Gérard, V., Noziere, B., Baduel, C., Fine, L., Frossard, A. A., and
Cohen, R. C.: Anionic, Cationic, and Nonionic Surfactants in At-
mospheric Aerosols from the Baltic Coast at Askod, Sweden: Im-
plications for Cloud Droplet Activation, Environ. Sci. Technol.,
50, 2974-2982, https://doi.org/10.1021/acs.est.5b05809, 2016.

https://doi.org/10.5194/acp-25-6179-2025


https://doi.org/10.1038/s43247-023-00707-7
https://doi.org/10.1021/acs.est.6b01661
https://doi.org/10.5194/amt-13-6473-2020
https://doi.org/10.1016/j.jcis.2015.05.012
https://doi.org/10.1126/sciadv.adn6606
https://doi.org/10.1063/5.0213171
https://doi.org/10.1146/annurev.arplant.54.031902.134938
https://doi.org/10.5194/acp-20-14509-2020
https://doi.org/10.5194/acp-20-14509-2020
https://doi.org/10.5194/acp-19-1059-2019
https://doi.org/10.5194/acp-19-1059-2019
https://doi.org/10.5194/acp-19-12397-2019
https://doi.org/10.5194/acp-19-12397-2019
https://doi.org/10.1021/la025770y
https://doi.org/10.1002/wcc.465
https://doi.org/10.1029/2021GL092443
https://doi.org/10.1002/2016JD025817
https://doi.org/10.5194/acp-11-9643-2011
https://doi.org/10.5194/acp-17-15167-2017
https://doi.org/10.1029/2020JD033073
https://doi.org/10.5194/amt-15-2635-2022
https://doi.org/10.1039/C8EM00386F
https://doi.org/10.1038/srep41890
https://doi.org/10.1029/2009JD011958
https://doi.org/10.1029/2012JD018343
https://doi.org/10.1126/science.250.4983.973
https://doi.org/10.1139/m92-018
https://doi.org/10.1021/acs.est.5b05809

K. A. Alden et al.: Surface-active ice-nucleating macromolecules in soils

Gérard, V., Noziere, B., Fine, L., Ferronato, C., Singh, D. K.,
Frossard, A. A., Cohen, R. C., Asmi, E., Lihavainen,
H., Kivekds, N., Aurela, M., Brus, D., Frka, S., and
Cvite§i¢ KuSan, A.: Concentrations and Adsorption Isotherms
for Amphiphilic Surfactants in PM; Aerosols from Different
Regions of Europe, Environ. Sci. Technol., 53, 12379-12388,
https://doi.org/10.1021/acs.est.9b03386, 2019.

Ginoux, P, Prospero, J. M., Gill, T. E., Hsu, N. C., and
Zhao, M.: Global-scale attribution of anthropogenic and nat-
ural dust sources and their emission rates based on MODIS
Deep Blue aerosol products, Rev. Geophys., 50, RG3005,
https://doi.org/10.1029/2012RG000388, 2012.

Gittens, G. J.: Variation of surface tension of water
with temperature, J. Colloid Interf. Sci., 30, 406-412,
https://doi.org/10.1016/0021-9797(69)90409-3, 1969.

Gombos, M., Tall, A., Trpcevskd, J., Kandra, B., Pavelkova, D.,
and Balejc¢ikovd, L.: Sedimentation rate of soil microparticles,
Arabian J. Geosci., 11, 635, https://doi.org/10.1007/s12517-018-
4002-8, 2018.

Hartmann, S., Ling, M., Dreyer, L. S. A., Zipori, A., Fin-
ster, K., Grawe, S., Jensen, L. Z., Borck, S., Reicher, N.,
Drace, T., Niedermeier, D., Jones, N. C., Hoffmann, S. V.,
Wex, H., Rudich, Y., Boesen, T., and Santl Temkiv, T.: Struc-
ture and Protein-Protein Interactions of Ice Nucleation Pro-
teins Drive Their Activity, Front. Microbiol., 13, 872306,
https://doi.org/10.3389/fmicb.2022.872306, 2022.

Herbert, R. J., Sanchez-Marroquin, A., Grosvenor, D. P., Pringle,
K. J., Arnold, S. R., Murray, B. J., and Carslaw, K. S.: Gaps
in our understanding of ice-nucleating particle sources exposed
by global simulation of the UK climate model, EGUsphere
[preprint], https://doi.org/10.5194/egusphere-2024-1538, 2024.

Hill, T. C. J., Moffett, B. F., DeMott, P. J., Georgakopoulos,
D. G., Stump, W. L., and Franc, G. D.: Measurement of Ice
Nucleation-Active Bacteria on Plants and in Precipitation by
Quantitative PCR, Appl. Environ. Microbiol., 80, 1256-1267,
https://doi.org/10.1128/AEM.02967-13, 2014.

Hill, T. C. J., DeMott, P. J., Tobo, Y., Frohlich-Nowoisky, J., Mof-
fett, B. F., Franc, G. D., and Kreidenweis, S. M.: Sources of or-
ganic ice nucleating particles in soils, Atmos. Chem. Phys., 16,
7195-7211, https://doi.org/10.5194/acp-16-7195-2016, 2016.

Hiranuma, N., Brooks, S. D., Gramann, J., and Auvermann, B.
W.: High concentrations of coarse particles emitted from a cat-
tle feeding operation, Atmos. Chem. Phys., 11, 8809-8823,
https://doi.org/10.5194/acp-11-8809-2011, 2011.

Hiranuma, N., Brooks, S. D., Moffet, R. C., Glen, A., Laskin,
A., Gilles, M. K. Liu, P, Macdonald, A. M., Strapp,
J. W, and McFarquhar, G. M.: Chemical characterization
of individual particles and residuals of cloud droplets and
ice crystals collected on board research aircraft in the IS-
DAC 2008 study, J. Geophys. Res.-Atmos., 118, 6564-6579,
https://doi.org/10.1002/jgrd.50484, 2013.

Hiranuma, N., Auvermann, B. W., Belosi, F., Bush, J., Cory, K.
M., Georgakopoulos, D. G., Hohler, K., Hou, Y., Lacher, L.,
Saathoff, H., Santachiara, G., Shen, X., Steinke, I., Ullrich, R.,
Umo, N. S., Vepuri, H. S. K., Vogel, F., and Moéhler, O.: Labo-
ratory and field studies of ice-nucleating particles from open-lot
livestock facilities in Texas, Atmos. Chem. Phys., 21, 14215—
14234, https://doi.org/10.5194/acp-21-14215-2021, 2021.

https://doi.org/10.5194/acp-25-6179-2025

6193

Hoose, C., Kristjansson, J. E., Chen, J. P, and Hazra, A.: A
Classical-Theory-Based Parameterization of Heterogeneous Ice
Nucleation by Mineral Dust, Soot, and Biological Particles in a
Global Climate Model in: Journal of the Atmospheric Sciences
Volume 67 Issue 8 (2010), J. Atmos. Sci., 67, 2483-2503, 2010.

Huang, S., Hu, W, Chen, J,, Wu, Z., Zhang, D., and
Fu, P: Overview of biological ice nucleating parti-
cles in the atmosphere, Environ. Int, 146, 106197,
https://doi.org/10.1016/j.envint.2020.106197, 2021.

Jackson, G. A. and Burd, A. B.: Aggregation in the Ma-
rine Environment, Environ. Sci. Technol., 32, 2805-2814,
https://doi.org/10.1021/es980251w, 1998.

Kalyanasundaram, K. and Thomas, J. K.: Environmental effects on
vibronic band intensities in pyrene monomer fluorescence and
their application in studies of micellar systems, J. Am. Chem.
Soc., 99, 2039-2044, https://doi.org/10.1021/ja00449a004,
1977.

Knackstedt, K. A., Moffett, B. F., Hartmann, S., Wex, H.,
Hill, T. C. J., Glasgo, E. D., Reitz, L. A., Augustin-Bauditz,
S., Beall, B. F. N., Bullerjahn, G. S., Frohlich-Nowoisky,
J., Grawe, S., Lubitz, J., Stratmann, F., and McKay, R.
M. L.: Terrestrial Origin for Abundant Riverine Nanoscale Ice-
Nucleating Particles, Environ. Sci. Technol., 52, 12358-12367,
https://doi.org/10.1021/acs.est.8b03881, 2018.

Kupiszewski, P., Zanatta, M., Mertes, S., Vochezer, P., Lloyd,
G., Schneider, J., Schenk, L., Schnaiter, M., Baltensperger,
U., Weingartner, E., and Gysel, M.: Ice residual prop-
erties in mixed-phase clouds at the high-alpine Jungfrau-
joch site, J. Geophys. Res.-Atmos., 121, 12343-12362,
https://doi.org/10.1002/2016JD024894, 2016.

Kuwabara, C., Terauchi, R., Tochigi, H., Takaoka, H.,
Arakawa, K., and Fujikawa, S.: Analysis of supercool-
ing activities of surfactants, Cryobiology, 69, 10-16,
https://doi.org/10.1016/j.cryobiol.2014.04.012, 2014.

Lighthart, B.: Microbial Aerosols: Estimated Contribution of Com-
bine Harvesting to an Airshed, Appl. Environ. Microbiol., 47,
430-432, https://doi.org/10.1128/aem.47.2.430-432.1984, 1984.

Lohmann, U. and Feichter, J.: Global indirect aerosol ef-
fects: a review, Atmos. Chem. Phys., 5, 715-737,
https://doi.org/10.5194/acp-5-715-2005, 2005.

Lukas, M., Schwidetzky, R., Kunert, A. T., Poschl, U.,
Frohlich-Nowoisky, J., Bonn, M., and Meister, K.: Elec-
trostatic Interactions Control the Functionality of Bacte-
rial Ice Nucleators, J. Am. Chem. Soc., 142, 6842-6846,
https://doi.org/10.1021/jacs.9b13069, 2020.

Lukas, M., Schwidetzky, R., Eufemio, R. J., Bonn, M.,
and Meister, K.: Toward Understanding Bacterial
Ice Nucleation, J. Phys. Chem. B, 126, 1861-1867,
https://doi.org/10.1021/acs.jpcb.1c09342, 2022.

Mabrouk, M. M., Hamed, N. A., and Mansour, F. R.:
Physicochemical and electrochemical methods for determi-
nation of critical micelle concentrations of surfactants: a
comprehensive review, Monatsh. Chemie, 153, 125-138,
https://doi.org/10.1007/s00706-022-02891-2, 2022.

Maki, L. R. and Willoughby, K. J.: Bacteria as Biogenic Sources of
Freezing Nuclei, J. Appl. Meteorol. Clim., 17, 1049-1053, 1978.

McCluskey, C. S., Hill, T. C. J., Sultana, C. M., Laskina, O., True-
blood, J., Santander, M. V., Beall, C. M., Michaud, J. M., Krei-
denweis, S. M., Prather, K. A., Grassian, V., and DeMott, P. J.: A

Atmos. Chem. Phys., 25, 6179-6195, 2025


https://doi.org/10.1021/acs.est.9b03386
https://doi.org/10.1029/2012RG000388
https://doi.org/10.1016/0021-9797(69)90409-3
https://doi.org/10.1007/s12517-018-4002-8
https://doi.org/10.1007/s12517-018-4002-8
https://doi.org/10.3389/fmicb.2022.872306
https://doi.org/10.5194/egusphere-2024-1538
https://doi.org/10.1128/AEM.02967-13
https://doi.org/10.5194/acp-16-7195-2016
https://doi.org/10.5194/acp-11-8809-2011
https://doi.org/10.1002/jgrd.50484
https://doi.org/10.5194/acp-21-14215-2021
https://doi.org/10.1016/j.envint.2020.106197
https://doi.org/10.1021/es980251w
https://doi.org/10.1021/ja00449a004
https://doi.org/10.1021/acs.est.8b03881
https://doi.org/10.1002/2016JD024894
https://doi.org/10.1016/j.cryobiol.2014.04.012
https://doi.org/10.1128/aem.47.2.430-432.1984
https://doi.org/10.5194/acp-5-715-2005
https://doi.org/10.1021/jacs.9b13069
https://doi.org/10.1021/acs.jpcb.1c09342
https://doi.org/10.1007/s00706-022-02891-2

6194

Mesocosm Double Feature: Insights into the Chemical Makeup
of Marine Ice Nucleating Particles, J. Atmos. Sci., 75, 2405—
2423, https://doi.org/10.1175/JAS-D-17-0155.1, 2018.

Miller, A. J.: Atmospheric ice nucleation by macromolecules: In-
vestigating the role of surfactants and micelles, Master’s thesis,
ETH Zurich, https://doi.org/10.3929/ethz-b-000682198, 2020.

Miller, A. J., Brennan, K. P., Mignani, C., Wieder, J., David, R. O.,
and Borduas-Dedekind, N.: Development of the drop Freezing
Ice Nuclei Counter (FINC), intercomparison of droplet freez-
ing techniques, and use of soluble lignin as an atmospheric
ice nucleation standard, Atmos. Meas. Tech., 14, 3131-3151,
https://doi.org/10.5194/amt-14-3131-2021, 2021.

Morris, C. E., Sands, D. C., Glaux, C., Samsatly, J., Asaad, S.,
Moukahel, A. R., Gongalves, F. L. T., and Bigg, E. K.: Ure-
diospores of rust fungi are ice nucleation active at > —10 °C and
harbor ice nucleation active bacteria, Atmos. Chem. Phys., 13,
4223-4233, https://doi.org/10.5194/acp-13-4223-2013, 2013.

Murray, B. J., O’Sullivan, D., Atkinson, J., and Webb,
M.: Ice nucleation by particles immersed in super-
cooled cloud droplets, Chem. Soc. Rev., 41, 6519-6554,
https://doi.org/10.1039/C2CS35200A, 2012.

Nesmérak, K. and Némcova, I.: Determination of Critical Micelle
Concentration by Electrochemical Means, Anal. Lett., 39, 1023—
1040, https://doi.org/10.1080/00032710600620302, 2006.

O’Sullivan, D., Murray, B. J., Malkin, T. L., Whale, T. F., Umo,
N. S., Atkinson, J. D., Price, H. C., Baustian, K. J., Browse,
J., and Webb, M. E.: Ice nucleation by fertile soil dusts: rel-
ative importance of mineral and biogenic components, Atmos.
Chem. Phys., 14, 1853-1867, https://doi.org/10.5194/acp-14-
1853-2014, 2014.

O’Sullivan, D., Murray, B. J., Ross, J. F., Whale, T. E,, Price, H. C.,
Atkinson, J. D., Umo, N. S., and Webb, M. E.: The relevance of
nanoscale biological fragments for ice nucleation in clouds, Sci.
Rep., 5, 8082, https://doi.org/10.1038/srep08082, 2015.

O’Sullivan, D., Murray, B. J., Ross, J. F., and Webb, M. E.: The
adsorption of fungal ice-nucleating proteins on mineral dusts: a
terrestrial reservoir of atmospheric ice-nucleating particles, At-
mos. Chem. Phys., 16, 7879-7887, https://doi.org/10.5194/acp-
16-7879-2016, 2016.

O’Sullivan, D., Adams, M. P.,, Tarn, M. D., Harrison, A. D.,
Vergara-Temprado, J., Porter, G. C. E., Holden, M. A., Sanchez-
Marroquin, A., Carotenuto, F., Whale, T. F., McQuaid, J. B.,
Walshaw, R., Hedges, D. H. P., Burke, I. T., Cui, Z., and Mur-
ray, B. J.: Contributions of biogenic material to the atmospheric
ice-nucleating particle population in North Western Europe,
Sci. Rep., 8, 13821, https://doi.org/10.1038/s41598-018-31981-
7,2018.

Ovadnevaite, J., Zuend, A., Laaksonen, A., Sanchez, K. J., Roberts,
G., Ceburnis, D., Decesari, S., Rinaldi, M., Hodas, N., Facchini,
M. C., Seinfeld, J. H., and O’ Dowd, C.: Surface tension pre-
vails over solute effect in organic-influenced cloud droplet activa-
tion, Nature, 546, 637-641, https://doi.org/10.1038/nature22806,
2017.

Pereira, D. L., Gavildn, I., Letechipia, C., Raga, G. B., Puig,
T. P, Mugica-Alvarez, V., Alvarez-Ospina, H., Rosas, 1., Mar-
tinez, L., Salinas, E., Quintana, E. T., Rosas, D., and Ladino,
L. A.: Mexican agricultural soil dust as a source of ice
nucleating particles, Atmos. Chem. Phys., 22, 6435-6447,
https://doi.org/10.5194/acp-22-6435-2022, 2022.

Atmos. Chem. Phys., 25, 6179-6195, 2025

K. A. Alden et al.: Surface-active ice-nucleating macromolecules in soils

Perkins, R. J., Vazquez de Vasquez, M. G., Beasley, E. E., Hill,
T. C. J., Stone, E. A., Allen, H. C., and DeMott, P. J.: Relating
Structure and Ice Nucleation of Mixed Surfactant Systems Rel-
evant to Sea Spray Aerosol, J. Phys. Chem. A, 124, 8806-8821,
https://doi.org/10.1021/acs.jpca.0c05849, 2020.

Pfrang, C., Rastogi, K., Cabrera-Martinez, E. R., Seddon, A. M.,
Dicko, C., Labrador, A., Plivelic, T. S., Cowieson, N., and
Squires, A. M.: Complex three-dimensional self-assembly in
proxies for atmospheric aerosols, Nat. Commun., 8, 1724,
https://doi.org/10.1038/s41467-017-01918-1, 2017.

Pratt, K. A., Fiddler, M. N., Shepson, P. B., Carlton, A. G.,
and Surratt, J. D.: Organosulfates in cloud water above the
Ozarks’ isoprene source region, Atmos. Environ., 77, 231-238,
https://doi.org/10.1016/j.atmosenv.2013.05.011, 2013.

Pummer, B. G., Bauer, H., Bernardi, J., Bleicher, S., and Grothe, H.:
Suspendable macromolecules are responsible for ice nucleation
activity of birch and conifer pollen, Atmos. Chem. Phys., 12,
2541-2550, https://doi.org/10.5194/acp-12-2541-2012, 2012.

Qiu, Y., Odendahl, N., Hudait, A., Mason, R., Bertram, A. K., Pae-
sani, F., DeMott, P. J., and Molinero, V.: Ice Nucleation Effi-
ciency of Hydroxylated Organic Surfaces Is Controlled by Their
Structural Fluctuations and Mismatch to Ice, J. Am. Chem. Soc.,
139, 3052-3064, https://doi.org/10.1021/jacs.6b12210, 2017.

Qiu, Y., Hudait, A., and Molinero, V.. How Size and Ag-
gregation of Ice-Binding Proteins Control Their Ice Nu-
cleation Efficiency, J. Am. Chem. Soc., 141, 7439-7452,
https://doi.org/10.1021/jacs.9b01854, 2019.

Rai, R. K., Singh, V. P, and Upadhyay, A.: Chapter 17 — Soil Analy-
sis, in: Planning and Evaluation of Irrigation Projects, edited by:
Rai, R. K., Singh, V. P, and Upadhyay, A., Academic Press, 505—
523, ISBN 978-0-12-811748-4, https://www.sciencedirect.com/
science/article/pii/B9780128117484000170 (last access: 15 Au-
gust 2022), 2017.

Rosen, M. J. and Kunjappu, J. T.: Surfactants and Interfacial Phe-
nomena, John Wiley & Sons, 4th Edn., ISBN 978-0-470-54194-
4,2012.

Schwidetzky, R., Sudera, P., Backes, A. T., Poschl, U., Bonn,
M., Frohlich-Nowoisky, J., and Meister, K.: Membranes Are
Decisive for Maximum Freezing Efficiency of Bacterial Ice
Nucleators, The J. Phys. Chem. Lett., 12, 10783-10787,
https://doi.org/10.1021/acs.jpclett.1c03118, 2021a.

Schwidetzky, R., Sun, Y., Frohlich-Nowoisky, J., Kunert, A. T.,
Bonn, M., and Meister, K.: Ice Nucleation Activity of Perflu-
orinated Organic Acids, J. Phys. Chem. Lett., 12, 3431-3435,
https://doi.org/10.1021/acs.jpclett. 1c00604, 2021b.

Schwidetzky, R., Ribeiro, 1. d. A., Bothen, N., Backes,
A., DeVries, A. L., Bonn, M., Frhlich-Nowoisky, J., Mo-
linero, V., and Meister, K.: E Pluribus Unum: Functional
Aggregation Enables Biological Ice Nucleation, ChemRxiv,
https://doi.org/10.26434/chemrxiv-2023-63qfl, 2023.

Steinke, 1., Funk, R., Busse, J., Iturri, A., Kirchen, S., Leue, M.,
Mohler, O., Schwartz, T., Schnaiter, M., Sierau, B., Toprak, E.,
Ullrich, R., Ulrich, A., Hoose, C., and Leisner, T.: Ice nucle-
ation activity of agricultural soil dust aerosols from Mongolia,
Argentina, and Germany, J. Geophys. Res.-Atmos., 121, 13559-
13576, https://doi.org/10.1002/2016JD025160, 2016.

Steinke, 1., Hiranuma, N., Funk, R., Hohler, K., Tillmann, N., Umo,
N. S., Weidler, P. G., Mohler, O., and Leisner, T.: Complex plant-
derived organic aerosol as ice-nucleating particles — more than

https://doi.org/10.5194/acp-25-6179-2025


https://doi.org/10.1175/JAS-D-17-0155.1
https://doi.org/10.3929/ethz-b-000682198
https://doi.org/10.5194/amt-14-3131-2021
https://doi.org/10.5194/acp-13-4223-2013
https://doi.org/10.1039/C2CS35200A
https://doi.org/10.1080/00032710600620302
https://doi.org/10.5194/acp-14-1853-2014
https://doi.org/10.5194/acp-14-1853-2014
https://doi.org/10.1038/srep08082
https://doi.org/10.5194/acp-16-7879-2016
https://doi.org/10.5194/acp-16-7879-2016
https://doi.org/10.1038/s41598-018-31981-7
https://doi.org/10.1038/s41598-018-31981-7
https://doi.org/10.1038/nature22806
https://doi.org/10.5194/acp-22-6435-2022
https://doi.org/10.1021/acs.jpca.0c05849
https://doi.org/10.1038/s41467-017-01918-1
https://doi.org/10.1016/j.atmosenv.2013.05.011
https://doi.org/10.5194/acp-12-2541-2012
https://doi.org/10.1021/jacs.6b12210
https://doi.org/10.1021/jacs.9b01854
https://www.sciencedirect.com/science/article/pii/B9780128117484000170
https://www.sciencedirect.com/science/article/pii/B9780128117484000170
https://doi.org/10.1021/acs.jpclett.1c03118
https://doi.org/10.1021/acs.jpclett.1c00604
https://doi.org/10.26434/chemrxiv-2023-63qfl
https://doi.org/10.1002/2016JD025160

K. A. Alden et al.: Surface-active ice-nucleating macromolecules in soils

the sums of their parts?, Atmos. Chem. Phys., 20, 11387-11397,
https://doi.org/10.5194/acp-20-11387-2020, 2020.

Storelvmo, T., Tan, I., and Korolev, A. V.: Cloud Phase Changes
Induced by CO, Warming — a Powerful yet Poorly Constrained
Cloud-Climate Feedback, Curr. Clim. Change Rep., 1, 288-296,
https://doi.org/10.1007/s40641-015-0026-2, 2015.

Suski, K. J., Hill, T. C. J., Levin, E. J. T., Miller, A., DeMott, P.
J., and Kreidenweis, S. M.: Agricultural harvesting emissions of
ice-nucleating particles, Atmos. Chem. Phys., 18, 13755-13771,
https://doi.org/10.5194/acp-18-13755-2018, 2018.

Tobo, Y., DeMott, P. J., Hill, T. C. J., Prenni, A. J., Swoboda-
Colberg, N. G., Franc, G. D., and Kreidenweis, S. M.: Or-
ganic matter matters for ice nuclei of agricultural soil origin, At-
mos. Chem. Phys., 14, 8521-8531, https://doi.org/10.5194/acp-
14-8521-2014, 2014.

Vergara-Temprado, J., Murray, B. J., Wilson, T. W., O’Sullivan,
D., Browse, J., Pringle, K. J., Ardon-Dryer, K., Bertram, A.
K., Burrows, S. M., Ceburnis, D., DeMott, P. J., Mason, R. H.,
O’Dowd, C. D., Rinaldi, M., and Carslaw, K. S.: Contribution
of feldspar and marine organic aerosols to global ice nucleat-
ing particle concentrations, Atmos. Chem. Phys., 17, 3637-3658,
https://doi.org/10.5194/acp-17-3637-2017, 2017.

Wex, H., Augustin-Bauditz, S., Boose, Y., Budke, C., Curtius, J.,
Diehl, K., Dreyer, A., Frank, F., Hartmann, S., Hiranuma, N.,
Jantsch, E., Kanji, Z. A., Kiselev, A., Koop, T., Moéhler, O.,
Niedermeier, D., Nillius, B., Rosch, M., Rose, D., Schmidt,
C., Steinke, I., and Stratmann, F.: Intercomparing different de-
vices for the investigation of ice nucleating particles using Sno-
max® as test substance, Atmos. Chem. Phys., 15, 1463-1485,
https://doi.org/10.5194/acp-15-1463-2015, 2015.

https://doi.org/10.5194/acp-25-6179-2025

6195

Wieland, F., Bothen, N., Schwidetzky, R., Seifried, T. M., Bieber,
P., Poschl, U., Meister, K., Bonn, M., Frohlich-Nowoisky, J., and
Grothe, H.: Aggregation of ice-nucleating macromolecules from
Betula pendula pollen determines ice nucleation efficiency, Bio-
geosciences, 22, 103-115, https://doi.org/10.5194/bg-22-103-
2025, 2025.

Wilson, T. W., Ladino, L. A., Alpert, P. A, Breckels, M. N., Brooks,
I. M., Browse, J., Burrows, S. M., Carslaw, K. S., Huffman, J. A.,
Judd, C., Kilthau, W. P,, Mason, R. H., McFiggans, G., Miller,
L. A., Ngjera, J. J., Polishchuk, E., Rae, S., Schiller, C. L., Si,
M., Temprado, J. V., Whale, T. F,, Wong, J. P. S., Wurl, O.,
Yakobi-Hancock, J. D., Abbatt, J. P. D., Aller, J. Y., Bertram,
A. K., Knopf, D. A., and Murray, B. J.: A marine biogenic source
of atmospheric ice-nucleating particles, Nature, 525, 234-238,
https://doi.org/10.1038/nature 14986, 2015.

Wolber, P. K., Deininger, C. A., Southworth, M. W., Van-
dekerckhove, J., Van Montagu, M., and Warren, G. J.:
Identification and purification of a bacterial ice-nucleation
protein, P. Natl. Acad. Sci. USA, 83, 7256-7260,
https://doi.org/10.1073/pnas.83.19.7256, 1986.

Yazdani, A., Dillner, A. M., and Takahama, S.: Estimating mean
molecular weight, carbon number, and OM/OC with mid-
infrared spectroscopy in organic particulate matter samples from
a monitoring network, Atmos. Meas. Tech., 14, 48054827,
https://doi.org/10.5194/amt-14-4805-2021, 2021.

Atmos. Chem. Phys., 25, 6179-6195, 2025


https://doi.org/10.5194/acp-20-11387-2020
https://doi.org/10.1007/s40641-015-0026-2
https://doi.org/10.5194/acp-18-13755-2018
https://doi.org/10.5194/acp-14-8521-2014
https://doi.org/10.5194/acp-14-8521-2014
https://doi.org/10.5194/acp-17-3637-2017
https://doi.org/10.5194/acp-15-1463-2015
https://doi.org/10.5194/bg-22-103-2025
https://doi.org/10.5194/bg-22-103-2025
https://doi.org/10.1038/nature14986
https://doi.org/10.1073/pnas.83.19.7256
https://doi.org/10.5194/amt-14-4805-2021

	Abstract
	Introduction
	Methods
	Organic matter sample collection and preparation
	Lignin
	Snomax
	Soil samples collection
	Organic matter soil extraction

	Analysing the surface activity
	Surface tension measurements
	Micelle formation measurements

	Instrumentation and sample analysis
	Total organic carbon (TOC) analysis
	High-speed cryo-microscopy measurement
	Ice-nucleation analysis
	Heat treatment experiments


	Results and discussion
	Soil proxies
	Surface tension of lignin and Snomax
	IN ability increased with a decrease in surface tension
	High-speed cryo-microscopy to identify freezing at the air–water interface
	Formation of micelles

	Soil extracts
	Surface tension of soil extracts
	IN ability of soil extracts
	Sensitivity of soil extracts to heat treatment

	Normalised freezing spectra
	nm for lignin and Snomax
	nm for the soil extracts


	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

