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SCIENTIFIC REPLIRTS

Deswelling and deformation of
“microgels in concentrated packings

I. Bouhid de Aguiar'?, T. van de Laar’3, M. Meireles?, A. Bouchoux*, J. Sprakel ®?3 &
K. Schroén!
Received: 12 June 2017 . Increasing the particle density of a suspension of microgel colloids above the point of random-close
Accepted: 14 August 2017 . packing, must involve deformations of the particle to accommodate the increase in volume fraction. By
Published online: 31 August 2017 . contrast to the isotropic osmotic deswelling of soft particles, the particle-particle contacts give rise to
© anon-homogeneous pressure, raising the question if these deformations occur through homogeneous
deswelling or by the formation of facets. Here we aim to answer this question through a combination of
imaging of individual microgels in dense packings and a simple model to describe the balance between
shape versus volume changes. We find a transition from shape changes at low pressures to volume
changes at high pressures, which can be explained qualitatively with our model. Whereas contact
mechanics govern at low pressures giving rise to facets, osmotic effects govern at higher pressures,
which leads to a more homogeneous deswelling. Our results show that both types of deformation play a
large role in highly concentrated microgel suspensions and thus must be taken into account to arrive at
an accurate description of the structure, dynamics and mechanics of concentrated suspensions of soft
spheres.

Microgels are colloidal particles made from a solvent-swollen crosslinked polymer network® 2, whose softness can
be tuned with the crosslink density’. These microgels are commonly used as a well-defined experimental model
system to explore the phase behaviour, dynamics and mechanics of soft particle suspensions® °. Their softness,
which entails both a low resistance to shape and to volume changes, has a large effect on the properties of dense
suspensions of these particles. For example, they can be compressed to packing density in excess of random close
packing and their increase in viscosity as they approach the liquid-solid boundary shows significant deviations
from the behaviour of hard spheres®’. Moreover, microgels exhibit a rich phase behaviour®-!, which can be tai-
lored by their degree of crosslinking'!, the presence of charges'? or inherent network inhomogeneities'.

To achieve effective packing densities of well above the random close packing limit for hard spheres, the
reduction in available volume must be accommodated by either shape or volume changes in the constituent
particles. This can occur either by forming facets at the contact points with the surrounding particles® !> and
by the expulsion of solvent from the particle, leading to homogeneous deswelling and volume reduction!® 7.
Recent work has highlighted how the latter can have pronounced effects on the interpretation of experiments
on microgels, since osmotic deswelling can lead to substantial deviations between the apparent and real particle
volume fraction®.

It is most likely that facetting and homogeneous deswelling are relevant to some extent; however, this remains
relatively unexplored. Recent contrast-variation scattering experiments have shed light on this complexity for the
first time, showing an interplay of deformations, deswelling and even interpenetration of surface-dangling chains
as the particle concentration is varied®. Yet, our quantitative understanding of particle deswelling and deforma-
tion remains incomplete.

The isotropic compression of individual microgels subjected to a homogeneous osmotic force has been stud-
ied in detail previously. For example, microgels suspended in solutions of a polymeric osmolyte, such as dex-
tran which is excluded from the microgel network, exhibit a homogeneous osmotic deswelling consistent with
polymer swelling theory®, from which the bulk modulus K of the individual microgels could be determined.
Squeezing a single microgel between two sapphire plates, yielding two discrete contact points, has shown that this
is a controlled way of probing deformations of single particles, but the possibility of an interplay between shape

Laboratory of Food Process Engineering, Wageningen University & Research, Wageningen, The Netherlands.
2Laboratoire de Génie Chimique, Université de Toulouse, CNRS, INPT, UPS, Toulouse, France. 3Physical chemistry
and Soft matter group, Wageningen University & Research, Wageningen, The Netherlands. “Laboratoire d’Ingénierie
des Systémes Biologiques et des Procédés, Université de Toulouse, CNRS, INRA, INSA, Toulouse, France.
Correspondence and requests for materials should be addressed to J.S. (email: joris.sprakel@wur.nl)

SCIENTIFICREPORTS|7: 10223 | DOI:10.1038/s41598-017-10788-y 1


http://orcid.org/0000-0001-6532-4514
mailto:joris.sprakel@wur.nl

www.nature.com/scientificreports/

Figure 1. Compressed microgel packing composed of a mixture of fluorescent and non-fluorescent microgels.
(a) Bright field image. Scale bar denotes 20 pm. (b) CLSM image. Scale bar denotes 10 ;zm. The images

were made at the same region of the sample. Red circles in the bright field image indicate the position of the
fluorescent particles but are not to scale.

and volume changes was not discussed'”. In this last case, the microgel is under non-homogeneous pressure. This
implies that contact deformations cannot be ignored as it is also the case for shape or volume changes, dictated by
the Poisson ratio, which is typically between 0.4-0.45 for hydrogel particles®. Of course, the same argument holds
for particles with more than two contact points, as would be the case in a dense packing of particles, contacting
multiple neighbours. The fact that both effects contribute to microgel shape and size in non-homogeneous pres-
sure fields is illustrated by the capillary micromechanics work of Guo and Wyss® where individual soft particles
are brought into a tapered confinement, which induced both shape and size changes, that can be quantified accu-
rately, for example to derive the full linear mechanics of single particles.

So while it is clear that the mechanical response of compressible and deformable microgels to complex pres-
sure fields involves both shape and size changes, these effects remain to be explored in dense packings of many
microgels in close contact. Understanding these effects is an important step towards a more comprehensive
description of the combined effects of single-particle mechanics and osmotic equilibrium on the properties of
concentrated suspensions of soft particles.

In this paper we explore the deformation and deswelling mechanisms of microgels in compressed microgel
packings and provide a framework to understand their behaviour. We osmotically stress mixtures of fluorescent
and non-fluorescent microgels and image the shape and size of single microgels with high resolution using con-
focal microscopy and quantitative analysis algorithms. We find that the ratio of shape to volume changes, evolves
non-monotonically with applied pressure; at low pressures shape changes are pronounced, in the form of facets,
while at larger pressure the facets disappear and the microgels assume a spherical shape by deswelling homoge-
neously. We qualitatively explain these results using a simple mechanical model, which combines the osmotic
pressure of the gel network with contact mechanics.

Results and Discussion

We study microgels made from poly(acrylamide) (pAAm) prepared by emulsion templating. The particles are
crosslinked with 1%wt of crosslinker with respect to the total monomer content, resulting in reasonably soft
microgels. Here we aim to prepare microgels with sizes larger than 10 xm such that their shape and size can be
carefully deduced from confocal fluorescence microscopy experiments. Although our microgels are large enough
to be imaged by brightfield microscopy, it remains challenging to obtain the entire shape and size due to signif-
icant artefacts that arise due to the high particle concentration. Rather, we choose to use confocal microscopy
to vizualize a few labelled microgels in a large excess of undyed particles. This enables us to resolve the microgel
shape and size with high resolution and without being hindered by the high particle density. To concentrate the
microgel suspensions to a well-defined macroscopic osmotic pressure, we stress the suspensions by placing them
in a dialysis membrane and equilibrating them against poly(ethylene glycol) (PEG) as an osmolyte, which leads to
a homogeneous compression of the suspension to osmotic pressure differences between 10°-~10° Pa.

If all the microgels are fluorescently labelled, observing the boundaries of a single particle at its contacts with
neighbours becomes highly inaccurate. To end this, we use a mixture of fluorescent and non-fluorescent micro-
gels in our experiments. This allows us to accurately observe a single fluorescent microgel that is surrounded by
non-fluorescent microgels. While identification of single particles is difficult in bright-field microscopy images
(Fig. 1a) where all particles provide contrast, well-defined images of single fluorescent particles can be made using
confocal microscopy, as shown in Fig. 1b.

To quantify changes in size and shape of the individual microgels in the packings, we image at least twenty
separate microgels in three-dimensions using confocal microscopy for each compression pressure. From these
images, we can calculate the microgel volume and shape. In order to calculate an accurate perimeter and area
for each slice in the three-dimensional image stacks, we first convert our images (Fig. 2a) to binary black and
white (Fig. 2b). During this thresholding, pixelation at the background-particle edge results in jagged edges in an
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Figure 2. Steps during image treatment, (a) shows the raw microscopy data, (b) shows the binary version of
this image, generated to most closely preserve the microgel shape, (c) shows a simple edge trace of this binary
image, resulting in many artifacts, (d) shows the much smoother tracing after fitting this boundary with a
Savitzky-Golay filter, which results in a smooth boundary while preserving the overall microgel shape. Scale
bars denote 5 pm.

edge-detection algorithm (Fig. 2c). Such roughness on the perceived perimeter would overestimate the particle
contour. This discretization effect can be minimized by recording high-resolution confocal images, but some
boundary effects remain. To solve this issue we first trace this perimeter using a Savitsky-Golay (SG) filter?' to
smooth the boundary (Fig. 2d). From these smoothed traces we then reconstruct the image, which allows us to
calculate the perimeter and area much more accurately, while still having access to the overall microgel shape
without blunting due to the filtering.

We first probe the changes in particle volume, to evaluate their osmotic deswelling in response to the contact
pressure of neighbouring particles. We deduce the particle volume from the equivalent sphere diameter d fitted to
the three-dimensional image stacks of thresholded and filtered images of single particles (more details in the
Material and Methods section). As expected, we observe that the average size of the microgels decreases with
increasing compression pressure, as a result of solvent expulsion by the microgels (Fig. 3a). The average values
were obtained by averaging over multiple particles in a polydisperse population; nevertheless, we see a clear
monotonic trend of deswelling with increasing pressure P, consistent with previous reports'” %2,

For each compression pressure P, we also determine the polymer concentration in the compressed microgel
packings by dehydrating the particle pastes and measuring the dry weight (Fig. 3b). We find that the osmotic
pressure increases steeply with increasing polymer concentration. The data is well described by a scaling P o ¢*,
which is significantly higher than the scaling prediction for the osmotic pressure of a semi-dilute polymer solu-
tion within the blob model of P oc ¢***23, We attribute this to the additional contribution of network elasticity to
the osmotic pressure, as described by the Flory-Rehner theory?*, where the rise in osmotic pressure with concen-
tration, in particular close to the equilibrium swelling state of the particles, is much steeper than that of a simple
solution of linear chains®.

From our experimental observations, we do not only have access to the average particle size as a function of
compression, but also the size distribution. Interestingly, we see how the size distribution shifts as the compres-
sion increases (Fig. 3¢). This is likely due to the fact that larger microgels will be more compressed in the packings,
whereas small particles can reside in interstitial spaces and thus experience smaller contact pressures on average.
As a consequence, larger particles will deswell more than smaller ones, thus narrowing the size distribution of the
sample. To quantify the change in size distribution, we measure the width of the particle size distributions o as
the full width at half maximum (FWHM) by fitting the experimental data to a normal distribution at all compres-
sion pressures. Indeed, the width of the distribution decreases with increasing pressure (Fig. 3d). We also plotted
(results not shown) the ratio between the gaussian width and the mean with varying pressure and obtained the
same decreasing trend. The fact that we obtained the same trend shows that the decrease in size of the particles is
not the reason for the narrowing of the size distribution. This observation of a narrowing particle size distribution
is consistent with earlier reports of a co-crystallisation of large microgels in a bath of smaller particles as the pres-
sure increased, leading to shrinkage of the larger particles to fit into the microgel lattice®.

Clearly, increasing the particle density leads to pronounced osmotic deswelling of the particles. However,
visual inspection of the confocal microscopy images shows also how distinct facets develop at the particle-particle
contact points (Fig. 2). While most previous studies have studied in-depth the volume changes associated with
osmotic compression of microgel packings, these shape changes have received much less attention so far, but may
be crucial to understand the rheology and dynamics of microgel pastes.

To evaluate the extent of shape changes, we determine to what extent the particle shape deviates from a perfect
sphere. Due to the preparation templated in emulsion droplets, the rest shape of the microgels is a near-perfect
sphere. We define the sphericity, extracted from our two-dimensional confocal images as:

U 2,/mN,
B I\Icirc (1)

where N, is the number of pixels in the area enclosed by the SG filtered boundary (red line in Fig. 2d) and N, is
the number of pixels along the boundary contour. For a perfect circle U = 1, while any asphericity, e.g. due to
facetting, will resultin ¥ < 1.
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Figure 3. (a) Average microgel diameter (d) as a function of compression pressure, (b) microgel packing
polymer concentrations ¢ as a function of pressure P. Solid line describes the P o ¢* scaling. (c) size
distributions of microgel diameter (d) for two compression pressures (2.5 kPa - top and 2 MPa - bottom), which
shows a narrowing of the size distribution at increased compression and (d) width of fitted Gaussian functions
(o) for each size distribution as a function of compression pressure. Open symbols are values obtained at zero
pressure (P).

Samples at zero pressure P= 0, exhibit an almost perfect spherical geometry with ¥ = 0.99 £ 0.1 (Fig. 4c);
the small deviation from W =1 is caused by the inevitable discretization of the images at the scale of a pixel, which
cannot be completely circumvented by the SG filtering of the particle contour.

At finite pressure, the sphericity, averaged over at least twenty particles at each pressure, initially decreases.
This indicates that the microgels become deformed by the formation of facets at contact points with neighbour-
ing particles (Fig. 4d). As the compression pressures P increase, the average sphericity of the microgels increases
again, which indicates that the particles regain their spherical shape (Fig. 4e). For comparison, we evaluated
images containing polygons and obtained sphericity values for an hexagon and a square of 0.97 and 0.91, respec-
tively. We also evaluated images of spheres of different sizes to rule out the effect of the amount of pixels constitut-
ing the sphere in the sphericity values. We found that for the size of images used (1000 x 1000 pixels), or the size
of the sphere did not interfere in the sphericity results. Finally, to investigate whether the size polydispersity of the
microgels has an influence on their degree of deformation, we plot the sphericity ¥ as a function of the diameter
of the microgels d (Fig. 4b) for a certain compression pressure (10 kPa). We find no statistically significant trend,
indicating that there is no significant effect of size polydispersity on the particle deformations, within the statis-
tical noise of our experiment.

Our experimental results show that both faceting and deswelling happen, depending on the applied pres-
sure, in a distinctly non-monotonic way. As the pressure increases, facets first become more pronounced, until
they start to become less noticeable and the particle appears to homogeneously deswell to a (smaller) spher-
ical configuration. This counterintuitive observation triggers the question if these are equilibrium effects, or
whether non-equilibrium aspects may be important. First, we note that the samples are equilibrated for 14 days
at a given osmotic pressure. The timescales for poroelastic relaxation, i.e. the solvent flow within the porous
polymer particles required to achieve shape and size changes, occurs on much smaller time scales, and are thus
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Figure 4. (a) Average sphericity (¥) as a function of compression pressure. The open symbol is a value obtained
at zero pressure P=0. (b) Microgel sphericity () as a function of microgel diameter (d) for a single
compression pressure (10 kPa). Black circles are binned data. Bin width is 2 and the values within each bin were
averaged. Confocal images of a single microgel at (c) zero pressure, (d) at P=10 kPa and (e) 2 MPa. Red outlines
correspond to the edges of the particle after image analysis. Scale bars denote 5 pm.

not likely to contribute. Moreover, experiments conducted at different times give identical results, suggesting
time-dependencies not to be of significant influence.

To confirm that the change from facetting at low pressure to osmotic deswelling at higher pressures is an equi-
librium effect, we derive a simple equilibrium model that is capable of reproducing the observed behaviour by
balancing contact mechanics versus osmotic effects upon creating particle-particle contacts.

Since the experimental microgel particles of polyacrylamide are under good solvency conditions, we derive
an extension on the classical description of Flory and Rehner?” %, which assumes ideal chains between nodes that
are marginally stretched, to account for large chain extensions. The osmotic pressure within a microgel particle
results from two opposing terms. The first is a mixing term, describing the mixing entropy and the enthalpy of
solvent-monomer interactions, which promotes swelling. Within the mean-field Flory-Rehner approach this can
be written as:

1T, (¥ In(1 - ¢) — x¢") 2)
where kT is the thermal energy, a the size of a statistical chain segment, x the Flory interaction parameter and
¢ the monomer volume fraction, which is the main control parameter. This term is always positive and as such
promotes the uptake of solvent within the microgel particle.

The mixing pressure is balanced by the elasticity of the chain segments between crosslinks. Swelling stretches
the chains between crosslinks which reduces their conformational entropy. Traditionally, within the Flory-Rehner
description, this entropic elasticity is estimated within the Gaussian approximation, which assumes that chains
obey a Hookean force law. However, this is only valid when the distance between two crosslinks £ is close to the
relaxed dimension of the chains R,. For strongly swollen microgels however, chain extension between nodes may
be strong, where large deviations from Hookean behaviour may be expected.

To capture this limit as well, we use the freely-jointed chain (FJC) model, which describes the elastic force F
on a polymer chain extended to length ¢ as:
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F== 3)
in which 3 is the inverse Langevin function, that can be expanded as:
e) . 9(e) 297
=[x+ el + Bl - @

where N, is the number of statistical segments between crosslinks. In the limit of small chain extensions this
returns to the Gaussian result for which the Hookean spring constant k = k;T/N,a” is valid. Particle swelling,
thereby increasing &, leads to an effective elastic pressure to counteract swelling:

F_ BT _ kBT[ 3 9¢ 297¢3 ]

Iy=—== -— + +
d e ag? a |ENa S(NXa)3 175(Nxa)5 (5)
where the monomer volume fraction is related to the characteristic mesh size as p = N,a’/&’.
As the microgel is dissolved in a solvent, thermodynamic equilibrium requires the balancing of the pressure

within the particle IT,,,, by swelling or deswelling, with the external osmotic pressureII,:
Hin = Hmix - 1_Iel = Hex (6)
We define the relaxed reference state of the microgel as IT;, = II,, = 0, where the polymer volume fraction
within the particles ¢ = ¢, The bulk modulus K is defined as:

d1t,,
de (7)

The resistance of the same particle against shape changing deformations, typically by the formation of facets at
the contacts of a particle with its neighbours, can be defined by its Young’s modulus E, defined as:

K=y

E = 3K(1 — 2v) (8)

with v the Poisson’s ratio of the hydrogel particles. More comprehensive micromechanical mean-field approaches
to explore the effect of particle elasticity and compressibility on microgel glasses both at rest and under shear have
been reported recently'® .

Upon increasing the pressure of a microgel suspension, physical overlap between the particles (Fig. 5a) must
be avoided, either by shrinking or the formation of facets (Fig. 5b,c). To evaluate the extent of both of these modes
of response to compression we consider the work of deformation due to faceting W, and the work of shrinkage
W,; both of these represent the reversible (thermodynamic) work performed on a central particle at a given num-
ber of particles, total volume of the system and temperature.

The overlap h between two neighbouring particles is defined in Fig. 5d, which can be resolved by a linear com-
bination of contributions due to deformation h, and shrinking h: h = h, 4 h,. The fraction of the response
attributed to faceting-type deformations can thus be formulated as: o; = hdﬁ‘f o and the fraction contributed to

s

shrinkingas (1 — ay).
The work of shrinkage is given by:

Am 3 3
W =1,AV=—II (R, — (R, — h
s in 3 m( 0 ( 0 s)) (9)

with R, the radius of the microgel in dilute conditions, where IT;, = 0.
The work of deformation by forming facets is gauged by using the Hertzian model for the elastic contact
between two spheres of equal size R,. The force required to form an indentation of depth  is given by:

F— %ERomhm

(10)
such that the work required to perform a deformation of depth h; between two spheres becomes:
ha 8 p 12y 52
Wy = [ Fidh = —ER"h
0= Jy A= g PR (an
Since each microgel particles has Z neighbours, the total work associated with deformations becomes:
8 12y 512
W, = —ER,""h;"Z
s (12)
The total mechanical work can now be defined as:
W=aW;+ (1 — a)W, (13)
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l C
Figure 5. Osmotic compression of a microgel suspension leads to unphysical overlap between neighbours (a),
which is resolved either by deswelling the particles (b) or through particle deformation in the form of contact

facets (c). In the calculation of the energy of deformation by facet formation Uy we use a Hertzian contact model
in which the deformation is approximated by the overlap with penetration depth / leading to facets of size R (d).

These two contributions need to be balanced to minimize the overall mechanical work. Thus to find the rela-
tive amounts of deformation and shrinkage, we must solve:

aw _,
da (14)

This allows us to evaluate for each pressure, given our expressions for the microgel elasticity and the mechan-
ical work upon compression to what extent a particle will deform and shrink, as expressed by the parameter o
If iy~ 1 the particle will solely deform and shrinkage is negligible; by contrast if o,/ 0, only isotropic shrinkage
occurs while the particles maintain their spherical shape.

To compute the elastic properties of the microgels, we need to choose values for the three independent param-
eters which govern the microgel properties: i) N: the number of statistical segments between crosslinks, for which
we use N=250 (note that the behaviour we observe is robust to the choice of the crosslinking density and is
mostly sensitive to the Poisson ratio of the hydrogel). ii) a: the size of a statistical unit, for polyacrylamide micro-
gels as the experimental example, we use the Kuhn length of polyacrylamide as a ~ 0.4 nm?¥, iii) x: the Flory
interaction parameter describing the interactions between polymer and solvent, for polyacrylamide in water at
room temperature Y = 0.48%!. For the equilibrium particle size at rest R, we take 5 ym as also used in our exper-
iments. Even though the coordination number is known to vary with particle concentration, for the sake of
simplicity we assume Z = 12, corresponding to the close-packed limit for monodisperse spheres; also here we find
that the results are robust to the choice of Z.

Indeed we see that the mechanical work W has a minimum when plotted as a function of ¢, the fraction of
the overlap h mitigated by means of faceting (Fig. 6a). By finding this minimum, we can now assess the relative
contributions of shrinkage and deformation as a function of the applied pressure.

Interestingly, the experimental behaviour is qualitatively reproduced within our approximate theory. When we
plot the amount of overlap h that is mitigated by faceting h,; and shrinking h, as a function of the overall pressure
I1, we see a crossover in the response. At low pressures, h, is dominant, indicating a response governed by faceting
(Fig. 6b-d). As the pressure is increased, we see a transition in the behaviour, as a crossing point of h,and b, to a
response governed by isotropic shrinkage. This is in qualitative agreement with our experimental observations.
These results can seem counterintuitive from the point of view of classical contact mechanics, where the contact
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Figure 6. (a) Mechanical work W as a function of the fraction of the overlap that is mitigated through
deformation o = h/(h, + h,), showing a clear minimum where dW/do = 0, signalling the equilibrium
condition (for: v = 0.40 and h, 4+ h; = 100 nm), (b-d) Contributions of shrinkage h, and deformation A, to the
total particle response as a function of the total pressure P for three different values of the Poisson’s ratio v=10.3
(b), 0.4 (¢) and 0.48 (d).

between two spheres would always increase its facets if they are more compressed. However, here we are dealing
with a particle compressed and surrounded by other particles. As such, both contact mechanics and osmotic
effects come into play.

The crossover pressure at which i, > h; thus signals the point at which the osmotic effects of the particle
suspension as a whole begin to dominate over the contact mechanics at the particle-particle contacts. At pressures
beyond this crossover point, the high osmotic pressure of the particle ‘bath’ leads to a homogeneous deswelling of
the particles.

Within the model we have choosen here, the ratio of shrinkage versus deformation depends strongly on the
Poisson ratio of the microgels. For low Poisson’s ratios, indicative of compressible solids, shrinkage begins to
dominate at relatively low pressures. By contrast, when we choose a high Poisson’s ratio, close to that for an
incompressible solid, a response governed by deformation is observed. In fact, in the limit of v — 0.5, h, goes to
zeroand h ~ hy.

Experimentally, we find a crossover in the sphericity at approximately 10 kPa. While the model is approximate,
e.g. by the choice of a mean-field approach for the osmotic pressure and ignoring the molecular details of the
particle surface, comparing this value to the theoretical cross-over pressures, indicates that the Poisson ratio of
our experimental system is between 0.43-0.45. This is in the correct order of magnitude for swollen polyacryla-
mide hydrogels, for which v = 0.457, as determined independently previously*>.

At this time, the agreement between theory and experiments is qualitative, since the exact equation of state
is not known for these particles. While the Flory-Rehner form (Eqs 2-5) is a common starting point, it does not
take microscopic details, such as crosslinking inhomogeneities, the effects of charges, etc. into account. It may be
expected that changing the exact nature of the equation of state, or of the expressions used to relate the network
structure to the shear rigidity, will change the crossover pressure at which osmotic effects begin to govern over
contact mechanics. However, the general notion that at low overal osmotic pressure the particle-particle contacts
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themself dominate the particle deformation, while the bath pressure takes over when it becomes sufficiently large,
is expected to hold irrespective of the choices for the equation of state. In fact, since the facetting is most sensitive
to the Young’s modulus of the particles, while homogeneous deswelling is governed by their bulk modulus, we
may speculate that the Poisson ratio of the particle is the governing metric for if and when a crossover in behav-
iour may be expected.

Depending on the manner in which microgels are prepared, the surface structure of the polymer chains may
be different, leading to significant variations in the length and grafting density of the dangling surface polymers.
Also this can have an effect that is currently not accounted for, e.g. by the creation or suppression of lubrication
layers and the establishment of a significant disjoining pressure to break these layers during compression.

Finally, recent work from our group has suggested an approach to treat the real volume fraction in systems
of compressible colloids but taking osmotic deswelling into account'®, where we assumed that only deswelling
occurs while facetting was presumed to be negligible. The results in the current study highlight that this approxi-
mation fails especially close to the jamming transition where facetting is severe. Interestingly, since facetting does
not lead to a reduction in the real particle volume fraction with compression while deswelling does, the crossover
in behaviour we find indicates an even steeper effect of compression on the real versus apparent volume fraction
than that predicted previously's. Moreover, the purpose of the previous study was to explore the effect of osmotic
deswelling in absence of facets, on the slowing down of structural relaxations in microgel glasses. We may expect
that facets, and the lubrication layers between the two interfaces across a facet, could alter the diffusion rate of
particles with respect to their neighbours, and thus have a pronounced effect on the nature of the colloidal glass
transition. In principle, this could be tested by comparing the behaviour of particles with identical stiffness but
different Poisson ratios, through which the balance between osmotic versus contact effect can be tuned.

Conclusion

In this paper, we investigated the behaviour of individual microgels in microgel packings under compression con-
sidering simultaneous deswelling and deformation mechanisms. Our experiments show that microgels initially
facet under compression and that at higher compression pressures, they regain their spherical shape. To explain
this behaviour, we propose a model that balances the work of osmotic deswelling, within the Flory-Rehner picture
of gel swelling, versus facet formation in the Herzian contact model. Numerical solutions of the model predict
behaviour qualitatively consistent with our experimental observations with a crossover from contact mechanics
dominated response at low pressures to an osmotically governed response at high pressures. These results imply
that treatments of the dynamics and mechanics of packings of soft particles, that account only for facetting or
deswelling, are approximate, and that a full description requires taking both effects into account. This is particu-
larly important at low pressures, close to the jamming and/or glass transition, where deformations are significant.
These results also have important implications for the flow behaviour of soft particles, e.g. in complex geometries
such as membrane pores or constrictions**-*7, where deswelling and/or deformation plays an important role in
pore passage and mitigation of clogs.

Material and Methods

Microgel synthesis. We synthesise polyacrylamide microgels by polymerization of monomer solutions in
emulsion droplets as a template. In a round bottom flask, we mix 100 ml kerosene with 1%wt of the surfactant
polyglycerol polyricinoleate (PGPR90). In a separate flask we prepare our monomer solution with 10 ml of water,
0.1 M sodium hydroxide solution to set the pH at 8.5, 2.5g of acrylamide, 50 mg of potassium persulfate (KPS)
and 25 mg of N,N’-methylenebisacrylamide (BIS) as the crosslinker at 1%wt as compared to the total monomer
content. For fluorescent microgels, we include 25 mg of fluorescein methacrylate at this stage. We add our mon-
omer solution to the content of the round bottom flask and emulsify the aqueous phase into the oil phase under
high shear with a rotor-stator mixer for three minutes. We then close the round bottom flask with a rubber sep-
tum and bubble the emulsion with nitrogen for 20 minutes to remove oxygen. We subsequently place the round
bottom flask on a stirring plate on ice and we inject 1 mIN,N,N’,N’-tetramethylethylenediamine (TEMED) to
trigger the polymerization. We allow the system to react for 2-3 hours and precipitate the microgels in cold
methanol. We clean our microgels by repeated centrifugation and resuspension steps, first in methanol to remove
excess kerosene and surfactant, and finally in water, after which the microgel suspension is stored at 4 °C.

Osmotic stress. We use a mixture of fluorescent and non-fluorescent microgel suspensions at a number
ratio of 1:20 to allow observation of individual microgels in the packing using confocal fluorescence microscopy.
We compress the microgel suspension using the osmotic stress technique. We place the suspension of microgels
in dialysis bags that we then place in a solution of polyethylene glycol (PEG) with known concentration. The
concentration of a PEG solution can be correlated to its osmotic pressure through empirical equations available
in the literature®®. We use a range of PEG concentrations corresponding to osmotic pressures between 2.5 kPa
and 2 MPa. The volume of dialysate is at least 100 times larger than the sample volume. The system is allowed to
equilibrate for two weeks to ensure the desired compression pressure P is achieved. The dialysate is renewed in
the middle of this process, after one week.

Confocal microscopy. To determine how the microgels behave we use confocal fluorescence microscopy
to record three-dimensional image stacks of individual, fluorescently labelled microgels. As we only have a small
amount of fluorescently labelled microgels in each sample we can visualize single microgels as they deform and
shrink at varying osmotic pressure. These experiments are performed on a Zeiss microscope, equipped with a
488 nm laser line and imaged using a x 100 oil-immersion objective. The resolution of the images is 1000 x 1000
pixels. To measure the type and degree of deformation of a microgel at different compression pressures we analyse
the confocal image stacks using custom Matlab routines (available upon request). To accurately determine the
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surface area and circumference of a microgel in each confocal slice we trace the boundary of every microgel and
fit a polynomial function to this shape using Savitsky-Goley smoothing. We calculate the surface area for each
slice in our three-dimensional image stack and determine the total volume of each microgel in our field of view.
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