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In this work, the long-time diffusion of a solute in a chemically
crosslinked and flexible hydrogel is computed from a bead-spring
model of a polymeric network to assess the effect of steric obstruc-
tion. The relative diffusivities obtained for a wide variety of systems
can be described by an exponential decay depending on a parameter
that differs from that employed for rigid gels. The mathematical
expression derived here can approximately predict the diffusivity in
flexible gels if steric hindrance is the mechanism ruling diffusion.

Diffusion in crosslinked gels plays a key role in many indus-
trial, technological and biological processes. For instance, the
comprehension of the parameters involved in diffusion is
essential in separation processes such as size exclusion
chromatography.’ In many instances, the accurate prediction
of drug release kinetics from gels and microgels also relies on
the precise knowledge of the diffusion coefficient of the
solute.”™ On the other hand, biopolymer-based hydrogels such
as mucus or the extracellular matrix act as protective barriers
against pathogens and toxic agents.” In spite of their relevance,
the physical mechanisms that explain why only certain particles
can permeate such barriers are not fully understood yet. In
addition, particle diffusion is the cornerstone of microrheology
since rheological properties are intimately related to the long-
and short-time diffusion coefficients. In fact, from a micro-
scopic viewpoint, both diffusion and microrheology are based
on the knowledge of the mean square displacement (MSD) of a
tracer particle. For solute particles diffusing in a liquid,
Einstein found that the MSD ({(r®)) is a linear function of time ¢

(Ar?) = 6Dt (1)
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here, D is the diffusion coefficient in the liquid.

Diffusion in gels has drawn the attention of many theorists,
who have developed a lot of expressions to predict diffusion
coefficients from different models, which were reviewed by
Amsden® and Masaro et al.” at the late nineties. Some of these
theories focus on steric hindrance (or obstruction). According
to them, polymer chains are thought of as fixed and impene-
trable obstacles that slow down the diffusive motion of the
solute.

From the early nineties, researchers began to use a new and
powerful tool to address different issues related to diffusion in
gels: computer simulations.®° In fact, many researchers have
simulated diffusive processes in gel-like systems since then.
Most of them modelled gels as rigid structures of different
geometry (see references in ref. 8 and 10). In particular,
Johansson and Lofroth assessed the effect of steric hindrance
on the long-time coefficient diffusion for rigid gels and con-
cluded that most of their results merge into a mater curve when
they are represented as a function of o = ¢(1 + R¢/R,)*, where ¢
is the polymer volume fraction, R is the solute radius and R}, is
the radius of the polymeric fibers (or chains).'* The func-
tional form of this master curve was a slightly compressed
exponential decay:

D/D, = exp(—0.84a"%%) (2)

here D and D, stand for the longtime diffusion coefficient of the
solute inside the gel and its free diffusion coefficient, respec-
tively. Amsden concluded that eqn (2) leads to acceptable fits of
diffusivity data for gels composed of rigid polymer chains if the
radius of the polymer fiber works as adjustable parameter.®

A few flexible gel-like structures have also been simulated.
Some authors have employed a system made of spheres initially
placed at the nodes of a cubic lattice and connected to their
nearest neighbors by harmonic potentials.*>** It should be
stressed, however, that polymeric chains are not explicitly
included in these simulations. In fact, some researchers have
recently simulated solute diffusion in gels considering expli-
citly flexible polymeric chains through the bead-spring
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model.”™"” Their model was quite similar to the bead-spring
model employed by some researchers to study the swelling of
polyelectrolyte gels in the early 2000."*2° This model was able
to justify some experimental behaviors reported for microgels
synthesized from tetrafunctional crosslinkers®' and served as
reference to test different mean-field theories on gels.”*>* In
addition, this model has been employed in simulations of
nanogels.>**® More recently, the bead-spring model has also
been used within coarse-grained Langevin simulations to study
how the cross-link ratio of polymer networks controls the solute
partitioning, diffusion and permeability of flexible and regular
polymeric networks.>” Therein, the authors revealed how the
diffusion in collapsed gels strongly depends on the flexibility of
the polymers. In this sense, implicit-solvent coarse-grained
simulations together with scaling theories have been used by
the same group to study penetrant transport through semi-
flexible polymer networks.>®

According to the preceding paragraphs, our main goal is to
find out to what extent the steric obstruction in gels made of
flexible polymer chains can be described in terms of a single
function (like eqn (2)). To explicitly consider the flexibility of
the polymer backbone, the bead-spring model of gel was
employed. Accordingly, the solvent is a continuum and each
monomeric unit that forms the polymeric chain is modeled as a
sphere of radius R,,. The radius of the monomeric units is
expected to be almost identical to the radius of the molecule of
the monomer. In turn, this parameter can be estimated from
the molecular weight (M,,) and the density (p,,) of the corres-

ponding monomer as Ry ~ +/0.74 - 3M, /4nNap,,, where N, is
Avogadro’s number. In the simulations performed for this
study, a radius of 0.3 nm has been used for monomeric units
and crosslinkers. This value is close to the mean radius estimated
for several monomers, such as vinyl acetate, N-vinyl-2-pyrrolidone,
N-isopropylacrylamide and ethylene glycol.*

In an ideal polymeric network, each chain is composed
of the same number of monomeric units (Ny,,). To simulate
flexible chains, these monomers are connected through a
harmonic potential:

ue(r) = 0.5k.(r — 1r0)* (3)

here r is the center-to-center distance between a given pair of
neighbor beads, k. is the elastic constant of the bond between
them and r, is the equilibrium distance (in our case, we
assumed that ry = 2R,;)). To ensure that the thermal fluctuations
of the monomeric units are smaller than their diameter, several
authors propose that k. must be greater than kgT/(2Ry)>,>°
where kg is Boltzmann’s constant and T the absolute tempera-
ture. This provides structural stability to the polymeric network.
The value of elastic constant used in this work (k. = 0.4 N m™")
satisfies this criterion. Each crosslinker connect four polymer chains.
The network constructed in this way exhibits a diamond-like
topology (see Fig. SI-1 in ESIt). Crosslinkers and the solute particle
are also modeled as spheres (whose respective radius are R, and Ry).

The excluded volume effects between any pair of particles
(solute, monomeric units or crosslinkers) are taken into
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Here, ewca is the parameter describing the strength of this
interaction and d = R; + R; (where R; stands for the radius of
species 7). In this work, ewca = 4.11 x 107*' J, which is
equivalent to kgT for T = 298 K.

As the reader can imagine, the whole gel cannot be simu-
lated. Simulations are restricted to a unit cell, which is repli-
cated periodically in the three spatial directions. Periodic
boundary conditions are applied. The unit cell contains
16 chains connected by 8 crosslinkers and the solute particle.
Simulations were performed at constant volume, temperature,
and number of particles (canonical ensemble). The number of
particles is determined by the number of monomeric units per
chain. The volume of the simulation cell was adjusted to
reproduce the polymer volume fraction desired in every
simulation.

All the particles included in the simulation cell move
according to the Brownian Dynamics (BD) algorithm. In
the absence of hydrodynamic interactions, the m-component
(m can be x, y or z) of the displacement of particle i during a
time step At is given by:*°

Arm,i = 2D()'1‘A[]\[(O7 1) + EV,‘,‘AZ‘/]CBT (5)

where D, ; is the free diffusion coefficient of the particle i in the
solvent, N(0, 1), is a random number generated according to a
Gaussian distribution of zero mean and unit standard devia-
tion and F,; is the m-component of the force exerted on
particle i. The free diffusion coefficient of this particle
can be computed from the Einstein-Stokes relationship,
Dy; = kgT/6nnR; (where n is the solvent viscosity). The time step
used in our simulations was 0.15 ps, which is of the order of
those employed by Johansson and coworkers.*’ The results
might depend on the time step if this parameter is not small
enough. In addition, its value must be adjusted to avoid
extremely large displacements and instabilities during simula-
tions. It is interesting to compare the time step with the so-
called Smoluchowski time (¢s), defined as tg = m/y, where m is
the mass of a solute particle and 7y is its friction coefficient. If
Stokes’ law is fulfilled, y = 6myR,. Let us consider adenosine
triphosphate (ATP) as a representative solute. For this
molecule, m = 8.42 x 10~ *° kg and R, = 0.633 nm.** Thus,
ts & 7 x 107** s in water at 20 °C. As can be concluded, s is
smaller than the time step. This means that our simulations are
fully executed within the Brownian regime.

The MSD (required for the computation of the diffusion
coefficient from eqn (1)) was calculated averaging on 300
independent trajectories of the solute particle (only one solute
particle was used in our simulations to avoid the effect of
concentration on the diffusion coefficient). Its displacement
was sampled every 30 ps for 30 ns. Consequently, 2 x 10> moves
per particle were executed in every trajectory. It should be also

This journal is © the Owner Societies 2021
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Table 1 Series of systems simulated and plotted in Fig. 1 and 2
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Polymer volume Solute radius Number of monomers Degree of
Series fraction (¢) (Rs, nm) per chain (Nyy) crosslinking Temperature (K)
1 0.01, 0.03, 0.05, 0.08, 0.11, 0.14 1.0 25 0.020 293
2 0.08 1.00, 1.27, 1.53, 1.69, 1.90 25 0.020 293
3 0.03 1.00, 1.27, 1.53, 1.69, 1.90, 2.20 40 0.012 298
4 0.05 1.00, 1.27, 1.53, 1.69, 1.90, 2.20 40 0.012 298
5 0.03 0.633 69 0.007 293

0.06 33 0.015

0.06 53 0.009

0.07 21 0.023

0.09 30 0.016

0.09 42 0.012

0.10 6 0.077

0.13 14 0.034

0.13 23 0.021

0.16 13 0.037

0.20 4 0.111

0.30 2 0.200

mentioned that, before collecting data for statistical purposes,
the polymer network was equilibrated through 1 x 10° moves
per particle. The longtime diffusion coefficient (D) was com-
puted fitting (r?)/6t to the exponential decay D + Ae™"", where A
and t are also adjustable parameters. An example of fit is
provided as ESIT (see Fig. SI-2 in ESIY). The error bars of some
diffusion coefficients were estimated as the standard deviation
of three independent runs. Although this work is focused on
the long-time diffusive behavior, the MSD can provide valuable
information on diffusive phenomena at other time scales,
such as anomalous diffusion,*** recently observed in mucin
hydrogels.*> The presence of anomalous diffusion in the
simulations performed here is also briefly commented in
ESL.f

The simulations performed in this work can be grouped into
five series, which are summarized in Table 1. The values of the
polymer volume fraction (¢), number of monomeric units per
chain (Ny,y), solute radius (Rs) and absolute temperature (7)
employed in each simulation can be found in Table 1. These
values are inspired by real systems. In fact, series 3-5 try to
reproduce the conditions of experiments carried out by Hagel
et al.>® (series 3 and 4) and Majer and Southan®? (series 5) with
hydrogels made of poly(ethylene glycol) diacrylate (PEGDA).
Hagel et al. measured the diffusion coefficient of monodisperse
dextran particles with diameters ranging from 1.9 to 2.6 nm,*®
whereas Majer and Southan measured the diffusion coefficient
of adenosine triphosphate (ATP) in twelve hydrogels with poly-
mer volume fractions ranging from 0.06 to 0.30.>> The
Nmy-value corresponding to the hydrogel employed by Hagel
et al. was adjusted trying to reproduce the mesh sizes reported
for different polymer volume fractions. On the other hand, the
Nmyvalues corresponding to the hydrogels synthesized by
Majer and Southan were computed from the molecular weight
between crosslinks (M.), which in turn can be estimated from
data provided by Majer and Southan applying a modified
version of the Flory-Rhener equation (see ref. 32 for further
details). Table 1 also includes the degree of crosslinking
(defined here as the ratio of crosslinking molecules to the total
number of monomeric units).

This journal is © the Owner Societies 2021

As can be inferred from Table 1, the gels simulated here
comprise wide ranges of ¢ (0.01-0.30), N,,,, (2-69) and degree of
crosslinking (0.007-0.200). In addition, it is worth mentioning
that series 5 includes three pairs of gels with the same volume
fraction (0.06, 0.09 and 0.13) but different N,,,,-values. Concerning
the solute, the largest radius is 2.20 nm and this includes a wide
variety of molecules or macromolecules of biotechnological inter-
est, such as urea, glucose, caffeine, myoglobin, lysozyme or
a-lactalbumin (their radii can be found in ref. 6).

Fig. 1 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) of the
five series of simulation data (see Table 1) as a function of
o = @(1 + Ry/Ry,)* In the estimation of « it was assumed that
R, X Ry, because we are dealing with polymer chains, whose
thickness is of the order of the monomer diameter. As can be
concluded, these data do not merge into a master curve. This
obviously means that solute diffusion in flexible gels is not
governed by the parameter ruling diffusion in rigid networks.

Luckily, the five series of relative diffusivity approximately
collapse onto a master curve when they are represented as a
function of a new dimensionless parameter, f, defined as
B = ¢(1 + Ry/Ry)">. This is illustrated in Fig. 2. As can be easily
seen, the exponent of (1 + Ry/Ry,) in f is smaller than in o. This
means that the relative importance of size (compared to the
polymer volume fraction) in steric hindrance is smaller in
flexible gels.

After having found a master curve introducing a new dimen-
sionless parameter, the data of Fig. 2 were fitted to the function:

DID, = exp(—Af°) (6)

with A = 1.77 £ 0.04 and e = 1.07 £ 0.03. Eqn (6) has the same
functional form as eqn (2) (slightly compressed exponential
decay), but the independent variable is different. It should be
also mentioned that the master curve of Fig. 2 includes gels
with very different Ny,,-values and, consequently, very different
degrees of crosslinking. However, Ny,, does not appear in the
definition of . This suggests that the degree of crosslinking is
not a determining parameter in diffusion inside flexible gels.

Phys. Chem. Chem. Phys., 2021, 23,14997-15002 | 14999
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Fig. 1 Relative diffusivity corresponding to five series of data as a function
of a = (1 + Re/Rm)?. The error bars of a few cases are shown to exemplify
the uncertainty in the relative diffusivity.
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Fig. 2 Relative diffusivity corresponding to five series of data as a function
of B = ¢l + Ry/Rm)*>. The best fit obtained from eqn (6) is also plotted
(solid line). The error bars of a few cases are shown to exemplify the
uncertainty in the relative diffusivity.
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In any case, it should be mentioned that Fig. 2 and the
parameters of eqn (6) were obtained from simulations in which
the elastic constant remained fixed (k. = 0.4 N m™'). As
preliminary work, simulations with elastic constants ranging
from 0.04 to 0.4 N m~" were carried out. No important effects
were found on the diffusion coefficient. However, this coeffi-
cient and the definition of f might depend on the rigidity of the
network for k.-values outside that range.

At this point, it is worth finding out to what extent real
systems also obey eqn (6). To tackle this task, we have used five
series of experimental diffusivities. Three of them inspired our
own simulations (dextran particles in PEGDA-based gels at
@ = 0.03 and ¢ = 0.05°° ATP in PEGDA-based gels®?).
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Fig. 3 Relative diffusivity corresponding to real gel/solute systems as a
function of § = (1 + RJ/Rm)*>. The prediction obtained from eqn (6) is also
plotted (solid line). These diffusivities (and their error bars) were extracted
from ref. 32,36,37,38.

The relative diffusivities measured for them are plotted in
Fig. 3. This figure also displays diffusivities corresponding to
ribonuclease (RNase) and urea in polyacrylamide (PAAm)
gels®”?® as a function of B. Ry, and R, are required to estimate
this parameter. As mentioned previously, the radius of different
monomers (estimated as Ry, = \3/0.74 -3Mpy /4TNAp,,) is of the
order of 0.3 nm. This is also the case of ethylene glycol and
acrylamide. In relation to Ry, it should also be stressed that it
was not considered an adjustable parameter. The solute radius
is 2.0 nm for RNase®” and 0.2 nm for urea.*® As can be seen in
Fig. 3, the diffusivities of these five series are located very close
to the prediction of eqn (6). For f > 1, the experimental values
seem to be slightly greater than those predicted by eqn (6). This
suggests that simulations might underestimate the diffusion
coefficient of large solutes. In any case, the advantage of using
p with real systems can be illustrated plotting their relative
diffusivities as a function of «. This is shown in Fig. SI-5 (ESIf).
In addition, we should keep in mind that the only solute/gel
interaction considered in the bead-spring model used here is
the purely steric one. Consequently, the predictions of eqn (6)
might significantly deviate from the real ones if other interac-
tions are present. For instance, previous simulations performed
within rigid gel-like systems suggest that electrostatic interac-
tions can play a fundamental role, particularly when solute and
gel are oppositely charged.*"**™** But, in the presence of
additional interactions, eqn (6) might be used in combination
with other expressions quantifying their effects. In fact,
obstruction theories have been previously combined with
hydrodynamic theories in the case of rigid gels.®
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