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Abstract (500 words)

In this review, we present a summary of computer simulation studies on solute diffusion in gels
carried out in the last three decades. Special attention is paid to coarse-grained simulations in
which the role of steric and electrostatic interactions on the particle diffusion can be evaluated.
In addition, other important characteristics of particle diffusion in gels, such as the stiffness of
the gel structure and hydrodynamic interactions, can be taken into account through coarse-
grained simulations. Emphasis is placed on how simulation results help to test
phenomenological models and to improve the interpretation experimental results. Finally,
coarse-grained simulations have also been employed to study the diffusion controlled release
of drugs from gels. We believe that scientific advances in this line will be useful to better
understand the mechanisms that control the diffusive transport of molecules in a wide variety
of biological systems.
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1. Introduction and background

The diffusion of solute molecules in gels plays a fundamental role in different
technological, industrial and biological processes. For instance, the precise knowledge of the
diffusion coefficient is required in drug delivery for an accurate prediction of diffusion-controlled
release kinetics and the proper control of drug dosage. The comprehensive understanding of
solute diffusion in gels is also essential in separation processes (e.g., gel permeation
chromatography [1] or membrane separation [2]). Biopolymer-based hydrogels (such as mucus)
constitute selective barriers that regulate the passage of some macromolecules through them
[3]. Oher examples of applications of solute diffusion in gels are those related to diffusion in
hydrogel contact lenses [4] and encapsulation of cells in hydrogels for biomedical applications
[5,6].

At the late nineties, a plethora of theoretical models for solute diffusion in gels were
reviewed by Amsden,[7] and Masaro and Zhu.[8] These theories can be classified into three main
categories: i) free volume theories; ii) obstruction theories; ii) hydrodynamic theories. Free
volume theories assume that the solute particles move by jumping into voids formed in the
solvent space by the redistribution of the free volume. This mechanism mainly governs the
diffusion of molecules whose size is less than the characteristic dimensions of these voids.
Obstruction theories focused on the hindrance caused by the impenetrable polymer chains,
paying special attention to the geometry of the network. Finally, hydrodynamic theories
consider that polymer chains enhance the frictional drag on the solute by slowing down the fluid
around them. Obstruction and hydrodynamic models are often based on idealized pictures of
the polymer backbone. According to Amsden, obstruction theories are particularly suitable for
gels made of rigid fibers (such as alginate- or agarose-based hydrogels)[7]. On the other hand,
the diffusion in gels composed of flexible chains can be described with the help of hydrodynamic
theories. Recent experiments with heterogeneous gels seem to support this hypothesis.[9]
Unfortunately, their underlying models often include unknown solvent-solute interaction
parameters limiting their capacity of prediction. In any case, here we restrict ourselves to those
models derived from computer simulations or tested by means of these techniques.

It is not surprising that many theorists have developed models based on excluded
volume interactions (also known as steric interactions) since these forces are always present.
Steric interactions are also the basis of size filtering: solute particles can travel long distances
through a hydrogel if they are small enough to seep through the voids between polymer chains.
This sounds quite intuitive and appealing. However, Lieleg et al. claimed that the notion of size
filtering is not enough to fully understand the permeability properties of mucus hydrogels [10].
In fact, these researchers found that acidic mucin hydrogels are much more selective than the
neutral ones. Thus, they concluded that electrostatic forces between diffusing particles and
mucin polymers control the permeability of mucin hydrogels to a great extent. This is what they
call interaction filtering. Moreover, when mucin chains are negatively charged, they can interact
via hydrophobic and electrostatic forces as well as via the formation of disulfide bonds [11].
Accordingly, no wonder so many scientists are looking for the physical mechanism explaining
how particles facilitate their own diffusion in a polymer gel giving rise to a perfect filter. For



instance, recently it has been found that binding-mediated mechanisms can contribute to
enhance diffusion of particles in a gel [12].

Under this scenario, coarse-grained (CG) simulations, on their own or in a combination
with theoretical approaches, become a powerful tool to test the previously cited theories and
to improve their capability of prediction. In this sense, CG simulations have been widely used in
the last three decades to simulate polymer networks as well as gels and microgels (see [13,14]
and references cited therein). Moreover, CG simulations could be used to predict the impact of
formulation and processing parameters on the kinetics of drug release. For instance, Rapp et al.
used CG Brownian Dynamics simulations together with fluorescence recovery after
photobleaching (FRAP) experiments, to study strand exchange and polymer self-diffusivity in
associative protein hydrogels [15]. More recently, Schneible et al. have used all-atom molecular
dynamics simulations to obtain the CG interaction potentials between drug molecules and
chitosan chains by following the force matching method [16,17]. Thanks to the combination of
simulation and experiments, the authors go deeper into the design of chemotherapeutic
hydrogels to combat cancer.

Accordingly, the aim of this review article is to provide an update of the findings on
solute diffusion in gels obtained through CG simulations. In particular, the work comprises i)
simulations of uncharged gels in order to analyse the role of steric obstruction; ii) simulations of
charged gels in which electrostatic interactions control the diffusion of charged solutes to a great
extent; iii) explicit simulations of drug release from nanometer-sized gels.

2. Models and techniques
CG models of gels in solute diffusion.

Many questions regarding gels involve length and time scales that considerably exceed those
that can be treated in atomistic simulations. For that reason, different levels of coarse-graining
have been employed to achieve simplified representations of reality. Most of the CG models
used in solute diffusion considered that the polymer network was rigid (its constituents did not
fluctuate). In three pioneering works, Johansson et al. constructed wormlike chains consisting
of spherical beads (Fig. 1 a) [18-20]. Netz and Dorfmdiiller generated a diamond-like lattice
connecting randomly distributed nodes through biased self-avoiding walks with certain degree
of randomness [21]. In a subsequent work, Netz and Dorfmiller modeled gel-like systems as i)
sets of randomly placed points; ii) points distributed along the sides of isolated and merged
cubes [22]. Miyata also constructed a cubic lattice made of immobile small spheres [23,24] beads
(Fig. 1 b). Again, a rigid cubic lattice was employed by Hansing, Netz and their coworkers. In this
case, the lattice was comprised of straight and infinite rods [25—-27]. Hansing and Netz also
employed arrays of infinite rods in the three spatial directions to study the influence of spatial
disorder on diffusion in gels. Such disorder was introduced by randomly displacing the fibers
from their position in a perfect cubic lattice [28] beads (Fig. 1 c). A similar cubic structure made
of rectangular rods was also employed by Miyamoto et al. to model an agar-gel [29]. These
researchers obtained diffusion coefficients of sugars in agar-gel that agree with those available
in the literature. Other authors have modeled gels are networks of rigid straight fibers with



different degrees of alignment [30,31]. As the reader can imagine, macroscopic gels cannot be
simulated to their full extent. The simulation cell usually contains just an inner portion of the
gel, which is periodically replicated. Periodic boundary conditions are applied in this case.

In the works mentioned so far, the gel-like structure was rigid. Thus, the effect of
polymer chain flexibility on solute diffusion could not be addressed. Just a few surveys have
considered flexible structures. Some authors have employed a network of spheres initially
placed at the nodes of a cubic lattice connected to their nearest neighbors by Hookean springs
beads (Fig. 1 d) [32—-34]. It should be stressed, however, that this model does not consider the
existence of polymer chains.

A more realistic model of crosslinked flexible polymer chains was employed by Kamerlin
and Elvingson [35]. The network was constructed by connecting randomly placed tetravalent
crosslinkers through polymer chains made of beads. It should be mentioned, however, that
these authors employed spherical boundary conditions instead of the conventional periodic
boundary conditions. In this representation, the cubic 3D simulation cell is transformed into the
surface of a 4D sphere. Consequently, distances must be measured along the great circle
geodesics.

Lattice models (in which space is discretized) were also employed to simulate diffusion
in the interphase cell nucleus, which is filled with chromatin fibers [36,37]. In their first work,
Wedemeier et al. modeled this fibrous medium as three different static structures: i) randomly
distributed obstacles; ii) a random walk; iii) a self-avoiding random walk [36]. In a second work,
they considered the flexibility of the chromatin fibers through a combination of the bond
fluctuation method and the Metropolis algorithm [37].

As can be concluded, a wide variety of CG models has been employed in simulations of
solute diffusion in gels. However, just a few of these models[23,24,27,35] are inspired in some
way by the bead-spring model of chemically crosslinked gels. According to this representation
of reality, each polymeric chain is modeled as a sequence of spherical beads characterized by
their radius and charge. The ends of these chains are connected to crosslinker molecules.
Excluded volume forces between beads are usually included through the hard sphere potential
or the Weeks-Chandler-Andersen (WCA) potential:
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Here &yca is the energy characterizing the strength of this repulsive interaction
potential and R; stands for the radius of species .

The flexibility of the polymeric chain is simulated connecting monomers and crosslinkers
through elastic bonds. The elastic forces associated to them can be included in the model
through harmonic interaction potentials [38-41]:

Upona (1) = % (r— TO)Z (2)



where 1 is the center-to-center distance between the beads, kj,,4 is the elastic constant and
1y is the equilibrium bond length. Other authors prefer nonlinear potentials, such as the so-
called finite extension nonlinear elastic potential.[42] A value of k} 5,4 = 0.4 N/m was employed
in some CG simulations of polyelectrolyte gels [38,39,43—45]. Other values for the elastic
constant have also be proposed but in all cases, kp,,q has to be chosen in such a way that
thermal fluctuations undergone by monomers must be smaller than their diameter [42,46,47].
The inclusion of elastic bonds between monomers allows simulating flexible gels but requires
much longer computational times. Maybe for that reason, rigid gels have been mostly preferred
in simulations of solute diffusion.

According to the CG models of polyelectrolyte gels developed in the 2000s, small ions are
explicitly treated and charged species interact via pure Coulomb forces. However, in simulations
of solute diffusion in gels, electrostatic interactions are usually included through screened
Debye-Hiickel-like potentials and small ions arising from the dissociation of chemical groups on
the polyelectrolyte chains and electrolytes in solution are taken into account only implicitly
through the screening Debye parameter.[20,23-28] For instance, Johansson et al. employed the
Debye-Hiickel (DH) potential:[20]

qidj exp(kR;) exp(kR;j) exp(—Kr) (3)
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Here q; and R; are the charge and the radius, respectively, of species i (charged
monomers or solute particle in this case), €& is the dielectric permittivity of the solvent and k
is the Debye screening parameter. We should keep in mind that: i) these authors considered a
point-like solute and a rigid gel; ii) small ions are not explicitly included. For these reasons, the
DH potential is applied only to monomer-solute electrostatic interactions.

One of the main advantages of CG models is the generality of conclusions, which can be
valid to a great extent for a huge variety of systems regardless their chemical composition. It is
worth mentioning, however, that molecular dynamics simulations at atomistic level can also be
employed if we are interested in specific substances. In fact, Wu et al. studied the diffusion of
chloride, sodium and rhodamine in poly(ethylene glycol) diacrylate (PEGDA) gels through
molecular dynamics [48]. These authors focused on the effect of the crosslinking degree, which
can be defined as the ratio of crosslinker molecules to the total number of monomers (other
definitions are also possible). In the simulations performed by Wu et al., the crosslinking degree
ranged from 0.004 to 0.025, whereas the mesh size ranged from 2.28 to 5.49 nm. It should be
mentioned, however, that broader ranges of crosslinking degree and mesh size have been
explored in simulations within CG models of crosslinked gels. For instance, Miyata studied
diffusion in gels with crosslinking degrees and mesh sizes ranging from 0.002 to 0.110 and from
9.6 to 72 nm, respectively.[24]

Diffusion coefficient

Before presenting the expressions that govern the diffusion of solute in gels, we must
start from solute particles that execute a Brownian motion in a 3D medium. Herein, the mean



square displacement (MSD) of the particles, (Ar?), is calculated from averaging over a statistical
ensemble and is a linear function of time t:

(Ar?) = 6Dt (4)

Here, D is the coefficient in the medium. This relationship, which was first derived by
Einstein, is the fundamental link between the microscopic and the macroscopic descriptions of
diffusion. Additionally, it allows us to compute the diffusion coefficient by calculating the MSD
of a tracer particle along a wide set of simulated trajectories. Strictly speaking, computer
simulations provide a self-diffusion coefficient. In contrast to collective diffusion, which involves
the simultaneous transport of many particles induced by concentration gradients, self-diffusion
is related to the dynamics of single particles and can take place without the presence of
concentration gradients. In addition, it should be mentioned, that in many complex fluids (such
as crowded media or gels), Eq. 4 only holds for very short times. After a certain time, the MSD
becomes proportional to th . This regime is known as anomalous diffusion. The reader interested
in anomalous diffusion is referred to the review by Metzler et al. [49]. In many cases, 0 < § <
1, which means that this motion is slower than Brownian motion. For that reason, this situation
is also known as subdiffusion. However, anomalous diffusion is often a transient regime and at
long times the MSD is again described by Eq. 4 but with a different diffusion coefficient. In these
cases, short- and long-time diffusion coefficients can be defined.

In any case, the computation of MSD requires averaging over a large number of
trajectories, which can be generated using different simulation techniques. Many of the
simulations are performed through Brownian Dynamics (BD), an implicit solvent simulation
method based on the generalized Smoluchowski equation. In the absence of hydrodynamic
interactions, the displacement of particle j during a time step At is given by [50]:

Ary = J2DoAtN(0,1) + DoF;At/kgT  (5)

where D, is the free diffusion coefficient of the particle in the solvent (which can be estimated
from the Einstein-Stokes relationship), N(0,1), is a random number generated according to a
Gaussian distribution of zero mean and unit standard deviation, Fj is the force exerted on
particle j, kg is Boltzmann’s constant and T the absolute temperature. The first term on the
right side of this expression is due to the Brownian diffusion process experienced by a particle
immersed in a fluid as a result of collisions with the molecules of that fluid. On the other hand,
the second term includes the effect of forces. Apart from Eq. 5, there is no equation for the
particle velocity because the time step is assumed to be so long that nearly all velocity
information is lost from one-time step to the next.

Although BD seems to be particularly suitable for simulation of diffusive processes, some
authors have also employed the Monte Carlo (MC) method [21,22,36,37]. One should keep in
mind, however, that time is not explicitly considered in conventional MC schemes.
Consequently, the MSD is monitored as a function of the number of executed MC steps.

To end this section, it should be mentioned that just a few researchers have considered
hydrodynamic interactions in their simulations of solute diffusion in gels. In these cases,
Stokesian Dynamics (SD) was preferred. In BD, hydrodynamic interactions can be approximated



as a Stokesian friction or coarsely treated through a diffusion tensor. In contrast, SD is an implicit
solvent simulation method that rigorously considers interparticle hydrodynamic interactions
[51]. One of the main disadvantages is its low adaptability to complex particle shapes or
geometries.

3. Uncharged gels: the role of steric obstruction

At the early nineties, Johansson et al. performed BD simulations of a solute particle in a
gel made of rigid worm-like chains [18,19]. Hydrodynamic interactions were not considered. In
fact, they only considered excluded volume interactions between the solute and the hard
spheres forming the polymer chains. Johansson and L6froth employed the algorithm developed
by Cichoki and Hinsen [52] for systems of hard spheres to compute the ratio of the long-time
diffusion coefficient in a gel to the free diffusion coefficient in the solvent, D /D,. The influence
of the radius of the solute particle (R;), the polymer volume fraction (¢), the polymer radius
(Rp), and the persistence length of the chains were systematically studied [19]. In our opinion,
it is worth stressing the effect of the polymer radius. Johansson and Lofroth corroborated that
the diffusion coefficient decreases when the radius of the polymer fiber decreases (provided
that the polymer volume fraction remains fixed). In other words: thin polymer fibers contribute
more to steric hindrance than thick fibers (as long as the polymer volume fraction is the same).
This feature was justified considering that as the polymer radius increases the distances
between the chains also increase and thus, a faster diffusion is reached [19].

Johansson and Lofroth also proved that their simulation results can be predicted to a
great extent by a hard sphere theory that provide the following expression:

D/D, = exp(—a) + exp(a) - a?E;(2a) (6)

Here a = (1 + RS/RI,)2 and E; is the exponential integral. The agreement between
the simulation data and the predictions of this expression was quite satisfactory for a<1. On the
other hand, the theory overestimates D /D, (which we will refer to as relative diffusivity) for
high polymer volume fractions and/or large solute particles. However, simulation data could be
better reproduced by the following phenomenological expression [19]:

D/D, = exp(—0.84a'%9) (7)

It is quite instructive to compare the predictions of Eq. 7 and recent experimental data
for adenosine triphosphate (ATP) molecules [53], whose radius is 0.633 nm, and dextran
molecules with radii of 1.00 and 1.90 nm in PEGDA gels [54]. In the experiments with ATP, the
polymer volume fraction varied from 0.06 to 0.30. Three polymer volume fractions were studied
in the two cases of dextran molecules (0.03, 0.05 and 0.08). The relative diffusivity measured for
these samples is plotted as a function of « in Fig. 2. The computation of this parameter requires
the radius of the polymer chain, R,,, which was estimated from the molecular weight (M,,) and

the density (p,) of the corresponding monomer (ethylene glycol) as R, =

i/0.74 - 3M,,, /4AntN,p,,,, where N, is Avogadro’s number, turning out to be 0.27 nm.



As can be inferred from Fig. 2, Eq. 7 provides acceptable predictions of relative diffusivity
for a < 1. The discrepancies between theory and experiment grow with a. In particular, Eq. 7
significantly underestimates the diffusion coefficient of the solute with the largest radius (1.90
nm). We should keep in mind that Eq. 7 was derived from simulation data of rigid worm-like
chains whereas certain degree of flexibility is expected for real PEGDA chains. Consequently, Fig.
2 suggests that the flexibility of the chains is a determining factor for high polymer volume
fractions and particularly for large solute sizes, but its influence is scarce for low a—values.

Netz and Dorfmdiiller also investigated excluded volume effects on solute diffusion in
uncharged and rigid gels. Two different structures were considered: i) a distribution of randomly
placed points (as model of disordered media); ii) points placed along the sides of isolated and
merged cubes (as a better approximation to gel-like structure) [22]. Although these structures
were made of points, excluded volume effects were present due to the finite size of the solute
particle. In the case of randomly placed points they concluded that D/D,, is also given by the
expression derived and tested by Johansson and Loéfroth [19]. It should be stressed, however,
that the meaning of the dimensionless parameter « is now different. For disordered media, a =
47mpR§/3, where n,, is the number density of points. For the cubic gel-like structures, these
authors did not propose an analytical expression but they concluded that knowing the
distribution of the obstacles in the space allows making a very satisfactory prediction of the
diffusion behavior for different solute sizes.

These authors also paid special attention to anomalous diffusion and stated that this
phenomenon is pronounced if the radius of the solute particle is larger than 80% of the mean
pore radius. This finding agreed with the results that they had previously observed for rigid
diamond-like structures: when the solute diameter becomes comparable to the pore size the
exponent characterizing the growth of the MSD diverges [21]. Netz and Dorfmiiller also found
that the time evolution of the MSD can be split into three regimes (as long as the solute particle
does not become trapped): normal diffusion at short times, anomalous diffusion (as transition)
and normal diffusion again at long times. Recently, Ghosh et al. have studied the anomalous
diffusion of a tracer particle attracted by the obstacles forming a crowded medium [55]. These
researchers concluded that the diffusive regime strongly depends on the strength of the
attractive interaction between the tracer particle and the obstacles and their volume fraction.
More specifically, increase, the transient subdiffusion regime progressively extends over a larger
time window when these parameters increase.

As mentioned before, Wedemeier et al. also considered different static structures in
their study on diffusion in crowed media of chromatin fibers [36]. They concluded that different
conformations lead to different diffusive behaviors. In particular, the more homogeneous the
distribution of obstacles, the lower the diffusion coefficient. These authors also observed that
chromatin fibers of different chain length exhibit almost the same diffusion coefficient if the
volume fraction remains constant.

Stylianopoulos et al. focused on the effect of the fiber orientation [30]. Four fibrous
structures made of rigid rods with different degrees of alignment ranging from nearly
anisotropic to perfectly aligned rods were considered. These authors concluded that the overall
diffusion coefficient is not significantly affected by the degree of alignment. However, spatial



anisotropy generates anisotropic diffusion process. This is logical and had been observed in
simulations of charged gels by Johansson et al.(see next section) [20].

As pointed out above, Hansing, Netz and their coworkers modeled the gel as a cubic
lattice made of rigid straight rods [25-27]. Although this model was mainly developed for
charged gels, it was also applied to neutral networks. In this case, the predictions of the model
clearly deviates from experimental relative diffusivities measured by Tong et al.[56]. The model
predicts that the relative diffusivity of purely steric systems describes an almost linear function
in the range of polymer volume fractions studied, whereas experimental data describe a convex
function that resembles an exponential decay [27]. Later, Hansing and Netz improved their
original model in two independent ways. On the one hand, they introduced different degrees of
disorder displacing the fibers from their ordered positions in the cubic lattice [28]. Good
agreement between Eq. 7 and their simulation results was reported when the degree of disorder
was moderate. In other words, the diffusive behavior of their disordered model of gel was similar
to that of a model with randomly oriented fibers. On the other hand, Hansing and Netz
introduced the effect of hydrodynamic interactions [27]. In the case of neutral gels, their
simulation data agree with the heuristic correction for Eq. 7 proposed by Philips [57]:

D/D, = exp(—mp™)exp(—0.84a1%%) (8)

where m = 0.174In(59.6R,,/R;). The first exponential is the correction attributed to
hydrodynamic interactions. In addition, the inclusion of hydrodynamic forces considerably
improved the agreement between simulations and experiments. Since significant discrepancies
were reported in the absence of hydrodynamic interactions, these researchers concluded that
their original model was substantially affected by these forces. In fact, the diffusion coefficient
was approximately halved for polymer fractions around 0.04. But this does not necessarily mean
that the impact of hydrodynamic interactions will be so important in any other model and/or
circumstances. Fig. 2 provides an illustrative example of this. Eq. 7 does not include
hydrodynamic interactions and, in spite of this, gives us a good prediction of the relative
diffusivity of ATP in PEGDA-based gels for low a-values. This clearly suggests that the impact of
hydrodynamics must not be significant in this case. We therefore think that the cubic lattice
employed by these researchers could be responsible for the overestimation of the diffusion
coefficient when hydrodynamic forces are absent but this lattice would also amplify the
reduction that this interaction causes in diffusion. Both effects would cancel each other.

The effect of hydrodynamic forces can depend not only on the geometry of the model
but also on the procedure employed to implement them. Blanco et al. simulated the long-time
diffusion of proteins in crowded media through BD [58]. On the one hand, hydrodynamic
interactions were implemented through the Rotne-Prager-Yamakaya diffusion tensor [59]. In
this case, these authors observed that these forces only bring about a slight decrease in the
relative diffusivity. On the other hand, Blanco et al. computed the long-time diffusion coefficient
replacing the free diffusion coefficient appearing in Eq. 5 by the short-time diffusion derived by
Tokuyama [60-62], which includes the effect of hydrodynamic interactions. A considerable
reduction in the relative diffusivity was reported. According to Blanco et al., this difference can
be attributed to short-range hydrodynamic forces (neglected by the Rotne-Prager-Yamakaya
diffusion tensor).



The effect of the flexibility of the gel-like structure on solute diffusion in uncharged gels
was also investigated through CG simulations by some authors. For instance, Teixeira and Licinio
considered diffusion in the system formed by beads interacting through harmonic potentials
with their neighbors [32]. An analogous model was used by Zhou and Chen who found that: i)
the diffusion coefficient decreases with increasing the elastic constant characterizing the
harmonic potential (as expected); ii) solute particles trapped in a rigid lattice could diffuse if the
elastic constant is low enough [33].

A similar system of coupled oscillators was also employed by Sandrin et al. [34]. They
tried to justify the diffusion coefficients measured for dextran molecules of different molecular
weights and sizes diffusing through a polyacrylamide hydrogel. The agreement between
experiments and simulations was achieved only after including an attractive contribution to the
solute-obstacle interaction. We should bear in mind that this model does not explicitly consider
the existence of crosslinked polymeric chains. Perhaps a more realistic model would not require
such attractive forces.

Wedemeier et al. did explicitly consider polymeric chains in their lattice simulations of a
medium filled with chromatin fibers. But these chains were not chemically crosslinked. In fact,
they were able to diffuse [37]. These authors concluded that chain dynamics does not
significantly modify the diffusion process of small solute particles. However, chain diffusion does
facilitate the transport of large particles. These conclusions can help us to understand why Eq.
7 (derived for rigid chains) gives acceptable predictions for low polymer volume fractions and
small solutes but dramatically fails for large particles.

Probably, the most realistic model of crosslinked flexible polymeric chains is the model
used by Kamerlin and Elvingson, briefly commented above. They performed simulations in static
(rigid) and dynamic (flexible) networks and also found that dynamic networks facilitates the
diffusion of large particles [35]. In addition, Kamerlin and Elvingson determined the pore size of
the network introducing a large number of expanding bubbles at random positions and
registering the size that prevents them from diffusion. From these values, they concluded that
diffusion in flexible networks is possible even for solute sizes well above the mean pore
diameter.

In relation to the atomistic simulations performed by Wu et al. for sodium ion, chloride
ion and rhodamine in PEGDA gels with several degrees of crosslinking [48], it should be
mentioned here that the predictions of the obstruction model proposed by Amsden [63] agree
with their simulation results only if different corrections to the Einstein-Stokes relationship are
employed to estimate ionic radii. The correction proposed for chloride and sodium ions
approximately doubles the sizes initially obtained from this relationship. However, the
correction employed for rhodamine reduces its ionic radius. Unfortunately, the use of different
corrections from case to case considerably reduces the capability of prediction of the model.

4. Charged gels: the role of electrostatic interactions

Johansson and Lofroth also pioneered the simulation of diffusion of ions in rigid charged
gels [20]. Ordered and disordered networks were generated. The ordered networks consisted



of parallel straight chains arranged on a square lattice whereas randomly oriented worm-like
chains formed the disorder ones. In both cases, polyelectrolyte chains were made of charged
spherical units (beads). The electrostatic interaction between monovalent ions and these beads
were modeled through a Debye-Huckel potential. The radius and charge density of two
differently charged conformations of i-carrageenan (a natural polysaccharide) were employed
in simulations for comparison with experiments. Concerning the solute, the study of Johansson
and Lofroth was restricted to monovalent ions (more specifically, the choline ion). In the case of
ordered networks, these authors computed the coefficient for the diffusion parallel to the chains
and for the diffusion in the radial direction. They found that: i) both coefficients could be
successfully predicted by the Smoluchowski-Poisson-Boltzmann theory [64]; ii) the diffusion in
the radial direction is more affected by the electrostatic attraction between the solute particle
and the fibers. The results obtained for disordered networks from simulations and experiments
showed qualitative agreement. The quantitative discrepancies were justified arguing that
experiments and simulations were not performed at the same concentrations of added salt (1
mM and 10 mM, respectively). Johansson and Léfroth also compared the diffusion coefficients
measured for choline and glycerol (ion and neutral molecule of similar size) in different
carrageenan-based gels to find out the relevance of electrostatic effects in diffusion. Their
experimental results reveal that electrostatic attraction slows down diffusion. It is somewhat
surprising that they did not compare the diffusion coefficients obtained from simulations for
charged and uncharged solutes of the same size obtained to tackle this task.

Miyata et al. simulated the diffusion of a charged particle in a polyelectrolyte network
made of immobile small spheres along the sides of a cubic lattice [23,24]. They focused on
slightly charged networks since the fraction of charged beads varied from 0 to 0.20. The
electrostatic interaction between charged beads and the solute (screened by their
corresponding electric double layers) was taken into account through the potential derived by
Wiese and Healy. According to their results, the self-diffusion coefficient of the solute particle
can significantly decrease as a result of the attractive electrostatic force between the particle
and the network. In fact, the diffusion coefficient can be two (and even more) orders of
magnitude smaller than the free diffusion coefficient. In practice, such a large reduction means
that electrostatic forces can bring about the immobilization of charged particles. In any case, it
should be mentioned that the charge of the solute particle studied in these simulations was +8e
(e denotes the elementary charge). Miyata et al. did not vary this parameter. However, it plays
an important role because Johansson and Lofroth did not observed any electrostatic entrapment
for monovalent ions [20].

Miyata et al. also found that the solute particle should overcome a free energy barrier
when they moved along the polyelectrolyte network. In addition, these authors showed that
their results collapse onto a universal curve if they are represented as a function of this energy
barrier (Ep). In fact, this master curve is given by the following function [24]:

D/Dy = (Ey/ksT)2exp(~Ey/ksT) /(1 — exp(~Ey/ksT)) (9)

The effect of electrostatic repulsive forces when charged particles diffuse through an
array of rigid parallel fibers with charge of the same sign was studied by Stylianopoulos et al.



[31]. Their model took steric, electrostatic and hydrodynamics interactions into account.
According to their results, the repulsive electrostatic interactions can substantially slow down
the diffusive movement of the solute particle if the fiber size is comparable to the Debye
screening length. These authors also concluded that the diffusion of charged particles is more
affected in the direction parallel to the fibers, which is in agreement with the behavior reported
by Johansson and Léfroth for attractive forces [20].

Hansing, Netz and their coworkers carried out a systematic study including both
repulsive and attractive electrostatic forces between the solute particle and a cubic lattice made
of rigid rods [25,26]. The main parameters charactering the corresponding potential energy are
the Debye screening length (Ip) and its strength (U,), which can be estimated by:

Uo/kgT = 2Z,Algly(p/21p)Ko(p/21p) exp(p/2lp) (10)

Here Z, is particle charge number, 4 is the linear charge density of the rods (expressed as
number of elementary charges per unit of length), Iz is the Bjerrum length, I, and K, are the
modified Bessel functions and p = Z(Rs + Rp). U, is positive for repulsive forces and negative
for attractive forces. Another important parameter of the model is the lattice constant (b), which
can be thought of as the distance between crosslinkers in a gel.

Fig. 3 summarizes most of the main results of this work. In this figure, D /D, is plotted
as function of p/b for different Uj-values (attractive and repulsive forces) and [, = 0.1b. The
case of purely steric forces (U, = 0) was also included for comparison. As can be seen, the five
curves plotted in Figure 3 merge into one for /b > 0.6 , which means that steric forces are
dominant under this condition. On the other hand, electrostatic effects play a key role if p/b <
0.4. In this case, both attractive and repulsive forces slow down diffusion, in agreement with the
results reported for arrays of rigid fibers reported by Johansson and [20] Léfroth and
Stylianopoulos et al. [31]. In fact, it can be concluded from Fig. 3 that neutral particles overall
diffuse faster than charged particles of the same size. However, Fig. 3 clearly reveals that the
slowdowns caused by attractive and repulsive interactions present quite different features. For
strongly repulsive forces (Uy = 10kgT and 20kgzT) and p/b < 0.4, the quotient D/D,
decreases just slightly. This means that the relative diffusivity is insensitive to the particle size.
As Hansing et al. claim, this behavior was reported in experiments. Xu et al. studied the
diffusivity of PEG coated polystyrene particles in fresh bovine vitreous [65]. The relative
diffusivity of particles with diameters ranging from 100 to 500 nm turned out to be of the order
of 0.5, which can be reproduced by simulations with Uy = 10kgT.

On the other hand, it can be inferred from Fig. 3 that the relative diffusivity increases
with the particle size for strongly attractive forces (Uy = —10kgT and —20kgT) and p/b < 0.4.
Again, this had been observed in experiments. Lai et al. studied the diffusivity of PEG coated
polystyrene particles with diameters 100, 200 and 500 nm in cervicovaginal mucus [66]. They
reported that the relative diffusivity of 100-nm particles was considerably smaller than the
others. This behavior was qualitatively reproduced from simulations with Uy = —10kgT.

Finally, it should be stressed that, according to Fig. 3, the relative diffusivity falls to zero
for Uy < —10kgT if the solute particle size is small enough. In other words, strongly attractive
interaction can immobilize the solute, in agreement with the findings by Miyata et al. for a rigid



cubic lattice. Hansing et al. attributed this immobilization to the fact that solute particles remain
near the intersections of the rods. At this point, we might wonder i) if Uy-values larger than
10kgT in magnitude can be representative of small molecules and ions, like many drugs; ii) if
these conclusions remain valid for flexible networks.

The rigid cubic lattices employed by Hansing, Miyata and their respective coworkers are
highly ordered structures. As mentioned before, Hansing and Netz explored what happened if
certain degree of disorder was introduced in such a lattice [28]. In the case of attractive
electrostatic forces between the solute and the rods, they found a new trapping mechanism. In
disordered networks, particles are trapped in regions of high local fiber density due to the deep
well of potential energy that the accumulation of fibers generates. If electrostatic forces are
repulsive, solute particle are confined in regions with low local fiber density and the slowest
diffusion is achieved for intermediate degrees of disorder. Hansing and Netz also observed that
highly disordered networks are provided with random passageways of low fiber concentration
that improve solute diffusivity (as compared to moderately disordered structures). Hansing and
Netz also compared the predictions of their model to experimental relative diffusivities of
Alexa488 (a negatively charged fluorophore) in positive and negatively charged and neutral
dextran-based gels. A highly degree of disorder improved the agreement between experiment
and simulations. These authors also concluded that chain flexibility might reduce the differences
between ordered and disordered networks. Similarly, Hansing et al. investigated the diffusion
of charged particles in gels with a random distribution of attractive and repulsive electrostatic
interaction sites inside the gel [67]. In particular CG simulations were used to analyze the
translational diffusion coefficients of Alexa488 in hydrogels consisting of positive DEAE-dextran
and negative CM-dextran polymer chains, measured by fluorescence correlation spectroscopy
(FCS). Their findings revealed that particles were strongly localized near attractive sections of
the fiber network and therefore attractive interactions mostly determine the diffusive behavior
of the particles in systems with mixed attractive and repulsive interactions. In this sense, they
concluded that gels with mixed interactions trap particles nearly as effectively as gels with purely
attractive interactions. In addition, they found that the effect of interaction disorder and spatial
disorder on the diffusive behavior of the solute is qualitatively similar in both cases [68].

Hansing and Netz also assessed the impact of hydrodynamic interactions in the
predictions of their model for charged gels [27]. According to their results, the effect of these
interactions is greater in the presence of attractive electrostatic forces whereas repulsive
interactions decrease the hydrodynamic effect compared to purely steric gels. This is logical
since the solute particles remain far from the fibers when they repel each other. These authors
also observed that hydrodynamic interactions also improved the agreement between
simulations and experimental diffusivities reported for Alexa488 in dextran-based gels. In our
opinion, however, the particular geometry employed by these researchers in their model might
overestimate the influence of hydrodynamic forces.

To complete this section, it is important to remark the possible deformations of the gel
structure upon particle diffusion. For instance, Shin et al. used molecular dynamics computer
simulations to analyze the degree of hydrogel compaction caused by binding of polymeric chains
to a pathogen particle incorporated in the hydrogel [69]. Particularly, the authors demonstrated



that the presence of electrostatic binding between positively charged viruses and DNA chains
bundles incorporated in a responsive hydrogel induces a mechanical response of the
polyelectrolyte network.

Finally, a summary of the main characteristics of the systems discussed in the sections 3

and 4 is shown in Table 1.

5. Simulating drug release

The comprehension of the mechanisms involved in drug release and their mathematical
modelling are essential to speed up the development of advanced delivery platforms [70]. In
this sense, CG simulations could be used to predict the impact of formulation and processing
parameters on the kinetics of drug release. After having computed the diffusion coefficient of a
given solute inside a gel, it is possible to predict the release kinetics from solutions of Fick’s law.
Alternatively, we could explicitly simulate drug release provided that the border of the gel and
part the outer medium are included in the simulation cell. This can be easily done in the case of
polymeric networks with nanometric dimensions (at least in one of the spatial directions) since
the diffusing particle can reach the border of the polymeric matrix. In fact, a few researchers
have monitored the fraction of drug released as a function of time (or MC steps) simulating
solute diffusion. The first simulations of the release kinetics were performed in a lattice model,
in which space is discretized in a number of sites [71-73]. The sites belonging to the polymeric
matrix were initially occupied by drug molecules or excipient, and drug molecules could jump
into adjacent sites as long as they were empty. The inner structure of the gel was not considered.
It should also be mentioned that the release process was simulated under perfect sink
conditions. This means that drug particles were removed as soon as they left the polymeric
matrix. The fraction of drug release was computed as a function the simulation steps since the
MC method was employed. Kosmidis et al. studied the release from cylindrical matrices and
concluded that the kinetics can be fitted by the so-called Weibull function. Its parameters were
related to the specific surface of the cylinder [71]. In a subsequent work, Kosmidis et al.
compared the Weibull function and Mittag-Leffler function [72]. Both expressions can describe
the release kinetics up to 85% of the release process. However, both models underestimate the
fraction of drug released at larger times. Villalobos et al. employed the same technique to study
the release from spherical matrices. In this case, the Weibull function can fit up to 90% of the
release [73]. These authors were also able to determine the amount of drug trapped in the
matrix, which was function of the initial drug load.

Maroto-Centeno and Quesada-Pérez also simulated the release from a rigid and neutral
gel of nanometric size (nanogel) [74], but their technique was quite different from that used in
the above mentioned studies [71-73]. First, the model of nanogel explicitly considered the
polymeric chains, the crosslinkers joining them and the excluded volume interactions between
any pair of constituents of the system (monomers, crosslinkers and solute particles). On the
other hand, the technique proposed by Cichoki and Hinsen [52] was employed instead of MC to
simulate the solute diffusion. In this way, the drug release can be monitored as a function of real
time. Fig. 4 shows the fraction of drug released from a nanogel whose mean radius (R,) is 17.34



nm as a function of the dimensionless time Dyt/R2 (where t denotes time) for two diameters
of drug particles (1 and 2 nm) [74]. As can be seen, the first 60% of the release curve is almost
linear in log-log plot, but the slope depends on the drug size. This means that this part of the
release kinetics can be described by a power law whose exponent depends on the solute size
due to excluded volume interactions whereas the classical theory of drug release predicts that
this exponent is constant for diffusion-controlled release from a given polymeric matrix.
Moreover, Maroto-Centeno and Quesada-Pérez found that this kinetic exponent also depends
on the initial drug concentration inside the nanogel. In addition, it is worth stressing that the
predictions obtained from the assumption of perfect sink conditions for gels of a few tens of
nanometers can considerably differ from those obtained assuming that drug molecules can
freely diffuse after leaving the nanogel. In fact, these researchers also proved that the
concentration of drug in the immediate neighborhood of the nanogel changes with time and
becomes negligible only at the end of the release process.

As mentioned before, these simulations were restricted to rigid and neutral nanogels.
In practice, however, nanogels are usually flexible and charged structures. Therefore, they
electrostatically interact with many charged solutes. It would be quite interesting to extend this
preliminary work to the case of flexible and charged nanogels. Perhaps this might shed light on
some puzzling findings. For instance, some researchers have experimentally determined the
release kinetics of anticancer drugs (such as doxorubicin and 5-fluorouracil) previously loaded
in pH-responsive nanogels, whose charge and size depends on pH.[75—-77] Cazares-Cortés et al.
have concluded that the release kinetics speeds up if the nanogel shrinks.[77] In contrast,
Alvarez-Bautista et al. have claimed that the drug is released more rapidly when the nanogel
swells.[76] And, surprisingly, Aguirre et al. have found that the effect of the nanogel size on the
kinetics is negligible.[75] Controlled release necessarily involves a comprehensive understanding
of this disparity of results. Apart from electrostatic interactions, the presence of hydrophobic
forces between the polymer chains of collapsed gels or nanogels and some drugs should not be
ignored in future simulations or models of diffusion.

Finally, BD simulations have been used to study uptake and release of polyelectrolytes
within core—shell responsive microgels by Gelissen et al. [78]. In particular these authors
simulated microgels with a cationic core and an anionic shell, which were loaded with anionic
polystyrene sulfonate of different molecular weights to investigate the effect of their chain
length on the uptake and release process. According to their results, polyelectrolyte can be
released through of the anionic shell, being the size of the guest molecules of major importance
for the release mechanism (the release of long-chain polyelectrolytes was much more efficient
compared to the release of short-chain polyelectrolytes) [78].

5. Conclusions

Here we summarize the most relevant conclusions obtained from
CG simulations applied to solute diffusion of in gels:



e Phenomenological theories based on power law expressions of the diffusion
coefficient of particles on neutral gels, provides acceptable predictions for small
solutes (in relation to the polymer size).

e The flexibility of the chains is a determining factor for large solute sizes (in the case
of uncharged gels).

e The effect of hydrodynamic forces on the diffusion molecules in neutral gels can
depend not only on the geometry of the model but also on the procedure employed
to implement them.

e Charged particles diffuse slower than uncharged particles regardless the sign of the
gel charge. However, oppositely charged gels are more effective in slowing down
charged particles than similarly charged gels.

e The effect of hydrodynamic forces on the particles in charged gels is greater in the
presence of attractive electrostatic interactions.

e CG simulations show that the release curve of small solutes in a rigid gel can be
qualitatively described by a power law whose exponent depends on the solute size
and its concentrations.

e Inthe case of polyelectrolyte in core-shell polyampholyte gels, BD simulations point
out that negative chains can be released through likely charged shell. This feature
becomes more significant for the case of long-chain polyelectrolyte.
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Table 1:

Summary of the main characteristics of the systems discussed in the sections 3 and 4.

Ref| Solute radius Rigid/flexible Charged- Hydrodynamic Binding Polymer volume | Crosslinked
range (nm) chains uncharged Gel | interactions fraction network
18 0,5-1,6 Rigid Uncharged No No 0,001 - 0,026 No
19 0,5-3,0 Rigid Uncharged No No 0,005 -0,050 No
20| ° (pi‘:) ':;"ke Rigid Charged No No 0,001 - 0,026 No
21 0,05-3,0 Rigid Uncharged No No ~0,06-0,20 Yes
22 0,2-1,0 Rigid Uncharged No No ~0,017-0,130 No
23 1,95 Rigid Charged No Electrostatic| ~7-10%-0,011 Yes
24 1,95 Rigid Charged No Electrostatic| ~5-10°-0,003 Yes
25 1,9 Rigid Both No Electrostatic ~ 0,082 Yes
. . ~0-0,044 and
26 1,9 Rigid Both No Electrostatic 0,082 Yes
27 ~04-1,8 Rigid Both Yes Electrostatic <0,12 Yes
28 ~04-1,8 Rigid Both No Electrostatic <0,12 Yes
31 5,6 and 5,8 Rigid Charged Yes No 0,005 - 0,08 No
33 2.5 Flexible Both No No 0,0005 - 0,272 Yes
34 0,56-40 Flexible Uncharged No No 0,005 and 0,06 Yes
35 1,00 - 15,00 Flexible Uncharged No No 0,02 - 0,05 Yes
48 0,33-0,49 Flexible Uncharged No No 0,09-0,25 Yes
55| ontlke Rigid Uncharged No Yes 5,2:10"- 0,52 No
tracer
58 2,33-4,90 Rigid Uncharged Yes No 0-0,4 No
67 0,74 Rigid Charged No Electrostatic| ~ 0,025 -0,05 Yes




Figure Captions

Figure 1: Some of the models of gel employed in simulations of solute diffusion: a) worm-like
chains. Reprinted with permission from reference [18]. Copyright (1991) American Chemical
Society; b) chains of small beads along the sides of a cubic lattice. Reprinted with permission
from [24]. Copyright (2012) The Physical Society of Japan; c) rods along the sides of a cubic
lattice. Reprinted with permission from reference [25]. Copyright (2015) Elsevier; d) beads
connected by Hookean springs.

Figure 2: Relative diffusivity (D/Dg) as a function of &« = (1 + RS/Rp)2 for ATP (black squares),
dextran molecules with radius of 1.00 nm (red circles) and dextran molecules with radius of 1.90
nm (blue triangle). The prediction of Eq. 7 is also plotted (line).

Figure 3: Relative diffusivity (D /D,) as a function of p/b for different Uy-values and [, = 0.1b.
Data extracted from reference [26].

Figure 4. Fraction of drug released from a nanogel whose mean radius (R,,) is 17.34 nm as a
function of the dimensionless time Dyt/R? for two diameters of drug particles (1 and 2 nm) [74].
The dashed line marks the first 60% of the release.
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