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ABSTRACT.

In this work, the long-time diffusion of a solute in a chemically crosslinked and flexible
hydrogel is computed from a coarse-grained model of polymeric network. The effects of
different key parameters of this model on diffusion are assessed. The relevance of chain
flexibility becomes important with increasing the polymer volume fraction and the solute
size. In fact, the solute particle can moderately diffuse in flexible hydrogels even when
its diameter is comparable to the mesh size. The diffusion coefficients obtained here are
tested comparing with previously reported experimental data. A reasonably good
agreement between experiment and simulation is found without requiring any adjustable

parameter.



INTRODUCTION.

The diffusion of macromolecules and nanoparticles particles through crosslinked gels is
of fundamental importance in many technological processes, such as size exclusion
chromatography and drug delivery. Solute diffusion also plays a key role in biopolymer-
based protective hydrogels, such as mucus. However, the physical mechanisms that
explain why only some particles can permeate such barriers are not fully understood yet.
In any case, knowing the relationship between the solute diffusivity and the parameters
describing the polymer network, such as the polymer volume fraction (¢) or the mesh
size (), can become a powerful tool for the design and development of functional gels
and for the understanding of hydrogels of biological interest.

For these reasons, many theorists have developed expressions to predict diffusion
coefficients from structural parameters of the polymer network (and the solute radius).
Amsden ! and Masaro et al. > reviewed these models at the late nineties. Some of these
theories are based on the concept of free volume, which is defined as the volume not
occupied by molecules of the solvent or the polymer. The rearrangement of the free
volume produces voids through which solute particles are able to diffuse. Other models
are based on the concept of obstruction. Polymer chains are considered as fixed and
impenetrable obstacles that slow down the diffusive motion of the solute. But, according
to hydrodynamic theories, polymeric chains slow down the fluid near them, which
increases the friction drag on the solute and reduces its diffusion coefficient. Recently,
Axpe et al. have combined a free volume model and an obstruction model, which are
supposed to operate at different length scales.’

Although the expressions derived from all these theories might be quite appealing for
experimentalists, we should keep in mind that such theories suffer from some limitations.
In fact, Amsden and Masaro ef al. concluded that many of their characteristic parameters

are not known a priori, which significantly reduces its capability of prediction."? In our
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opinion, we should also stress that these theories usually neglects the flexibility of the
polymeric chains, which are considered fixed centers of hydrodynamic resistance.

Computer simulations can be a useful tool to address different issues related to diffusion
in gels.*® In fact, many researchers have simulated diffusive processes in gel-like systems
since the early nineties. Most of them modelled gels as rigid structures of different

geometry, such as wormlike chains made of spherical beads, °!! self-avoiding random

12,13 13,14

walks, “'* randomly distributed points or obstacles, points along the sides of cubes, '

15,16 11,17

beads along the sides and the nodes of a cubic lattice, parallel rods, straight fibers
with different orientations'® and infinite rods in the three spatial directions.!”? The
existence of crosslinks between polymeric chains was explicitly considered by Netz et
al.,'> Miyata et al., '>'¢ and Hansing et al. 1%

Some flexible gel-like structures have also been simulated. Licinio, Zhou, Sandrin and
their respective coworkers connected spheres initially placed at the nodes of a cubic lattice
through harmonic potentials.?* It should be noted, however, that their simulations did
not explicitly consider polymeric chains. Similarly, Kumar et al. created a polymer
network on a diamond lattice consisting of 9883 monomers?® in which each monomer
was connected to four neighboring monomers through a finitely extensive nonlinear
elastic (FENE) spring characterized by a constant &, a measure of the network stiffness.
In addition, Kumar et. al. also looked into the effect of stickiness between the solute and
the polymer network.?® Likewise, Godec et al. considered a gel of 7x7x7 connected beads
with a simple unit cell and a freely diffusing tracer bead.?’” Nearest neighbors were
connected via Morse springs, and the authors used two different values for the depth of
the Morse potential that represent a moderately soft and a rather stiff gel. Kumar, Godec

and their respective coworkers concluded that the flexibility of the gel-like structure plays

a key role when the diameter of the tracer is similar to the mesh size or larger.



The bead-spring model of polymeric network has also been used to simulate solute
diffusion in gels. This coarse-grained model, employed to study gel swelling and solute

28-35

partitioning from the early 2000s°~°, allows us to explicitly consider crosslinked flexible

polymer chains.**¢3” The model is particularly appropriate to explicitly consider solute-
monomer and solute-crosslinker interactions or to simulate tightly-meshed networks.*>-7~
3% In addition, polydispersity or entanglements can also be implemented.*>*!

Recently, we have simulated an assortment of crosslinked flexible hydrogels finding that
their relative diffusivity admits a single and unified description in terms of a new

parameter 3, defined as f = @ (1 + Rg/ Rp)1'3,42 where R; and R, are the radius of the

solute and the radius of the polymeric chains or fibers that constitute the gel, respectively.
Here we extend our previous work on flexible crosslinked gels performing a systematic
study on the effect of certain aspects of the bead-spring model (such as chain flexibility,
particle stiffness or degree of crosslinking) on solute diffusion. Special attention is paid
to the effect of mesh size. This parameter plays an important role in some models of solute
diffusion in gels although its experimental determination is ambiguous.** Luckily,
simulations can yield accurate values of this parameter. Our simulation data are also
compared to results obtained for rigid gels. In this way, the effect of chain flexibility can
be more clearly evaluated. In addition, we find out to what extent the bead-spring model
used here can reproduce experimental diffusion coefficients. The direct comparison
between the predictions of simulations and real data allows us to assess the reliability of
the model and its approximations in applications to real situations. More specifically, we
test the model comparing with recent measurements of the diffusion coefficient in
poly(ethylene glycol) diacrylate (PEGDA) hydrogels.***> Poly(ethylene glycol)-based

hydrogels are used in a variety of biomedical applications (including drug delivery and



regenerative medicine because they do not generally elicit an immune response)*® and

can be covalently crosslinked with the help of reactive chain ends, such as acrylate.

MODEL AND SIMULATIONS.

According to the bead-spring model of crosslinked gel, the solvent is a continuous
medium and each monomeric unit forming the polymer chain is modeled as a sphere of
radius R,,. The radius of monomeric units must be quite similar to the radius of the
molecule of the corresponding monomer. In turn, this radius can be estimated from the

density (p;;,) of the monomer (in the liquid state) and the molecular weight (M,,,) as R,,, =

3{/0.74 - 3M,,, /4t Ny p,, Where Ny is Avogadro’s number. The radius of many monomers,
such as vinyl acetate, N-vinyl-2-pyrrolidone, N-isopropyl acrylamide and ethylene glycol,
is close to 0.3 nm. Consequently, this value was used for the monomeric units and the
crosslinkers in the simulations carried out here. The solute particle is also modeled as a
sphere whose radius is R. In this work, this parameter ranges from 0.6 to 2.2 nm (in
round numbers). This range includes many typical drugs and small macromolecules.

The steric forces between any pair of particles (solute, monomeric units or crosslinkers)
due to excluded volume effects were included in the model through the Weeks-Chandler-

Andersen (WCA) potential:

(1)

uwca(r) =

{EWCA((d/r)lz +d/e+1/4) r<V2d
0 r> 3/2d

Here r is the center-to-center distance between a given pair of particles, &y ¢4 1S the
parameter describing the strength of this interaction and d = R; + R; (where R; stands
for the radius of species i). In our previous works, ey cs = 4.11- 10721 J, which is
equivalent to kzT (where kj is Boltzmann’s constant and T the absolute temperature) for

T = 298 K. This will also be the value used in these simulations unless otherwise stated.



We should bear in mind that, unlike the Lennard-Jones potential, the WCA potential is
purely repulsive and &y, 1s related to the rigidity of the interacting particles.
Four polymer chains are connected to each crosslinker following a diamond-like topology

(see Figure 1).
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Figure 1. Snapshot of the simulation cell corresponding to a gel of 25 monomeric units
per chain and a solute particle whose radius is 1 nm. Blue, green and magenta beads
represent monomeric units, crosslinkers and solute particle, respectively.

For ideal networks, it is usually assumed that each polymer chain contains the same
number of monomeric units (N, ). The forces between bonded monomeric units can be
derived from a harmonic potential:

Ue(r) = 0.5k, (r — 19)> @)

In this expression, k, is the elastic constant of the bonds between neighboring monomeric

units and 7y is the equilibrium distance (r, = 2R,,, was assumed). According to some

authors,”® k, must be greater than kzT/(2R,,)?. In this way, the thermal fluctuations



undergone by monomeric units are smaller than their diameter and the polymeric network
is stable. The k,-values used in this work satisfied this criterion.

Given that simulating the whole gel is not feasible, our simulations are restricted to a
cubic unit cell containing 16 chains connected by 8 crosslinkers and the solute particle.
Periodic boundary conditions are applied to replicate the unit cell in the three spatial
directions. Simulations were performed in the canonical ensemble (constant volume,
temperature and number of particles). The total number of particles in the simulation box
depends on the number of monomeric units per chain. The dimensions of the simulation
cell were adjusted in every simulation to reproduce the polymer volume fraction desired.
The conventional Brownian Dynamics (BD) algorithm was used to move the particles of
the unit cell. If hydrodynamic interactions are not present, the m-component (where m
stands for the Cartesian spatial directions x, y or z) of the displacement of particle i during

a time step At can be computed as:*’

Aty = [2Dg ;AtN(0,1) + Fyp At/ kT 3)
where Dy; is the free diffusion coefficient of the particle in the solvent, N(0,1),
is a random number generated according to a Gaussian distribution of zero mean and unit
standard deviation and F,, ; is the m-component of the force exerted on particle i. This
force can be derived from potentials (1) and (2). The free diffusion coefficient of a given
particle was obtained from the Einstein-Stokes relationship, Dy ; = kgT /6mnR; (where 1
is the solvent viscosity). The At-value used in our simulations was 0.15 ps, which is of
the order of that employed by other authors.!! If At is not small enough, extremely large
displacements and instabilities might occur during simulations.

The mean squared displacement (MSD) of the solute particle was computed averaging on
300 independent trajectories. The position of this particle was sampled every 30 ps for 30

ns for flexible gels and 60 ns for rigid gels. Consequently, 2-10° and 4-10° moves per



particle were executed, respectively, in every trajectory. Before collecting data for the
computation of the MSD, 1-10° moves per particle were executed to equilibrate the
polymer network. Several examples of MSD are provided as Supporting Information.

In a normal diffusive motion, the MSD ({Ar?2)) is proportional to time:

(Ar?) = 6Dt 4)

Here D stands for the self-diffusion coefficient. However, it should be stressed that, at
very short times, the solute particle still does not “feel” the presence of the network. In
other words, some time is required before the polymeric network fully affects the
diffusive motion of the particle. The longtime diffusion coefficient was computed
assuming that (Ar?)/6t decays exponentially to D.** The error bars of a few diffusion
coefficients were estimated as the standard deviation of three independent runs to give an

idea of their uncertainty.

RESULTS AND DISCUSSION

Effect of chain flexibility.

As mentioned in the introduction, this work focuses on gels made of crosslinked flexible
polymeric chains, since they have been scarcely simulated so far. To begin with, let us
analyze the effect of the chain flexibility itself. Figure 2 shows the relative diffusivity
(D/D,, where D and D, stand for the longtime diffusion coefficient of the solute inside
the gel and its free diffusion coefficient, respectively) as a function of the polymer volume
fraction (¢) of a hydrogel with N,,,,, = 25 at 20 °C (n = 0.0010 Pa-s) and a solute particle
with R;=1 nm. Four gels with different elastic constants have been simulated (0.04, 0.40,
1.0 and 4.0 N/m). In all cases, k., > kzT/(2R,,)%. The error bars of a few data were
computed from three independent runs to exemplify how large their uncertainty can be.

The figure also includes the relative diffusivity obtained for rigid gels.
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Figure 2. Relative diffusivity as a function of the polymer volume fraction for hydrogels
with N, = 25 at 293 K and different elastic constants: k, = 0.04 (circles), 0.40
(squares), 1.0 (up triangles) and 4.0 (down triangles) N/m. The solute radius is 1.0 nm.
The results for a rigid hydrogel (diamonds) and the prediction proposed by Johansson et
al.', Equation 5 (dashed magenta line) and Quesada-Pérez et al.**, Equation 6 (dashed
black line), are also plotted for comparison.

It can be concluded that: 1) no significant differences are found when the elastic constant
varies from 0.04 to 4.0 N/m; ii) at low polymer volume fractions, the effect of flexibility
is negligible, since simulation results for flexible and rigid gels are almost identical.
However, the differences between rigid and flexible gels become noticeable for ¢ >
0.08. In fact, the diffusivity is very close to 0 for the rigid gel at ¢ = 0.11. This means
that the solute particle remains trapped inside the polymer backbone. On the contrary, the
solute can moderately diffuse at these volume fractions if the gel is flexible.

Figure 2 also displays the prediction of D/D, proposed by Johansson and Lofroth for

rigid gels:!°
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D/D, = exp(—0.84a%%) (5)

Here a@ = ¢(1 + Rs/Rp)* where R, is the polymer radius, which can be assumed to be
close to radius of the monomeric units in the case of polymeric chains. It should be
mentioned that Equation 5 was obtained fitting data with ¢ < 0.05 and R; < 3.0 nm.
According to Johansson and Lofroth, care should be taken when extrapolating beyond the
ranges simulated. In fact, the diffusivities obtained here agree with Equation 5 only for
¢ < 0.05.

As mentioned previously, the diffusivity of an assortment of crosslinked flexible gels has
been described with the help of a new parameter, f = @ (1 + Rs/R,)*3,*:

D/D, = exp(—1.778%°7) (6)

Although Equation 6 was derived for gels with k, = 0.40 N/m, Figure 2 reveals that it
also works reasonably well for k,-values that vary by two orders of magnitude.

To probe the diffusive motion a little deeper, the Gaussian character of several
representative cases of Figure 2 was analyzed computing the non-Gaussian parameter
(ay). For flexible gels, a, deviates from zero only slightly (see Supporting Information),
which means that diffusion is Gaussian in a high degree. However, larger deviations can
be found for rigid gels. This agrees with the results previously reported by Samanta et al.
for gel-like structures.>

It is worth investigating what happens for larger solute sizes. Figure 3 displays the relative
diffusivity obtained in the same flexible gels at ¢ = 0.08 as a function of the solute
radius. As can be seen, the diffusion coefficient decreases as the solute radius increases.
Equation 6 is also able to predict this dependence with the size of the solute. It should be
also stressed that, according to this equation, the relative diffusivity decreases with the

solute radius more slowly for flexible gels, since B scales with (1 + Rs/R,)"* whereas

a (the parameter characterizing rigid gels) scales with (1 + R,/ Rp)z.
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Figure 3. Relative diffusivity as a function of the solute radius for hydrogels with N,,,,, =
25 at T =293 K, ¢ =0.08, and different elastic constants: k, = 0.04 (circles), 0.40
(squares), 1.0 (up triangles) and 4.0 (down triangles) N/m. The solute radius is 1.0 nm.
The results for a rigid hydrogel (diamonds) and the prediction proposed by Johansson et
al.'®, Equation 5 (dashed magenta line) and Quesada-Pérez et al.*>, Equation 6 (dashed
black line), are also plotted for comparison.

This figure also confirms that the relative diffusivity in gels does not strongly depend on
the elastic constant (at least, in the range of this parameter studied). It should be pointed
out, however, that the effect of chain flexibility is larger for greater solutes. A similar
conclusion was previously found comparing the predictions of Equation 6 and
experimental diffusivities for different solutes in hydrogels based on PEGDA.** In fact,
Kamerlin and Elvingson concluded that diffusion in flexible networks is possible even
for solute sizes well above the mean pore diameter.’® The effect of the mesh size in

flexible gels will be discussed in detail later. The prediction of Equation 5 is again plotted

for comparison. Although the polymer fraction volume used in Figure 2 is outside the
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validity range of Equation 5, it is interesting to observe that these theoretical predictions
converge to the relative diffusivity obtained from simulations for rigid gels and greater

solutes.

Effect of particle stiffness.

To begin this subsection, we should remember that, according to our model, the
interaction between the solute particle and the monomers forming the hydrogel is purely
steric (i.e., its origin is excluded volume). Here this interaction is modelled through the
WCA potential, whose strength (&y,c4) depends on the stiffness of the interacting
particles. Thus, it is worth assessing the effect of this parameter on solute diffusion. Figure
4 shows the relative diffusivity as a function of the polymer volume fraction for two
systems that only differ in the & 4-value (4.11 - 10721 and 4.11 - 10722 J, respectively).
The rest of parameters are identical (N, = 25, k, = 0.4 N/m, R;=1 nm, T = 293 K).
As can be easily concluded from this figure, diffusion is faster for soft solutes and/or
monomeric units. This could be justified as follows. When &,-4 decreases, particles may
overlap to a greater degree. In other words, the effective excluded volume is smaller and
this is equivalent to a reduction of the effective polymer volume fraction, which leads to

an increase in diffusivity.
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Figure 4. Relative diffusivity as a function of the polymer volume fraction for two
hydrogels with different &y, 4-values: 4.11 - 10721 (squares) and 4.11 - 10722 J (circles).
The rest of parameters are N,,,, = 25, k, = 0.4 N/m, Rg=1 nm, T = 293 K.

It is worth examining the case of larger solutes. Figure 5 displays the relative diffusivity
as a function of the solute radius for ¢ = 0.08 (N,,,, = 25, k, = 0.4 N/m, T = 293 K).
By varying the size of the solute, the same conclusion is reached: diffusion is faster with

decreasing €y ca-
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Figure 5. Relative diffusivity as a function of the solute radius for two hydrogels with
different & c4-values: 4.11 - 10721 (squares) and 4.11 - 10722 J (circles). The rest of
parameters are N, = 25, k, = 0.4 N/m, ¢ = 0.08, T = 293 K.

Effect of the degree of crosslinking.

We have also performed simulations of hydrogels with different degrees of crosslinking
varying the number of monomeric units between two crosslinker molecules (N,;,,,). More
specifically, we simulated hydrogels with N,,,,, = 10, 25 and 40 at different polymer
volume fractions while the rest of parameters remained fixed (k, = 0.4 N/m, R;=1 nm,
T = 293 K). The relative diffusivity is plotted as a function of ¢ in Figure 6.

As can be concluded, the effect of the degree of crosslinking on diffusion is negligible in
the range of N,,,,-values studied here. In relation to Figure 6, we should keep in mind that
our simulations are performed in the canonical ensemble and the volume of the simulation
cell 1s adjusted to the desired volume fraction. This allows us to easily simulate gels with

different degrees of crosslinking but the same polymer volume fraction. In practice, this

16



is not so easy because these systems usually exert different osmotic pressures whereas
this parameter remains fixed in many experiments. In other words, polymer volume
fraction and degree of crosslinking are usually coupled in real hydrogels due to
experimental conditions (constant osmotic pressure). Therefore, it is difficult to vary one

of them without changing the other.

D/D,

000 002 004 006 008 010 012 0.14 0.16

Figure 6. Relative diffusivity as a function of the polymer volume fraction obtained in
simulations of gels with 10 (squares), 25 (circles) and 40 (up triangles) monomeric units
per chain. The rest of parameter are k, = 0.4 N/m, R¢=1 nm, T = 293 K. The predictions
of the obstruction model proposed by Amsden '*** (dashed lines), Equation 7, are also
plotted for comparison.

At this point, it is quite instructive to provide and analyze the mean distance between
nodes (crosslinker molecules) of these gels. This parameter, which is usually known as
mesh size (£), is plotted in Figure 7 for the three gels studied in Figure 6. The uncertainty

of this parameter was estimated as the standard deviation of its fluctuations, which can be

monitored during simulations. As can be seen, ¢ is greater than the solute diameter (2 nm)
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for gel with N,,,,, = 25 and 40. However, the mesh size is just a bit larger than the solute
diameter for gels with N,,,, = 10 at ¢ > 0.1. In spite of this, solute particles diffuse as
fast as in gels with N,,,, = 40. This suggests that the chain flexibility considerably
facilitates the diffusion of particles whose diameter is close to the mesh size. Godec ef al.
and Kumar et al. came to similar conclusions for flexible gel-like structures.?®’ Godec
and coworkers evaluated the time averaged mean squared displacement and the van-Hove
cross-correlation function concluding that, when the size of solute particles is comparable
to the mesh size, the particles still move in the gel but at a massively reduced diffusivity.?’
Kumar et al. computed the self-part of the van-Hove function (VHF) and showed that
moderately sticky larger probes in a relatively flexible matrix stretch the network and
have a finite but small probability to make large amplitude motion.?® To shed light on the
mechanism of diffusion in this case (diameter close to the mesh size), we have also
computed the self-part of the VHF (see Supporting Information) for N,,,,, = 10 and ¢ =
0.05. This function reveals that, overall, the displacements corresponding to these cases
are normally distributed. At large displacements, however, small deviations from the
Gaussian distribution are found for ¢ = 0.14, particularly at long lag times. According
to Kumar et al.,*® such deviations suggest that the solute particle stretches the polymer

network.
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Figure 7. Mesh size as a function of the polymer volume fraction obtained in simulations
of gels with 10 (squares), 25 (circles) and 40 (up triangles) monomeric units per chain.
The error bars corresponding to 10 monomeric units per chain are smaller than the
symbols. The mesh size for PEGDA hydrogels estimated by Hagel et al.*’ is also plotted
(down triangles).

Jointly analyzed, Figures 6 and 7 also reveal that flexible gels with same volume fraction
but different mesh sizes exhibit almost identical diffusion coefficients. In relation to this,

it should be mentioned that Amsden derived an expression for the relative diffusivity of

hydrogels composed of rigid polymer chains:'*®

2
_ _ o (BstRre
D/Dy = exp( T (E+2Rf> > (7)
Here Ry is the fiber radius. As can be seen, this expression gives prominence to the mesh

size, which explicitly appears instead of the polymer volume fraction. Amsden also
suggested that this expression could be applied to hydrogels made of flexible chains and

recently it was included in a multiscale model for solute diffusion in hydrogels.?

19



However, this expression dramatically fails as compared to our simulation results since it
predicts different diffusivities for N,,,, = 10, 25 and 40. This is clearly illustrated in
Figure 6, which also shows the predictions of Equation 7 calculated from the ¢-values
obtained in simulation (Figure 7). It should be also mentioned that this obstruction theory
considerably overestimates the diffusivity, particularly at high volume fractions. This
result is surprising, since the theory was developed for rigid gels. Thus, one should expect
diffusivities smaller than those obtained for flexible gels instead of significantly larger
ones. Axpe et al. also concluded that this obstruction theory systematically tends to

overestimate the diffusivity, except for very large solutes.’

Comparison with experimental data.

Recently, Majer and Southan have measured the diffusion coefficient of adenosine
triphosphate (ATP) in twelve hydrogels based on poly(ethylene glycol) diacrylate with
polymer volume fractions ranging from 0.06 to 0.30.* These researchers also tried to fit
their data with three theories belonging to the three families commented in the
introduction. According to their results, the hydrodynamic model proposed by Cukier is
not able to capture the behavior found in their experiments. The obstruction model
derived by Mackie and Meares succeeds in fitting the experimental data only if the
polymer volume fraction is multiplied by a factor of 1.66. In the case of the free volume
theory put forward by Lustig and Peppas, Majer and Southan first derived a
phenomenological relationship between their estimates of mesh size and the polymer
volume fraction and then they used the scale factor of the mentioned theory (Y) as fitting
parameter. These authors obtained that Y = 4.7, but according to the free volume theory,
this parameter should be of the order of 1. For the obstruction theory and the free volume

theory, Majer and Southan employed fitting parameters whose values are not known a
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priori and can probably change from case to case. Strictly speaking, these models can
only fit data, not predict.

Thus, it would be quite interesting to find out if the coarse-grained model of polymer
network employed here can really predict these experimental data. As mentioned
previously, a key parameter of the model is the mean number of monomeric units per
chain, which depends on the monomer-to-crosslinker ratio. Luckily, the molecular weight
between crosslinks (M,) can be estimated from data provided by Majer and Southan
applying a modified version of the Flory-Rhener equation (see Equation 3 in Reference
. Then, N,,,, = M./M,,,,, where M,,,, is the molecular weight of the monomeric unit
of poly(ethylene glycol) chains (—CH, — CH,0 —). Table 1 shows the N, -values
calculated for the twelve hydrogels studied by Majer and Southan (and presented in the
same order). This table also shows the mean distance between crosslinks (mesh size)
estimated by Majer and Southan.** As can be seen, there are three pairs of hydrogels with
the same polymer volume fractions (0.06, 0.09 and 0.13, gels 7 and 11, 8 and 12, 5 and
9, respectively) but different values of N,,,,, and mesh size. Other parameters used in these
simulations were k, = 0.4 N/m, Rg=0.633 nm, T = 298 K, n = 0.000891 Pa‘s and
ewca = 4.11-10721 J (the value of this parameter was used in previous works*>?2),

None of them was adjustable.
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Table 1. Some parameters of the gels studied by Majer and Southan: polymer volume
fraction (¢), molecular weight between crosslinks (M) estimated from the Flory-Rhener
equation, number of monomers per chain employed in our simulations (N,,,) and mesh
size (&) estimated by Majer and Southan.**

Gel Polymer  volume | Molecular weight | Number of | Mesh size
fraction () between crosslinks | monomers per | (£, nm)
(M., g/mol) chain (N,,,,)

1 0.1 242.7 6 2.6
2 0.2 157.2 4 1.6
3 0.3 105.0 2 1.1
4 0.07 917.4 21 6.0
5 0.13 606.6 14 3.9
6 0.16 584.5 13 3.4
7 0.06 1466.2 33 7.7
8 0.09 1300.0 30 6.0
9 0.13 992.9 23 5.0
10 0.03 3036.5 69 12.9
11 0.06 2331.9 53 8.9
12 0.09 1849.8 42 7.5

In Figure 8, the relative diffusivity measured by Majer and Southan is plotted as a function
of the polymer volume fraction. Diffusivities obtained from simulations are also plotted
for comparison. Overall, the agreement between experiment and simulation is quite good,
particularly if we keep in mind that adjustable parameters were not employed in our
simulations. Clear discrepancies between experiment and simulation are only observed
for two polymer volume fractions (0.10 and 0.20). But the measured data corresponding
to these @-values also deviate from the trend line of the rest of experimental points.

Consequently, we should not put too much emphasis on the previously mentioned
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discrepancies between simulation and experiment. In any case, the agreement between
simulation results (which do not consider hydrodynamic forces) and experimental data
suggests that hydrodynamic interactions do not play a key role here. In Supporting
Information, the reader can find preliminary simulations on the effect of hydrodynamic

interactions on flexible gels.
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Figure 8. Relative diffusivity measured by Majer and Southan.** for ATP in PEGDA
hydrogels (circles) and predicted by the model of flexible and crosslinked gel employed
here (squares).

At this point, let us turn our attention to the diffusivities of the three pairs of points
corresponding to the polymer volume fractions 0.06 (samples 7 and 11), 0.09 (samples 8
and 12) and 0.13 (samples 5 and 9). As can be concluded from Figure 8, Majer and

Southan measured similar diffusion coefficients for each pair of hydrogels with the same

@-value despite the fact that these pairs differ in the number of monomeric units per chain
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and in the mesh size. This behavior is perfectly captured by simulations, which also
predict similar coefficients for such pairs.

Hagel et al. also studied solute diffusion in PEGDA hydrogels.*> In this case, they
measured the diffusion coefficient of monodisperse dextran particles with diameters
ranging from 1.9 to 2.6 nm. These authors tried to fit their experimental data for different
solute sizes with the Ogstons model using the fiber radius as adjustable parameter. The
fits were acceptable but got worse with the polymer volume fraction. Different values of
the fiber radius were obtained from the fits for series of data at different polymer volume
fractions. More specifically, the fiber radius varied from 0.48 to 0.72 nm. These values
are considerably greater than the monomer radius estimated for ethylene glycol (of the
order of 0.3 nm).

It would be interesting to find out to what extent the model of flexible hydrogel employed
here can predict the relative diffusivities reported by Hagel ef al. without using adjustable
parameters. Unfortunately, these authors did not provide information to straightforwardly
compute M, or M,,,,,. But the number of monomers per chain can be indirectly obtained
from the estimates of mesh sizes that these researchers reported if such £-values are also
plotted in Figure 7. As can be seen, these data agree quite well with those obtained from
simulations for N,,,,, = 40. Consequently, we assume that the PEDGA chains synthesized
by Hagel et al. are made of 40 monomers per chain (on average). The rest of parameters
were k, = 0.4 N/m, T = 298 K and n = 0.000891 Pa-s.

Figure 9 shows the relative diffusivity measured by Hagel ef al. and those obtained from
simulations as a function of the solute radius for two volume fractions (0.03 and 0.05).
Since the polymer volume fraction and the solute radius are within the ranges simulated
by Johansson and Léfroth (¢ < 0.05 and R, < 3.0 nm), '° the predictions of Equation 5

are also plotted as reference of rigid gels. As can be seen for ¢ = 0.03, the agreement
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between simulation and experiment is acceptable considering that no adjustable
parameters were used. In contrast, the prediction of Equation 5 clearly fails when the
solute diameter increases. This reveals once more that the role played by the chain
flexibility is important for large solute diameters and high ¢-values. For ¢ = 0.05, the
diffusivities predicted by simulations also deviates from the experimental values for large
solutes diameters, although simulations again provide diffusivities much closer to the
experimental values than Equation 5. Regarding these discrepancies between simulations
and experiments, it should be mentioned that the model of network used here considers
certain degree of disorder associated to fluctuations in the polymer chains. But this model
could be improved by including some defects in the network, such as chains of different
lengths, entanglements or loose chains. Such defects may be common in real gels, so it
would be interesting to consider them in future works as some researchers have already
done.***! In any case, the predictions based on these models would require the knowledge
of structural parameters whose experimental determination can be complex, such as the
mesh size and the connectivity. Recently it has been shown that the simultaneous
measurement of the particle free energy and the particle diffusion coefficient helps to

determine such parameters.>
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Figure 9. Relative diffusivity measured by Hagel et al.*® in PEGDA hydrogels at ¢ =
0.03 (open squares) and ¢ = 0.05 (open circles) as a function of the solute radius. The
results obtained from simulation at ¢ = 0.03 (solid squares) and ¢ = 0.05 (solid circles)
and the prediction of Equation 5 at ¢ = 0.03 (black dashed line) and ¢ = 0.05 (red
dashed line) are also plotted for comparison.

Anomalous diffusion

This work has focused on the longtime diffusive motion, whose MSD is described by
Equation 4. It should be mentioned however, that the behavior of the MSD could be
affected by the flexibility of the polymer chains at other time scales. In the limit of very
short times, the perturbation of the polymeric network hardly affects the motion of the
solute, which diffuses almost freely. Thus the MSD is also proportional to time (at least
in the asymptotic limit), but the corresponding diffusion coefficient tends to D, instead
of D. Consequently, there must be a transient regime between these two diffusive
motions. In this intermediate regime, the MSD is usually proportional to t" (withn < 1),
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which is known as anomalous diffusion.>*>® We have computed the exponent of
anomalous diffusion (n) for the gel with N,,,, = 25 and k, = 0.4 N/m at 293 K (and
different ¢-values) and a solute particle with R;=1 nm following the method proposed by
Netz et al.'?. According to these authors, log({(Ar?2)/t) is plotted against log(t). The slope
of the transient regime provides the value of n — 1. The n-values obtained through this
procedure are plotted as a function of the polymer volume fraction in Figure 10. The
exponent of anomalous diffusion was also computed for a rigid gel with the same N,;,,,-
value and plotted for comparison. As can be concluded, n is much smaller for the rigid
gel at moderate polymer volume fractions. What is more, this parameter almost drops to
zero for the two ¢-values in which the solute remains trapped in a void of the polymer
network (see discussion of Figure 2). In other words, anomalous diffusion is much more
pronounced in rigid gels. Similar results were found in the molecular dynamics
simulations carried out by Samanta and Chakrabarti.?* They varied the polymer volume
fraction and the parameter characterizing the binding affinity between monomers and the
tracer particle concluding that, in the presence of frozen polymers, the n-exponent

becomes negligible.
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Figure 10. Exponent of anomalous diffusion as a function of the polymer volume fraction
for hydrogels with N,,,;,, = 25 and k, = 0.4 N/m at 293 K and (solid circle). The solute
radius is 1.0 nm. The results for a rigid hydrogel (solid square) are also plotted for
comparison.

CONCLUSIONS

In this work, the long-time diffusion coefficients of spherical solute particles in different
hydrogels have been computed through simulations within a coarse-grained model of gel
made of flexible and crosslinked polymer chains. If the radius of the polymeric chains
does not vary, diffusion is mostly controlled by two parameters: the polymer volume
fraction and the solute radius. The stiffness of solute particles and/or monomeric units
may have some influence on diffusion. However, our simulations reveal no significant

effects of mesh size for solute diameters of just a few nanometers (as long as the polymer
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volume fraction remains constant). In the range studied here, the elastic constant of the

monomeric bonds does not have a significant influence on diffusion either.

In any case, the effect of chain flexibility becomes important when the polymer volume
fraction and the solute radius increase. In fact, according to our simulations, solute
particles might remain trapped inside rigid polymeric networks with polymer volume
fractions of the order of 0.1 (and even lower) and moderately diffuse in flexible gels with
the same ¢. In addition, diffusion is possible when the mesh size is close to the solute

diameter.

The results obtained from simulations reasonably agree with two different experiments
without requiring adjustable parameters. In particular, the predictions of these simulations
agree with the fact that hydrogels with the same polymer volume fraction but different
degree of crosslinking and mesh size exhibit very similar diffusion coefficients. However,
the quantitative agreement between simulations and experiments seems to get worse

when the solute size increases.

Finally, we should keep in mind that the only solute/gel interaction considered in the
coarse-grained model is the purely steric one. The presence of any other interaction
between the solute and the gel in real systems could bring about deviations from the
results reported here. For instance, electrostatic interactions are always present in charged
systems and previous simulations performed within rigid gel-like systems suggest that
they can play a fundamental role, particularly when solute and gel are oppositely

15.16.19202257 I this case, electrostatic forces might even bring about the

charged.'!
immobilization of charged particles. Recently, some authors have also studied the

diffusive behavior of tracer particles in the presence of sticky obstacles.?®* This

stickiness is responsible to a great extent for the subdiffusive motion.
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