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ARTICLE INFO ABSTRACT

Keywords: Small emulsion droplets typically adopt spherical shapes under positive interfacial tension, minimizing unfa-
Emulsion vorable oil-water contact. This shape, along with the initial drop size, are generally preserved upon drop freezing
Surfactant or melting. However, in a series of studies, we demonstrated that simple temperature fluctuations near the
Lipid lting point of the di d oil ph ly ind id f dynamic behaviors in dropl,

Rotator phase melting point of the dispersed oil phase can spontaneously induce a wide range of dynamic behaviors in droplets.
Swimmer These activities include morphogenesis into various non-spherical shapes such as hexagonal, triangular, and
Non-spherical particles tetragonal platelets, rods and fibers; the formation of complex composite micrometer-sized structures in the
Rheology presence of adsorbed latex particles on initially spherical droplets; spontaneous desorption of the initially

adsorbed particles; the generation of synthetic microswimmers capable of self-propulsion through the continuous
phase, driven by the rapidly growing elastic filaments; spontaneous drop fragmentation and bursting into smaller
particles (with sizes down to 20 nm) without any mechanical energy input; and the engulfment of the sur-
rounding media spontaneously producing double water-in-oil-in-water droplets. All these phenomena were
found to be intricately related to surface and polymorphic phase transitions proceeding within the droplets. The
underlying mechanisms and control parameters were systematically investigated and published in a series of
papers. The present review aims to summarize the key discoveries, present them within a unified conceptual
framework, and compare them with other processes reported in the literature to lead to similar outcomes.
Furthermore, the practical implications of these phenomena are discussed, and potential future research di-
rections in this emerging area at the intersection of emulsion science and phase transition phenomena are
outlined.

1. Introduction

The active soft matter is a rapidly expanding interdisciplinary field
connecting soft condensed matter physics, material science, chemistry,
biology, nanotechnology, and engineering. By definition, active systems
are inherently out-of-equilibrium, continuously consuming energy to
produce motion, mechanical work or other non-equilibrium behaviors
driven by dynamic changes in their molecular organization, phase state,
or microstructural rearrangements [1-5]. These materials offer
advanced functionalities beyond those of traditional passive materials,
making them widely studied for applications in material design, targeted
cargo delivery, microrobotics, soft actuators, sensors, and as model
systems for the development of next-generation bioinspired and auton-
omous materials [6-9].

Emulsions, thermodynamically unstable mixtures of two immiscible
liquids, typically have spherical droplets due to the minimization of the
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interfacial energy at positive interfacial tension. Recently, the genera-
tion and stabilization of non-spherical emulsion droplets has gained
significant attention because of their potential applications in active soft
matter field [10-14]. Several approaches have been developed to create
and stabilize such anisotropic droplet shapes, typically by introducing
interfacial constraints that prevent drops from relaxing into a spherical
shape. One widely used approach involves the formation of rigid
interfacial layers composed of proteins or saponins, which are capable of
withstanding capillary forces and thereby can stabilize non-spherical
morphologies [15,16]. However, these non-spherical shapes typically
arise during mechanical agitation and lack precise shape control.
Another effective strategy relies on the usage of particle-coated
(Pickering) emulsion droplets to form supracolloidal structures with
anisotropic geometries [14,17,18]. In a series of studies, Weitz et al.
demonstrated that when droplets are partially covered with colloidal
particles (surface coverage of around 70-90 %) and are brought into
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close contact, complete coalescence is inhibited, as the surface area of
the resulting spherical droplet would be insufficient to accommodate all
adsorbed particles. As a result, coalescence is arrested, and the partially
fused droplets maintain stable, non-spherical shapes stabilized by a
jammed particle layer [14,18].

An alternative approach to stabilizing non-spherical droplets in-
volves the presence of crystalline phases within the droplets [19-22]. In
these studies, micromanipulation techniques have been used to induce
partial fusion between partially crystalline droplets [19,20], while
microfluidic methods have enabled extrusion of mixed oily phase into an
aqueous solution at temperatures where its partial freezing occurs
[21,22]. This partial solidification forms an internal crystalline endo-
skeleton, stabilizing the elongated cylindrical shape formed during the
extrusion.

In another studies, Spicer et al. demonstrated that crystallization-
induced dewetting in tristearin droplets stabilized by sodium dodecyl
sulfate and decanol can produce elongated non-spherical crystalline
particles from initially spherical oily droplets [23-25]. This deformation
arises when the crystal growth rate matches the dewetting rate of the
still-liquid oil fraction from the just frozen one, thus generating inter-
facial tension gradients that elongate the freezing droplet under rapid
cooling conditions (> 5 °C/min).

More recently, a novel line of research has emerged within this
domain, focusing on the unusual behavior of emulsion droplets under-
going phase transitions. The conventional emulsion drops retain their
spherical geometry during phase transitions such as freezing and
melting. However, nearly simultaneous and independent investigations
by the research groups of Denkov et al. [26] and Deutsch et al. [27]
discovered unexpected phenomena in alkane droplets during cooling:
instead of freezing directly into spherical shapes, in part of the cases,
alkane emulsion drops exhibited a series of spontaneous shape trans-
formations prior to crystallization at lower temperatures. Performing
independent research on similar emulsion systems, Shinohara and co-
authors revealed additional complexity in these systems [28,29].
These authors observed the formation of surface-ordered layers of
plastic rotator phase emerging prior to the crystallization of droplets
into their thermodynamically stable crystalline phase [28,29]. Although
these authors did not observe formation of non-spherical shapes due to
the relatively high cooling rates employed, their finding proved to be
critical for elucidating the mechanism underlying drop self-shaping
process.

The initial observations of the non-spherical liquid droplets forma-
tion upon cooling date back nearly two decades ago [26,27], however,
in-depth and systematic investigation began only within the past ten
years [30]. Since then, several research groups started to work in this
area, uncovering a range of unexpected and interconnected phenomena.
This has led to the emergence of a new research direction at the cross-
road of active matter, soft condensed matter, interface science and
physical chemistry of phase transitions [30-48].

Among the newly discovered behaviors are the spontaneous and
controllable formation of anisotropic fluid, frozen and polymeric
micrometer- and submicrometer-sized particles [30-33], the generation
of synthetic microswimmers [34], the transformation of initial coarse
emulsion into nanoemulsions with drops as small as 20 nm [35,36], and
the spontaneous formation of double water-in-oil-in-water droplets
[37]. Remarkably, these phenomena are driven by simple temperature
variations and have been demonstrated in systems of very simple
chemical composition (oil, water and surfactant). This provides a ver-
satile platform for investigating fundamental processes such as
morphogenesis, swimming, solid-solid phase transitions and nano-
porosity formation. Beyond their fundamental aspect, these findings also
have substantial applied significance. They offer new approaches for the
fabrication of nanoparticles, nanodroplets, and regularly shaped
colloidal particles [35,36,46], as well as the creation of complex hier-
archical structures [30,31,49-53]. Moreover, these studies suggest
alternative methods for drop size reduction [35,36,54], double
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emulsions formation [35,37], and modification of the rheological
properties of emulsions [26,55].

The present review aims to summarize the main findings and un-
derlying mechanisms related to the non-trivial processes observed with
emulsion droplets undergoing phase transitions, and to outline the
emerging lines of research and open questions in the field. The review is
structured as follows: Section 2 introduces the self-shaping process, its
mechanism and factors which can be used to control it. A comparison
with the other existing methods able to produce non-spherical particles
from initially spherical emulsion droplets is made at the end of Section 2.
Section 3 presents the peculiarities seen when the self-shaping drops
become (partially) covered with adsorbed solid particles. In the
following Section 4, the special case observed in the final stages of the
drop shape evolutionary sequence, when the drops acquire thin elastic
tails and start to self-propel through the solution is presented and dis-
cussed. Section 5 presents the related studies about spontaneous emul-
sification, bursting and double emulsion formation observed with
emulsion drops undergoing phase transitions. Section 6 describes the
industrial relevance of the described processes and suggests potential
applications. The final Section 7 presents an outlook and suggests
possible direction for future research in the field.

2. Drop self-shaping

The spontaneous symmetry breaking and formation of various non-
spherical fluid shapes in emulsion droplets subjected to cooling were
first described in detail in Ref. [30] and termed drop self-shaping or drop
shape-shifting. This section provides a comprehensive overview of the
key trends observed to date.

We begin by outlining the general deformation sequence followed by
all drops upon cooling. Next, we discuss the experimental conditions
required to induce drop deformation. Section 2.3 discuss the underlying
mechanisms driving the self-shaping, while the factors that can be used
to control the process are reviewed in the following Section 2.4. Section
2.5 described the stability of the generated non-spherical particles, and
the theoretical models developed to describe this phenomenon are
reviewed in Section 2.6. Section 2.7 highlights the unique aspects
observed in multicomponent droplet systems. Finally, Section 2.8 pro-
vides a brief overview of alternative methods reported in the literature
that also lead to formation of non-spherical droplets, comparing them
with the spontaneous self-shaping process.

2.1. General drop shape evolutionary sequence

According to the energy-minimization law, the small emulsion drops
typically adopt a spherical shape at temperatures well above the bulk
melting temperature of the dispersed oil, as this geometry minimizes the
droplet surface area at a given volume. Usually, when emulsion droplets
are cooled to temperatures where the dispersed oil phase freezes, the
resulting solid particles obtain spherical or nearly-spherical shape.

Surprisingly, our research has uncovered an alternative process that
leads to the spontaneous creation of non-spherical particles while
cooling initially spherical emulsion droplets, see Fig. 1a [30,31]. Under
controlled conditions, oily drops dispersed in an aqueous surfactant
solution undergo shape transformations when a critical temperature is
reached. The transformations begin with the emergence of multiple
vertices, visible under reflected light, see Fig. 1b. Slow cooling (< 1 °C/
min) leads to regular deformations, forming icosahedral shapes with 12
distinct vertices and convex faces, see Figs. 1b and 2a, whereas faster
cooling results in irregular initial deformations with surface wrinkles,
see Fig. 1c [30]. These wrinkles may gradually disappear in the later
stages of shape evolution.

Further cooling flattens the icosahedra into octahedral shape, which
appear hexagonal in two-dimensional projection, see Figs. 1b,d and 2b.
These “hexagonal prisms” or “platelets” have a three-dimensional shape
consisting of a hexagonal base with a cylindrical frame and a thinner
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Fig. 1. Drop self-shaping evolutionary sequence. (a) Schematic representation of the main shapes observed during drop cooling [31]. (b) Confocal (upper row)
and reflected light microscopy (lower row) images of droplets in various shapes, as indicated by the text on the figure. The colorful films observed in reflected light
represent the thin liquid films formed between the capillary glass wall and the upper surface of the deforming droplet. Note that real flat platelets are shown in the
confocal images; however, as explained in the text, the platelets typically have thinner central region and cylindrical frame as depicted in (d). (c) Images of a
corrugated platelet. The wrinkles are clearly visible in the confocal microscopy images, appearing thicker and colored in blue. In reflected light, the wrinkles appear
as lighter lines, see the last image. (d) Typical shape of a hexagonal platelet particle, with a thicker frame and a very thin central part, as seen in the confocal
microscopy images. Reflected and polarized light images of similarly shaped particles are also shown. White scale bars = 10 pm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

central region, see Fig. 1d [38]. Depending on the specific oil-surfactant
system and the applied cooling protocol, these hexagonal structures can
have relatively uniform thickness. However, when this shape is main-
tained for an extended period, the central part becomes progressively
thinner and may rupture, see Fig. 2c.

Next, droplets follow one of two possible evolutionary paths: the
majority lose two sides to form tetragonal prisms (lower branch in the
evolutionary sequence, Fig. la and Supplementary Movie 1), while
others lose three sides leading to the formation of triangular prisms.
Both type of particles feature a tetragon or triangle with a cylindrical
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Fig. 2. Fluid non-spherical droplets with various shapes (as indicated with text on the pictures). These pictures were captured from optical microscopy ex-
periments performed upon cooling using the following oil-surfactant solution emulsion systems: (a,d,e,f) hexadecane, Cy6, in Tween 60; (b,c) C16 + 1 Wt% Brij 52 in
water; (g) hexadecane + nonadecane, C;6 + Ci9, (1:1, v/v) in Tween 60; (h) pentadecane, C;s, in Brij 58. Scale bars = 20 pm.

frame and a thinner central region, Fig. 1b, although we will refer to
them as “prisms” or “platelets”. These particles may also rupture in the
center, resulting in the formation of doughnut-like particles.

The transformation from hexagonal prisms to tetragonal or trian-
gular prisms is the most difficult stage in the drop deformation process
[31,39], especially for larger droplets (diameter > 30-40 pum) stabilized
by non-ionic surfactants with a sorbitan ring in the hydrophilic head (e.
g., Tweens). For Tween-stabilized systems, the triangular prisms repre-
sent the final stage in the evolution for part of the droplets, Fig. 2f. In
contrast, systems stabilized by non-ionic alcohol ethoxylate surfactants
with linearly connected ethylene oxide units (e.g. Brijs or Lutensols),
develop cylindrical protrusions at triangle tips, classified as fibers (d <
1.5 pm, Fig. 2h), or rods (d ~ 2-5 pm, Fig. 3). These protrusions continue
to grow until the non-spherical droplet solidifies into a non-spherical
frozen lipid particle. In this review, the terms lipid and oil are used
interchangeably to refer to hydrophobic phases within emulsion

droplets.

The lower branch in the evolutionary scheme, Fig. 1a, presents a
greater number of possible shape transformations. Since hexagons have
six sides, two can disappear in two distinct ways: either parallel to each
other, forming rhomboidal fluid particles (see Supplementary Movie 1),
or adjacent to two other sides, producing trapezoidal shapes, see Fig. 2d
[31]. Neighboring sides cannot vanish simultaneously, as the remaining
structure cannot easily reconnect. Single-component droplets typically
show 60° and 120° angles. In contrast, for multi-component droplets
(prepared from two or more hydrophobic substances mixed prior to
emulsification), often particles with square shape and 90° angles are
observed, see Fig. 2g [56]. The square particles do not undergo further
transformations upon cooling.

After forming rhomboidal and trapezoidal platelets, the particles
elongate into long, rod-like structures, Fig. 2e. Upon further cooling and
after reaching a certain aspect ratio (e.g. length/initial drop diameter >

Fig. 3. Microscopy images of platelets extruding long rod-like threads. (a) A tetragonal platelet with thick rod-like asperities extruded from its acute angles. (b)
A trapezoidal platelet extruding rod-like threads from its acute angles. (c) A triangular platelet extruding rod-like threads. In all images, hexadecane droplet dispersed

in Brij 58 solution are shown. Scale bars = 20 pm.
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22 + 5 for hexadecane drops dispersed in Brij 58 (C14EO4() surfactant
[311), the rods undergo a capillary instability, see Supplementary Movie
2. This leads to the compaction of the main part of the oil volume into
one or several droplets connected by thin fibers, with numerous smaller
droplets often forming along these fibers. At this stage, the process is
partially reversible; no real drop splitting occurs and gradual heating
restores the initial droplet, see Supplementary videos 6-8 in Ref. [34].
This is only possible due to the elasto-plastic properties of the thin or-
dered layers of rotator phase present on the surface of the fibers (see
Section 2.3 below), which wrap the inner liquid center of the fiber. If
such layers were not present together with the liquid fraction, then no
such transition would be possible and the extruded rods/fibers would
not be flexible. For example, if the fibers become frozen, then upon
heating they spontaneously disintegrate into numerous small droplets,
as shown in Section 5.1 below.

After the capillary instability process, the evolution continues with
the extrusion of thin fibers until final freezing occurs. As an intermediate
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step, before the capillary instability proceeds, thick or thin asperities
may grow from the acute angles of the rhomboidal and trapezoidal
particles as shown in Fig. 3.

The described evolutionary sequence presents the main shapes and
their transformations observed upon cooling across all studied systems
[30,31]. In addition to the main shapes described, various irregular in-
termediate shapes, such as pentagons or different 90° tetragons with
multi-component drops, can also be observed during cooling. However,
these shapes depend strongly on the specific experimental conditions
and cannot be consistently reproduced in a controlled manner.

2.2. Necessary conditions for drop self-shaping

Experiments performed with various oil-surfactant combinations
revealed four key conditions required for the spontaneous drop self-
shaping process to occur, see Fig. 4 [30,31,40,57].

The first requirement is related to the chemical nature of the oil
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Fig. 4. Schematic representation of the necessary conditions for the occurrence of the self-shaping phenomenon. See the main text for detailed explanations.
Part (2): Reproduced with permission from Ref. [40].
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dispersed as emulsion droplets. To observe the formation of non-
spherical particles upon cooling, the oil should be capable of forming
phases of intermediate stability between the fully disordered liquid
phase and the completely ordered crystalline phase, see Fig. 4 (1)
[31,40]. Such intermediate phases are common in hydrophobic sub-
stances with linear molecular structures.

For instance, rotator phases in alkanes [58-62] are well-documented
example, where molecules form layers with partial rotational freedom
(the long-range order with respect to the rotational degree of freedom in
the molecular ordering is missing). Such rotator phases have also been
identified in linear alkenes [63], alcohols [64-67], aliphatic aldehydes
[68], and more recently, in a novel family of materials based on (1,n’-
divynyl)-oligocyclobutane (DVOCB) [69]. While not always referred to
as rotator phases, but rather as polymorphic phases or ‘gel phase’,
similar intermediate phases are also found in fatty acids [70], tri-
glycerides [71-74], phospholipids [75-77], and other organic molecules
with linear structures [59,71,78].

The broad range of hydrophobic substances capable of forming such
intermediate phases makes the self-shaping process widely applicable.
Moreover, experiments with oily mixtures combining oils that do not
undergo spontaneous self-shaping on their own with those that do,
revealed that the self-shaping process can be induced if at least 15 vol%
of a “self-shaping substance” is incorporated into the non-self-shaping
material [56]. This finding is particularly important from a practical
perspective, as most industrially used chemical compounds are complex
mixtures rather than pure substances.

The selection of a suitable hydrophobic phase is essential but not
sufficient for droplet self-shaping. A second critical requirement in-
volves the relation between the temperature at which crystal nucleation
begins within the emulsion droplets and the temperature at which the
surfactant's hydrophobic tails freeze [40]. Experiments show that the
surfactant adsorption layer must crystallize before nucleation initiates
inside the droplet volume to enable non-spherical shapes formation, see
point (2) in Fig. 4. This typically happens when the surfactant tail is
longer than the alkane chain. If internal nucleation occurs first within
the droplet volume, deformations before crystallization are not possible
[40].

The specific structural arrangement of oil molecules upon crystalli-
zation determines the maximal chain length differences (denoted as An)
between the oil and surfactant tail allowing deformations to occur, see
point (2.1) in Fig. 4. For linear alkanes, deformations are observed upon
cooling when An < 3C-atoms, where An = z — x, with z representing the
number of C-atoms in the alkane and x in the surfactant tail [31]. For
example, deformations will be observed for C;9 (nonadecane) drops
dispersed in surfactants with tails of 16 or more C-atoms.

However, for monoacid triglycerides (TAGs), the relationship is
modified to An = 2y — x, where y is the number of C-atoms in a single
fatty acid residue included in the TAG molecule [40]. This significant
difference between alkanes and triglycerides arises because TAG mole-
cules typically adopt a chair conformation upon cooling, with one of the
fatty acid residues pointing in one direction, whereas the other two are
oriented in the opposite direction [73]. As a result, the melting tem-
perature of TAGs resembles that of an alkane with 2y C-atoms rather
than that with y C-atoms. Therefore, drop shape deformations can occur
even when An = 6, as in trilaurin droplets (C12TAG) stabilized by Cg-
tail surfactants [40].

The requirement for surfactant tails crystallization before bulk
nucleation of linear oil molecules suggests that saturated tails are
preferred [31]. If double bonds are present, they should be positioned
near the chain end, as the presence of double bond in the middle of the
alkyl chain increases molecular flexibility and significantly decreases
the melting temperature [31].

The hydrophilic headgroup of the surfactant molecules also in-
fluences the deformations upon cooling. This is related to the possibility
for formation of well-ordered adsorption layer with frozen surfactant
tails. Typically, single-chained ionic surfactants, which have relatively
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small head groups, allow deformations to occur. For ethoxylated non-
ionic surfactants, deformations were observed in molecules with up to
ca. 30 ethylene oxide units (-CH,-CH3-O-) in the hydrophilic head, i.e.
headgroup area ~ 50 A? [31,79]. However, deformations were inhibited
in surfactants with larger hydrophilic moieties, see inset in Fig. 6b
below.

Surfactant concentration is another key factor [57]. For hexadecane-
in-water emulsions, the minimum surfactant concentration required for
deformations was found to be approximately equal to the critical micelle
concentration (CMC), or for ionic surfactants — to the solubility limit
below the Krafft temperature. This holds for low oil volume fractions (e.
g. about <1 vol%, as used in the model optical microscopy experiments).
At higher oil contents, greater surfactant concentrations are needed.
This can be estimated considering that at least 75 % of the drop surface
should be covered with a surfactant able to induce the self-shaping
process, as found from experiments with mixtures of surfactants,
where one surfactant induces self-shaping and the other does not for the
given hydrophobic phase [57].

When an appropriate oil-surfactant combination is selected, droplets
undergo self-shaping upon cooling. The next section discusses the
mechanism of the observed process.

2.3. Mechanism

At positive interfacial tension, the drops usually adopt a spherical
shape to minimize the energetically unfavorable contact between oil
molecules situated at the droplet surface and the surrounding aqueous
medium. However, in the self-shaping process, droplets transform into
various non-spherical shapes with significantly larger surface areas
compared to their initial spherical state.

The mechanism explaining the observed drop shape-shifting was
initially suggested by Denkov et al. on the basis of microscopy observa-
tions and data available in the literature [30]. In later studies, this
mechanism was confirmed with interfacial tension measurements [80],
differential scanning calorimetry (DSC) [38] and small angle X-ray
scattering (SAXS) experiments [81]. The proposed mechanism includes
formation of plastic (rotator) phases next to the drop surface which are
templated by the freezing of surfactant adsorption layer, see Fig. 5.

Before explaining the proposed mechanism in details, we explain our
reasoning for excluding other potential explanations. The simplest
possible explanation for the observed deformations is that they proceed
at nearly zero or ultra-low interfacial tension (IFT, o), thereby elimi-
nating any significant energetic penalty associated with the surface area
increase. However, the interfacial tension measurements for most of the
systems studied by us excluded this possibility as the interfacial tensions
were found to remain relatively high (above 3-5 mN/m), see Fig. 6d
[40,80]. Note that the surface freezing phenomenon is typically asso-
ciated with a steep decrease in the IFT values against temperature due to
the immobilization of the frozen surface molecules whose entropy (Ss)
suddenly becomes significantly lower compared to the entropy of the
molecules in the bulk phase (Sg), do/dT ~ — (Ss - Sg) > O for tempera-
tures below the surface freezing temperature [83,84]. However, the
absence of steep decrease in the IFT(T) curves for the polysorbate sur-
factants shown in Fig. 6d, is most probably related to the fact that these
surfactants are technical mixtures of molecules with different hydro-
philic moieties. Hence, the explained entropy effect interferes with the
possibility for exchange of different molecules of the adsorption layer
with the bulk solution, which is not completely suppressed after the
surface freezing and no steep decrease in the IFT(T) is observed [80].

As the possibility for having ultralow interfacial tension was
excluded for most of the systems studied by us, another mechanism
involving the formation of multilayers of ordered phase adjacent to the
drop surface was suggested and confirmed to be operative
[30,38,40,80,81].

Notably, in a parallel series of studies, the ultra-low interfacial ten-
sion mechanism was invoked to explain similar observations seen in
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Fig. 5. Schematic representation of the drop self-shaping mechanism including formation of plastic phases near the drop surface. Cross-sections of the
deformed triangular particle with cylindrical protrusions are shown. Upon cooling, the surfactant tails adsorbed on the particle surface freeze, inducing ordering of
the adjacent oil molecules (shown in red). This structured phase counteracts the inner capillary pressure of the liquid oil within the particle, enabling the formation of
various non-spherical fluid shapes during the cooling. Adapted from Ref. [82]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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systems in which deformations are observed (c,d). (a) Differential scanning calorimetry thermogram obtained upon cooling of hexadecane drops dispersed in 1.5
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Depending on their size, the freezing is observed after different supercooling. In this case, the sample contains drops with initial diameter ~ 12 pm which freeze at T
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thermogram for hexadecane drops dispersed in Tween 40 solution. The drop shape deformations begin around 15.1 °C where the first peak in the thermogram is
observed. No drop freezing is observed down to 12.2 °C in the microscopy experiments, i.e. the released enthalpy is entirely due to the plastic phase formation on the
deforming particles surface. (d) Interfacial tensions measured at the C;¢ — Tween 40/Tween 60 interfaces. The measured values are much lower than those for the
non-self-shaping systems, however they remain much higher than 1 mN/m. Scale bars in all pictures = 10 ym. The figures are adapted from Refs. [38, 80].

hexadecane drops dispersed in C13TAB cationic surfactant (octadecyl-
trimethylammonium bromide), which has a Krafft point of ~ 36 °C [85],
whereas the hexadecane melts at 18 °C [33,41,42]. This system un-
dergoes similar drop shape deformations upon cooling, although the
observed shapes are more irregular. Furthermore, theoretical analysis
suggests that both the ultra-low interfacial tension and the plastic phase
formation hypotheses are theoretically feasible if one assumes that the
energy density at the highly curved edges of the deformed droplets is
lower than that of the flatter regions [30,32,86]. Therefore, it remains
possible that these two distinct mechanisms operate in different

experimental systems (e.g. for some of those classified in Group A, see
Fig. 9e below, the ultra-low interfacial tension mechanism may be
operative). However, since the rotator phase mechanism is more com-
plex, next we present the arguments that validate its applicability to the
systems we have studied in detail. For a more in-depth discussion on the
ultra-low interfacial tension mechanism, readers are redirected to the
original works by Sloutskin and co-authors, where this mechanism is
thoroughly explained [33,41-43,46].

The rotator phases have properties closer to those of the crystalline
phases rather than the liquid phase. For example, the shear storage
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modulus of the rotator phases of alkanes was found to be ~ 10*-10° Pa
depending on the chain length, which is about one order of magnitude
lower compared to the shear storage modulus of the crystalline phases
[87]. In comparison, the shear storage modulus of the liquid alkanes at
low frequency is zero. Furthermore, the enthalpy for transition of the
liquid to rotator phase accounts for ca. 65-80 % of the total enthalpy of
the liquid to crystalline phase transition [58]. Rotator phases have been
previously observed not only in bulk materials, but also as surface layers
[58,83,84,88,89], as well as in micro- and nanoconfinements
[81,90-93]. It has been also established that the stability of the rotator
phases increases significantly in confinements, as well as when mixtures
of molecules are present [58].
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Therefore, their formation was invoked to explain the observed
emulsion drop deformations. The simplest possible mechanism would be
that the entire particle volume structures in a plastic rotator phase upon
cooling. However, this hypothesis is contradicted by the continuous
shape evolution and the elastic properties of the deforming particles.
Additionally, when the whole particle volume transitions into a rotator
phase, faint colors appear in polarized light microscopy images, see
Fig. 7c, whereas the deforming fluid droplets remain colorless.

Therefore, another more complex mechanism was suggested. This
mechanism highlights the critical role of the surfactant adsorption layer
crystallization, which must occur before bulk nucleation begins, Fig. 4
(2) [40]. Upon cooling, a mixed surfactant-oil monolayer forms at the
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Fig. 7. (a) Microbeam SAXD analysis of hexadecane drops stabilized by C;6SorbEOy surfactant, which is able to induce self-shaping (left picture) and C;g.1SorbEO3q
surfactant (right picture) which does not induce self-shaping. Formation of ordered multilayers is detected in the left picture, whereas the whole drop freezes in the
right picture. Adapted from Ref. [29]. Scale bars = 10 pm. (b) SAXS spectra and corresponding optical microscopy observations performed with hexadecane drops
stabilized by C16SorbEO, surfactant. Rotator phase peak is observed at temperatures where the drop deformations begin before the crystalline peak emerges at lower
temperatures. (c) Optical microscopy images of hexadecane drops, stabilized by C1¢EO;¢ surfactant. The following temperature protocol has been applied to the
sample: cooling from 23 °C to 15.3 °C at 0.5 °C/min rate; temperature increase to 16 °C and isothermal storage for 5 min; heating to 16.5 °C. Melting of the bulk
rotator phase formed is observed at T ~ 16.5 °C and the drops restore their spherical shape. (b,c) Adapted from Ref. [81]. Scale bars = 20 pm.
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drop surface which serves as a template for the inner ordering of the oily
molecules next to the drop surface. These molecules organize into
multilayers of a plastic rotator phase (or another intermediate in sta-
bility phase). This surface-ordered phase possesses a sufficient me-
chanical strength to counteract the inner capillary pressure of the liquid
oil, enabling the formation of various non-spherical fluid shapes. A
schematic representation of the proposed mechanism in shown in Fig. 5
[30,31]. Note that the thickness of the platelet center varies over time
and also, it may be covered with thin layers of plastic rotator phase.

Non-spherical shapes can only exist at a finite interfacial tension if
the capillary pressure of the liquid oil inside the droplet is mechanically
overcome. Otherwise, the drops will remain spherical due to the surface
energy minimization principle. The mechanical balance between the
interfacial tension and the bending moment created by the plastic ro-
tator phase can be expressed as: Kz > or?, where Kj is the bending
elasticity constant of the interface (including the multilayers of the ro-
tator phase), ¢ is the interfacial tension, and r is the radius of curvature
[30]. Typical values of the parameters are r ~ 0.5-1 pm and ¢ ~ 2-10
mN/m. Therefore, the bending elasticity constant should be at least
107% to 107'* J to counteract the inner capillary pressure. However,
these values are several orders of magnitude higher than those reported
in the literature for frozen lipid bilayers and adsorption monolayers,
where Kg ~ 10718 to 10717 J [30,94,95]. Therefore, the drop deforma-
tion can only be explained by the formation of multilayers of plastic
rotator phases (or other type of intermediate in stability phases) adja-
cent to the drop surface.

This mechanism is supported by the results from various experi-
mental techniques used in the drop self-shaping studies, as well as by
numerous other experimental observations. In particular, the interfacial
tension measurements described in details in Ref. [80] demonstrate that
the IFT remained > 2 mN/m for all of the studied systems [31].
Furthermore, significant decrease of the IFT upon decrease of the tem-
perature was observed only for the systems in Group A (see Fig. 9e
below), which were also found to have the smallest thickness of the
rotator phase via the DSC analysis performed in Ref. [38]. For the sys-
tems in Groups B and C, the IFT remained even higher than 5 mN/m until
the freezing of the millimeter droplet used for measurements by the
pendant drop method proceeded, see Fig. 6d. For all of the studied
systems, the interfacial tension measured at temperatures at which the
drop shape deformations begin was >4 mN/m [80].

Two experimental techniques have been used to detect the formation
of plastic rotator phases. Indirect detection of the rotator phases in self-
shaping drops allowing to estimate the rotator phase thickness, has been
achieved through DSC experiments [38]. Furthermore, direct structural
information evidence confirming the formation of rotator phases in
alkane drops undergoing spontaneous shape changes upon cooling has
been obtained via SAXS measurements [28,29,81,96,97]. In their
studies Shinohara et al. used microbeam SAXD to show the formation of
a plastic rotator phase adjacent to the drop surface in a system of 30-50
pm hexadecane drops dispersed in a C1SorbEO2 (Tween 40) surfactant
solution [29]. In contrast, when the surfactant was replaced with one
containing a double bond in the middle of its hydrophobic tail
(C18:1S0rbEQy), the entire drop froze without forming the rotator phase
[29]. Fig. 7a presents maps of the internal structures obtained with the
two different surfactants. The intensity of each pixel in these maps
represents the scattering intensity measured from the respective region
of the droplet, as probed by a micrometer-sized X-ray beam. Note that
these studies were performed several years before the discovery of the
self-shaping process and were conducted with relatively high cooling
rates, which did not allow sufficient time for the formation of regular
non-spherical shapes upon cooling.

In more recent studies, our group investigated similar systems using
experimental conditions that are known to facilitate shape deformations
during cooling [81,97]. Notably, rotator phase formation was detected
only for hexadecane drops stabilized by surfactants allowing the spon-
taneous deformations upon cooling, see Fig. 7b. For the hexadecane
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drops, stabilized by C12SorbEO»q (having too short hydrophobic tail) no
such peak was detected [81]. Furthermore, the detailed investigations
demonstrated that under appropriate conditions, the entire drop volume
may structure in a rotator phase before the final crystallization and the
formation of the triclinic phase proceeds. This rotator phase remained
stable in a narrow temperature interval upon cooling. If heated, it
melted up to ca. 16.5 °C, transforming the drops back to the charac-
teristic spherical shapes, see Fig. 7c¢ [81].

The SAXS/WAXS experiments confirmed the formation of the rotator
phase in drops undergoing self-shaping upon cooling. However, these
studies do not provide direct information regarding the thickness of the
rotator phase. An estimate of this thickness was made using data from
DSC experiments performed with emulsion samples [38]. In these ex-
periments, the heat released during the cooling of the samples was
detected. The results show that for all studied systems in which drop
deformations occur upon cooling, peaks appear in the thermograms at
temperatures higher than the freezing temperature, see Fig. 6¢c. These
peaks can only be explained by the formation of an ordered phase, which
causes the observed heat release. In contrast, for systems where no drop
shape deformations are not observed, a single Gaussian-shaped peak is
seen at the temperatures corresponding to the drop freezing process, see
Fig. 6a.

The results from DSC measurements provide quantitative informa-
tion on the percentage of molecules which undergo liquid-to-rotator
phase transition before drop freezing. By combining this information
with optical microscopy images and a geometrical model of the three-
dimensional particle shape, we were able to estimate the thickness of
the plastic rotator phase formed on the surface of various non-spherical
droplets [38]. In these estimates, it was assumed that the ordered phase
formed is adjacent to the particle surface, as suggested by the experi-
mental observations. The analysis revealed that the number of ordered
layers on the surface of tetragonal platelets is around 22 + 6 layers (i.e.
45 + 12 nm), whereas for thin, fiber-like particles, the number of layers
is around 3-4 (6-10 nm). A detailed description of the models used for
these estimates is available in Ref. [38]. Note that although the same oil-
surfactant combination was used in these experiments (hexadecane
drops stabilized by C1SorbEO»q surfactant), the rotator phase thickness
in the tetragonal particles was estimated from experiments with 9.5 pm
droplets, whereas for the formation of fiber-like particles, drops with
initial diameter of 3 pm were used. Therefore, a direct comparison be-
tween the number of ordered layers in the two different systems may not
be entirely correct due to the significantly different drop volumes.

These estimates facilitated a theoretical analysis of the bending
elasticity constant dependence on the multilayer thickness, hp;. Two
different models relating Kp to hpy, for thin elastic shells are available in
the literature. The model of Evans and Skalak [94,98] neglects the
contribution of the non-zero shear modulus to the bending and finds that
under this assumption, Kz ~ h;. The model of Kirchoff and Love [99],
on the other hand, considers the opposite extrema — the bending of a
fully solid isotropic layer in which the shear resistance between the
separate molecular layers in the multilayer is accounted for. Under this
assumption, the dependence becomes Kp ~ h3;, and the balance between
the IFT and bending moment created by the multilayers of the plastic
phase is given by:

hPL > hmano (D-rz/KB,mono)l/3> (1)

where Kp mono is the bending elasticity modulus for a monolayer incor-
porated in a multilayer stack. Using a high estimate for K mono ~ 1077
J, Bimono =~ 2 nm, and r &~ 1 pm, we estimate that hp;, > 16 nm for 6 =~ 5
mN/m and hp;, > 7 nm for ¢ ~ 0.5 mN/m [38]. These estimated values
double if K meno ~ 107! J instead of 10717 J. When the same calcula-
tions are performed under the Evans and Skalak assumption, thicknesses
between 15 and 300 nm are calculated [30].

A comparison between the theoretical analysis and the results ob-
tained from the calorimetry experiments [38] shows that the Kirchoff-
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Love model better describes the multilayer thickness in self-shaping
drops. This suggests that the rotator layers are strongly interlocked
and exhibit high shear resistance, similar to that found in solid crystals.
Note that this result is in good agreement with the shear storage and loss
rheological moduli measured directly for the rotator phases in long
chain alkanes [87].

Furthermore, several experimental observations also support the
conclusion that the interfacial tension in the systems studied by us is not
ultra-low, but positive. These observations include, but are not limited
to: the circular shape of the holes formed in the deforming particles, see
Fig. 2c¢; the immediate formation of spherical droplets upon drop
breakage and disruption of the rotator phase, see Section 5 below; the
formation of cylindrical asperities demonstrating that the system ex-
hibits a spontaneous curvature with a radius ranging from several tens of
nanometers up to a micrometer (a possible origin for this spontaneous
curvature is interfacial tension difference appearing on both surfaces of
the thin rotator phase, e.g. between the liquid oil/rotator phase and
rotator phase (adsorption layer)/surfactant solution); the fact that in-
teractions between the individual fluid particles do not lead to particles
bending, but rather — the particles preserve their individual shapes,
indicating that they are relatively stiff. Based on SAXS, DSC, IFT mea-
surements, and direct optical microscopy observations, we concluded
that our findings cannot be explained with the ultra-low interfacial
tension mechanism suggested previously by Sloutskin et al.
[33,41-43,45,46]. Instead, they are explained with the formation of
multilayers of plastic phase adjacent to the drop surface.

2.4. Control factors

The drop shape deformations upon cooling were found to be influ-
enced by two primary factors, besides the appropriate oil-surfactant
combination: the cooling rate and the initial drop size. As a general
rule, smaller drops that are cooled at a slower rate and stabilized by
surfactants with longer tails undergo shape transformations more easily
and reach the final stages of the evolutionary sequence [31]. Illustrative
results demonstrating the effect of the initial drop size are presented in
Fig. 8. Therefore, when working with an unknown substance and
seeking to assess its ability to form non-spherical particles during cool-
ing, small emulsion droplets (d < 10 pm) should be prepared in a sur-
factant solution with sufficiently long hydrophobic tail (e.g., C1g). These
drops should then be cooled from a temperature above the bulk melting
temperature of the dispersed oil to the freezing temperature, at a low
cooling rate (< 0.5 °C/min) to determine whether their spherical shape
changes before freezing.

The cooling rate dependence can be easily explained, as lower
cooling rates provide more time for molecular reorganization and
ordering, allowing the formation of structures with minimal energy.
This is particularly important for larger molecules, such as triglycerides,
which are much less mobile than alkane molecules even in liquid state
[401.

The fact that smaller droplets deform more easily is not trivial,

Advances in Colloid and Interface Science 345 (2025) 103624

because these droplets have higher capillary pressure, p, = 46d "}, where
o is the oil-water interfacial tension and d is the drop diameter. This
experimental observation, however, can be attributed to the difference
in the radius of curvature between smaller and larger droplets [31]. The
curvature in smaller droplets is likely closer to the preferred curvature
for the formation of the rotator phase, which facilitates the easier for-
mation of this phase and respectively the easier drop shape de-
formations. Further dedicated investigations and molecular modeling is
needed to fully understand this peculiarity.

The role of the specific surfactant-oil combination in the observed
shape changes follows from the general rule for drop deformations upon
cooling. For the same surfactant, which allows drop deformation (i.e.
with not too voluminous head group and sufficiently long hydrophobic
tail), drops from hydrophobic phases with shorter chain lengths will
deform more easily than those composed of hydrophobic phase with
longer chains. For example, under otherwise equivalent experimental
conditions (initial drop size, cooling rate), when stabilized by the
C16EO9 surfactant, Cyy drops do not deform before freezing, while Cjq
and C;g drops reach the initial stages of the evolutionary sequence. In
contrast, C1¢ and C;7 drops are able to reach the final stages of the
evolutionary sequence if sufficiently small drops are used or under slow
cooling, whereas Cy5 and Cy4 drops easily deform to the final stages of
the evolutionary sequence even cooled at higher rates (e.g., up to 2 °C/
min) [31]. A reverse scenario also holds true: for the same hydrophobic
substance, drops are more likely to deform when stabilized by surfac-
tants with longer hydrophobic tails.

These observations can be explained by the fact that the length of the
surfactant tail determines the temperature at which the adsorption layer
freezes, see the schematics in Fig. 4. When surfactant molecules have
longer tails than the dispersed oil, they freeze at a higher temperature
compared to the oil, thereby allowing more time for the reordering of
dispersed oil molecules and the formation of a surface-ordered phase.

A classification into four distinct groups was made depending on the
temperature at which the drop deformations begin, Ty, and its com-
parison with the bulk melting temperature of the dispersed oil, Tp,, see
Fig. 9 [31]. In Group A are systems for which the drop deformations
begin at Tq > Tp,. For these systems, easy deformations and characteristic
formation of thin fibers is observed. In Group B are systems for which Ty
~ Ty, and in Group C those for which T4 < Tp,. In the fourth group, Group
D, are systems in which drop shape deformations are not observed.

2.5. Stability of the non-spherical fluid and frozen particles

The described deformations proceed while the drops are in fluid
state. Once the oil freezing temperature is reached, the entire particle
undergoes a liquid-to-solid phase transition, allowing the formation of
non-spherical particles in both micrometer and submicrometer size
ranges. These frozen particles can maintain their non-spherical shape
indefinitely if stored at temperatures below the bulk melting point of the
frozen oil [30,31,55]. It should be noted that for binary alkane mixtures
with a chain length difference greater than 4C-atoms, the preservation of
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Fig. 8. Effect of initial drop size for the shape deformations upon cooling. The shape which can be observed with the same oil-surfactant emulsion system
depends on the initial drop size. As a rule, the smallest drops deform easier compared to the bigger drops. This trend is illustrated for C;¢ drops in Tween 40 solution,
cooled at 0.5 °C/min. The 3 pm drops elongate further transforming into thin long fibers before freezing. In contrast, the 10 pm drops will freeze into the tetragonal
platelet shapes, whereas the bigger 33 pm drops reach only the hexagonal platelets stage. Scale bars = 20 pm.
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Fig. 9. Classification of the emulsion systems into four separate groups. (a-d) Microscopy pictures showing typical shapes formed with hexadecane drops
dispersed in different surfactant solutions: (a) Brij S20, C13EO40; (b) Tween 60, C;SorbEO4; (c) Brij 58, C;6EO2¢ and (d) Tween 20, C;5SorbEOy. (e) Table with
description of the main features of each group. Preferred shapes are determined from experiments with a continuous cooling and hexadecane drops. T4 and T,, denote
the drop shape deformation temperature and melting temperature for the oil, respectively. Table shown in (e) is adapted from Ref. [15]. Note that for part of the
systems classified in Group A, the ultra-low interfacial tension mechanism could not be completely excluded.

the non-spherical shape upon cooling is only possible if a third compo-
nent with an intermediate chain length is added to the mixture [56].
Otherwise, the two alkanes partially phase separates upon cooling and
the multi-component drops do not preserve their non-spherical shape
upon freezing, see Section 2.7 and Fig. 12 below.

The stability of the non-spherical fluid particles, however, turn out to
be somewhat more complex [39]. Careful experiments performed with
various alkane-surfactant systems, cooled to a specific temperature and
then maintained under isothermal condition for an extended period,
showed that polyhedras, hexagonal, and tetragonal prisms are always
unstable [39]. Particles evolved into these shapes continued to slowly
evolve into subsequent stages of the drop shape evolutionary scheme
even when the temperature was held constant [39]. In contrast, once
triangular platelets are formed, they remain stable for several hours,
showing no signs of shape change, see Fig. 10.

The stability of rod-like fluid particles was found to be governed by
the structure of the surfactant adsorption layer. It is well known that
commercial non-ionic alcohol ethoxylate surfactants consist of mixtures
of molecules with varying structures, primarily differing in the number
of ethylene oxide units present in the hydrophilic head [100,101]. As a
result, dynamic exchange occurs between the molecules adsorbed on the
non-spherical particle surface and those within the micelles in the
aqueous phase, as the different molecular species will have different
adsorption energies and kinetics. This exchange leads to continuous
shape-shifting and capillary instability of the rods, stabilized by such
surfactants (e.g. Tween 60). In contrast, rod-like particles stabilized by
surfactants with narrower compositional variations (e.g. Brij 52,
C16EO2) maintain their length once a constant temperature is estab-
lished during the experiment, Fig. 10 [39].

Further experiments with varying degrees of subcooling showed that
the rate of shape transformations under isothermal conditions increases
non-linearly with the decrease of temperature. Additionally, the
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formation of fluid shapes extruding rods and fibers from their acute
angles was observed in these experiments, not only for systems where
this process was seen under constant cooling conditions, but also for the
other systems [39]. This result indicates that the formation of all
different shapes from the drop shape evolutionary sequence is generally
possible for systems able to break symmetry upon cooling. However, the
specific timescale at which these shapes are observed depends strongly
on the specific oil-surfactant combination.

2.6. Theoretical modeling

The main stages of the drop shape evolution observed experimentally
upon cooling were successfully predicted by a theoretical model [18]. In
this model the fine balance between the rotator phase formation and
surface tension is considered and the observed geometrical shapes are
understood as local energy minima. The model considers only the
chemical potential for the oily molecules, as it governs the relevant
phase transitions. The total energy of the oily droplet is expressed as:

E=uVi+uV,+0A, (2)

where y is the chemical potential per unit volume, V is the volume, A is
the curved surface area, o is the oil-water interfacial tension, and [ and r
subscripts refer to liquid and to the rotator phases, respectively. The
rotator phase formation is energetically favorable only if Ay = p; — pr >
0.

The chemical potential difference for the oily molecules at a tem-
perature 1 K below the rotator phase formation temperature, T, can be
approximated as: Au ~ ASy(T,— T), where ASy, is the entropy change per
unit volume for the liquid-to-rotator phase transition, estimated as AS;,
~ 6 x 10° N/m?K [32]. Alternatively, using the thermodynamic relation
for the Gibbs free energy at the phase transition temperature T,, AG =
AH — TAS = 0, this becomes Ay ~ AH(T, — T)Trl, relating the potential
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Fig. 10. Stability of fluid non-spherical particles under isothermal conditions. (a) A schematic energetic landscape illustrating that non-spherical fluid particles
remain stable under isothermal conditions only when triangular platelets are formed or when rod-like particles are present, with the surfactant adsorption layer
composition remaining relatively constant over time. (b,c) Optical microscopy images showing stable non-spherical hexadecane fluid particles in the presence of Brij
52 (b) and continuous shape evolution when the drops are stabilized by Tween 60 (c). Scale bars = 20 pm. Adapted and partially reproduced with permission

from Ref. [39].

difference to the phase transition enthalpy (AHy).

To estimate the volume of the rotator phase, the model assumes that
it scales with the perimeter of the polygonal frame, P: V. = PA,, where A,
~ 0.3 pm? is the cross-sectional area of the rotator phase formed at the
platelet periphery. It is approximated as a spherical ring of outer
diameter ~ 2 pm and thickness ~ 100 nm. Rescaling the energy
expression using the initial spherical droplet perimeter Py = (6n*V)1/3,
and neglecting constant terms, yields a dimensionless energy [32]:
£ =E[(oP?) = 7-a7 = 7~(A ) [ (VPo(6n2) ) 7 3)

In this equation ais a positive dimensionless parameter. This
expression reflects the competition between surface tension (which tries
to minimize the surface area .””) and the energetic gain from the rotator
phase formation (which favors larger values for the perimeter %) [32].

To model the temperature-dependent drop shape evolution, a linear
stability analysis was performed using this equation and a regular
hexagon as starting shape [32]. This analysis revealed three linearly
independent growing modes: one triangular mode and two parallelo-
gram modes. The model predicts that small perturbations (¢) favor tri-
angle formation, while larger perturbations lead to parallelograms and
trapezoids. This result is consistent with the experimental observations,
as the perturbation magnitude ¢ is expected to increase with both the
increase of the cooling rate and decrease of the droplet size. Both factors
lead to a less regular arrangement of topological defects on the drop
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surface, thereby increasing e. Furthermore, this analysis showed that if
all other parameters are held constant, a « g2, Therefore, the model
predicts that smaller drops would be less likely to evolve into triangles
and more likely to form parallelograms, in agreement with the experi-
mental data [31,32].

The model also successfully explains other observed phenomena,
such as droplet puncturing leading to toroidal fluid structures. Addi-
tionally, it shows the possibility for the development of protrusions from
the acute angles of the polygonal shapes. This latter behavior is repro-
duced only when elastic bending of the polygonal edges is included in
the model, allowing vertex defects to be energetically resolved via
localized curvature [31].

Later, the theoretical model was expanded to consider not only the
evolution sequence once the platelets are formed, but also the complete
three-dimensional evolution from the spherical shape into a flattened
platelet [86]. In this model, the rotator phase was assumed to form
predominantly near the edges of the polyhedron. Furthermore, a func-
tion encoding the tendency for rotator phase formation depending on
the dihedral angle between two facets was introduced. The performed
linear stability analysis demonstrated that, a small perturbation of the
parameters defining the initial symmetrical icosahedron, results in the
formation of octahedron, which then flattens into a platelet shape. A
result in complete agreement with the experimental observations.

The flattening model [86,102] was argued to be applicable to both
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rotator phase mechanism suggested by our group [30,31,38,81] and the
elastic buckling mechanism developed by Sloutskin et al. [41,103].
However, the calculations showed that in order for the flattening to
occur in presence of a single ordered surface layer, an initial perturba-
tion is needed and the interfacial tension should decrease by at least four
orders of magnitude during the cooling. This would allow the flattening
to be driven solely by the buoyancy and elasticity competition [86].
Note that, on Earth, the initial perturbation is defined physically by the
buoyancy of the droplets. However, if this mechanism is responsible for
the shaping observed in part of the oil-surfactant combinations, it re-
mains unclear whether the same evolutionary sequence can occur in the
absence of gravity. Further experiments are needed to answer this
question.
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2.7. Multicomponent drops

Most industrially applicable substances consist of mixtures of mole-
cules. Therefore, the ability of mixed drops to self-shape is crucial for the
practical applications of self-shaping process. From the perspective of
droplet self-shaping, chemical substances can be broadly classified into
two main categories — “self-shaping” and “non self-shaping™ substances.
The first includes those that, when dispersed as oil droplets in a given
surfactant, are able to deform upon cooling. The second category con-
sists of chemical compounds which do not exhibit self-shaping under
similar conditions.

Experiments with various mixtures prepared with self-shaping
compounds show that all mixed drops are able to deform upon
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Fig. 11. Self-shaping process observed with multicomponent alkane drops. The chain-length difference between the two neighboring alkanes in the mixture is
An < 3C-atoms. (a-e) Collection of plastified particles with various non-spherical shapes. The plastified particles exhibit only faint colors on their periphery. The
emulsion systems are: (a,b) Ci6 + C19 = 1:1 (v/v); (c) C16 + C17 = 1:1 and (d,e) Cy6 + C15 = 1:1. All emulsions are prepared in 1.5 wt% Tween 60 surfactant solution.
Scale bars = 10 pm. (f,g) SAXS spectra obtained upon cooling (f) and heating (g) of 18 pm mixed emulsion droplets prepared with 1:..:1 mixture of all alkanes with
chain lengths between Cy4 and Cyg (a 7-component mixture) stabilized by C1gEO surfactant. (h) Interlamellar spacing as a function of temperature for Cy4-to-Cao
mixture studied in bulk (filled green triangles) and in emulsion (empty pink squares). The dashed blue line shows the released enthalpy as a function of temperature
measured using DSC. (i) Schematic representation of the mixing behavior within the rotator phase formed in C;4-to-Cyo 7-component mixture. All molecules arrange
together in a mixed rotator phase. (f-i) adapted from Ref. [81]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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cooling, following the evolutionary sequence as single-component shape upon solidification, forming a single mixed rotator phase
drops, see Fig. 1la above [56]. The main difference is that, in mixed throughout the particle volime. Therefore, we refer to this liquid-to-solid
drops, alongside the typical 60° and 120° angles observed in platelets, phase transition as “plastification” to highlight the difference in the final
many platelets with 90° angles are also present, see Fig. 11a-e. The solid phase obtained (as compared to the crystalline phase formed in
mechanism driving drop self-shaping in mixed drops is similar to that single-component drops). This results from the significantly expanded
observed for single-component drops. area of rotator phase existence for alkane mixtures compared to the
A noteworthy difference arises during the solidification of deformed, single alkanes [58]. The plastified particles display faint birefringence
non-spherical fluid particles [56]. Mixed drops, prepared with alkanes under polarized light due to partial molecular order in their rotational
with chain length difference < 4C-atoms, preserve their anisotropic degrees of freedom, see Fig. 11a-e.
(a) emulsion (b) T=0.9°C
% 4 emulsion
c Cis+Cy
19 -
Cs+C,
T (59%)
=
. © "
S >
< - L
4 ]
> £
£ 2 £
§
£ g |
Cis+Cy
= Cio (4%) (37%)

-
»
o
T

-
P..

1 1 1 1 L
20 22 24 26 28 30 3.2 20 22 24 26 28 30 32
Scattering vector, nm” Scattering vector, nm”

A, Aol S,

288 1
Pl

C,, domains C,; + C,;, domains

| s

FH RS

d, > d,

ol
1

(d)

Fig. 12. Behavior of mixed alkane particles where An > 4C-atoms. (a,b) SAXS spectra obtained upon cooling of C;5 + C19 (1:1) 18 pm drops stabilized by C;,EOg
surfactant. (b) Peak deconvolution analysis of the spectra obtained at 0.9 °C. Three separate peaks are detected. (c) Schematic representation of the phases forming

upon freezing of the C;5 + C19 mixture. (d) Drop shape evolution and partial freezing of C;4 + Czo (2:1 v/v) mixed drop dispersed in Tween 60 solution. Upon cooling,

the usual drop shape evolutionary path is followed. However, when the freezing temperature of Cyg is reached, part of the particle freezes, whereas the C;4 molecules
remain in a fluid state. The rotator phase stabilizing the non-spherical hexagon is broken and the particle does not preserve its non-spherical shape upon freezing.

Scale bars = 10 pm. (a-c) Adapted from Ref. [104].



D. Cholakova

Structural analysis of mixed alkane drops [104] demonstrated a
continuous structural rearrangement, leading to a decrease in the
interlamellar rotator phase thickness across the entire temperature
range from the onset of drops deformation to the melting point of the
shortest alkane in the mixture, see Fig. 11f,i. Upon further cooling, a
rotator-to-crystal phase transition occurs, leading to an additional
reduction in interlamellar thickness, see Fig. 11h. The reversed trend is
observed upon heating, Fig. 11g.

When the chain length difference between neighboring alkanes is
>4C-atoms, their melting temperatures differ significantly. As a result,
although completely miscible in the liquid state, such alkanes tend to
partially phase separate upon freezing, see Fig. 12 [56]. Upon cooling
from melt, once the freezing temperature of the longer chain alkane is
reached, part of it crystallizes, disrupting the rotator phase structure that
previously stabilized the non-spherical fluid shape. This disruption al-
lows the positive interfacial tension to reshape the droplet back toward a
nearly-spherical form, with the remaining liquid alkane confined inside
and solid crystals decorating the surface, see Fig. 12d. Structural anal-
ysis of Ci5 + Cig (1:1) drops revealed that about 8 % of C;9 molecules
separate into a distinct crystalline phase (4 % of all molecules), whereas
the others are incorporated into two slightly different mixed phases with
the shorter pentadecane molecules, as shown in Fig. 12a-c [104].

Experiments with many different alkane mixtures showed that the
behavior of multicomponent systems is primarily determined by the
greatest chain-length difference An between neighboring alkanes in the
mixture [56]. When An < 3C-atoms, the non-spherical fluid particles
preserve their shapes after plastification, whereas larger differences lead
to partial phase separation during freezing and formation of spherical
frozen particles.

Another difference between the single- and multicomponent droplets
is observed upon heating. In single-component drops, melting occurs
rapidly within seconds once the bulk melting temperature of the
dispersed lipid is reached. In contrast, multicomponent drops with An <
3 exhibit melting over a wide temperature range. Initially, birefringence
fades, indicating melting begins in the particle interior. The non-
spherical shapes remain until the melting temperature of the longer-
chain alkane is reached. This shows that the particle surface is
enriched with the molecules of the longer component. The initial
spherical shape restores once the melting temperature of the longer
alkane in the mixture is surpassed [56].

Investigations of mixed drops revealed also that when a given non-
self-shaping substance is mixed with a self-shaping one with a concen-
tration of at least 15 vol%, drop shape deformations upon cooling
become possible, see Fig. 13 [56]. This finding further broadens the
applicability of the spontaneous self-shaping process.

2.8. Formation of non-spherical droplets using alternative methods

The described self-shaping process is very easy for experimental
realization, requiring only a suitable combination of oil and surfactant.
After emulsion droplets are formed, the system is slowly cooled from a
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temperature above the melting temperature of the oil until it freezes.
Furthermore, as described, this process is widely applicable to a variety
of chemical compounds containing linear chains in their structures.

To place the self-shaping process within the wider framework of
methods that have been shown to generate non-spherical particles from
initially spherical droplets, we present an overview of relevant tech-
niques found in the literature. Our focus is limited to non-polymeric
particles composed (mainly) of low-molecular weight compounds, as
the currently reviewed process does not rely on the properties of the
polymers. Reader interested in shape-changing polymeric particles are
referred to a recent comprehensive review by Tanjeem et al., which
discusses various mechanisms for achieving non-spherical polymeric
structures [105]. Additionally, an interesting example of light-induced
self-shaping is presented in Ref. [106], where polyelectrolyte droplets
transform into hexagonal and multipodal structures driven by cis-trans
isomerization under blue light irradiation. Information about non-
spherical droplets formation using liquid crystal substances can be
found in Refs. [107-113].

This review primarily considers studies involving micrometer-sized
oil drops with diameter smaller than ca. 200-500 pm. However, larger
droplets undergoing shape transitions have been also reported. Notable
examples include the works of Cejkové etal. [114] and Lietal. [115].In
Ref. [114], the evaporation of water has been shown to induce the
growth of elongated spikes on initially spherical decanol droplet placed
in an aqueous sodium dodecanoate solution containing sodium chloride.
The decanol droplet eventually form branched structure resembling in
shape the neuronal cells. Evaporation of the cyclohexane droplets placed
on a water surface is shown to spontaneously shape the droplet into
faceted polygonal shapes in Ref. [115]. This phenomenon is attributed
to Marangoni-driven vortex flows in the underlying liquid subphase.
These high-Reynolds-number flows generate asymmetric shear stresses
that overcome the natural tendency of droplets to minimize surface
energy, leading to the spontaneous formation of distinct edges and
corners in the droplet shape.

2.8.1. Non-spherical drops stabilized by elastic interfacial film

The self-shaping process studied here is driven by the in-situ for-
mation of multilayers of a plastic phase counteracting the inner capillary
pressure. However, other types of elastic films present on the droplet
surface can also stabilize non-spherical shapes, provided that they
possess sufficiently high mechanical strength. Experimentally, this has
been demonstrated in systems stabilized by surface-active proteins and
natural surfactants such as saponins. For example, formation of irregu-
larly shaped non-spherical droplets is demonstrated in Ref. [16] using 1
wt% saponins (Sapindus Mukurossi and Quillaja types). Such saponins
form a rigid “solid” shell on the oil-water interface [116], thereby sta-
bilizing the non-spherical morphology.

Non-spherical emulsion droplets have also been observed when
stabilized by BsIA, a bacterial protein produced from Bacillus subtilis, see
Fig. 14a [15]. This protein is known for its ability to form elastic in-
terfaces at both oil-water and air-water boundaries [117,118]. Similar
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Fig. 13. Self-shaping of multicomponent drops containing self-shaping and non-self-shaping substances. (a,b) Deformed fluid particles prepared from: (a)
coconut oil + hexadecane (1:1) mixture; (b) tetradecanol + hexadecane (1:1) mixture dispersed in Tween 60. Scale bars = 10 pm. (c) Schematics illustrating that at
least 15 vol% of self-shaping substance are needed to be mixed with a non-self-shaping one to allow formation of non-spherical particles upon cooling. Adapted

from Ref. [56].
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Fig. 14. Collection of non-spherical droplets generated using various methods. (a) Non-spherical drops trapped during vortex mixing of hexadecane into BsIA
protein solution. Reprinted from Ref. [15]. (b,c) Non-spherical structures obtained upon arrested coalescence of Pickering droplets. The structures shown are ob-
tained after polymerization. Adapted and reprinted with permission from Ref. [18]. Copyright © 2009 American Chemical Society. (d) Non-spherical drop obtained
via arrested coalescence of 30 % wax-containing hexadecane drops dispersed in 0.5 wt% microfibrous cellulose and 10 mM sodium dodecylsulfate. Reprinted with
permission from Ref. [19]. Copyright © 2016 The Royal Society Publishing. (e) Elongated double droplets generated at 0.55 pL/s flow rate in a hydrophilic chip.
Adapted and reprinted with permission from Ref. [121]. Copyright © 2010 Elsevier B.V. (f) Non-spherical triglyceride droplets produced in a microfluidic chip. Drops
with aspect ratios of 2.0 (left) and 3.4 (right) are shown. Adapted and reprinted with permission from Ref. [122]. Copyright © 2020 Elsevier Inc. (g,h) Anisotropic
emulsion hexadecane-petrolatum mixed droplets produced by microfluidic techniques. The particles aspect ratio is governed by the exit temperature: (g) T = 40 °C;
(h) T = 30 °C. Adapted and reprinted with permission from Ref. [21]. Copyright © 2018 Elsevier B.V. Scale bars for all images = 50 pm.

behavior has been reported with natural hydrophobins, small proteins
containing 65-100 amino acid residues, produced by filamentous fungi
[119,120].

It should be noted, however, that the non-spherical shapes formed in
these studies cannot be precisely controlled. Instead, they result from
the arrested deformation of liquid droplets during mechanical agitation
(emulsification) or the application of external mechanical forces.

2.8.2. Arrested coalescence

Another approach for producing non-spherical micrometer-sized
droplets, mechanistically governed by the presence of particles adsorbed
on the droplet surface, was proposed in Ref. [14]. In this study, the
authors induced coalescence between Pickering droplets that were
incompletely coated with silica nanoparticles. When the coating of the
resulted droplet exceeded approximately 90 %, the adsorbed particles
underwent two-dimensional jamming, preventing the droplet from
relaxing into a spherical shape. This resulted in the formation of
partially fused non-spherical geometries, see Fig. 14b,c. Subsequent
theoretical studies revealed that, for drops of equal initial size, arrested
coalescence occurs only when the total surface coverage is between 143
and 181 % [17]. Lower coverages resulted in a complete coalescence and
formation of spherical droplets, whereas at higher coverages, the indi-
vidual drops were unable to merge.

Despite the fact that the coalescence occurs extremely rapidly, within
tenths of microseconds, the authors of Ref. [14] managed to achieve
partial control over the process. They observed that few seconds are
required after the initial particle-particle contact for droplet rotation
and rearrangement of the adsorbed particles to allow the bare drop
surfaces to come into direct contact. This time window was used to
position the droplets into target geometries before the coalescence
occurred. Microfluidics techniques were used for these experiments,
which allow precise control over droplet surface coverage. The forma-
tion of non-spherical supracolloidal structures composed of three or
more drops arrested during their coalescence was also demonstrated
[14]. However, the initial drop sizes were relatively large, around 100

16

pm, and the obtained geometries were limited to such in which the
bonding angles between the partially coalesced droplets were either 60
or 120°.

In other studies, similar non-spherical shapes were obtained using
arrested droplet coalescence [19,20]. Instead of relying on particle-
armored droplets and particle jamming, the arrested shapes were ach-
ieved by precisely balancing interfacial and elastic droplet energy in
drops comprising partially crystallized oil (liquid alkane mixed with
high-melting wax), see Fig. 14d [19,20]. This process was realized using
micromanipulation techniques, where one droplets was held at the tip of
a capillary and manually brought into contact with another droplet. The
extent of coalescence depended on the solid fat content in the two
droplets, which determines their Young's modulus and the elastic energy
stored within the microstructure. Depending on this, three distinct
outcomes were observed — complete coalescence into a single spherical
shape, arrested coalescence, or elastic stabilization in non-spherical
shape. Furthermore, the arrested coalescence of three or more droplets
was demonstrated as a viable method for preparation of complex
anisotropic structures [20].

2.8.3. Non-spherical Pickering droplets

The initial model studies [14,17] demonstrating the formation of
non-spherical, particle-stabilized emulsion droplets via arrested coales-
cence opened a new area for research in this field. Subsequent studies
primarily aimed to increase the production rate of non-spherical parti-
cles (initially limited by the need for a manual droplet contact) and to
expand the range of chemical compounds suitable for different techno-
logical applications, tailored to specific functional requirements.

Arrested droplet coalescence, induced by emulsion destabilization in
bulk sample, has been used to prepare non-spherical droplets [123]. In
this approach, hexadecane-in-water emulsions, stabilized by cetyl-
trimethylammonium bromide were prepared in the presence of dopa-
mine hydrochloride. Coalescence was triggered by the addition of tris
(hydroxymethyl)aminomethane hydrochloride, which initiated dopa-
mine polymerization in the aqueous phase and caused accelerated
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droplet coalescence while simultaneously generating surface-active
dopamine particles. Under optimized particle coverage, non-spherical
droplets were produced under arrested coalescence [123].

Non-spherical particles in bulk quantities were also produced in
Ref. [124]. In this case, cyclodextrin particles were used to stabilize
Pickering emulsions prepared with various oils. Depending on the par-
ticle and oil concentrations, as well as the chemical nature of the
dispersed oil, particles with aspect ratios varying between ca. 1.15 and
1.70 were produced via a simple rotor-stator emulsification, without
requiring specialized equipment. Additionally, an increase in emulsion
viscosity was demonstrated with increasing aspect ratios of the Picker-
ing droplets [124].

By combining particle-arrested coalescence with a system exhibiting
low interfacial tension (IFT < 0.7 mN/m), the authors of Ref. [125]
successfully prepared non-spherical Pickering droplets. In this case, the
non-spherical shapes emerged during ultrasound emulsification.

A different approach was used in Ref. [126], where buckling was
induced in particle-stabilized “water-in-oil” (inverse) emulsion droplets.
The droplets were composed mainly of ethylene glycol, while the
continuous phase consisted of chlorobenzene. The ethylene glycol sol-
ubility (= 1.5 pL/g) in the chlorobenzene was used to induce a
controlled volume reduction of the dispersed droplets. This was ach-
ieved by placing the droplets into unsaturated chlorobenzene phase,
thus inducing an ethylene glycol transfer from the droplets interior into
the continuous phase until the solubility limit was reached. The
controlled volume reduction led to buckling due to the fixed surface area
of the particle shell covering the initial droplet. Easier buckling was
observed for drops with larger initial sizes [126].

2.8.4. Microfluidic production of non-spherical droplets

Several methods employing microfluidics techniques have been also
shown to be able to produce non-spherical droplets. For instance, mi-
crochips with finely tuned wettability have been used to create elon-
gated double droplets when low flow rates are applied in the
microchannels [121]. The double droplet consisted of two droplets
composed of fluorinated and silicon oil which were placed in contact
with one another, see Fig. 14e. An increase in the flow rate provided a
partial control over the doublet droplet shape, transforming them into
capped double droplets [121]. However, note that these non-spherical
shapes are observed due to the non-zero interfacial tension between
the two different oils from which the droplets are produced, combined
with the viscous shear forces from the surrounding water flow.

In another study, a microfluidic-based approach was used to produce
medium-chain triglyceride oil droplets with non-spherical shapes. These
shapes were obtained during the breakup of the dispersed flow, gov-
erned by the flow rate and were preserved by adsorbing a surface active
peptide in combination with a polyethylene glycol (PEG)-modified
protein as a co-surfactant, see Fig. 14f [122]. This surfactant combina-
tion provided a strong interfacial network, allowing the droplets to
retain their non-spherical shape for several hours. Control over the non-
spherical droplet aspect ratio was demonstrated by varying the flow
rate. However, highly deformed droplets tended to relax into shapes
with smaller aspect ratios more quickly [122]. The non-spherical drops
produced were relatively large, with diameters ~ 250-300 pm.

Taking advantages of both microfluidics techniques and the presence
of a crystalline fraction inside the droplets, endoskeleton ellipsoidal and
spherocylindrical droplets were produced in Ref. [21]. The authors first
created monodisperse droplets containing hexadecane mixed with a
high melting wax at high temperatures, ensuring that the entire oily
phase remained in a liquid state. Afterwards, a cooling step was applied
in a narrow tube with a 100 pm diameter. This led to formation of
elongated, partially frozen particles. Their aspect ratios were controlled
by both flow rate and exit temperature, see Fig. 14g,h [21]. The smaller
satellite droplets produced in the process remained spherical. However,
a minimal solid fraction of ca. 25 % was required to maintain the non-
spherical shape, and the outlet temperature needed to be lower than
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45 °C [21]. This method is only applicable to drops with diameters
larger than the narrow tube's diameter [21,22]. Similarly shaped non-
spherical Pickering droplets can also be generated using a cone-cone
shear cell [127].

2.8.5. Non-spherical Janus droplets

Another interesting examples for formation of micrometer-size non-
spherical droplets have been demonstrated using Janus droplets
composed of immiscible hydrophobic phases, such as hydrocarbon and
fluorocarbon oils [128]. These biphasic oily droplets are initially pro-
duced at temperatures above the upper critical solution temperature,
where the two oils are fully miscible. Subsequent cooling induces phase
separation within the droplets, resulting in distinct internal morphol-
ogies, governed by the balance of surface tensions acting at the indi-
vidual interfaces [128,129].

Changes in surfactant concentration, type, or configuration (e.g. UV-
induced cis-trans isomerization in cationic azobenzene-based surfac-
tants), have been shown to dynamically modulate the morphology of
these Janus droplets by altering the interfacial tension between the two
immiscible phases [129]. This has enabled a wide range of shape
transformations, including switching from convex to concave shaped
internal interfaces, transitions between encapsulated and inverted
encapsulated states, and even the formation of snowman-like structures
in which the two oily phases become nearly fully separated [129-132].

Due to their extreme sensitivity to subtle interfacial changes, such
droplets have been proposed as effective transducers for visualizing
minimal variations in oil-water interfacial tension [129], detecting
surfactant gradients [131], and even serving as optical sensors for the
early detection of foodborne pathogens, such as bacteria Salmonella
enterica [133].

An overview of studies on non-spherical droplet formation highlights
three main mechanisms proposed in the literature, aside from the self-
shaping process observed upon cooling: (1) Arrested coalescence of
Pickering droplets, achieved through appropriate surface coverage or
during emulsification in bulk samples; (2) Formation of an elastic film
on the droplet surface, which stabilizes corrugated shapes formed during
emulsification; and (3) Microfluidics techniques, where elongated
shapes are retained either during droplet formation or induced by
forcing droplets through channels narrower than their diameter. How-
ever, these methods typically produce drops with diameters > 50-100
pm. Furthermore, the resulting shapes are either highly irregular, lack-
ing precise control, or limited to ellipsoidal and spherocylidrical forms
with relatively small aspect ratios. In contrast, the novel spontaneous
self-shaping process offers unique advantages, enabling the controllable
formation of highly regular, non-spherical fluid and frozen micrometer-
size lipid particles, something which is not currently possible with the
other existing methods.

3. Drop self-shaping in presence of adsorbed particles

Particle-stabilized emulsions, known as Pickering or Ramsden
emulsions, are colloidal systems in which solid particles replace tradi-
tional surfactants to stabilize emulsion droplets against coalescence
[134-137]. The adsorption of colloidal particles at the interface is
considered to be nearly irreversible, as the desorption energy exceeds
thousands kgT (thermal energy) even for nanometer-size particles.
Additionally, the solid particles adsorbed at the interface act as a
physical barrier, further inhibiting direct contact between the droplets
and enhancing their stability against coalescence. Pickering emulsions
have found widespread applications in food science, pharmaceuticals,
catalysis, electrochemistry and many other fields [138-140].

The unique molecular ordering at the drop surface observed upon
cooling of micrometer-size droplets, stabilized by long chain surfactant
molecules, presents a unique opportunity to study the competition be-
tween particle adsorption and surface order layer formation in Pickering
emulsions prepared in the presence of (small amount of) surfactants.
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These studies have revealed several unexpected phenomena, the key
findings of which are summarized in this section.

3.1. Particle rearrangement upon surfactant adsorption layer freezing

Several unexpected phenomena were observed in self-shaping drops
decorated with adsorbed latex particles, see Fig. 15 [53]. The samples
were prepared by first emulsifying the oil phase into an aqueous phase
containing latex particles and a small amount of electrolyte (NaCl or
CaCly). Subsequently, the surfactant needed for the self-shaping process
was introduced to the Pickering emulsion by dilution. Following this
procedure, self-shaping oily droplets decorated with numerous latex
particles were prepared.

At high temperatures the adsorbed latex particles were evenly
distributed across the drop surface and remained mobile. Upon cooling,
the alkyl chains of the surfactants able to induce self-shaping process
freeze, see Section 2.3 above. This freezing led to the spontaneous
ordering of adsorbed latex particles into a hexagonal lattice, see
Fig. 16a. The freezing temperature observed in interfacial tension
measurements closely matched the temperature at which the particles
rearrangement occurred, demonstrating the relationship between the
surface phase transition and the particle organization [53,80].

The observed ordering was explained with the formation of an
interfacial tension gradient across the drop surface, see Fig. 16c. The
freezing of the adsorption layer begins at a specific spot where a crys-
talline nucleus emerges. It does not occur instantaneously across the
entire surface. Therefore, upon freezing, the interfacial tension in the
frozen region decreases, while the fluid regions maintain a higher IFT.
This difference creates an interfacial tension gradient, driving particles
displacement from areas with higher IFT (frozen adsorption layer)
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toward areas with lower IFT (fluid adsorption layer) [53]. Note that, at
this stage, the rotator phase formation has not begun yet, as the drops
still retain their spherical shape.

Depending on the number of nucleus which emerge simultaneously,
different types of particle arrangement are observed. In cases, where the
nucleus formation is difficult and occurs at a single site, all adsorbed
particles become pushed together toward one region of the drop surface,
where they arrange into a close-packed hexagonal lattice. When few
nuclei emerge simultaneously, they lead to regions devoid of particles,
surrounded by areas with highly ordered latex particles, see Figs. 16a,b
and 17a.

In the limiting case, where only a few particles are initially adsorbed
on the drop surface, no significant interruption of the regular shape
deformations is observed due to their presence. In this scenario, the
particles were pushed toward the areas of higher IFT, which then
became the “defect” regions, i.e. the tips of the non-spherical shapes.
The particles remained attached to the tips even after drop freezing, see
Fig. 15a [53]. Similar observations were made for alkane droplets
coated with nanometer- and micrometer-sized silica particles [49,50],
where the particles were also observed to position themselves at the tips
of the deformed droplets.

Furthermore, another intriguing method for creating patterns of
nanoparticles adsorbed on the cholesteric liquid crystal emulsion
droplets surface has been shown in Ref. [141]. In this study, the authors
demonstrated that by adjusting the hydrophobicity of the particles, the
surfactant concentration, and the pH of the continuous phase, it is
possible to induce spontaneous particle assembly into fingerprint-
resembling structures. The formation of these patterns was found to be
related to the elasticity of the cholesteric liquid crystal matrix that
constituted the droplets and which led to surface anchoring of the
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cover the drop surface. In systems where particle detachment is possible (see section 3.2 for details), the particles first detach from the surface, allowing the droplet to
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fluid fibers emerge between the adsorbed particles. The resulting droplet shapes resembles the head of the Gorgon Medusa form Greek mythology and are referred to

as Gorgon drops. The schematics are adapted from Ref. [53]. Scale bars = 5 pm.
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Fig. 16. Ordering of the adsorbed latex particle observed upon freezing of the surfactant adsorption layer. (a,b) Microscopy pictures obtained upon cooling of
hexadecane drop with adsorbed chloromethyl latex particles (1 pm diameter), dispersed in: (a) 3 mM Tween 40 surfactant solution +100 mM NaCl. At high tem-
perature, the particles are distributed evenly over the drop surface. When a certain temperature is reached, the particles begin to rearrange and pack into hexagonal
lattice. (b) 1 mM C;gEO3g + 7.8 mM CaCl,. Scale bars = 20 pm. (c) The observed particle rearrangement is related to the local freezing of the surfactant adsorption
layer and occurrence of interfacial tension gradient over the drop surface. See text for more details. The figure is adapted from Ref. [53].

Fig. 17. Particle detachment observed upon emulsion drop cooling. (a) The particles have arranged into stripped-like shapes surrounding regions free of
particles, where the initial surfactant adsorption layer freezing had occurred. (b) Upon cooling, the rotator phase starts to form and detachment of individual particles
is observed. (c) Drop shape deformations occur although part of the latex particles remain adsorbed on the drop surface. (d) Frozen particle. The experiment is
performed with hexadecane drop decorated with chloromethyl latex particles (1 pm in diameter), dispersed in 3 mM Brij S20 + 100 mM Nacl solution. Scale bars =
10 pm.

particles into different patterns. In another study, the defects in the where o is the interfacial tension between the two immiscible liquids, R

arrangement of liquid crystal molecules confined in emulsion droplets is the adsorbed particle radius, and @ is the three-phase contact angle
has been shown to also lead to spontaneous formation of ordered between the fluid and particle surfaces [136]. For 1 pm particles, this
structures of adsorbed particles [142]. energy is on the order of 107 kgT. However, during rotator phase for-

mation, particle detachment was observed in part of the systems when it
3.2. Particle detachment upon rotator phase formation was energetically favorable, as discussed below.

To understand the conditions for particle detachment, we analyzed

After the particles rearrangement occurs, further cooling of the the surface energies using the classical Young-Laplace equation, relating
Pickering alkane droplets lead to the rotator phase formation, which ~the interfacial tensions at the particle-drop (cp,), drop-solution (coy),

enables the drop self-shaping. At almost the same temperatures at which and particle-solution (cyy) interfaces with the three-phase contact angle
the usual drop deformations begin, another unexpected phenomenon is at the particle surface (¢;), see Figs. 16c and 18 for schematic illustration
observed in some systems — particle detachment from the drop surface, of the different parameters involved [53]:
see Figs. 15b,c and 17 [53]. The presence of the particles interfered with Pa—

cos; = 22—~ 5)

the shape transformation process, causing some of the particles to
desorb first, after which the drop deformations proceeded as usual. This
is quite unexpected observation, as particle adsorption onto the liquid-
liquid interface is typically considered an irreversible process due to
the very high energy required for desorption:

Oow

To observe particle detachment from the drop surface, the three-
phase contact angle should decrease (when measured through the
aqueous phase). According to the equation, this decrease should be
accompanied by a significant increase in o, or alternatively, to an in-
Eges = 76R*(1 — |cosd)| )27 4 crease in the difference oy, - 6py. Indeed, for one of the systems in which
the most intensive particle detachment was observed, hexadecane drops
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Fig. 18. Schematic representation of the three-phase contact angles, 6; and 6, formed at the oil-water-particle interface in absence and presence of rotator phase
respectively. At sufficiently high positive values of the line tension, k, there is no equilibrium contact angle and the particle is ejected from the oil-water interface. The

schematics is adapted from Ref. [53].

dispersed in Brij S20 (C13EO3) surfactant solution with NaCl or CaCly
salts, and adsorbed chloromethyl latex particles, a decrease in c,, was
experimentally observed when measuring the IFT as a function of the
temperature [53,80]. However, such a significant decrease in the oil-
water interfacial tension was not observed in many other systems
where particle detachment still occurred (for example, Ci drops in
Tween 40 solution with NaCl and chloromethyl latex particles adsorbed
on the drop surface) [53].

The simplest analysis, however, disregards the unfavorable interac-
tion between the newly formed rotator phase and the adsorbed particle.
It arises as particle disturbs the regular molecular ordering of the rotator
phase and can be accounted for by introducing an additional term in the
Young-Laplace equation:

Opo

cosy = 2P
Cow — K/Tc

— Opw

(6)

where « is the line tension, defined as the excess energy per unit length
of the contact line, and r, is the radius of the contact line. The derivation
of this equation is shown in the Appendix of Ref. [53]. Line tension
usually has small values, therefore it is only significant for very small
objects with micrometer and sub-micrometer sizes as shown previously
for particles adsorbed liquid-liquid and air-liquid interfaces [143-146].
However, given the small size of the studied particles (= 1 pm in
diameter), this effect was found to be important for the currently dis-
cussed systems.

In the present case, it is expected that k > 0, because the adsorbed
particle disturbs the molecular ordering of the rotator phase, thus
increasing the energy of the system. The magnitude of the line tension
can be estimated by multiplying the excess energy in the contact zone
with the width of the contact zone, i.e. if the rotator phase is formed with
thickness hpy: k & hpy (6pr — 0po), Where o is the interfacial energy at
the particle-rotator phase interface. When no rotator phase exists, hp, =
0, so the line tension contribution is negligible, and the classical Young-
Laplace equation can be used. In the presence of rotator phase, however,
the contact angle of the adsorbed particles changes with the rotator
phase thickness [53].

The theoretical analysis of 0(hpy) indicates that for realistic values of
the parameters included in the equation, there exists a value of hp;, above
which there is no energy minimum for the particle to remain adsorbed
on the drop surface. In other words, the equation predicts that the
magnitude of the unfavorable particle-rotator phase interaction is so
high, that the system reduces its energy by spontaneously desorbing the
particle, as experimentally observed. The magnitude of the critical line
tension above which the particle desorption is predicted is [53]:

Goo — G\ 2° 3
Ker = R6y <1 _ <¥) ) ’
ow

where R is the particle radius. Therefore, the critical line tension will
decrease with the decrease of the particle size, oil-water interfacial
tension, or the initial contact angle of the adsorbed particle.

)
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Realistic values which could be substituted in eq. 7 are: R ~ 1 pm, 6;
~ 30°, 6oy ~ 1 mN/m, hpy ~ 10 nm and (6, — Gpo) ~ 10 mN/m. Line
tension, k ~ 1.0 x 107 1% N/m, is calculated for these values of the pa-
rameters. The critical line tension, above which particle desorption is
predicted is k ~ 0.28 x 1071° N/m. Therefore, the particles will spon-
taneously desorb from the interface [53]. In contrast, if just one frozen
layer forms, (i.e. upon adsorption layer freezing), hpy ~ 2 nm and the
line tension become smaller than the critical value, k ~ 0.2 x 1071°N/
m. In this case, the particles will remain attached to the interface,
adopting an equilibrium contact angle.

The discussed mechanism explains all main experimental trends: the
particle detachment was observed for chloromethyl latex particles, but
was not observed for latex particles with sulfate or with carboxyl surface
groups for the same oil-surfactant system. This is most probably because
the line tension of the systems is different and only for chloromethyl
latex particles, its value exceeds the critical one. Another observation
explained by the line tension mechanism is that the particle detachment
is more intensive for higher surfactant concentrations, whereas at lower
concentrations the number of particles detaching from the interface
decreases (for example 3 mM vs 0.1 mM Brij S20). This is related to the
oil-water interfacial tension which will be higher at lower surfactant
concentrations [53].

In the present analysis, particles which do not interact with one
another are assumed. However, if the particles are jammed together,
another type of ejection mechanism was observed [53]. In these systems,
the whole raft of particles slides over the drop surface, most of the
particles move outside of the drop, and only limited number of particles
remain attached to the drop, see Fig. 15c. This detachment mechanism is
most probably another version of the single particle detachment with
only difference that the particles attract each other and are ejected
together. Another type of collective particle detachment was observed at
later stage when the particles deform and returned to spherical shape
due to the action of capillary pressure. Upon this return part of the
particles were ejected from the drop surface. Both mechanism of col-
lective detachment were observed at high electrolyte concentrations or
if CaCl, is present in the system because in these cases the electrostatic
repulsion is suppressed [53].

The phenomenon of particles detachment upon surface freezing of
the surfactant adsorption layer at alkane-water interface was found to
have important consequences over the stability of Pickering stabilized
oil-in-water emulsions in presence of low molecular weight surfactant.
In Ref. [147], the authors demonstrated that the cetyl-
trimethylammonium chloride (CTAC) freezing at the tetradecane-water
interface decorated with silica particles led to desorption of these par-
ticles, thus leading to destabilization of the studied bulk emulsion
samples through coalescence.

3.3. Complex shapes formation - Gorgon drops

In the standard self-shaping process without adsorbed particles,
various shapes extruding 1, 2 or 3 fibers were observed, see Figs. 2h, 3
and 7a,c. In presence of high surface coverage with strongly interacting
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particles which cannot detach from the drop surface, another type of
complex shape formation is observed. These shapes resemble the Gorgon
Medusa head from the Greek mythology, as they have tens of fibers
extruded from the spherical mother drop, see Fig. 15d [53]. These fibers
emerge from the spots in-between the adsorbed latex particles, as the
rotator phase formation still occurs in these systems. The diameter of the
fibers is controlled by the alkane chain length in the oily droplets.
Similarly to the case without adsorbed particles, thinner fibers are
formed from tetradecane drops, whereas much thicker fibers are
extruded from hexadecane drops for the same type of adsorbed latex
particles (with sulfate surface groups) and the same surfactant stabiliz-
ing the emulsions (1 mM Brij S20 + 0.5 mM CaCly).

The studies of self-shaping Pickering drops present an alternative
method for production of complex hybrid structures. Furthermore, the
spontaneous particle detachment mechanism offers a new route for
control over the emulsions stability, as well as for recovery of the
adsorbed particles, which is especially important for particles used as
catalysts, for example. The main factors which should be considered for
optimization of the system are: oil and surfactant type, type of latex
particles and electrolyte type and concentration.

4. Swimmers - active particles powered from temperature
fluctuations

Another interesting part of the story about active emulsion droplets
is their behavior in the final stages of evolution, when they begin to
extrude thin fibers, see schematics in Fig. 1a. In this stage, soft-micro
swimmers are formed. These swimmers can move for many minutes
and can be recharged from temperature fluctuations. In this section, we
highlight the main characteristics of these swimming drops [34].

Active particles are usually defined as self-driven units able to move
autonomously and possibly able to perform specific tasks [1]. The search
for active nano-, micro- and millimeter-sized active particles exploded in
the last several years due to the rapid advance in several related research
areas — soft robotics [6,148-153], nanomedicine [154-157], and arti-
ficial life [158-160]. Since 2020, more than 1100 papers including the
phrase “active particle” in their titles have been published [161].
However, large part of these particle are metallic or rigid and cannot
deform which limits significantly their applicability for study of the
motion of live microorganisms. Furthermore, the ability for movement
of these active particles is usually determined by the presence of external
field (magnetic, electric or electro-magnetic) or by the pre-loaded
amount of fuel (for example particles propelled by Marangoni effect
due to the release of surfactant molecules) which also (partly) restricts
their usage [3,162-176].

cooling T=7.0°C
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4.1. Formation and control parameters

The last stages of the drop shape evolution present an opportunity for
a conceptually new type of soft active microswimmers that extrude, long
thin elastic filaments, see Fig. 19 [34]. These particles offer several
advantages over previously studied swimmers. They are micrometer in
size, which can be controllably varied between ca. 1 and 50 pm.
Furthermore, their propulsion is completely autonomous, it is driven by
small temperature fluctuations rather than external fields or a chemical
reaction. An additional benefit of these microswimmers is that they are
able to sustain movement for over an hour. They can be easily
recharged, and their shape resembles that of living microorganisms,
such as the unicellular green algae Chlamydomonas [177].

The swimming motion of the self-shaping droplets is driven by the
viscous friction between the ejected fibers and the surrounding fluid.
The extruded fibers have an elastic nature, and are stabilized by the
plastic rotator phase formed on their surface. As the fibers are ejected,
the main swimmer “body” is pushed in the opposite direction and
swimming motion is induced as shown in Fig. 19a, Supplementary
Movie 3 and in Supplementary movies in Ref. [34]. Depending on the
numbers of extruded fibers, three types of swimmers can be observed —
with one, two or three fibers, see Figs. 2h, 19 and 20. The extrusion
from triangular particles is symmetrical, thus resulting only in oscilla-
tory displacement around the triangle's center. In contrast, particles
extruding one or two fibers are capable of self-propulsion in the viscous
medium [34].

The formation of microswimmers is preferred when the surfactants
stabilizing the emulsion droplets have longer tail lengths compared to
the chain length of the dispersed alkane. This is related to the onset
temperature for drop deformations and subsequent evolution into the
final stages of the evolutionary sequence [31]. As explained in Sections
2.2-2.4 above, the surfactant adsorption layer freezing induces ordering
of the oily molecules near the drop surface, which enable the shape
deformations. This process is facilitated when the surfactant tail is
longer and the drops are with smaller sizes. Systematic experiments
have been performed primarily with tetradecane and pentadecane
swimmers, but similar behavior is expected for other systems capable of
deformations upon cooling [34].

Several experimental parameters can be adjusted to control these
artificial swimmers. For example, depending on the specific oil-
surfactant combination, the thickness of the extruded fibers can be
finely tuned. Thinner fibers form when the chain length difference be-
tween the alkane and the hydrophobic tail of the surfactant is larger, as
demonstrated by the comparison between the fibers extruded from Cj4
(d =~ 0.5 pm) and C;5 (d ~ 2 pm) alkane droplets in Fig. 20. The fiber
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Fig. 19. Soft active microswimmers formed upon cooling and recharged upon heating of the emulsion samples. (a) Microscopy image sequence obtained
upon cooling (T are indicated on the pictures). Initially, the drops evolve into polyhedrons, but afterwards instead of significant flattening, more irregular de-
formations are observed which leads to formation of single-tailed swimmers. (b) Drops extruding two tails observed upon sample heating. The extruded fibers have
elastic properties because of the rotator phase covering their surface and are completely sucked into the mother droplet upon heating, therefore recharging it. The
emulsion system shown on the pictures is pentadecane drops dispersed in 1.5 wt% Brij 58 solution. Scale bars = 20 pm.
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Fig. 20. Microswimmers with thin and thick fibers and schematic representation of the parameters included in the theoretical model. (a) Tetradecane
swimmer extruding two thin fibers with diameter ~ 0.5 pm. Several different quantities which are extracted from the experiment are schematically shown on the
picture. (b) Tetradecane swimmers extruding single tails. (c) Pentadecane swimmers extruding two thick tails of diameter ~ 2 pm. All drops are dispersed in 1.5 wt%
Brij 58 surfactant solution. Scale bars = 20 pm. For more detailed explanations see the main text.

diameter is also related to the shape of the swimming body. Thinner
fibers are extruded from emulsion drops with a shape closer to the
spherical, which have several conical spikes on their surface (for
example from Cy4 drops in Brij 58 solution), whereas thicker fibers are
extruded from C;5 drops in Brij 58, where the main body has a pyramidal
shape with a tetragonal base for single-fiber and a triangular base for the
two-fiber extruding droplets. Thus, the shape of the swimmers can also
be controlled by selecting the appropriate oil-surfactant combination
[34].

The specific oil-surfactant combination selected for preparing
swimming droplets also determines the temperature range in which the
droplets can self-propel through the solution. For example, tetradecane
drops stabilized by Brij 58 surfactant were found to swim within a
narrow 2 °C temperature interval before the bulk alkane began to freeze.
In contrast, the temperature interval for pentadecane drops, stabilized
by the same surfactant was much wider, approximately 4-8 °C [34]. This
difference is probably related to the distinct ordered structures formed
by the two alkanes upon “freezing”. While tetradecane crystallizes
directly into the highly ordered triclinic phase, pentadecane forms a
thermodynamically stable rotator phase, which remains present in a
wide temperature interval (between ca. -2 and 10 °C) before tran-
sitioning into the fully ordered orthorhombic crystalline phase [58].
This would make the pentadecane arrangement slower compared to that
of tetradecane molecules, thus extending the temperature interval for
swimming.

Furthermore, the swimming duration is also strongly affected by the
applied cooling rate, which determines how fast the temperature in-
terval for swimming will be passed through, thus leading to drop
freezing. Typically, the swimming motion was observed in the course of
1 to 20 min, but longer periods are also possible provided that the
applied cooling rate is sufficiently low or if the swimmer become
recharged, see below.

The number of extruded filaments can be controlled to some extent
by varying the cooling rate. Usually, lower cooling rates (e.g. < 0.2 °C/
min) lead to a higher probability for formation of swimmers with a
single tail, whereas higher cooling rates (ca. 0.5 to 1 °C/min) result
preferentially in the formation of swimmers with two tails [34].

Swimming motion is observed upon cooling due to the extrusion of
fibers covered with plastic rotator phase. However, if cooling is stopped
at a fixed temperature, fiber extrusion continues with a very slow rate,
making the swimming motion negligible. If the cooling is resumed,
extrusion continues. Conversely, heating the sample causes the rotator
phase to re-melt, leading to fiber retraction as the extruded material is
drawn back into the mother droplet, see Figs. 19b. Notably, such
retraction has been observed even for fibers longer than 2500 pm, as
demonstrated in Supplementary Video 6 in Ref. [34]. In this way the
swimmer become recharged as the extruded oil reverts back to the initial
single droplet. By applying consecutive cooling-heating cycles, the same
drops can be used for multiple experiments [19].

It should be noted that the swimming motion is powered by the
material transfer from the main body into the extruding fiber. Therefore,
if the whole o0il become transferred from the mother droplet into the thin
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fibers, then the swimming will no longer continue. In this case a capil-
lary instability process is observed, leading to the formation of several
liquid droplets in which the main part of the liquid oil become com-
pressed, connected to one another with thin fibers, see Fig. 21 and
Supplementary Movie 3. No actual breakage occurs at this point as the
thin fibers filled with a liquid oil are stabilized by the thin layers of
plastic rotator phase covering their surface. If the system is gently
reheated, the material can revert back to a single droplet. However, once
a liquid-to-solid phase transition occurs for the whole material, the
process becomes irreversible. Although the frozen fibers retain their
shape in the solid state, they disintegrate into hundreds of smaller
droplets upon melting, see Section 5.1 below.

In summary, the swimming motion is induced upon small tempera-
ture fluctuations related to the rotator phase formation, it may continue
for many minutes and the swimmers can be recharged if the temperature
is increased before the final liquid-to-solid phase transition occurs.

4.2. Theoretical description of the swimming motion

Several experimental parameters can be used to describe quantita-
tively the system behavior — extrusion speed, Ur, swimming speed, Us,
fiber radius, r, and effective swimmer radius, a, see Fig. 20a. As ex-
pected, at higher cooling rates the extrusion and swimming speeds are
higher because the surface rotator phase formation is faster. For the
same reason, bigger in size swimmers were found to swim faster. Simi-
larly, the extrusion speed is higher in the case of single fiber extrusion
and lower if two or three fibers are extruded. Furthermore, the extrusion
is much faster for smaller in diameter fibers (0.5 pm) than for the thicker
fibers. The swimming speed was found to vary between ca. 0.1 and
several pm/s depending on the system, and the extrusion speed varied
between ca. 0.5 and 20 pm/s [34]. For the swimmers, extruding thick
fibers the swimming velocity magnitude was about 10-50 %, from the
fiber extrusion velocity, Us/Ur ~ 0.1-0.5, whereas for the swimmers
with thin fibers Us/Uf =~ 0.03-0.05.

We developed a theoretical model describing the observed droplets
swimming. The model makes a balance between the two opposing
forces: the hydrodynamic Stokes drag on the extruding fiber with the
drag created by the friction of the swimming mother droplet [34]. The
extruded filaments were treated as a uniform in length materials with a
characteristic buckling length, which determined their bending stiffness,
A. The fiber elastic stiffness was estimated from the measured period-
icity of the fiber buckling, characterized by a wavelength I. A direct
relationship was derived between the swimming and extrusion speed,
fiber bending stiffness and the radius of the extruding droplet [34]:

Us = CUFI/R, (8)
where c is a dimensionless constant which value depends on the number
of the extruded fibers and their phases (in-phase or out-of-phase extru-
sion). Furthermore, the buckling wavelength [ can be related to the fiber
extrusion speed, bending stiffness, and the filament resistance to the
flow in the direction parallel to its axis per unit length, &), by the
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Fig. 21. Capillary instability observed when the microswimmers “run out of fuel”. (a) Microswimmer in the beginning of the extrusion process. (b) The main
part of the oil transfers into the long filaments which continue to grow upon slow cooling. (c) When the material remaining in the initial “mother droplet” become
insufficient, a capillary instability begins. (d-f) The capillary instability leads to formation of several droplets in which the main part of the liquid oil become
compressed connected to one another with thin fibers. No real breakage occurs at this point. The green arrows show the direction in which the liquid drops move
along the elastic filaments, whereas the black arrows in (d) show the several liquid droplets already formed along the thin fiber. The dynamic process is shown in
Supplementary Movie 3. Scale bars = 20 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

following equation:

A

1/3
1=
(f I UF)

A combined relationship relating the fiber extrusion speed with the
swimming velocity, swimmer radius and the other constants describing
the material characteristics of the system can be obtained by combining
egs. 8 and 9:

9

¢ (AN o
Y=g (f H> v
To estimate [ we used that: [ ~ 1.2R, where R_ is the radius of the first
buckle, which can be measured from the experiment data, [ ~ 25 + 5 pm
for the thick fibers, and I ~ 7 + 2 um for the thin fibers. The buckling
length depends on the bending stiffness of the fiber, A. It was estimated
to be 210 + 60 Nm? for the thick fibers, and A ~ 25 + 8 Nm? for the thin
fibers [34]. Using these values, we successfully described the swimming
motion of both single- and double-tail swimmers, see Fig. 22. The only
difference was the value of the constant ¢ which was used, ¢ ~ 0.142 +
0.035 for the single-tail swimmers and ¢ = 0.093 + 0.031 for the double-
tail swimmer. This difference is probably related to the fact that the
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Fig. 22. Plot showing the swimming velocity as a function of the fiber extru-
sion velocity to the power of 2/3 divided by the swimmer radius. An excellent
description of the experimental results is obtained using the derived theoretical
model, see eq. 10. Adapted from Ref. [34].

propulsion forces exerted by the two fibers in the second case do not act
in the same direction.

In conclusion, a novel model system exhibiting a complex behavior
typically found in living microorganisms was developed [34]. Its
chemical composition is extremely simple consisting solely of oily
droplets dispersed in aqueous medium with a minimal concentration of
surfactant added to it. The propulsion of these synthetic microswimmers
is governed by the formation of the rotator phase on the drop surface
upon cooling and can be efficiently controlled by changing the oil-
surfactant combination or the cooling rate. Furthermore, the swim-
mers can be recharged allowing for multiple usage of the same emulsion
samples in several experiments. The shape of the developed micro-
swimmers resemble this of some real microorganisms, such as Chlamy-
domonas applanata and Chlamydomonas reinhardtii. Further experiments
with the swimming drops may explore their behavior in crowded envi-
ronments or the hydrodynamic interactions of systems comprising
artificial and biological microswimmers.

5. Self-emulsification, self-dispersion and spontaneous double
emulsion formation

The size of entities in disperse systems, such as drops, bubbles, mi-
celles, particles, and crystallites, determine important part of the
dispersion properties, including stability, appearance, texture, mouth-
feel, viscosity, creaminess, bioavailability and many others [178-184].
The formation of small droplets is typically related either to the use of
high surfactant concentrations (as in the spontaneous emulsification
techniques) or the relatively inefficient high mechanical energy input (e.
g., in the high shear mixers or high-pressure homogenizers) [185].
Comprehensive reviews of various emulsification techniques, along with
their advantages and limitations, can be found in Refs [178, 185-190]
and will not be presented here. Instead, we focus on two phenomena
discovered during self-shaping studies, both closely related to phase
transitions within emulsion systems.

Thermal cycling studies of emulsions have revealed two non-trivial
phenomena: drop self-dispersion (SD) and drop self-emulsification
(SE). Both processes involve a spontaneous decrease of emulsion drop
size upon cooling and/or heating, without the application of mechanical
energy. Starting from coarse emulsions with initial droplet sizes of
10-100 pm, SD can reduce droplets to approximately 20-100 nm
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[35,37], while SE typically achieves a minimum size of about 600-800
nm [36,82]. Despite that both SE and SD results in spontaneous drop size
decrease, their underlying mechanisms differ significantly and are dis-
cussed in the following subsections.

5.1. Self-emulsification upon cooling/heating cycling

The self-emulsification process is closely linked to the self-shaping
process, and its efficiency primarily depends on the drop shape de-
formations that occur during cooling. Four distinct mechanisms for self-
emulsification have been identified. One of them realizes upon cooling,
one at the moment of freezing, and two during sample heating. These
mechanisms will be briefly outlined here, as they are described in details
in Refs. [36, 82].

Drop size decrease upon cooling (SE Mechanism 1) involves punc-
turing and bursting of the platelets, as illustrated in Figs. 23a and 24. As
discussed in Section 2.1, emulsion drops undergoing spontaneous shape
changes upon cooling can transform into hexagonal, tetragonal, or
triangular platelets with a cylindrical frame and a thin central part. As
the temperature decreases, the central part of the platelet expands, and
more molecules from the liquid interior are “pulled” into the cylindrical
frame. As a result, the platelet center becomes thinner and may even-
tually break [36].

Two different breakage mechanisms have been observed. When the
central part of the platelet become very thin, a water-oil-water film
forms in the center. This film is unstable and ruptures, SE Mechanism 1a.
This leads to the formation of capillary-unstable, toroidal in shape
particles, which typically breaks almost instantaneously into two or
more smaller droplets, as shown in Fig. 24a,b. We note that in some
systems, where the rotator phase layers are thicker, the toroidal shapes
may remain stable for several minutes, thus allowing formation of
punctured fluid droplets, as shown for example in Fig. 2c.

Experimental results indicate that the oil film ruptures much more
quickly than theoretically predicted if only the negative capillary pres-
sure which drives the molecule transfer from the liquid interior into the
meniscus region is accounted for (in which case the film thickness
should decrease at a rate proportional to the third power of film thick-
ness, h°, as predicted by the Reynolds equation) [36,191-193]. The film
ruptures once the van der Waals forces acting between the two film
surfaces become strong enough to overcome the excessive interfacial
energy created by the local surface deformation (at a film thickness h,,
2~ 10 nm) [36]. Note that no repulsive forces are present within the thin
water-oil-water film, as the surfactant tails have the same chemical
nature as the oily molecules inside the film, making such films extremely
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difficult to stabilize by low molecular weight surfactants [194,195].

SE Mechanism 1a is relatively efficient for decrease of the size of big
droplets, characterized by dss and dygs diameters, whereas it does not
decrease significantly the size of the smallest drops, as limited number of
small drops are generated after this type of breakage [82].

Another variation of the drop size reduction mechanism upon cool-
ing, SE Mechanism 1b, is also driven by platelet puncturing. In this case,
the puncturing is triggered by the mechanical breakage of one or more
rods from the expanding frame at the drop periphery, see Fig. 24c and
Supplementary Movie 4. This breakage causes local thinning near the
broken rod, which leads to puncturing in the adjacent area. Such
breakage appears when the plastic rotator phase in the frame does not
possess a sufficient mechanical strength to withstand the internal
capillary pressure exerted by the liquid oil inside the particle. The
resulting asymmetric rupture leads to the formation of a higher number
of droplets compared to SE Mechanism 1a. However, most of the oil re-
mains in one or two larger drops, while the satellite droplets formed are
much smaller and usually higher in number. Therefore, this mechanism
decreases the drop diameter when measured by number, but it has
smaller effect on the average drop size measured by volume [82]. Note
that the inward bending of the rods toward the center of the platelets
serves as additional indirect evidence for the presence of positive
interfacial tension in these systems.

SE Mechanisms 2 and 3 proceed when an already frozen sample is
heated. As shown in Figs. 1a, 3, 9, 19 and 20, various shapes extruding
fluid fibers or rods are observed upon drop cooling. These fibers remain
stable in the fluid state because they are covered with thin layers of
plastic rotator phase. However, once frozen, the molecules rearrange
into a crystalline lattice, and the visco-elasto-plastic properties of the
rotator phase are lost. Upon heating, the extruded fibers remain stable
until they reach the melting temperature, at which point thousands of
separate small droplets form due to Rayleigh—Plateau type capillary
instability [196-198].

This breakage mechanism has been denoted in our studies as SE
Mechanism 2 and it is schematically shown in Fig. 23 [36,82]. The
diameter of the newly formed droplets is about twice the diameter of the
frozen fibers. Usually, the extruded fibers are much longer than 100 pm
and have diameter around 0.5 to 2 pm. Therefore, from a single fiber,
hundreds to thousands of separate drops form after its melting. This
mechanism is highly efficient for producing small droplets with di-
ameters between 0.6 and 2 pm, significantly reducing the dygs diameter.
However, because the volume of the drops is proportional to the third
power of their radius, these small drops contain relatively small amount
of the oil and therefore do not significantly reduce the ds; and dygs,

cooling

| Frozen | Liquid

heating i
ime

Fig. 23. Schematics of the self-emulsification mechanisms. Adapted from Ref. [36].
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Fig. 24. SE Mechanism 1. (a) Schematics of the thin water-oil-water film breakage driven by the molecule transfer from the liquid particle interior into the thicker
frame. Note that surfactant molecules are present at the deformed drop surface, but they have been omitted for visual simplicity. (b) Optical microscopy pictures
showing the breakage process. Scale bars = 50 pm. (c) Spontaneous drop bursting induced by the frame breakage due the action of capillary pressure. Scale bars = 20

pm. See also Supplementary Movie 4.

which are much more sensitive to the size of the largest drops in the
sample [82].

SE Mechanism 3 (melt-crystal fragmentation) also occurs upon
heating and is the most efficient of the self-emulsification mechanisms
described so far in reducing drop size. This process involves the bursting
(fragmentation) of frozen platelets at the moment of their melting into
hundreds of separate droplets, see Figs. 23 and 25. The efficiency of SE
Mechanism 3 primarily depends on the oil-surfactant combination and
the shape of the frozen particles. It is independent of the heating rate, as
the melting of single-component particles occurs within seconds once
the melting temperature is reached, regardless of the temperature ramp.
This mechanism is operative only for frozen platelet particles and is
driven by the dewetting of still-frozen alkane domains from the just-
melted liquid alkane, therefore it is referred to as a melt-crystal frag-
mentation [36,82].
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For dewetting to occur in these systems, the three-phase contact
angle between the melted oil, frozen oil substrate, and the aqueous
phase, 6,,, measured through the aqueous phase, must decrease below
90°, see schematics in Fig. 25a. The relationship between 6,, and the
three relevant interfacial energies is given by the Young-Laplace
equation:

Oso — Osw

cosf,, = ———
ow

(1)

where subscripts w, o and s denote the water, melted oil, and the still-
frozen oil phases, respectively. Therefore, the melt-crystal fragmenta-
tion occurs only if 65, > 6g,. This condition is rarely met because the
melted oil and the solid substrate have identical chemical nature,
resulting in low interfacial energy, o5, ~ 3-8 mN/m [199]. However, the
addition of appropriate surfactants, which can form a dense adsorption

Fig. 25. Melt-crystal fragmentation (SE Mechanism 3). (a) Schematics showing liquid oil dewetting from the still solid lipid substrate leading to spontaneous drop
size decrease. (b) Optical microscopy pictures illustrating the process. Scale bars = 10 pm.
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layer at the frozen oil-water interface and significantly decreasing the shape evolution do not remain intact upon freezing. Instead, when the
osw can induce the dewetting process [36]. higher-melting component reaches its crystallization point, it solidifies.
Analysis of various physicochemical parameters showed that SE This disrupts the plastic phase stabilizing the non-spherical shape and as
Mechanism 3 primarily occurs in systems where a decrease in interfacial a result the platelet particles, as well as the thin fibers and rods, usually
tension upon cooling is detected [82]. As explained above, this decrease disintegrate into several separate particles which have significantly
is related to formation of dense frozen adsorption monolayer on the oil- smaller drop diameters [56].
water interface which decreases the solid-water interfacial energy, cg, The main features of the described SE process are summarized in
facilitating the dewetting process. Systematic experiments revealed that Table 1. Its efficiency depends mostly on the oil-surfactant system and
the most efficient melt-crystal fragmentation process occurs when sur- the applied temperature protocol. Generally, the most efficient drop size
factants stabilizing the emulsions have hydrophobic tails that are either decrease is observed for systems in Group A, particularly when cooled
comparable in length to the alkane chain or slightly longer. These sys- slowly. The minimal achievable drop size using these self-emulsification
tems usually fall in Group A as classified in Section 2.4, see Fig. 9 and the mechanisms is ca. 600 nm by number and 800 nm by volume. The initial
drop shape deformations begin at Ty > Ty,. For systems in which the oil- drop size can range from 1 to ca. 50 pm. It has been shown that the
water interfacial tension does not decrease upon cooling, the SE Mech- described self-emulsification mechanisms are efficient not only in model
anism 3 is not observed and even when platelet particles are formed, experiments performed in capillaries, but also for bulk samples with
they melt back into a single drop (with possible formation of few smaller higher oil volume fractions, see Fig. 26b [36,82].

satellite droplets) [82]. If present, SE Mechanism 3 leads to the most
efficient drop size decrease, see Fig. 26a.

SE Mechanisms 1, 2 and 3 are observed with both single- and multi- 5.2. Self-dispersion and double emulsion formation processes for single-
component emulsion drops. For multicomponent drops, an additional component droplets
fourth mechanism, SE Mechanism 4, contributes to drop size reduction
[56]. This mechanism occurs in non-spherical particles formed from Another, much more powerful method for reducing drop size upon
mixtures of compounds with significantly different melting tempera- cooling and heating, was found while studying the behavior of
tures. In these systems, the non-spherical particles formed during drop triglyceride-in-water emulsion droplets, see Table 1 [35]. This method,

referred to as self-dispersion (SD) or cold-bursting, does not rely on the
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Fig. 26. Quantitative results showing the drop size decrease observed via: (a,b) Self-emulsification upon cooling/heating cycles. (c) Self-dispersion. (a) Drop
size distribution after one cycle. The efficiency of SE Mechanism 2 (blue) and SE Mechanism 3 (red) is compared. The green bars show the initial drop size distribution.
Adapted from Ref. [82]. (b) Drop size decrease as a function of the consecutive cooling-heating cycles applied to the bulk emulsion samples. The experiments have
been performed with 30 vol% samples. Adapted from Ref. [36]. Data in (a,b) have been obtained with hexadecane droplets dispersed in 1.5 wt% Brij S20 surfactant
solutions. (c) Mean drop size, measured by volume, as a function of the number of cooling and heating cycles applied to the samples with triglyceride droplets,
stabilized by various surfactant combinations (as denoted on the graph). The initial drop size is d3 =~ 33 pm. Adapted from Ref. [35]. (d,e) Macroscopic (d) and cryo-
TEM picture (e) demonstrating the drop size decrease in bulk samples via the self-dispersion method. (d) Drop size decrease from ca. 5 pm down to 36 nm is observed
after four consecutive cooling-heating cycles applied to sample with Precirol ATO5 oily drops dispersed in 1.5 wt% Brij S20 + 0.5 wt% Brij 30 solution. Adapted from
Ref. [54]. (e) Nanoparticles obtained via the self-dispersion method. Nanoparticles are composed of a 6-component triglyceride mixture. Adapted from Ref. [37]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Comparison between the self-emulsification (SE) and self-dispersion (SD) pro-
cesses, observed upon cooling/heating cycling and leading to significant spon-
taneous drop size decrease.

Self-emulsification Self-dispersion

Biggest initial drop

size studied % 40-50 pm ~ 100 ym
Average drop size >1pm ~ 400 nm

after 1 cycle polydisperse ~ monodisperse
Minimal achievable

. ~ 600 nm ~ 20 nm

drop size

Gooling rate < 2°C/min hlghf:r — beneficial, up to 15 °C/s
studied
Complete freezing is No (but the efficiency
. Yes

required would be low)

Re-melting required Yes (significantly No

enhanced efficiency)
Independent (single-

X Slower — beneficial (< 2 °C/min)
component particles)

Heating rate

Self»sh?pmg u1:.>on Yes No
cooling required

Monoacid triglycerides (pure and
mixtures)

Natural triglycerides (coconut oil,
cocoa butter...)

Diglycerides
Triglyceride-diglycerides-
monoglycerides mixtures (e.g.
Precirol ATO 5)

Phospholipids

Alkanes

Pure alkanes
Mixtures of alkanes

Demonstrated to be
applicable to

T
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drop self-shaping process and its efficiency is independent from the
shape of the drops obtained upon their freezing. Instead, the self-
dispersion is governed by solid-to-solid polymorphic phase transitions,
which are commonly observed in many lipids (oils) [58,59,73].

Microscopy images demonstrating the self-dispersion process with
trimyristin (C14TAG) droplets are shown in Fig. 27c and Supplementary
Movie 5, while results illustrating the drop size decrease after several
consecutive cooling-heating cycles are presented in Fig. 26¢,d. The most
intensive drop disintegration was observed with lipids able to form
multiple polymorphic solid phases, such as triglycerides (TAG) [35].
This observation was related to the crystalline structures in which TAG
molecules are known to arrange upon cooling.

Pure triglycerides crystallize into three main phases — a, p’ and B,
ordered from the least thermodynamically stable to the most stable [73].
The o polymorph is the most disordered, with the lowest melting tem-
perature, and its molecules arrange in a hexagonal lattice. The p’ poly-
morph has intermediate properties, whereas the p phase is the most
thermodynamically stable, with the highest melting temperature and
the molecules are arranged in a triclinic lattice [73].

Upon cooling, the disordered triglyceride molecules in the liquid
state usually first arrange into the a phase, as nucleation into this most
disordered phase is the easiest [73]. Prolonged storage at low temper-
atures or heating to temperatures exceeding the melting points of the
less stable o and B’ polymorphs induces polymorphic phase transitions,
leading to the formation of the most stable f§ phase. These transitions are
classified as solid-state or melt-mediated, respectively. However, the §
polymorph has a higher mass density than the o phase, and several
studies have shown that nanovoids form upon a-to-f§ phase transition,
accompanied by a negative pressure effect [200-202].

cold-burst and melting

C,.TG substrate
air

SDS + Brij 30
drop

v’ C“TG substrate

Fig. 27. Cold-bursting mechanism and examples. (a) Schematic representation of the cold-bursting mechanism. Adapted from Ref. [35]. (b,c) Microscopy pictures
obtained upon heating of trimyristin emulsion drops dispersed in 0.5 wt% sodium dodecyl sulfate (SDS) surfactant solution (b) and 0.5 wt% SDS + 0.5 wt% Brij 30
(c). The process of water penetration is observed with both systems. However, upon melting the drops dispersed in SDS solution, do not disintegrate, whereas those
dispersed in SDS + Brij 30 solution burst into millions of nanometer- sized droplets. The observed difference is related to the wetting ability of the surfactant solution.
As seen from the three-phase contact angle measurements (last pictures in b and c), the contact angle at the air-surfactant solution-frozen triglyceride is quite
different for these two systems. The solution containing oil-soluble surfactant wets very well the frozen substrate and successfully separates the individual crystalline
domains, whereas much higher contact angle is observed in absence of Brij 30. In this case, the water which have penetrated inside the particle remain entrapped in it

in the moment of oil melting. Scale bars = 20 pm.
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The a-to-f transition has been found to be responsible for the spec-
tacular drop self-dispersion process. The mechanism of this process is
schematically illustrated in Fig. 27a and can be described as follows:
Upon cooling, the dispersed drops crystallize usually into a poly-
crystalline structure in o phase. This o phase then transforms into the
most stable § phase upon storage or heating above the melting tem-
perature of the a phase. The polymorphic phase transition leads to the
formation of frozen particles with a higher mass density, causing the
initially formed crystalline domains to shrink. As a result, a nanoporous
inner structure is created. This structure cause a negative pressure effect,
and upon prolonged storage or heating, the aqueous phase in which the
particles are dispersed begins to penetrate into their interior (see the
middle images shown in Fig. 27b,c). This leads to a significant increase
in particle volume, which is also accompanied by the disappearance of
colors when the process is observed in polarized light. Afterwards, two
alternative outcomes are possible — the individual crystalline domains
may either disintegrate, forming millions of small nanoparticles, or, if
the penetrated water remains trapped within the melting particle inte-
rior, the formation of water-in-oil-in-water (w/o/w) double emulsion
droplets is observed, Fig. 27 [35].

Systematic experiments with various oil-surfactant combinations
showed that, for single-component droplets, the outcome of the cold-
bursting process is governed by the wetting properties of the aqueous
phase over the frozen lipid substrate [35]. The most intensive self-
dispersion process is observed in systems where the three-phase con-
tact angle, measured at the frozen lipid-aqueous solution-air contact
line, is smaller than 50°. In contrast, double emulsion formation is
observed in systems with higher contact angles, > 100°, see last images
in Fig. 27b,c.

In contrast to the SE mechanisms described above for spontaneous
self-shaping droplets, the self-dispersion process can be very efficient
not only when the system is heated above the melting point of the
dispersed oil, but also when the sample is stored for a prolonged period
at temperatures well below the melting point [35]. This is governed by
the fact that the polymorphic phase transition can proceed at low tem-
peratures, enabling the aqueous phase penetration and subsequent
disintegration even in the solid state. As a result, complete cold-bursting
has been observed even after storing trilaurin particles at 5 °C, despite
their melting temperature being 46 °C [35]. However, the storage
temperature significantly influences the kinetics of the process and the
complete disintegration occurs much more rapidly as the sample tem-
perature approaches the melting temperature of the oil.

Another notable difference between the SE and SD processes is
related to their dependence on the cooling rate, Table 1. While relatively
slow cooling rates (e.g. < 2 °C/min) are required for the SE process to
occur, as the development of non-spherical shapes upon cooling is
essential, the SD process becomes more efficient at higher cooling rates.
This difference is related to the number of individual crystalline domains
that form during liquid-to-solid phase transition. It is well known that
higher cooling rates result in the formation of a higher number of
smaller crystallites, compared to those formed when the sample is
slowly frozen [203,204].

In addition, the efficiency of the SD method is significantly enhanced
compared to that of the SE method, both regarding the smallest
achievable drop size and the average drop sizes obtained after a single
cooling-heating cycle. While the SE method requires several consecutive
cycles to achieve submicrometer-size droplets, particularly for drops
larger than ca. 10 pm, the SD method is able to disintegrate drops as big
as 100 pm into 400 nm entities after just one cycle of cooling and
heating. By applying several consecutive freeze-thaw cycles, the mini-
mal achievable drop diameter is between 20 and 200 nm depending on
the specific oil-surfactant combination, see Fig. 26c-e. This method is
effective for a variety of substance, including diglycerides, triglycerides,
alkanes, and particles loaded with active substances at concentrations of
up to 30-40 wt% [35,205]. Furthermore, it has been successfully
applied to synthetic mixtures of monoacid triglycerides, as well as
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complex natural triglyceride oils (e.g. coconut oil, cocoa butter), see
Figs. 26d,e and 28d,e [35,37,54]. The peculiarities of the SD process for
multicomponent particles are explained in the next section.

We note that the cold-bursting described above differs significantly
from the well-known phase inversion temperature (PIT) process, which
is also capable of producing nanometer-sized droplets. More specifically,
PIT is a low-energy method whose mechanism relies on temperature-
induced changes in the properties of surfactant [185,206]. Typically,
nonionic polyoxyethylene surfactants are employed, whose solubility
significantly decreases upon heating due to the disruption of H-bonds
and progressive dehydration of their hydrophilic moieties. This dehy-
dration alters the spontaneous curvature of the surfactant molecules,
leading to formation of structures with zero spontaneous curvature
around the PIT. When the temperature is rapidly changed afterwards,
the system becomes quenched in a metastable state, resulting in the
formation of kinetically stable nanodroplets. It has been also demon-
strated that the PIT process can occur at temperatures a few degrees
below the actual PIT when a bicontinuous emulsion coexists with an
excess of oil phase [207,208].

In contrast, the cold-bursting method operates under fundamentally
different principles [35,37,82]. It realizes when the initially dispersed
droplets undergo crystallization (i.e. the oil phase is in a solid state, a
condition incompatible with the PIT process). Furthermore, no bicon-
tinuous phase is formed, and the cold-bursting mechanism does not
depend on changes in surfactant curvature. It can be realized with both
nonionic and ionic surfactants [35]. In addition, although the heating
increases the kinetics of the disintegration, in fact - it is not needed, the
cold-bursting can proceed even at a constant low temperature over
prolonged storage. Moreover, the size of the resulting nanoparticles/
nanodroplets is determined by the size of the crystalline domains formed
during the liquid-to-solid phase transition, whereas in the PIT method,
the droplet size is determined by the spontaneous curvature of the sur-
factant molecules.

5.3. Self-dispersion for mixed droplets

One major difference between highly pure and mixed oils is that
introducing molecules with various structures within the same mixture
leads to a significant expansion of the melting region, compared to the
one observed in pure substances [73]. However, this results in the co-
existence between solid lipid domains and molten domains within the
same particle in a wide temperature interval, which complicates the
disintegration process. Experiments with various model triglyceride
mixture (composed of highly pure monoacid TAGs), as well as with
natural triglyceride oils, revealed that the SD process is possible for them
and can be highly efficient [37,54,209]. Several additional re-
quirements, alongside the good wetting ability of the surfactant solution
over the solid lipid substrate, were found to be essential, see Fig. 28:

(1) Along with the low values of the three-phase contact angle at the
air-surfactant solution-frozen lipid interface (measured through the
aqueous droplet), it was found that the equilibrium surface tension of
the aqueous solution should be low, e.g. 30 mN/m or lower, and it
should decrease quickly, see Fig. 28a. This condition facilitates the quick
wetting of the pores and is crucial for the occurrence of the self-
dispersion process [54].

Only one of the following two conditions needs to be met to enable
bursting in complex TAG mixtures. However, if both conditions are met
for a given system, the SD efficiency will be maximized.

(2) To allow a phase separation between the freshly melted oil and
the still frozen domains, the three-phase contact angle at the melted oil-
frozen oil-aqueous solution interface should be high, Fig. 28b. In this
case, the already molten oil can be emulsified into small droplets within
the continuous aqueous phase, even before the longer components
become melted, see Fig. 28e for illustration [54]. This SD mechanism is
somewhat analogous to the SE Mechanism 3.

(3) A very efficient boosting effect was observed for lipid particles
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Mechanism 1

Mechanism 2
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Mechanism 3

solution
.penetration

(b)

(d)

(e)

ejection of
oily drops

Fig. 28. Cold-bursting with natural triglyceride oils - mechanisms and examples. (a) Analogous to the pure TAGs, one of the most important conditions for
intensive cold-bursting process with natural TAG oils is that the three-phase contact angle at the air-solution-frozen TAG interface should be low (b-c) For mixed TAG
oils, one of the two additional mechanisms should also be operative for intensive cold-bursting. The two options are: (b) high values of the three-phase contact angle
measured through the aqueous phase at the frozen oil-liquid oil-surfactant contact line, which causes ejection of liquid oily drops before the complete melting of the
solid lipid shell, or (c) changes in the micelles shape and size, causing osmotic pressure gradient between the surfactant micelles that have penetrated inside the
particle and those in the bulk medium. The osmotic pressure causes further penetration of the surfactant solution and subsequent disintegration of the frozen particle
into numerous small droplets. (d-e) Microscopy pictures of coconut oil drops dispersed in 1.5 wt% Tween 20 + 0.5 wt% monoolein solution. The drops are quickly
frozen (= 2.5 °C/s cooling rate) and then heated at a rate of 0.5 °C/min. The images obtained upon heating are present. For smaller in size drops shown in (d), mostly
SD Mechanisms 1 and 3 are operative, while for larger particles shown in (e), all three mechanisms are operative. The white arrows show the direction in which the
melted oily drops are ejected from the still-frozen lipid shell at temperatures << T,,. Scale bars = 20 um. Adapted from Ref. [54].

dispersed in solutions containing supramolecular aggregates which are
able to change their shape when the aqueous solution penetrates the
inner nanoporous structure [54], see Fig. 28c. This shape change creates
an osmotic pressure gradient due to the difference in composition be-
tween the aqueous phase penetrated inside the nanopores and the
external aqueous phase. The osmotic pressure gradient drives further
penetration of the aqueous phase into the nanopores, thereby enhancing
the SD efficiency.

The osmotic pressure effect can be realized in several ways. For
example, when an oil-soluble surfactant is solubilized within micelles
formed by a water-soluble surfactant, the micelles size increases and
their shape changes. However, once an oily phase become available, it is
thermodynamically preferable for the oil-soluble surfactant molecules to
escape the mixed micelles and either adsorb or dissolve into the oily
phase. Therefore, higher in number and smaller in size spherical mi-
celles form. It should be noted that results from experiments with
various oil-soluble surfactants indicated that much more efficient
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disintegration is observed when the oil-soluble surfactant do not co-
crystallize with the melted oil. For example, such co-crystallization
was observed for polyoxyethylene (2) oleoyl ether surfactant, whereas
the monoolein surfactant phase separated from the TAG mixture, thus
leading to significantly enhanced bursting efficiency, although both
surfactants fulfilled both conditions (1) and (3) [37].

A similar boosting effect due to the creation of osmotic pressure
gradient was observed when electrolytes are present in the aqueous
phase [209]. Additionally, combining two or more water-soluble sur-
factants, along with co-surfactants able to form non-spherical micelles,
has also been shown to significantly enhance the bursting process [54].

Under optimized conditions, the smallest particle sizes that were
achieved starting from coarse emulsions, ranged from ca. 20 nm for
synthetic TAG mixtures [37], Fig. 26e, to ca. 30-40 nm for mixtures of
mono-, di- and triglycerides used in pharmacy [54], Fig. 26d and about
150-200 nm for drops composed of natural triglyceride oils, such as
coconut oil, palm kernel oil and cocoa butter [54,209]. Further



D. Cholakova

experiments are needed to establish how active substances dissolved in
the initial coarse emulsion droplets will affect the self-dispersion effi-
ciency. Initial results suggest that dissolving model drugs at concentra-
tions up to ca. 30 wt% in the oil before emulsification does not
significantly disrupt the efficiency of the cold-bursting process [35].

5.4. Double emulsion formation for mixed droplets

Spontaneous formation of double emulsion droplets upon cooling-
heating cycles was also observed for mixed TAG drops [37,54]. How-
ever, besides for solutions which had poor wetting properties over the
solid lipid substrate, Fig. 27a,b, such double w/o/w drops formation was
also observed even for solutions able to induce complete cold-bursting
[37]. An illustration is presented in Fig. 29 where for the same oily
droplets, a solution of Tween 20 + monopalmitin and monostearin oil-
soluble surfactants has been shown to induce either complete disinte-
gration (Fig. 29a) or double w/o/w emulsion formation (Fig. 29d) [37].

The observed variations in drops behavior were governed by the
phase behavior of mixed drops combined with different cooling/heating
rates. Rapid cooling allowed formation of numerous small crystallites,
which can be efficiently disintegrated during slow heating as aqueous
phase penetrates the structure; otherwise, an inefficient bursting is
observed, Fig. 29b. When slow cooling is applied, smaller in number and
bigger in size domains are formed, limiting the number of nanopores.
When slow heating is applied afterwards, it leads to bursting, but some
bigger droplets remain in the sample, Fig. 29c¢. If a slowly cooled sample
is quickly re-melted, the penetrated water does not have sufficient time
to disintegrate the domains, nor to escape the lipid globule, thus it re-
mains trapped inside the droplet, forming a double water-in-oil-in-water
drop, Fig. 29d [37].

Studies of self-emulsification and self-dispersion processes showed
that by utilizing the phase behavior of dispersed oils in combination
with suitable surfactants, one can achieve spontaneous drop size
decrease without specific equipment, mechanical energy input or
excessive heating.

6. Applications

The studies of self-shaping, self-emulsification and self-dispersion
phenomena governed by the phase transitions in emulsion systems are
interested not only from a scientific viewpoint, but also present various
possibilities for technological advancement in several industrial fields,
see Fig. 30. For that reason, the described processes were protected by
two international patents [205,210]. In this section some of the possible
applications are outlined.

6.1. Preparation of anisotropic micrometer- and sub-micrometer-sized
particles

Anisotropic in shape particles are of high interest for several research

(a) rapid cooling ’.‘"'
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areas including drug delivery, medical imaging, and composite mate-
rials [10-14,211-217]. Usually anisotropic particles are prepared with
specific methods with low productivity which also require special
equipment, for example microfluidic or lithography techniques
[21,121,122,218-220]. However, these methods have limited applica-
bility for production of soft lipid particles with desired shape and size.

As explained in Section 2, the self-shaping process produces particles
with various non-spherical shapes in a very simple manner. It does not
require any specific apparatus and can be scaled up to large volumes and
continuous mode of operation if an appropriate reactor is constructed
[209]. The applicability of the process to various classes of organic
molecules, including alkanes, alkenes, alcohols and triglycerides, makes
it widely versatile allowing an easy selection of the most appropriate
material depending on the required application. However, the long
preservation of the non-spherical shape can be only provided for
selected fluid shapes, see Fig. 10 and the discussion related to it, or if the
oily drops are crystallized in a given shape and then stored at temper-
atures lower than the oil melting point.

Another possibility to overcome this limitation is to polymerize the
obtained non-spherical soft particles, thus preserving their non-
spherical shape indefinitely in time. This concept has been realized
with hexadecyl acrylate and stearyl methacrylate in two independent
studies [51,52]. Both monomers have long saturated alkyl chains
enabling the self-shaping phenomenon when appropriate long chain
surfactants are used. After self-shaping proceeded at low temperatures,
the deformed particles were polymerized using an UV light and poly-
meric anisotropic particles were prepared. To enable the UV polymeri-
zation of the deformed droplets, a photo initiator was included in the
initial droplets (a-ketoglytaric acid or diphenyl 2,4,6-trimethylbenzoyl
phosphine oxide). Depending on the initial emulsion drop size, the
size of polymeric particles may vary between ca. 50 nm up to ca. 1 mm.
The obtained polymeric particles remained stable below the glass tran-
sition temperature of the prepared polymer, for example for poly(stearyl
methacrylate) T, ~ 311 K [51]. Furthermore, the non-spherical polymer
particles may be modified by inclusion of magnetic particles in them,
making them responsible to an external magnetic field [51].

Additionally, the possibility to easily prepare synthetic swimmers
which are solely driven by the internal phase transitions rather than
externally applied fields presents a new opportunity for studying the
swimmers hydrodynamics and to compare them with the one observed
in real biological swimmers. For example, the beating patterns in
Chlamydomonas, unicellular green algae, which swims with two flagel-
lates show a possible change in the relative phase between the two
flagella. In contrast, the swimming drops did not show such synchro-
nization — the drops which extruded fibers out-of-phase remained to do
so until freezing, as well as those which initially began to extrude two
fibers which were in phase. This observation shows that the hydrody-
namic interactions are not responsible for the fiber synchronization,
therefore the observed phase shift in the Chlamydomonas likely arises
from an internal coupling inside the microorganism [34].

Cn0

- i 4

Fig. 29. Cooling-heating protocol influence over the self-dispersion and double w/o/w emulsion formation for mixed TAG drops (trilaurin + trimyristin = 1:1),
dispersed in Tween 20 solution containing monopalmitin and monostearin oil-soluble surfactants. The freezing/melting kinetics (as denoted on the pictures) affects
the outcome of the cooling-heating cycle. Reproduced with permission from Ref. [37]. Initial drop size in the studied monodisperse samples was about 45 pm. Scale

bars = 20 pm.



D. Cholakova

Advances in Colloid and Interface Science 345 (2025) 103624

Preparation of fluid, frozen and
polymeric non-spherical particles

Rheology Applications
modification of
drop self-shaping

fragmented particles|
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Fig. 30. Examples illustrating possible applications of the studied phenomena. These include - preparation of particles with non-spherical shapes, including
artificial microswimmers; spontaneous drop size decrease without mechanical energy input via the cold-bursting and self-emulsification processes; emulsion rheology
modification while the continuous phase is still in liquid state, etc. *Note that this is not a directly obtained microscopy image, but is a collage with real deformed
particles, combined together (all other images included in the paper are as directly observed in the experiments).

6.2. Rheology modification

It has been well established that the shape of the dispersed colloids
can greatly affect the rheological properties of the disperse systems
[221-223]. Therefore, producing non-spherical lipid particles in the
dispersions could serve as an alternative structuring route for rheology
modification. This idea was demonstrated and explored in Refs [26, 55,
224].

Detailed studies of hexadecane-in-water emulsions stabilized by
appropriate surfactants, which enable the self-shaping process, showed
that the minimal oil volume fraction required to produce non-flowing,
gel-like dispersions containing non-spherical lipid particles, without
any additives, was ca. 11 vol% (= 8.7 wt%) [55]. This was achieved for
emulsions with initial droplets sizes ranging from 4 to 13 pm. In
contrast, emulsions prepared with shorter chain surfactants, which did

spherical frozen lipid particles

5 vol. % 10 vol. % 16 vol. % 30 vol. %

not induce spontaneous shaping, required much higher oil volume
fractions to reach similar viscosities: ca. 60 vol% to obtain similar
rheological profile as the sample containing 11 vol% hexadecane and
non-spherical particles, and about 70 vol% to form non-flowing gel-like
samples with spherical frozen particles [55].

Fig. 31 illustrates the differences between emulsions containing
spherical and non-spherical particles alongside their rheological prop-
erties. The effects of initial drop size and surfactant type were also
revealed in Ref. [55]. Interestingly, although smaller drops are generally
more prone to deformations than bigger in size droplets, dispersions
with thin, long fibers exhibited lower viscosities compared to those with
the same oil concentration enclosed into larger particles, Fig. 31d. This
was explained with the mechanical properties of the different particles.
Thin fibers were fragile and easily break into smaller pieces with lower
aspect ratios, whereas larger non-spherical particles had higher
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Fig. 31. Rheological behavior of hexadecane dispersions with solid particles, stabilized by different surfactants. (a) Dispersions with particles, stabilized by
Tween 20 surfactant. These particles do not self-shape upon cooling and freeze in spherical shapes. (b) Dispersions with particles, stabilized by Tween 40 surfactant
(C16SorbEO»y). Drops in these emulsions change their shape upon freezing which significantly change the rheological properties of the sample once the drops freeze.
(c,d) Yield stresses as a function of the hexadecane volume fraction for samples stabilized by Brij 58 and Brij 52 surfactants. (c) The threshold concentration beyond
which the samples appear as non-flowing gels is 11 vol%. (d) Yield stresses for samples with different initial sizes. (c,d) Adapted from Ref. [55].
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mechanical strength, enabling them to better sustain the weight of the
dispersion [55].

This proof-of-concept study demonstrated the high impact of frozen
lipid particle shape on rheological properties. Such rheological modifi-
cations are highly desirable in various food and cosmetic products such
as mousses, yogurts, ice creams, cosmetic creams, as well as for the
sustained release of active ingredients in pharmaceuticals [225-229]. In
contrast, gelation is undesirable in applications where fluid flow is
essential, such as in heat-exchange systems. In these cases, surfactant
which prevent the formation of non-spherical shapes upon cooling
should be selected [26].

6.3. Spontaneous formation of nanoemulsions from initial coarse
emulsions

The self-emulsification and spontaneous self-dispersion (cold-
bursting) phenomena can be used for decrease of the emulsion drop size
without the need for mechanical energy input or excessive heating, see
the detailed description in Section 5 above. Self-emulsification associ-
ated with spontaneous self-shaping of oily droplets typically reduces
drop sizes to around 600 nm by number and 800 nm by volume [36,82].
The cold-bursting mechanism is much more efficient for the drop size
decrease. In this case, the size decreases from tens of micrometers to
about 400 nm after only one cooling and heating cycle. With multiple
consecutive cycles (usually 3 are sufficient), drop sizes can further
decrease to 100-200 nm, and in the most efficient systems, even as low
as 20 nm. Emulsions with 100 nm drops are translucent and those with
20 nm are completely transparent [35]. These findings apply to various
triglycerides, triglyceride mixtures and natural triglyceride oils
[35,37,82]. Triglyceride nanoemulsions and solid lipid nanoparticles
(SLNs) are widely utilized in pharmaceutics, cosmetics and food appli-
cations [230-234]. Usually such small particles can be prepared only
with several cycles of emulsification through high-pressure homoge-
nizers or ultrasonication. In contrast, the cold-bursting process achieves
this under much milder conditions without specialized equipment.
Furthermore, it has been shown that it is applicable to droplets con-
taining pre-dissolved active ingredients [35]. Cold-bursting has been
successfully demonstrated both in bulk batch samples [35,37,82] and in
specifically designed flow cell, allowing continuous production of dis-
persions with nanometer-sized particles [209].

6.4. Particle recovery and colloidosomes production

The unique features seen from the studies of self-shaping drops in
presence of adsorbed particles can also be utilized [49,50,53]. As
explained in details in Section 3 above, the rotator phase formation
cause reorganization of the latex particles adsorbed on the drops surface
and in some cases detachment of the adsorbed particles from the drop
surface. Therefore, the self-shaping phenomenon can be used to control
the stability of the Pickering stabilization and to induce a detachment of
the adsorbed particles from the drop surface. Destruction of Pickering
emulsions is very important in petroleum extraction from oil sands
[235-237] or as an alternative road for targeted delivery of active
compounds [238-240]. Particle recovery is also desired for nanoparticle
catalyst systems [241]. Furthermore, the spontaneous arrangement of
particles adsorbed on the drop surface can be potentially used as a
template for production of complex colloidosomes [18,242,243].

6.5. Active emulsion droplets as model systems for study the appearance
of life on earth

The fundamental question of how life first emerged on Earth remains
one of the biggest unsolved challenges in science [244]. One of the
theories, independently developed by A. Oparin and J. Haldane in the
early 20th century has recently regained significant attention [245,246].
This theory suggests that small droplets (called coacervates), formed
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through liquid-liquid phase separation in complex chemical mixtures,
may have served as primitive compartments that concentrated mole-
cules and facilitated chemical reactions [247]. Such compartmentali-
zation is considered a crucial step for the transition from non-living to
living matter [248].

Building on this idea, researchers investigating active droplets have
suggested them as promising model systems for studying protocells with
primitive life-like functionalities, including division and growth, meta-
bolism, self-propulsion, and environmental responses [249]. All these
key characteristics are typically used to explain what the definition for a
living organism is. Variety of experimental approaches have been
explored to replicate these functionalities. Many of these strategies rely
on generating and maintaining chemical gradients, often through
chemical reaction or the application of external fields [249-256].

The processes described in this review present a novel opportunity
for the development of systems with life-like functionalities. In partic-
ular, small emulsion drops, driven by surface or polymorphic phase
transition, can undergo spontaneous shape changes upon cooling
(morphogenesis) via the drop self-shaping process, discussed in Section
2. Furthermore, part of the generated shapes exhibits autonomous mo-
tion (Section 4), which is another fundamental characteristic of living
systems. These same droplets are also capable of division through the
self-emulsification and cold-bursting mechanisms (Section 5), thus
demonstrating another key functionality typical for the living
organisms.

Although these behaviors are currently studied separately, they are
realized in systems with very similar compositions. Therefore, they can
potentially be integrated into a unified platform for the study of
protocell-like systems. Importantly, rather than relying on chemical
gradients as the currently developed model systems, the systems dis-
cussed here are driven by physical phase transitions. These transitions
are robust, as they occur without altering the chemical composition of
the material. Moreover, they are plausibly relevant to the prebiotic
conditions, since the small temperature fluctuations required to trigger
them would have naturally occurred during the planet's day-night
cycles.

7. Outlook and perspectives

Surface and polymorphic phase transitions have long been recog-
nized for their crucial role in determining the stability, functionality,
and dynamic behavior of materials. By combining this knowledge with
the unique characteristics of emulsions, we have opened a new avenue
for research in the domain of active soft matter. Our investigations
revealed several unexpected phenomena in this field including sponta-
neous drop shaping and splitting upon cooling, engulfing of continuous
phase or drop bursting like spores upon heating. By exploring the gov-
erning factors of these processes, we uncovered their underlying
mechanisms. These findings can now be applied to a range of systems
and may help guide the design of new functional materials. They also
provide a solid foundation for studying the remaining open questions.

Most of our experiments were performed using diluted samples in
thin rectangular glass capillaries to simplify the observations. However,
bulk rheology experiments [55], as well as the experiments performed in
the flow-cell prototype reactor [209] have demonstrated that similar
deformations occur even in more concentrated systems. Studying how
droplets behave in crowded environments, or how they interact with
interfaces and even living cells, remains an exciting area for future work.

Another area requiring further research involves the structure of the
deformed droplets, and especially the distribution of ordered phases on
their surfaces. Currently, only indirect observations are available and it
is unclear whether the ordered phase covers uniformly the entire droplet
surface or it is (mainly) localized at particle periphery. Furthermore, it is
unknown how this distribution evolves with temperature and upon
shape changes. Moreover, while experimental observations suggest that
there is a preferred radius of curvature for the formation of the rotator
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phase, the exact underlying reasons for this preference are still
unknown.

Another related question is how many different rotator phases can
form in a single droplet during cooling. X-ray results suggest that at least
two distinct rotator phases form in hexadecane droplets [81]. However,
it is not clear whether they occur together within the same droplet or
not, what their exact structure is and if they can be observed in other
confined geometries. The mechanical properties of these non-spherical
fluid particles have not been explored and deserve a further investiga-
tion (for example via atomic force microscopy methods).

Significant progress in addressing these questions is expected
through advanced molecular modeling. Initial steps in this direction
have already been made [97,257-259]. While simulating a full atomistic
model of a droplet even as small as 50 nm is currently beyond reach,
simplified models are expected to yield valuable information about the
effect of surfactants and curvature over the observed phase behavior.

Coupling structural data with molecular dynamic simulations will
also enable the development of a robust thermodynamic model. Such
model should be capable of predicting the observed shape trans-
formation sequence and the energy landscape of these transitions. Per-
forming similar experiments in microgravity conditions would also help
clarify how buoyancy affects the shape evolution, which the current
models suggest might play an important role [86].

Interestingly, an impressive similarity was noted between the shapes
seen in the self-shaping oily droplets and those found in diatoms —
unicellular algae that form intricate, silica-based shells [260]. These
organisms, which contribute to around 20-25 % of the oxygen produced
on the planet annually [261-263], have a very different chemistry, yet
many of their shapes bear a strong resemblance to the oil-based droplets
we study. Understanding how such similar forms emerge from very
different materials could reveal deeper morphogenesis principles and
shed new light to the related question about the origin of LUCA (Last
Universal Common Ancestor) [264].

Another non-trivial connection between the phase transitions studies
and biological organisms is the biological temperature limits. Studies
have shown that the chromatin and myelin in rat brain cells undergo a
rotator-to-liquid phase transition at about 44 °C, which aligns with the
upper temperature at which rats can function as living organisms [265].
Further investigations in this direction will allow us better under-
standing on the role of lipids phase transitions and properties in living
organisms.

Answering these and related questions will deepen our understand-
ing of phase transitions and self-organization in soft matter systems,
therefore allowing a further precision in designing materials with
tailored properties and responsive behavior. These insights are partic-
ularly important in fields such as drug delivery, soft robotics, cosmetics,
artificial cells, and others. As this research area continues to evolve, it
will offer an exciting intersection of fundamental science and real-world
applications.

Notation

Capital latin letters

A area per molecule, Fig. 4; curved surface area in eq. 2; bending
stiffness (Section 4.2)

E droplet energy, eq. 2

Eges energy for particle desorption, eq. 4

& dimensionless energy, eq. 3

G Gibbs free energy

H enthalpy

Kg bending elasticity constant in presence of several ordered
layers

Kpmono  bending elasticity constant when just one ordered layer is
present

14 drop perimeter (Section 2.6)
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P dimensionless perimeter, eq. 3

R latex particles radius (Section 3)

R radius of the first buckle (Section 4.2)

S entropy

7 dimensionless entropy, eq. 3

T temperature

T4 temperature at which drop shape deformations begin
Tg glass transition temperature

Tm melting temperature

T, temperature for rotator phase formation
T¢ drop freezing temperature

Us swimming speed

Ur fiber extrusion speed

Vv volume

Small Latin letters

a swimmer radius

c constant in eq. 8

d fiber/rods diameter; drop diameter (Section 2.4)

Rmono thickness of a single ordered layer

hpy, plastic phase thickness

kg Boltzmann constant

l buckling wavelength, eq. 8

Dec capillary pressure

r radius of curvature (Section 2.3); fiber radius (Section 4.2)
Te contact line radius, eq. 6

Greek letters

o TAG polymorphic phase (Section 5)

a dimensionless parameter in eq. 3

p TAG polymorphic phase (Section 5)

p TAG polymorphic phase (Section 5)

A change in a given quantity

An chain length difference

e perturbation amplitude (Section 4.2)

7 three-phase contact angle

0; initial three-phase contact angle (Section 3)

melted oil-solid oil-aqueous phase (Section 5)

K line tension

critical line tension beyond which spontaneous particle
desorption occurs

u chemical potential

filament resistance to flow in direction parallel to its axis per
unit length, eq. 9

c oil-water interfacial tension

Gpo particle-oil interfacial tension (Section 3)

Cpr particle-rotator phase interfacial tension (Section 3)

Cpw particle-surfactant solution interfacial tension (Section 3)

Gow oil-water interfacial tension

Cso solid oil-liquid oil interfacial tension (Section 5)

Osw solid oil-surfactant solution interfacial tension (Section 5)

[} oil volume fraction

Abbreviations

Cn n-alkane with n C-atoms in the alkyl chain

C,TAG monoacid triglyceride with n C-atoms in each fatty acid
residue

CMC critical micelle concentration

DSC differential scanning calorimetry

EO ethylene oxide group (-O-CH»-CHj-)

IFT interfacial tension

PEG polyethylene glycol

SAXD small angle X-ray diffraction
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SAXS small angle X-ray scattering

SD self-dispersion

SE self-emulsification

SLN solid lipid nanoparticles
SM surfactant mixture (Fig. 26)
TAG triacylglycerol

uv ultraviolet

WAXS  wide angle X-ray scattering
Surfactants

Brij 52 or C14EO2 polyoxyethylene (2) hexadecyl ether
Brij 58 or C16EOyp polyoxyethylene (20) hexadecyl ether
Brij S20 or C1gEO5o polyoxyethylene (20) octadecyl ether

CLEO,, polyoxyethylene with m ethylene oxide units and n C-atoms in
the alkyl chain

CTAB cetyltrimethylammonium bromide

C18TAB octadecyltrimethylammonium bromide

Lutensol AT50 polyoxyethylene (50) hexadecyl-octadecyl ether

SDS sodium dodecyl sulfate

Tween 20 or C;2SorbEOyy polyoxyethylene (20) sorbitan monolaurate

Tween 40 or C16SorbEOy; polyoxyethylene (20) sorbitan

monopalmitate

Tween 60 or C1gSorbEOy, polyoxyethylene (20) sorbitan monostearate

Tween 80 or Cy5.1SorbEOyy polyoxyethylene (20) sorbitan monooleate
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.cis.2025.103624.
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