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ABSTRACT

In recent research, the role of biomolecules in heterogeneous ice nucleation has gained
prominence, as they serve as models for atmospheric ice nucleating agents. While established
methods for biomolecule synthesis exist, distinguishing ice nucleation efficiencies from their
oligomers poses challenges. This study demonstrates that the constant cooling rate approach is
inadequate for accurately assessing Apoferritin subforms' ice nucleation rates due to data
uncertainties. Isothermal measurements are employed to differentiate ice nucleating
efficiencies of Apoferritin subforms using serial-diluted samples. Furthermore, this approach
extends to investigating the ice nucleating efficiency of DNA origami tiles, a novel
biomolecular model. By fitting data to classical nucleation theory (CNT), plausible model
parameters are derived for both Apoferritin and DNA origami tiles. Finite element simulations
are used to explore the influence of temperature gradients on isothermal freezing rates inside
droplets of varying characteristics. Frozen fraction analysis of microlitre and nanolitre droplets
highlights Apoferritin oligomers as the most effective ice nucleation particles (INPs), followed
by dimers and monomers. Determining CNT parameters for each Apoferritin subform was
challenging due to data ambiguities. However, through isothermal measurements, CNT
parameters for each Apoferritin subform are successfully determined such as the free energy
barrier constant, kinetic factor, and shape factor. These parameters show Apoferritin clusters
as the most efficient subform, attributed to their complex shape, which contains active sites
like pores, cavities, and a larger surface area. Isothermal measurements further confirm that
DNA origami tiles have a higher ice nucleation efficiency over Apoferritin dimers and
monomers due to their larger surface area and smaller contact angle with water. Notably,
factors such as droplet volume, contact angle with the substrate, and cooling rate should be
considered for an accurate freezing rate depiction; neglecting them leads to skewed results.
With an increase in these factors, the measured isothermal freezing rate also increases over
time, requiring more time for droplets to achieve a uniform inner temperature. In conclusion,
isothermal measurements are a valuable tool for distinguishing ice nucleation efficiencies, even
for mixed molecules like Apoferritin subforms. DNA origami tiles emerge as efficient INPs,
holding promise as intriguing candidates for future ice nucleation research, particularly in
designing tailored INPs for focused studies.
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1. THEORETICAL FRAMEWORK

1. THEORETICAL FRAMEWORK

1.1. Introduction

In the past several decades, research into the processes that lead to the formation of ice from
liquid water has gained significant attention. Many different areas of study, such as those
dealing with food, cell, and organ preservation, have begun to focus on it. Furthermore, studies
are being carried out into the effects of freezing on aircraft wings, as well as how freezing could
damage pipes and cables [1-4]. However, in terms of ice in the atmosphere, nucleation has
attracted the greatest focus and study effort, with the goal of improving our knowledge of how
clouds form and how that affects the amount of precipitation they produce. Ice nucleation is
especially significant in mixed phase clouds since in these clouds supercooled water droplets
can exist and the transformation of water into ice take place, at temperatures ranging from 0 to
—38 °C [5-7]. This is intriguing since ice nucleation in this temperature range requires ice

nucleating agents (INAs), also known as ice nucleation particles (INPs), to commence freezing.

The atmospheric system includes an abundance of aerosol particles that serve as cloud
condensation nuclei (CCN) or INPs, despite the fact that INPs are rare and scarce in comparison
to CCNs. Cloud glaciation is seasonally and geographically dependent on the quantity of INPs
present [8]. In general, these particles can be divided into two categories: inorganic INPs and
organic INPs. Examples of inorganic INPs include mineral dusts, volcanic ash, and silver
iodide, whereas organic INPs include both proteinaceous and non-proteinaceous particles, such
as bacteria, fungi, and pollen. Nonetheless, it is still not clear exactly what properties of an
aerosol, such as its surface characteristics or micro/nano size, make it a strong INP. In contrast
to organic aerosols, the significance of inorganic aerosols as INPs has been actively studied in
recent years [9,10]. Therefore, further experimental effort should be devoted to comprehending
the role and contribution of organic aerosols as INPs in the atmosphere [11,12]. This thesis will
be dedicated to researching the effectiveness of proteins and DNA as INPs, two important
examples of INPs that are helpful for understanding the process of ice nucleation caused by

organic aerosols.
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1.2. Review on Ice Nucleation Particles

Mineral dust particles are among the factors that can have a significant impact on the ice
nucleation mechanism of mixed clouds. The investigation of immersion freezing ice nucleation
in various mineral dust types indicated that characteristics such as particle size, composition,
and surface area significantly impact their ice nucleation efficiency [13]. The aerosol
concentration in the atmosphere, as well as temperature, humidity, and dust particle coatings
also affect mineral dust ice nucleation efficiency [14]. According to recent studies, both
mineral dust surrogates and mineral dusts mixed with sulfate can nucleate ice at temperatures
comparable to those found in cirrus clouds [15,16]. Similarly, Atkinson et al. highlighted the
importance of feldspar, a common component of mineral dusts, as an efficient INP, likely due
to its crystal structure providing specific nucleation sites [17]. Moreover, specific regions on
the feldspar surface were observed to exhibit higher ice nucleation efficiency compared to other
areas. These regions included specific crystal facets, surface defects, or chemical functional
groups, which provided suitable environments for ice crystal formation due to their unique
atomic arrangements or interactions with water molecules [18]. It is also reported that the
proteins produced by some fungus can act as additional sites for ice nucleation when they
adhere to the surfaces of mineral dust [19]. K-feldspar also greatly influences ice nucleation
compared to quartz in dust samples, indicating its importance in atmospheric ice formation
[14,20]. The role of mineral dust particles in cloud processes and precipitation, generated
during the development of hailstorms, was investigated. The results suggest that mineral dust
particles play a dual function as a CCN and an INP, promoting the formation of cloud droplets
and ice crystals [21].

Silver iodide (Agl) is widely used as a prevalent ice nucleating agent. Studies have shown that
Agl demonstrates remarkable ice nucleation efficiency and has been investigated for its
potential use in cloud seeding and modifying precipitation processes. Marcolli et al. provide
crucial insights for developing efficient cloud seeding strategies and comprehending Agl's
influence on cloud microphysics and precipitation phenomena [22]. Atomistic and coarse-
grained simulations conducted by Roudsari et al. examined how different geometries, such as
slits and wedges, affect nucleation efficiency when present on the surfaces of Agl particles.
The results showed an increase in ice nucleation activity, confirming the importance of the

surface morphology of the INP in enhancing the nucleation process [23].
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Recent studies have focused on the effect of graphene oxide (GO), a non-biological substance,
on ice nucleation amid the importance of this process in a wide range of natural and industrial
processes. For example, GO nanosheets served as effective ice nucleating agents, reducing the
critical nucleus size and promoting ice nucleation [24]. Investigation of the size of nanoscale
domains on inhomogeneous surfaces like GO determined that their size significantly influences
ice nucleation efficiency, with smaller domains displaying greater ice nucleation activity [25].
In a separate investigation, researchers explored the ice efficiency of both graphene and
graphene oxides, concluding that GO exhibited notable ice nucleation capabilities, surpassing
pristine graphene [26]. The nucleation of ice on the surface of graphite in the presence of
nanoparticles was examined, providing insights into the ice nucleation behaviour of related
carbon-based materials [27]. Sequential surface modification of GO and its impact on ice
nucleation were studied by Biggs et al., showing that sequential modifications of GO could
lead to a controlled and tunable ice nucleation behaviour [28]. Furthermore, a study on
heterogeneous ice nucleation by graphene nanoparticles demonstrated that graphene-based

nanoparticles have the ability to induce ice nucleation [29].

Sea spray aerosols are tiny airborne particles formed when ocean waves break and burst into
the air, releasing droplets and bubbles. These aerosols contain various components, including
water, salt, organic matter, and other substances present in the seawater. Sea spray aerosols
play a crucial role in Earth's climate system as they influence cloud formation and can impact
the radiative balance of the atmosphere. Schill and Tolbert studied several important physical
and chemical properties that are relevant to ice nucleation in simulated sea-spray aerosols.
Some of these properties include the morphology and size distribution of the aerosol particles,
as well as the composition and arrangement of the chemical components on the aerosol
surfaces. The research also explored the influence of various chemical species present in the
aerosols, such as salts and organic matter, on their ice nucleation efficiency using Raman
microscopy [30]. For instance, one study investigated the heterogeneous ice nucleation of
Prochlorococcus (marine organic aerosol) and indicated that variations in seawater
biogeochemistry have a direct impact on the ice nucleation efficiency of these aerosols,
highlighting the complex interplay between oceanic processes and cloud formation [31,32].
The mixed surfactants within sea spray aerosols were observed to trigger ice nucleation, even
in environments abundant in fatty alcohols. Furthermore, salt concentration plays a role in this
process, as the addition of salts to water suppresses freezing [33]. The significance of

supermicron-sized particles (larger INPs) plays a crucial role in initiating ice nucleation in the
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atmosphere, serving as efficient ice nuclei and contributing to the early stages of sea spray
formation [34]. Sea salt aerosols were found to be effective INPs in cirrus clouds [35]. Seasonal
and geographical variations in ice-nucleating particles were observed by Wilbourn et al. and
significant ice nucleation activity was found in marine aerosols during late spring [36]. To
identify and quantify INPs present in sea spray aerosols, Alpert et al. developed a
comprehensive multimodal freezing model that considers various factors such as the
composition of sea spray aerosols, the presence of INPs, and the interactions between these

agents and aerosol particles [37].

Soot, a type of fine particles emitted during the incomplete combustion of carbon-containing
materials, is important in cloud formation and climate [38]. Ice nucleation studies have shown
that soot particles can efficiently nucleate ice in the lower troposphere through deposition mode
[38]. Moreover, their ice nucleation ability is significantly influenced by the presence of
sulfuric acid coatings [39]. During cloud processing, soot particles undergo numerous
transformations, including condensation, coagulation and chemical reactions with cloud
droplets or ice crystals. These transformations can contribute to alterations in the size, shape,
and composition of soot particles, ultimately enhancing their ice nucleation efficiency [40].
Moreover, the number of soot particles emitted by aircraft engines can influence the formation
and ice nucleation properties of contrails (ice clouds formed from aircraft exhaust emissions).
This relationship was further investigated through simulated contrail processing to understand
its effects on the ice nucleation efficiency of soot particles. In addition, changes in the organic
content of the soot particles were examined, indicating alterations in their ability to nucleate
ice [41]. A study found that all soot types lack ice nucleation below water saturation in mixed-
phase clouds (T > —-38.15 °C). However, in cirrus clouds (T < -38.15 °C), ice nucleation varies
with particle size and soot properties. Soot aggregates with mesopores and low water-soot
contact angles nucleate ice through a pore condensation and freezing modes, thereby
influencing the microphysics of ice clouds. On the other hand, soot particles without
appropriate cavities or with high contact angles initiate ice only when the relative humidity

levels necessary for homogeneous freezing are reached or exceeded [42].
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Fungal spores have gained attention as important ice nucleating particles. Some studies
explored the ice nucleation ability of specific fungal spores, such as Cladosporium and
Alternaria, as potential contributors to ice crystal formation in the atmosphere [43]. The results
showed that these fungal spores have the ability to nucleate ice, possibly involving ice
nucleation active proteins or other surface structures as nucleation sites for ice growth [43].
Urediospores of rust fungi were also identified as INPs, potentially influenced by the presence
of ice nucleation active bacteria [44]. On the other hand, certain airborne fungal spores were
found to lack ice nucleation activity, introducing variability among species [45]. The
investigation also expanded to different fungal classes, including agaricomycetes,
ustilaginomycetes, and eurotiomycetes, unravelling their ice nucleation ability and
implications for atmospheric transport [46]. Further, a study specifically focused on Mortierella
alpina spores and observed their ice nucleation activity at low temperatures, possibly due to ice
nucleating proteins [47]. The significance of nanoscale biological fragments, including fungal
spores, as INPs in clouds was highlighted [48]. Some studies simulated the influence of fungal
spores, like Cladosporium sp. and Mortierella alpina, on cloud microphysics. Despite their high
ice nucleation activity at elevated subzero temperatures, their overall impact on cloud ice
formation is relatively minor due to their low atmospheric concentrations. However, under
specific conditions, such as cloud top temperatures below 15 °C and in the absence of other
INPs, these fungal spores can influence the cloud ice phase and contribute to a limited number
of ice crystals [49]. Polytrichum commune spores exhibited ice nucleation ability, potentially
facilitated by associated microorganisms [50]. Huang et al. provided an overview of biological
INPs that included a discussion on the significance of fungal spores as potential contributors

to ice formation in the atmosphere [12].

Ice nucleation by pollen has also been studied in atmospheric research. Laboratory studies have
been conducted to investigate pollen's ice nucleating ability in various freezing modes,
including deposition and condensation freezing [51], as well as later contact and immersion
freezing [52]. The research has been expanded to include more pollen types, such as birch,
hazel, and pine, in immersion and contact freezing modes [53]. Suspendable macromolecules
have been identified as ice nucleation agents in birch and conifer pollen [54], and ice-nucleating
and ice-binding polysaccharides have been found in boreal pollen [55]. Recent research has
demonstrated that macromolecules extracted from pollen act as ice nucleating cryoprotectants.
These macromolecules serve a dual function by protecting pollen during freezing conditions

and facilitating ice nucleation. The presence of such cryoprotectants on the surface of pollen
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grains promotes ice formation, making pollens effective INPs under appropriate freezing
conditions [56]. Moreover, Matthews et al. focused on exploring pollen emissions, particularly

subpollen or pollen grains, and their role as ice nucleation aerosols [57].

Ice nucleation by antifreeze proteins (AFPs) is a complex process with contrasting behaviours
as both ice growth inhibitors and ice nucleation promoters [58]. These proteins play a crucial
role in low-temperature preservation processes, contributing to the preservation of biological
materials under freezing conditions [59]. In natural environments, ice nucleation and anti-
nucleation processes mediated by AFPs have significant implications for the formation of ice
crystals and their impact on various ecological [60]. AFPs have been shown to have essential
physiological functions in animals, particularly in their adaptation to cold environments [61].
Certain AFPs (type I) have been found to enhance ice nucleation at specific concentrations,
further highlighting their role in ice formation [62]. The mechanisms through which AFPs
interact with ice surfaces involve a range of anchored clathrate and ice-like patterns [63].
However, AFPs can also exhibit a Janus effect, showing both ice nucleation inhibition and
promotion, depending on their concentrations. The Janus effect is a unique and intriguing
phenomenon where AFPs play a dual role in ice nucleation processes [64]. This behaviour adds
an extra layer of complexity to the understanding of ice-binding proteins and has significant

implications for applications, such as cryopreservation, agriculture, and atmospheric science.

Ice nucleation by bacteria, especially Pseudomonas species, has been a subject of growing
interest due to its implications in atmospheric processes and biotechnological applications.
Pseudomonas syringae ice crystallization has been studied since the 1970s [65]. Pseudomonas
syringae, a bacterial species widely found on plant surfaces, has the ability to nucleate ice at
relatively warm temperatures, above —2 °C, which is higher than typical ice nucleation
temperatures observed in other biological systems [66]. In subsequent studies, research in cloud
simulation chambers has shown that bacteria, including Pseudomonas, exhibit ice nucleation
activity when present as aerosols in simulated cloud-like environments [67]. Ice active strains
of Pseudomonas syringae are found to be diverse and abundant in natural aquatic environments,
particularly with a significant presence found in freshwater lakes [68]. Analysis of ice
nucleation active bacteria extracted from 23 precipitation events in Virginia, USA, unveiled
their prevalence within the Pseudomonadaceae, Enterobacteriaceae, and Xanthomonadaceae

families, using a membrane-bound ice nucleation protein. A unique heat-resistant molecule in
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Lysinibacillus was also found among these bacteria suggesting a potential role for these
bacteria in initiating precipitation events [69]. The ice nucleation protein InaZ from
Pseudomonas syringae was studied [70]. InaZ240, with five 48-residue repeat units, acts as an
elongated ellipsoid with minimal ice-binding compared to anti-freeze proteins. However, InaZ
fragments with more repeat units display pH-dependent changes in shape [70,71]. Moreover,
Pseudomonas syringae strain R10.79, isolated from rainwater, demonstrates resilience against
various atmospheric stress factors, including temperature fluctuations, desiccation, and UV
radiation [72]. Recent research has found that specific ion-protein interactions can enhance or
inhibit the ice nucleation ability of Pseudomonas. For example, weakly hydrated anions such
as perchlorate were observed to alter the conformation of ice nucleation protein units, affecting
their functionality. Similarly, sulfate ions have been shown to influence the reorientation of
water at ice-binding sites in antifreeze proteins [73]. In addition, the interaction between the
ice nucleating protein InaZ induces structural ordering in the adjacent water network, resulting

in increased order as the temperature approaches the melting point of water [74,75].

Various research has investigated the role of viruses as INPs, such as detecting viruses with ice
nucleating potential in snow samples collected from Greece [76]. Additionally, investigations
into their impact on cloud glaciation revealed their potential as INPs [77], and heat test methods
demonstrated their ice nucleating abilities similar to certain minerals [78]. A separate study
highlighted the prevalence of viral INPs in colder regions near the Western Antarctic Peninsula,
suggesting their critical role in ice nucleation processes in cold environments and potential

contribution to polar cloud formation and precipitation [79].

In the field of ice nucleation research, a growing body of evidence supports the notion that the
efficiency of INPs is linked to the presence of specialized active sites on their surfaces. These
active sites refer to specific regions or sites that exhibit a strong affinity for ice nucleation,
acting as nucleation centres for the formation of ice crystals from water vapor [80]. The unique
chemical and physical properties of these active sites play a pivotal role in reducing the energy
barrier required for ice nucleation, thereby enhancing the ice-forming ability of the particles
[81]. Furthermore, the surface morphology and geometry of INP are critical factors that
determine the ice nucleation efficiency [82]. For example, the micro- and nanoscale
characteristics of the surface can profoundly affect how particles interact with water vapor,
influencing the probability of ice nucleation [83]. Surface roughness, topographical

irregularities, and crystallographic orientations all contribute to the availability and
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accessibility of active sites, further influencing the ice nucleation process [84]. Understanding
how active sites and surface morphology interact is vital for advancing our knowledge of ice
nucleation mechanisms. This knowledge is not only relevant in atmospheric science, where ice
nucleation significantly impacts cloud formation and climate dynamics, but also in material
engineering, where controlling ice nucleation is crucial for designing anti-icing coatings,
cryopreservation techniques, and other applications [85]. Moreover, by unravelling the
underlying principles that govern ice nucleation on INP surfaces, researchers can explore
innovative strategies to engineer materials with tailored ice nucleation properties [86]. This
involves creating better ice-resistant materials for enhanced performance and safety in

industries like aviation, power generation, and transportation [87].

Nanoparticles provide a controlled and tunable experimental platform, making it possible to
study factors affecting ice nucleation, like size, shape, and surface chemistry. This allows for
creating innovative materials for various applications, such as cloud seeding, ice templating in
materials synthesis, and cryopreservation techniques. For instance, inorganic nanoparticles,
such as the kaolin-iron oxide composite (KaFe), demonstrated effective reactions with aqueous
mercury salts, which result in the formation of highly efficient INPs named HgKaFe. These
particles induced freezing of water at higher temperatures ranging from —6.6 to —4.7 °C [88§].
Other inorganic nanoparticles, including iron oxide, silicon oxide, and magnesium oxide, have
also exhibited ice nucleation ability via the deposition mode. Notably, amorphous Fe,Os
particles were found to be highly efficient ice nucleators. These particles were effective in
forming cirrus clouds in the upper troposphere but were less active in tropospheric mixed-
phase clouds above —40 °C. Also, the contact angles observed in the high-latitude mesosphere
could reduce their ability to initiate ice formation in that region [89]. Gold nanoparticles have
potential as models for ice-nucleating particles (INPs). Researchers investigated ice nucleation
in colloidal solutions containing gold nanoparticles (Au NPs) using low-temperature
environmental transmission electron microscopy. The results demonstrate dynamic
interactions between Au NPs and the crystallizing ice front, offering valuable insights into their

role in ice nucleation processes [90].
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Biomolecules, particularly proteins, provide interesting models for ice nucleation particles
(INPs) compared to inorganic ones. Proteins are responsible for some of the significant ice
nucleation efficiency of INPs, as they become adsorbed on the surface of certain mineral dust
particles and are involved in the ice nucleation activities of fungal spores and Pseudomonas
bacteria. In contrast, the lack of well-defined surfaces in inorganic INPs creates challenges in
investigating their ice nucleation ability, often relying on probabilities and making
reproducibility difficult. Proteins, however, provide a wealth of synthesis methods through
recombinant DNA methods, chemical synthesis and cell-based expression systems, enabling
the production of complex proteins with precise sequences and modifications [91].
Furthermore, the purification of proteins employs established techniques like chromatography,
ultracentrifugation, and electrophoresis, ensuring the isolation of highly pure proteins and
using specific protein-ligand interactions for selective purification. Protein characterization
methods, including spectroscopy (UV-Vis, fluorescence, circular dichroism), mass
spectrometry, X-ray crystallography, and NMR spectroscopy, provide comprehensive
structural and functional insights [92,93]. Additionally, the possibility of protein modification
allows for the introduction of specific functionalities [94—96]. On the contrary, the synthesis,
purification, and characterization of inorganic NPs present greater challenges due to their

varied physicochemical properties and the absence of inherent biological functionalities.

In a recent and intriguing study by M. Cascajo-Castresana et al. [97], they found that common
proteins, including Ferritin, Apoferritin, casein, ovalbumin, hydrophobins, and a yeast ice-
binding protein, displayed ice-nucleating activity at —10 °C, with horse spleen Ferritin and
Apoferritin exhibiting significant activity at =5 °C. The ice-nucleating activity of Apoferritin
was linked to specific misfolded cage monomers or oligomers. Furthermore, the researchers
employed Dynamic Light Scattering (DLS) to identify distinct freezing ranges based on the
location of ice-nucleating sites on aggregates or misfolded structures. In their conclusion, M.
Cascajo-Castresana et al. summarized that ice nucleation is a prevalent characteristic of diverse
proteins, regardless of their function, and may arise due to misfolding or aggregation. Building
on this work, our study aims to extend their investigations by exploring the immersion freezing
ice nucleation of Apoferritin subforms, such as oligomers, dimers, and monomers, which serve
as Ice Nucleating Particle (INP) models purified using size exclusion chromatography (SEC)
method. To achieve this, we will employ constant cooling rate (temperature ramp) and
isothermal measurements, a valuable yet less commonly used method, to compare results and

identify the ice nucleation efficiencies of each Apoferritin subform.
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In recent studies, the ice nucleation properties of non-proteinaceous biomolecules, including
DNA and RNA, have become a subject of significant interest. These nucleic acids have
demonstrated ice nucleation activity, with freezing temperatures spanning from —19 to =26 °C
[98]. In our investigation, we aim to evaluate the ice nucleation efficiency of DNA origami
tiles in chapter 5, both in its annealed and unannealed states, to understand how different
conformations impact its ice nucleating properties. By systematically studying the ice
nucleation behaviour of DNA origami, we hope to shed light on its potential as a novel and

highly controllable ice nucleating particle.
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1.3. Classical Nucleation Theory

1.3.1. Homogenous Nucleation

A century ago, the foundations of a theoretical framework for the crystallisation process were
developed as the well-known classical nucleation theory (CNT) by pioneers such as Volmer,
Weber, Farkas, and Zeldovich [99]. CNT aims to explain, in general, the appearance of
embryos (nuclei) of a new phase in the parent phase during a first-order phase transition [100].
Supercooling water below its melting point (0 °C), for instance, will result in the formation of
ice nuclei. The driving force behind nucleation is the chemical potential difference Au between
the metastable phase (parent phase) and the newly transitioned phase (nucleus) [1]. The
chemical potential difference Ay is a thermodynamic quantity that depends on the amount of

supercooling AT and can be written as [100]:
AT
Ap = Hp - (1-1)

where H,, is the enthalpy per molecule, T, is the melting temperature, AT = (T,,, — T) is the
supercooling and T is the temperature.

The chemical potential difference is proportional to the supercooling. When the supercooling
is large and positive, the thermodynamic driving force Ay increases, hence raising the

probability of nucleation [101].

In thermodynamics, the direction of a process like nucleation is dictated by the change in the
system's Gibbs free energy, AG. Gibbs energy is equal to the difference between the change in
enthalpy AH,, and the product of entropy AS of a system and the temperature
(AG = AH,, — TAS).If AG < 0, a process can occur spontaneously; in other words, when AG
is negative, nucleation is thermodynamically favourable. In contrast, if AG > 0, the process

will not be spontaneous and is thermodynamically unfavourable.

According to CNT, homogeneous nucleation takes place in the absence of INPs, hence the
probability of forming a critical nucleus is the same throughout the parent phase [1]. A crystal
nucleus is a cluster of particles (atoms or molecules) of the crystallised phase that are packed
together with a specific overall volume [99]. For simplicity, the nucleus is assumed to be
spherical. Although it is possible to assume other geometrical shapes, the spherical shape is

simpler and, unlike other shapes, can be specified by a single key variable, the radius r, since

11
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the sphere is an isotropic shape in space. The bulk free energy AGy of the nucleus is given by
[1]:
AGy = —Zmr3phu (1-2)

where p is the density number of the nuclei.

AGy is negative, indicating that the change in Gibbs free energy is likewise negative and that
the nucleation process is favourable in the bulk system. The value of AGy, is proportional to the
nucleus's cubed radius and the extent of supercooling, AT. However, the formation of a crystal
nucleus also necessitates the formation of a surface that separates the nucleus phase from the
metastable parent phase. The process of creating a nucleus surface requires energy and is given

by the interfacial free energy change AG, where:

AGg = 4mr?y (1-3)

here y; is the surface free energy per unit area between the parent and nucleus phases.
In summary, there is a competition between the bulk (negative) and interfacial (positive) free
energies, resulting in an overall Gibbs free energy change AG;,; as shown in figure (1-1). By

combining equations (2) and (3), the nucleation Gibbs free energy equation is [1,99-101]:

AG,o; = AGs + AGy (1—4)
AGeo, = 4mr2ys —=mr3p Au (1-5)

The total Gibbs free energy varies with respect to the radius of the nucleus as shown in figure
(1-1). The maximum point of the curve is referred to as the critical energy barrier AG*, which
corresponds to a radius value known as the nucleus critical radius 7,.; both are key factors in

CNT.

12
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==== Total Free Energy Change
=== |nterfacial Free Energy
=== \/Olume Free Energy

Gibbs Free Energy Change

Nucleus Radius r

Figure 1-1: The Gibbs free energy profile according to classical nucleation theory (CNT)
as a function of the nucleus radius under constant temperature and pressure. The
nucleation process involves both bulk and interfacial free energy. The contribution of
bulk free energy to total free energy is negative, whereas the energy required to create
the nucleus' surface is positive. The critical radius of a nucleus, ., corresponds to the
critical energy barrier AG* that must be overcome by the system in order to form stable
crystal nuclei.

When r < 1, the probability of a nucleus surviving and progressing toward the critical radius
is low [100,101]. In contrast, when r > 1., the nucleus radius and size will increase
spontaneously, as AG,,; will be reduced due to the dominance of bulk free energy. The critical

nucleation barrier and radius can be obtained by differentiating equation 5 with respect to r:

d(AGeot) —0

o (1-6)

giving [1,99-101] :

13
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« _ 16wy
AGT = IV 1-=7
and:
2Ys
r. = — 1-38
c oA ( )

equation 7 represents the critical nucleation barrier AG*, which is the energy or the work
needed to be overcome by a crystal nucleus in order to form a new crystalline phase, where it
is mathematically equivalent to the maximum point (peak) where the tangent line gradient of

this point is zero, equation 6.

Equation 7 and 8 are under the assumption of constant temperature and pressure. Given how
the chemical potential difference Ay depends on the amount of supercooling, equation 1, AT is

inversely proportional to the critical radius:

1
T, o —— (1-9)

As seen from figure (1-2), a significant amount of supercooling decreases the critical radius
and minimises the activation energy (AG*) needed for the formation of a stable nucleus,

whereas low supercooling causes an increase in (AG*) [1].
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Figure 1-2: The relationship between the critical radius r, and the amount
of supercooling AT below the melting point. The critical radius reduces as
the amount of supercooling increases.

1.3.2. Nucleation Rate

So far, we have used classical nucleation theory to describe the nucleation process with
thermodynamic variables such as the change in the system's Gibbs free energy. CNT also
considers the kinetics of the nucleation process. The nucleation rate of a system that is
supercooled below its melting point gives the number of critical nuclei formed per unit volume

per unit time:

J =Joexp(—1=) (1-10)

kgT

where kjp is the Boltzmann constant and J, is the kinetic prefactor.
J is the steady state nucleation rate for homogenous nucleation and is a function of temperature

[99,102,103]. When the supercooling is significant, the nucleation barrier is reduced, thereby
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increasing the probability of forming a critical nucleus and, consequently, the nucleation rate.
However, significant supercooling slows the kinetics of the system's particles, so reducing their
mobility to attach to a nucleus so their diffusion. As a result, this will also limit the system's

nucleation rate. The kinetic prefactor ], can be expressed as follows:

Jo=No ¢ (1-11)
¢ =4nr.n,AZ (1-12)

where N, is the number of nucleation sites per unit volume. ¢ is the transfer rate of atoms or
molecules into the nucleus, n; is the number of parent phase molecules around the nucleus
surface, 47r,. A is the attachment frequency of an atom or molecule to a nucleus, which is

related to the capability of these particles to diffuse across a supercooled system and is given

by [1,99,102,104]:

Azz%?exp(—Ay) (1-13)

kgT

here, h is Plank’s constant, Ag* is an activation energy required for a molecule to diffuse across
the parent phase-nucleus boundary. Ag”* it is a temperature dependent quantity, as it increases
as the temperature decreases. Z is the Zeldovich factor that corresponds to the probability of
nuclei shrinking or reaching the critical radius, it determines the non-equilibrium state of the
nucleation process and ranges from 1072 to 1, where 1 represents an equilibrium state, it is given

by [104-106]:

-t / AG” 4 3 _
Z—n* P— , V=P (1-14)

where n*is number of atoms or molecules in the critical nucleus.

1.3.3. Heterogenous Nucleation

In nature, nucleation does not occur homogeneously due to the scarcity of impurity-free
systems; rather, it occurs heterogeneously around contaminants and defects, meaning that the
probability of a critical nucleus forming is not equal across the supercooled system. When

nucleation happens in the presence of a foreign particle, such as INPs, the Gibbs free energy
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of the system decreases; this is referred to as heterogeneous nucleation in CNT. This

energy reduction depends on the so-called shape factor f(8), and is given by [1,99-104]:
AGper = AGhom-f(g) (1-15)

The shape factor has a value between 0 < f(8) < 1 and depends on the wettability between
the substrate and the newly formed nucleus. 8 is the nucleus-to-foreign particle contact angle
that determines the degree of wetting and is determined by the equilibrium of interfacial energy
between three different phases, as shown in figure (1-3) a. It is given by Young's surface tension

equation [1,99-104]:

Cos @ =YsTes (1-16)
Yci

where vy, Vs and y,; are the surface energies of liquid phase (1), foreign substrate (s) and

crystalline phase (c), respectively.

(@) (b)

1
@ 2 Ya

YCS

&)

Figure 1-3: Heterogeneous nucleation contact angle between the critical nucleus and the surface of the
foreign particle. Using Young's equation, the contact angle can be determined when the surface
tension equilibrium is reached between the (1) liquid phase (1), (2) the crystalline phase (c), and (3)
the foreign particle substrate (s). (a) is a flat substrate. (b) is a curved substrate e.g. a spherical
particle.
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As shown in figure (1-4), heterogeneous nucleation has a lower energy barrier than
homogeneous nucleation. Also, in heterogeneous nucleation, the nucleus is considered to be a
spherical cap instead of a whole sphere, despite the fact that critical radius is the same for both

types of nucleation.

Homogenous Nucleation
Heterogenous Nucleation

AG;;,OTTI

AGhe

Gibbs Free Energy Change

Nucleus Radius r
Figure 1-4: Comparison of homogeneous and heterogenous nucleation free energy
barriers. Due to the presence of foreign particles that promote the nucleation

process, the energy barrier for heterogeneous nucleation is lower than the barrier
for homogeneous nucleation despite that the critical radius is the same.

If it is assumed that the foreign substrate's surface, where nucleus formation initiates, is flat (a)

in figure (1-3), the nucleation shape factor is given by [107]:

ift m= cosf
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_ (2+m)(1-m)?

f(m) = == (1-17)

4

Figure (1-5) illustrates the relationship in equation 17 of the shape factor as a function of the
contact angle between the nucleus and the foreign particle. Small contact angles imply higher
interaction between the nucleus and the nucleator, hence effectively promoting nucleation (low
activation energy), while large contact angles suggest poor interaction and an activation energy

that is very near to the homogeneous nucleation case, 8 =~ 180°.

o o o
> o [}
I I I
| | |

Shape Factor f(6)

©
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Contact Angle 6 (°)

Figure 1-5: Heterogeneous nucleation shape factor f(6) as a function of the
contact angle of a flat foreign particle under the assumption that the critical
nucleus is a spherical cap. It ranges from 0 tol, since smaller contact angles
indicate a more effective INP, while at greater contact angles the nucleation
process converges on homogeneous nucleation.
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Thus, the shape factor of a flat surface indicates the difference between the homogeneous and
heterogeneous nucleation energy barriers. It also indicates how much the volume of the

spherical nucleus, Vi, pere , decreased relative to the volume of the spherical cap, V.4, and can

be expressed as:

£(m) = 2Shet. — Vea (1-18)

AG;;om Vsphere

M = —1 == m=0.7

=0 m=0.8

m=0.5 m=20.9
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X =R/r.

Figure 1-6: Demonstration of Fletcher's shape factor equation for a curved surface
nucleator and various contact angles 0, as a function of the radius ratio x between the

nucleator radius and critical nucleus radius. The dashed line indicates x = 2= 1.

Te
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In classical nucleation theory, the effectiveness of a nucleator is determined by its ability to
lower the activation energy barrier, which is controlled by its shape factor. Fletcher derived a
formula for the shape factor for a curved rather than a flat nucleator, such as the spherical
particle in figure (1-3) b, in terms of the contact angle and the relative ratio (x) of the nucleator

radius (R) to the critical radius (7;.) as follows [108,109]:

1
when: x = Ti and d = (1 + x? — 2mx)2 (1-19)

Cc

3 3
fom ) =3+ 3 (55) + 3 [2 =3 () + () ] dme? (5 1) a-20)
As with f(m), f(m, x) has a range between 0 and 1; figure (1-6) shows f(m, x) for different
m values as a function of x. Atm = —1, (6 = 180°), the nucleator has no influence on the free
energy barrier and f(m, x) = 1 for all values of x . In this case the nucleation barrier is equal
to that for homogeneous nucleation [101,108,109]. The nucleator efficiency becomes
significant when 6 < 180° as then the nucleus wets the nucleator particle and f(m,x) < 1
which lowers the energy barrier of nucleation. If x > 1 the radius of curvature of the foreign
particle becomes less important and it can be treated as a flat surface [101,108,109].
Conversely, when x < 1, the radius of the critical nucleus is greater than the nucleator radius
and the foreign particles are unable to decrease the activation energy significantly; this is
referred to as the zero-size effect by X. Liu et al. since the energy barrier again approaches that
for homogeneous nucleation [101,110]. Equation 20 can be considered a generic shape factor

formula since it can account for both curved and flat nucleator surfaces.
The heterogenous nucleation rate can be expressed in terms of the shape factor as follows:

i s )
kgT

Jnee = Joexp ( (1-21)

1.3.4. Limitation of Classical Nucleation Theory
Classical nucleation theory (CNT) is a theoretical framework that has provided a reasonable
representation of the nucleation process. In spite of this, it has limitations. Nucleation occurs

on an atomic or molecular scale where physical quantities such as interfacial energy, density,

and contact angle could be different from on a macroscopic scale [1,8,99]. For heterogeneous
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nucleation, the contact angle and particle size are the only variables used to describe an INP;
nevertheless, the complexity of the nucleator makes it difficult to generalise these two variables
to all types of INPs [5,8]. Nevertheless, classical nucleation theory is still able to provide

adequate explanations for experimental results, mainly the nucleation rate.

1.4. Ice Nucleation Experimental models

Heterogeneous ice nucleation in general can be described by four fundamental modes, each of

which exhibits a specific physical interaction between the ice nucleation particle (INP) and
water or water vapour (parent phase). Deposition ice nucleation occurs from a supersaturated
vapour surrounding an INP without the formation of liquid water [5]. Contact freezing
describes the process whereby ice is formed when INPs collide with droplets of supercooled
water [5]. Immersion freezing as the name implies, nucleation takes place as a result of total
immersion of the INP in a supercooled liquid droplet [5,111]. The main focus of this work will
be on this mode. The last mode is condensation freezing, in which the vapour condenses into
liquid water and then freezes; this model could be important for porous INPs.

[8,111,112].

Measuring the ice nucleation efficiency of an INP for immersion freezing is often done by
cooling small samples of equal size, such as water droplets containing the INP, below the
melting point of water (0 °C). The efficiency of INPs is assessed from the temperature and
length of time needed for an array of droplets to freeze. However, real samples often cannot be
described by a single nucleation rate. The reason for this is variation in the nucleator properties
and their distribution in the droplets. For instance, a single INP is believed to have specific
regions on its surface that initiate ice nucleation; these regions are known as active sites.
Nevertheless, little is known about the nature of these active sites and whether or not all
nucleators of one type have identical active sites with the same density and distribution on the
INP surface. Moreover, INPs with different nucleating efficiency may be distributed differently
among the observed droplets [5,111]. Yet, the two models most commonly used to describe

measurements are the singular (deterministic) and stochastic (time-dependent) models [113].
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1.4.1. Singular (Deterministic) Model

In this approach, a specific freezing temperature is assigned to each active site. This is
convenient when dealing with a complicated environment such as atmospheric clouds, which
can contain organic and inorganic INPs with a wide spectrum of ice nucleating efficiency, size,
and active sites. In this model, the time-dependent aspect of ice nucleation is given less weight.
The cumulative number of ice active sites per unit surface area between water melting point

and temperature T, can be expressed as [114]:

ns () = — [ k(T) dT (1-22)

where k(T) is the number of active sites per unit temperature. So, to relate ng(T) to

experimental data, the frozen fraction, F;.. (T) is given by [8,111,113]:

N f rozen(T)

Ntotal

Fice(T) = =1- exp(—nS(T) S) (1-23)

where Nppgzen (T) is the cumulative number of frozen droplets at temperature T, Ny,q is the

total number of droplets, and s is surface area. The frozen fraction can also be expressed by,

K(T), the cumulative number of active sites per unit droplet volume V', as follows [115]:

N frozen (T

Neotal

Fiee(T) = =1-exp(-K(T)V) (1-24)

If the mass concentration C,,, mass per unit liquid volume, is known K(T) is given by

[8,111,113]:

K(T) = Np(T) Gy (1-25)

here N,,,(T), is the number of active sites per unit mass. K (T') also, can be given by the number
of active sites per particle N,,(T) when the particle’s concentration per liquid volume C,, is

known, as follows [8,111,113]:

K(T) = N,(T) C, (1-26)
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1.4.2. Stochastic (Time-Dependent) Model

The stochastic approach in heterogeneous ice nucleation could be represented as a first-order
kinetics process, since the number of unfrozen droplets decreases with time at a given
temperature. A well-known example of a first-order kinetic process is radioactive decay. The
nucleation process can be described using the Poisson distribution, in which each successful
nucleation event is independent of the prior successful nucleation events. The probability of x

nucleation events occurring during a time interval At with a mean nucleation rate R, is given

by [17,20]:

P,(t) = & p-rt (1-27)

x!

To obtain the probability of droplets remaining liquid or having zero nucleation events, x = 0,

throughout a period of time, Eq 28 will be [17,20]:

P,(t) = e Rt (1-28)

The exponential decay function can be related to the unfrozen fraction of time-dependent

measurements as follows [17,20]:

Py(t) = 2L = g—Rt (1-29)
Ntot
Nj, Ny, are the number of unfrozen droplets and total droplets, respectively. R is the central
focus of the stochastic method, since it can be constant or variable depending on the
homogeneity of the INPs and their distribution among the examined droplets. When droplets

are of uniform size and contain the same distribution of INPs, the mean freezing rate R remains

constant with time, as shown in figure (1-7) a, b. The plot of log (AjV—L) versus time is a straight
tot

line and the slope value corresponds directly to the value of R. In contrast, when droplets are
heterogeneous, meaning they contain INPs with different efficiencies and distributions, as
indicated by the colours in figure (1-7) c, the log (%) will not be linear but rather curve due
to the multiple freezing rates of the droplets, as droplets with effective INPs would freeze faster

as shown in figure (1-7) d. This is a common example in the atmospheric system.
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To determine the mean freezing rate of heterogeneous droplets, consider dividing them into
subgroups, such as a, b, c, ... .... , with respective freezing rates Ry, R, R, ... ... , during a time

interval ¢, the total unfrozen fraction can be expressed as follows:

NNL =qge Rt ype Rt fce Rt ... (1-30)
tot
Then a, b, c, ... ... can be regarded as the probability that a subgroup of droplets will freeze at
the rate R;:
I;V—L = P(R)e Rt + P(Ry)e et + P(Ry)e ™Rt + oovev s (1= 31)
tot

Therefore, the ultimate unfrozen fraction is given by the summation or integration of all
subexponential decays with respect to R:
M — g p(R) e Rit = [*P(R;) e Rit dR (1-32)
Niot i=1 L Ry 14
where P(R;) can be obtained from the probability density function (PDF) of the fitted
distribution, for example log-normal distribution PDF is:

(_ (ln(Ri)—u)Z) (1-33)

202

1
P(Rl) = mex

Here u and o are the shape parameters of the log-normal distribution. If each droplet of a
subgroup contains INPs with nucleation rates that are for example log-normally distributed
around their mean as shown in figure (1-7) a, c, then each subgroup of droplets will freeze at a
mean rate R;. The heterogeneous droplets will thus freeze initially at the mean R4, of these
R;. Also, as t increases the mean R; of the remaining unfrozen droplets changes as given by
equation 33. The mean freezing rate and standard deviation of lognormally distributed R; can

be determined as follows:

2
Riean = exp (1 + %) (1-34)

Tmean =/ exp(0? — 1) exp(2u + 02) (1-35)
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Figure 1-7: Schematic of stochastic (time-dependent) model. (a) A homogeneous droplet array containing INPs
with a fixed distribution of J; values given by the log-normal probability density function (PDF) shown. (b) The
plot of log (N;/N,;) of these homogeneous droplets is linear as a function of time, with the slope corresponding
to the droplets' freezing rate. (c) A heterogeneous droplet array (indicated by the different colours) containing
INPs with different distributions of J; values indicated by the different PDF. (d) The plot of log (N, /N,,.) of these
heterogeneous droplets is no longer linear over time. Droplets with more effective INPs freeze at a higher rate
and as they do so, the mean freezing rate of the remaining droplets falls, leading to a decrease in the gradient of
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Furthermore, the number of active INPs in the arrays of droplets can be estimated. Assume
Riean = N J, where n is the number of active INPs of nucleation rate J, and 6,041 = J O,
where g, = v/n is the standard deviation of the number of active INPs. Using the statistical
coefficient of variation ratio between a distribution's standard deviation and mean, n can be

derived as follows:

Omean ] on 1
Zmean _J°n _ 1-36
Rmean nj Vn ( )
Hence:
2
n = (Znean) (1-37)
Omean

According to Andersson et al., the log-normal distribution is an appropriate model for
describing the vast majority of first-order kinetic processes in environmental systems than
normal distribution [116]. Marcolli et al., for instance, modelled the variation in the surface
wettability of mineral dust particles in terms of the contact angle using a log-normal

distribution [117]. But the model is constrained by the discrepancies with experimental data.

The normal and log-normal distributions are both appropriate, however for identical INPs
but varying in n, the normal distribution most likely describes the system, whereas the log-
normal distribution is probably more suitable for describing INPs in environmental systems.
The normal distribution probability function (PDF) used to determine the droplets' mean

freezing rate and standard deviation is:
_ 1 (Ri—w)?
P(R)) = — 5= €Xp (——) (1-38)

V2 202

here u, o are the actual mean and standard deviation of the distribution.
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1.5. Motivations

In this work we investigate heterogenous ice nucleation by biomolecules i.e. Apoferritin and
DNA origami tiles. Chapter 2 analyses the ice nucleation efficiency of Apoferritin
subcomponents, oligomers, dimers, and monomers using temperature ramp measurements for
microlitre and nanolitre droplet volumes. Additionally, nucleation coefficients are derived and
discussed. In Chapter 3, we demonstrate that the freezing rate of Apoferritin oligomers, dimers,
and monomers can be determined directly with minimal uncertainties by using isothermal
measurements. We examine the influence of the protein amount in droplets on the freezing rate
by varying the concentration and volume of the droplets. We extract the parameters of classical
nucleation theory, including the activation energy-contributing constant, shape factor, and
nucleation rate coefficient, for each subcomponent of Apoferritin. In Chapter 4, the impact of
the internal temperature gradient on the freezing rate of different droplet volumes is
investigated using COMSOL Multiphysics simulations. Using isothermal measurements,
observations of droplets with different volumes are obtained for comparison with simulation
results. The simulations show how the internal temperature history of a droplet influences the
time needed for freezing and becomes significant as the droplet's volume and contact angle
increase. In Chapter 5, we study the ice nucleation by DNA origami tiles via temperature ramp
and isothermal measurements. We demonstrate that the isothermal approach is an effective
method for deriving the parameters of the classical nucleation theory for DNA origami. For
future research, it may be concluded that DNA origami can serve as a INP model for studying

heterogeneous ice nucleation using custom-designed structures.

28



2. CONSTANT COOLING RATE MEASUREMENTS

2. CONSTANT COOLING RATE MEASUREMENTS

2.1. Introduction

There are several aerosol particles that serve as ice nucleating agents to initiate the formation
of ice within the climate system. For heterogeneous ice nucleation, these aerosols are primarily
categorised as inorganic and organic ice nucleation particles (INPs). Mineral dusts like feldspar
are one of the well-known, effective INPs example that have been thoroughly researched in a
number of literature sources [17,18,118-120]. Organic INPs have also been studied; one of the
best-known active INPs is the bacterium Pseudomonas syringae, which induces nucleation at

temperatures close to the melting point of ice, 0 °C [71,121].

However, one of the problems encountered in the immersion freezing mode is the purity of the
INP samples used for constant cooling rate measurements, which contributes to a certain extent
to the propagation of uncertainties in subsequent analyses. This is due to the tendency of
biomolecules, such as proteins and viruses, to aggregate and dimerize from their monomeric
forms. There are a variety of reliable purification techniques to separate their components and
assess their purity conditions. Size exclusion chromatography (SEC) and Blue Native PAGE
gel electrophoresis are well-known techniques for determining the purity of sample fractions.
Consequently, biological particles can be used as models to investigate heterogenous ice
nucleation and their contribution to the atmospheric system. Protein aggregates and viruses
have been reported as ice nucleation agents [77,97]. M. Cascajo-Castresana et al. investigated
non-purified Ferritin and Apoferritin ice nucleation and concluded that the oligomers of both
proteins are particularly effective INPs that commence freezing at warmer temperatures. Due
to the fact that aggregates often comprise multiple protein components of various shapes and
sizes, the regarded efficiency cannot be established with precision, and additional uncertainty
will be found in the observations. In this Chapter, we will look at Apoferritin's ice nucleation
activity. Apoferritin will be separated into three peaks based on their sizes: oligomers, dimers,
and monomers. Their ice nucleation efficiency will be compared by evaluating their frozen
fraction and nucleation rate coefficients with respect to the freezing temperature of microlitre

and nanolitre droplets using the standard experimental method, constant cooling rate.
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2.2. Materials and Methods

2.2.1. Ferritin and Apoferritin

Ferritin (Fr) is a protein that is composed of 24 subunits and forms a spherical shell with an
inner cavity. This cavity is about 7-8 nm in diameter and can hold up to 4500 iron atoms (Fe**)
in the form of an amorphous oxide. The outside diameter of the Ferritin shell is approximately
12 nm. When the iron is removed from Ferritin, it is referred to as Apoferritin (Apo).

Apoferritin is the iron-free form of Ferritin protein, see Figure (2-1) [97,122—-127].

Ferritin (L) Subunit Ferritin Cage

Figure 2-1: The horse spleen Ferritin/Apoferritin (L) subunit and the structure of the
spherical cage. There are four helices in the subunit. Ferritin produced from horse spleen is
mostly composed of approximately 90 wt % light subunits. The whole ferritin cage is
constructed from 24 identical subunits. Ferritin has an iron core, while Apoferritin has a free-
ion core (PDB ID: 4V1W, [123]).

The Apoferritin cage in mammals e.g. horses is made up of L (light) and H (heavy) subunits,
with a stoichiometry unique to the tissue [97,122]. In Fr and Apo, there are channels where the
subunits meet, allowing for the passage of ions and molecules of interest. Ferritin's capacity to

release iron in a regulated manner is dependent on these channels [97].
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Apoferritin has sparked considerable interest, particularly from the academic community, for
numerous applications. For instance, it can be used as a fluorescent marker, contrast agent for
MRI, for drug delivery, and it also serves as a template for producing nanoparticles. This is all

due to the fact that Apo is a stable and spherical hollow sphere with channels for access

[122,124].

Studies using gel filtration analysis (GF) and gel electrophoresis (GE) have indicated that
commercial Apoferritin solutions are heterogeneous and not homogeneous. They contain a
mixture of oligomers, dimers, and trimers in addition to monomers. The monomer is a single
iron-free cage that is composed of 24 subunits and has a molecular weight of around 450-500
kDa. The dimer is generated by twice as many subunits as a monomer, totalling 48 subunits,
to create a dumbbell-like structure of two spherical cages. The trimer can take on one of two
distinct shapes: either a linear trimer consisting of three spherical cages that are adjacent to one
another, or a triangular trimer in which a void will be formed at the interception point of the
three cages, i.e. the centre. The remainder will consist of higher oligomers or agglomerates

with a greater molecular mass than trimers [125-130] (see Figure 2-2).

2.2.2. Sample Preparation

0.2 um filtered horse spleen Apoferritin was purchased from Sigma-Aldrich. Apoferritin
solution with an initial concentration of 37 mg/ml was diluted to about 20 mg/ml in Tris buffer
(0.5 mM Tris and 150 mM NaCl, pH 8) (Sigma-Aldrich) before being injected into the size
exclusion chromatography system (SEC). Tris buffer, also known as Tris(hydroxymethyl)-
aminomethane, is a basic buffer used in biochemistry and molecular biology to resist pH

changes. The pH of a Tris buffer can be adjusted by blending Tris HCI and Tris Base.
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Figure 2-2: Horse spleen Apoferritin imaged by Transmission Electron Microscope (TEM).
The images demonstrate the heterogeneity of commercial Apoferritin before it is purified.
The yellow circles in (a) represent monomers (one sphere), dimers (two spheres), and both
linear and triangular (b) trimers (three spheres). The large irregular forms may represent
oligomers with a greater molecular weight.

32



2. CONSTANT COOLING RATE MEASUREMENTS

2.2.3. Apoferritin Purification by Size Exclusion Chromatography (SEC)

Proteins are very soluble in water, and in addition to their nanoscale sizes compared to
inorganic INPs, there are a number of dependable approaches for determining their purity
status. Besides, it is feasible to separate protein subforms depending on their size using size
exclusion chromatography (SEC). Size Exclusion Chromatography (SEC) is an example of an
HPLC method used to separate proteins. In analytical chemistry or biology, high-performance
liquid chromatography (HPLC) is a method for separating, identifying and quantifying
components in a combination. It is based on the principle that different compounds in a mixture
will elute (i.e. be separated and detected) at different times when passed through a stationary
phase (e.g. a column packed with resin) under high pressure. A detector, such as a UV-Vis
spectrophotometer, is used to detect the presence of the separated compounds as they elute

from the column [126,129,130].

Separation was achieved by passing 2ml of horse spleen Apoferritin through a porous medium
packed in a gel filtration column (Sephacryl S300, GE Healthcare Life Science). The sub-forms
of Apoferritin were separated according to their size or molecular weight. The column was
initially equilibrated overnight with 120 ml buffer, and then the diluted Apoferritin sample was
injected into the column which was mounted in a AKTA HPLC system (GE Healthcare Life
Science). The eluted fractions of protein were detected by the system's UV detector as the
Apoferritin chromatogram occurred at 280 nm wavelength. In SEC, the molecules with the
highest molecular weight come out first, while the molecules with the lowest molecular weight
come out last. This means that Apoferritin oligomers come out first (peak 1), followed by
dimers (peak 2), and then by monomers (peak 3), which have the lowest molecular weight. The
chromatogram revealed that monomers were the predominant sub-form of Apoferritin,
followed by dimers, while trimers and higher oligomers were the least abundant, as seen in

figure (2-3).
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Figure 2-3: (a) System for size exclusion chromatography (AKTApurifier). Sephacryl S-300 HR (Hi Prep
16/60) column is connected to the system (white with red ends). The column's upper tubing is connected to
the system pump via a valve, while the column's lower tubing is connected to the UV detector. The column
was equilibrated with 120 ml of buffer (0.5 mM Tris and 150 mM NaCl) at a flow rate of 0.5 ml/min and a
maximum pressure of 0.15 MPa. 5 ml of Apoferritin sample (20 mg/ml) was manually injected into the column
by the valve using a syringe. (b) SEC chromatogram of Apoferritin at 280 nm UV absorption (black). The
three primary peaks, from left to right, are respectively oligomers, dimers, and monomers. The molecules
with the highest MW are eluted first, followed by the molecules with the lowest MW. In order to demonstrate
the peaks, each of which was fitted to a Gaussian distribution, it is obviously shown that monomers are the
predominant form of Apoferritin, followed by dimers. The volume of each eluted fraction was 0.5 ml.
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2.2.4. Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE)

Blue Native PAGE gel electrophoresis was used to determine the molecular weight of proteins
in their native form and assess the purity and ratio of sub-forms in the fractions [131-134]. In
this procedure, the proteins are subjected to a current. Since proteins typically carry a negative
charge, they migrate through the gel matrix in the direction of the positive electrode. Regarding
the molecular weight (MW) of proteins, those with a higher MW migrate less and those with a
lower MW migrate farther due to their size in comparison to the pores size of the gel matrix.
Molecular weight is determined by comparing the unknown protein to a protein ladder with a
known molecular weight. Each gel cassette well was loaded with 10 ul of protein (Invitrogen
NativePAGE 3 - 12 %, Bis-Tris, 1.0 mm gel thickness). The gel was run for two hours at 150
V using outer buffer (Invitrogen NativePAGE Running Buffer - 20X) and inner buffer
(Invitrogen NativePAGE Cathode Buffer Additive - 20X). BN-PAGE was used to characterise
the purity and heterogeneity of monomers and dimers from SEC. Figure (2-4) shows an

example of a gel result.

2.2.5. Bradford Assay

The concentration of SEC fractions was determined using the Bradford assay method [135—
138]. In a standard 96-well plate, 250 ul of Bradford reagents (Sigma-Aldrich) was added to
Sul of protein sample. With a microplate reader (Biocompare), the absorbance of the mixture
(a blue protein-dye complex) was measured at 595 nm. The unknown sample concentration
(mg/ml) was estimated using a linear equation based on the known concentration and

absorbance of standard proteins.
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Figure 2-4: (a) The protein ladder (NativeMark Unstained Protein Ladder) with
known molecular weights is shown in the first lane from the left. The second
through sixth lanes display various SEC fractions of Apoferritin, with the
bottom bands corresponding to monomers (MW about 450 kDa) and the middle
bands corresponding to dimers (MW 720 kDa). The upper bands represent
oligomers. (b) Examples of SEC fractions for Apoferritin clearly indicate
monomers, dimers, and oligomers. In accordance with the SEC chromatogram,
monomers have the highest peak and is the predominant species in Horse spleen
Apoferritin.
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2.2.6. Droplet Assays

First, silicon substrates were coated with Dimethyloctadecyl [3-(trimethoxysilyl)
propyllammonium chloride (DMOAP) at a concentration of 0.1 to 1 % ( v/v) and treated in an
oven at 120 °C for an hour. For each experiment, a total of 10 droplets of 1ul size were pipetted
onto a treated slide using an electronic microlitre pipette, with sufficient spacing between the
droplets. The second droplet assay used nanolitre droplets and the droplets were sprayed (Mini
Spray Atomizer — 3ml) on treated slides and coated with silicone oil. A temperature-controlled
stage (Linkam THMS600) was then used to cool the droplets array below their equilibrium
melting point to the desired temperature. In this setup, samples were placed on a 22mm-
diameter silver stage inside a well-sealed chamber. The stage is cooled with liquid nitrogen by
means of an LN pump and controller (LNP95) controlled by a LabView programme. For
constant cooling rate measurements, the rate of cooling from the initial temperature to the
desired temperature was set at 20 °C /min. The temperature was then steadily decreased by 1
°C /min while freezing images were captured. Droplets freezing events were observed using an
OLYMPUS SZX10 Stereomicroscope with a magnification range of 0.63x to 6.3x and an
attached digital camera (Moticam SMP) for picture capture. The number of unfrozen droplets
was calculated using ImageJ software and the Python programme YOLOvVS5 (Object detection
algorithm).

2.2.7. Data Analysis of Immersion Freezing
The frozen fraction for constant cooling rate measurements was obtained by applying the

following formula:

N¢(T)
N,

f(1) =

2-1

Where N, is the total number of liquid droplets at the start, N¢(T) is the cumulative number of

frozen droplets at temperature T.
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2.3. Results and Discussion

2.3.1. Constant Cooling Rate Measurements of 1ul Droplets

The constant cooling rate is the most common approach for studying homogeneous and
heterogeneous ice nucleation. In this method, the temperature of the droplets is gradually
decreased toward low temperatures at a fixed cooling rate. The cumulative frozen fraction of
the droplets is then determined as a function of temperature. This technique is effective when
an overview of a sample is required, regardless of the sample's purity status, since the frozen
fraction of the droplets can be used to establish the temperature range in which ice nucleating
agents are most active. In the case that the freezing temperature range is relatively narrow, this
suggests that the freezing of the droplets could be caused by a single nucleating agent (INP) or
single active site. On the other hand, if the freezing temperature range is relatively broad, this
suggests the presence of multiple nucleating agents or multiple active sites. When the frozen
fraction of droplets appears at higher temperature ranges, this can be referred to as an efficient
INP or INP active site. For freezing at lower temperatures, which can be referred to as a less
efficient INP, the frozen fraction data may approach what would be observed for homogenous
ice nucleation. Consequently, the state of the sample to be frozen in terms of purity could
contribute greatly to either maximising or limiting the uncertainties in the frozen fraction. For
instance, when the sample includes many species, each with a distinct efficiency, the frozen
fraction will represent a greater degree of ambiguity; conversely, when the sample is highly
pure, the measured frozen fraction will correspond to the single species that the sample
contained. The cumulative frozen fraction of 1 pl droplets containing 1 mg/ml of Apoferritin
oligomers, dimers, monomers, and buffer from constant cooling rate experiments is shown in

figure (2-5).
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Figure 2-5: The cumulative frozen fraction for Apoferritin subforms: oligomers, dimers and
monomers as well as buffer. The droplet concentration for all subforms was 1 mg/ml. Oligomers
consisting of Apoferritin trimers of two types (linear and triangular) as well as higher forms of
aggregates froze at higher temperatures and over a broader temperature range, indicating that
the freezing of the droplets is caused by multiple INPs of different sizes or multiple active sites
per subform. Dimers and monomer frozen fractions showed considerably narrower freezing
ranges than oligomers, and this was presumably because dimers and monomers had less
diversity among them. However, since they are smaller than oligomers, their frozen fractions
shift toward lower temperatures, with the shift for dimers smaller than for monomers.

Oligomers are more efficient ice nucleating agents than dimers and monomers. The latter freeze
at a higher temperature than their buffer.

Droplets containing oligomers, which correspond to SEC peak 1, froze between —5 and —23
°C, followed by droplets containing dimers, SEC peak 2, which froze between —17 and —24 °C,
and droplets having monomers, SEC peak 3, which froze between —19 and —25.5 °C. In general,
the three froze at higher temperatures than the buffer, which froze at temperatures between —22
and —33.5 °C. Since the oligomer SEC peak includes linear and triangular Apoferritin trimers
as well as higher Apoferritin aggregates, this explains why the oligomers freezes over a wider

temperature range. As there are multiple Apoferritin subforms of different sizes, there is a

greater likelihood that different active sites exist. This means that the droplets freeze at different
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temperatures, but in general, they freeze at a higher range of temperatures than dimers and
monomers. SEC fractions corresponding to peak 2 may initially contain only dimers; however,
due to the fast rate at which dimers can dissociate into monomers, samples may contain both
dimers and monomers. Typically, the ratio of dimers to monomers in these samples is greater
than one. In contrast, monomer samples are highly pure and have a lower probability of
dimerizing than dimers have of dissociating [125,128]. Unlike oligomers, dimers and
monomers froze over a much narrower range of freezing temperatures and at lower
temperatures. Although the temperature freezing ranges of monomers and dimers overlap to
some degree, the dimers froze at slightly higher temperatures compared to monomers, implying
that dimers are better INP than monomers due to their larger size. In addition, dimers possess
a central junction between the two spherical cages, which might form an active site, while
monomers consist of a single nano spherical cage with no junctions. In spite of this, Apoferritin
monomers are active as ice nucleating agents due to the fact that, in comparison to the pure
buffer, they cause the frozen fraction to shift toward higher temperatures. Buffer freezing over

a wider temperature range might be due to background impurities.

2.3.2. Constant Cooling Rate Data for Nanolitre Droplets

The purity of the sample to be frozen is one of the most prevalent obstacles in ice nucleation
experiments. This challenge is notably evident when freezing droplets of inorganic nucleating
agents like Feldspar, which are dusty in nature and have a limited solubility in water. Due to
the dusty nature of Feldspars, as INP examples, they are less uniform in terms of size and shape,
which are two crucial characteristics that impact the efficiency of INPs. Unfortunately, there
are not many very effective and accurate size-based methods for segregating Feldspar particles.
Hence, using very small droplet volumes, such as nanolitre droplets, is the experimental
method for reducing the amount of uncertainty associated with measurements of the frozen
fraction. As a result, instead of freezing occurring due to a few efficient and rare species in the
droplets, as could be the case for larger droplets, more common but less effective species can
play a role as the probability of a single droplet containing a rare species will decrease.
Although purification of proteins by SEC and characterization of their purity state in the sample
by gel electrophoresis enhanced the specificity of the data relative to inorganic INPs by
separating all different species within sample fractions, it is still of interest to test nanolitre

droplets containing Apoferritin oligomers, dimers, and monomers.
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Nanolitre droplets were sprayed on DMOAP-treated silicon surfaces and covered with silicone
oil to inhibit the evaporation process. One of the challenges that were faced while spraying

protein solutions was the difficulty in obtaining consistent droplet sizes; see figure (2-6).

Figure 2-6: Sprayed droplets on a silicon substrate treated with DMOAP to increase its
hydrophobicity. The droplets are coated with silicone oil to reduce their evaporation because of their
small volume. The majority of droplets have a nanolitre volume, but they are not all the same size;
thus, the data acquired for frozen droplets was divided into three volume groups: [0.1 — 0.9] nl, [1 —
9] nl, and [10 — 90] nl. The concentration of sprayed Apoferritin droplets was decreased to reduce the
influence of the high surface tension of the solution at high concentration, which distorts the droplet
shape when sprayed on substrates.
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Another obstacle was the concentration of the protein solutions; when the concentration is high,
for example 1 mg/ml, the sprayed droplets will merge and become non-spherical; this is due to
the influence of protein viscosity, as the higher the concentration of protein solution, the greater
the surface tension. The observed frozen fraction for nanolitre droplets was analysed for three
different size groups, including [0.1 — 0.9] nl, [1 — 9] nl, and [10 — 90] nl. Moreover, in order
to minimise the effect of viscosity of the protein solution on the shape of the sprayed droplets,
the concentration of the protein solutions was reduced by a factor of 10 compared to the
concentration used in the 1ul droplets in the previous section; thus, the final concentration of
the nanolitre droplets used was between 0.1 and 0.2 mg/ml. Figure (2-7) shows frozen fraction
data for droplet sizes in the range [1 — 9] nl at a concentration of 0.1 mg/ml for oligomers,
dimers, and trimers; this range of droplet sizes represented the most abundant volume across all

the three size groups.

T T T T T T T
1.0+ [1 — 9] nl droplets
' < 0.1 mg/ml (Oligomers)
V 0.1 mg/ml (Dimers)
@ 0.1 mg/ml (Monomers)
== Buffer

0.8 _
C
o
= 0.6 i
(©)
(©
.
L
C
N
o 0.4r -
el
L

0.2 -

0.0 <7 _

1 1 1 1 1 1 1
—-40.0 -37.5 -35.0 -32.5 -30.0 -27.5 -25.0 —-22.5 -20.0

Temperature(°C)

Figure 2-7: The frozen fraction of the most abundant nanolitre droplets, [1 — 9] nl, containing
0.1 mg/ml of Apoferritin oligomers, dimers, and monomers, as well as a buffer. It can be seen
that oligomers freeze at the highest temperature, followed by dimers and then monomers, while
buffer freezes at the lowest temperatures. Consequently, oligomers are the most effective
subform of Apoferritin, followed by dimers and monomers, which are also good examples of
INPs due to the fact that they freeze at higher temperatures than the buffer.
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The frozen fraction is in general agreement with the 1l droplet results, as oligomers freeze at
the highest temperatures, followed by dimers, and finally by monomers, and all three freeze
over higher temperature ranges than their pure buffer. Compared to the temperature ranges for
microlitre droplets, the temperature ranges at which nanolitre droplets freeze have shifted
toward very low freezing temperatures. All three Apoferritin subforms began freezing about
—23 °C and ended at —38 °C, however the shapes of the frozen fraction curves differ. The
freezing ranges are broader, notably for dimers and monomers, but the microlitre droplets of
high concentration (1mg/ml) exhibited a narrower freezing temperature range. One possible
explanation for this could be the low protein concentration of the droplets, which affects the
distribution of INPs within droplets; for instance, rare INPs will be distributed in some droplets,
but not every droplet will contain a rare INP, as is the case for higher concentration and volume
droplets; in other words, the probability of having a rare INP decreases as concentration and
volume decrease. This explains why certain protein droplets freeze at temperatures near to the
homogenous frozen fraction around —37 to —38 °C, suggesting that these droplets may have
few or no effective proteins, causing them to freeze in the buffer temperature ranges.
Furthermore, the size variation of the droplets, even if it is within the nanolitre volumes, may
contribute to a wider freezing temperature range, as the smallest droplets usually freeze at low
temperatures while the largest droplets freeze at higher temperatures, which may account for
the wide frozen fractions of the proteins and their buffer. Similar to the frozen fraction trend of
[1 — 9] nl, the other two droplet volume groups with less frequent volumes, [0.1 — 0.9] nl and
[10 — 90] nl, also exhibit consistent results with respect to oligomers, dimers, and monomers,
as shown in figure (2-8). Overall, at low protein concentrations, oligomers are the most
effective ice nucleating agents among the Apoferritin subforms, but a noticeable difference
was noted between dimers and monomers, with dimers being clearly more efficient INPs than
monomers, which were nevertheless effective INPs compared to pure buffer. Moreover, the
resolution of the frozen fraction has improved after the use of the tiny droplets therefore, as

dimers and monomers freezing have been clearly separated and this is picked up in the data.
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Figure 2-8: Additional examples of frozen fraction data for 0.1 mg/ml Apoferritin for droplets of [0.1 — 0.9] nl
(a) and [10 — 90] nl (b). A similar trend to that reported for [1 — 9] nl is also evident for oligomers, dimers,
monomers, and buffer.

The concentration of proteins also has an effect on the frozen fraction of the droplets; for
example, when the concentration is reduced, the frozen fraction shifts towards lower
temperatures, and vice versa. Figure (2-9) illustrates some examples of the concentration effect
on two different monomer concentrations and droplet sizes. In order to increase the probability
of a droplet freezing, the number of INPs that are contained inside the droplet needs to be
increased. This can be attained in one of two ways: either by increasing the volume of the

droplets or by increasing the concentration of the INP in a droplet.

When comparing the frozen fraction of droplets with the same protein concentration but of
different volumes, such as [0.1 — 0.9] nl and [10 — 90] nl, the larger droplets froze at higher
temperatures while the smaller droplets froze at lower temperature ranges, this was observed

regardless of which Apoferritin subform was frozen, as shown in figure (2-10).
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Figure 2-9: The effect of two different concentrations of monomers on the frozen fraction
of nanolitre droplets of sizes [10 — 90] nl relative to buffer. When the concentration of
monomers is increased, droplets freeze at higher temperatures, and vice versa. The
concentration determines the number of INPs per droplet, which in turn determines the
probability that the droplet will freeze at a certain temperature, as a higher INP number
per droplet corresponds to a higher probability of freezing and a lower INP number in a
droplet corresponds to a lower probability of freezing.

This confirms the idea that the freezing temperature ranges over which INPs induce freezing
are significantly influenced by the impact of the number of INPs per droplet if the volume is
varied. As a result, increasing the size of the droplets that contain proteins will increase the

probability that freezing will occur at higher temperatures.
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Figure 2-10: Increasing/decreasing the size of droplets with the same concentration is another way to present
the relationship between the number of INP per droplet and the probability of freezing. The freezing
temperatures of bigger droplets with the same Apoferritin concentration [10 — 90] nl (oligomers (a), dimers
(b), and monomers (c)) have moved to higher temperatures compared to [0.1 — 0.9] nl. Larger droplets
contain a greater number of proteins than smaller droplets of the same concentration, increasing their
likelihood of freezing at higher temperatures.

Buffer data for different volume droplets agree with Apoferritin findings; bigger buffer droplets

froze at higher temperatures, while the smallest froze at lower temperatures. Even though they

are buffer droplets that did not contain proteins and buffer is considered a homogenous freezing

example, larger droplet volumes have a greater likelihood of containing contaminants than

smaller droplet volumes, which could explain why larger droplets freeze at higher temperatures

than smaller droplets, as shown in Figure (2-11). Due to the nanolitre size range of these

droplets, they will not be exposed to a considerable inner temperature gradient, which impacts

bigger droplet sizes more; this effect will be addressed in length in Chapter 4.
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Figure 2-11: The effect of droplet volume on the frozen fraction of the buffer. Larger
droplets [10 — 90] nl freeze at higher temperatures, then droplets [1 — 9] nl and the smallest
ones [0.1 — 0.9] nl freeze at the lowest temperatures. It demonstrates that even pure buffer
(protein-free) droplets may contain impurities, hence raising the freezing likelihood as the
droplet volume increases.

2.3.3. Comparing Experimental Findings with Existing Literature

To interpret our findings in the context of existing literature we looked at the study by M.
Cascajo-Castresana et al. [97], which is closely related to our work. In their study, they focused
on the ice nucleation of proteins, specifically Apoferritin and Ferritin. They referred to the
astonishingly high efficiency of Apoferritin and Ferritin due to protein aggregations present in
the solution, which can occur through two mechanisms: those normally found in the solution

or those resulting from disassembled monomer cages.

They found that Apoferritin freezes within temperature ranges starting from -5 to —11 °C.
Similarly, we observed that Apoferritin starts freezing at —5 °C and completes freezing at —23

°C (as shown in figure 2-5). This temperature range is lower than what M. Cascajo-Castresana
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et al. reported. This difference could possibly be attributed to variations in droplet sizes and
consequently, droplet concentrations. For instance, their droplet assays contained droplets of
50 pl, whereas the largest droplet size in our study was 1 pl. We have previously in this chapter
demonstrated that larger droplets freeze at higher temperature ranges compared to smaller
droplets, such as nanolitre droplets. This explains the higher temperature ranges for Apoferritin
freezing reported by M. Cascajo-Castresana et al. compared to our findings. Furthermore, the
highest concentration we used here was 1 pg/ul, whereas their highest concentration was
around 0.34 pg/ul. This means that each droplet in their assays contained around 17 times more
Apoferritin than our droplets which was 1 pg per droplet. Consequently, a higher protein
content per droplet increases the probability of freezing. Nevertheless, our results from size
exclusion chromatography (SEC) purified samples confirm that the Apoferritin's efficiency at

higher temperatures can be attributed to its aggregates, also referred to as oligomers here.

M. Cascajo-Castresana et al. have dedicated more effort to experimental investigations,
particularly focusing on disassembled aggregates and, specifically, monomer cages. One
method they employed to probe this phenomenon involved altering the pH and then measuring
the frozen fraction of the Apoferritin solution. Across different pH levels ranging from 9.5 to
2, the freezing behaviour of Apoferritin droplets exhibited minimal dependence, with the
exception of pH 0, where freezing occurred at lower temperature ranges. This observation can
likely be attributed to the loss of subunits from some of the aggregates and monomer-cages in
highly acidic environments. This loss of subunits results in changes to the size, shape, and
number of the effective ice-active elements. According to M. Kim et al., these disassembled
subunits tend to form aggregates at pH levels below 0.8, possibly through van der Waals
interactions as well as weak hydrogen bonds [139]. However, the findings of M. Cascajo-
Castresana et al. regarding Dynamic Light Scattering (DLS) measurements conducted at pH 0
did not reveal an additional peak corresponding to disassembled subunits. Instead, the peaks
corresponding to the original aggregates either increased or decreased. This suggests that the
formation of subunit aggregates is not consistently observed, and disassembled subunits may
contribute to the existing aggregate count by potentially increasing it. Despite these
observations, the freezing behaviour of Apoferritin droplets did not show any improvement. In
summary, it appears unlikely that highly acidic conditions will enhance the ice nucleation

efficiency of Apoferritin.
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Another method employed to investigate the characteristics of these efficient Apoferritin
aggregates involved comparing the frozen fraction of droplets that underwent a serial dilution
process. The 50 pl droplets at lower Apoferritin concentrations displayed broader temperature
ranges for freezing and shifted towards lower temperatures, whereas those at higher
concentrations exhibited narrower freezing ranges at warmer temperatures. M. Cascajo-
Castresana et al. attributed this phenomenon to the disassociation of Apoferritin monomer-
cages into subunits at significantly lower concentrations, which could explain the freezing at

lower temperature ranges.

However, our data and characteristic techniques raise doubt on the accuracy of this explanation
for few reasons. Firstly, our Transmission Electron Microscopy (TEM) images, captured at
lower concentrations, did not provide clear evidence of the existence of subunits as distinct
species or aggregates entirely composed of disassembled subunits. Instead, most of the
observed aggregates consisted of multiple spherical cages. Therefore, if dilution were indeed
causing Apoferritin disassociation, we would expect to observe their aggregates or at least
indications of their presence. Moreover, if such an effect were common, it would likely have
been widely reported in the biological research literature, especially in electron microscopy

imaging, which often involves low concentration samples.

Furthermore, our experiments involving size exclusion chromatography (SEC) for commercial
Apoferritin, conducted multiple times (approximately 9 times during this project), consistently
yielded three main peaks representing oligomers, dimers, and monomers, respectively, based
on their size. Importantly, no unique peaks corresponding to smaller entities like Apoferritin
subunits were detected. Similarly, several gel electrophoresis runs for Apoferritin samples at
different concentrations (both high and low) did not reveal any bands beyond the dominant

monomers, dimers, and oligomers.
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0.5 mg/ml 0.25 mg/ml 0.16 mg/ml 0.1 mg/ml 0.05 mg/ml
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Figure 2-12: A series of dilutions of an Apoferritin sample with a starting concentration of
0.5 mg/ml. There is no clear evidence of the presence of protein disassociated subunits at
the low concentrations from the gel electrophoresis bands especially beyond monomer
bands. No new bands or bands with increased intensity, such as those higher than dimers,
were evident, which could imply the formation of aggregates from these disassociated
subunits. In contrast, the density of resolved bands decreased as the concentration was
reduced.

An illustrative Native Page gel electrophoresis result of an Apoferritin sample subjected to
serial dilution is presented in figure (2-12). This result clearly lacks bands corresponding to
disassembled subunits in the highly diluted sample. Furthermore, it does not show any new
bands or even an increase in the density of existing bands, such as higher bands than dimers,
which could indicate the formation of aggregates from these subunits. On the contrary, the
density of resolved bands decreases as the concentration decreases, as would be expected. Loss
of subunits from monomer-cages would likely result in bands lower than those of monomers,
owing to their smaller size and lower molecular weight compared to a full spherical cage. This
characteristic would allow them to migrate further in the gel matrix. If subunits were present,

we would anticipate observing a band around 20 kDa, see the protein ladder in figure (2-4) a.

A third possible reason is that our nanolitre droplet results show distinct freezing curves for the
three dominant species: oligomers, dimers, and monomers. These species were not clearly
resolved from Dynamic Light Scattering (DLS) measurements in the work of M. Cascajo-
Castresana et al., nor were they taken into account. The concentration of nanolitre droplets in
our dataset represents a much lower protein content compared to the 50 pl droplet assays. The

protein content for the three nanolitre intervals was as follows: 1-9 ng, 0.1-0.9 ng, and
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0.01-0.09 ng per 10-90 nl, 1-9 nl, and 0.1-0.9 nl droplets, respectively. In contrast, the lowest
protein content used for Apoferritin in the data of M. Cascajo-Castresana et al. was around 28
ng per droplet. Therefore, in the case of subunit existence at very low concentrations or in tiny
droplets, a significant overlap would occur, making it difficult to separate the frozen fractions
of the nanolitre ranges. Such an overlap would indicate the presence of similar ice-active
particles, which could either be disassembled subunits or their aggregated forms. Furthermore,
the freezing behaviour of these subunits would likely be observed closely to temperatures
approaching that of the buffer or water. M. Cascajo-Castresana et al. demonstrated that subunits
resulting from heating Apoferritin to 110 °C froze at low temperature ranges similar to water.
The wider range of freezing temperatures in our nanolitre droplets' frozen fraction, as discussed
in the previous section, is likely due to variations in the sizes of droplets within each interval.
Thus, based on our data, we believe that reducing the Apoferritin concentration leads to a
reduction in the number of efficient protein aggregates within the droplets. This decrease
results in the abundant but less effective ice-active subforms, such as trimers, dimers, and
monomers, start to dominate the freezing process as the temperature decreases. These subforms
tend to prevail at lower temperature ranges, thereby accounting for the broader temperature

ranges observed in diluted droplets. This aspect will be further investigated in Chapter 3.

Furthermore, Apoferritin and ferritin proteins have shown to be an efficient INPs compared to
other protein tested in the same work by M. Cascajo-Castresana et al. for example casein,
ovalbumin, hydrophobins, and a yeast ice-binding protein, since they initiate freezing at —10

°C at higher concentrations and temperature ranges than Apoferritin and Ferritin droplets.
g p g p p

M. Ling et al [71] explored the relationship between ice nucleation activity and the number of
protein repeats (16 repeats) for protein strains extracted from Pseudomonas bacteria R10.79
and referred to as INpro. The size of the repeats ranged from 50 to 70 nm, which is comparable
to the size of Apoferritin oligomers. The freezing range of 1 pl droplets containing these
proteins was between -9 °C and —20 °C. This indicates that INpro is an efficient ice nucleating
protein however, Apoferritin exhibited freezing at higher temperature ranges compared to

INpro.
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M. Adams et al. [77] conducted an investigation involving 11 viruses, with only 9 of them
displaying ice nucleation activity. These viruses belonged to various families, including
Enveloped Icosahedral, Icosahedral, Pleomorphic, and Lemon-shaped viruses. The sizes of the
viruses used in the experiments ranged from 85 to 30 nm. Notably, the enveloped virus Phil2,
a type that infects Pseudomonas bacteria, was the most efficient virus in the study. The freezing
behaviour of 1 pl droplets containing Phil2, with a particle size of 85 nm, appeared within the
range of —15 °C and -21 °C. This freezing range is lower than that observed for Apoferritin

droplets.

In conclusion, Apoferritin is indeed one of the most efficient ice nucleating particles, especially
among biomolecular ice nucleating particles, and thus is worthy of further investigation and

study.

2.3.4. Nucleation Rate Coefficient of Apoferritin Subforms

In the classical nucleation theory (CNT), the ice nucleation rate | of pure water is linked to the
rate at which water molecules can be added to an ice nucleus, or, more simply, it may be defined
as the ice nucleation probability per unit time and volume [113]. In experiments, it is not always
straightforward to determine the ice nucleation rate from data, especially for the constant
cooling rate approach. In order to obtain J of heterogeneous ice nucleation, constant cooling
rate measurements may be interpreted using the Poisson distribution. Using Poisson statistics,

the measured frozen fraction is given by the formula [140]:

*L = 1 — exp(—J(T).V.At) 2-2)
L
where Ny is the number of droplets that freeze during time t, N, is the number of unfrozen

droplets at the start of the time interval At, V is the sample/droplet volume and J(T) is the
nucleation rate coefficient as a function of temperature and can be generally obtained by [140—

142]:

i)

J() =—— (2-3)

where N, is the number of liquid droplets at the start of At and Ny is the number of freezing

droplets during this time interval, w is a generic symbol for the normalisation parameter, which,

52



2. CONSTANT COOLING RATE MEASUREMENTS

for homogeneous nucleation, represents a droplet's volume, while in heterogeneous nucleation,
it stands for the mass of an INP per droplet. Figure (2-13) displays the nucleation rate
coefficients per unit mass and time, J,,, for Apoferritin oligomers, dimers, and monomers
calculated from frozen fraction data for droplets of 1 ul size. J,,, values rise as the temperature

decreases as would be expected from classical nucleation theory.

Normalized by the protein mass (m = C.V), the resulting J,, for oligomers, dimers, and
monomers shows that oligomers are the most active nucleating particles since they cause the
droplet to freeze at higher temperatures. Apoferritin dimers and monomers have overlapping
freezing temperatures and J,,, values, which may be the consequence of the same active INPs
in the droplets promoting the freezing of the droplets. Moreover, the density of active sites per
unit mass and time suggests that these active sites are few and may be rare INPs, which may
be a result of the protein clusters, that are most likely present in droplets with a high protein

concentration, this will be investigated in Chapter 3.
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Figure 2-13: The number of nucleation events per unit mass and per unit time, J,, (ug. s)’, for Apoferritin
oligomers, dimers, and monomers calculated from frozen fraction data for a droplet size of 1 pl. Oligomers are
the most active INP because they initiate the freezing process at higher temperatures. J,,, values for dimers and
monomers coincide in the initial part of the data, then separate at lower temperatures, which may be related to

the effect of rare INPs or protein clusters.
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The freezing of droplets by clusters could be responsible for the slowly varying J,, observed
at higher temperatures before the data sets for monomers and dimers at lower temperatures.
The number of total liquid droplets was significantly reduced at the start of the experiments
due to droplets freezing by clusters at higher temperatures. Consequently, at lower
temperatures, fewer droplets froze due to dimers and monomers, indicating that clusters were

responsible for the preponderance of freezing rather than dimers and monomers.

On the other hand, the nucleation rates J,,, of nanolitre droplets at a low concentration of 0.1
mg/ml for each Apoferritin subform were also evaluated, see figure (2-14). A unit mass of
oligomers has more active sites that induce a greater number of nucleation events per unit time.
The J,,, values of dimers are generally greater than those of monomers as anticipated. J,,, values
for nanolitre droplets are several orders of magnitude higher than those of microlitre droplets.
As bigger droplets and higher protein concentration often freeze at higher temperatures, while
smaller droplets with low concentration typically freeze at lower temperatures, the nucleation

rate coefficient increases as the temperature decreases.
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Figure 2-14: Nanolitre droplet nucleation rate coefficients calculated from frozen fraction
data for droplets containing 0.1 mg/ml Apoferritin (oligomers, dimers, monomers). The
normalised frozen fraction by protein mass and time demonstrates a higher density of active
sites for oligomers compared to the same mass of smaller Apoferritin components (dimers
and monomers). The shaded areas represent the average with the maximum and minimum
values.
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To determine values of energy barrier and shape factor for Apoferritin subforms, it is essential
to fit the data to the model of classical nucleation theory. However, the calculated nucleation
coefficients based on a constant cooling rate method include a great deal of uncertainty, thereby
making them difficult to interpret based on classical nucleation theory. Despite the fact that the
data obtained by this method are very valuable in determining the general properties of a
particular INP with respect to temperature, it is essential to conduct more in-depth studies for
Apoferritin subforms using the alternative method of isothermal freezing in order to gain more

insight and to be able to compare data to CNT.

2.3.5. Singular Description for Apoferritin Subforms
To calculate the cumulative active sites per unit mass N, for Apoferritin subforms using the
singular model described in Chapter 1, in which the nucleation time is given less weight than

INP freezing temperature, N, can be expressed as a function of temperature as follows [143]:

Nm(T) — _ln(l _n]:ice(T)) (2 _ 4)

where f;..(T) is the fraction of frozen droplets per total number at temperature T and m is the
protein mass in a droplet. As expected, oligomers gave the highest N,,, values for Apoferritin
subforms, followed by dimers and then monomers as shown in figure (2-15) a for nanolitre

droplets.
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Figure 2-15: (a) The temperature-dependent number of active sites per unit mass for Apoferritin subforms,
N, for nanolitre droplets. (b) The number of active sites per Apoferritin monomer N,,. The shaded regions
represent the mean together with the maximum and minimum values.

Since oligomers and dimer SEC samples contain mixed subforms but monomer SEC samples
are quite pure, it is possible to quantify the cumulative number of active sites per single
molecule. By normalising monomers nanolitre observations, the number of active sites per

monomer N,, can be given by [144]:

Na(1) = =24 (5_ S(T)) 2-5)

My,

where N, is Avogadro number and My, is the molecular weight of a single Apoferritin
monomer (450 kDa). In figure (2-15) b, the resultant N,, of monomers ranges between (107!
— 107%) active sites per monomer cage. These are very small values, best explained by assuming
that the active site fraction values correspond to a small number of ice active monomers among
a majority of inactive monomers, because active sites do not exist as fractions of sites but as
single sites. Some studies in the literature argue that biomolecules like proteins and viruses are
often regarded as having a small role in the nucleation of ice in the atmospheric system,
nevertheless the rare biomolecules, such as aggregates and clusters are thought to make a

significant contribution [77,97,121].

56



2. CONSTANT COOLING RATE MEASUREMENTS

A second argument is that all monomers are weakly ice-active, making it challenging to define
a characteristic temperature thus, the singular model cannot be applied. In addition, since the
INP sample, which is a monomer sample in this instance, is uniform, the singular model is

more useful if the INP sample used has a broad range of ice nucleating efficiency.

2.4. Conclusion

In summary, we investigated heterogeneous ice nucleation by biomolecules using a constant
cooling rate approach, employing the Apoferritin protein as an example. Size exclusion
chromatography (SEC) was used to separate Apoferritin into its three components, oligomers,
dimers, and monomers. The frozen fractions were evaluated as a function of temperature. For
microliter droplets, the most ice-active subform was oligomers, followed by dimers and
monomers, the least effective INP. In the nanolitre droplet regime, the frozen fraction exhibited
comparable findings to the microlitre droplets for the three Apoferritin components, with the
exception of a shift in the freezing temperature range towards lower temperatures. The
nucleation rate coefficient [, was next examined by converting the frozen fraction
measurements using the Poisson distribution. In bigger droplets, it was observed that the dimer
and monomer nucleation rate coefficients overlapped, which may be attributed to rare INPs or
a protein clustering effect. For nanolitre droplets, the J,,, was also higher for oligomers than
dimers and monomers. The number of active sites per particle was also calculated for
monomers, and in general, the ratio of active monomers to total monomers is low, or the
singular model is less applicable. Due to the high uncertainty in nucleation coefficients
obtained from the constant cooling rate method, which makes it difficult to interpret and obtain
classical nucleation theory parameters, we will further investigate the ice nucleation rate of
Apoferritin via a time-dependent approach and seek the validation of CNT through the

quantification of fundamental parameters.
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3. ISOTHERMAL MEASUREMENTS

3.1. Introduction

Constant cooling rate experiments for homogeneous and heterogeneous ice nucleation provide
empirical evidence that the ice nucleation of immersion freezing droplets is temperature
dependent. For some ice nucleation systems, measuring the frozen fraction of droplets as a
function of temperature serves to provide an overview of a sample's ice nucleating ability.
However, measuring the nucleation rate using this approach may be challenging due to the
high level of noise and ambiguity encountered while interpreting the data. Ice nucleation is not
only a temperature-dependent phenomenon, but also a time-dependent process. According to
the classical nucleation theory, the formation of a stable critical nucleus is stochastic and

therefore occurs at random times.

Isothermal measurement is another experimental approach to assess the ice nucleation rate of
immersion freezing droplets, and shows how the fraction of unfrozen droplets varies as a
function of time. Sear categorised the data derived from time-dependent observations of
nucleation into three categories: 1) time-independent freezing rate, which gives a straight line
with a constant slope when the logarithm of the unfrozen fraction is plotted as a function of
time; 2) decreasing freezing rate giving an upward bending curve; (see Chapter 1) and 3)
increasing freezing rate giving a downward bending curve (will be discussed in Chapter 4)
[145]. The first two categories for heterogeneous ice nucleation are heavily influenced by

sample properties, such as homogeneity, purity, and size.

Despite the fact that it is not feasible to create a sample that comprises 100% identical ice
nucleators, this challenge may be approached statistically. A sample of ice nucleating agents
can be represented by a probability distribution function that assigns each particle in a sample
a specific nucleation rate J as explained in Chapter 1. The mean of this distribution determines
how effective this particle is as an ice nucleating agent, whereas the standard deviation gives
an approximation of the purity and uniformity or the variation of this particle in the sample,
which determines whether the plot of the logarithm of the unfrozen fraction is linear or

nonlinear, as studied in depth by Knopf et al. [141,146].
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The majority of ice nucleating particles, particularly inorganic nucleators, are highly varied,
and they are difficult to separate and purify, which increases the uncertainty of finding the
nucleation rate from the collected data. Proteins can be excellent models for ice nucleating
agents due to their high degree of homogeneity and responsiveness to changes in
different environmental conditions such as pH and temperature, and the possibility for control
over their synthesis and surface functionalization. Additionally, there are various reliable
techniques for their purification and characterisation that enable the separation of larger
proteins from smaller ones. Here, Apoferritin is used as a model ice nucleating agent for
immersion freezing isothermal measurements. Size exclusion chromatography is used to
separate monomers and dimers prior to measurement. Here, we will evaluate the nucleation
rate of monomers and dimers of Apoferritin using the isothermal approach in order to
determine if a simple aggregation, such as the dimer, is more effective than the monomer at ice
nucleation. In addition, we will fit the results to classical nucleation theory to extract plausible

model parameters for Apoferritin clusters, dimers and monomers.

3.2. Materials and Methods

3.2.1. Apoferritin Preparation

Materials and purification of Apoferritin were determined using the same methodological

protocols as in Chapter 2.

3.2.2. Droplet Assays and Freezing Experiments

Isothermal measurements were carried out using the same setup as in Chapter 2. Each droplet
assay consists of 10 droplets of pl size. The rate of cooling from the initial temperature to the
desired temperature was set at 50 °C /min. The temperature was held for two to three seconds

before freezing images were captured.

3.2.3. Data Analysis of Immersion Freezing
The unfrozen fraction of isothermal measurements was obtained by applying the following

formula:

tot

Unfrozen fraction = B-1
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where Ny, is the total number of liquid droplets at the start of the run and Ny;, (t) is the number
of unfrozen droplets at time t. The nucleation rate was calculated using the logarithmic plot

of the unfrozen fraction vs. time.

3.2.4. Apoferritin Dimers/Monomers Ratio in SEC Samples

Monomers are the most stable subcomponents of Apoferritin, whereas dimers of Apoferritin
may dissociate and generate a dimer-monomer mixed solution over time. Consequently, the
ratio of monomers to dimers must be approximated in ice nucleation measurements. The ratio
was obtained by evaluating an image of the protein's bands using the ImageJ tool for analysing
gel electrophoresis bands. The result is a profile map of the gel lanes containing dimers and
monomers that displays the peak density of each band. The tool also estimates the size of this
peak; the size of dimers peak/monomers peak provides a useful approximation of the sample's
monomer-to-dimer ratio. Figure (3-1) is a pie chart illustrating this ratio for the two samples

used to determine the dimer nucleation rates.

(@) (b)

B Dimers

’ ', " m= Monomers

Figure 3-1: The ratio of dimers to monomers in SEC dimer samples is represented by blue native gel
electrophoresis bands and pie charts. (a) Fraction 1 has a greater proportion of monomers (57% -
lower band) than dimers (43% - upper band). (b) Fraction 2 of the blue bands analyses showed a
greater dimer to monomer ratio of 58 % to 42 %.
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3.3. Results and Discussion

3.3.1. Immersion Freezing Isothermal Measurements

Monomers were the most abundant and smallest sub-form in the commercial horse spleen
Apoferritin. As a result, a sample containing pure monomers is quite likely to be obtained from
size exclusion chromatography (SEC). Furthermore, they are very stable compared to higher
Apoferritin conformations, such as dimers, since they are the smallest native unit of Apoferritin
and their dissociation into subunits could only occur under extreme chemical and physical
conditions [125,128]. Nevertheless, monomers may combine to create dimers, but this process
is very gradual and can take months, while dimers can break down into monomers in a matter
of days or weeks. However, like most ice nucleating particles, their surface structure could
vary, despite the proteins being nominally identical. TEM images in Chapter 2 and the literature

suggest that there is some variation in the structure of Apoferritin [147-150].

When Apoferritin monomers were evaluated as an ice nucleating agent in isothermal freezing

experiments, both linear and nonlinear curves were observed for the time dependence of the
logarithm of the unfrozen fraction. Figure (3-2) illustrates the log (%) of monomers at two
different concentrations and temperatures. At the higher temperature (—23 °C), monomers gave
nonlinear curves. This indicates that the data cannot be described by a single freezing rate R.
However, when the freezing rate was measured at a slightly lower temperature, such as —23.5
°C, for both concentrations, the number of unfrozen droplets decreased for each with a constant
rate over time. Hence, it was possible to fit the log (%) to a straight line and estimate the mean

freezing rate directly from the slope of the line, as well as the value for goodness of fit, R?,

which was close to one (figure 3-2).
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Figure 3-2: Logarithm of the unfrozen fraction of Apoferritin monomers as a function of time for two
different concentrations for 1pl droplets cooled at 20 °C/min. At the higher temperature —23 °C (shown in
blue in a and b), the unfrozen fraction curve demonstrates a nonlinear relationship over time. This indicates
that the freezing rate R per droplet is not single-valued. At the lower temperature of —23.5 °C (red in a and
b), the logarithm of the number of unfrozen droplets decreases at a constant rate over time. The slopes and

goodness of fit are given in the legends.

Although monomer samples were obtained by the size exclusion chromatography (SEC) it
seems that the droplets may also contain a small number of highly efficient nucleating agents
namely, protein clusters in addition to a large number of less efficient ones which in this case
are either the monomers/dimers or a combination of these and less-efficient clusters. Therefore,
at higher temperature the most efficient INPs may dominate the freezing whereas at lower
temperature the more abundant but less efficient may dominate. This hypothesis could be tested
by fitting the non-linear data in figure (3-2) to a discrete distribution model namely a Poisson
distribution to represent the contribution of rare INPs which are clusters whereas the linear data
could be fitted to a sum of two Poisson distributions to represent the contribution of clusters
and more abundant, less-efficient INPs. If the number of efficient clusters in a droplet is n. and
the number of the less efficient ones is n,,, then the probabilities of having n. and n,, in a

droplet can be given by:

A)ne Ap)Tm
p(ne) = 22 exp(=10), p(m) = Z257 exp(—Ap) (3-2)
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where A, and 4,,, represent the mean number of active clusters per droplet and the mean number

of less active INPs per droplet, respectively. Hence the unfrozen fraction of the droplets can be

given by:
% = p(n,) exp(—[nj.(T)] t) 3-3)
,%‘Z = Yn, p(ny) exp(—[n; j;(T)] t) G4

where j.(T) is the nucleation rate per cluster, j,,(T) is the nucleation rate per less active INP
and t is the measured time interval. For example, equation (3-3) applies when only clusters are

important whereas equation (3-4) applies when both clusters and less efficient INPs are

important. Figure (3-3) shows the fitted log (M) results of the two concentrations at two

Ntot

different temperatures, and table (3-1) summarizes the corresponding fit parameters.
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Figure 3-3: he data in figure (3-2) (curves and lines) were fitted to equations (3-2), (3-3) and (3-4) at two
different temperatures and concentrations.

At higher temperature, —23 °C, it shows that there is a small mean number of active clusters 4,

in a droplet with a high j. value, therefore the curved log (=*2) will be dominated by these

N
Ntot

clusters. Moreover, 1. per droplet doubles when the concentration of protein is doubled. At

lower temperature, —23.5 °C, the contribution of the less efficient INPs increases, 4,

indicating that at lower temperatures a greater number of less efficient INPs may dominate the

63



3. ISOTHERMAL MEASUREMENTS

freezing in addition to the highly active clusters which could explain a linear log (%). The

nucleation rate per INP increases for both clusters and less efficient INPs when the temperature
decreases, additionally the mean number of active INPs per droplet is proportional to the

protein concentration of droplets.

Table 3-1: Fitting parameters for Apoferritin clusters and less efficient INPs for two different
concentrations.

Temperature Concentration Ac Je Am Jm
[°C] [mg/ml] [INP] [s7'] [INP] [s7']
0.5 4 0.02
-23
0.25 2 0.02
0.5 4 0.05 20 0.02
-23.5
0.25 2 0.05 10 0.02

3.3.2. Influence of Cooling Rate

The cooling rate of the previously given data was 20 °C/min, which is a moderate rate of
cooling. During the time-dependent freezing experiments, it was observed that when the
cooling rate was set to be slow, once the programmed temperature was reached, the number of
unfrozen droplets that survived freezing was small in comparison to the total number that was
present at the beginning. A slow cooling rate means that droplets will be exposed to a prolonged
period of cooling, which will ultimately result in random freezing prior to reaching a particular

set temperature. In addition, freezing may be caused by dust and contaminants, even though

the likelihood of their presence is low. As a consequence, the log (:;ﬂ) curves and straight lines
tot

sometimes only reflects a tiny amount of the protein sample under study; for example, the
straight line may only represent the freezing rate of 10 to 20 % of the total droplets (the number
of unfrozen droplets at the start of the isothermal measurement). For long experiments needing
more than an hour, e.g. for low protein concentrations, water, or buffer, the surrounding air
begins to condense and generate picolitre to nanolitre droplets on the surface of the substrate,
which leads to dendritic ice crystals when they freeze. Sometimes frost forms before the main
droplets freeze, and if the frost reaches an unfrozen droplet, it can induce nucleation. A layer

of mineral oil could prevent such condensation problems, but it also affects the freezing rate
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because the water/air interface of typical droplets, which resemble cloud droplets, will change

to a water/oil interface. Droplets with and without oil layer will be discussed in Chapter 4.

When the cooling rate was optimised and increased to 50 °C/min, it was feasible to lower the

freezing temperatures of the droplets to lower ranges than when the rate was 20 °C/min see
figure (3-4). Although the same log (%) pattern of nonlinearity at higher temperatures and

linearity at lower temperatures was observed, the whole pattern was shifted toward lower
temperatures compared to the slow cooling rate data, and any overlap with dust and
contaminants was likely avoided. Also, when the programmed temperature is reached, the
number of unfrozen droplets is significantly larger. Thus, more than half of the entire number
is included, resulting in a higher fraction of the protein sample being represented in the data.

As a result, because the temperatures have been shifted toward lower ranges, the time required
for freezing is less than it would be with a slow cooling rate, minimising the formation of
dendritic ice crystals or frost and eliminating the need to coat the droplets with oil, particularly

the microlitre droplets. For all forthcoming results, the rate of cooling will be set at 50 °C/min.
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Figure 3-4: Isothermal measurements of Apoferritin monomers (1 and 0.44 mg/ml) for 1pl droplets
cooled at 50 °C/min. The plot of the logarithm of the unfrozen fraction curves with time at higher
temperatures. When the temperature lowers, the unfrozen fraction is a straight line, and the nucleation
rate values increase. The slopes and goodness of fit are shown in the legends.

65



3. ISOTHERMAL MEASUREMENTS

The data were fitted to equations (3-2), (3-3) and (3-4) and shown in figure (3-5). The obtained

parameters in table 3-2 suggest that the curved log (%) is aresult of a small number of efficient

clusters dominating the freezing at higher temperature. At lower temperatures, the mean

number of less active INPs contributing to the freezing with the clusters increases, resulting in
a linear log (%). The mean number of active INPs per droplet is proportionate to the protein
tot

concentration. The nucleation rate per cluster and per less efficient INP increases with
decreasing temperature as expected.
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Figure 3-5: Data in figure (3-4) were fitted using Poisson distribution for curved

Ny; . . s e .
log (N—“’) whereas for linear ones two Poisson distributions were used.
tot

This result is consistent with the previous result for the slow cooling rate, 20 °C/min. However,
to detect the contribution of clusters to the freezing, we should vary the concentration of the
droplets using monomer and dimer samples. If the freezing rate of monomers and dimers at a

given temperature is the same this could indicate that the freezing is dominated by protein

clusters. This will be explored in depth in the next section.
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Table 3-2: Fitting parameters for Apoferritin clusters and less efficient INPs with a droplet
concentration of 1 and 0.44 mg/ml.

Concentration  Temperature [°C] Ae Je Am Jm
[mg/ml] [INP] [s71] [INP] [s71]
-24.5 10 0.22
-25 10 0.45 75 0.03
1 -25.5 10 0.55 75 0.08
-26 10 0.65 75 0.16
-26.5 10 0.75 75 0.27
-25 5 0.47
-25.5 5 0.55 37.5 0.07
- 26 5 0.65 37.5 0.16
-26.5 5 0.75 37.5 0.22

3.3.3. Influence of Apoferritin Concentrations on Droplets Freezing Rate

Apoferritin samples have previously been shown to exhibit a consistent linear decrease in the
logarithm of unfrozen fraction as a function of time, which may be described by a single
freezing rate. As aresult, it is possible to investigate Apoferritin's nucleation behaviour in detail
and compare the efficiency of its purified sub-forms, for example, changing the amount of
these sub-forms in droplets to see how the freezing rate varies as temperatures are lowered.
When freezing droplets containing monomers only and droplets containing a fixed proportion
of monomers to dimers, (figure 3-6), the mean freezing rate varies in proportion to the
concentration, as it decreases by a factor of 2 when the concentration is halved and vice versa.
This is important as it shows that the mean freezing rate is dominated by the protein sample

(dimers and monomers) rather than e.g. dust from the atmosphere.
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Figure 3-6: The freezing rate of Apoferritin monomers and dimers at 2 different
concentrations with 2ul droplets at —25 °C. (a) The freezing rate due to monomers is
proportional to their concentration, therefore doubling the concentration doubles the
slope. (b) The freezing rate of a sample consisting of 57 % monomers and 43.1 % dimers
likewise doubles.

More examples of monomers and dimers that demonstrate a concentration dependence of their
freezing rate at a lower temperature and with lower concentrations are shown in figure (3-7).
Dimers are the smallest aggregated forms of Apoferritin. Since they consist of two bonded
monomers, they are bigger than monomers and include a potential active nucleation site, their
junction in the centre. Theoretically, a dimer could therefore be much more effective as an ice
nucleating agent than a monomer. However, the freezing rate values of monomer and dimer
samples in figures (3-6), (3-7) indicate that the active INPs are almost equally effective in both
cases. Comparable concentrations of both resulted in essentially similar slopes. Thus, the cause

of freezing is the same for both kinds of sample.
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Figure 3-7: Examples of freezing rate dependence on concentration at —28 °C for monomers
(a) and 58% dimers / 42% monomers (b). The freezing rates of monomers and dimers are
comparable at their respective concentrations, indicating that their ice nucleation sources
are similar.

Our hypothesis is that at higher temperatures, Apoferritin clusters dominate the mean freezing
rates, however at lower temperatures, dimers or monomers begin to dominate the mean
freezing rates. In order to examine this hypothesis at lower temperatures, the concentration of
droplets containing dimers and monomers should be decreased to reach these temperatures. At
low concentrations e.g. 0.025 mg/ml in figure (3-8), the freezing rates for monomers and
dimers begin to show clearly different values. At lower temperatures, monomers have a lower
mean freezing rate than dimers, which is reasonable given that dimers are larger in size and
have a candidate active site, the junction at the centre. This hypothesis is consistent with the
explanation given in sections 3.3.1 and 3.3.2, that at higher temperatures active clusters
dominate the freezing rate while at lower temperatures, less active INPs start dominating
the freezing rate, and it was possible to test this hypothesis experimentally with isothermal

measurements and directly extract the mean freezing rates from the slopes.
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Figure 3-8: At low temperatures and concentrations, such as 0.025
mg/ml, the freezing rates for monomers and dimers begin to diverge
significantly.

One hypothesis that needs to be investigated is that as the droplets cool over a period of time,
dimers, which are known for their relatively fast disassociation rate, will break down to
monomers. Alternatively, it could be the case that monomers dimerize during freezing. Freeze-
thaw tests on a sample with a certain initial dimer-to-monomer ratio were a convenient means
to test this hypothesis. An array of droplets was cooled until they froze, after which they were
allowed to melt and refreeze; the freeze-thaw cycles were repeated up to 10 times. The droplets
that underwent these cycles were then collected for native PAGE gel electrophoresis to
determine if the ratio of monomers to dimers exhibited a significant change in relation to the
number of freeze-thaw cycles (see figure 3-9). The results indicate that the monomer/dimer

ratios did not change significantly as the number of freeze-thaw cycles increased.
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Figure 3-9: Experiments of freezing and thawing protein droplets over a number of cycles.
According to the results of gel electrophoresis, the ratio of monomers to dimers is almost
constant regardless of the number of cycles. It demonstrates that monomer dimerization or
dimer disassociation does not occur within the time scale of the experiment.

3.3.4. The Influence of a Constant Number of Apoferritin Monomers on the Freezing
Rate of Droplets of Different Volumes

The effect of concentration on the freezing rate may also be studied by observing the same

amount of protein in droplets of varying volumes. Here, we shall examine the isothermal

freezing rate of droplets of different volumes, such as 1ul, 8ul, and 27ul, containing the same

number of monomers, such that all droplets of different volumes have 1.11 nmol of monomers.

Figure (3-10) represents the results of this experiment at —26 °C.

Despite bigger droplets often being avoided because they may contain more contaminants and
dust than smaller droplets owing to their size, which causes them to freeze faster than smaller
droplets, this was not the case at all in this experiment. Compared to 8ul and 27ul droplets
containing the same number of proteins, 1ul droplets showed the greatest freezing rate. The
volume of the droplets was selected to vary the ratio of droplet volume to surface area, therefore

8ul has a ratio of 2 and 27l has a ratio of 3 times that of the 1l droplet.
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Figure 3-10: The rate of freezing of 1.11 nmol of Apoferritin monomers in 3 different droplet
volumes. The size of the droplet was chosen to vary its volume to surface area ratio, which is
for the 8pl and 27pl droplets is 2x and 3x respectively the value for the 1pl droplet. At —26
°C, the data linearizes with 1pl droplets having a nucleation rate that is two times greater
than 8pul droplets and three times more than 27ul droplets. Under the hypothesis of protein
adsorption at interfaces (water/air and water/solid) ice nucleation may induce at interfaces,
in particular for bigger droplets with low concentrations compared to those with high
concentrations. This seems to indicate a correlation between freezing rate and droplet
surface area.

There are a number of studies on the tendency of proteins to form thin films through self-
assembly on surfaces [151-155]. This tendency depends on a number of variables, one of
which is the concentration of proteins in the solution, which can impact the adsorption rate of
proteins at the surface over time [156]. Measuring the contact angle is a simple method for
determining if proteins are adsorbed to the droplet surface. It is generally known that the
surface tension of a liquid reduces as proteins are adsorbed to its surface, and that this reduction
accelerates as the protein concentration increases [157]. We evaluated the contact angle of 1ul
and 8ul droplets at two different concentrations, 0.5 mg/ml and 1 mg/ml. The average contact

angle (CA) for both droplet sizes at a given concentration was roughly equivalent. The average
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CA for 0.5 mg/ml was 113° £ 0.34°, whereas it was 95° £ 0.6° for 1 mg/ml. In addition, the
drop in contact angle was greater for Img/ml than for 0.5 mg/ml, with decreases of 4.34° and
2.1°, respectively, after a 10-minute period. It suggests that high concentration droplets show
lower CAs and low concentration droplets show larger CAs. This is possibly due to the
increasing adsorption of proteins at the droplet's surface as the number of proteins per unit
volume increases. The complex mechanism of protein adsorption is outside the scope of this
thesis, however the results in figure (3-10) indicate a correlation between the freezing rate and

the droplet surface area.

If the findings are to be interpreted by the hypothesis of protein adsorption tendency at
interfaces, as seen in figure (3-11), then a hemispherical liquid droplet placed on a solid surface
would have two principal interfaces: the water/air interface and the water/solid interface. The
lul droplets contain a large number of monomers confined in a small volume, which increases
the rate of protein adsorption at interfaces. Excess monomers either contribute to the thickening
of surface monolayers or begin to cluster in the bulk volume, all of which can increase the

probability of ice nucleation.

Water/Air interface

Apoferritin Monomer / @

;e o ¢ © ®
N @ 9
3@:&% 00 :e ‘/‘ o o000 °

Water/Solid interface

Figure 3-11: A simple illustration of the droplets' water/air and solid/air interfaces, which also
demonstrates that the same number of Apoferritin monomers distribute differently depending on the
droplet volume. For instance, when the concentration is high and the surface to volume ratio is also
high, a fraction of the proteins would attempt to self-assemble at the interfaces, but the remaining
proteins will either form clusters in the bulk or contribute to the first layer by forming a second layer.
However, if the number of proteins is relatively low in comparison to the volume of the droplet, this
will allow the proteins more freedom to diffuse throughout the droplet. Furthermore, because proteins
have a higher affinity to adsorb to surfaces, significant adsorption will still take place, which will result
in a lower amount of excess protein remaining in the bulk volume.
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On the other hand, in larger droplets with greater surface area,a greater proportion of
monomers will likely have a higher probability of self-assembly at interfaces due to the larger
surface area available and the tendency of proteins to adsorb at interfaces, resulting in a lower
probability of cluster activity in the bulk volume as shown in figure (3-11). Furthermore, it is
essential to highlight that self-assembly of proteins may occur at either or both droplet
interfaces, water/air and water/solid, simultaneously; however, further research is required to
estimate the rate of protein adsorption at each interface. Because the surface area of 8l droplets
at water/solid contact is twice that of 1ul and tripled for 27ul, the same factors apply to the
water/air interface. Although the freezing rate data to some extend coincides with these factors,
the temperature gradient inside the droplets, particularly for bigger droplets, may significantly

impact the freezing rate, as will be explored in depth in Chapter 4.

3.3.5. Parameters of Classical Nucleation Theory (CNT)
Isothermal freezing measurements of monomers, dimers, and clusters have shown that the

formation of ice nuclei by these biomolecules is a stochastic process. To determine the CNT
parameters, the mean freezing rates previously obtained from experiments at different
supercooling temperatures and concentrations were normalised by the number of proteins in a
droplet. The nucleation rate as a function of temperature was then determined by fitting the

normalised data to the following equation:

Log(Jer) = log(Jo) — — (3-5)

T (T—Tm)?

where log( J,) is the logarithm of the kinetic prefactor, T, is the melting temperature, T is the
temperature and 7 is a constant that contributes to the free energy barrier for ice nucleation.
By evaluating 1 and J,, the shape factor (f(6) = 1/1rom) can also be calculated giving that
the homogenous 7y,,,, equals 1.35 X 107 K3, which is calculated by:

__16myp, A

Nhom = 3kp Hrzn (3 - 6)

where kgis Boltzmann constant, y;,, is surface free energy between ice and water (0.025 J/m?)
and H,, is the heat of fusion of water (334 x10° J/m?). As discussed in Chapter 1, the shape
factor ranges from 0 tol, and determines the percentage decrease in the homogeneous free

energy barrier.
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Figure 3-12: Ice nucleation rates derived from isothermal measurements of clusters, dimers
and monomers of Apoferritin are presented as nucleation events per protein per unit time
as a function of temperature. The data were fitted to CNT equation (3-5).

The nucleation rate as a function of temperature for Apoferritin clusters, dimers and monomers

is shown in figure (3-12). All the linear log (%) plots that were considered for the figure are

provided in Appendix A. The freezing rates at temperatures ranging from —25 to —29 °C where
dimers and monomers gave nearly the same values were regarded to be the freezing rates of
clusters (shown in green) and where dimers and monomers gave different values, these are
shown in orange and blue. The freezing rates of dimers in figure (3-12) were obtained by
subtracting the experimental freezing rates of monomers. Moreover, the fitting lines in figure
(3-12) have different gradients which is evidence that they are associated with different INP
populations, clusters, dimers and monomers. The CNT fit to each set of points has only two
free parameters, J, and 7. The CNT parameters obtained from the fitting are summarized in

table 3-3.
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Table 3-3: The calculated parameters from classical nucleation theory. 1 [K?] a constant that
contributes to the free energy barrier, J, [(ug.s)™'] the kinetic prefactor, f(0) the shape factor.

Apoferritin component n [K3] Jo [(ng -s)™1] f(9)
Monomer 8.39+0.07 x 10° 1038%0.23 0.62 £ 0.005
Dimer 6.95 +0.04 x 10° 1035%016 0.52+0.003
Cluster 8.33+0.03 x 10° 1055+0.02 0.06 £0.0001

Apoferritin clusters were the most effective ice nucleating agents at higher temperatures due
to their shape, complexity and size [158]. Their n, is 8.33 x 10> K3, while for the dimer, the
simplest aggregate form of Apoferritin is 6.95 X 10° K3. Finally, the monomer is the least
effective ice nucleator because it is the simplest Apoferritin form and n is 8.39 x 10° K3. The
shape factor values show that the contact angle between the critical ice nucleus and the protein
surface is greatest for monomers and smallest for clusters. J, values suggest that the number of
ice nucleation events by the monomer is 1038 (ug. s)~! while for the dimer it is 103°(ug.s)™?!
and for clusters has the fewest 10%>° (ug.s)™!. The many orders magnitude difference
between J, for the clusters and for the dimers or monomers is mainly due to there being so few

clusters.

The obtained CNT parameters are strongly consistent with the previous hypothesis that the
freezing, particularly at higher temperatures, is dominated by a small number of highly efficient
INPs (clusters), whereas at lower temperatures a large number of less efficient INPs (dimers or
monomers) start dominating the freezing. In another word, clusters are a rarer species than
dimers and monomers which are the abundant form of Apoferritin. It is evident that the
difference between the monomer and the dimer could be resolved from isothermal
measurements, as opposed to the constant cooling rate method, which increased measurement
uncertainty and made it difficult to resolve these parameters; monomers and dimers will give

nearly identical values.
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Furthermore, the derived CNT parameters for Apoferritin subforms, clusters, dimers, and
monomers imply that there are properties associated with the protein such as size and
topography that determine the ice nucleation efficiency. For example, one reason that could
explain the high efficiency of Apoferritin clusters compared to its lower subforms can be
attributed to their larger size. The larger size of the INP could result in a higher likelihood of
ice nucleation by the particle, due to the greater surface area exposed to water. Also, a common
characteristic of INP clusters or aggregates is the intricate shape complexity that emerges from
the arrangement and packing of particles. C. Marcolli et al. have established a framework to
investigate the governing properties behind the efficiency of soot aggregates in ice nucleation
[112]. Ice nucleation on the surfaces of soot aggregates occurs through pore condensation
followed by freezing. Capillary condensation mechanisms lead to the uptake of water by pores
and cavities, creating confined water within these nanofeatures of the surface. The size and
shape of these pores critically influence the efficiency of aggregate INPs. Moreover, the
interaction between the particle and water, as determined by the contact angle, is an important
factor related to the surface chemistry of the INP [159]. In the same study by C. Marcolli, two
types of pores were studied: triangular pores (formed between three overlapped spherical
particles) and square pores (formed between four overlapped spherical particles), which are
common types of pores in tetrahedral and cubic packing arrangements. One crucial observation
suggested that an efficient pore should have a balance between being compact enough to
confine water and spacious enough to facilitate the formation of an ice nucleus. Additionally,
the size of the pore depends on the diameter of the primary particle. High surface wettability,
as indicated by a small contact angle, is an important parameter as it enables water to access
small, narrow, and confined spaces such as pores and cavities. In the context of pores formed
between curved surfaces, the ice initiation point occurs at the junction which is the narrowest
part of the pore where curvatures meet, also known as the neck. Therefore, regions such as
necks and joints can be regarded as active sites for nucleation. The study found that the ice
growth of the soot triangular ring pore was limited, whereas the square ring pore was limited
by capillary condensation. However, when the surface hydrophobicity of the soot aggregates

increased, these limitations were minimized.

Apoferritin clusters and oligomers contain nanosized pores and voids due to monomeric
overlap. This overlap gives rise to necks and junctions, serving as sites where ice nucleation
commences. Thus, ice nucleation likely initiates at the narrowest points of these regions either

at the exposed necks and joints where free water is present or within the confined water trapped
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inside the pores and voids. This implies that the pores and voids of Apoferritin meet the
requirements of achieving an optimal balance in size, facilitating both water confinement and
ice nucleus accommodation, along with the contact angle between the surface and water. Also,
the number of voids and junctions that the Apoferritin cluster/aggregate has contributes to its
ice nucleation efficiency. These distinctive characteristics of Apoferritin clusters/aggregates

may play a role in reducing the energy barrier.

Apoferritin dimers consist of a single junction between two monomeric cages. This nanosized
junction confines water thus triggers freezing in those regions. This junction has been referred
to a conical pore in certain studies [160,161], where ice formation initiates at the narrowest
point and results in an ice ring forming between the two cages [112]. However, the critical ice
ring's dimensions are influenced by the primary particle's diameter, the contact angle governing
surface wettability, and notably, the angle of the formed pore that dictates the conical pore's
diameter. Investigating the impact of these parameters on the immersion freezing ice nucleation
efficiency of a simple structure like Apoferritin dimers could yield interesting insights.
Nevertheless, this junction or conical pore serves as an active site for dimers, enhancing their

performance as INPs compared to single monomeric cages lacking pores or cavities.

Single Apoferritin monomers were found to be the least efficient subform of Apoferritin. This
suggests that spherical or curved INPs are less efficient than porous or complex INPs. The
efficiency of curved surfaces is highly dependent on the particle's diameter and the surface
chemistry, which is determined by the contact angle with the critical ice nucleus. This
relationship is described in Chapter 1 using Fletcher’s shape factor equation (1-20). Hence,
spherical or curved surfaces of nanoscale size are likely to be inefficient ice-nucleating
particles. Considering that Apoferritin is the predominant subform and its freezing efficiency
exhibits weak dependence on specific surface features for water confinement, as evident in
clusters and dimers, it offers a valuable model for investigating the influence of modifications
in particle surface chemistry on ice nucleation efficiency and contact angle in immersion

freezing mode, without external interference from other surface attributes in the outcomes.

78



3. ISOTHERMAL MEASUREMENTS

3.4. Conclusion

In contrast to the constant cooling rate approach, isothermal measurements have been shown
to be an efficient and direct way for determining the ice nucleation rate of Apoferritin
subcomponents. We have shown that at higher temperatures, the rate of freezing by monomers
and dimers is essentially the same, and this is attributed to the presence of rare protein clusters
that dominate the freezing, resulting in a nonlinear curve. At lower temperatures, monomers
and dimers start dominating the freezing with distinct freezing rates, resulting in a linear curve.
In addition, the freezing rate is proportional to the concentrations of monomers and dimers.
Moreover, the same number of monomers in various droplet volumes yields a varied freezing
rate. However, the non-uniform temperature inside the larger droplets could also be responsible
for the observed slow freezing rate as will be discussed in depth in Chapter 4. We also obtained
plausible classical nucleation theory parameters that indicated that Apoferritin clusters are rare
INPs yet effective enough to dominate freezing at higher temperatures, whereas dimers were

found to be more efficient than monomers.
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4. SIMULATION OF DROPLET’S INNER TEMPERATURE

4.1. Introduction

The vast majority of ice nucleation measurements centre on the characteristics and efficiency
of the nucleating agent. When evaluating the freezing rate of water droplets, the thermal
properties of water droplets are rarely addressed and are often largely neglected. Nevertheless,
there have been a number of studies on the effect of solid surface wettability on the freezing
time of water droplets and the time needed for an ice front to evolve and freeze completely
[162—-164]. The effect of droplet volume and solid substrate wettability on the inner
temperature of droplets and its correlation with their freezing rate has not been investigated in
ice nucleation experiments. This gap exists because most experiments use slow cooling rates,
which is not necessarily appropriate for isothermal measurements. Furthermore, the effects of
volume and surface wettability may not be observable in experiments conducted with slow
cooling rates. Here, we apply a finite element model to understand the significance of the non-
uniform temperature gradient inside static water droplets of different volume and contact angle,
as well as to predict the delay time for achieving a uniform inner temperature. The results will
be used to interpret unfrozen fraction data for Apoferritin monomers, water, and buffer using
an isothermal freezing approach. Later, the impact of other experimental factors such as oil and

non-ionic surfactant on the freezing rate will be demonstrated.

4.2. Sample Preparation and Methods

The methods and sample preparation are described in Chapter 3. Figure (4-1) depicts a

configuration of droplet arrays as utilised in the experiment.

4.2.1. Hydrophobic Coating of Silicon Substrates
Silicon substrates used for droplet assays were sprayed with commercial hydrophobic spray

(Crep Protect - Rain & Stain Waterproof Protector Nano Protection), and treated in an oven at

90 — 120 °C for an hour.
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4.2.2. Droplets Detection

The unfrozen droplets were detected using YOLOVS algorithm via the Pytorch framework.

The object detection algorithm YOLO, which stands for "You Only Look Once,"

splits images

into multiple small grids or cells and the detection of an object proceeds in each individual cell

[165,166]. Glenn Jocher published the algorithm in 2020, and it is open-source code that is

available on GitHub here: https://github.com/ultralytics/yolov5. The algorithm was trained on

100s of images of droplets to recognise the unfrozen ones, including droplets in the image's

corners as shown in figure (4-1) and the labels give the confidence (with a confidence level of

> 0.90) that a droplet is unfrozen.

Unfrozen 0.90
Unfrozen 0.96 Unfrozen (o) 9I7Q;

Unfrozen 0.96 Unfrozen 0.96

Unfrozen 0.96
Unfrozen 0.96

Unfrozen 0.97 B < >
Unfrozen 0.97 ! /f’ ) /‘

Unfrozen 0.88 Unfrozen 0.90

Unfrozen 0.96
Unfrozen 0.96

Unfrozen 0.97 Unfrozen e

£

Unfrozen 0.96 Unfrozen 0.95 Unfrozen

Unfrozen 0.96

Unfrozen 0.97'. '}

Unfrozen 0.96
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Unfrozen 0.96

Unfrozen 0.97

Unfrozen 0.96

Figure 4-1: Images of droplet arrays with volumes of 1, 8, and 27 pl on silicon substrates given a
hydrophobic coating. The background that the coated silicon substrate displays appears to be a
condensation of droplets, but it is only the texture of the hydrophobic coating; the circular pattern
seen on the unfrozen droplets is the reflection of the lighting system.
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4.3. Results and Discussion

4.3.1. Freezing Rate Increasing with Time

So far, the time-dependent freezing rates of droplets addressed in Chapter 3 were mostly
associated with the characteristics and distribution of nucleating agents, such as Apoferritin
proteins. As was covered in the preceding Chapter, a plot of the logarithm of the unfrozen
fraction associated with a nucleating agent in an isothermal experiment is generally either a
straight line or a smooth curve with decreasing gradient. However, these are not the only two
profiles observed in time-dependent measurements; a third case has occasionally been
observed where the freezing rate seemed to rise with time [145]. Different volume droplets (1,

8, and 27 pl) with the same monomer concentration (0.82 mg/ml) can show this behaviour,
(figure (4-2)), as can water droplets of 8ul with no deliberate addition of nucleating agents

(figure (4-3)). For some materials, such as alkanes this has been attributed to surface
crystallisation [2].

(a) (b) (©
. . . ' . . . . . . . . . .
0.0 1l droplets of 0.82 mg/ml | ¢ g9l 8ul droplets of 0.82 mg/ml | g ol B 27ul droplets of 0.82 mg/ml ||
@ (-25°0) @ (-25°C) — @ (-25°C)
A (-26°) A (-26°C) %AAA 0. A (-26°C)
| (-27°0) | (-27°0) ®g. B (-27°0)
_0.25F -0.2f e
v (-28%) - v (-28%) N ..
A (N
-0.5F ‘ 5 L '\I ﬁA .\0
A —0.4 \ @
-0.50F ‘ A «
\ %A \ LAA \ A Q
IRt % \ » .
>
2 %A ® (AN —o.6 \ A A
= ] SRy, |-075f *-\ A \ 8 4 o,
~ _1.L ] . o ) A
Z-10 ' m A N v oA % | o
= 5] ~ | A —-0.8 \ A
> vV om %A ~1.00f ¥ s X R
o \ : '3 ® m A ‘
w v A v . i .
\ A ' * A ‘e -1.0 ! A ®
—1st v A 1 \ \ B \
. 125} Ve , @ 7 \
\
" : m \,\ w2 4 \.\
A .
v A -1.50 ° \
v \ =
= -14f
2.0 °®
A
A -1.75} = E °
0 5 10 15 20 25 0 5 10 15 20 0 2 2 6 8 012 17
Time (sec) Time (sec)

Time (sec)
Figure 4-2: Log of unfrozen fraction of different volume droplets (1, 8, 27 pl) with the same
concentration of Apoferritin monomer (0.82 mg/ml) measured as a function of time at different cooling
temperatures. The droplets were deposited on substrates given a hydrophobic coating. Note that in all

but one case the gradient (freezing rate) increases with time. Equation (4-1) was used to fit the curves
in (a, b, ¢).

However, the explanation of such curves observed here for protein solutions and water, could

be different, especially given the fact that their unfrozen fraction data had previously been seen
to show a constant or decreasing gradient.
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Figure 4-3: Data for 8 pl water droplets on a hydrophobic surface show that the
gradient of the log of the unfrozen fraction (freezing rate) increases with time as also
observed for Apoferritin monomer solutions (figure 4-2). Initial freezing rate R; and
a were determined by fitting the curves to equation (4-1).

The curves were fit using the Gompertz equation [145]:

Vg _ exp ([%] [1—exp(a t)]) 4-1

Ntot

where R; is the initial freezing rate and « is an indicator that quantifies whether the freezing
rate increases or decreases over time. If @ > 0, R; increases with time, whereas if a < 0,
R; decreases with time, and in this case, R; and a can be determined using the fitting methods
discussed previously in Chapter 3. R; and a were calculated for water and monomer solutions
using equation (4-1), and their results are shown in figure (4-3) and (4-4). The rates of freezing
increase systematically with decreasing temperature as do the @ values.

Although equation (4-1) is mathematically useful in quantifying and describing this type of

unfrozen fraction curve, it does not explain the physical reason for the increasing freezing rate,
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Figure 4-4: Unfrozen fraction data for 1,8 and 27 pl droplets of 0.82 mg/ml monomers at
—25 °C. The data are a subset of those shown in figure 4-2. Initial freezing rate R; and «
were determined by fitting the curves to equation (4-1). It is immediately apparent that the
freezing rate of 27 pl droplets increases with time more than that of 1ul and 8ul droplets.
Indeed, the data for 1ul show a nearly constant freezing rate.

particularly whether it is related to the nucleation mechanism or another factor such as the
droplet volume. The only difference between these experiments and those in Chapter 3 is that
the hydrophobicity of the substrates was increased, resulting in a greater contact angle between
the droplets and the substrate. In light of the fact that Apoferritin monomers have previously
shown a constant or decreasing freezing rate, the increasing freezing rates seen here are
probably not attributable to the ice nucleating agent, but rather to the droplet size and its contact
angle with the substrate. The droplet volume and contact angle influence the temperature
distribution inside the droplet while it cools, which in turn could affect the apparent freezing
rate. To establish whether this is a likely explanation, the temperature profile inside the droplet
volume should be simulated by heat transfer modelling, which was done using the finite

element method described in the next section.
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4.3.2. Modelling the Temperature Distribution Inside a Cooled Water Droplet

In experimental studies of ice nucleation, particularly immersion freezing experiments, the rate
at which droplets freeze is generally explained by the nucleating agent's ability to nucleate ice.
Although this is usually correct, there are situations in which it is important to consider the

physics of heat transfer in cooled droplets, as shown previously in figure (4-2) and (4-3).

Cooling a droplet from a high temperature, such as room temperature, to a low temperature
below the melting point of water may lead to a non-uniform interior temperature because of
how heat is removed. Factors such as the volume, contact angle between droplet and substrate
and the cooling rate determine the time needed to achieve a homogeneous temperature across
the droplet. Until this time is reached, some regions inside the droplet may be colder or warmer
than others, which may cause a variation in the local nucleation rate and therefore also in the

mean nucleation rate that determines the freezing rate of the droplets.

Figure (4-5) illustrates a model example of the temperature distribution inside a droplet; the
temperature is non-uniform at this low temperature; a sufficient delay time is required to
achieve a uniform temperature throughout the droplet. Understanding how the size of the
droplet, the wettability of the solid surface in contact with it and the cooling rate affect the
inner temperature is crucial also to exclude the possibility that non-uniform temperatures affect
the measured immersion freezing rates. A simple simulation of the heat balance inside a droplet
of given volume and contact angle will be used in the next section to further investigate the

temperature distribution inside a droplet.
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°C

-25

Figure 4-5: Modelling of temperature lag inside a water droplet at —25 °C and 7= 1.5 sec.
The calculation demonstrates that the temperature is not uniform across the whole droplet
volume, since the lower region (dark blue) is colder than the upper region (red). The scale
bar on the right indicates the temperature values inside the droplet, whilst the cartesian

axes display the droplet's size in three dimensions.

1) Simulation of Static Water Droplet
COMSOL Multiphysics software was used to simulate the cooling of a static water droplet of
various sizes and contact angles. Water is known to be an isotropic fluid whose physical and
thermal characteristics stay constant in all three cartesian coordinates. Here, we perform the
simulation using a spherical cap water droplet shape. For cooling, the heat transfer boundary
conditions were determined by setting the bottom of the droplet to the programmed substrate
temperature. In addition, it was presumed that the water/air interface was thermally insulating
since air is a poor heat conductor. Internal convection inside the droplet was ignored as the
thermal capillary flow in a cooled droplet is weak because the direction of the temperature
gradient goes against buoyancy and the viscosity increases [162]. The profile of the
temperature field inside a water droplet was obtained by solving the heat conduction equation

as a function of time using the finite element method on the COMSOL-heat transfer platform.

The heat equation formula is:
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d aT d aT d aT aT
3 (ko 50) + 55 (ko) + 5 (ko 3) = pot 5 (4-2)
It can be simplified to:

ar
k, VT = PwCp oy (4-3)

where k,, is the thermal conductivity of water, p,, the density, ¢, the heat capacity at constant
pressure and T is the temperature. The fundamental thermal parameters for water were obtained
from COMSOL's built-in material's physics properties. Table 4-1 highlights the key water
properties used in the simulation. The droplet was cooled from ambient temperature

T, = 18°C at t, = 0 and kept for 60 seconds at three different supercooling temperatures

(=25, — 30, — 38 °C).

Table 4-1: Key parameters used in modelling the inner temperature profile of static water
droplet.

Variable Value Water property
Puw 997 kg/m?3 Density
Cp 4179 ]/(kg.K) Heat capacity at constant pressure
k, 0.613 W/(m.K) Thermal conductivity
L, 333.5kJ/K Latent heat
T, 18°C Ambient temperature
T 0°C Melting temperature
T, —25, —30, —38 °C Programmed temperatures
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\
s

Figure 4-6: A diagram demonstrating the fundamental simulation parameters that govern the water
droplet's geometrical shape. Equations (4-4) and (4-5) employ and define these parameters.

For each 0.1 second time step, the droplet's internal temperature was solved and recorded. The
simulation was carried out using three different droplet volumes, 1, 8, and 27 pl. When it comes
to modelling a static water droplet, the most basic geometrical shape that can be used is a
simple spherical cap shape having the geometry shown in figure (4-6) and described by the

following parameters [163]:

Rq

Ta = sin @ (4 B 4)
__ R4z(1-cos8) _
hd - sin @ (4 5)

where 1,; is the spherical cap's radius of curvature, Ry is the radius of the water/solid contact
area, h, is the hight of the spherical cap and 8 is the contact angle (CA) which depends on the

wettability of the solid surface.
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1) Volume and Contact Angle's Effects on a Droplet's Internal Temperature
To understand the impact of the contact angle (CA) on the shape of a droplet deposited on a
solid surface, we can plot the droplet height (h,;) using equation (4-5) against different droplet
radii (R,). This allows us to observe the relationship between the contact angle and the droplet's
shape (see figure 4-7). The height of the droplet, h,, is proportional to CA, provided that if the
wettability is high, the volume fraction in contact with the solid surface will decrease. This
should be the case for all droplet sizes, since the wettability of the surface in contact with the
droplet is distinctive of that surface. Moreover, the ratio (h;/2R;) increases as wettability
decreases. In the majority of ice nucleation experiments of immersion freezing, the droplets

are deposited on a solid substrate with a certain wettability.
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Figure 4-7: The relationship between a solid surface's wettability and the height of a
droplet's spherical cap for three different radii. When the wettability is decreased, the
contact angle of the droplet and its height increase, resulting in the ratio (hy/2R,) to
likewise increase. As a consequence, more cooling time is required for the droplet to
attain a uniform inner temperature.
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In this case, heat transfer will only take place at the liquid/solid contact area of the droplets.
Assuming that water is an isotropic material, if the ratio (hy/2Ry) is large due to CA,
it indicates that for a droplet's whole volume to be at the same temperature, a longer delay time
is required than if the ratio (hy;/2Ry) is small, moreover the delay time increases as the

droplet's size increases.

Figure (4-8) depicts snapshots of the temperature contour inside water droplets of 1l size at t
= 0.5 second using equation (4-2) in COMSOL for different CAs, see Appendix B for 8 and
27ul droplets. The starting temperature of the droplet was 18 °C, and the substrate temperature
was set directly to the programmed value, in this case —25°C; thus, the simulation here did not
account for the time taken by the substrate to reach this temperature from room temperature,
the effect of cooling rate will be discussed in the next section. The temperature contours inside
the droplet were different for each CA case, the temperature of the lowest level of the droplet's
volume drops to —25 °C faster than the temperature of the highest level. Since the temperature
difference between the lowest and highest level in the droplets greatly depends on the
wettability, the difference at 90° CA was in the range of = 0.5 °C, whereas at 140° CA the
difference has increased to approximately 14 °C. A comparison of the inner temperature as a
function of the delay time taken to acquire a uniform temperature across the droplet volume at
—25 °C is shown in figure (4-9) for three different droplet volumes 1, 8 and 27 ul. The inner
temperature profiles depicted in the figure were captured when 90% of the droplet's volume
reached a temperature within + 0.1°C of the programmed temperature. The red dots in figure

(4-8) represent specific temperature points that exemplify this criterion.
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Figure 4-8: Simulation of the temperature profile inside a droplet of 1pl size at a temperature of —25 °C
and contact angles of 90, 120, and 140°, respectively. At t = 0.5 seconds, the model predicts that the
temperature difference between the lowest and highest levels of the droplet for 90° CA was in the range of
10.5 °C, but for 120° and 140°, the temperature difference was 8 and 14 °C, respectively. This difference in
temperature increases as the droplet's diameter increases for the same time and CA.

91

°C

-16.9

-17.56

-18.91

-20.26

-21.62

-22.97

-24.32

-25



4. SIMULATION OF DROPLET’S INNER TEMPERATURE
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Figure 4-9: The inner temperature profiles as a function of time for 1, 8 and 27 pl droplets at various
contact angles are measured at the red dots in figures (4-8), (B-1) and (B-2). It is evident that the delay
time to obtain a uniform temperature inside a droplet is significantly dependent on the size of the
droplet and the wettability of the solid surface. Smaller droplets approach a uniform interior
temperature within ~2 seconds, whereas bigger droplets need ~10 to ~20 seconds. The initial ambient
temperature of all droplets is 18 °C, and their substrate temperature is set to —25 °C.

The delay time increases as droplet size and solid surface hydrophobicity increase, and the
correlation between these two factors and the delay time can be seen in figure (4-10). This
correlation was obtained for three cooling temperatures, and the delay time was taken to be

when 90% of the droplet's volume was within + 0.1°C of the kept temperature.
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Figure 4-10: The correlation between the uniform temperature delay time and the contact angle for various
cooling temperatures. The delay time is linearly proportional to CA when 90% of the droplet volume has a

uniform inner temperature.

Table 4-2 provides a summary of the linear equations that resulted from fitting the respective

droplet volume data. It can be concluded that for every 1° contact angle, the model predicts

that the delay time will increase in proportion to the volume of the droplet. Figure (4-10) clearly

illustrates a direct correlation between delay time and CA, linear fittings indicate that the delay

time in seconds increases by a factor of 4 when the droplet volume is increased by a factor of

8, and increases by a factor of 10 when the droplet volume is increased by a factor of 27. This

result could be used to explain the unfrozen fraction data for Apoferritin monomers and water

that were presented in section (4.3.1).

Table 4-2: Straight line equations of the delay time [t] and goodness of fit [R?] for figure (4-

10).
Programmed Volume of the Droplet
Temperature Tul 8ul 27ul
t=0.0150-0.69 t=0.070-4.23 t=0.160-9.6
-25°C
R*=0.99 R*=0.99 R*=0.99
t=0.0180-1.03 t=0.0720-4.32 t=0.170-10.37
=30 °C
R*=0.99 R*=0.99 R*=0.99
t=0.0190-1.14 t=0.0750-4.48 t=0.180-11.11
=38 °C
R*=0.99 R*=0.99 R*=0.99
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4. SIMULATION OF DROPLET’S INNER TEMPERATURE

ii1)  Effect of Cooling Rate on the Inner Temperature of a Droplet
We also simulated the effect of the cooling rate on the inner temperature of droplets with

varying volumes and CAs. The cooling rate can be given by:

[To-T]

Cooling rate =
At

(4-06)

where T, is the ambient temperature which is 18 °C, T is the programmed temperature and At
is the set time which is the time it takes to reach the programmed temperature from the ambient

temperature.
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Figure 4-11: The inner temperature of 1, 8, and 27 pl droplets for 90° and 140° CAs at 50 and 100 °C/min cooling
rates. The dashed line represents the calculated At necessary to reach the programmed temperature of —25 °C.
Insets show zoomed views.
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4. SIMULATION OF DROPLET’S INNER TEMPERATURE

Equation (4-6) was used in order to determine the value of At that corresponds to a given
cooling rate value in the simulation. Figure (4-11) shows examples of the inner temperature
gradients inside 1,8, and 27 pl droplets when the programmed temperature was —25 °C at two
different CAs and cooling rates. Figure (4-12) summarizes the time for 90% of the droplet to
reach —25 °C at contact angles of 90° and 140°. The plots show that when using a cooling rate,
in general, the time necessary to attain a uniform temperature inside a droplet decreases,
especially for low CAs, as compared to no prior cooling in the previous section. When droplets
of varying volumes are cooled slowly using a slow cooling rate, they reach a uniform inner
temperature at the programmed temperature (—25 °C). However, when a rapid cooling rate is
employed, the inner temperature becomes non-uniform at —25 °C, necessitating additional time
to reach equilibrium. As a result, small droplets, such as 1ul, mostly reach a uniform inner
temperature at different cooling rates and CAs at the set time, as compared to large droplets,
such as 27ul, where the inner temperature is significantly influenced by the cooling rate and
CAs and is not uniform at the set time, therefore slow cooling rates are preferable for cooling
larger droplets. This is consistent with the simulation findings for droplets without prior cooling

as discussed in section (ii).
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Figure 4-12: The time required for 90% of a droplet to reach the programmed temperature ( —25 °C) as a
function of cooling rate for 1, 8, 27 ul droplets at (a) 90° and (b) 140° CAs. Each dot represents the calculated
At value that corresponds to a given cooling rate. The insets show zoomed-in views.
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4. SIMULATION OF DROPLET’S INNER TEMPERATURE

It is important that the cooling instrument used in the experiments reach the programmed
temperature at the corresponding time At for a given cooling rate as determined by the equation
(4-6), since this affects the accuracy of the data obtained. Figure (4-13) shows the temperature
profile of our experimental cooling system (the temperature recorded by the cooling stage
thermocouple) at a cooling rate of 50 °C/min to reach —25 °C and an ambient temperature of

18 °C.
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Figure 4-13: Temperature profile of the cooling system used. The cooling rate was
50 °C/min, the ambient temperature was 18 °C and the programmed temperature
was —25 °C. The dashed line is the calculated At.
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4. SIMULATION OF DROPLET’S INNER TEMPERATURE

1v)  Validation of the Simulation Model for the Freezing Rate of Water and
Monomers
The previously reported increasing freezing rates of water and monomers with time may be
interpreted in light of the simulation findings. Since the 1, 8, 27 ul droplets used in the time-
dependent measurements on hydrophobic silicon substrates had contact angles of ~120° for
water and ~110° for monomers due to proteins also lowering the contact angle on surfaces. The
delay time was determined using the appropriate equations from table 4-2 and eliminated from
the unfrozen fraction data for water and monomers in figures (4-3) and (4-4). The logarithm of
the unfrozen fraction obtained after this correction was fitted to a straight line to estimate the

freezing rate, as shown in figures (4-14) for monomers and figure (4-15) for water.
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Figure 4-14: Logarithm of the unfrozen fraction data of figure (4-4) for 0.82 mg/ml
Apoferritin monomers after eliminating points prior to the delay time needed to obtain
near-uniform inner temperature. The data clearly illustrate that the freezing rate of
monomers is linear and increases as the volume of droplets increases. Additionally, the
slopes and goodness of fit R? are determined.
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Figure 4-15: Logarithm of unfrozen fraction data of data of figure (4-3) for water
after eliminating points prior to the delay time needed to obtain near-uniform inner
temperature. The freezing rates are linear over time and increase when the
temperature is lowered. The legend shows slopes and the goodness of fit.

The final results demonstrate that the freezing rate is nearly linear for both water and
monomers. Therefore, the apparent increase in the freezing rate is really due to the delay in
reaching uniform temperature inside the droplets owing to the influence of volume and high
contact angles, as previously predicted by the COMSOL model. Although the droplets were
cooled at a rate of 50 °C/min, which should have a greater impact on larger than smaller
droplets, some of the curves, particularly for the 1ul droplets in figure (4-2) at lower
temperatures, appear to require a longer delay time at the beginning than the 1 to 2 seconds
calculated by the model. This can be attributed to the COMSOL simulation not including the
thermal conductivity of the hydrophobic silicon substrate, since the temperature of the bottom
surface of the droplet was set to the programmed temperature at + = 0. The poor thermal
conductivity of the hydrophobic coating could contribute to an extended delay time. This
extended delay time may also be noticed in suspended nanolitre droplets, particularly in oil
with poor thermal conductivity, which may amplify this effect on the droplet, since their

temperature may deviate from the target temperature reported by the cooling device. For
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4. SIMULATION OF DROPLET’S INNER TEMPERATURE

instance, if the programmed temperature is —30 °C, it does not necessarily indicate that the
temperature of the oil medium is immediately also —30 °C, which may cause the freezing rate
of droplets to increase due to the continuing cooling effect despite their small size. This also

applies to levitated droplets in air due to its poor thermal conductivity [169].

The effect of the non-uniform inner temperature on the unfrozen fraction data does not always
result in an increasing gradient; there are cases in which the unfrozen fraction is nearly linear
for different droplet volumes, such as the 2 and 16 pl buffer droplets shown in figure (4-16).
Even though the 1 pl and 16 pl droplets have the same contact angle and are cooled at the same
rate, the impact of the inner temperature on the freezing rate differs between them when the
programmed temperature is lowered. The freezing rate of larger droplets shows a less
systematic increase, while the freezing rate of smaller droplets demonstrates a more systematic

and predictable increase.
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Figure 4-16: Data for two different volumes of buffer droplets at varying cooling temperatures,
demonstrating a linear freezing rate. (a) demonstrates that the freezing rate of 2pl droplets increases
systematically with decreasing temperature due to the short delay time necessary to establish a
uniform interior temperature; hence, they are very sensitive to even the slightest temperature
changes. (b) The freezing rate of 16pl droplets increases slowly with a decrease in temperature, and
the increase is less systematic than that of 2ul droplets mainly as a result of their larger volume, which
requires a longer delay time to achieve the desired temperature.
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4. SIMULATION OF DROPLET’S INNER TEMPERATURE

Figure (4-17) depicts another instance of freezing rate influenced by two different surface
wettabilities (i.e. 90° and 110°) for Apoferritin monomer droplets. It strongly coincides with
the simulation finding that when the contact angle between the droplet and the surface rises
when the cooling rate is relatively high, the droplet is more susceptible to the non-uniform
inner temperature effect, which delays its freezing. Both the 1l and 8ul droplet freezing rates
decrease at low surface wettability (hydrophobic surface) and increased at high wettability
(hydrophilic surface) when they cooled at the same rate (50 °C/min). The change in freezing
rate was more pronounced for small droplets than for larger ones. This is because, as the droplet
volume increases, they experience a greater non-uniform inner temperature effect, leading to a
decrease in the freezing rate. In contrast, smaller droplets, acting as miniature temperature
sensors, are less affected by this inner temperature impact, resulting in a more sensitive and

increasing freezing rate.
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Figure 4-17: Comparison of the effect of surface wettability on monomer droplets of 1ul and 8pl size
when cooled at a rate of 50 °C/min. (a) The freezing rate of 1 pl droplets reduces when the wettability
decreases and the contact angle is increased from 90° to 110°, and the same holds true for 8 pl droplets
in (b), confirming the simulated association between delay time and contact angle at high cooling rate.
As seen here, however, the degree of variation in freezing rate is highly dependent on droplet size.
When the contact angle was reduced from 110° to 90°, there was a greater increase in the freezing rate
of 1pul droplets compared to 8ul droplets.
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4. SIMULATION OF DROPLET’S INNER TEMPERATURE

In freeze-thaw ice nucleation experiments, the influence of the contact angle has also been
detected. We observed that when a cooled droplet freezes, its volume grows and its shape alters,
thus the contact angle changes and lowers when the droplet is thawed in comparison to its
original CA before freezing. It was observed from the captured images that the droplet diameter
increases slightly as the number of freezing-thawing cycles increases. This effect increases
their freezing rate and could be mistakenly credited to the nucleation agent itself as having
changed significantly. An example is shown in (figure 4-18). Although it could be argued that
the increase in freezing rate is due to the accumulation of dust over time, the droplets were
frozen in a well-sealed chamber during the experiments, and the number of frozen droplets of
the 10" freeze-thaw cycle was nearly comparable to that of the initial sample. If the increase
in freezing rate were due to dust, a number of droplets would freeze at higher temperatures,

reducing the number of measured droplets.
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Figure 4-18: The influence of freeze-thaw cycles on the freezing rate of 1 pl droplets. The
freezing rate of 10"-time frozen droplets increases because the freezing alters the droplet's
shape, resulting in a reduction in the droplet's contact angle when it thaws. According to
the simulation, this leads the droplet to cool and freeze more quickly.
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4.3.3. Impact of an Oil Coating on the Rate of Freezing of a Droplet

One of the usual techniques used in immersion freezing measurements, primarily when
freezing nanolitre or picolitre droplets, is to cover them with an oil coating or inject them into
an oil medium, to form emulsions. The oil cover serves to prevent the rapid evaporation of
droplets over time. The impact of the oil on the freezing rate of droplets is rarely considered
and is often disregarded as a potential factor in ice nucleation. However, it is necessary to
examine the influence of oil on the freezing rate in order to distinguish its effect from that of

the investigated nucleating agent.

Figure (4-19) depicts 1ul droplets of Apoferritin monomers with a concentration of 0.6 mg/ml
coated with a paraffin oil layer to replace their water/air interface with a water/oil interface
during cooling. The freezing rate of droplets with a water/oil interface was clearly lower as
compared to droplets without an oil coating, which froze faster. The freezing rate of the oil
coated droplets increased consistently with decreasing temperature, like it does in the absence
of oil coating. Despite the fact that the oil coating on droplets reduces their freezing rate, it
does not appreciably affect the shape of the logarithm of unfrozen fraction curve; if it is linear,

it remains linear, and if it is a curve, it remains a curve.

Proteins have a higher affinity for adsorption at the water/oil interface than at the water/air
interface [152,170]. Although the process of protein adsorption is time dependent and requires
a longer time period when compared to the time scale of the freezing experiments, it is possible
that the oil-protein attraction could have some contribution to the freezing rate of the droplets.
In the case of emulsions or droplets completely surrounded by oil, the oil influence on their
freezing rate may increase over time due to the poor thermal conductivity of oil, which hinders
droplets and oil from reaching the temperature that the cooling device records, as mentioned

in the previous section.
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Figure 4-19: Freezing rates for paraffin oil-coated and uncoated droplets of Apoferritin monomers
(0.6 mg/ml). In comparison to uncoated droplets, the oil coating of the droplets reduces their freezing
rate over a range of low temperatures (a, b, ¢, d). The shape of the log unfrozen fraction of oil coated
droplets does not change, but rather shifts toward longer freezing times. Calculated slopes are given

when the log unfrozen fraction curve is linear.
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4.3.4. The Influence of Non-ionic Surfactants on the Freezing Rate of Monomers

Surfactants are surface-active molecules because of their ability to segregate at the interfaces
of aqueous solutions [171]. The general molecular structure is comprised of two major
components: a hydrophilic group, known as the head, and a hydrophobic group, known as the
tail. These two groups provide the surfactant molecule with the ability to interact with
molecules containing either hydrophobic or hydrophilic groups, making them amphiphilic. The
non-ionic surfactants Tween 20 and Tween 80 are neutrally charged molecules and are
members of the same surfactant family known as Polysorbates. The main difference between
Tween 20 and Tween 80 is that Tween 80 has a longer tail and, therefore, a greater molecular
mass. These two surfactants are frequently used to stabilise proteins and enhance their water
solubility. In addition, these molecules are non-invasive (do not alter or denature the protein)
and are utilised to reduce the development of protein aggregates in solutions [172]. Surfactant
molecules are capable of adsorption at both water/air and water/solid interfaces [171]. For
instance, when 1% v/v (8 M) of surfactant Tween 80 is added to buffer droplets, as shown in
figure (4-20), the droplet contact angle decreases rapidly compared to surfactant-free droplets
whose contact angle remains higher on the same solid surface. This is because Tween 80

decreases the surface tension of the buffer by adsorbing its molecules at the droplet's interfaces.

Figure 4-20: Contact angle of two buffer droplets, one without surfactant (left) of ~120°
and the other with Tween 80 (1 % v/v) (right) of =85°. The surfactant significantly
lowers the contact angle between the droplet and the substrate due to the strong
adsorption of Tween 80 molecules at the droplet interfaces, which decreases the surface
tension of the droplet dependent on the concentration of the surfactant in the liquid.

104



4. SIMULATION OF DROPLET’S INNER TEMPERATURE

To study the influence of surfactants on the freezing rate of proteins e.g. Apoferritin monomers,
0.7 uM of Tween 20 and Tween 80 was added to a 0.75 mg/ml solution of monomers. Since
the concentration of surfactant is low (below the micelle formation threshold), it does not
significantly alter the contact angle of the droplets relative to the surfactant-free droplets
however the viscosity of the surfactant-protein solution has reduced. Figure (4-21) presents
results for 1l droplets with and without surfactant containing the same amount of proteins.

The freezing rate decreases in the presence of surfactants.
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Figure 4-21: The rate of freezing of 0.75 mg/ml monomers droplets of 1ul size with
0.7 uM Tween 20 and Tween 80. Droplets with surfactants have a lower freezing
rate than droplets without surfactants.
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There are two possible explanations for this decrease in freezing rate: 1) the addition of
surfactant to the protein solution may have decreased the likelihood of protein clustering, which
are most often responsible for high freezing rates of monomer droplets, particularly in high
concentration proteins, such as 0.75 mg/ml, but, it's likely that such a process might take a lot
longer than the experiment's time scale. [158]. ii) Since proteins and surfactants both adsorb at
interfaces, they will compete to adsorb at the interfaces of the droplets. Surfactant molecules
will ultimately displace proteins at water/air and water/solid interfaces over time [171,173].
Either one of these two causes or both combined could contribute to the reduction in the
freezing rate of proteins when surfactants are present, in the case of explanation (ii) it indicates

that proteins adsorbed at the interfaces of the droplets play a crucial role in freezing.

4.4. Conclusion

The ice nucleating agent is not always responsible for the shape of the log-unfrozen fraction
curve. The volume of the droplet and the wettability of solid surface have a considerable impact
on the apparent rate of freezing. A finite element model was used to compute the needed delay
time for a static water droplet to achieve a uniform interior temperature as a function of the
contact angle and droplet volume. The simulation reveals a linear relationship between the

delay time taken to obtain uniform temperature and the contact angle of the droplets.

Moreover, the delay time increases with droplet size, resulting in a lower freezing rate for
bigger droplets compared to smaller ones. In addition, there is a significant relationship
between cooling rate, contact angle, and droplet volume that affects how uniform the
temperature is inside a droplet. Large droplet volumes with high contact angles need to be

cooled slowly to reach a uniform inner temperature.

Experimental data for water and Apoferritin monomers of varying droplet volume corroborate
the simulation prediction that when droplets are deposited on a substrate with low wettability,
the freezing rate will increase during the experiment due to the effect of a non-uniform
temperature inside the droplets, and this effect is amplified as droplet size increases. Based on
the simulation findings, points prior to the delay time were eliminated from log-unfrozen
fraction data, yielding a nearly linear log-unfrozen fraction.

There are other factors that influence the freezing rate of droplets, such as the fact that oil-

coated droplets freeze more slowly than uncoated droplets while maintaining the shape of the
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freezing curve. The addition of non-ionic surfactants, like Tween 20 and Tween 80, to a buffer
solution or protein solution will slow the freezing rate because they are surface-active
molecules that adsorb at the droplet interfaces and ultimately displace proteins. Surfactants are
also known to reduce protein aggregation and clustering. In conclusion, we demonstrated that
the isothermal freezing approach can be highly sensitive in detecting minor experimental

differences produced by sources other than the ice nucleation agent.
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5. ICE NUCLEATION BY DNA ORIGAMI

5.1. Introduction

In order to get a better understanding of the process of ice nucleation, in particular the
mechanism of critical nucleus formation on an INP surface, a number of studies have used a
wide variety of INPs, both organic and inorganic, that are present in the atmosphere as models

and examples.

However, ice nucleation is a surface process, which is influenced by INP surface characteristics
such as shape and size. It is difficult to study these variables by comparing materials of different
and random shapes and sizes. For instance, if we want to investigate how a particular site, such
as where two surfaces meet at an angle, enhances the effectiveness of the nucleation process,
it is difficult to identify a single INP where the required angle can be varied in a well-controlled

manncr.

Paul Rothemund developed the DNA origami technique used here, in 2006, which enables
nanostructures to be designed by folding single DNA strands using a scaffold and staples [174—
176]. Due to well-established protocols, DNA origami can be synthesised to build regular and
complex structures with a great degree of precision, including cubes, tubes, tiles, and various
more intricate and custom-made shapes [177-181]. These powerful properties of the DNA
origami method make the resulting nanostructures good candidates for studying heterogeneous
ice nucleation, especially in experiments where the geometry and surface properties of a single

nanoparticle species can be varied in a controlled way.
Here, we examine DNA origami tiles as a model for heterogeneous ice nucleation using the.

constant cooling rate and isothermal methods and interpret the findings using classical

nucleation theory (CNT).
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5.2. Method and Sample Preparation

5.2.1. DNA Origami Synthesis

To prepare DNA origami tiles, 100 nM of circular single-stranded DNA scaffolds (templates)
were extracted from bacteriophage M13mpl8; each scaffold has 2646 nucleotides. The
obtained scaffolds were then mixed with 200 nM of 32 nucleotide DNA short strands known
as staples. Well-folded DNA origami was produced using the DNA annealing process, which
involves heating a mixture of scaffolds and staples to 95 °C and then gradually cooling to 25
°C at a rate of 1 °C per minute in 10 mM Tris-HCL buffer (pH 8),12.5 mM MgCl, and 1mM
EDTA [176].

The DNA origami tiles were designed and synthesised by our University of Oxford
collaborators, Jonathan Bath and Andrew Turberfield [182—-187].

5.2.2. Sample Preparation for AFM Imaging

For good coverage, the DNA origami solution was diluted 10-fold with Tris-HCI buffer (pH
8) to a final concentration of 10 nM. On a freshly cleaved mica substrate, 20 pl droplets were
deposited and incubated for 10 - 15 minutes at room temperature. The substrate was then rinsed

with Milli-Q water multiple times. Finally, the substrate was dried with nitrogen gas and was

then ready for AFM imaging [176,188].

5.2.3. Droplet Assays and Freezing Experiments
The DNA origami frozen fraction as a function of temperature, the isothermal freezing rate,
and parameters from classical nucleation theory were determined using the same protocols and

data analysis methods as in previous chapters.
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5.3. Results and Discussion

5.3.1. DNA Origami Tiles

The Japanese term origami refers to the art of folding paper into many forms. DNA origami is
the process of folding a single long DNA strand into various desired nanostructures using
several short DNA strands. The long strand is referred to as the scaffold or the template,
whereas the short strand is referred to as the staple [175]. The process of DNA folding is
facilitated by the self-assembly of complementary base pairs of the strands. Each single strand
has a unique sequence of four DNA bases, adenine (A), cytosine (C), guanine (G), and thymine
(T), which pair with another strand of a complementary sequence such that (A) pairs with (T)
and (G) pairs with (C) to form double-stranded DNA, which is referred to as a helix because
of its resulting shape [175,188]. To generate a well-folded DNA origami tile, a combination of
scaffolds and staples is normally heated to a high temperature and subsequently cooled to room
temperature at a gradual cooling rate, a process known as DNA annealing. See figure (5-1) for

a synopsis of this procedure.

Circular single strand Short strands DNA origami tile
(scaffold) (staples)

Figure 5-1: The diagram illustrates the process of DNA origami folding by annealing. When a
long circular scaffold (single stranded DNA) is combined with an excess number of staples
(complementary short strands) and the mixture is heated to a high temperature, such as 95 °C,
then slowly cooled to room temperature, the yielded construction is a well-folded DNA origami
structure, for example a 2D rectangular shape. Each well-folded tile consists of a certain number
of tightly packed DNA helices (in blue) and staples (in colours).

Proteins, unlike DNA origami, can only fold in a limited number of ways and into a small
number of configurations for example, globular proteins. This limited folding capacity makes
it more challenging to design proteins., whereas DNA origami can be designed into a wide

range of 2D and 3D nanostructures using well-established synthesis protocols.

110



5. ICE NUCLEATION BY DNA ORIGAMI

Prior to DNA origami synthesis, the target shape can be designed using open-source software
packages such as the "caDNAno" interface, which enables users, including those with limited
prior knowledge of DNA origami, to create a variety of configurations using simple, automatic
built-in tools to build scaffold and staples in either square or honeycomb lattices; figure (5-2)

shows a schematic example design of DNA rectangular origami [179].
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Figure 5-2: A schematic illustration of a simple rectangular DNA origami design using the caDNAno
interface. The model depicts a lengthy scaffold in blue with U-shaped short staples shown in various
colours and a square DNA lattice.

To reduce the time and cost of the synthesis process, the efficiency of the designed origami
structure can be simulated and monitored by submitting the caDNAno model to another online
open-source programme, such as "CanDo" which will predict the flexibility of the DNA
nanostructure in a solution at room temperature with images and video simulations of the

results, as demonstrated in figure (5-3) for an origami tile [189].

111



5. ICE NUCLEATION BY DNA ORIGAMI

DNA origami tile Flexibility at X axis Flexibility at Y axis

sIxe X

X axis

Figure 5-3: CanDo website simulation results after submitting a caDNAno design. The simulation
predicts the flexibility of a DNA origami rectangle in a solution at 25 °C ambient temperature. The
flexibility was simulated for the X and Y side views of the tile's height and width, indicating that the
origami tiles fluctuate in aqueous solutions.

The scaffold used in origami synthesis is often extracted from the bacteriophage M13mp18
genome, which comprises around 7249 nucleotides that may be trimmed to the necessary
length which determines the size of the origami structure, while the staples have approximately
32 nucleotides [174,175,188,190]. The theoretical diameter of double-stranded DNA is
approximately 2.25 nm, which determines the thickness of a simple rectangular DNA origami

tile, as shown in figure (5-4).
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Figure 5-4: Dimensions of the DNA origami tile. (a) A side view of a single DNA helix has a diameter
of around 2.25 nm which is equal to the thickness of a single DNA tile. (b) The length of the
simplified double-stranded DNA cylinders is equal to the length of the origami tile, and the sum of
the diameters of all the cylinders equals the width.

Moreover, the length of the tile corresponds to the length of a single helix that has been
approximated as a cylinder, while the width corresponds to the sum of the diameters of all the
cylinders [188]. In this chapter, rectangular DNA origami tiles with a monomer size (a single
well-folded DNA origami tile) of 80 nm x 40 nm in buffer solution [176] were used for ice
nucleation measurements. Figure (5-5) shows an Atomic Force Microscopy (AFM) image

of well-folded DNA tiles.
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Figure 5-5: AFM image of 10 nM DNA origami rectangles deposited on a
mica substrate. The tiles were used in further freezing experiments. The
image demonstrates excellent coverage; the X and Y dimensions of a single
tile (monomer) are about 80 nm x 40 nm. The yellow frames indicate
individual tiles.
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5.3.2. Frozen Fraction of DNA Origami Tiles

In order to apply the DNA origami technique in ice nucleation studies, it is necessary to
determine if basic DNA origami structures, such as rectangles, can induce water freezing in the
first place. It is also necessary to determine if the effectiveness of freezing is specific to DNA
strands or to the origami structure. The samples studied included quenched origami tiles (S1),
unannealed DNA (S2), well-folded DNA origami tiles (S3), templates (S4), staples (S5), and
buffer (S6). Table 5-1 summarises preparation procedures of the samples used in the freezing

experiments of 1ul droplet assays.

Table 5-1: DNA origami samples.

Sample Preparation
Quenched DNA origami tiles = Well-folded DNA origami tiles were heated to 96 °C and cooled rapidly to 0 °C
(81) at a rate of 100 °C/min.
Unannealed DNA A mixture of staples and template in a 2:1 stoichiometric ratio in buffer.
(82)

Well-folded DNA origami (S2) mixture is annealed by cooling from 96 °C to 25 °C at 1 °C /min.
(83)

DNA template 2646 nucleotide single-stranded circular DNA at a concentration of 100 nM.
(84)

DNA staples A mixture of 32 nucleotide DNA short strands at a concentration of 200 nM.
(S5)

Buffer 12.5 mM (MgCl), 1 mM (EDTA), 10 mM (Tris-HCI) at pH 8.0.
(S6)

Figure (5-6) illustrates the frozen fraction of each sample as a function of temperature using a
constant cooling rate approach. DNA origami tiles (S3) freeze at higher temperatures than the
individual DNA components, templates (S4) and staples (S5), which both freeze at
temperatures very close to those of the buffer (S6). It is evident that the freezing process is not
particular to the DNA components, but rather to the physical surface of the DNA origami
structure, since it is a more efficient INP compared to the same concentration of templates and

even twice the concentration of staples.
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Figure 5-6: The frozen fraction of 1pl droplets containing DNA origami or components as a
function of temperature. It demonstrates that well-folded DNA origami tiles (S3) are more
effective INPs than templates (S4) and staples (S5) that freeze near the buffer freezing
temperature (S6). Unannealed origami (S2) and quenched origami (S1) both freeze at higher
temperatures possibly due to aggregation.

On the other hand, the data for a combination of DNA components (S2) demonstrates that the
droplets freeze at a higher temperature than well-folded tiles. Since templates and staples have
complementary DNA base pairs, these single strands will automatically self-assemble to form
double stranded DNA; however, if the mixture is not annealed, the resultant structure will be
poorly folded origami with irregular structures, and likely forming DNA aggregates. This could
explain why they freeze at higher temperatures than properly folded tiles that have undergone

the annealing process, which exhibit a narrower range of freezing temperatures.

The slow cooling rate of the heated DNA mixture during the annealing process is a crucial
factor in the production of homogeneous DNA origami structures. For instance, when origami
tiles were formed by rapid cooling (quenching) from a high temperature (96 °C), amorphous
and less homogeneous origami structures could be formed as well as aggregations [191]. The
freezing point of quenched origami (S1) has shifted toward higher temperatures than well-

annealed origami (S3), and droplets freeze over a wider range of temperatures. The wide range
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of freezing temperatures of (S1) and (S2) is comparable with the wide range of freezing
temperatures observed in Chapter 2 for Apoferritin oligomers due to the presence of

aggregates.

5.3.3. Comparing Experimental Findings with Existing Literature

The ice nucleation efficiency of nucleic acids has yet to receive thorough investigation.
However, a recent study by A. Alsante et al. [98] examined the freezing ability of DNA and
RNA using a constant cooling rate method to determine the frozen fraction of nucleic acids.
The main distinction between DNA (Deoxyribonucleic Acid) and RNA (Ribonucleic Acid)
lies in their structures. DNA is a double-stranded molecule with a deoxyribose sugar backbone,
while RNA is typically single-stranded with a ribose sugar backbone and contains the base

uracil (U) instead of thymine (T) [192].

For the freezing study, two sources of DNA were used. DNA 1 was obtained from herring
sperm at a concentration of 0.5 mg/ml, whereas DNA 2 was extracted from laboratory-grown
Synechococcus elongatus and measured at a lower concentration of 5x10~* mg/ml. Droplets
containing DNA 1 exhibited freezing temperatures ranging from —14 to —26 °C, while DNA 2
droplets began freezing at lower temperatures between —18 to —26 °C due to their lower
concentration. Interestingly, the freezing temperature range of DNA is comparable to that of
DNA origami tiles (S3) with a concentration of around 0.08 mg/ml, ranging from —15 to —26
°C. This implies that double-stranded DNA could potentially exhibit similar effectiveness as
the origami tiles. It is essential to distinguish whether the freezing is induced by the
predominant DNA molecules, either double-stranded or origami tiles, or by the rare effective
INPs such as aggregates or poorly folded origami. Therefore, in the next section, we will
conduct isothermal measurements on the annealed (S3) and unannealed (S2) DNA origami

samples to address this question.
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Droplets containing RNA molecules from Escherichia coli at a concentration of 0.5 mg/ml
were found to freeze within a range of —13.5 to —26 °C, which is similar to the freezing range
of DNA. Despite being single-stranded, RNA molecules exhibited higher freezing ranges
compared to DNA templates (S4) (single-stranded DNA), which we found to exhibit weak ice
activity. This suggest that RNA either functions as better INPs or indicates the presence of
some aggregates in the sample. the paper did not provide additional details regarding the size,

length, or purity state of the DNA and RNA samples used, aside from their sources.

A. Alsante et al. categorized nucleic acids as moderately effective and not highly effective
INPs. However, our findings demonstrated that DNA aggregates, such as the quenched origami
(S1) and unannealed DNA (S2), can also serve as highly effective INPs, freezing at higher

temperature ranges starting from —10 °C.

Moreover, the freezing temperatures observed in 1 pl droplets containing DNA origami tiles
have displayed a higher freezing range in contrast to the freezing behaviour of Apoferritin
subforms, dimers and monomers. However, this could also be attributed to the larger surface
area of DNA origami compared to the spherical cages of Apoferritin dimers and monomers.
Nevertheless, our results indicate that Apoferritin oligomers are one of the most efficient INPs,
surpassing even DNA origami aggregates (S1) and (S2). Nonetheless, the advantage of
employing the DNA origami technique lies in its ability to design complex and intricate
structures that mimic the complexity of aggregates, potentially leading to the development of

improved INPs.
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5.3.4. DNA Origami Tiles Freezing Rate

In order to determine the freezing rate of the origami rectangles’ droplets, isothermal
measurements are helpful. When freezing the same amount of annealed (well-folded) and
unannealed (partially folded) origami tiles, (S2) and (S3) samples, the log of unfrozen

fraction as a function of time differs for both as shown in figure (5-7).

Droplets of well-folded origami tiles freeze at a constant rate over time, and the mean freezing
rate increases as the temperature decreases. The droplets with unannealed origami, on the other
hand, freeze at different rates over time, since the log of unfrozen fraction curves at different
temperatures are non-linear, even at temperatures where the freezing rate for well-folded tiles

1s constant.

The data suggest that the source of the linear log-unfrozen fraction is homogeneous DNA
origami structures (annealed), while the source of the curved log-unfrozen fraction is
heterogeneous origami structures, poorly folded origami, and larger DNA strand aggregates.
This is in line with the frozen fraction data, which suggest that unannealed origami forms more
efficient INPs than well-folded origami, not only because they cause freezing at warmer

Niiq

temperatures, but also because the log (—*) remains non-linear at lower temperatures. This

Ntot

indicates that there are different amorphous origami structures with different freezing abilities
distributed in the droplets, resulting in a range of freezing rates. This is consistent with the
broader frozen fraction curves for unannealed origami (S2) compared to the well-folded tiles

(S3) in figure (5-6).
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Figure 5-7: Log of the unfrozen fraction of 1ul droplets of well-folded (S3) and unannealed (S2) origami
containing the same mass of DNA. 100 nM well-folded tiles display a single, mean freezing rate increasing
with decreasing temperature, whereas at the same temperatures, unannealed origami shows a range of
freezing rates due to its less homogeneous DNA structures. The data for well-folded origami were fitted

to a straight line.
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5.3.5. Fitting Data to Classical Nucleation Theory (CNT)

To determine the ice nucleation rate for the DNA origami tiles, the mean freezing rates
previously obtained from isothermal freezing experiments at different supercooling
temperatures were fitted using equation (3-5) to derive the key CNT parameters. Figure (5-8)
compares the heterogeneous nucleation rates of DNA origami monomers (tiles) and Apoferritin
monomers (spherical protein cages), which were explored in Chapter 3. J; and 1 are the only
two free parameters in the CNT fit to each set of points. The parameters determined from the

fitting are shown in table 5-2.

Table 5-2: Key parameters of classical nucleation theory (CNT). n [K?] a constant that
contributes to the free energy barrier, J, [(ug.s)™'] the kinetic factor, f(0) the shape factor.

Biomolecule 7 [K3] Jo [(ng .$)™1] f(®
Monomer 8.39+0.07 x 10° 1038+023 0.62 £ 0.005
Dimer 6.95+0.04 x 10° 1035+0.16 0.52+£0.003
Cluster 8.33+0.03 x 10° 1055+0.02 0.06 £ 0.0001
DNA origami tile 2.46+0.01 x 10° 1018+005 0.18+0.001

The CNT parameters suggest that DNA origami tiles are a more efficient INP than Apoferritin
monomers and dimers, since DNA origami requires a lower energy barrier to nucleate ice than
protein. As a consequence, the reduction in the nucleation barrier caused by DNA origami is
greater, according to the shape factor values f(0). This efficacy of DNA tiles may be attributed
to their greater surface area compared to Apoferritin monomers, which enhances the
probability of freezing at higher temperatures. Additionally, DNA tiles are flat, though flexible
while Apoferritin monomers have curved surfaces. The nucleation rate for DNA origami
increases with decreasing temperature, reaching a value of approximately J, =

108 (ug.s)~t,which is nearly equal to the nucleation rate range for Apoferritin monomers.

Based on the obtained CNT parameters, it is evident that DNA origami tiles exhibit higher ice
nucleation efficiency compared to spherical Apoferritin monomers and dimers, although they
are less efficient than Apoferritin clusters. DNA origami tiles, similar to Apoferritin monomers,
lack specific active sites such as pores or voids. Therefore, the enhanced efficiency of DNA
origami tiles likely stems from their larger surface area in comparison to Apoferritin
monomers. A single origami tile approximately has a surface area of ~6880 nm?, whereas a
single Apoferritin monomer has an area of ~452.38 nm?. This implies that a single DNA

origami tile offers around 15 times more exposed surface area to water than an Apoferritin
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monomer, significantly increasing the probability of interacting with water molecules and
thereby enhancing the likelihood of ice nucleation on its surface. Fletcher’s equation discussed

in Chapter 1 demonstrates that curved surface nucleation efficiency can be evaluated using the

parameter x = rﬁ , where R is the radius of the spherical INP and 7, is the radius of the critical

c

ice nucleus. The energy barrier required to initiate a stable ice nucleus by a spherical particle
can be reduced when the particle's radius is sufficiently large to be treated as a flat surface,
which occurs when x >> 1. This aligns with the notion that DNA origami tile here represents a
flat surface with a considerable surface area for initiating a stable ice nucleus, in contrast to
spherical Apoferritin monomer. Furthermore, this suggests that an INP with a large surface
area may facilitate ice nucleation better than a smaller INP with an active site on the surface
such as dimers with a conical pore. Another significant contributing factor to the ice nucleation
efficiency of DNA origami tile is the contact angle between its surface and the ice nucleus. The
shape factor value f(0) indicates higher wettability and a smaller contact angle, implying a

higher degree of interaction between water molecules and the origami surface.
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Figure 5-8: The nucleation rate of DNA origami tiles and Apoferritin subforms as a
function of supercooling temperature (Apoferritin subforms were previously evaluated
in Chapter 3). The freezing rates (s') retrieved from the time-dependent tests were
normalised by concentration (nM) and droplet volume (cm?) prior to being fitted to the
CNT model. It is clear that DNA origami is efficient since it initiates freezing at higher
temperatures than Apoferritin monomers and dimers and has a lower energy barrier to
overcome.
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5.4. Conclusion

The ice nucleation ability of DNA origami was explored in this chapter. Annealed origami was
found to be more effective as INPs than the DNA building blocks, namely scaffolds and staples,
indicating that the physical structure of the origami is the most significant factor in the freezing
process. In addition, we employed the isothermal freezing technique to cleanly extract the
freezing rate of the origami; the result demonstrated a single freezing rate due to the

homogeneous origami structures in the droplets.

When the results were fitted to classical nucleation theory (CNT) to determine the nucleation
rate of the DNA origami tiles, an excellent agreement was obtained for plausible values of the
parameters. It is intriguing that DNA origami has a lower energy barrier than proteins e.g.
Apoferritin monomers. This is promising as it suggests that DNA origami might serve as an
appropriate potential model for future research on the nucleation of ice. Because it
is possible to produce homogeneous structures, this will help a great deal in reducing the
amount of uncertainty in experimental observations by allowing for the detection of the

characteristic freezing rate associated with a single geometry.
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6. CONCLUSIONS AND RECOMMENDATIONS

The key outcome of this research is a better understanding of the role that biomolecules play
in the nucleation of ice in the atmosphere. The nucleation rate obtained from constant cooling
rate method was less reliable because it was not obtained directly, but rather by converting the
frozen fraction data into nucleation events as a function of temperature, which likely resulted
in propagation of the uncertainties in the data, making it difficult to determine the nucleation

rate by Apoferritin clusters from that by smaller subforms such as dimers and monomers.

Furthermore, it was possible to obtain distinct nucleation rates for each Apoferritin subform by
using the isothermal approach to directly determine the freezing rate from experimental data.
In addition, plausible classical nucleation theory parameters were derived for clusters, dimers,

and monomers.

Nonetheless, droplet volume, contact angle between the droplet and substrate, and the cooling
rate of droplets may restrict the accuracy of the measured isothermal freezing rate of droplets,
particularly for larger droplet sizes. Simulations using a finite element method showed that the
inner temperature of a droplet is not uniform and requires a longer time to reach the
programmed temperature when any or all of the aforementioned factors are increased, resulting
in a freezing rate that increases over time or slowly increases with decreasing temperatures. As
a result, it is critical to optimise these parameters prior to any isothermal measurements. For
example, it is interesting to compare the effect of protein concentration in droplets of different
volumes to study whether the protein is adsorbed at the droplet interfaces (i.e. water/air or
water/solid interfaces). The size of the droplets to be compared should be small rather than
large to minimise the effect of inner temperature gradients. Alternatively, if the droplets must
be large, it is preferable to work with small contact angle droplets or to use a slow cooling rate
to cool the droplet to the programmed temperature in order to maintain a uniform inner
temperature. In light of these conditions, it is recommended that additional research be
conducted to investigate the role of droplet interfaces in the ice nucleation process induced by
proteins or surfactants, which will enhance our understanding of the working mechanism of
biomolecular ice nucleating agents in immersed freezing using isothermal measurements to

facilitate comparisons of freezing rates.
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6. CONCLUSIONS AND RECOMMENDATIONS

Finally, the ice nucleation efficiency of DNA origami tiles was investigated using constant
cooling rate and isothermal measurements, and its classical nucleation theory parameters were
compared to those of Apoferritin monomers. DNA origami is an intriguing biomolecule ice
nucleating agent, and further research should be conducted on the DNA origami ice nucleation
process. For instance, synthesize an ice nucleating particle with specified geometrical features
that are nanoscale in size, as well as with great reproducibility and purity, in contrast to
proteins, which have limited range of forms and a higher tendency to aggregate. In addition,
the surface chemistry of DNA origami can be chemically functionalized, which is an interesting
property that enables a deeper understanding of the ice bonding process at the surface of the
ice nucleating agent. In summary, DNA origami provides a novel model for investigating the

heterogeneous ice nucleation process.
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and goodness of fit are shown in the legends.
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