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This review discusses the current knowledge of interfacial and bulk interactions of biopolymeric microgels in
relation to the well-established properties of synthetic microgels for applications as viscosity modifiers and
Pickering stabilisers. We present a timeline showing the key milestones in designing microgels and their bulk/

3}ilsi(()>leoli}s,ticit interfacial performance. Poly(N-isopropylacrylamide) (pNIPAM) microgels have remained as the protagonist in
Microgel part);cle the synthetic microgel domain whilst proteins or polysaccharides have been primarily used to fabricate bio-
Packing polymeric microgels. Bulk properties of microgel dispersions are dominated by the volume fraction (¢) of the

microgel particles, but ¢ is difficult to pinpoint, as addressed by many theoretical models. By evaluating recent
experimental studies over the last five years, we find an increasing focus on the analysis of microgel elasticity as a
key parameter in modulating their packing at the interfaces, within the provinces of both synthetic and bio-
polymeric systems. Production methods and physiochemical factors shown to influence microgel swelling in the
aqueous phase can have a significant impact on their bulk as well as interfacial performance. Compared to
synthetic microgels, biopolymer microgels show a greater tendency for polydispersity and aggregation and do
not appear to have a core-corona structure. Comprehensive studies of biopolymeric microgels are still lacking, for
example, to accurately determine their inter- and intra- particle interactions, whilst a wider variety of techniques
need to be applied in order to allow comparisons to real systems of practical usage.

1. Introduction with a high desorption energy, thus providing high stability to coales-

cence of emulsions via a Pickering-like stabilization from soft particles,

Microgels (or also commonly known as microgel particles) are
defined as discrete units of a network of cross-linked solvated polymers
ranging in radii from hundreds of nanometres to tens of microns [1,2].
Typically, microgels consist of a closely crosslinked core which, as it
extends to the periphery, becomes looser - commonly described as a
fuzzy exterior of dangling chains [1]. Due to the combination of their
gelled structure and polymeric composition, microgels possess unique
deformability, leading to viscoelastic performance in bulk media. Whilst
the solvent phase of microgels provides them with the ability to swell,
the quantity of polymer incorporated in them allows for microgel elas-
ticity to be tuned so that the final particle deformability can be altered
[3,4].

Besides bulk properties, microgel particles can adsorb at interfaces
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that has also been termed as “Mickering stabilization” [5-7]. At the
same time, microgels can interpenetrate and/or flatten at fluid-fluid
interfaces, providing unique interfacial features compared to the case
of a typical solid particle adsorbing at the interface [4]. It has been
realised that microgels alter their behaviour in the continuous phase
compared to when they are interacting with an interface (solid-fluid,
fluid-fluid) [8,9]. In bulk solution/dispersion, microgels appear swollen;
their chains are solvated and can entangle if present in close proximity.
However, when adsorbed to an interface microgels are thought to
develop a ‘fried egg’ like structure due to their outer layers flattening
out, whereas the denser packing of the centre of the microgel maintains
a greater height [10].

There has been much development of synthetic microgels, most
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notably extensive research in the last couple of decades on the produc-
tion and properties of poly(N-isopropylacrylamide (pNIPAM) microgels.
Details of pNIPAM microgel synthesis were first published in 1986 [11]
and the principles behind their properties have been investigated in
many areas, including nanolithography [12], sensors [13], water man-
agement [14], pesticide release [15], drilling fluids [16] and coatings
[17]. These potential applications exploit the thermo-responsive nature
of the pNIPAM polymer, plus the ability to modify these characteristics
by varying the precursors and co-monomers, leading to many variations.
Examples include responsiveness to pH [18], ionic strength [19], sugar
[20], light [22,23] and antimicrobial activity [24]. Although they have
shown impressive versatility, pNIPAM microgels do pose a risk of
cytotoxicity [25], thus their application for biotechnological, biomed-
ical and food purposes is probably not feasible. Other, biocompatible
synthetic microgels have been constructed based on ethylene glycol
(EG) [21,26] and vinyl caprolactam (VCL) [27]. However, there is still a
clear need for biodegradable microgels based on increasing needs of
sustainability to reduce their possible environmental impact [28], and to
enable their large-scale manufacture and use within food and drink
[29,30], for example.

Microgels of biopolymer origin have a strong potential for products
with the capacity for encapsulation and controlled release, which could
help to tackle a range of formulation challenges within food, pharma-
ceutical, agrochemical, biotechnological and allied industries - where
biocompatibility and sustainability are currently key issues [31-33].
Although lipidic microgels do exist [34-37], non-lipidic microgels
fabricated using proteins and polysaccharides may be advantageous as
these are biodegradable [30], food-grade [38] and easily available [39],
plus they might also enable exploitation of current agricultural and food
production waste streams [40,41]. Biopolymeric microgels can be pro-
duced using a variety of methods [32,42,43] and have equally been
shown to act as Pickering emulsion stabilisers [44], foaming agents [45]
and modifiers of viscosity in the continuum [46]. However, a full un-
derstanding of their mode of action and optimization of their stabilising
characteristics still remains to be achieved. As research in this area
progresses to provide information on their detailed behaviour at real
fluid interfaces [47], key to all these studies is the need for a better
understanding of the microgel particle-particle interactions that occur at
large to short length-scales.

This review therefore aims to present an overview of microgel
research with a focus on the last 5 years, to summarise the current
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knowledge of their bulk and interfacial properties and how this may be
applied to enable future progress in their fabrication from biopolymeric
sources. It is acknowledged that the term ‘microgel’ is, in some cases,
used interchangeably with other terms such as: ‘nanogel’, which has
recently been defined as microgels with sizes below 1 pm [4]; ‘hydrogel’,
which may be up to millimetres in diameter [2]; ‘fluid gel’, particles
gelled under shear and with a tendency for a less structured, ‘tadpole’
shape [48]. We have thus limited our scope to particles which meet the
size requirement of 100 nm to 10 pm, in order to consider behaviour
specific to this size range in dispersions and at interfaces. We will briefly
explain the characteristics of the more well-established synthetic
microgels first, followed by a detailed discussion of the less well studied
biopolymeric microgels, to evaluate how previous studies and theoret-
ical models of synthetic microgels might inform the future design of
bespoke biopolymeric microgels for more specific needs. We will mainly
focus on bulk and interfacial performance reported within experimental
studies, whilst readers may refer to other previous reviews of bio-
polymeric and synthetic microgel particles, covering their fabrication
and potential applications within foams and emulsions [7,32,33,49-52]
as well as recent simulation studies [8,53-55].

2. Timeline of key milestones of microgel synthesis and
properties

Fig. 1 highlights key milestones in the understanding of microgels.
The first report of microgel synthesis was in 1935 [56], as part of
Staudinger and Husemann’s pioneering studies of polymer science.
However, the terminology of ‘microgel’ appears to originate in 1949,
defined by Baker as a ‘new macromolecule’ [57]. Following this, studies
of the viscosity of microgel dispersions emerged, with proposals of
microgel osmotic de-swelling behaviour [58] and their capacity to act as
thickeners in solution [59]. Towards the end of the 1990s, the role of
microgel ‘dangling ends’ was considered in modelling of their in-
teractions in concentrated solutions [60], which clearly emphasised
their difference from hard sphere behaviour. These milestones [58-60]
explored microgel behaviour in a continuum but the interfacial char-
acteristics of microgels were not greatly focused on until ca. 2000 on-
wards. In 1999, Zhang and Pelton [61], observed the surface activity of
PNIPAM microgels at the air-water interface and this is thought to be the
first report of microgel facilitated reduction in surface tension. Since this
finding, there have been a series of proposed microgel applications
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Fig. 1. Timeline displaying milestones in the understanding of microgels and their application.
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[62-67], with increasing emphasis on the ability to tune microgel
deformability [8,68] as a unique advantage in the formulation of
controlled release systems, cellular update and bio-mimetic design (see
Fig. 1).

3. Bulk properties of microgels

Recent literature has shown an increase in investigations of the
rheology of microgel dispersions, with synthetic microgels dominating
the field with 70% of papers, and biopolymer systems representing 30%
(Fig. 2). Studies of synthetic microgels primarily focus on pNIPAM
microgels due to the ease of their production via polymerisation and
adaptation of their responsiveness [6], whilst other synthetic systems
tend to be based on polyacrylic acid. Biopolymeric microgels are typi-
cally produced through thermal gelation, whilst pH and enzymatic
triggered means are being increasingly explored (Table 1). These
methods yield microgel particles by utilising the diverse physiochemical
and conformational properties of biopolymers such as their charge dis-
tribution, molecular weight, chain lengths and denaturation tempera-
ture to promote polymer gelation [32].

For synthetic microgels, the temperature responsiveness of pNIPAM
has been a key manipulation factor to achieve rheological modulation
(Fig. 2). However, for biopolymeric microgels, charge-mediated in-
teractions dominate because of the poly-ionic nature of polar proteins
and some polysaccharides, with pH being the main factor tested for
synthesizing microgels for rheological modification. In this section, we
will discuss the recent trends in microgel behaviour within the contin-
uum and analyse how findings from synthetic microgel systems may be
applied to those of biopolymer origin. Firstly, we describe the behaviour
of microgels with increased packing, before considering phenomeno-
logical models of microgel suspensions and the role of physiochemical
characteristics affecting microgel flow.

3.1. Role of particle deformation during flow

Microgels have a strong influence on the flow of suspensions that
contain them, however their exact flow behaviour is difficult to quantify
due to their deformable structure — often they aggregate or collapse as a
result of the flow, which in turn alters the rheological properties, which
is then often dependent on the shear history. Deformation of microgels

Rheological studies of microgel dispersions from 2016 onwards

Fig. 2. Recent studies (n = 54) that have surfaced since 2016 involving rheo-
logical characterization of microgel dispersions, organised by biopolymer
(where PS: polysaccharide) or synthetic microgels with various types of phys-
iochemical variation (T: temperature, M: ionic strength and pH).
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within the continuum has been directly observed using confocal imaging
[69] and stochastic optical reconstruction microscopy (STORM)
[70,71], and has been reported to occur in a number of different forms:

e De-swelling: solvent expulsion, which alters the particle’s volume

e Compression: flattening of particles due to confinement from their
surroundings e.g., promoted by shear, strain, gap size e.g. in narrow
outlet

o Faceting: modification of microgel edges, thus changing the sphe-
ricity/ roughness of the particle

o Interpenetration (interdigitation): fusing of microgels via their
exterior polymer chains

Investigations of the volume occupied by microgels in a dispersion
(volume fraction, ¢) have been conducted with the aim of understanding
the precise nature and influence of particle packing on rheological
properties [4]. However, due to the above possible mechanisms of
deformation, it is difficult to determine an exact volume fraction for
these kind of systems, unlike rigid spheres. Therefore, measurements of
volume fraction are often referred to as effective or generalised volume
fractions (d)eff) since these values are inferred [4,72]. Recent studies
have utilised small angle X-ray scattering (SAXS) and small angle
neutron scattering (SANS) with contrast variation to obtain values of
‘real’ microgel volume fractions in solution [73] for synthetic microgels.
However, for biopolymeric microgel particles this is further complicated
by a high degree of polydispersity in microgel size [74] and this is often
calculated indirectly from the mass (density and therefore volume) of
the biopolymer gel or solution used in fabricating the microgels
[46,75,76].

Frequently, the viscosity and moduli of synthetic microgels are
plotted against ¢ (or concentration) and despite variations in the particle
size and synthesis methods of these systems, with increasing concen-
tration the emergence of typical regimes can be observed, as the
dispersion transitions from a dilute liquid to a viscoelastic solid. These
regimes deviate from the behaviour of model rigid spheres, as observed
for synthetic microgels fabricated using pNIPAM [4,71,77-79], poly-
acrylamide [80,81], derivatives of polyethylene glycol (PEG) [82] or
polyacrylic acid [83]. Often ¢,y > 1 for microgels due to their de-
swelling, deformation, or interpenetration, which of course is impos-
sible for true hard spheres [84]. Fig. 3 provides a schematic represen-
tation of potential interactions in relation to commonly used models for
aforementioned synthetic microgels published in the recent literature.
Although such regimes might also hold well for biopolymeric microgels
[74], limited data in the literature makes such conclusions difficult.

3.1.1. Dilute Regime

Generally, microgel dispersions tend to show a plateau in viscosity at
low shear (zero shear viscosity, ,), followed by a region of shear-
thinning behaviour, which leads to a second plateau at high shear
(infinite shear viscosity, 5,,). At low concentrations [74,80], microgels
such as those made from polyacrylamide are separated and not in direct
contact with each other, thus their behaviour is determined by external
shear forces and there is little extra resistance to flow over that of the
continuous phase. Thus, as shown in Fig. 3a, this regime shows low
values of relative viscosity (i.e., the ratio of viscosity of the dispersed
particles to the continuum) (7,). Storage and loss moduli (G, G,
respectively) are such that G > G,throughout, i.e., liquid-like behaviour
dominates. For example, Scotti et al. [79] reported values of 7, in the
region of 10°-10' for pNIPAM microgel systems up to approximately Do
=0.4.

Nevertheless, such ‘dilute’ dispersions can show non-Newtonian
behaviour when subjected to high shear rates, because these synthetic
microgels synthetized from polyacrylamide, PEG derivatives, pNIPAM +
polyacrylic acid may alter their orientation and shape with respect to the
direction of flow, due to compression by the shear forces, which can
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Table 1
Suite of techniques used for interfacial characterization of biopolymer microgels at liquid-liquid interface.
Bio-polymeric Biopolymeric Microgel Dy* Probing interface Ref.
Microgel Production (nm) . . .
Type IFT Langmuir- Dilatational AFM Electron Other
P Blodgett Modulus Microscopy
Top down — Thermal
crosslinking and
shearing cf. Bottom up — 6800, {-potential, CLSM,
Agar, gell - v
g::: diirzl;aium Controlled stirring 86, v - - - Cyro-SEM Bulk shear [167]
during thermal 4000 4 viscosity, H,
crosslinking (chemical
for gellan gum)
Top down — pH ¢-potential, CLSM,
adjustment, thermal v CA, Interfacial
(x-) Carrageenan J L 213 v - - - shear moduli, [172]
crosslinking, and FE-SEM R
. FTIR, Optical
shearing [
microscopy
Top down - Ionic .
Chitosan crosslinking and 615 v - v v - é-potential, FTIR, [125]
CLSM
ultrasound
Top down - Thermal .
v Interfacial sh
Egg white protein  crosslinking and 359 - - - - n er ;%ma shear [45]
. Cyro-SEM viscosity, CLSM
shearing
- Top down - Thermal
My(:;ltl;riglar crosslinking and 100 - - — v — {-potential, CA, H, [178]
P shearing
T - Aci lati
Pectin op down. cid gelation 79 v B B B N B [174]
and shearing
Top down — Enzymatic .
. L s v ¢-potential, CLSM,
v _ v _
Soy protein crossl}nklng and 100 FE-SEM CA H, [177]
shearing g
Bottom up - Acid
elation followed by pH 90
Whey protein 8 . . [179], ¢ -potential [179],
[179] adjustment, heating, 100 ** QCM-D [173]
i ion [1 v v vl v [l ] 168,173,1
(p-lactoglobulin ?ﬁ;ﬁ‘;ﬁri:g;‘s‘hiﬁ] o 73, L168] UO81  tpM 1701 FTIR [173], EM [168,173,179]
[168,1731) rossinking, 207 [173]
and centrifugation [168]
[168,173]
Bottom up - Water-in-oil .
. ¢-potential,
emulsion, followed by . .
thermal crosslinking 220 ** Interfacial shear
. ? [169], moduli [169],
and freeze-drying [176], R
Whey protein ionic crosslinking, and 400 g v [169] v [169,176] v165 Y Ellipsometry [124,169,176]
i ’ [124], [169,176] ’ SEM!1: 165 [176], Optical .
freeze-drying [169] or .
thermal crosslinkin; 990 microscopy [1761,
. . & [176] Bulk shear
centrifugation, viscosity [124]
homogenisation [124] y
Top down - Thermal QCM.D'62
Whey protein crosslinking, spray dried, 100 162 oar162
[171] rehydrated, shearing [170] v FTIR™, EM™,
’ ’ v v v i
(p-lactoglobulin [171], or Acid gelation, 248 (170l [170] [170] [170,171] OPtlcal 70,1711
[170]) thermal crosslinking [171] microscopy [170],
? BAM [170]

and shearing [170]

AFM: Atomic force microscopy, BAM: Brewster angle microscopy, CA: Three phase contact angle, CLSM: Confocal light scanning microscopy, EM: Electrophoretic
mobility, FE-SEM: Field emission scanning electron microscopy, FTIR: Fourier transform infra-red spectroscopy, H,: Surface hydrophobicity, IFT: Interfacial tension,
QCM-D: Quartz crystal microbalance with dissipation, SEM: Scanning electron microscopy, TEM: transmission electron microscopy, {-potential: Zeta Potential.

" Hydrodynamic diameter quoted as smallest average size stated from light scattering analysis, with the exception of AFM measurement [170] and Coulter sizing

measurement for agar and curdlan microgels [167].
" Hydrodynamic diameter inferred from graph.

lower the apparent viscosity [81-83,85].

3.1.2. Glassy Regime

In the second regime (Fig. 3b), dispersions become increasingly
viscous with increase in ¢,. Firstly, the dispersion passes through a
glass transition (at ¢ = ¢bg). For rigid spheres, it has been reported that
¢, = 0.58, but due to the softness of microgels, ¢, is higher [80]. Higher
levels of polydispersity in size and irregularly shaped particles have also
been suggested as contributors to reducing the ¢ and ¢, at which these
transitions occur [74,84].

Within the glassy regime, particles are considered to be in a state of
dynamic arrest [86]. As the system becomes more densely packed it can
develop a yield stress, i.e., above this stress, the structure collapses and

starts to flow [77-80,83]. Particles can be imagined as becoming ‘caged’
by their neighbouring particles as the ¢ of the particles increases and
thus the free motion of individual particles is prevented, and so solid-like
behaviour emerges and the viscosity increases enormously (see Fig. 3b).
Nevertheless, G and G have still been observed to show frequency
dependence, meaning that the system is still only a weak gel and can
rearrange and relax within the experimental time scale.

As the microgel concentration increases even further, the suspension
reaches the ¢, of random close packing (¢,,) which can also be
referred to as the ‘jamming point’. For perfect, monodisperse hard
spheres ¢, = 0.64 [48]. However, for soft microgels their deformability
again allows for greater levels of ¢,, [75]. Typically, at ¢,, suspensions
of hard spheres display a divergence in 7,, where there is a swift increase
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Fig. 3. Schematic illustration of rheological behaviour of microgels showing
the relative viscosity of microgels to the continuum (»,) within four commonly
observed regimes with increasing volume fraction, and corresponding models
to explain such behaviour. The black dashed line indicates the position of ¢ =1,
whilst the cross-hatched blue region illustrates the potential transition region
from liquid to solid-like behaviour. Reports of models used in recent studies in
left-to-right are as follows: Kreiger-Dougherty behaviour [82], Quemada
[82,90,91], Vogel-Fulcher-Tramman (VFT), ultra-low crosslinked (ULC)
microgel [79], Evans & Lips model [74] and the Brush model [71,79]. The
cartoon below the graph indicates the corresponding hypothetical structure of
the dispersions, for biopolymeric (top, green) and synthetic (bottom, grey)
microgels. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

in viscosity (in theory to an infinite value) as the system becomes tightly
packed and flow ceases [48] - see Fig. 3b. For hard sphere systems this
represents their limit in random packing [48,79]. For microgel systems
this 77, divergence has been reported for much higher values of ¢, such
as e = 0.93 for pNIPAM microgels with 5 mol% crosslinker [87], ¢oy =
0.71 with use of 1 mol% crosslinker [79] and ¢.; = 1.45 for pNIPAM
synthesised without crosslinker [79].

For microgel suspensions beyond their respective ¢y, it has been
proposed that the peripheral dangling chains forming the corona are
compressed [71]. This has been associated with significant increases in
G in pNIPAM microgel systems, for example values of ¢egr from 0.78 to

1.28 giving an increase in G by three orders of magnitude [71].
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3.1.3. Transition Regime

After an initial rapid increase in G in the glassy regime, it is believed
that a transition in microgel suspension behaviour occurs (Fig. 3c).
Above ¢4 ~ 0.87 [71], Conley et al. reported the emergence of a regime

displaying a slower, linear G increase as the microgel system became
increasingly ‘overpacked’ and interstitial spaces were gradually
reduced. This rheological behaviour was certainly observed for ¢ > 1
in pNIPAM systems [71,83], and attributed to the development of con-
tacts between adjacent microgel cores [71]. Due to the softness of
microgel cores, this interaction is suggested to progressively dominate
microgel suspension rheology, as ¢, increases and external polymer
chains are compressed onto the centres of the microgels [71].

Conversely, Shewan et al [74] reported a viscoelastic fluid region in
their study of biopolymeric agar microgels, which was described as a
transition prior to the emergence of elastic solid-like behaviour. This
was suggested to be at higher ¢, than ¢,,, and was characterized as the
point where G = G at a constant frequency [74]. It was acknowledged
that the length of this transition would be dependent on the exact type of
system, with emphasis on the need for investigation of the effects of
particle modulus and polydispersity [74].

The means of interpretating the possible transitions into solid-like
behaviour are not always clear [78]. Several studies have also calcu-
lated a boundary between glass and jammed regimes using the shear
stress of a microgel suspension normalised by the stress created by
thermal fluctuations [79,83,88]. This normalised shear stress can then
be plotted against the Péclet number of the microgels, the ratio of the
characteristic flow time to the Brownian diffusion time of the microgels
[46]. It has been suggested that the system becomes jammed above a
normalised shear stress of 12.5 [79,83,88]. Solid-like behaviour within a
jammed regime is considered as an athermal region, where Brownian
motion is negligible [79,84]. Therefore, rather than being determined by
thermal fluctuations, the internal energy of the system is dictated by
physical attributes and the extent of microgel softness, i.e., the indi-
vidual particle modulus. Inter-particle friction has also been postulated
to show an increasing impact [74,84].

3.1.4. Jammed Regime

Following the transition region, growth in the yield stress values
tends to slow down with further increase in packing, in some cases the
yield stress appearing to plateau [78-80,83]. Here, microgels are viewed
as completely trapped by their neighbours, whose elastic energy pre-
serves microgel positioning when the system is subjected to shear and
strain, preventing displacement over the observed rheological timescale.
Thus G>G and both moduli show frequency-independence, i.e., the
system shows ’true’ solid-like behaviour and this regime is usually
referred to as the ‘jammed regime’ [77,79].

As solid behaviour dominates, the close proximity of adjacent
microgels enables them to entangle which can facilitate further defor-
mation, such as the interpenetration of microgel cores as visualised by
Conley et al. [71] (see Fig. 3d). This steric confinement may provide
greater routes for dissipation and lead to significant changes in the loss
modulus (G) at high packing densities [71]. These changes in G could
also originate from the formation of facets on microgel surfaces. Facet-
ing has been claimed to result in a net repulsive force and a net drag
force, originating from either elastic forces or elastohydrodynamic
forces, respectively, at points of particle-particle contact [80]. Faceting
has been attributed to polyacrylic acid microgels in transforming into a
polygonal shape [89] (see Fig. 3d). Such deformations have been
observed in synthetic pNIPAM microgels [69], although this study
required use of large microgels to enable their examination via confocal
microscopy and use of a dialysis membrane and equilibration against an
osmolyte to facilitate homogenous osmotic compression. Thus, further
work is needed to fully understand this mechanism under more normal
conditions for submicron microgel suspensions. At the same time, since
synthetic microgels show greater sphericity than biopolymer
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counterparts [84], faceting during jamming might not be as apparent for
microgels of biopolymeric origin. Also, it should be remembered that the
extent of particle interpenetration will be controlled to some extent by
the charge on the polymer chains at the surface [4].

Beyond ¢ > 1.9, it has been suggested that synthetic microgel sys-
tems become ‘saturated’ since their packing is now homogeneous [71]
and osmotic deswelling is negligible due to an even distribution of
microgel polymer counterions [80]. Authors have therefore proposed an
additional regime of a ‘dense glass’ [80] or ‘dense overpacked state’
[71]. It has been suggested that only isotropic compression may act a
potential route for further size reduction [71], since it is thought that
microgels may reduce their size to cater for steric constraints [80].
Within synthetic microgel studies, it has been suggested that the pe-
ripheral corona collapses onto the core, creating a denser core [71]
whose size reduces until the point of saturation is reached [78]. At this
final packing density, one might expect to see a plateau in values of
viscosity and G, but in practice these states are extremely difficult to
reach experimentally.

As shown in Fig. 3, these regimes are associated with various
mathematical models that aim to predict rheological behaviour: the
commonly used models are discussed below.

3.2. Modelling flow behaviour from hard sphere to soft microgels

In this section we summarise the models that have been used to
describe the rheological behaviour based on a range of influencing pa-
rameters such as volume fraction (¢), shear rate (y) and architecture of
the microgels. We also pinpoint where such models do not hold well
particularly for biopolymeric microgels.

3.2.1. Volume fraction

The Einstein-Batchelor eq. (1) [92,93] was developed as an extension
to the original equation due to Einstein [94] to model Brownian hard
spheres. To include the role of hydrodynamic effects and Brownian
motion, Batchelor [92] added a quadratic term with the coefficient of
6.2, although this estimate has more recently more been updated to 5.9
[93] and is the value now most commonly used.

7, =1+2.5¢+ 5.9 @

The Einstein-Batchelor equation can be utilised to analyse the
behaviour of dilute suspensions of both synthetic and biopolymeric
microgels - see regime 1 (Fig. 3a) [79,80,84]. At higher ¢, however,
multi-body hydrodynamic interactions are not taken into account fully
and the equation fails to predict #, accurately even for monodisperse
hard spheres. More importantly for microgels, the role of de-swelling is
not considered [80]. Furthermore, since eq. 1 assumes perfect spheres,
this introduces further deviation from real behaviour. There are cor-
rections that can be applied that take into account the aspect ratio of
other monodisperse shapes (ellipsoids, etc.), Péclet number [95] and
also polydispersity, but the actual variation of the shapes and sizes of
biopolymer-based microgels cannot be taken into account fully [74,84].

The Quemada equation [96] (eq. 2) and Krieger-Dougherty equation
[97] (eq. 3) are phenomenological equations that were developed to
describe hard sphere behaviour. As shown, eq. 3 uses the intrinsic vis-
cosity, i.e., a value of 2.5 for rigid spheres [94]. However, they incor-
porate a maximum volume fraction term, ¢,,, to take into account
particle packing: at ¢,, 11, diverges to infinity, to represent how solid-like
behaviour starts to dominate as the system becomes tightly packed (see
Fig. 3b). This term has been modified within the Quemada equation to
better fit biopolymer microgel systems produced in several recent
studies [74,90,91].
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Shewan et al. [74,90] studied microgel systems of agarose (a
biopolymer from seaweed) and found an improved fit when equating
¢ with a value of ¢,,, obtained using particle size distribution mea-
surements and the Farr and Groot model [98]. Meanwhile, Roullet et al.
[91] modified the ¢,, term within eq. 2 to be a function of microgel
concentration to fit the behaviour of suspensions of sodium caseinate
micelles, which to some extent resemble microgels. This was shown to
give a better fit to behaviour at higher concentrations, reflecting the
inverse relationship between particle softness and concentration and
thus the potential influence of micelle deformation was considered [91].

The viscosity of concentrated microgel suspensions can fit well to the
Vogel-Fulcher-Tramman (VFT) model, shown in eq. 4 [4,72,79,83],
which captures the more gradual increase in viscosity associated with
softer particles, such as synthetic ultra-low crosslinked (ULC) particles
[79] (see Fig. 3a - ¢). Eq. 4 has an exponential term related to both ¢ and
¢g, where the latter represents the ¢ at which 5, diverges at a glass
transition, whilst A is a constant that aims to include the growth of ¢ as
the system approaches this divergence, by analogy to temperature in
molecular glass formers [79,99].

S
n=e ()]

3.2.2. Shear rate (y)

Both synthetic and biopolymeric microgel suspensions have been
observed to show strong shear thinning behaviour due to their ability to
deform and align with shear force [85,100]. At low y the presence of
intermolecular bonds between the particles can provide resistance to
and/or deformation in flow [101], whilst greater shear forces (e.g., y >
102 s71) may disrupt weak interactions of polymer entanglements (e.g.,
ionic, hydrogen bonds) between the particles [100,102].

It is commonly found that power law models such as the Cross model
(eq. 5) can be used to describe the rheological behaviour of systems at
dilute or intermediate concentrations [83,103]. Most systems show
shear thinning and the Cross model describes the viscosity decrease with
increasing shear rate in terms of y,, a critical y where 7 is half way be-
tween the upper and lower limiting values of #, 7, and 7, and h is a
shear thinning exponent [79,84].

Mo — N (5)

vh
20

Thus, this model relies on clearly defined plateaus before and after
the reduction in 5 (shear thinning region) as described above for dilute
suspensions [79,83]. However, many studies have found it difficult to fit
biopolymer microgel systems to this model due to technical limitations
preventing access to sufficiently high y in order to determine
e [75,104]. Some fits have been observed in whey protein microgels
[46], but in some cases only for very soft microgels [84]. The Carreau-
Yasuda model (eq. 6) has also been used and includes an additional fit
parameter to the Cross model [80,83]. This additional term (see below)
includes the longest relaxation time (z,), signifying the start of shear-
thinning behaviour, whilst a and b are fitting parameters [80] to
model stress (6) as a function of (7).

nN=ne+

0 () =7 [N+ (10— 1) (14 ()" | ©

At higher concentrations, when microgel systems are thought to be
above ¢,,,, Fig. 3b - ¢, they tend to show yield stress behaviour and are
commonly evaluated with use of the Herschel-Bulkley model [105], see
eq. 7. Here o, represents the yield stress and the fitting parameters, «,
and n are the consistency and flow index, respectively. The Herschel-
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Bulkley model can be modified by incorporating power law behaviour to
the y dependency of 1 [79,80], to fit more intermediate concentrations.
Fits of this model have been suggested to sit in between the transition
from glass (Fig. 3b) to jamming (Fig. 3d) regimes [79,83].

o (7) = oy +xi" ()

The presence of o, implies that the system has a sufficient three
dimensional network structure strong enough to at least withstand it’s
own weight [101], but of course the exact value of 6, will depend on the
strength of the inter- and intraparticle cross-linking and interactions.

3.2.3. Microgel architecture

As discussed above, the role of particle softness is crucial in deter-
mining the flow of microgel suspensions. The origin of the variation in
the shear modulus of microgel suspensions is considered in the Evans
and Lips model [106] (see Fig. 3), although this assumes that friction
and adhesion forces are negligible in order to utilise descriptions of
Hertzian contact mechanics. The model (eq. 8) includes a relative

packing fraction, ¢, = (,si’ to describe ¢ in relation to ¢,,, whilst N is the
-

number of nearest neighbouring particles, which has been taken as N =
10 [74,107], although it will be dependent on the particle geometry. To
implement this model, the reduced elastic modulus of the particle (E,)
must be known, which can be calculated as shown below from the
Young’s modulus (E,) and Poisson’s ratio (v,) of the particle [74].
Shewan et al. [74] used atomic force microscopy (AFM) -based nano-
indentation to measure E,, of individual agarose microgels. Although
measurements must consider the influence of probe type and microgel
mesh size, to avoid adhesion between probe and sample [74,108,109],
this appears to be the most accurate method to obtain this parameter
directly.

IR I O

E
where, E, = 1=~ .
P

Thus Shewan et al. [74] reported successful prediction of G for the
viscoelastic solid regime using the Evans and Lips model (Fig. 3d), with

accurate prediction of an increase in G and development of a plateau
region associated with the suspension reaching a jammed state (see
Fig. 3d).

Meanwhile, a polymer brush model has been used to analyse the flow
behaviour of pNIPAM microgels [71,79,110]. This model considers a
collection of identical polymers (i.e., a polymer brush) fixed to a solid
core [110] representative of microgel interparticle interactions [71].
The derivation uses a scaling model by de Gennes [111] which in-
corporates the repulsion between peripheral polymer chains via a spring
constant parameter [110].

To calculate the storage modulus (G’), (see eq. 9) this model focuses
on the ratio between the radius of the microgel corona to its total radius

via a = Rﬁm"“. The volume fraction term also takes account of the

total

divergence in rheological values at the glass transition via (;5 = %, ie.,
8
-1
diverges when ¢ * ~ a[79]. Across the literature, a range of a values
have been reported for pNIPAM microgels, ranging from 0.49 [79] to
0.63-0.84 as the means of synthesis and cross-linker concentrations vary
from 1 to 10 mol% [71,79,110].

G| 12 ?—<¢ O’)% ©)
~ 3 1—a

However, for regular synthetic microgels, this model does not hold at
high concentrations where microgels have been shown to interpenetrate
and G becomes limited by the rigidity of the particle core (see Fig. 3d)
rather than being dominated by the interactions of the surface dangling
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chains [71]. Despite this, when synthetic microgels are produced via
self-crosslinking (i.e., those without added crosslinking agent), often
reported as ‘ULC’ microgels, @ = 0.49 and the level of crosslinking is
extremely low, giving a more regular polymer distribution and higher
solvent content [79,112]. These attributes mean that the particles are
thought to be freer to entangle, and subsequently their rheological
behaviour has been shown to fit the brush model (eq. 9) across a wider
concentration range [79] (Fig. 3). Unlike ‘regular’ microgels, these ULC
microgels do not possess a denser core and may therefore show larger
levels of interpenetration and thus the capacity for a higher effective ¢
[4,79] and the plateau in G develops more slowly with increasing ¢ [71]
and to a further extent (see Fig. 3d). Subsequently, because the area of
contact and elastic forces are greater for softer particles, ¢,,, for these
microgels appears to be much higher; Scotti et al. [79] reported that
values of ¢,,, for ‘ULC microgels’ may reach >3.

It is likely that biopolymer microgels show parallels to these systems,
with more loosely packed polymer chains and a higher solvent content,
without a clearly defined core-corona structure, since there is less con-
trol over their formation compared to synthetic microgels. ULC archi-
tectures may be apparent within biopolymer systems and could hold
great potential in terms of being able to tune the viscosity and yielding
behaviour [4]. Finally, it must be noted that the behaviour of individual
microgel particles in a closely packed dispersion will depend on the
properties of the neighbouring particles. Compared to their synthetic
counterparts, these biopolymeric microgels likely show higher levels of
variation, not just in size, but also in their balance of stiffness versus the
energetic costs of entanglement, which determine whether a microgel
deswells (contracts) or interpenetrates with its neighbours [113]. Thus,
for biopolymer systems there may be greater variation in viscoelastic
and microstructural properties across the close packed solid.

3.3. Role of physiochemical factors influencing microgel rheology

As shown above in Fig. 3, physiochemical factors (temperature, ionic
strength, and pH) of microgel suspensions have been considered in
studies of their rheology. Below we will discuss how modification of
these factors can aid in tuning microgel rheology by promoting or
destroying attractive interactions.

3.3.1. Temperature

For particles of thermo-responsive synthetic polymers, the effect of
temperature is via a volume phase transition, for example, the viscosity
and yield strain values of pNIPAM microgel suspensions decrease as
their volume phase transition temperature (VPTT) of ca. 32 °C is
crossed. This is caused by an increase in hydrophobic interactions be-
tween non-polar groups and solvent release from the microgels (de-
swelling, see Fig. 4) which minimises particle size. Subsequently, ¢ is
reduced, which aids the flow of dispersions as both electrostatic and
steric interactions are minimized [77,82] and higher ¢ systems readily
collapse [77,103].

For biopolymer microgels studied so far, although they do not
possess a VPTT, their rheological behaviour can still vary with temper-
ature. Some biopolymers e.g., gelatin, chitosan and cellulose possess a
reversible sol-gel transition [114,115], whereby temperature variation
can influence their intermolecular bonding to adjust physical cross-
linking. Additionally, variations in viscosity have been reported for
proteinaceous microgels when exposed to increased temperature that
could be a result of changing polymer entanglements as the surface
hydrophobicity of the particles is altered [75,100]. High temperatures
(e.g., > 80 °C) could facilitate increased unfolding of protein chains and
so promote microgel surface hydrophobicity, which may result in
microgel fusion [66]. Further research could also shed insight into
biopolymeric microgel behaviour at lower (refrigeration and freezing)
or higher temperatures (pasteurization and sterilization) which may
hold great importance in their preservation against bacterial spoilage
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Fig. 4. Schematic illustration of fate of microgels upon exposure to environmental or processing conditions.

and processing to suit various food applications [45].

3.3.2. Ionic strength

The structure of the microgel dispersion also depends on the ionic
strength of the system [19]. The method of synthesis or polymer used in
microgel fabrication determines their charge density. Higher polymer
charge density within polyacrylamide-based microgels has been shown
to increase the 6, within microgel suspensions [116]. This may be due to
promotion of polymer interactions, although increased charges will tend
to increase mutual repulsion between polymer chains and internally this
may increase microgel rigidity that could result in a greater energy
requirement for deformation and yielding behaviour. However, within
microgels composed of methacrylic acid, internal electrostatic charges
have also been proposed to lead to direct repulsions between polymer
chains which promoted uptake of solvent, thus increasing swelling and
microgel softness [117]. Therefore, the overall effect is likely a balance
of these interactions.

The balance of polymer surface charges is also altered by salt addi-
tion [18,116]. Salt-induced aggregation of microgels can arise due to
charge screening effects which can facilitate attractive polymer in-
teractions leading to complete destabilisation and precipitation of the
suspension [118]. Thus, more fluid-like properties and reductions in o,
may be promoted due to a lack of structure, as observed for microgels
originating from acrylamide, and those of pNIPAM mixtures
[116,119,120] (see Fig. 4). The use of chelating agents (e.g., sodium
triphosphate) has been suggested in the case of poly(acrylic acid) based
microgels as a solution to avoid these effects in certain environments
[121].

Aggregation has also been witnessed due to increases in temperature
in systems with phosphate buffer in the aqueous phase, due to increased
ionization of the phosphate [19]. Similarly, poorer solvent quality can
aid network development by facilitating attractive steric interactions, i.
e. where the outer layers have a greater tendency to stick together [32]
(see Fig. 4).

3.3.3. pH

Charge density within microgel suspensions is also reliant on pH. For
ionizable microgels, higher values of ¢, and G have been observed for
systems at pH values that promote swelling, for example for systems of
polyacrylic acid this was associated with deprotonation of carboxylate

groups along the polymer backbone [121]. The rheology of microgel
suspensions appears to be governed by their swelling; swelling facili-
tates particle overlap and maximises steric interactions, which have
been reported to be dominant forces in microgel interactions [32].

When interparticle charge repulsion is sufficiently strong this can
promote stability and fluid-like behaviour of dispersions, but suppres-
sion of this charge can lead to colloidal gelation [18], due to stronger
attractive aggregation forces between microgels (see Fig. 4). Therefore,
alteration of pH in accordance with the isoelectric point of the system
can enable charges to be balanced to control gelation of microgel
suspensions.

In contrast, for swollen pNIPAM microgel systems co-polymerised
with small amounts of fumaric acid, below their VPTT, their rheology
was shown to be independent of ionic strength and pH [18]. Instead, this
was controlled by packing levels [18] (described above), as the lower
polymer density and small electrolyte content minimized the effect of
surface charge repulsion [18]. Furthermore, the balance of effects be-
tween hydrophilic and hydrophobic moieties within microgels may also
be varied to control particle swelling [122]. Overall, if there are few
exposed hydrophilic fractions on the microgel surface, microgel swelling
is inhibited and they have a greater likelihood of aggregating and
expelling solvent (see Fig. 4), which may promote their aggregation.

Most biopolymers used to make microgels are polyelectrolytes and
pH therefore offers the potential to alter their swelling, size, interparticle
electrostatic interactions and therefore the viscosity of the suspension.
This has been observed in several studies [101,104,123-125].

3.3.4. Presence of other polymers

Microgel interactions may also depend on their interactions with
other polymers in the continuous phase, which may alter the rheology.
This can lead to variations in swelling, especially when under
compression or the influence of shear [76]. Whey protein microgels have
been shown to behave differently in continuous phases of varying vis-
cosity (e.g., dextran, corn syrup and low viscosity xanthan gum), dis-
rupting interparticle interactions and modifying their rheological
properties [46,76]. For example, high levels of dextran have been sug-
gested to disrupt the flow of whey protein microgels due to promotion of
steric hindrance [76], whilst the increase in viscosity reported for (low
viscosity) xanthan gum upon microgel addition [46] suggests the
emergence of depletion flocculation. Meanwhile, the lowering of
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dispersion viscosity reported for corn syrup on the addition of microgels
was suggested to arise due to drainage of buffer from the microgel
particles [46] i.e. due to osmotic de-swelling.

To summarise, the prediction of microgel suspension rheology re-
quires careful consideration of precise physiochemical parameters and is
highly dependent on the system in question. Further investigation of
microgel stability, particularly for biopolymeric microgels, will enable
greater understanding and aid fine-tuning these systems for more
controlled stability/instability on demand.

4. Microgels at interfaces

Having discussed the bulk properties of microgels, this section fo-
cuses on understanding the factors that influence the behaviour of
microgels at fluid-fluid interfaces and also discusses the key tools that
can be used to characterize this behaviour. Recently there have been
many studies of microgel-stabilized emulsions but the details of micro-
gel adsorption and structuring at the interface have been much more
rarely addressed. As before, firstly we focus on the cleaner synthetic
microgel systems then move on to compare these with biopolymeric
microgels, which have been studied even less.

4.1. Synthetic microgels

Zielinska et al. [126] used neutron reflectivity to build up a picture of
PNIPAM microgels at the air-water interface as comprised of three
layers: a dense polymer region containing minimal water and in contact
with air, a solvated polymer fraction positioned closer to the interfacial
region, and finally a section of polymer chains stretching into the bulk
aqueous phase. It is clear that, depending on their softness, microgels
can deform on adsorption at interfaces, as evidenced in FreSCa (Freeze
fracture shadow casting) cryo-SEM imaging, which has yielded images
demonstrating their close packing, flattening at interfaces and protru-
sion into the hydrophobic phase [6,10]. However, direct visualization of
microgels at interfaces is not easy due to a number of factors, such as
their small size (when they are less than a few microns in diameter), the
small difference in their refractive index and that of the aqueous me-
dium, in addition to usual limitations in accurately replicating real en-
vironments during measurements. Hence imaging has often been carried
out in the dried state [47,127].

Spread monolayers of microgel particles at fluid-fluid interfaces have
also been studied via Langmuir troughs to analyse their response to
compression [128]. In addition, once monolayers have been formed,
they can then be transferred to solid substrates via Langmuir-Blodgett
techniques and imaged in their dried state via microscopy techniques
such as scanning electron microscopy (SEM) [129-131] and AFM
[12,27,47,129-137]. This has successfully demonstrated the formation
of ordered hexagonal lattice structures, which with increasing
compression undergo phase transitions from corona-corona to core-core
contact and then eventually monolayer collapse. Such measurements
therefore provide clues to the interfacial behaviour of adsorbed micro-
gels at increasing surface pressure.

The speed at which microgels adsorb at a fluid-fluid interface i.e., the
adsorption kinetics, is dependent on a subtle balance between size,
charge, hydrophobicity, and deformability [138]. Firstly, smaller size
contributes to faster diffusion and enables microgels to move faster
through the continuous phase to reach the interface and may influence
efficiency of packing [139,140]. Meanwhile, the presence of surface-
active groups on microgel surfaces allow for interaction with the inter-
face [140,141]. Finally, deformability allows the microgel to adhere
more securely to the surface: microgels continue to deform at the
interface with time as the particles rearrange to develop the most
desirable configuration (i.e., of lowest free energy). This may occur over
long periods (e.g., hours) and is attributed to surface active groups
buried within the microgel slowly becoming exposed as the particle
spreads and interacts with the interface [138]. In this respect, microgel
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adsorption is rather similar to the adsorption and unfolding of globular
proteins at an interface [142]. The extent of microgel deformation may
also be influenced by solution and other external conditions, as dis-
cussed below.

4.1.1. Crosslink density and deformability

Across the literature, the amount of cross-linker incorporated into
synthetic microgels varies, yet fluctuations in cross-linker values of just a
few mol% (e.g., 1-5 mol%) cause significant impacts to microgel
structure and their behaviour at the interface. Matsui et al. [143]
directly observed microgel adsorption to a solid mica substrate via high-
speed AFM and found softer pNIPAM microgels (of lower cross-linker
content) to adsorb at a faster rate, which has also been corroborated
by measurements of surface tension and surface pressure [138].

AFM imaging on solid substrates of more rigid microgels i.e., those of
higher cross-link density, have been associated with a greater height of
the microgel core [130,131,133,136,144,145] (see Fig. 5a and sche-
matic illustration in Fig. 6). This structuring was also observed at the oil-
water interface via Cryo-SEM, the microgel core protruding into the oil
phase [130]. Therefore, in general, it appears that increased microgel
rigidity inhibits microgel spreading at the interface [133,136] (Fig. 6).
This could contribute to the formation of less stable microgel mono-
layers if they are unable to adapt their conformation over time or on
exposure to stimuli [21]. This is further evidenced by images of micro-
gels post Langmuir trough compression, where rigid microgels appear
quicker to reach a phase transition associated with close (core-core)
packing. Thus, the range and extent of compression possible for these
microgels appears to be lower [131]. It has also been proposed that
higher capillary attraction may occur between rigid microgels and
promote closer interfacial packing and the potential for core-core in-
teractions [131,133].

As mentioned above, some AFM studies have found that synthetic
microgels display a gradient in elastic modulus, high to low, from the
centre to the periphery of the particle [26,112,144-147]. However, this
appears to be dependent on the concentration of cross-linker and is not
always apparent: in some instances of self-crosslinked microgels (of both
pNIPAM and PEG origin) the gradient in elasticity appears non-existent
[146,147]. For such soft microgels that show no elasticity gradient, their
structure at the interface is described as ‘disc-like’, rather than the ex-
pected ‘fried egg’ structure for regularly cross-linked synthetic micro-
gels, and they display attributes more similar to polymer molecules at
interfaces [147]. Equally, at very high concentrations of cross-linker the
elasticity gradient was also reduced, as the polymer density was seen to
increase across the entirety of the microgel [144]. The use of cross-linker
molecules of longer length was also found to reduce values of Young’s
modulus in PEG microgels (2.7-3.7 MPa was shown to fall to ca. 0.5
MPa) and has been associated with lower network density [148].

When used to stabilize emulsions, softer pNIPAM microgels appear
to give greater emulsion stability, because the increased extension of
their peripheral chains is thought to offer higher interfacial affinity and
promote inter- and intramolecular polymer interactions, thus anchoring
microgels to the interface [149]. For microgels with high levels of cross-
linker, there have been reports of increased elasticity, specifically
Young’s moduli, of individual microgels [144,145]. Despite this, inter-
facial rheology measurements (conducted using pendant drop tensiom-
etry, Langmuir trough and interfacial rheology cells) have shown that
for higher cross-linker levels, lower values of interfacial shear storage
and loss moduli (G;, G;) and lower values of dilatational elasticity (¢) are
seen [150]. The latter is observed by directing an oscillatory perturba-
tion to the interface by varying the volume of a droplet, and has been
utilised with microgels based on pNIPAM [150] and VCL [27]. This
suggests the lack of flexibility leads to more brittle monolayers, which
are more liable to fracture [150]. The authors also indicated that this
correlation highlights the impact of the microgel exterior (via in-
teractions of peripheral polymers) in dominating their interfacial
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Fig. 5. Images from recent literature displaying AFM phase images (top) and AFM height measurements (bottom) in response to variations in a. crosslinking [130], b.

surface tension [136] and c. temperature [129], respectively.
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Fig. 6. Schematic displaying hypothesis of microgel interaction at oil-water interfaces.

packing behaviour [150].

For pNIPAM microgels, maxima have been reported in dilatational
elastic moduli (¢) [150,151], interfacial shear moduli (G'i)
[132,150,152], and elastic compression moduli (Eg) [133,150]. The first
maximum has been reported at surface pressures in the range of 10 to 15
mN m~!, whilst secondary peaks have also been observed at surface
pressures over 30 mN m ™~ : these are thought to correspond to shell-shell
and core-core interactions, respectively [150-152]. For microgels of
higher crosslinking density, Eg was in fact higher (than their softer
counterparts) for the second maxima, emphasising their different
morphology [150]. However, observing pNIPAM particles in shell-shell
contact at the interface via cryo-SEM observations [10], Tatry et al.

10

[150] considered that only the first maximum is of relevance to microgel
stability at interfaces.

4.1.2. Surface tension

Due to the insolubility of pNIPAM microgels in the oil or water
phases and the high values of interfacial tension, y (72 and 50 mNm *
for air-water and alkane-water interfaces at 25 °C, respectively) [136]
microgel deformation has been observed at the interface. Deformation
arises to minimise interfacial free energy, as shown below in eq. 10, the
change in interfacial free energy (AG) for spherical colloidal particles
can be calculated based on y, radius of the particle (R) and the contact
angle (0) [153]. Although, microgel particles cannot be directly
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compared to Pickering systems of rigid particles, these parameters still
largely influence microgel adsorption and associated “Mickering stabi-
lization” [5].

AG = —R*[1 — cos(0) (10)

For alternative non-alkane oils, in addition to their potential to act as
solvents for pNIPAM microgels [47,154], y may be lower and therefore
modify microgel adsorption [136]. For example, methyl tert-butyl ether
(MTBE) (interfacial tension of 9.8 mNm™1) yielded observations [136],
of higher values of core height but smaller overall diameters of micro-
gels, when compared to alkane-water interfaces (see Fig. 5a). Stiffer
monolayers were also reported for microgels adsorbing at interfaces
with higher y, compared to those at lower y which were seen to collapse
more readily when compressed [136]. Similar behaviour has been re-
ported for microgel adsorption to solid surfaces of varying surface hy-
drophobicity. For example, STORM was used to observe poly(N-
isopropylmethacrylamide) (pNIPMAM) microgels at glass surfaces of
varying hydrophilicity [155]. This demonstrated the alteration of the
adsorbed microgel configuration from completely spread to only
partially wetted, which resulted in a change of appearance from the
flattened ‘fried-egg’-like structure to a near-spherical configuration
[155].

Microgels stretch across interfaces to minimise the undesirable
contact between the repulsive hydrophilic and hydrophobic phases, so
that at the interfaces of different phases possessing different y, the extent
of this deformation can be altered. Hence low values of y appear to limit
microgel spreading at the interface, allowing for the elasticity of
microgel polymers to determine the final extent of deformation at the
interface [6]. This is probably particularly relevant for microgel
adsorption at water-water interfaces, where y is extremely low
[104,156].

Effects of microgel size may also be responsible for apparent dis-
crepancies in variations in the extent of deformation with respect to y.
Bochenek et al. [47] studied microgels of size (dy at 20 °C) 300 nm and
observed them to flatten to a greater level at an air-water interface
compared to a decane-water interface. This difference in deformation
was not reported in similar investigations [129,130,136] with microgels
of more than twice the size. It was hypothesised that beyond a certain y
(ca. 36 mN m’l) a maximum in pNIPAM microgel extension was
reached [130,136].

4.1.3. Electrostatics

For pNIPAM microgels, anionic charges are usually introduced via
the co-monomers (e.g. methacrylic acid (MAA) or acrylic acid (AA)) or
the initiator potassium peroxodisulfate (KPS) [117,135], and show
electrophoretic mobility (at room temperature) in the range of —2 to
—2.5 x 1078 m2 v 57! compared to values of almost zero obtained for
uncharged samples [133,135,157]. AFM topographic imaging has
shown that high charge density and pH of methacrylic acid microgels
can alter their water content and thus their levels of flattening at in-
terfaces [117]. For charged microgels that have also shrunk due to
temperatures above the VPTT, further compression reaches a limit
whereby electrostatic repulsion between the particles leads to their
desorption [157]. Overall, it can be seen that, like their behaviour in
bulk solution, the interfacial behaviour of microgels is determined by
their level of swelling and is a result of combined environmental con-
ditions and nature of the polymer itself in controlling the moieties which
may be available to interact.

Nonetheless, there has been controversy within the literature on the
role of electrostatics (i.e., ionic strength and pH variation) in stimulating
deformation of both charged or near neutral microgels at interfaces.
Picard et al. [133] stated that variation in electrostatics had no
observable impact on microgel deformation, but this observation may be
associated with their use of pNIPAM microgels of size ca. 600 nm
diameter and the specific pH range 3 to 6. Meanwhile, Kwok and Ngai
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[158] observed anisotropic flattening of pNIPAM microgel particles on
decane oil in water droplets via confocal microscopy, although this
deformation was only seen at high pH (pH 10). The authors proposed
that pNIPAM microgels that are not fully swollen may undergo lower
levels of interfacial deformation [158]. Meanwhile, Yang et al. [157]
suggested that charged microgels were more sensitive to compression,
whereas Schmidt et al. [135] found that at higher levels of compression,
uncharged microgels showed greater compressibility. It was proposed
that this latter trend was due to the positioning of the microgel: whether
a greater area was either in-plane or perpendicular to the interface
[135]. Charged microgels were found to have a greater area of their
particle out of plane due to a higher level of interaction with the aqueous
phase (due to their higher levels of swelling), contributing to their
greater compressibility at low compression levels. Therefore, it was
suggested that the influence of low compression was determined by in-
plane interactions, whereas high compression was thought to be reliant
on out of plane interactions. This variation in compressibility with
charge was also thought to be dependent on size, since the phenomenon
was not observed in larger microgel particles (ca. 850 nm diameter)
[135].

4.1.4. Temperature

As described above, thermo-responsive pNIPAM microgels have a
VPTT above which an increase of hydrophobic interactions causes sol-
vent expulsion [27]. In this shrunken state, the peripheral dangling
chains of the microgel are thought to collapse onto the inner core,
decreasing their size [129] (see Figs. 5 and 6). However, microgels have
been shown to maintain their interfacial activity even when collapsed at
higher temperatures [140].

AFM nanoindentation methods have provided lateral mapping of
microgels, giving an elastic modulus across individual microgel particles
deposited on a solid substrate within a fluid environment
[26,109,144,147,159,160]. The stiffness of the microgels increases at
temperatures above VPTT and a loss of long-range repulsion between
the AFM probe and microgel has been observed in force-distance curves,
linked to a reduction in steric forces after the collapse of dangling
polymer chains [161]. Furthermore, AFM imaging has shown a decrease
in microgel height and diameter as solvent leaves the microgel structure
and the particles become denser and less deformable [160,162] (see
Figs. 5c and 6).

Harrer et al. [129] also used AFM phase contrast imaging to show
that the area of the corona of pNIPAM microgels is independent of
temperature. It was proposed that the lower water content and stretched
nature of the corona region at the interface led to a greater influence of y
and that this dominated the positioning of the microgel particles overall
at the interface [129]. Bochenek et al. [134] supported this finding via
ellipsometry, determining the microgel region within aqueous solution
as exclusively thermo-responsive. Consequently, this portion of the
microgel de-swells, decreasing the monolayer thickness and core
diameter above the VPTT. It was implied by both studies [129,134] that,
due to the corona’s relative lack of sensitivity towards temperature, the
spacing and extent of microgel coverage at the interface was constant
throughout temperature variations [129,134] (see Fig. 5c). Addition-
ally, studies of regular and ULC pNIPAM microgels via neutron reflec-
tivity demonstrated that the behaviour of the microgel portions
protruding into the air were independent of temperature fluctuations
[163].

Despite the numerous reports of destabilisation of pNIPAM microgel-
stabilized emulsions above VPTT [164], Tatry et al. [21] reported a
study of poly(oligoethylene glycol) methacrylate (pOEMA) microgel-
stabilized emulsions that did not phase separate above the VPTT. They
hypothesised that although some coalescence is likely to have occurred,
the softness of the microgels may have facilitated compression and
lateral interpenetration, which created an optimal level of cohesion
allowing adjustment of microgel configurations that avoided complete
destabilisation [21]. Overall, the above studies reiterate the importance
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of understanding microgel deformability with respect to stabilization of
emulsions by microgels at the interface.

4.2. Biopolymeric microgels

To finalise, the behaviour of biopolymeric microgels at interfaces is
now discussed. Although there are much fewer studies of these systems,
differences are starting to emerge between biopolymeric and synthetic
microgels as described below.

Confocal microscopy (see Figs. 7a-c) has been widely utilised to
obtain images of thick layers of microgels at oil-water interfaces. The
regular packing and uniform morphology of adsorbed layers of synthetic
PNIPAM microgels is not apparent for biopolymeric systems. This can
also be observed in cryo-SEM images (see Figs. 7d-f).

Deformation of biopolymeric microgels has been successfully
observed using cryo-SEM (see Table 1) at both oil-water and air-water
interfaces [44,45,124,166,167] and greater deformability is generally
correlated with greater interfacial stability. Meanwhile, AFM has helped
to illustrate aggregation [168-170], polydispersity [171], and the
presence of smaller (likely surface-active) components within bio-
polymeric microgel monolayers [169,170]. Compared to the regular,
domed structure of synthetic microgels (e.g., as in Fig. 7g), AFM ob-
servations of biopolymeric microgels have shown the presence of small
clusters (Fig. 7h) [46]. Such clusters might develop into larger aggre-
gates during monolayer compression and have a detrimental impact on
interfacial stability having been proposed to trigger the collapse of
microgel monolayers [170].

Microgel aggregation may be triggered by electrostatic interactions
[171-173], but low microgel surface coverage has also been proposed as
a possible cause in both synthetic and biopolymeric microgels due to
dominance of capillary forces [152,168]. Murphy et al. [168] suggested
that greater surface loading of microgel particles could also prevent
emulsion droplet aggregation, implying that steric hindrance may be a
determining factor in maintaining stability. Flocculation of emulsion
droplets may also occur at higher microgel particle concentrations
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[174], although this may not necessarily have a detrimental impact,
since the aggregates can still adhere to interfaces but also bridge be-
tween droplets [175]. Furthermore, microgel aggregation could facili-
tate the formation of microgel multilayers on the droplets, which may
further promote the mechanical strength of the microgel film [176].

Similar to synthetic microgels, the imaging of biopolymeric mono-
layers has also been conducted via AFM: several studies have recently
visualised monolayers formed after compression with the use of a
Langmuir trough in combination with AFM [168,170] whilst the surface
formed during QCM-D measurements has also been visualised [173].
Table 1 shows articles from 2016 onwards which have explored the
interfacial behaviour of biopolymeric microgels. The table highlights the
range of methodologies used in their fabrication, in addition to the
relatively few papers that have used a range of characterization tech-
niques to understand their surface properties. The findings from these
studies are discussed below.

4.2.1. Surface activity

Across the majority of studies listed in Table 1, interfacial tension (y)
measurement was found to be a key characterization tool to assess
interfacial behaviour. As described previously for synthetic microgels,
biopolymeric microgels also rely on hydrophobic groups to interact with
and adsorb to an interface. Depending on biopolymer type, sufficient
hydrophobic groups may not be available at the microgel particle sur-
face [174]. For example, pectin, agar, gellan gum and curdlan microgels
have all been studied via pendant drop tensiometry [167,174]. Typi-
cally, a significant reduction in y is observed in protein-based microgels,
which reflects the microgels’ adsorption kinetics. However, such
reduction of y is not seen in the polysaccharide-based microgels due to
lack of hydrophobic moieties [167,174]. Further analyses beyond
measurements of surface activity often appear necessary to gain un-
derstanding of the origin of microgel interfacial stability.

It is thought that biopolymeric microgel particles also unfold and
rearrange at interfaces to develop the lowest energy configuration,
which generally involves maximal exposure of hydrophobic groups to

Fig. 7. Micrographs of protein and pNIPAM micro-
gels obtained using various techniques. Top row:
Confocal microscopy of A) pNIPAM microgel [158],
B) Whey protein microgel [165] and C) Chitosan
microgel [125], all at oil-water interface. Middle row:
Cyro-SEM images of oil-water emulsion droplets sta-
bilized by D) pNIPAM microgels with 0.05 M NaCl
[138], E) Genipen crosslinked casein protein micro-
gels [166], and F) Curdlan microgels [167]. Bottom
row: AFM imaging in contact mode of G) pNIPAM
microgel [144] and H) Whey protein microgel [46]
both hydrated on silicon wafer solid substrate.

Protein
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the non-aqueous phase and thus an increase in interfacial coverage
[3,141]. Despite this, particle rigidity may limit unfolding and thus
inhibit surface activity [177]. Huang et al. [125] reported slower
adsorption of highly swollen microgel particles which was linked to an
adsorption barrier arising from increased repulsive steric interactions.
Although microgel swelling to some extent may aid in adsorption it has
been proposed that deformation of softer microgels creates a larger
wetting radius, which could promote a stronger capillary attraction to
the interface [176]. Chen et al. [176] observed whey protein microgels
of varying protein content via ellipsometry and found that those of
lowest biopolymer content have a greater adsorption capacity, which
facilitated the formation of a thicker interfacial layer. Surface adsorption
may also be altered by variations in particle size and charge, since larger
microgels diffuse more slowly, whilst increased microgel charge (such as
that originating from pH values # pl) can contribute to an electrostatic
adsorption barrier [173,177]. Additionally, it has been suggested that at
high concentrations microgel diffusion is slowed due to increased vis-
cosity [172].

In some cases (see Table 1), the three-phase contact angle of
microgels has been evaluated to determine their hydrophobicity (see eq.
10 above). However, the relevance of this measurement is debatable as
microgel particles, particularly those of biopolymeric origin, do not
necessarily hold a fixed shape, plus they are porous to the phases at the
interface [3,141]. Through modifications to production methods, bio-
polymeric microgels with contact angles close to 90° have been
observed [172,177,178]. These contact angles were correlated with
greater wettability and interfacial stability than native biopolymers,
whilst also being linked to a decline in interfacial rearrangement
[177,178]

Considering the potential benefit of microgel flexibility at the
interface in producing resilient monolayers, this correlation could
appear contradictory to the previous discussion. Despite this, these
studies suggested that due to their near optimal contact angle (i.e., 90 %)
the microgel would not be required to rearrange its configuration
[177,178].

4.2.2. Surface coverage and conformation

As shown in Table 1, the investigation of microgel elasticity can be
conducted using several techniques. Interfacial measurements of dila-
tational and shear rheology can aid in evaluating the viscoelasticity of
the interfacial microgel layer, whilst increasingly AFM is being utilised
to analyse the nanomechanical properties of individual biopolymeric
microgels. This has allowed for stiffness values to be calculated [125],
whilst more commonly values of Young’s modulus are obtained
[171,176].

Li et al. [45] studied the interfacial shear viscosity (1;) of egg white
protein microgels at the air-water interface. Despite observations of a
slower development of #; compared to native protein, they reported
much higher 7, (> 10* mN s m™!) for the microgels after 1400 min
compared to non-microgelled protein. This again suggests that the larger
size of the microgels slows their initial binding to the interface, yet at
greater timescales it appears that their superior coverage (cf. native
protein) may enable the development of an optimal configuration [45].
It was suggested that the adsorbed microgel layer displayed more
resilience compared to the native protein, as the latter displayed a drop
in viscosity at longer times [45].

Meanwhile, Yang et al. [169] studied an interfacial layer formed of
whey protein isolate ‘beads’, via oscillatory dilatational and surface
shear rheology, yet found conversely that these beads gave a lower
interfacial shear moduli (G;, G;f) (by over 2 orders of magnitude)
compared to native whey protein and whey protein aggregates. They
concluded that the ‘beads’ formed a weaker, more mobile layer, which
relied on the small components of the suspension to stabilize the inter-
face [169]. The true extent of microgels’ influence on interfaces has
been debated by numerous authors who consider smaller surface-active
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components to also have a role in interfacial stability (e.g., free protein,
protein or microgel fragments that remain in the microgel suspension or
trapped by the microgel) [170,179]. Ultrafiltration was suggested to
have removed unbound protein from microgel dispersions such that the
resultant microgel samples showed an increasingly slower development
of surface pressure and plateaus at values of >5 mN m~! lower, high-
lighting the potential role of smaller surface-active constituents [179].
Meanwhile, Noskov et al. [170] purified their beta-lactoglobulin
microgel suspensions and reported increases in interfacial dilatational
elasticity (¢) which were associated with an increase in intra-particle
interactions. However, regardless of purification it was shown that
microgels had an increased ¢ when compared to native protein.

In contrast, for soy protein microgels lower values of dilatational
modulus have been found (cf. native protein) and attributed to weaker
intermolecular forces and the formation of a more rigid configuration
[177]. This result may be specific to the biopolymer type or production
method, see Table 1, if these factors reduced polymer hydrophobicity to
an extent which limited inter- and/or intra-particle interactions.
Meanwhile, investigation of beta-lactoglobulin microgels suggested that
the tighter packing of smaller microgels may decrease values of ¢ [168],
highlighting the additional role of size in creating an interfacial layer of
optimal mobility.

Further comparisons of whey protein microgels (see Table 1) of
varying rigidity showed that the most deformable microgels studied, (5
wt% protein content), displayed the highest values of dilatational elastic
and viscous moduli (5;" e;) [176]. However, it was noted that this study
of micron-sized microgels appeared to yield values of € lower than those
found in studies of microgels of smaller, nanometer size. Despite this,
deformability may aid in promoting the adsorption of hydrophobic
binding sites to the interface since with greater mobility the configura-
tion of microgels has a greater capacity to adapt [125,176]. It was found
that use of softer microgel stabilisers led to emulsions with greater sta-
bility, whilst the more rigid are likely to lead to fragile interfacial layers
[125,176].

4.2.3. Electrostatics

Modification of pH has been shown to alter the size of whey protein
microgels, by triggering biopolymer rearrangement via electrostatic
repulsion and increased protein chain stress at pH values # plI [171].
Subsequently, AFM imaging and force spectroscopy, demonstrated a
reduction in microgel flattening and an increase in values of Young’s
modulus calculated at the centre of microgels [171] in acidic conditions.
Moreover, Huang et al. [125] investigated the ¢ of chitosan microgels in
response to varying pH finding that pH values which facilitated microgel
swelling and thus softer microgels led to higher ¢ (up to 60 mN m™"! for
microgels at pH 4). These values were also significantly higher than
those observed for the native polysaccharide, hence the study concluded
that microgels of highest deformation were able to laterally overlap to
create a stabilising network at interfaces [125].

The influence of pH and ionic strength were also analysed with the
use of QCM-D [173]. At pH values further from the pI of whey protein
microgels (pH 3.2, 7.4) microgels were more strongly charged and less
surface coverage was observed, whilst at pH 5.6 a highly covered
interface was reported. FTIR analysis implied that conformational
changes occurred for whey protein microgels at pH 3.2 which may have
aided in their interfacial coverage compared to looser structures
observed at pH 7.4 [173]. Meanwhile, an increase in ionic strength
facilitated closer, denser packing of microgels due to shielding of elec-
trostatic repulsion, which led to reportedly increased rigidity at the
interface [173]. Furthermore, addition of K™ to k-carrageenan microgels
has been reported to increase their hardness and this was suggested to
increase their viscoelasticity, although at the highest levels tested (250
mM) shrinkage of microgels was discovered which led to aggregation
and destruction of their stabilising ability [172].
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5. Conclusions and future perspectives

This review has given a comprehensive examination of experimental
and theoretical aspects of bulk and interfacial properties of microgels.
Recent literature is increasingly investigating the impact of the extent of
microgel interaction in bulk solution at high volume fractions, where
densely packed ‘jammed’ systems display unique properties (e.g.,
microgel interpenetration, faceting) which offer novel ways to alter the
viscosity of continuum. Meanwhile, interfacial systems of microgels are
also becoming a greater area of research focus for control of emulsion
stability. We derive some commonalities between synthetic and bio-
polymeric microgels, including:

e Both microgel types show rheological behaviour (in #,, G) that de-
viates from hard sphere models, in particular at volume fractions
beyond 0.4-0.5, as microgel particles begin to interact and the ca-
pacity for dense microgel packing increases.

e Microgels show interfacial activity modulated by the balance of the
surface tension of the system and the elasticity of the individual
particles which can be adapted by altering the polymer and system
(e.g., emulsion) type, plus the means of microgel fabrication.

e Both forms of microgel possess the capacity to de-swell and swell
when subjected to varying physiochemical conditions offering the
potential for controlled de-stabilization within bulk and at interfaces.

e Regardless of their nature, the elasticity of microgels appears to
display a pivotal role in maintaining both their interfacial stability
and ability for viscosity modification by facilitating inter-particle
interactions whilst altering particle configurations to minimize the
free energy.

Nevertheless, there are some differences between synthetic and
biopolymeric microgels, including:

e Generally, biopolymeric microgels are more polydisperse whilst
synthetic microgels are more likely to be monodisperse, since poly-
merisation allows for control via precise use chemical crosslinking
agents.

At interfaces, the presence of non-microgel species may contribute to
surface activity for biopolymeric microgels. This is less prevalent for
synthetic microgels because their chemical synthesis again allows for
greater control.

Aggregation appears to pose a significant influence on microgel
monolayer stability for biopolymeric systems; this could lead to
randomly distributed areas of high polymer density that promote
destabilisation.

The apparent lack of a core-corona structure [170] could mean
biopolymeric microgels have a different method of interfacial sta-
bilization to synthetic microgels. Furthermore, this suggests that
biopolymer microgels are more loosely crosslinked, which could
facilitate the development of higher ¢ (greater levels of packing)
within dispersions and a more gradual development of bulk viscosity
as microgels may be able to interpenetrate to a greater extent.
Biopolymeric microgels are produced from inherently complex,
naturally occurring proteins and polysaccharides, sometimes their
mixtures that vary in charge distribution, chain lengths, hydrophobic
groups etc. and threfore the structure and properties are not as
controllable as monodisperse synthetic microgels even in lab
settings.

Overall, optimal conditions for surface coverage and responsiveness
will vary depending on the system in question, yet the preservation of
microgel mobility at the interface appears to be imperative in promoting
their performance as stabilisers and ensuring that they can adjust their
configuration to provide resilient packing. The extent of microgel
interpenetration within bulk and at interfaces is not fully understood for
biopolymeric particles, therefore, the role of inter-particle interaction in
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their stabilising ability is still an important question to be answered in
fully understanding the mechanism of microgel packing. This would also
facilitate our understanding in optimisation of biopolymeric microgel
performance to ensure that microgels are effective emulsifiers whilst
meeting the demands for economic viability, batch to batch reproduc-
ibility and utilisation of appropriate isolation methods (of biopolymer)
[29].

This review highlights the need for more comprehensive character-
ization of microgel systems (in particular those of biopolymeric origin)
to include a broader range of techniques to accurately deduce microgel
packing in their native state (i.e., in fluid, at fluid-fluid interfaces) at the
nanoscale. Furthermore, systematic and comparative investigations of
biopolymeric microgel systems produced from different biopolymer
sources are required to shed light on the impact of environmental factors
as well as their variabilities (i.e., size, polydispersity, and moduli) on
interfacial performance. Due to the difficulty in visualising these parti-
cles at fluid interfaces precisely without altering their form, greater in-
formation acquired from different sources of characterization such as
combining monolayer experiments with in situ visualization of the
surface layer using AFM, would allow for increased justification of
current hypotheses on microgel interfacial and bulk performance.
Finally, the literature disproportionately focuses on animal protein-
based microgels, particularly whey protein microgels, for the bio-
polymeric systems. With environmental sustainability challenges, it will
be imperative to characterize the bulk and interfacial properties of
microgels from alternative proteins such as plant proteins and
microorganism-derived biopolymeric sources to enable design of the
next generation of sustainable microgels for various soft matter and al-
lied applications.
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