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Abstract

Microgels are deformable and compressible particles that can be packed to concentrations that
exceed the random close packing limit of hard spheres. For reaching high packing levels, one has
to overcome the resistance to compression of the system. This resistance potentially originates
from many different phenomena (thermal agitation effects, surface interactions, microgel
deformation, interpenetration, water expulsion) that depend on the microgel properties (size, ionic
charge, structure, softness). Here, we investigate granular-scale dextran-based microgels with
different native water contents. The resistance to compression of the suspensions is measured
through the variation of the osmotic pressure with packing concentration. In parallel, we
characterize the structure of the packings in terms of polymer heterogeneity, microgel deformation,
and average size using confocal microscopy. We find that all microgel suspensions resist
compression in the same manner; however, the mechanisms involved clearly depend on the actual
degree of compression. In the loose packing regime, the resistance originates mainly from the
resistance of the microgels to their own deformation, with no or negligible deswelling; the osmotic
pressure rises abruptly with concentration in analogy to compressed emulsion droplets. In the
second and dense packing regime, the microgels necessarily have to expel water to withstand
compression. The resistance of the packing is then similar to that of a continuous gel of the same
polymer. Importantly, we find that structural macro-voids are still observable in these systems; the
presence of which needs to be taken into account when modeling the osmotic resistance.
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1. Introduction

Microgels are granular- or colloidal- scale particles made of a low density polymer network
swollen by a solvent [1-4]. They are soft and deformable objects that have the ability to change
their size and shape in response to their environment, e.g. pH, ionic strength, temperature,
concentration. This makes them interesting for a variety of applications such as drug delivery or
food formulation for instance [5—7]. They are also model particles that are used for understanding



the general behavior of soft objects in various situations. One specific and interesting case is when
the particles are highly concentrated and packed against each other. This corresponds to situations
encountered in the filtration of milk for instance, and more generally in processes in which
filtration, centrifugation or drying operations are used involving deformable and compressible
particles [8—13]. The rheological and phase properties of microgel dispersions at increasing
concentration are more and more documented [14—18]. The most recent works report a complex
phase transition from the fluid to the glassy or solid state; sometimes exhibiting phase coexistence
[19,20]. This results from the ability of microgels to deswell depending on particle stiffness, ionic
environment, size polydispersity and packing concentration [21-23]. The structural properties of
the resulting packings, including the way the individual particles deform, organize themselves,
sometimes crystallize, and even interpenetrate as a function of concentration, is also a recent matter
of interest [24-28]. In particular, whereas crystallization is suppressed for hard colloidal spheres
with polydispersity greater than 10%, microgels can overcome this limitation because a small
number of large particles can spontaneously deswell to fit in the crystal lattice of smaller microgels
[21,29,30]. Here we explore another property of microgel packings, which is the resistance to
deswelling upon compression of the system. This question has clearly been overlooked over the
past few years while it is of crucial importance for understanding and predicting the performances
of concentration processes, €.g. drying time or filtration fluxes [8,31-34].

The resistance of a particulate and/or polymeric dispersion/solution to an isotropic compression
can be accessed directly by measuring the variation in osmotic pressure with concentration [35,36].
The osmotic pressure is the result of all interactions in the system. For colloidal dispersions, it
originates from thermal agitation of particles and surface interactions [35]. For polymer solutions,
it is given by the entropy of mixing of the polymer segments with the solvent and an additional
and often dominating contribution of the polymer counter-ions in the case of polyelectrolytes
[37,38]. For polymer gels, the mixing and ionic contributions are complemented with a - negative
- elastic term that comes from the crosslinks that prevent full reswelling of the structure [39]. The
compressive resistance of a single microgel particle similarly results from all these contributions.
Therefore osmotic pressure models developed for polymeric gels are now commonly used for
explaining the (de)swelling behavior of individual microgels; popular approaches being based on
Flory-Rehner theory [2,40—45].

The resistance to compression of a collection of microgels is more complex to analyze. At low
concentrations, when the microgels are still separated from each other, surface interactions and
thermal agitation often dominate like in the hard sphere dispersion [46—49]. In the specific case of
charged, colloidal pNIPAM microgels, these contributions are supplemented by the presence of
free counterions in the solution surrounding the particles [19,21,22]. In contrast, at high
concentrations, the microgel particles can pack very densely and form a fully homogeneous
material that resists compression like a macroscopic polymeric gel [3]. In between these two
extreme conditions, the microgels are forced to get into contact with each other but still do not fill
all of the available volume and voids are present. The resistance of the packing to compression is
then difficult to apprehend as it potentially depends on many different phenomena: thermal
agitation, particle-particle interactions, compression of individual microgels (including
compression without deformation [24]), deformation (including deformation at constant volume
like in emulsion packings [50]), interpenetration [25,26], crystallization [19-22,29,30], presence
of structural heterogeneities. To date, experimental or simulation data on these systems are very



much lacking and it is still a challenge to predict and understand what determines their resistance
to compression.

Here we examine this question through an experimental study performed with microgels of
different origins and stiffness. To simplify the problem, we choose neutral (dextran-based) and
granular-scale microgels so that both ionic effects and particle thermal agitation can be safely
ignored. Suspensions of microgels are compressed to different degrees and the osmotic pressure

of the packings is measured. In parallel, confocal scanning imaging is used to characterize the
structure of the packing in terms of polymer heterogeneity and microgel deformation and size.

2. Experimental
2.1. Microgels

All the microgels that we used are neutral, dextran-based particles (Table 1).

Table 1. Properties of the microgel particles

G100-89 G25-68 MD-66 MD-61

Native internal water content

Whwater (% W/W) 89 68 66 61
Native internal dextran concentration 114 362 387 460
Cio(g/L)

Native mean diameter 62.5 51.7 30.0 37.6
do (um)

Polydispersity

20ldo () 0.40 0.18 0.20 0.20
Hard-sphere random close packing limit

estimated from Schaertl et al. [51] 0.78 0.68 0.68 0.68
dus.rep (-)

G100-89 and G25-68 microgels are commercial Sephadex particles obtained through crosslinking
of dextran polymer by epichlorohydrin [52]. The number after the letter G is the approximate water
content as given by the manufacturer GE Healthcare Life Sciences in gram of water per gram of
dry polymer. MD-66 and MD-61 are methacrylated dextran (dexMA) microgels that we
synthesized in our laboratory from dextran T40 using water-in-water emulsion polymerization
following the protocol of Stenekes et al. [53,54] (see the Supplementary Materials for details about
their preparation).

The four microgel particles have different crosslink densities and consequently swell to different
degrees when dispersed in water. According to references [45,55], the mesh sizes of the fully
swollen microgels vary from ~20 nm (G100-89) to ~5 nm (MD-61). In Table 1, we provide the
values of the corresponding native internal water contents wwaeer in g of water per 100 g total (%
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w/w). These values also appear in the names of the particles after the dash. The water contents
were determined using a well-established protocol of Stenekes et al. [55,56]; in brief the
concentration of a 2 MDa blue dextran tracer solution is measured after lyophilized microgel
particles are added to the solution. The tracer is too large to penetrate the microgel particles when
they swell to their equilibrium water content. The increase in tracer concentration in the solution
is thus directly related to the quantity of water incorporated in the microgels. In addition to the
value of wwater, we provide in Table 1 the internal dextran concentration Cij of the fully swollen
microgels; this characteristic is defined as:

— W

C- 0= (1 watcr) (1)
" (1 - Wwater )/ ddex + Wwater / dwater

where dgex = 1598 g/L (refs. [57,58]) and dwawer = 997 g/L are the dextran and water densities at
25°C, respectively.

All the microgels are a few tens of microns in diameter, which allows us to monitor their changes
in shape and size in concentrated packings using optical microscopy (section 2.4.). Their native
size distributions were determined using confocal microscopy with microgel suspensions at low
concentration. The microgels are polydisperse with a Gaussian population centered at diameter do
and with a polydispersity 20/do ranging from 0.18 to 0.4 (Table 1, o is the standard deviation).
From the values of polydispersity, we can evaluate the volume fraction at random close packing
#dusrcp from the theoretical work of Schaertl et al. on hard-sphere dispersions [51]. This value
corresponds to the limit in volume fraction when polydisperse hard spheres are closely packed. It
exceeds the 0.64 value for monodisperse spheres because polydisperse systems can pack more
efficiently with small particles that fit in the interstices of larger ones. For microgel particles,
dusrep typically corresponds to the volume fraction above which the microgels necessarily have
to deform and/or deswell for the system to reach higher concentrations.

As reported by Flodin, Sephadex microgel particles are homogeneous in polymer and crosslink
densities [52], and this is also the case for the dextran microgels that are synthesized through water-
in-water emulsion polymerization (see the confocal images in [59] for instance). Therefore we are
far from the core-shell structure of pNIPAM colloidal microgels that have fuzzy shells that can
interpenetrate at high concentrations [25,26]. As we will show later, interpenetration effects are
most probably very limited - if not absent - in the case of granular scale dextran microgels.

2.2. Osmotic stress experiments

The osmotic stress method was used to compress the microgel suspensions and measure their
osmotic pressure. The microgel suspensions are placed in dialysis bags that are in turn immersed
in a large volume of a stressing polymer solution of known osmotic pressure. The dialysis bags
are chosen so that they respectively retain the microgel particles and the polymer, in the dialysis
bag and in the immersion solution. The difference in osmotic pressure, i.e., the difference in water
chemical potential, between the two compartments induces an osmotic flow of water from the bag
towards the immersion solution. The flow stops when the osmotic pressure in the bag equals the
osmotic pressure of the immersion solution. By multiplying the experiments with different
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concentrations of stressing polymer in the immersion solution, it is possible to compress the
microgel suspensions to different levels. The resistance to compression of each system is given by
the osmotic pressure at equilibrium, i.e. when flow stops.

A polyethylene glycol of 35 kDa molecular weight (PEG35, Sigma-Aldrich) was used as the
stressing polymer. The variation of the osmotic pressure of PEG35 solutions as a function of
concentration is given in the literature [46,60]. PEG35 concentrations were chosen in the range 1.9
to 33.6 % w/w, corresponding to osmotic pressures between 2.5 kPa and 2 MPa.

All solutions and suspensions were prepared by mixing PEG or lyophilized microgels in milliQ
water. Dialysis bags of molecular weight cut-off 6-8 kDa were used (Spectra/Por 1, Spectrum).
Initially, the bags are filled with a microgel suspension of ~0.25 volume fraction. As water escapes
the bags during the process, it is necessary to refill the bags regularly with microgels (at least three
times) in order to have enough material at the end of the compression. After each addition, the bag
content is mixed manually. About one week after the last addition of microgels to the bag, the
stressing PEG solution is renewed and the bags are allowed to equilibrate for one further week.
The compressed microgel suspensions are then analyzed in terms of concentration and structure.

For comparison purposes, the osmotic pressure of solutions of non-crosslinked dexMA polymer
and commercial dextran T40 (~40 kDa Molecular weight, Pharmacosmos) was also measured as
a function of concentration. The protocol was similar to the one previously described.

2.3. Dextran concentration and microgel effective volume fraction

After equilibration, the total dextran concentration in the bags was determined by drying a small
amount of the sample at 105°C until constant weight. At this temperature, the polymer does not
decompose or vaporize and only water is removed from the sample. In this way we obtain a dry
matter content w, which is the mass fraction of dextran polymer in the sample expressed in % w/w.
The measurements were repeated three times per sample and the variation between dry matter
contents was below 1% for the same sample.

The dextran concentration in the samples can also be expressed in g per volume of sample, which
is simply obtained from dry matter content w;, using the following relation:

C= il )
wp /ddex + (1 W, )/dwater

This concentration C is in turn used to define and calculate the effective volume fraction ¢

C C
Czanp,OZKVp,O ZE,O (3)

P

with 7, the number density of microgels, V0 and m, the native volume and dextran mass of one
average microgel, respectively, and Cio the internal dextran concentration of a fully swollen,
uncompressed, microgel (native internal dextran concentration in Table 1).



The use of an effective volume fraction ¢'is now a standard in the microgel literature [3,25,27]. &
is the volume fraction of microgels in the suspension as defined from their actual number density
but with respect to their native, uncompressed size. The value of ¢ is related to the degree of
packing of the microgels in the suspensions. In the dilute regime, when the microgels are still not
compressed and/or deformed, ¢ is simply a measure of the true microgel volume fraction (¢) in
suspension [17,27]. This holds until ¢ reaches a limiting value at which the microgels start to
deform and/or shrink. This limiting value can be related to the nature of the microgels (see refs
[19,21] for instance for the specific case of ionic colloidal microgels) but is often close to the
random close packing fraction for hard spheres, ¢usrce. We can then distinguish two theoretical
regimes of compression after ¢ reaches this limit: A first regime at gusrcer < ¢ < 1, where the
microgels have the possibility to deform only and keep their initial volume, as compressed
emulsion droplets would do for instance [50]. A second regime where ¢ exceeds 1 and the
microgels necessarily have to expel solvent to reach lower volumes than 7).

2.4. Confocal laser scanning microscopy (CLSM)

To image the microgels in the packings by CLSM, we create a contrast by adding a FITC-dextran
(500 kDa fluorescein-5-isothiocyanate-dextran, Sigma-Aldrich) in the suspensions. The FITC-
dextran is too large to penetrate the microgel particles and the non-fluorescent microgels are
visualized against a fluorescent background. To limit premature bleaching, the FITC-dextran is
added at the last refill of the bags with microgels. The content of the bag is then mixed to assure
an even distribution of the fluorescent polymer. Afterwards, the system is left to equilibrate for
one more week to remove the water introduced with the FITC-dextran. We estimate the final
concentration of FITC-dextran to be ~0.2 mg per g of sample. As we found experimentally (the
osmotic pressures measured with dispersions that contains or not additional FITC-dextran were
always virtually the same), the presence FITC-dextran at such a low concentration has no
measurable impact on the osmotic resistance of the samples. It is then safe to consider that the
images obtained using CLSM and with additional FITC-dextran are representative of the ‘true’
structure of the microgel packings without FITC-dextran.

To observe stacks of compressed microgels, we designed a sample holder with a depth equivalent
to about ten times the diameter of the microgels. It consists of a glass slide in which a circular hole
is drilled. The hole is 480 um deep and has 1 cm in diameter. The hole is manually filled with the
sample and sealed with a glass coverslip and adhesive tape to avoid drying. Stacks of images with
1 pm spacing are obtained using a Leica SP8 CLSM microscope (Plateforme Imagerie Toulouse-
Réseau-Imagerie).

For each sample, the images were treated using a home written Matlab code that (i) calculates the
volume fraction of voids in the packings, (ii) gives the distribution of microgel sizes by analyzing
200-800 particles. We provide additional information about the way the calculations are performed
in the Supplementary Materials.



3. Results
3.1. Osmotic pressure

The osmotic pressures measured for the suspensions of Sephadex and dexMA microgels are given
in Figs. 1A and 1B, respectively (closed symbols). They are plotted as a function of dextran
concentration C which is the total concentration of dextran polymer in the samples in g per volume.
The pressures of solutions of dextran T40 (Fig. 1A, open symbols) and methacrylated dextran T40
(Fig. 1B, open symbols), as measured using the same methodology, are also given. In this way we
compare the compression resistance of the microgel suspensions with the compression resistance
of a reference polymer that corresponds to the non-crosslinked material of the microgels. Note that
this is not strictly the case for Sephadex microgels as we do not know the exact size of the dextran
precursor used in the making of these particles. However Sephadex G25 and G100 are made from
dextran with molecular weight >>10kDa [61], and the osmotic pressure of dextran is relatively
insensitive to dextran size at such molecular weights [62]. So it is reasonable to consider dextran
T40 as an adequate reference polymer for Sephadex here.

107§ T T T T T T T § 107§ T T T T T T
10° 10°|
S 10°} E 10°k
= i = i
10% 10*
103; | | | § 103; | | | §
0 200 400 600 800 0 200 400 600 800
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Figure 1. Osmotic pressure of dextran microgel packings and dextran solutions as a function of the overall
polymer concentration in the system. A) dextran T40 (empty hexagons), Sephadex microgels G100-89
(green diamonds) and G25-68 (black squares). B) dexMA (empty stars), dexMA microgels MD-66 (blue
circles) and MD-61 (red triangles). The solid lines are power law fits to the osmotic pressure data of dextran
T40 and dexMA (see 3.3). The arrows indicate the dextran concentration at which = gusrce (lower arrows)
and =1 (higher arrows).

G100-89 is the microgel with the highest initial water content in this study. It shows osmotic
pressures that are always very close to the dextran T40 values, albeit systematically slightly lower
(Fig. 1A, green diamonds). We added in the figure vertical arrows that correspond to the positions
of the reference points ¢ = @gusrcp and = 1. The first osmotic pressure point for G100-89 is located
slightly below the RCP volume fraction for hard spheres, indicating that the suspension starts to
resist compression before the microgels are closely packed. This is not an effect of thermal



agitation as G100-89 consists of granular, non-brownian, particles. Instead this is probably due to
some frictional effects between the particles leading to the formation of stable loose packings at
volume fractions below the RCP limit [63]. These packings resist compression as energy is needed
to counteract frictional forces and go further up in microgel volume fraction. All the other pressure
values for G100-89 correspond to ¢ > 1 (second arrow), indicating that the microgels have
necessarily deswollen and are probably strongly deformed and squeezed against each other,
capable of reaching even an effective volume fraction {'= 6.

For microgel G25-68, the variation of osmotic pressure with polymer concentration is rather
different (black squares in Fig. 1A). At low concentration, the osmotic pressure is considerably
lower than the pressures measured for dextran solutions. This difference is explained by the fact
that suspensions of granular microgels start to resist compression only when the microgels come
into contact and form a percolating network. Before that, the microgels sediment and there is no
measurable resistance to this. As a result, we start to measure an osmotic pressure at a
concentration C that corresponds to {'= ¢usrep (first arrow, about 200 g/L); the slight discrepancy
towards lower concentrations is most probably because of interparticle frictional forces. The
behavior of dextran solutions is rather different and show a measurable osmotic pressure as soon
as polymer chains are present in solution, hence there is a large difference in pressure between
dextran T40 and the microgels. As soon as we obtain a measurable osmotic pressure for the
microgels, which is still at low concentrations, we observe a strong increase in osmotic pressure
with C for the G25-68 particles (note the logarithmic scale). Interestingly, this increase occurs at
concentrations that almost exactly matches the range ¢usrcr < ¢ < 1, meaning that the packing
considerably gains in compression resistance when the microgels get into close contact and need
to deform and/or deswell to accommodate the pressure. In a last regime, corresponding to £>1, the
increase in osmotic pressure with concentration becomes less pronounced and the pressures
measured are close to those of dextran T40. At such high effective volume fractions, the microgels
necessarily respond to compression by expelling water and shrinking to lower volume.

The results obtained with dexMA microgels are very similar to those obtained with Sephadex G25-
68 particles, including the divergence in osmotic pressure when the particles get packed and the
match between the pressure of the microgel suspensions and the pressure of the polymer material
that constitutes the microgels at high concentrations (Fig. 1B). We will not go into a detail
description here but instead move to the next section in which we characterize the structure of the
packings as a function of concentration.

3.2. Images of the packings

Figs. 2 and 3 present examples of CLSM images obtained for G100-89 and G25-68 microgels at
the osmotic pressures reported in Fig. 1. Images of compressed MD-61 and MD-66 microgel
suspensions display features similar to those obtained for (G25-68 and are given in the
Supplementary Materials.
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Figure 2. Confocal Laser Scanning Microscope images of compressed G100-89 microgels. The
scale bar is 100 pm.
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Figure 3. CLSM images of compressed G25-68 microgels. The scale bar is 100 um.

For all microgels, the pictures obtained at the lowest osmotic pressure correspond well to loose
percolating packings of spherical or slightly deformed particles that oppose a small resistance to
compression through interparticle frictional forces and/or particle deformation and deswelling. As
osmotic pressure increases, the microgels get increasingly packed and deformed. This is more
visible for G100-89 microgels that clearly lose their spherical shape in the range 0.60 < {'< 1.52.
Deformation is less obvious but still visible for the other microgels; mostly because the particles
are of smaller size and/or the contrast is not optimal.

Note that the 500 kDa FITC-dextran that we use as contrast agent has quite an unexpected behavior
with G100-89 microgels (Fig. 2). At low osmotic pressures (/7<35 kPa), it is effectively excluded
from the particles because of its larger size compared to the average pore size of the microgels
[55,64]. However, at large osmotic pressures (/7>150 kPa), when the microgels are closely packed
and deformed against each other and the FITC-dextran clearly enters the structure of the microgels.
This phenomenon is particularly difficult to interpret. At first sight, it is tempting to explain this
through the effective degree of entanglement experienced by the FITC-dextran when the interstitial
voids between the microgels are closed. At some point, it is indeed plausible that the interstitial
concentration in FITC-dextran reaches a limit where entanglement effects are so strong that it
becomes more favorable for the FITC-dextran to enter the microgels through reptation (a similar
effect is described in [65,66] for instance). This mechanism can perfectly be translated in terms of
osmotic pressure: when the osmotic pressure of FITC-dextran becomes higher than the osmotic
pressure of the microgels - which is equal to the osmotic pressure of the PEG reservoir - some of
the FITC-dextran enters the microgel to equilibrate the pressures inside and outside the microgels.
However, we find that this whole explanation based on the effective concentration in FITC-dextran
in the voids is not satisfactory for at least two reasons:

(1) the total concentration of FITC-dextran in the samples is very low, ~0.2 mg/g, which leads to a
maximum concentration of ~15-50 g/L in the interstitial voids using the void fraction values of
Fig. 4B (see next paragraph). This concentration of FITC-dextran in turn corresponds to an osmotic
pressure of about 2 kPa (dextran tabulated values of Peter Rand [67]), which is much lower than
the pressures at which the FITC-dextran enters the microgels

(i1) the fluorescence intensities suggest that FITC-dextran has entered the microgels in such a way
that it is more concentrated inside the microgels than in the interstitial voids. Such a ‘reverse’
exclusion phenomenon clearly cannot be explained through osmotic/entanglement effects only,
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but is more probably the results of some kind of attractive interactions between the tracer and the
microgel

We will not go further into this discussion here, as it is clearly beyond the scope of the present
paper to properly understand the reasons for this accumulation of FITC-dextran in the microgels
in conditions of dense packing. We stress however that we do not observe this effect with the
Sephadex G25-68 microgels, except maybe at the highest osmotic pressure where the FITC-
dextran seems to have started to diffuse in the periphery of the particles (Fig. 3, 2 MPa). For
dexMA particles, we observe penetration of FITC-dextran at compression pressures > 500 kPa
only (Supplementary Materials).

An interesting question is how much the individual microgel particles have actually squeezed in
the packings: do they always squeeze and loose internal water when the packings are compressed
or is there a regime at which they only deform at constant volume like emulsion droplets do for
instance? To answer this question, one can first look at the evolution of the size of the particles as
measured from the CLSM images (Fig. 4A). The reported sizes are the average diameters obtained
by analyzing 200-800 particles in each sample. This analysis also suggests that there is no
significant evolution of size polydispersity with compression for each microgel population.
However, we chose not to present these results as it would require more statistics and/or more
advanced characterization techniques (like SAXS or SANS in the case of colloidal particles for
instance [21,22]) to investigate this question properly.

The decrease in size is obvious for the G100-89 microgels and starts already at the lowest osmotic
pressures (the values at high /7 values are not reported as the microgels are then highly deformed
and the size of individual particles cannot be determined precisely). This is in line with effective
volume fractions {>1 being reached early in the compression process (second point of osmotic
pressure) and that the particles necessarily expel water. For the other three other microgels, the
size is not really affected by compression at low pressures and the decrease in size is only apparent
at pressures >150 kPa. This suggests that the microgel particles loose volume and expel water only
in this second range of applied pressures.

To confirm that, we now look at the volume fraction occupied by the interstitial voids that persist
in the packing during compression. This void fraction can be measured from the CLSM images
with quite good precision and is plotted as a function of osmotic pressure in Fig. 4B. As expected,
we see that the voids get progressively closed with compression without disappearing completely,
except for G100-89 for which the voids vanish. What is interesting here is that we can estimate the
actual degree of squeezing of the microgels from the measured void fractions. Indeed, the internal
polymer concentration of the microgels in the packings is simply given by

B C
(1-void fraction)

Q)

i
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Figure 4. A) Microgel mean diameter as a function of osmotic pressure. B) Fraction of void in the packings
as a function of osmotic pressure. C) The evolution of the internal dextran concentration of the microgels
in the packings as calculated from the void fraction data (eq 4). The patterned areas correspond to the native
internal concentration of the microgels at zero pressure (Cip in Table 1) +/- 5%. Microgels G100-89 (green
diamonds), G25-68 (black squares), MD-66 (blue circles) and MD-61 (red triangles).

In Fig. 4C, C; is plotted as a function of osmotic pressure. For G100-89, C; exceeds the native
internal dextran concentration C; of the microgels at pressures > 10 kPa. This confirms that the
particles start to expel water from this pressure upward, in accordance with the changes in size of
Fig. 4A. For the other microgels, C; in found to be very close to C;y for the first 3-4 points of
osmotic pressure, meaning that the particles have not yet expelled water in that range. C; goes
beyond C; only at high osmotic pressures, as expected from the changes in size shown in Fig. 4A.

Another interesting way of looking at these results is by comparison of the observed void fraction

as a function of C, i.e. the average dextran concentration in the suspension (Fig. 5), with ‘ideal’
scenarios. Particles that cannot deform at all and only deswell are represented by the black lines,
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while objects that can only deform without losing volume before £ = 1 (such as emulsions) are
represented by red lines.
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Figure 5. Evolution of the void fraction in the packings as a function of the average dextran concentration
in the system. The black line is the theoretical evolution of void fraction for packings of particles that do
not deform but only deswell at { > @usrcp (void fraction = 1-C/Cip at { < @usrcp and void fraction = 1-
@usrcpat (> @dusrep). The red line is the theoretical evolution of the void fraction for packings of particles
that only deform and do not deswell, such as emulsion droplets (void fraction = 1-C/C;, until vanishing).

We clearly see in Fig. 5 that all dextran microgels have the tendency to follow the behavior of
deformable but non-compressible objects in the range @usrcp<{ < 1. At {> I, the compressibility
of the microgels then comes into play and the particles squeeze to smaller volumes, while some
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voids persist. The presence of these remaining voids is an important point that we discuss further
in the following section.

4. Summary and discussion

The results presented above can be summarized as follows:

(1) Suspensions of dextran, granular microgels start to resist compression at a volume fraction that
matches the random close packing of hard-spheres of similar size distribution, @usrcp. This is
consistent with the fact that these microgels are non-brownian particles that sediment and come
into contact at ¢ = ¢dusrcp With no measurable resistance. In two cases (Sephadex), the volume
fraction at which the packings start to resist compression is slightly below ¢@rs rcp, which may be
caused by some frictional forces between the microgels [63]. Note that this general behavior of
granular and neutral microgels at low volume fractions is very different from the one of colloidal
scale microgels where particle-particle interactions of different types (hard-sphere like,
electrostatic), and in some cases counterions, produce a measurable osmotic resistance even before
close-packing [19,21,22,46-49].

(2) In a first regime of compression, at effective volume fractions between ¢@usrcp and 1, the
compression resistance rises from zero to a value that is close to the resistance of a dextran solution
of the same average concentration. Images of the packings in that range of concentration indicate
that the microgels increasingly pack and deform with compression, while the internal dextran
concentration is close to the native one. So the microgels behave like objects that only deform and
do not loose internal volume upon compression, as in the case for emulsions for instance. A similar
behavior has been reported lately by Bouhid de Aguiar and coworkers with polyacrylamide
microgel particles of slightly smaller size (~10 um) [24]. Interestingly, the fact that shape
deformation dominates over squeezing in a first regime of compression was also recently observed
for colloidal pNIPAM microgels [26]. In that case however, interpenetration effects are also
significant [25,26]; while such effects are not visible in the present work. We note finally that
compression never leads in our case to highly ordered crystal structures, as it was observed with
colloidal and polydisperse polyelectrolyte microgels [21,22,29,30]. This is probably because the
size distribution of the microgels is relatively unchanged upon compression in our case, while for
pNIPAM colloidal microgels, charge effects makes the largest microgels deswell before the
smaller ones, thus decreasing size polydispersity and inducing crystallization [22].

(3) In a second regime of compression, at effective volume fractions ¢ > /, the resistance of the
packings to compression becomes similar to that of a homogeneous solution of the polymer that
constitutes the microgels. In this regime, the only way to concentrate the system is to compress the
individual microgels in the packing. The microgels are strongly deformed and squeezed, leading
to reduction of size, and increased internal dextran concentration. The deformation is however not
sufficient to close all interstitial spaces in the packings. This is here an interesting and potentially
important difference with colloidal scale microgels where the persistence of interstitial voids in
highly dense packings is usually not considered or observed [3,22,26].

Next, we focus on points (2) and (3) and look for qualitative and/or quantitative explanations for
our results using existing theoretical frameworks.
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At concentrations between { = @usrcp and { = 1, the microgels mainly deform upon compression,
and seem to act similarly to emulsions, which we take as a reference case. The osmotic resistance
of concentrated emulsions was investigated by Mason and co-workers in the late 1990s [50,68].
These authors propose a 'network spring model' to describe the osmotic pressure at { > @rcp [68].
In this model, the pressure depends on the number of facets formed between neighboring droplets
in the packing. Any additional facet behaves as a spring that further resists compression. The
number of springs between neighboring droplets grows as ~({-¢rcp), while the number of droplets
per unit volume grows with . We then have:

I~ C(C - Pusrer) (5

For all the microgels investigated, we find that the experimental osmotic pressure qualitatively
follows the emulsion model in the concentration range @usrce < { < I (Fig. 6A-D). This suggests
that the resistance to compression of the microgel packings has a similar origin as that of
emulsions: a network of facets acting like springs between neighboring microgels. For emulsions,
the spring constant is given by the droplets surface tension [68], while for microgels packings, it
is the elastic modulus of the microgel particles that sets the force of theses springs [69].
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Figure 6. Compression resistance of the microgel packings as a function of the average polymer
concentration in the system C (closed symbols) or the internal concentration of the microgels Ci (empty
symbols). At low effective volume fractions ¢ < 1, the packings mostly resist through deformation of the
microgels and IT increases with C as it does for concentrated emulsions (blue line, [50]). At high effective
volume fraction { > 1, the systems mostly respond to compression by expelling water from the particles.
This time IT increases with C; as it does for a reticulated polymer gel of properties identical to the microgel
material (orange line, [45]).

At {> 1, the microgels reduce their size and expel water, as reported in Figs 4A and 4C. On the
other hand, the void fraction in the packing does not totally vanish (Figs. 4B and 5), suggesting
that deformation is not preponderant in this regime. So as a first approximation, we consider the
resistance to compression of the packings to be essentially due to the resistance of the individual
microgels to deswelling. In that case, the Flory-Rehner (FR) theory for the osmotic pressure of
connected gels is directly applicable [2,40—45]. The theory describes the osmotic pressure /7 as a
sum of a mixing contribution /7, and an elastic contribution //.;. The mixing contribution results
from the entropy of mixing of the polymer segments with the solvent. It corresponds to the osmotic
pressure of the dextran polymers that we measure experimentally (empty symbols in Fig. 2). These
osmotic pressures are described by

I, = aC® (6)

with 77 in Pa, C in g/L, and a = 0.420 or 0.095 and b = 2.34 or 2.56 for dextran T40 and dexMA,
respectively. Such simple empirical power-law expressions are commonly used for describing the
osmotic pressure of polymers [70].

The elastic contribution results from the presence of crosslinks that prevent the polymer gel from

fully swelling and dissolving. It is a negative contribution to the osmotic pressure that can be
approximated using the following equation [45]:
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with Na the Avogadro number, kp the Boltzmann constant, 7" the temperature, N, the number of
monomers between crosslinks, Mpuonomer the molecular mass of the monomer (180 g/mol), and fthe
functionality of the crosslinks (taken as /= 4). ¢ is the polymer volume fraction in the gel matrix,
while ¢,.r is the polymer volume fraction at a reference state, generally taken as when the chains
between the crosslinks are fully relaxed (for a critical review about the definition of ¢,.;, we refer
the reader to [44,71]). For gels of crosslinked dextran and similar polymers, van der Sman finds
using FR theory that ¢,.r= 2/3 ¢y, with ¢y the polymer volume fraction of the fully swollen gel at
zero osmotic pressure [45]. ¢o can be directly calculated from C;y (Table 1), using g9 = Cio/duex.
N is calculated for each microgel using the native dextran concentration in the fully swollen state,
where /1 = 0 and therefore 71,,(Ci) = - I1.i(¢0).

This model is now compared with the osmotic pressure data plotted as a function of the internal
concentration of the microgels (open symbols in Fig. 6), as it is this concentration that determines
the resistance to compression in the framework of the Flory-Rehner theory. The agreement
between the model and our experimental data is quite satisfactory in all cases. This suggests that
we have found a way to predict the osmotic resistance of the packings based on the knowledge of
the internal concentration of the microgels.

This is a subtle but important difference with highly compressed packings of microgels that no
longer contain voids, like those studied by Menut et al. for instance [3]. For these packings, the
average polymer concentration obviously matches the internal concentration of the microgels, and
the osmotic pressure can directly be predicted with Flory-Rehner theory using the average
concentration in the system [3,45]. When dealing with microgel packings with voids, as in the
present work, the prediction is complicated by the necessity to determine the actual degree of
squeezing from which the internal polymer concentration needs to be derived.

Conclusion

In this paper, we report on the behavior of suspensions of granular-scale dextran microgels when
exposed to an external osmotic pressure. Our experiments assess the resistance of the packings to
compression, as well give qualitative and quantitative information about the structure of the
packings. As expected for granular, non-brownian microgels, the resistance to compression starts
to rise at the vicinity of the volume fraction of random close-packing. In a first range of
compressions that exceed this value, the microgels mainly deform, leading to a strong rise in
resistance, in analogy with emulsion systems. In a second higher regime of compression, the
microgels mainly respond to compression by expelling water. The resistance to compression of
these systems can be estimated through a Flory-Rehner model based on the actual polymer
concentration inside the microgel particles, therewith taking into account the presence of persistent
voids in the packings.
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With these results, we demonstrate that loose to dense packings of neutral and granular-scale
microgels clearly do not respond to compression as a uniform gel of the same material at the same
average concentration; an analogy that has been used so far in literature for very dense packings
of colloidal microgels where persistent voids are inexistent [3]. As a perspective, it would be
interesting to focus on the resistance to compression of more complex systems like packings of
colloidal-sized polyelectrolyte microgels for instance, in relation with effects that were recently
reported with such systems, e.g. interpenetration [25] and crystallization [22]. This would lead to
a better understanding of how a collection of deformable and compressible particles resist to an
increase in concentration, depending on the size and architecture of the involved particles. Such
information would in turn be highly useful for predicting concentration operations, e.g. filtration
of microgels, in which resistance determines overall productivity.
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