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Abstract: Mechanically soft colloids (microgels) adsorbed at the interface between two fluids offer superior
advantages over hard counterparts for a variety of applications ranging from foams/emulsion stabilization to
the assembly of two-dimensional (2D) materials. Particle deformability and compressibility impart additional
responses to microgel-laden interfaces that can be controlled on-demand by varying single-particle properties
(e.g. crosslinking content and polymer density profile) and/or external parameters (e.g. interfacial compression
and tension, temperature, oil polarity). In order to understand how single-particle softness influences the result-
ing material properties, a detailed quantification of the microgel’s 3D conformation when confined at the fluid
interface is of utmost importance. This article describes how different methodologies can be used to visualize,
and in some case quantify, the conformation of adsorbed microgels, putting particular emphasis on the multiple
advantages offered by in situ atomic force microscopy imaging at the fluid interface. The influence of the internal
particle architecture, as well as that of temperature, interfacial tension and solubility in the organic phase, will be
discussed. Finally, some perspectives on how softness can be exploited to tune the structural and mechanical
properties of microgel monolayers will be provided.
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1. Introduction
The interaction between colloidal particles and fluid interfaces

is of relevance for a variety of materials and processes. Particle ad-
sorption at air- and oil-water interfaces is responsible for the sta-
bilization of foams and emulsions,[1,2] or the encapsulation, struc-
turing and manipulation of liquids.[3,4] Particle assembly is ex-
ploited for the creation of model two-dimensional (2D) materials
that are used for example in catalysis, optics, surface science.[5–8]
Complex 2D structures can be advantageously assembled at the
interface between two fluids, where the colloids display a plethora
of interactions that often differ from the ones in bulk solution[9]
and that guide the formation of assemblies unreachable in a single
fluid phase.[10–12] On top of structural complexity, novel research
directions now focus on developing responsive and reconfigurable
devices[6,13] in which the particle assemblies respond to an exter-
nal stimulus by changing their structure and properties.[14,15] For
this scope, fluid interfaces offer significant advantages thanks to

the high lateral mobility that the adsorbed colloids maintain, al-
lowing one to tune the interparticle interactions and the resulting
organization upon external stimulation.[11]

Currently, alongside hard, mechanically rigid colloids, soft
micro- and nanoparticles are gaining much attention because of
the responses to multiple stimuli that they offer once assembled
at a fluid interface.[16,17] Softness in the building blocks imparts
additional functionalities arising from the potential to tune the
three-dimensional (3D) conformation of the adsorbed parti-
cles, which in turn affects the properties of the resulting mon-
olayers.[18] Among various soft colloidal objects, microgels,
i.e. solvent-swollen cross-linked polymer networks, are emerg-
ing as highly investigated models of soft particles. The relative
ease in producing microgels with different internal architecture
and polymer composition[19]makes them ideal candidates to inves-
tigate how these parameters affect the adsorption and organization
of soft objects at fluid interfaces. Therefore, nowadays microgels
are the subject of a large number of fundamental studies,[20–22]
including their use to rationalize the behaviour of complex bio-
logical objects,[23,24] and are investigated for potential applications
such as: on-demand destabilization of particle-stabilized foams
and emulsions,[25] or surface patterning of ordered structures for
lithography,[26] sensing[27] and optics.[28]

A first, significant difference between microgels and hard
particles stems from the affinity of microgels for the fluid inter-
face, which causes them to directly adsorb from the bulk of a
suspension.[29,30] This is partially in contrast to rigid colloids that
often experience an adsorption barrier that prevents contact with
the liquid surface, whose energy depends on particle charge and
hydrophobicity.[11]

The rich range of interactions acting among hard (spherical)
particles at fluid interfaces is controlled by relatively few param-
eters, the most important of which are their surface charge and
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allowing to capture in real-space and with fast acquisition times
topographical images with exceptionally high lateral and verti-
cal resolution. It has been used, for example, to investigate the
microstructure of closely-packed nanoparticle monolayers, with
diameters as small as 13 nm,[42,43] or to acquire spatial and me-
chanical information on polymeric films formed at an oil-water
interface.[44,45] Time-resolved imaging allows capturing adsorp-
tion events of a nanoparticle to a populated fluid interface, and
rearrangements of the neighbouring colloids.[46]

Recently, we extended the applicability ofAFM imaging at an
oil-water interface to characterize in situ the conformation of an
adsorbed microgel.[47] The use of two experimental setups with
the AFM tip immersed either in the oil or water phase allowed
us to capture images from both fluids and consequently recon-
struct the entire 3D shape of an adsorbed particle in (virtually)
the same experimental conditions. It is noteworthy to emphasize
that in situ AFM imaging offers several advantages over other
techniques used to visualize the conformation of adsorbed micro-
gels. In particular, it can be performed in solution under ambient
conditions, without the need for fast freezing (as required, for
example, for cryo-SEM) or drying of the samples, therefore lim-
iting possible perturbations and modifications of the soft polymer
network. Additionally, it allows to quantify the 3D topography
of the particles in real-time as a function of a variety of experi-
mental conditions; e.g. different fluids, solution temperature and
monolayer density.

Fig. 1d shows the 3D reconstruction of the shape of a single
microgel at the hexadecane-water interface, while height images of
ordered microgel monolayers captured from the oil and water side
are reported in Fig. 1e,f. Imaging from either side of the interface
provides a precise quantification of the anisotropic deformation of
the adsorbed soft particle. The microgel is significantly stretched
out, reaching an interfacial diameter that is almost twice the hy-
drodynamic size in the bulk aqueous phase. Progressive flattening
from the centre to the edge of the particle is evidenced in both
fluids, albeit to a different extent. The highly anisotropic swelling
in the two liquids stems fromdifferences in the solubility of the pol-
ymer network. The polymer chains in the apolar phase are in a bad
solvent and are collapsed onto themicrogel core. Consequently, the
particle only barely protrudes out into the oil phase, leaving only a
very thin polymer layer up to the particle periphery. In contrast, wa-
ter at room temperature is a good solvent for pNIPAM and the pol-
ymer network is fully hydrated on the aqueous side of the interface.
In the case of microgels in contact, the pronounced swelling on the
water side causes the polymer networks to overlap, forming a large
contact region below the interface with possible compression and
interpenetration of the outer part of the microgels. Such an over-
lap precludes the visualization of the full microgel height profile
from the water side in closely packed monolayers, as the AFM tip
cannot reach the bare fluid interface and the height information is
only relative to the contact region between neighbouring particles
(see the height colour-bar in Fig. 1f). From the oil side, instead,
microgels only sterically interact with their polymer chains spread
on the fluid interface plane. While these chains are only barely
visible in height images, they can be fully captured by monitoring
the adhesion between the AFM tip and the adsorbed microgels.[47]

Complementary approaches such as ellipsometry[48] and neu-
tron reflectivity[49,50] also provide information on the different
thicknesses of adsorbed microgel layers in the fluid phases. For
both nanogels[49] and microgels,[50] fitting of neutron reflectivity
curves with models that include multiple layers perpendicular to
the interface plane indicate that the microgels are significantly de-
formed and flattened at the fluid interface. The protrusion height
into the water phase is much greater with respect to that into the
upper fluid (air in these cases), and shows a decrease in the poly-
mer volume fraction as a function of distance from the interface
that is consistent with the network swelling in the aqueous phase.

contact angle (θ).[11,31,32] The contact angle is in particular the key
quantity that indicates the relative protrusion of the colloid into
the two fluids, and provides information on its affinity for the
fluid surface. Therefore, a large number of techniques has been
developed to measure θ.[33] The conformation of an adsorbed soft
particle is, however, more complex. Softness causes the particle
to deform and elongate on the interface plane under the action
of interfacial tension. Moreover, differences in solubility of the
polymer network in the two fluids give rise to asymmetric swell-
ing. Consequently, reconfiguration and anisotropic deformation
with respect to the bulk (spherical) shape make the definition of
θ for a soft particle less meaningful. The anisotropic shape of an
adsorbed microgel is also at the core of the multiple 2D struc-
tures that can be produced by interfacial assembly,[12,34] and of
their complex responses upon interfacial compression.[35,36] This
includes a rich phase behaviour as a function of packing fraction,
with an extended tunability of the centre-to-centre distance be-
tween ordered particles,[26] and the existence of an isostructural
phase transition.[35] Additionally, microgels’ softness provides
compliance in microgel-laden bubbles and drops, which great-
ly enhances their stability against coalescence when subjected to
flows and processing.[37] Therefore, currently, a large number of
studies has been focusing on tuning their interfacial conformation
to gain control over themechanical and structural properties of the
resulting assemblies.[34,36,38]

A full 3D characterization of the shape of adsorbed soft par-
ticles is thus required to build a connection and gain predicting
power over the polymeric structure in aqueous suspensions and
their adsorption and desorption, dynamics and interactions at the
interface. This article will describe how different methodologies
allow visualizing and quantifying the 3D conformation of micro-
gels adsorbed at a fluid interface, with particular emphasis on
a novel approach we recently developed to reconstruct the 3D
conformation of adsorbed microgels by means of in situ atomic
force microscopy (AFM) imaging. I will then address how the
microgel’s internal polymer density profile, as well as various sys-
tem parameters (e.g. temperature, interfacial tension, solubility
in the two fluids), influence the conformation of adsorbed soft
particles. Finally, I will discuss some examples that link the mi-
crogels’ shape to their responses in materials (2D assemblies) and
processes (emulsion destabilization).

2. 3D Conformation of a Soft Particle Adsorbed
at a Fluid Interface

A large number of experimental techniques, often in combi-
nation with computer simulations, have been used to investigate
the rearrangement of microgel particles upon adsorption at an
air- or oil-water interface.[16] The results presented here focus on
poly(N-isopropylacrylamide) (pNIPAM) microgels, which are
commonly investigated soft particles; similar results can be expect-
ed for other polymer networks partially soluble in the water phase.
Particularly advantageous in situ techniques are cryo scanning elec-
tron microscopy (cryo-SEM)[39] and freeze-fracture shadow-cast-
ing (FreSCa) cryo-SEM (Fig. 1a,b),[40,41] which provide high sin-
gle-particle resolution and are applicable also to nanometre-sized
objects. Cryo-SEM was used to visualize experimentally the flat-
tened shape, also termed ‘fried-egg’ morphology that a microgel
assumes at an oil-water interface. This conformation is charac-
terized by a pronounced stretching of the particle into a polymer
layer of decreasing thickness that spreads on the interface plane to
minimize unfavourable fluid-fluid contacts, surrounding the core of
the microgel that remains mostly in the water phase. Simulations
supported these experimental findings, evidencing the anisotropic
deswelling of the polymer network in the two fluids, and the pres-
ence of a thin polymer corona around the microgel core (Fig. 1c).

Nowadays, AFM has become a valuable tool for imaging col-
loidal-scale objects adsorbed at the interface between two fluids,
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the interfacial tension value, the relative solubility of the polymer
network in the two fluids used, and the solution temperature in
case of thermo-responsive polymers, influence the conformation
of the adsorbed particles. All these parameters will be discussed
in the following two sections.

2.1 Influence of the Internal Polymer Density Profile
The anisotropic morphology of an adsorbedmicrogel has been

attributed not only to the flattening on the interface plane under
the action of interfacial tension and to the different solubility in
the fluids, but also to the conformation of the polymer network in
the bulk aqueous phase. ‘Standard’ pNIPAM microgels are com-
monly obtained by free-radical precipitation polymerization in
the presence of a crosslinker.[19] Due to the faster reaction rate of
most crosslinkers with respect to NIPAM,[55] the microgels devel-
op a morphology characterized by a more cross-linked (denser)
core and a less cross-linked corona. In addition, uncross-linked
chain ends form an external ‘hairy’ surface.[56] The presence of
such a gradient in crosslinking density is thought to contribute
significantly to the rearrangement of the polymer network at the
interface, leading to the typically observed ‘fried-egg’ morphol-
ogy. A precise tuning of the microgels internal architecture at the
synthesis level affects the elasticity and deformability of the par-
ticles.[18] Consequently, several works investigated whether this
would also control the extent of deformation and swelling at the
fluid interface.

The most straightforward way to modify the network elastic-
ity is to vary the crosslinker content. Particles produced with a
lower amount of crosslinker show an increased swelling in bulk
water,[57] as well as a decrease in their elastic modulus.[58]At fluid

Optical and confocal microscopy have also been used to investi-
gate microgels at fluid interfaces,[39,51,52] however, they are often
limited to micrometre-sized particles, require fluorescent mark-
ers, and typically do not ensure high enough spatial resolution
perpendicular to the interface. On the other hand, they provide
information on the in-plane size of the particles by looking at the
centre-to-centre distance between neighbours.

An alternative approach to investigate the conformation of mi-
crogels adsorbed at fluid interfaces consists of transferring them
onto a solid substrate for ex situAFM or SEM imaging.[36,38] The
AFM profiles obtained by this method closely mirror the polymer
density distributions of the adsorbed microgels projected onto the
plane defined by the fluid interface, and this technique is frequently
used as a rapid and straightforward way to capture the anisotropic
conformation and in-plane stretching of the particles. However, it
can only resolve a 2D projection of the polymer distribution across
the interface for a particle in a dry or re-hydrated state, and does
not give direct access to its 3D shape at the interface.Additionally,
it might be affected by specific particle-substrate interactions al-
tering the particle conformation.[53] Particle-substrate interactions
become particularly relevant in the case of hard-core soft-shell
particles.[54] For large core dimensions with respect to the shell
thickness, geometrical effects cause a systematic decrease of the
measured total size after transferring since the soft shell has to de-
form after coming into contact with the substrate to accommodate
the hard core, making such measurements unreliable for a precise
quantification of the particle conformation at the fluid interface.

The extent of stretching on the interface plane, as well as that
of swelling in the water phase, are linked to the internal elasticity
of the microgels. At the same time, external parameters such as
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Fig. 1. Conformation of a pNIPAM microgel adsorbed at a fluid interface. a) FreSCa cryo-SEM image of microgels at a n-heptane-water interface
imaged from the oil side. Scale bar: 1 µm. Adapted with permission from ref. [40]. Copyright 2012 American Chemical Society. b) FreSCa cryo-SEM
image of the protrusion into the oil phase of a microgel with 5.5 mol % crosslinker. The blue circle corresponds to the average diameter. Adapted
with permission from ref. [41]. Copyright 2019 American Chemical Society. c) Simulation snapshot of a microgel at the oil-water interface. Adapted
with permission from ref. [36]. Copyright 2021 American Chemical Society. d) Reconstructed 3D profile from in situ AFM images of a microgel with 5
mol % crosslinker at the hexadecane-water interface: the grey rectangle indicates the interface plane, negative heights the protrusion into the water
phase. e,f) AFM height images of microgels imaged from the hexadecane (e) and water (f) side. Scale bar: 1 µm. d-f) Adapted from ref. [47].
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called ultra-low crosslinked (ULC) microgels. Such particles are
formed by chain-transfer reactions that induce self-crosslinking
between pNIPAM chains, have a larger mesh size and possess
significantly increased deformability with respect to ‘standard’
ones. AFM imaging after adsorption at the oil-water interface
and transfer onto a solid substrate showed that ULC microgels
strongly flatten into disks, with a stretching ratio calculated with
respect to their bulk size that is significantly higher than regularly
crosslinked microgels.[60] In situ neutron reflectivity data revealed
that, analogous to the ‘inverse’ microgels presented before, ULC
microgels barely protrude into the air phase.[50]Themajority of the
polymer can be found on the interface plane, while the extension
in the water phase is similar to that of ‘standard’ microgels, albeit
with a much lower polymer density. Simulations also confirmed
that ULC microgels significantly stretch on the interface plane.

In order to assess the interplay between internal microgel ar-
chitecture and conformation at the interface, we investigated core-
shell microgels made of a soft pNIPAM core with a cleavable
crosslinker that can be chemically removed in a controlled fash-
ion.[36]This strategy allowed us to obtain a series of particles rang-
ing from analogues of ‘standard’ microgels to completely hollow
ones after total core removal. Simulation snapshots of the initial
and final states are reported in Fig. 2d. The conformation at the

interfaces, this results in a more pronounced in-plane flattening
and a greater cross-sectional area, as evidenced both by in situ and
ex situ techniques by calculating the stretching ratio with respect
to their bulk size.[38,41] At the same time, the polymer protrusion
in both the upper and the lower fluids decreases.[47,49] Despite the
more pronounced stretching, a ‘fried-egg’ structure is always ob-
served when a crosslinker is added during synthesis,[59] as a con-
sequence of the gradient in stiffness in the polymer network from
the core to the edge of the particle. More refined synthesis proto-
cols allow for carefully tuning the internal polymer density profile
in order to affect the final conformation of adsorbed microgels.
For example, a two-step polymerization reaction can be used to
produce ‘inverse’ particles that are characterized by an ultra-low
crosslinked core and a crosslinked shell.[47] In situAFM imaging
at the fluid interface (Fig. 2b) revealed that these microgels flatten
out on the oil side, assuming an almost constant thickness up to
the visible particle periphery. The low amount of crosslinks in the
core allows such particles to deform more than ‘standard’ micro-
gels at the interface in order to maximize the amount of adsorbed
polymer, while remaining significantly swollen on the water side.

Scotti et al.[60] and Bochenek et al.[50] investigated microgels
obtained via self-polymerization of NIPAM triggered by persul-
fate-initiated reactions in the absence of a crosslinking agent, so-
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Fig. 2. Influence of the internal polymer density profile on the conformation of microgels at fluid interfaces. a-b) Sketch of a ‘standard’ (a) and an
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interface was analysed via the transfer of the adsorbed particles
from the oil-water interface onto a silicon wafer, together with
comparisons with simulations. This revealed how progressive re-
moval of the crosslinked core induces flattening of the microgels
and an increase in the extension on the interface plane.A decrease
up to three times of the initial height was obtained already for only
40% of core removal (Fig. 2e), suggesting that, for this particle ar-
chitecture, a critical number of crosslinks in the internal polymer
network are cleaved and the particle stiffness rapidly decreases.
A quantification of the resulting particle stiffness was obtained
by AFM nanoindentation experiments, which show a significant
reduction of the particles’ Young’s modulus in conjunction with
the change in morphology (Fig. 2f).

Finally, FreSCa was used to investigate the conformation of
adsorbed silica-pNIPAM hard-core soft-shell particles as a func-
tion of the shell thickness.[61] These particles assume the common
‘fried-egg’ morphology with a significant stretching of the pNI-
PAM network on the interface plane. The absence of a shadow
around the particles after oblique metal coating in FreSCa indi-
cates that the particles only slightly protrude out the water phase,
with a contact angle that remains below 30° and the silica core
that remains mostly, or totally, submerged into the water phase.
However, the rigid core precludes the shell to fully relax the defor-
mation due to interfacial confinement.As a consequence, the shell
induces a deformation of the surrounding fluid interface and the
appearance of attractive capillary interactions. The extent of the
shell deformation at the interface was found to be the same irre-
spective of the core-to-shell ratio.

2.2 External Parameters: Temperature, Interfacial
Tension and Polymer Solubility

pNIPAM particles, or microgels made with other thermo-
responsive polymers, undergo a volume phase transition as a
function of the solution temperature (VPTT) due to a solubility
change from good to bad solvent conditions upon temperature in-
crease, which causes a reversible switch from swollen to collapsed
particles. This response is maintained at the fluid interface, albeit
with some relevant differences. Above the VPTT, corresponding
to T ~32 °C for pNIPAM in water, microgels are stretched out
on the interface plane and assume a highly non-spherical shape
irrespective of their internal architecture (see Fig. 2a–c for ‘stand-
ard’, ‘inverse’[47] and ULC[50] conformations). Oil and air are
always bad solvents for pNIPAM and the profiles on the upper
side remain essentially unaltered, with collapsed polymer chains
onto the microgel core. Deswelling can instead be observed in
the water phase. Quantification of the interfacial swelling ratio of
‘standard’ microgels indicates that while the particles maintain
thermal responsiveness, the degree of deswelling with respect to
isotropic shrinkage in suspension is restrained by the interfacial
confinement.[47,50] Similar results have been evidenced also by us-
ing other techniques: ex situAFM imaging revealed the presence
of a core-corona structure also above the VPTT,[62] while ellip-
sometry[48,63]was used to quantify the decrease of the out-of-plane
extension of the microgels into the water phase.

An appropriate choice of the internal microgel architecture
allows to modulate the extent of deswelling in the aqueous phase.
Both ‘inverse’ (Fig. 2b)[47] and ULC (Fig. 2c)[50]microgels behave
differently to ‘standard’ ones, and undergo a pronounced con-
formational change in water above the VPTT. The presence of
a highly swollen and loosely crosslinked core below the VPTT
induces an almost complete collapse of the polymer network upon
temperature increase, leaving only a thin polymer layer on the flu-
id interface. Interestingly, these results suggest that particles with
a very soft core might perform better as switchable stabilizers for
the production of temperature-sensitive emulsions.

Two other parameters play a fundamental role in dictating the
conformation of adsorbed microgels. First, interfacial tension (γ)

is responsible for pulling the adsorbed polymer radially outward,
maximizing the area of the interface covered by the particles at
the expense of microgel deformation. Most studies addressing
microgel conformation, assembly and interfacial properties are
typically focused on air-water or alkane-water interfaces, which
are characterized by high γ values, ranging from 72 to ~50 mN/m.
Additionally, as already discussed, in both cases pNIPAM is es-
sentially insoluble in the top phase. This imparts similar con-
formations to the adsorbed microgels that, presumably, stretch
out up to the maximal extent allowed by their internal elastic-
ity. Consequently, the adsorbed monolayers display analogous
structural and mechanical behaviours upon interfacial compres-
sion.[62,64]

The interface can be engineered to control the shape of ad-
sorbed microgels by using fluids with a significantly lower γ val-
ue. Recently, we investigated conformational changes in micro-
gels adsorbed at the interface between hexane (γ = 50.4 mN/m),
toluene (γ = 36.3 mN/m) or methyl tert-butyl ether (MTBE, γ =
9.8 mN/m) and water, by ex situ AFM imaging (Fig. 3a).[65] In
all cases, the microgels assume a core-corona profile; however,
in the lowest γ case, the maximum microgel height is increased
while the in-plane deformation is reduced. Both variations indi-
cate that the internal elasticity of the crosslinked cores is able to
counterbalance the deformation imposed by interfacial tension,
resulting in a lower in-plane stretching of the microgels at the
MTBE-water interface. Conversely, the extent of the outer coro-
na did not change; in all cases, the uncrosslinked polymer chain
ends could expand unconstrained on the fluid surface to the same
extent. Similar results were obtained for microgels with different
crosslinking densities, with the exact lateral stretching and height
values being dependent on the network stiffness. It is important to
note that pNIPAM is essentially insoluble in these three solvents.
We could therefore attribute changes in their conformation mainly
to the γ value.

The solubility of the polymer network in the top phase also
plays a crucial role. It is however difficult to decouple the effect
of γ and anisotropic swelling as interfaces between water and oils
in which pNIPAM is soluble, such as fatty alcohols, also have γ ~
10 mN/m. Destribats et al.[66] evidenced, by using both confocal
microscopy and cryo-SEM, that the centre-to-centre distance be-
tween microgels adsorbed at the octanol-water interface is close
to the bulk hydrodynamic diameter of the particles at 25 °C. This
observation corroborates the conclusion that, in the case of low
γ values, the particles are only weakly deformed within the in-
terface plane. In situ AFM imaging at the 1-decanol-water inter-
face allowed for a quantification of the out-of-plane extension
of the adsorbed microgels.[47] Both images of a monolayer from
the 1-decanol side (Fig. 3b) and the reconstructed microgel shape
(Fig. 3c) show how the polymer network undergoes swelling of
a similar extent in the two solvents, assuming an almost symmet-
rical profile across the interface. Moreover, the reduced value of
the interfacial tension leads to a significantly lower deformation
within the interface plane with respect to the same particles at
the hexadecane-water interface (Fig. 1d). Notably, the deviation
from a rounded shape is concentrated in proximity of the interface
plane, similar to prediction for neutrally wetting soft spheres.[67]
Swelling in the organic phase implies that the standard ‘fried-egg’
morphology is no longer applicable. Additionally, in the case of
neighbouring particles, the polymer network now overlaps and
possibly interpenetrates on both sides of the interface.

It is interesting to note that for hard particles an increased pro-
trusion into the top phase indicates a variation in their hydrophilic-
ity/hydrophobicity, contact angle and affinity with respect to the
interface. In contrast, for soft particles such a conclusion cannot
be drawn due to the complex dependence of the particle shape on
γ, solubility in the solvents, and internal elasticity. Indeed, micro-
gels show high affinity, and are very good stabilizers, towards
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compression induces, in the majority of cases, failure of some of
the coronae and the nucleation of a cluster phase of particles in
core-core contacts, up to complete compression of all the coronae
and the formation of a hexagonal closely packed phase.

The absence of an isostructural transition has been reported
in the case of nanogels, with a diameter of at most few hundred
nanometres,[68] for microgels with a low crosslinking density,[38,69]
or with a hollow structure.[36] In the first case, upon increasing
compression the microgels assemble in a disordered phase due to
an amplified polydispersity at the interface resulting from varia-
bility in their internal structure. In the other two cases, a similar
continuous decrease of the lattice constant in ordered monolayers
was observed, but it was ascribed to a different reconfiguration
of the compressible particles. Simulations predict that loosely
crosslinked microgels would compact in a continuous manner
due to the presence of a single characteristic internal length scale,
which gives rise to a repulsion energy that increases non-linearly
(with a convex shape) as a function of the decreasing interparticle
distance.[38] Hollow microgels instead present two characteristic
internal length scales and do not undergo a continuous compres-
sion upon increasing the interfacial pressure.[36]At low compres-
sion, the monolayer response was found to be similar to that of
‘standard’ core-corona microgels; both experiments and simula-
tions showed that, in this regime, microgels only compress their
outer polymer chains, deforming in a limited manner. Conversely,
at high compression, the absence of the core enables the hollow
particles to expand out of the interface plane to accommodate the
increasing pressure maintaining an overall ordered structure.

Interestingly, hard-core soft-shell microgels were found to
transition from a non-close-packed hexagonal phase to an as-
sembly into a chain network. The occurrence of anisotropic in-
teractions between isotropic building blocks is attributed to the
presence of an energy minimum at intermediate compressions in
which the corona surrounding the cores fully compress along the
chain direction, while remaining stretched in the direction perpen-
dicular to it.[38,70] A qualitatively different response was instead
obtained for ultra-low cross-linked microgels that, at intermedi-
ate compression, behave as flexible polymers and distribute into
a uniform polymer film covering the fluid interface, where the
single microgels become indistinguishable. The shape of the mi-
crogels is recovered at high compression, when they assemble
into a disordered structure due to their size and mechanical poly-
dispersity.[60]

Several works investigated the effect of external parameters
on the stability and structural organization of microgel monolay-
ers. For example, increasing the solution temperature above the
VPTT of pNIPAM was found to alter the monolayer response to
compression in correspondence to the isostructural phase transi-
tion.[48]At low compression, the corona-corona contacts between
microgels are not modified by the temperature increase as the
in-plane stretching of the particles is similar. Instead, deswelling
of the polymer network in the water phase at high temperature
increases the average polymer density at the interface, precludes
further compression of the core, and the microgels become in-
compressible once the isostructural transition is completed. The
interfacial tension value also plays a role in controlling the re-
sponse of microgels monolayers upon compression. As for the
single particle conformation, between air-water and alkane-water
interfaces the microgel assemblies have essentially a similar 2D
phase behaviour.[64] Instead, at interfaces characterized by a much
lower γ value (MTBE-water, γ = 9.8 mN/m) while qualitatively
similar hexagonal structures are obtained, the assemblies display
different mechanical responses.[65]A lower γ value makes the mi-
crogels more deformable and facilitates the compression of the
coronae, shifting the onset of the isostructural phase transition
to larger interparticle distances. Upon further interfacial com-
pression, the cores directly enter into core-core contacts due to a

interfaces formed between water and either apolar or polar oils.
However, while they stabilize oil-in-water emulsions in the for-
mer case, water-in-oil emulsions are obtained in the presence of
polar oils.[66]

3. Tunable 2D Assemblies
The conformation that adsorbed microgels assume at a fluid

interface has direct implications on their self-assembly by gov-
erning both the structural organization and the mechanical prop-
erties of the monolayers when subjected to compression and/
or other external stimuli (e.g. temperature variations). This has
a significant impact in a range of applications and processes in
which microgel-laden interfaces are involved, from the stabiliza-
tions of foams and emulsions against coalescence and rupture, to
the assembly of long-range ordered structures for particle-based
lithography. Far from providing a comprehensive review on the
subject, which can be found for example in refs [16] and [18], I
here provide some examples on the link between single-particle
morphology at the interface and the monolayer properties.

A direct consequence of the ‘fried-egg’ morphology of ‘stand-
ard’ microgels is that they display, when adsorbed on flat fluid in-
terfaces, a solid-solid phase transition upon monolayer compres-
sion.[35] Starting from a sparse microgel monolayer, continuous
interface compression first causes an increase in surface pressure
when microgels come into contact through their coronae and start
compressing isotropically up to a certain deformation ratio. In
this regime, only deformation of the outer coronae is presumed to
contribute to the increase in the monolayer surface pressure, while
the more crosslinked core remain essentially unaltered. Further
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Fig. 3. Microgels conformation at different oil-water interfaces. a) Dry
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different oil-water interfaces. Adapted with permission from ref. [65].
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complete collapse of the polymer composing the coronae, which
presumably partially desorb from the interface.

4. Conclusions and Perspectives
This paper briefly reviews some of the existing techniques

used to assess the shape of soft microgels at a fluid interface,
and provides some examples to address how this affects their 2D
assembly. Their intrinsic softness translates into a pronounced
deformation and shape-change with respect to the same particles
in bulk aqueous conditions. Recent findings showed how a ration-
al choice of the synthetic routes used to produce microgels having
different internal architectures offers a powerful tool to modulate
and control the conformational rearrangements following adsorp-
tion at the interface. Additionally, external parameters such as
temperature, interfacial tension value and polymer solubility in
the organic phase, provide an orthogonal control over the polymer
network conformation. A precise quantification of the profile of
both single microgels and microgels in contact is expected to im-
prove significantly our understanding on the interaction between
soft particles, of relevance for gaining a more advanced control
over emulsion stabilization and microstructural assembly in or-
dered monolayers.

For example, visualization of the particle conformation across
the VPTT can help rationalize the mechanism behind destabili-
zation of microgel-laden emulsion drops by temperature in-
crease[62,63,71] by allowing to quantify the extent of collapse of
the polymer network in the aqueous phase. To this regard, novel
findings obtained by in situAFM imaging[47] and neutron reflec-
tivity[50] revealed how the internal microgel architecture controls
the particle volumetric swelling in water, suggesting that parti-
cles with a more loosely crosslinked core will perform as better
stabilizers for the production of temperature-sensitive emulsions.
Similarly, investigation on the microgel swelling as a function
of the solubility of the network in the organic phase might pro-
vide additional information to predict which phase will be the
dispersed one during emulsion formation.[66] Indeed, the exact mi-
crogel conformation was found to be dependent on the oil phase
properties. For adequately low interfacial tension values (γ ~ 10
mN/m), the internal elasticity of ‘standard’ microgels is sufficient
to preclude a full stretching of the polymer layer, decreasing the
particle cross-sectional area on the interface plane. Solubility of
the network in the organic phase is instead responsible for a sig-
nificant swelling of the microgel also in the top phase and caus-
es a marked departure from the commonly observed ‘fried-egg’
morphology.

Very recently, the group of Richtering developed synthesis
methods to produce anisotropic, ellipsoidal microgels with either
a hard or a hollow core and a soft polymeric shell.[72] Such a re-
markable control over the internal architecture and shape of soft
particles will improve our ability to program the conformation of
adsorbed microgels, and predict how more complex biological
objects (e.g. proteins, cells and viruses) behave when confined
at fluid interfaces.[73] A complete 3D characterization in situ of
the conformation of adsorbed anisotropic microgels will surely
contribute in visualizing and understanding their interfacial rear-
rangement and behaviour in 2D assemblies.

More in general, a detailed in situ visualization of their packing
and deformation from both sides of the fluid interface is expected
to provide novel findings to help in rationalizing and predicting
their phase behaviour. Indeed, this might disclose in situ rear-
rangements of neighbouring microgels subjected to compression
as a function of their internal polymer network, and at different
compression stages. In combination with simulations, this will
allow assessing the different contributions to the total interaction
potential stemming from the repulsive interaction between over-
lapping networks at increasing compression and the extent of the
internal length scales at play at each compression stage.
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