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Nonmonotonic swelling and compression dynamics of hydrogels in polymer solutions
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Hydrogels are sponge-like materials that can absorb or expel significant amounts of water. Swelling up
from a dried state, they can swell up more than a hundredfold in volume, with the kinetics and the degree
of swelling depending sensitively on the physicochemical properties of both the polymer network and the
aqueous solvent. In particular, the presence of dissolved macromolecules in the background liquid can have
a significant effect, as the macromolecules can exert an additional external osmotic pressure on the hydrogel
material, thereby reducing the degree of swelling. In this paper, we have submerged dry hydrogel particles in
polymer solutions containing large and small macromolecules. Interestingly, for swelling in the presence of
large macromolecules we observe a concentration-dependent overshoot behavior, where the particle volume first
continuously increases toward a maximum, after which it decreases again, reaching a lower, equilibrium value.
In the presence of smaller macromolecules we do not observe this intriguing overshoot behavior, but instead
observe a rapid growth followed by a slowed-down growth. To account for the observed overshoot behavior,
we realize that the macromolecules entering the hydrogel network not only lead to a reduction of the osmotic
pressure difference, but their presence within the network also affects the swelling behavior through a modifi-
cation of the solvent-polymer interactions. In this physical picture of the swelling process, the net amount of
volume change should thus depend on the magnitudes of both the reduction in osmotic pressure and the change
in effective solvent quality associated with the macromolecules entering the pores of the hydrogel network. We
develop a phenomenological model that incorporates both of these effects. Using this model we are able to
account for both the swelling and compression kinetics of hydrogels within aqueous polymer solutions, as a

function of the size of the dissolved macromolecules and of their effect on the effective solvent quality.

DOI: 10.1103/PhysRevE.102.062606

I. INTRODUCTION

Hydrogels are sponge-like materials that can absorb or
expel large amounts of water. These polymer networks, which
obtain the ability to absorb water from their hydrophilic func-
tional groups and their mechanical stability from physical
or chemical crosslinks, react to a wide range of stimuli and
are therefore used in many academic and industrial appli-
cations. For example, hydrogel particles play an important
role in medical applications where, because their mechanical
properties are similar to those of biological tissue, they are
used in tissue engineering [1]. Moreover, their propensity to
swell or deswell under different physicochemical conditions
can be exploited to control the release of drugs through the
pores of the polymer network [2,3]. Hydrogels are also used
in situations where an even more pronounced volume change
is desirable, e.g., for water absorption and storage in personal
care products or in soil improvement [4,5].

The rate at which they can change their volume de-
pends sensitively on the typical pore size of the hydrogel
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network, which affects both the permeability and the com-
pression behavior of the gel network. A range of different
theoretical treatments for describing the kinetics of these
swelling/deswelling processes have been formulated, which
offer slightly different definitions for the relevant material
properties. Tanaka and Fillmore have formulated an equa-
tion of motion for the polymer network, where the solvent
is treated as stationary [6], whereas other models, based
on Biot’s poroelastic consolidation theory [7], specifically
take the solvent displacement into account, using coupled
equations of motion for the polymer network and the sol-
vent [8-11].

Following the viewpoint of Tanaka and Fillmore [6], a
compressive modulus K for the gel network can be defined,
which characterizes the elastic response to changes in the
volume of the gel network. The permeability « quantifies the
ease with which a liquid can be pressed through a porous
material. The product of K and «, divided by the coefficient
of friction, gives rise to the diffusion constant for the gel
network, which quantifies the deformation rate of a hydrogel
network in swelling and compression.

A common method for determining the compressive modu-
lus of hydrogel particles is to perform an osmotic compression
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measurement in which a particle is exposed to a solution of an
osmolyte such as dextran [12].

This method generally relies on the assumption that the
osmolytes are too large to readily enter the pores of the net-
work, in which case a distinct osmotic pressure difference is
established between the inside and the outside of the particle
and, as a result, the compressive elastic modulus (i.e., the os-
motic modulus) can be extracted directly from the equilibrium
volume as a function of the applied osmotic pressure.

However, depending on the ratio between the pore size and
the size of the osmolyte, the osmolyte can eventually still
penetrate the hydrogel, which effectively lowers the exter-
nally applied osmotic pressure. Interestingly, such a delayed
pressure reduction can lead to a complete reswelling after
an initial compression, as shown in our previous experiments
on microscopic polyacrylamide hydrogel particles [13]. The
results of this previous study suggest that if macromolecules
are able to penetrate the pores of the particle network, the
compressive modulus can no longer be extracted directly from
the equilibrium particle volume, without specifically taking
into account the penetration of osmolyte molecules into the
particle.

For the materials used in that study, however, the presence
of small osmolyte macromolecules did not seem to affect the
equilibrium swelling volume of the particles. Instead, upon
penetration of the osmolyte into the network, the particles
regained their initial volumes. This appeared to suggest that
in the final equilibrium state the osmotic pressure inside and
outside the particle was the same, and that the osmolyte did
not significantly interact with polymer network within the
particle.

However, it is known that in general, the presence of dis-
solved (macro)molecules in the background liquid can, in
addition to osmotic pressure effects, have a significant in-
fluence on the effective solvent quality of that liquid with
respect to the hydrogel network [14]. This means that the
interactions between the liquid and the polymer chains in
the hydrogel network can be modified by the dissolved os-
molyte macromolecules, which should directly affect the
network’s equilibrium volume after swelling. This is some-
what analogous to the effect ions can have on polyelectrolyte
gels [15-17]. Macromolecules, however, due to their larger
size, diffuse significantly slower than do ions. Therefore the
change in effective solvent quality associated with the macro-
molecules entering the gel network is expected to occur in a
more delayed fashion. While such effects should clearly be
considered in describing the (de)swelling kinetics of hydro-
gels in polymer solutions, they have often been neglected in
previous studies. While the effects of solvent changes such
as those induced by changes in pH, salt concentration, or
by solvent exchange have been studied in detail [15,17-22],
the impact of macromolecules dissolved in the background
liquid on the swelling kinetics have been studied less exten-
sively. A number of studies have considered the effects of
high molecular weight macromolecules that do not enter into
the hydrogel, thus leading to an additional external osmotic
pressure which compresses the hydrogel network [12,18].
However, the general effects of dissolved polymers that can
partly or fully penetrate a hydrogel network have not been
studied as thoroughly. As a result, a full understanding of

the (de)swelling of hydrogels in polymer solutions is still
lacking.

In this paper, we study experimentally and describe theo-
retically the swelling behavior of hydrogel particles immersed
in polymer solutions. We study the kinetics of swelling, start-
ing from a dried, compressed state, up to a fully swollen state,
as a function of the concentration and molecular weight of
macromolecules dissolved in the background liquid. Using
macroscopic sodium polyacrylate hydrogel spheres as model
hydrogel materials, we find a qualitatively new swelling be-
havior for swelling in the presence of macromolecules, as
compared to swelling in pure solvent.

Namely, we observe an intriguing overshoot behavior,
where after an initially rapid swelling process, the particle
volume reaches a maximum at intermediate times, after which
it decreases continuously to eventually reach a lower, equi-
librium volume. If these hydrogel particles are swollen in
solutions without added macromolecules, such an overshoot
is not observed.

In addition, we also study the compression behavior of our
hydrogels as they are exposed to an osmotic shock, which we
induce by placing fully swollen hydrogel particles into similar
polymer solutions. In agreement with our previous work [13],
we find that an initial compression of the particles can be
followed by a slow reswelling. In contrast to those findings,
however, here we observe that, depending on the type and size
of osmolyte macromolecules present in the background liquid,
particles do not always fully reswell to their initial volume.
Instead, they can slowly swell back to an equilibrium volume
that is significantly lower than at the initial stage.

We hypothesize that both these effects, the overshoot in the
swelling of the hydrogels, as well as the lack of full reswelling
to the initial particle volume in a compression experiment,
are due to a combination of changes in the effective solvent
quality, brought about by the presence of the penetrating
macromolecules within the network, and the osmotic pressure
difference between the inside and the outside of the hydrogel,
due to equilibrium partitioning of the osmolyte.

We describe the observed overshoot behavior during
swelling, as well as the partial reswelling during compression
with a simple phenomenological model that takes into account
the influence of the dissolved macromolecules on both the
applied osmotic pressure difference and the effective solvent
quality of the background liquid and polymer inside the pores
of the gel network. By incorporating these two effects, our
model is able to account for both the swelling and compres-
sion kinetics of hydrogels within aqueous polymer solutions.

II. MATERIALS AND METHODS
A. Materials

We use commercially available ‘“aquapearls” (sodium
polyacrylate hydrogel particles, Deco-Boulevard, Lohmar,
Germany), intended for decorative purposes, as model hydro-
gel particles. The material is provided as dry spheres with an
average radius of Rgy ~ 1.21 mm. Submersed in water, these
hydrogel particles can swell up to over 100 times their original
volume.

We use polymer solutions of the following macromolecules
(from small to large): dextran 70k (from Leuconostoc spp,

062606-2



NONMONOTONIC SWELLING AND COMPRESSION ...

PHYSICAL REVIEW E 102, 062606 (2020)

M,, =70 kDa, Sigma-Aldrich, radius of gyration R, ~ 6 nm
[23]), polyethylene glycol 20k, (PEG 20k, M,, = 20 kDa,
Sigma-Aldrich, R, ~ 7 nm [24]), and the bigger polyethy-
lene oxide 200k (PEO 200k, M,, = 200 kDa, Sigma-Aldrich,
R, ~ 22 nm [24]). Chemically, PEG 20k and PEO 200k are
the same and only differ in molecular weight and hence chain
length. For simplicity, we will refer to a “saline solution”
when we use a 100 mM NaCl solution (NaCl, Sigma Aldrich,
dissolved in MilliQ deionized water). We did not use any other
salts or salt concentrations.

B. Methods

For both the swelling and compression experiments, sam-
ple vials containing the hydrogel particles are placed on a
roller bank (Stuart Scientific SRT1, Sigma-Aldrich) to enforce
a homogeneous osmolyte concentration around the particle.
The kinetics of compression is in fact slightly different for the
case of a particle immersed in a polymer solution without any
stirring, as shown in Fig. 6 (Appendix A). In the absence of
stirring, the diffusion of macromolecules outside the particle
also plays an important role, while for a stirred solution it
is reasonable to assume a constant concentration of osmolyte
macromolecules in the surrounding solution, near the particle
surface.

We measure the weight of the (de)swelling particles peri-
odically, by removing them from the solution, and weighing
them on a microbalance after carefully removing any excess
surface water with tissue paper. As we know the initial mass
and volume, we calculate the volume of the particle based
on the measured weight, assuming that the density of water
remains unchanged upon entering the hydrogel network.

Swelling is investigated by submerging a dry particle, of
which we measured the initial weight and radius, in a (poly-
mer) solution. We used a saline solution, and saline solutions
to which we added 2, 4, 5, 7.5, and 10 wt % of PEO 200k,
respectively. To test the influence of the smaller osmolytes
we used saline solutions with 8 wt% of PEG 20k or 8 wt %
dextran 70k.

Deswelling is investigated by submerging a particle that
was previously swollen in a saline solution for at least a week,
in a saline solution to which 4, 7.5, or 10 wt % of PEO 200k is
added, respectively. We also tested saline solutions to which
the smaller dextran 70k or PEG 20k has been added, both at
8 wt%.

In both swelling and deswelling experiments, each parti-
cle is immersed in a volume of background fluid that is at
least a factor 50 larger than the volume of a fully swollen
hydrogel particle. Moreover, the solutions were continuously
stirred during the swelling and deswelling process, ensuring
a homogeneous concentration of polymer chains within the
background liquid. For these reasons, in our modeling we
assume a constant and homogeneous osmolyte concentration
in the background liquid, outside of the hydrogel particles.

III. RESULTS AND DISCUSSION

A. Swelling

As a first test of the influence of macromolecules on the
swelling of hydrogels, we place a dry hydrogel particle, with
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FIG. 1. Overshoot behavior: Swelling in the presence and ab-
sence of PEO 200k osmolyte. (a) Normalized hydrogel volume
V(t)/V,y as a function of time (see top legend). In the PEO 200k
solution, a distinct overshoot in the hydrogel volume is observed,
whereas in a pure NaCl solution the volume increases continuously.
(b) The same data plotted in a rescaled fashion to better visualize the
relative overshoot.

volume V), in a saline solution and measure its increasing
weight over time, which we compare to that of a particle
swollen in a saline solution containing 5 wt % PEO 200k, as
shown in Fig. 1(a).

Surprisingly, for the experiment in the PEO 200k solution,
instead of only obtaining a reduced final volume V as a result
of the applied osmotic pressure, we also observe a significant
overshoot in the volume. To better visualize this overshoot
we also plot the same data in a rescaled fashion in Fig. 1(b),
as YO0
Interestingly, similar overshoot behavior has previously
been reported [25,26] for cases where hydrogels were swollen
in solutions of different pH or different ion content, monova-
lent versus multivalent ions for example. While some authors
have attributed such overshoot behavior to dynamic confor-
mational changes of the polymer chains within the network,
the behavior is still not fully understood. However, we believe
that this type of overshoot behavior is quite different from the
case studied here, where no ionic or pH gradients are involved.

A possible explanation for the overshoot behavior observed
here is that the PEO 200k used exhibits a significant polydis-
persity, implying that a fraction of the polymer could still be
small enough to penetrate the hydrogel network and thereby
change the effective solvent quality.

Indeed, the PEO 200k polymer used here is synthesized
by suspension polymerization, which generally yields a broad
molecular weight distribution. For the high molecular weight
polymer considered here, this would imply a degree of poly-
merization close to unity and a polydispersity index PDI =
My /M, = 2. The distribution is expected to follow a Flory-
Schulz distribution of molecular weights, which in our case
would imply for instance that approximately 9 wt % (or 39%
of the number of chains) of the total polymer would be chains
with a molecular weight below 50 kDa, small enough to
penetrate the gel network relatively swiftly.

In experiments where we only use the smaller PEG 20k, we
do not observe any overshoot, and also for dextran 70k, this
overshoot is not observed, as depicted in Fig. 2. However, we
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FIG. 2. Swelling in osmolyte solutions of different molecular
weight. (a) Normalized hydrogel volume V (¢)/V, as a function of
time in different osmolyte solutions (see top legend). We only ob-
serve an overshoot when PEO 200k is added; experiments employing
only the smaller dextran 70k or PEG 20k do not exhibit an overshoot.
The solid lines are fits to our model, with parameters displayed in
Table 1. (b) The same data plotted in a rescaled fashion to better
visualize the relative overshoot.

do observe, after an initially rapid volume increase, a regime
where swelling in these solutions occurs much more slowly,
at times longer than ~2000 s. This is in agreement with the
assumption that smaller osmolytes can penetrate the hydrogel
and, as a result, can slowly reduce the external pressure. It
thus appears that for these two cases, the reduction of the
net external pressure dominates over any possible reduction
in effective solvent quality. We therefore hypothesize that for
a pronounced overshoot effect to be observed, a mixture of
low and high molecular weight osmolytes is required.

To test this hypothesis, we perform measurements where
we intentionally add a low molecular weight polymer to the

TABLE I. Fitting parameters for the model curve fits displayed
in Fig. 2 to Fig. 4. The upper and lower sections of the table display
the swelling and compression cases, respectively. The standard error
for each fitted parameter is given in parentheses.

P T, T, B
Solution 107h  (1075/s)  (1075/s)  (107")
NaCl only 0 0.94(0.01)
Dextran 70k 8 wt %  3.3(0.1)  0.75(0.01) 0.10(0.12) 1.9(0.6)
PEG 20k 8 wt % 12.7(0.3)  0.62(0.01) 0.39(0.16) 5.6(0.3)
PEO200k2wt%  0.0(0.8) 1.03(0.02) 2.71(1.20) 5.2(1.2)
PEO200k4wt%  4.0(1.5) 0.88(0.02) 2.69(1.30) 10.3(1.7)
PEO200k 5wt %  4.9(2.9) 0.79(0.04) 3.39(1.28) 17.2(2.8)
PEO 200k 7.5wt % 8.9(5.1) 0.65(0.04) 3.40(1.41) 23.93.9)
PEO 200k 10wt % 19.2(2.6) 0.54(0.01) 1.95(0.50) 30.0(1.6)
PEO 200k 4 wt % +
PEG 20k 8 wt % 23.7(1.5) 0.52(0.01) 1.83(0.31) 18.9(0.3)
Dextran 70k 8 wt % 2.8(0.0)  1.96(0.10) 0.44(0.03) 0.9(0.0)
PEG 20k 8 wt % 14.3(0.5) 1.17(0.08) 0.22(0.35) 5.3(2.1)
PEO200k 4 wt %  1.8(0.1) 5.83(0.78) 7.23(1.27) 12.9(0.2)
PEO 200k 7.5wt % 2.3(0.2) 9.94(1.45) 5.84(1.12) 16.8(0.3)
PEO 200k 10wt %  3.4(0.3) 10.90(1.73) 8.16(1.68) 22.0(0.4)

v NaCl « 2wt% PEO 200k o 4wt% PEO 200k
+ 5wt% PEO 200k o 7.5wt% PEO 200k = 10wt% PEO 200k
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FIG. 3. Swelling in PEO 200k osmolyte solutions of different
concentrations. (a) Normalized hydrogel volume V (¢)/V; as a func-
tion of time in PEO 200k solutions (for concentrations see top
legend). The solid lines are fits to our model, with parameters dis-
played in Table I. (b) The same data plotted in a rescaled fashion to
better visualize the relative overshoot.

PEO 200k solution. Indeed, in experiments where we combine
8 wt % PEG 20k and 4 wt % PEO 200k, shown as filled blue
stars in Fig. 2, we observe a more pronounced overshoot than
just for PEG 20k or PEO 200k alone at the same concen-
trations. It thus appears that indeed the combination of low
and high molecular weight osmolytes yields a particularly
pronounced overshoot. To further study this nonmonotonic
swelling behavior, we perform experiments at different con-
centrations of PEO 200k, shown in Fig. 3. We find that the
relative overshoot is more pronounced for higher concentra-
tions of PEO 200k, while it appears that the hydrogels reach
their eg_luilibrium volume at approximately the same time, at
t~10°s.

B. Osmotic compression

As a test of the influence of macromolecules on the os-
motic compression of hydrogels, we take hydrogel particles
that have been swollen in a saline solution for at least a
week. We then place these particles in solutions containing
the small PEG 20k or dextran 70k, as well as the larger PEO
200k. We perform these osmotic compression experiments at
concentrations of 8 wt % PEG 20k, 8 wt % dextran 70k,
and 4, 7.5, and 10 wt % of PEO 200k, respectively. Indeed,
when using the smaller PEG 20k and dextran 70k we do
observe a pronounced reswelling, as depicted in Fig. 4, a clear
indication that a penetration of these small macromolecules
into the hydrogel is occurring. We note that for both osmolytes
the reswelling starts at around the same time (£10* sec),
indicating that the penetration of both polymers occurs at
approximately the same rate. This is reasonable, as the two
polymers have similar molecular weights and we would there-
fore expect their diffusion coefficients within the network to
be similar. In corresponding swelling experiments, performed
at the same concentrations, we observe a transition from fast
to slow swelling after a similar period of time, as shown in
Fig. 2. For the PEO 200k solutions we observe no reswelling,
indicating that—in analogy to the swelling experiments—the
low molecular weight osmolyte penetrates into the hydrogel,
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FIG. 4. Osmotic compression in osmolyte solutions of different
molecular weight. Normalized volume V (¢)/V} as a function of time.
(a) In the low molecular weight osmolytes dextran 70k and PEG
20k, a slow reswelling after an initially fast compression is observed.
(b) In high molecular weight PEO 200k solutions, an initially fast
compression is followed by a regime of further, albeit slower com-
pression. For osmolyte parameters see top legend. The solid lines
are fits to our model, with parameters displayed in Table I. The
dashed lines are fits where I', is fixed to the value obtained from
the corresponding swelling experiments, with parameters displayed
in Table III.

thereby lowering the effective solvent quality. We also observe
an additional deswelling process at longer timescales, which
again hints at the polydispersity of the used PEO 200k, and the
resultant slow penetration of a high molecular weight fraction
of osmolyte into the network.

Our experiments thus illustrate that, in order to perform
an osmotic compression experiment that is straightforward to
analyze, it is important to use as osmolytes macromolecules
that are sufficiently large and sufficiently monodisperse. This
is because otherwise a fraction of the osmolyte would be able
to enter the particle. Any osmolyte fraction that enters the gel
network changes the osmotic pressure inside the gel, either
directly, by its mere presence, or indirectly, by changing the
effective solvent quality.

C. Model

To account for the observed behavior, we develop, based
on the simple phenomenological model from our previous
study [13], an extended model, which incorporates the modi-
fication of the effective solvent quality, brought about by the
presence of macromolecules within the network of the hydro-
gel particles, as well as, related to this, a potentially uneven
equilibrium distribution of these osmolyte macromolecules
between the inside and the outside of the hydrogel, implying
a remaining osmotic pressure difference.

We assume that if a particle is subjected to a pressure
difference by immersing it in a polymer solution, this jump is
instantaneous and that the pressure depends on the concentra-
tion of the osmolyte. We consider three separate regimes for
the size of the osmolyte compared to the pores of the network:

The first regime is where the radius of gyration R, of the os-
molyte polymer chain is much larger than the network’s mesh
size ¢, R, > ¢. In this limit, we assume that the osmolyte

does not penetrate the hydrogel network within experimental
timescales.

The second regime is when the polymer chains are much
smaller than the network’s mesh size, R, < ¢, in which case
the diffusion of the molecules inside the network is nearly
unhindered.

Describing the third regime between these two limiting
cases, Ry ~ ¢, is not trivial. In our model we directly employ
the diffusion coefficient of the osmolyte within the network
Dysm to describe the mobility of the polymer chains within
the network. While this diffusion coefficient depends on the
molecular weight of the polymer and the mesh size of the
network, a theoretical prediction based on these parameters
is not straightforward [27,28]. Due to the presence of the
network, we assume that the diffusion of the osmolyte inside
the particle is slower than diffusion of the osmolyte outside the
particle. And because diffusion of osmolyte into the hydrogel
is slow, the hydrogel particle responds elastically to the os-
motic pressure difference caused by different concentrations
of osmolyte inside and outside the gel particle. Therefore, we
assume that initial volume changes are dominated by elastic
effects.

At t = 0 the osmolyte concentration inside the particle is
0 and the outside osmolyte concentration stays fixed during
the experiment. Our simple model does not specifically take
into account the spatial distribution of the osmolyte within the
particle, instead regarding only the time dependent average
osmolyte concentration within the entire particle. In our pre-
vious experiments [13], we flow fresh background fluid past
the particle, thereby ensuring that the outside concentration
remains constant and homogeneous. To the same end, in our
current experiments we submerge the macroscopic hydrogel
particles in a large container of background fluid under con-
stant stirring of the fluid on a roller bank. A large volume of
the fluid reservoir ensures that any osmolyte absorption into
the hydrogel does not significantly affect the outside concen-
tration. As our background fluid has roughly 50 times more
volume than the hydrogel particle in its swollen state, this is a
reasonable assumption. As we actively stir the solutions we
also assume that the concentration of osmolyte outside the
particle, and near the particle surface, is homogeneous.

Similarly to what we did in our previous study [13], we
assume model A dynamics [29] for the volumetric response
of a hydrogel particle, which provides a governing equation
for the radius of the particle R= —T'0W/0R, where T is a
phenomenological rate constant and W is the free energy of
the hydrogel. The free energy is given as

elasticity

W= mngT(Rﬁ)2 + m%kﬂ(%)z + NkgT (log pv — 1)

0
mixing
47 R? p
— Nu +1I — kT Bm—, (D
S——" Pw
uptake - D
expansion interaction

where the first two terms account for elastic deformations rel-
ative to the osmolyte-free equilibrium state at radius Ry. The
third term measures the mixing free energy of the osmolyte in
the particle, the fourth quantifies the energetic cost of taking
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up osmolyte molecules from the surrounding solution, and the
fifth measures the cost of hydrogel expansion in the solution.
The last term, parametrized by B, is an interaction term with
the role of a (cross) virial coefficient which can be positive or
negative, depending on the interactions between the solvent,
osmolyte, and polymer network. We define m as the number of
crosslinked subchains, N is the number of osmolyte molecules
in the hydrogel particle, p = 3N/47R3 is the mean density of
osmolyte inside the particle, v is a microscopic volume scale,
and p and IT are, respectively, the chemical potential and
osmotic pressure of the osmolyte in the surrounding solution.

If the background fluid behaves like an ideal solution, we
can apply van ’t Hoff’s law to the osmotic pressure IT =
ks T p,, of the outside solution, with p,, the mean density of os-
molyte. Due to hydrogel-osmolyte interactions the osmolyte
concentration inside and outside the particle are not necessar-
ily equal in the final equilibrium state, but are characterized
by the equilibrium partition coefficient Q [27], as

3
o = Neal ARy @
Pw
where Neg and R4 are, respectively, the number of osmolyte
molecules inside the particle, and the particle radius in the
final equilibrium state. The equilibrium partition coefficient
measures the resulting ratio of osmolyte concentrations inside
and outside of the hydrogel particle. In case the osmolyte
molecules are point particles, i.e., their radius of gyration R,
is much smaller than the mesh size of the hydrogel network
¢, and if they experience no long-range interactions with the
hydrogel, Q equals the volume fraction of solvent ¢ =1 —
(Rary /Req)3, with Rgy the radius of a dry hydrogel network.
We estimate Q as the fraction of available volume in the
particle for a specific osmolyte, therefore all solvent-quality
related interactions are absorbed in B. Thus, for osmolyte
molecules of nonzero size able to penetrate the hydrogel par-
ticle, 0 < Q < ¢.

In principle, for a full description of the hydrogel-
osmolyte-solvent interactions, we would require three Flory-
Huggins-type [30,31] parameters to quantify the impact of the
solvent quality for both the network and osmolyte, and the
interaction between network and osmolyte [32]. For simplic-
ity, we choose a description using only the effective energetic
parameter B.

Definition of the normalized particle radius as a(t) =
R(t)/Ry leads to a modified evolution equation for the particle
radius

dar 1 oo oo}
o _3F“[°‘_ o3 _P(Tq _“2> +tB—3 q]
3)

where P = I1/K is the osmotic pressure, scaled by the bulk
compressive modulus K ~ 3kBTm/47TR(3) of the network,
and 'y = mlkgT /R(Z) is a relaxation rate. We defined oeq =
Req/Ro as the ratio of the particle radius in the final equi-
librium state Req to that in the osmolyte-free state Ry, and
we define f(t) = N(t)/Neq as the amount of osmolyte in the
hydrogel particle at time # relative to that in the final state, Neg.

To account for diffusion of the osmolyte from the fluid
into the hydrogel particle, we use the diffusion equation in

integral form, dN/0t = Dgysm fsz -[pVu/ksT] across the
interface, where Doy, is the diffusivity of the osmolyte within
the gel. We treat the concentrations inside and outside the
hydrogel particle as uniform but different. This becomes
oN/ot = CD(,SmR’Z(Neq — N) with R(t) the radius of the hy-
drogel particle and N the number of osmolyte particles in
the final equilibrium state; C is a proportionality constant to
be determined by comparison with the known solution of the
diffusion equation for osmolytes diffusing through a static
hydrogel network (see Sec. IIIE). In normalized form, the
diffusion equation reads

af/ot = —Tra™(f — 1), “)

with T'y = CDosm /R(% the kinetic parameter that sets the
timescale for the solute to enter the hydrogel particle by dif-
fusion. The final equilibrium radius R.q can be found from
Egs. (3) and (4) in the static limit.

If the osmolyte cannot penetrate into the hydrogel, O = 0
and the particle will simply compress or swell monotonically
under influence of the applied constant pressure; see the right
column in Fig. 5. For B =0 the osmolyte does not alter
the effective solvent quality for the hydrogel network, and
the final volume is determined by the osmotic pressure dif-
ference between the inside and the outside of the particle; see
the top row in Fig. 5. By ignoring long-range interactions and
regarding the hydrogel network as a phantom network, i.e.,
B =0 and Q = ¢ = 1, the model reduces to the version we
described in Sleeboom et al. [13]; see the top left scenario in
Fig. 5. In this case, the osmolyte can penetrate the network and
does not interact with it in any way; as a consequence, in the
final equilibrium state the concentrations inside and outside
the hydrogel particle are the same.

For B # 0 and Q > 0 the osmolyte penetrates the gel and
the effective solvent quality is affected by the presence of the
osmolyte. This generally results in a modification of the final
volume, except in the special case where the osmotic pressure
difference between the inside and the outside of the particle
balances the effect of increased effective solvent quality, i.e.,
BQ — P(Q — 1) = 0. Using this relation, we reanalyze the
experiments of Sleeboom et al. [13] in Appendix F. For the
experiments in the present study, the illustrations in the middle
column at the middle row of Fig. 5 summarize the different
qualitative behaviors for both swelling and compression ex-
periments.

D. Fitting results

By fitting this extended model to the experimental data
we can obtain the permeability «, the compressive modulus
K, and the diffusivity of the osmolyte in the hydrogel Dysm,
and in our modified version, we also obtain an indication for
the effective solvent quality of the osmolyte in the form of
the parameter B. We fit our model to our experiments using the
Mathematica functions “NonlinearModelFit” and “NDSolve”
where we set P, I'y, I'y, and B as fitting parameters. We
estimate Q as the fraction of available volume for the different
osmolytes in the hydrogel particle. For dextran 70k, PEG
20k, and PEO 200k, we find Q%* = 0.78, Q"®0 = 0.75, and
QPEO = 0.36, respectively; see Appendix F. The results of this
fitting procedure are shown in Fig. 2 to Fig. 4.
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FIG. 5. Schematic illustration of the different theoretical scenar-
ios for the time evolution of the volume of a hydrogel particle on
a log-linear scale under compression (solid red lines) and swelling
(solid black lines) in polymer solutions, as a function of both the ratio
of the radius of gyration R, of the dissolved macromolecules to the
mesh size of the hydrogel network ¢ (columns) and their effect on the
effective solvent quality of the solution B with respect to the hydrogel
network (rows). The horizontal dotted lines indicate the osmolyte-
free equilibrium level of swelling of the hydrogel particle. If R, < ¢
or R, ~ ¢, osmolyte can diffuse into the hydrogel particle (left and
middle column). When there is no change in effective solvent quality
(top row), the difference in osmotic pressure between the inside
and the outside of the particle decreases over time due to osmolyte
diffusion, causing slow (additional) swelling. A small decrease in
effective solvent quality (middle row, dotted curve) can cause an
undershoot in a compression experiment, whereas a large decrease
in effective solvent quality (middle row, solid curve) can cause an
overshoot in a swelling experiment. Increases in effective solvent
quality (bottom row) enhance the magnitude of slow (re)swelling.

We have summarized the parameters obtained from the
fitting procedure in Table I. We first analyze the parameters
obtained for the hydrogels swollen in PEO 200k to verify that
the parameters are consistent. For these hydrogels we observe
an increase in P for increasing polymer concentrations, which
is as expected, as the external pressure, P o II, increases
with increasing polymer concentration. We expect that the
decay rate for the particle radius I',, decreases with increasing

polymer concentration, because a higher network polymer
density in the particle lowers the permeability for solvent
molecules, and indeed, we do observe a slight decrease in I,
for increasing polymer concentration. We also observe a trend
for an increase of Iy with increasing PEO 200k concentration,
which is somewhat expected, as the mutual diffusion coeffi-
cient increases with polymer concentration [33]. Further, we
observe an increase of the parameter B with increasing PEO
200k concentrations. This is reasonable, as the interaction
term in Eq. (3) is not proportional to the absolute concentra-
tion of solute, and therefore the effect of increasing polymer
concentration shows itself in B. The P values for the hydrogels
swollen in PEG 20k 8 wt % and dextran 70k 8 wt % are also
consistent, as the PEG 20k solution has a much higher osmotic
pressure than the dextran 70k solution, 65(9) kPa [34] versus
10 kPa [23], respectively, where the estimated uncertainty, if
available, is displayed in parentheses.

For the compression experiments all the obtained values
for dextran 70k and PEG 20k are comparable to those from
the swelling experiments. For PEO 200k the obtained values
for P and B in the compression experiments exhibit the same
trends as those observed in the swelling experiments.

However, we find significant differences between the val-
ues of I'y and I'y obtained from the compression and the
swelling experiments, respectively. While the rate of change
of the particle radius to its equilibrium value R, is set by Iy,
the rate constant I'; sets the timescale for osmolyte diffusion,
which may induce slow (de)swelling of the hydrogel particle
by changing both the effective solvent quality and the osmotic
pressure difference; see Fig. 5 for an illustration. Therefore, if
the measured volume does experience an under- or overshoot,
as observed for the dextran 70k and PEG 20k compression
experiments in Fig. 4(a), the undershoot can be taken into
account uniquely by the slow diffusion of osmolyte, thereby
determining I" ;. However, the PEO 200k compression exper-
iments in Fig. 4(b) exhibit no undershoot, thus making the
effects contained in I',, and I'f less clearly separated and their
values prone to error.

E. Material properties

We can relate the model parameters to the bulk modulus
K, the permeability «, and the diffusion coefficient of the
osmolyte in the network D,gp,. We determine K directly from
the fitted P value as we defined P = I1/K. From literature we
know IT as a function of concentration, for both the dextran
70k [23] and the PEG 20k [34] solutions used in our exper-
iments, but not for our PEO 200k solutions. To determine I1
as a function of concentration for our PEO 200k solutions,
we place 1 mL samples of a 2 wt % PEO 200k solution
in dialysis bags and submerge them in dextran solutions of
various concentrations with known osmotic pressures. After
having given the samples a week to equilibrate, we extract the
PEO 200k concentration as a function of osmotic pressure,
assuming that the osmotic pressure inside has equilibrated to
the pressure outside; see Appendix B for details.

To determine the permeability x, we consider the (hy-
pothetical) case of the swelling of an initially compressed
hydrogel without osmolyte and find from Eq. (3) an expo-
nential long-time relaxation at a rate of 12I",,. Assuming that
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TABLE II. Material properties based on the model fits displayed
in Fig. 2 to Fig. 4. The upper and lower sections of the table display
the swelling and compression cases, respectively. The standard error
for each material parameter is given in parentheses. We assume all
fitted parameters to be uncorrelated.

n K p Doun
Solution (kPa) (kPa) (nm?) (um?/s)
NaCl only 0 27 5.7(0.1)

Dextran 70k 8 wt % 10.4 32(1) 3.9(0.1) 1.3(1.6)
PEG 20k 8 wt % 64.7(8.6) 51(7) 2.0(0.3) 5.3(2.2)
PEO200k2wt%  0.4(0.3) 633(73800) 0.3(31.0) 37.0(16.4)
PEO 200k 4 wt % 6.1(0.6) 15(6) 9.6(3.7) 36.7(17.8)
PEO 200k 5 wt % 10.8(0.8) 22(13) 5.8(3.5) 46.3(17.5)
PEO 200k 7.5 wt % 28.4(1.4) 32(18)  33(1.9) 46.4(19.3)
PEO 200k 10 wt % 54.1(2.2) 28(4) 3.2(0.5) 26.6(6.8)
PEO 200k 4 wt % +

PEG20k8wt%  70.7(8.6) 30(4)  2.9(0.4) 25.0(4.3)
Dextran 70k 8 wt % 10.4 37(1) 8.7(0.4) 6.0(0.4)
PEG 20k 8 wt % 64.7(8.6) 45(6) 4.2(0.7) 3.04.7)
PEO200k 4wt %  6.1(0.6) 33(4) 289(5.1) 98.7(17.4)

PEO 200k 7.5 wt %
PEO 200k 10 wt %

28.4(1.4)
54.1(2.2)

124(11)
161(15)

13.1(2.2) 79.7(15.3)
11.0(2.0) 112.0(23.0)

this rate corresponds to the dominant relaxation rate in the
long-time limit of the analytical swelling model of Tanaka
and Fillmore [6], we obtain 12T, = 72K« /R(%n, with 7 the
viscosity of water. This expression is an improvement on
the one of our previous work [13], where we compared the
short-time swelling response of our phenomenological model
to the long-time response of the analytical swelling model of
Tanaka and Fillmore.

Finally, we can estimate Dy, from the rate constant I'y. To
do so, we need to realize that in our phenomenological model
we had absorbed the unknown prefactor C in the definition
of I'y. To determine C, let us consider the (hypothetical) case
where the particle radius remains fixed, I', = 0, but diffusion
of osmolyte can still occur. In this case, the only relevant
process is the diffusion of osmolyte into the network, and we
can solve Eq. (4) for all times, which yields I'y as an expo-
nential relaxation rate. Setting this rate equal to the dominant
relaxation rate in the long-time limit of the analytical solution
of the diffusion equation in a sphere of radius Ry [35], we
obtain C = 72, This determination of C is an improvement to
our previous work [13], where we had put C = 1.

We have placed all of these results in Table II. From the
swelling experiments (upper section of the table) we obtain
an average value of 35(9) kPa for K and 4(2) nm? for «.
We obtained these averages by weighting each value with
the inverse square of its standard error; the corresponding
standard deviation is displayed in parentheses. These param-
eters are in fair agreement with the values of K = 27(6) kPa
and ¥ = 8(5) nm?, obtained in separate, conventional exper-
iments. To obtain these experimental values for K and «, we
used a macroscopic version of the capillary micromechanics
technique [36] and a custom-built permeability measurement
setup, respectively (see Appendix C and Appendix D).

We notice that the osmolyte diffusion coefficient Dy 0ob-
tained from the swelling experiments for the dextran 70k and

TABLE III. Model parameters and material properties obtained
by fitting P, I'¢, and B for the PEO 200k compression experiments,
using I', from the corresponding swelling experiments shown in
Table 1.

4wt % 7.5 wt % 10 wt %
P 5.9(0.2) 9.4(0.5) 16.9(1.1)
T, 0.88 0.65 0.54
r, 2.21(0.83) 0.29(0.08) 0.10(0.76)
B 8.5(0.5) 10.4(1.4) 12.3(14.8)
n 6.1(0.6) 28.4(1.4) 54.1(2.2)
K 10(1) 30(2) 32(2)
K 14.1(1.4) 3.5(0.2) 2.8(0.2)
Dogn 30.2(11.3) 3.9(1.1) 1.4(10.3)

the PEG 20k solutions is consistently lower than for the PEO
200k solution. The reason for this could be that, while overall
the PEO 200k has a higher molecular weight than PEG 20k
and dextran 70k, the fraction of the polydisperse PEO 200k
species that is small enough to penetrate the hydrogel could
still diffuse faster than the dextran 70k or PEG 20k polymers.
Indeed, in experiments employing a mixture of PEG 20k and
PEO 200k we obtain a diffusion coefficient D, that lies
between those observed for PEO 200k and for PEG 20k.

The anomalously high values for K, x, and especially
Dysm obtained from the PEO 200k compression experiments
are possibly caused by the monotonic decrease of hydrogel
volume in these compression experiments, which makes the
effects of osmolyte diffusion (I'¢) and the rate of solvent per-
meation of the hydrogel particle (T',,) difficult to distinguish;
see Sec. III D for more information. Indeed, if we fix I, with
the value fitted from the corresponding swelling experiment,
we find values for K, «, as well as D, that are closer to those
of PEG 20k and dextran 70k; see Table III. The corresponding
fit curves are displayed in Fig. 4 as dashed lines.

Overall, given the simplicity of our model, for the swelling
experiments the model accounts for the experiments surpris-
ingly well, even as we neglected any polydispersity effects.
Nevertheless, it could be useful to develop an improved model
that specifically accounts for this factor. In our phenomeno-
logical model we also neglected any possible blocking or
slowdown of shorter chains by a potential buildup of longer
chains near the surface of the swelling hydrogel. We would
indeed expect such a buildup to occur, as a simple estimation
(see Appendix E) predicts that during swelling the particle
surface advances into the background liquid faster than the
PEO 200k can diffuse away. This would lead to the for-
mation of a dense layer of high molecular weight polymer
chains near the surface, which would delay the penetration of
shorter chains into the hydrogel particle. Such a hypothesized
delay of the osmolyte entering the network is not specifi-
cally considered in our model. We would expect its effects
to manifest themselves in our model, however, in the form
of a lowered diffusion coefficient of the osmolyte within the
network.

From the results of Table I we conclude that the de-
crease in effective solvent quality is stronger for PEO 200k
than for both dextran 70k and PEG 20k. This is a key
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ingredient needed to explain the long-time hydrogel particle
dynamics in every swelling and compression experiment we
conducted. In the experiments (part of) the osmolyte slowly
diffuses into the hydrogel, as witnessed by the (de)swelling
and (de)compression processes happening on long timescales
in Figs. 1-4. By diffusing into the hydrogel, the osmolyte low-
ers the osmotic pressure difference, thereby inducing swelling
of the hydrogel, lowering the effective solvent quality at the
same time. This causes compression of the hydrogel. The
competition between these two effects determines the mea-
sured volumetric response of the hydrogel particle at long
timescales; see Fig. 5 for an illustration. For the dextran 70k
and PEG 20k the decrease in osmotic pressure difference
prevails, causing additional slow swelling in the swelling
experiments and slow decompression in the compression ex-
periments; see Figs. 2(a) and 4(a). On the other hand, for
PEO 200k the decrease in effective solvent quality prevails,
causing slow compression in the swelling experiments, which
results in the observed overshoot; see Fig. 3. Also, it causes
additional slow compression in the compression experiments;
see Fig. 4(b).

For dextran 70k and PEG 20k the diffusion constant in
the swelling and compression experiments is consistent and
reflects their monodispersity. However, from fits to the data for
PEO 200k, after fixing the swelling timescale I'y,, we obtain
significantly higher diffusion coefficients from the swelling
experiments than from the corresponding compression experi-
ments (see Tables IT and III). Due to the broad size distribution
of PEO 200k, the fraction of small PEO molecules, which
are of approximately the size of dextran 70k and PEG 20k,
are the first to diffuse into the hydrogel. Therefore, the small
fraction is the first to decrease the effective solvent quality and
induce compression of the hydrogel particle. As this compres-
sion shows itself as a pronounced overshoot in the hydrogel
volume on which we fit our model, we obtain the diffusion
constant of the fraction of small PEO molecules from the
swelling experiments. We hypothesize that this apparent dif-
fusion constant is enhanced due the fast increase in hydrogel
radius; see Appendix E. As a result, the swelling hydrogel im-
bibes the solvent as well as small PEO molecules. Therefore,
we find a relatively large apparent diffusion constant in the
swelling experiments albeit with a large uncertainty due to
the additional compression caused by the fraction of larger
PEO molecules; see Table II. In the PEO 200k compression
experiments, however, the compression caused by changes
in effective solvent quality, induced by the low-My, fraction
of PEO 200k, coincides with a compression purely due to
osmotic pressure differences. As soon as the osmotic pres-
sure difference is balanced by the elasticity of the hydrogel
network, the additional slow compression is fully determined
by the high-M,, fraction of PEO 200k molecules diffusing
into the hydrogel particle, implying a much lower diffusion
coefficient; see Table III.

IV. CONCLUSIONS

We have performed swelling and compression experiments
with hydrogels in solvents containing macromolecules that,
depending on their size, can, to different degrees and at dif-
ferent rates, penetrate the hydrogel network. Our experiments

show that when such macromolecules penetrate a hydro-
gel network, significant changes in effective solvent quality
can occur, which directly affect the equilibrium swelling
volume as well as the transient swelling and deswelling
dynamics.

During swelling experiments in the presence of a slowly
penetrating osmolyte we find a stretched-out swelling behav-
ior. We further observe that when a combination of large and
small osmolytes is used, an overshoot in the swelling can
occur. In our physical picture of this effect, the small osmolyte
penetrates the hydrogel and thereby lowers the effective sol-
vent quality, while also contributing to a reduction in the
osmotic pressure difference.

By the same argument, during a compression experiment,
after the initial compression, the penetration of osmolyte
macromolecules leads to a further compression or reswelling
to a final size that depends on the change in effective solvent
quality brought about by the presence of osmolyte macro-
molecules within the network.

Thus, a meaningful description and understanding of the
swelling and compression of hydrogels in polymer solutions
has to specifically take polymer-induced changes of the effec-
tive solvent quality into account. To do so, we have developed
a simple phenomenological model that accounts for both the
swelling and the compression of hydrogels in the presence
of macromolecules dissolved in the background liquid. The
model takes into account both the reduction of the osmotic
pressure difference and the changes in effective solvent qual-
ity that are induced by the penetration of macromolecules into
the gel network.

Despite its simplicity, our model accounts for the qualita-
tive behavior that is observed when swelling (or compression)
of a hydrogel network occurs in the presence of macro-
molecules within an aqueous background liquid. Moreover,
even quantitatively, we find good agreement with swelling
and compression experiments performed under a variety of
conditions with different sizes and types of macromolecules
dissolved in the background saline solution. Fitting our data
to the phenomenological model enables us to estimate the
compressive modulus, the network permeability, the diffusiv-
ity of the osmolyte inside the hydrogel, as well as to give an
indication for the changes in effective solvent quality in the
presence of osmolyte macromolecules.

We expect this work to be relevant to all fields of research
and applications that involve the swelling of porous hydrogel
materials in the presence of macromolecules and other solutes,
as well as for applications where osmotic compression exper-
iments are used for determining the mechanical properties of
soft, porous objects.
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FIG. 6. Normalized weight as a function of time for a sample on
and off the roller bank.

APPENDIX A: ROLLER BANK

We measure the weight of a hydrogel particle, which has
been swollen in a saline solution for at least a week, as a
function of time, after we submerge it in a PEO solution
(see Fig. 6). For samples exposed to an osmotic shock at
rest, without using the roller bank, a distinct delay in com-
pression is observed. We hypothesize that this has to do with
the formation of a depletion zone around the particle, as the
surface of the hydrogel retracts faster than the PEO can follow
by diffusion; see Appendix E. Changing the settings of the
roller bank might also influence this process, but we have not
investigated this in detail.

APPENDIX B: OSMOTIC PRESSURE PEO

We measure the osmotic pressure of the PEO solutions
as a function of concentration by dialysis against dextran
solutions, for which the osmotic pressure has previously been
measured in detail [23]. We enclose 2 wt % PEO solutions
into dialysis bags and place them into baths of dextran so-
lutions of various concentrations with corresponding osmotic
pressures ranging from 0.9 kPa to 40.7 kPa. These baths are
then allowed to equilibrate for a period of 1 week. After
this period we assume that the osmotic pressure of PEO
inside the bag matches that of dextran in the bath outside.
Depending on whether the initial osmotic pressure in the
PEO solution is larger or smaller than that in the surrounding
dextran solution, the concentration within the dialysis bag
will have increased or decreased after equilibration, respec-
tively. We neglect changes in concentration in the dextran bath
around the dialysis bag, as the volume of the dextran solution
far exceeds the volume of the sample in the dialysis bag
(ratio 50:1).

To determine the concentrations of the equilibrated PEO
solutions, we extract the solutions from the dialysis bags and
determine their weight both immediately after extraction and
after thorough overnight drying on a hot plate, respectively.
The PEO weight concentration is then taken as the ratio of the
dry weight to the initial weight of the solution. The resulting
data points for the different solutions are shown in Fig. 7
as blue circles. The red line is a second-order polynomial
fit to the data, which adequately describes the experimental
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FIG. 7. Osmotic pressure as a function of concentration for PEO
solutions, as determined from dialysis against dextran solutions. The

blue circles are the experimental data, and the red line is our second-
order polynomial fit.

data over the range of concentrations studied. To obtain the
osmotic pressure of PEG 20k from literature [34], we also
used a second-order fit of the measured osmotic pressure in
the range of 0—10 wt %.

APPENDIX C: CAPILLARY MICROMECHANICS

As a comparison with our osmotic compression experi-
ments, we quantify the mechanical properties of our hydrogel
particles using the recently developed capillary micromechan-
ics method [36]. The results serve as a validation for our
developed model. During capillary micromechanics, a particle
of interest is flown into a tapered glass capillary of circular
cross section. As the tip of the capillary is smaller in diameter
than the particles, the particle gets trapped and subsequently
blocks the flow. In this situation, the entire pressure difference
applied across the capillary falls off across the trapped parti-
cle. The corresponding applied external stress must match the
internal elastic stress within the particle, which is a function
of the particle’s deformation and the elastic moduli of the
particle. As the particle changes both its shape as well as its
volume in the process, quantifying its deformation enables us
to directly extract the full elastic response, including the com-
pressive (bulk) modulus K and the shear elastic modulus G. To
extract K, we quantify the volumetric strain AV/V as a func-
tion of the characteristic bulk stress ocompr ~ (2pwan + p)/3
applied to the particle, where py,y is the pressure exerted on
the particle at the area of contact between the particle and the
wall of the capillary, and p is the pressure drop applied across
the capillary. The result for a particle which is swollen in a
saline solution for at least a week is depicted in Fig. 8. From
the slope we find K = 27(5) kPa, with the fit uncertainty in
parentheses.

APPENDIX D: HOMEBUILT PERMEABILITY SETUP

The permeability « is measured using a homebuilt setup
consisting of a thin-walled glass capillary (TW120-6, WPI,
USA) and a pressure regulator (MFC-EZ, Fluigent, Ger-
many). In the capillary we create an hourglass-shaped notch
by controlled pulling with a micropipette puller (model P-97,
Sutter Instruments, USA). The function of this notch is to
prevent the hydrogel from moving forward when pressure is
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FIG. 8. Volume change AV/V as a function of the charac-
teristic bulk stress (2pwan + p)/3. as measured using capillary
micromechanics.

applied to it. To prevent air bubbles in the system, we first
fill the capillary with the solvent in which the hydrogel of
interest has been swollen. Hereafter we insert the hydrogel by
piercing the capillary through the hydrogel, thereby cutting
out a cylindrical piece of hydrogel that fits snugly into the
capillary. Finally we connect the pressure setup to the cap-
illary. We apply pressures between 0.8 kPa and 4 kPa and
track the movement of the solvent-air interface as a function of
time after the application of pressure. A schematic overview
of the setup is shown in Fig. 9. According to Darcy’s law,
the flow velocity is proportional to the pressure drop AP, as
unL = APk, with u the fluid flow rate, n the viscosity, and
L the length of the porous material over which the pressure
difference is applied. To obtain the permeability «, we thus
plot the scaled flow rate (unL) as a function of the pressure
difference AP, as shown in Fig. 10; the permeability can be
directly extracted as the slope of the resultant curve. We have
plotted the results for two particles. We here obtain perme-
abilities of ¥ = 8(5) nm?, with the uncertainty in parentheses.
These values are reasonable and within the range of perme-
abilities previously reported for hydrogels of similar polymer
concentration.

APPENDIX E: SURFACE MOVEMENT

During swelling, the outer surface of the hydrogel particle
is moving through the background liquid at a significant ve-
locity. It is reasonable to assume that high-molecular weight
polymers, which cannot readily enter into the network, may
accumulate near the advancing interface as a result. This

Pressure regulator Hydrogel Solvent-air interface

4 ___—*

FIG. 9. Homebuilt setup to determine the permeability of hydro-
gel particles.
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FIG. 10. Normalized flow rate as a function of applied pressure.
The slope indicates the permeability.

would be expected to happen if the typical rate at which the
polymer chains move away from the surface by diffusion is
much slower than the rate at which the hydrogel surface prop-
agates into the solution. To estimate the relative importance
of these two effects, we calculate the speed of the surface
Vswer as V /A, with V the time derivative of the particle volume
and A(z) the corresponding particle surface area. We obtain
V by fitting the V(r) data with a double exponential form
and calculating the time derivative of this fit function. As
a characteristic diffusion velocity vosmolyie Of the dissolved
macromolecules at a length scales comparable to the macro-
molecule’s size, we calculate a typical velocity by calculating
the typical diffusion timescale tp for a polymer coil to diffuse
in one direction over its own radius, for which we have Ré =

2Dty = 32e-1p, yielding vomolyie = R/t = ks T /37nR;.
The ratio between these two velocities indicates whether we
expect the polymer to accumulate near the particle surface (for
Vswell / Vosmolyte > 1) or to disperse by diffusion, unaffected
by the swelling process (for vgwel/Vosmolyte <K 1). Indeed, as
shown in Fig. 11, the velocity ratio vswen/Vosmolyte 1S much
larger than unity during almost the entire swelling process.
Based on this simple estimation we would thus expect the
macromolecules to accumulate near the interface. We do not
observe clear evidence of this in our experiments, however.

We perform the same type of analysis for the particles that
are being compressed. We fit the compression data with a
double exponential and determine the time derivative based
on the results. We then compare this speed with the diffusion
velocity. As depicted in Fig. 12 also during compression the
surface moves faster than the osmolyte. In contrast to the
swelling case, here this will lead to the formation of an exclu-
sion zone near the particle surface, which effectively lowers
the applied osmotic pressure on the particle, slowing down
the compression. Indeed, the occurrence of such a slowdown
is observed in a compression experiment without external
mixing, as compared to an experiment where the external
polymer solution is continuously mixed by a roller bank, as
shown in Appendix A.
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FIG. 11. Surface swelling velocity uvgen, the velocity at
which the particle surface moves through the background
liquid, normalized by the typical diffusion speed of the
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APPENDIX F: EQUILIBRIUM PARTITION COEFFICIENT

The equilibrium partition coefficient Q is defined as the
ratio of the concentration of solute inside the hydrogel particle
to the concentration outside of the particle in equilibrium.
Both short-range and long-range interactions determine the
equilibrium partitioning of osmolyte. Short-range interac-
tions between the osmolyte and the hydrogel network set
the fraction of available volume by determining the excluded
volume through hard-core repulsive interactions. Long-range

10° - - -
—— 4 wt% PEO 200k
7.5 wt% PEO 200k
10%F —— 10 wt% PEO 200k 3

Uswell/UPEO [ ]

10°

Time [s]

FIG. 12. Normalized compression speed in comparison with the
diffusion speed of the used osmolyte.

interactions, on the other hand, set the chemical potential
for osmolyte molecules in the available volume inside the
hydrogel particle. In our model, we account for long-range
interactions in the energetic parameter B. Therefore, we esti-
mate Q as the fraction of available volume ¢,, in the hydrogel
particle, based purely on short-range interactions. Due to the
finite size of osmolyte molecules, the fraction of available vol-
ume does not generally equal the equilibrium volume fraction
of solvent ¢ = 1 — (Rary/Req )3, with Ryry the radius of a fully
dried hydrogel particle and Req its radius in equilibrium.

To estimate the available equilibrium volume fraction in
the aquapearl hydrogels for 70k dextran, 20k PEG, and 200k
PEO, we model the available volume of a hydrogel particle
as being comprised of spherical solvent-filled impenetrable
shells with an inner radius equal to the mesh size £ of the
hydrogel network. Assuming the osmolyte particles to be hard
spheres whose radius equals their radius of gyration Ry, the
available volume fraction for an osmolyte molecule in a shell
equals

bay = (1 — Ry /E). (F1)

To estimate ¢,, for dextran 70k, PEG 20k, and PEO 200k in
the aquapearl particles, we first estimate the available volume
fraction for dextran 70k using Eq. (F1). To do so, we calculate
the ratio of the mesh size of the aquapearl particles &,qua to
the mesh size of a 5 wt % polyacrylamide network &,y with
known ¢,,. We find the ratio of the mesh sizes by compar-
ing the permeabilities k o £2 of the two kinds of hydrogel
particles.

As a proxy for the available volume fraction ¢,, of the
5 wt % polyacrylamide network for dextran 70k (R, = 6 nm
[23]), we use the measured available volume fraction of a
6 wt% polyacrylamide hydrogel for dextran molecules with
a radius of 6.42 nm [28]. As a proxy for the permeability
of the aquapearl particles, we use the result of Appendix D,
where we found the permeability of the aquapearl particles to
be k¥ = 8(5) nm?2. To determine the permeability of 5 wt %

TABLE IV. Material properties of the soft, medium, and stiff
poly-acrylamide hydrogels of Sleeboom et al. [13] from fits with
the model of the present article. For the compressive modulus of
the medium and the stiff particles we used the value obtained from
capillary micromechanics, see the Supplemental Material of Slee-
boom et al., and for the soft particles we used the estimation of the
compressive modulus from the fits in Sleeboom et al. The weight
percentage indicates the concentration of the dextran 70k polymer
solution used in the experiment. The standard error for each derived
material parameter is given in parentheses. We assumed all fitted
parameters to be uncorrelated.

I K K Dosm
Experiment (kPa)  (kPa) (nm?) (um?/s)
Medium 13 wt % 29.4 13 0.17(0.02) 1.01(0.16)
Medium 13 wt % 29.4 13 0.19(0.02) 0.74(0.11)
Medium 5 wt % 42 13 0.18(0.03)  3.43(0.94)
Soft 13 wt % 29.4 10 0.40(0.01) 0.51(0.02)
Soft PEG 2M 1.8 10 0.51(0.03) 0.00(0.00)
SHff 5 wt % 42 17 0.150.09)  7.36(307.00)
Stiff 13 wt % 29.4 17 0.09(0.01) 2.46(0.34)
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polyacrylamide hydrogels, we fitted our model to the com-
pressive response of 5 wt % “medium” polyacrylamide
microgel particles with dextran 70k from our previous work
[13]; see Table IV for the fitted parameters. In making the fits
for the medium and soft particles we enforced the particle to
reswell to its original size by demanding that BQ — P(Q —
1) =0, and we put Q = ¢,, = 0.11 for the medium and soft
gels and Q = ¢,y = 0.02 for the stiff gels [28]. We average the
fitted values for the permeability x of the medium hydrogels
to obtain an estimate for the permeability of the 5 wt %
polyacrylamide network.

Assuming the proportionality constant in the scaling re-
lation for the permeability « o< £2 to be equal for the

polyacrylamide and the aquapearl particles, we find the ra-
tio of the mesh size of the aquapearl particles to that of
5 wt % polyacrylamide medium hydrogels as &,qua/&polyac ~
7. Then, using Eq. (F1), and that the available volume fraction
for dextran 70k of the 5 wt % polyacrylamide hydrogels is
¢y = 0.11 [28], we find the available volume fraction within
the aquapearl particles for dextran 70k as ¢;‘§X = 0.78, where
we used Ry = 6 nm [23].

As we know the ratio of the radius of PEG 20k and PEO
200k molecules to that of dextran 70k, we find the fraction
of available volume for PEG 20k and PEO 200k as ¢'°C =
0.75 and ¢FFO = 0.36, where we used R, = 7 nm for PEG
20k [24], and R; = 22 nm for PEO 200k [24].
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