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8 We study the nonequilibrium diffusive release of
electroneutral molecular cargo encapsulated inside hollow hydrogel
10 nanoparticles. We propose a theoretical model that includes osmotic,
steric, and short-range polymer—cargo attractions to determine the
12 effective cargo—hydrogel interaction, u.*, and the effective diffusion
13 coefficient of the cargo inside the polymer network, D.*. Using
14 dynamical density functional theory (DDFT), we investigate the
15 scaling of the characteristic release time, 7, /,, with the key parameters
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16 involved in the process, namely, u.*, D.*, and the swelling ratio.
17 This effort represents a full study of the problem, covering a broad
18 range of cargo sizes and providing predictions for repulsive and attractive polymer shells. Our calculations show that the
19 release time through repulsive polymer networks scales with g*e?" /D ¢* for fu.* > 1. In this case, the cargo molecules are
20 excluded from the shell of the hydrogel. For attractive shells, the polymer retains the cargo molecules on its internal surface

2

—

and its interior, and the release time grows exponentially with the attraction strength. The DDFT calculations are compared to

22 an analytical model for the mean first passage time, which provides an excellent quantitative description of the kinetics for
23 both repulsive and attractive shells without fitting parameters. Finally, we apply the method to reproduce experimental results
24 on the release of paclitaxel from hollow poly(4-vinylpyridine) nanoparticles and find that the slow release of the drug can be
25 explained in terms of the strong binding attraction between the drug and the polymer.

26 hollow hydrogel, molecular cargo, dynamical density functional theory, diffusive release, kinetics, paclitaxel,

27 poly(4-vinylpyridine)

28 gel is a three-dimensional cross-linked polymer network
29 immersed in a fluid, which is most often water.'
30 Nowadays, these polymeric systems have attracted

—

31 considerable attention in a large number of scientific and
32 technological fields, such as nanotechnology, materials science,
33 life sciences, and medicine.” They have been applied in surface
34 coating,3 drug accumulation and release,* drug delivery,s_7
35 optoelectronic switches,” and many other applications. Among
36 them, stimuli-responsive (smart) nanogels (gels with dimen-
37 sions in the nanometer range) undergo a sharp and reversible
38 volume phase transition (a conformational change thatleads to a
39 drastic variation in the degree of swelling) in a response to
40 environmental stimuli, such as the change in temperature,9
4 pH,10 ionic strength,11 or solvent nature.'> These properties
42 made them particularly interesting for various nanotechno-
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logical and nanomedicinal applications as nanocarriers for 43
different types of molecules (drugs, reactants, proteins), such as 44
drug delivery, in chemical separation and catalytic pro- 4
cesses.> ™ 46

Two of the more investigated hydrogels in colloidal chemistry 4,
are made of poly(N-isopropylacrylamide) (pNIPAM) and .5

poly(4-vinylpyridine) (p4VP).'™"” These nanoparticles pos- 49
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sess thermo- and pH-responsive capabilities, respectively. The
former has the volume phase transition temperature at about 32
°C, and the latter has the phase transition at pH 4.8.

For certain applications (e.g, drug delivery), nanogels are
fabricated with a hollow cavity in the center, which—while
maintaining the responsiveness—improves the loading capacity
and the accumulation of molecules such as polysaccharides,
enzymes, nucleic acids, or cells.*°™*° This preserves the
biological activity of the biomolecules, reduces their toxicity,
and protects them from enzymatic or chemical degradation. For
instance, hollow p4VP hydrogels have recently been used to
encapsulate molecules of paclitaxel (one of the most efficient
cytotoxins for the treatment of lung and breast cancer),
improving antitumor activity and reducing side effects in in
vivo experiments.26

The design of optimal nanocarriers relies on extensive
experimental work and is currently mostly based on trial and
error.”” To assist the development of rational designing of
responsive nanogels, we need reliable theoretical models, which
can predict the behavior of these particles as a function of
observable parameters. For instance, the modeling of the
kinetics of cargo encapsulation and release processes is
fundamental to optimize the efficiency of these nanoparticles.

There are two descriptors used in physical sciences and
material engineering that determine the kinetics of cargo
molecules through complex media, such as a polymer network
of a hydrogel nanoparticle. The first one is the partition
coefficient, K, defined as the ratio of the equilibrium
concentrations of the molecules inside and outside the medium.
For diluted suspensions, the partition coeflicient may be
expressed as K = e 7% Here, # = 1/(kgT) (T is the absolute
temperature and kg the Boltzmann constant), and u.g* is the free
energy difference of inserting a single cargo molecule inside the
medium from the bulk solution. The second one is the effective
diffusion coeflicient of the penetrating molecules inside the
given medium, D 4*. A complete theory aimed to describe the
encapsulation/release process should first provide a proper
estimation of u.4* and D.&* and then be able to consider both
parameters in the governing kinetic equations.

Nowadays, the most popular models are based on the ideal
diffusion equation.”®>° However, in those models the
polymer—drug interaction is not explicitly considered. Some
authors deal with the kinetics as a generalized diffusion equation,
including the activity of the components of the system.’'
Recently, a model for the encapsulation kinetics of charged and
dipolar cargo molecules in charged hollow hydrogels based on
dynamic density functional theory (DDFT) has been developed,
which combines a phenomenological effective cargo—hydrogel
interaction potential and their effects on the effective cargo
diffusion coefficient inside the polymer network.>** It is well
known that excluded-volume effects induced by the polymer
give rise to a repulsive free energy barrier that the cargo
molecules need to overcome to diffuse through. In this case, the
cargo molecules are simply excluded from the polymer shell. In
addition, the steric obstruction also reduces the diffusion
coefficient of the molecules across the polymer network.>*™°
However, these theoretical models predict times for diffusive
release from hydrogels below milliseconds, which are many
orders of magnitude smaller than some experimentally observed
time scales on the order of minutes,”” hours, or days, even for
hydrogel particles in the swollen state.*®

As we elaborate in this study, the explanation for this huge
mismatch relies on the existence of an intense attraction

between the cargo molecules and the polymer chains. The
attraction leads to the retention of the cargo inside the hydrogel
shell. Furthermore, a high local cargo concentration at the
internal interface may even produce the blockage of the paths for
other molecules still in the cavity of the hydrogel. The origin of
the short—range attraction could be hydrog)hobic (as in the case
of paclitaxel trapped inside hollow-p4VP*°), hydrogen bonding
(as reported for isoniazid (INH), an antitubercular drug, loaded
into PNIPAM-based hollow nanogels37), van der Waals,*® or
more complex, such as the one induced by supramolecular 7-
stacking effects.’” To address the diffusive release through
attractive polymer networks, we need to expand the theoretical
model to incorporate a short-range cargo—polymer attraction in
the expressions of u4* and D.g*, which represents the first goal
of this work. This is shown in detail in the Methods section.

On the basis of this model, we explore the characteristic
release time and analyze its scaling with all the relevant
parameters involved in this problem, namely, the total effective
interaction between the cargo molecule and the polymer, u*,
the diffusion coefficient of the specific substance inside the
polymer network, D g*, and the swollen state of the hydrogel, g.

In the Results and Discussion section, we start by briefly
introducing the model and the necessary concepts to expose our
main findings. Then, we obtain general theoretical predictions
regarding the scaling of typical release times with the different
parameters and deduce an analytical model (derived from the
mean first passage time integral equation*®) to organize all these
results into a global scaling expression. These scaling laws are
used to interpret the experimental data and to estimate the
attraction strength required to explain the large release times of
paclitaxel encapsulated in hollow-p4VP observed in the
experiments. Our improved theoretical model offers further
insights into the release kinetics, which are crucial for the
rational design of nanocarriers. Also, it enables good estimates
without extremely time-consuming theoretical calculations in
release processes that experimentally take hours or days. The
derivation of the effective cargo—hydrogel interaction, u.*, in
terms of the osmotic, steric, and short-range attractive
contributions is performed in the Methods section. There, we
also deduce an expression for D.¢* as a function of the attractive
contribution. The DDFT employed to calculate the (out-of-
equilibrium) time evolution of the cargo density profile is
explained in the Supporting Information (SI).

RESULTS AND DISCUSSION

To theoretically investigate the release of neutral encapsulated
cargo inside a hollow hydrogel nanoparticle, we develop
expressions for u* and D.* that take the osmotic, excluded-
volume, and attractive binding effects into account. These two
quantities, together with the hydrogel swollen state, are the
leading parameters controlling the release process. We use them
to calculate the nonequilibrium time evolution of the cargo
concentration using the DDFT. Then, we investigate the scaling
and deduce a practical analytical expression for the mean release
time in terms of these three parameters. Finally, we apply these
theoretical predictions to explain the slow release of paclitaxel
molecules from hollow p4VP hydrogel nanoparticles observed
experimentally.

In order to achieve these goals, we consider a single ionic (pH-
dependent) hollow hydrogel particle immersed in an aqueous
solution of monovalent salt with concentration p; = 0.15 M at
room temperature. Ions are assumed to be point-like, and water
is treated as a uniform background of relative permittivity €, =
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175 78.5. The hydrogel particle is modeled by a hollow sphere with
176 an internal and external radius a and b, respectively (see Figure
177 1). The polymer volume fraction, qbp(r) , is assumed to be

charged hollow hydrogel bulk suspension

(water + monovalent salt)

¢p(r) 26 ;7.5

a b r

Figure 1. Illustration of the release process of electroneutral cargo
molecules encapsulated inside a hollow hydrogel particle. The radial
dependence of the polymer volume fraction given by eq 1 is also
shown at the bottom of the figure.

178 uniform inside the polymer shell and goes to zero at the internal
179 and external interfaces. We model this radial dependence by
180 combining two error functions (see ¢P(r) at the bottom of

181 Figure 1), so ¢b,(r) = ¢,"g(r), with

§(r) = Jlerf2(r = R)/3) = ef2r =R/ )
183 where r is the distance to the center of the particle, ¢, is the
184 polymer volume fraction inside the spherical shell, 26 represents
185 the thickness of the internal and external interfaces, and R, =a —
186 0 and R, = b + 0. In the initial state, the particle contains a
187 molecular compound of concentration p." inside its cavity.
188 Figure 1 illustrates schematically the release process and the
189 distribution of polymer mass inside the hydrogel particle. The
190 charge density of the hydrogel is assumed to follow the same
191 profile as the polymer volume fraction, i.e., p,(r) = pn"g(r),
192 where p,™ is the concentration of charged monomers in the
193 hydrogel shell. The polyelectrolyte network represents a charged
194 background through which ions can diffuse. Since the polymer
195 gel is homogeneous in space, so are all its properties, e.g.,
196 polymer volume fraction, Donnan potential, and the local
197 diffusion coefficient. These properties decay from that of the gel
198 to their value in the bulk solution within an interface width given
199 by 20.

200 The effective interaction between a single neutral cargo
201 molecule and the hydrogel, u.4(r), is the transfer free energy of
202 the cargo molecule from the bulk suspension to a distance r from
203 the hydrogel center. Inside the uniform region of the polymer
204 gel, we denote its value as ug*. It can be written as

182

205 ueff(r) = uosm(r) + uster—att(r) (2)

206 Here, gy, () is the work against the osmotic pressure exerted by
207 the mobile jons onto the cargo molecule inside the hydrogel

network. As a consequence of the counterion excess inside the 208
charged hydrogel nanoparticle, the osmotic contribution always 209
has the form of a repulsive energy barrier, which hinders the 210
penetration of cargo inside the polymer shell. The second term, 211
Uger—ane(r), incorporates the interplay between the excluded 212
volume (steric) repulsion and the attractive binding of the cargo 213
to the polymer chains. The steric repulsion depends on the 214
characteristic size of the monomers and cargo molecules 215
(denoted by R, and R,, respectively) and grows when increasing 216
the polymer volume fraction ¢, (r). 217

To provide a general theoretical description, we make no 218
further assumptions on the specific nature of this attraction. We 219
only consider it to act in a small vicinity of the polymer chain 220
(short-range interaction) and denote its strength and range by € 221
and A, respectively. The steric repulsion and the attractive 222
binding compete to determine the cargo partition coeflicient, K. 223
If the volume exclusion effect induced by the polymer chains 224
dominates, the hydrogel shell repels the cargo molecule. 225
Conversely, if the binding attraction is sufficiently large, 226
Uger—are(r) takes the form of a potential well that attracts the 227
cargo inside the shell, leading to its retention. Whether the 228
repulsion or attraction dominates depends on the model 229
parameters (gbp(r), R, R, € and A). In the Methods section, 230
we deduce a general analytical expression for ug(r) and discuss 231
its validity (see eqs 7 and 10). 232

The effective diffusion coefficient, D ¢(r), also depends on the 233
location of the cargo molecule. Inside the cavity and outside the 234
hydrogel it is given by the bulk diffusion coefficient, D, Inside 235
the uniform polymer shell, D (r) is denoted by D.*. The 236
diffusion coefficient changes continuously from D, to D.g* at 237
both interfaces of the polymer shell. In general, D ¢* is smaller 238
than D due to the effect of the cross-linked polymer network, 239
which restricts the accessible volume for the cargo and enhances 240
the hydrodynamic drag. In addition, the presence of a short- 241
range binding attraction between the cargo molecules and the 242
polymer chains leads to their retention at the binding sites, 243
decreasing even more the cargo diffusivity. In the Methods 244
section, we provide an analytical expression for D.g(r) that 245
considers all these effects. These are given by eqs 13 and 15 (for 246
nonattractive and attractive polymer shells, respectively). We 247
also show that the cargo diffusivity is controlled by the 248
“roughness” of the energy landscape inside the attractive 249
polymer network. For specific compounds and thermodynamic 250
conditions, it is possible to access K = e ?“w* and D,¢* through 251
atomistic computer simulations.”®*'~* 252

The degree of swelling of the hydrogel, g, is defined as the 253
ratio between the radius of the particle, b, and the one in the 254
collapsed state, by, q = b/by. Assuming uniform swelling, the 255
other characteristic lengths and the polymer volume fraction are 2356
given by a = qay, 0 = qd,, and d)Pi“ = q_sqbpi“’o, where gy, §;, and 257
qbpi"’o are the corresponding values in the collapsed state. We set 258
ay =25 nm and by = 50 nm, which are the corresponding values 259
for hollow-p4VP hydrogel nanoparticles used in the experiments 260
of paclitaxel release described below. The interface thickness of 261
the collapsed state is usually very narrow, about a few 262
nanometers;** hence we assume &, = 1 nm. Even for collapsed 263
hydrogels, the amount of water can be significant. Here, we 264
assume a polymer volume fraction in the collapsed state of g{JPi“’O 265
=0.5, as typically accepted in the literature.*® For pH-responsive 266
hydrogels, the particle swelling is controlled by the charge 267
density, so p,/™° is close to zero, and increases with lowering 26s
(raising) the pH for positively (negatively) charged hydrogels. 269
We set p,,™° = 0.4 M, which again corresponds to the charge 270
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density of the hollow nanoparticles used in the experiments. The
effect of the steric exclusion is explored by varying the swelling
ratio from g = 1 (collapsed) to q = 3 (swollen). We set R,, = 0.35
nm, which is a reasonable value for the radius of the monomeric
units.*”**

The hydrogel nanoparticle contains inside a solution of
neutral cargo molecules, modeled by hard spheres of radius R,,
described via a continuous time-dependent radial density profile
p(r, t). We consider electroneutral cargo molecules with a
characteristic radius R, = 0.5—1.25 nm to cover the sizes of
different hydrophobic drugs involved in various therapeutic
treatments, such as hydrocortisone, budesonide, dexametha-
sone, paclitaxel, tamoxifen, or ﬂ-lapachone.26’49_51 At the initial
stage, all cargo molecules are encapsulated inside the hydrogel’s
cavity. The initial concentration is given by p. =2 X 107* M,
which is the value used in the experimental part of this work. The
typical time to diffuse along the distance l; = 1 nm, used to
convert the real time into dimensionless time, is 7, = l,2/D,. As
the release process takes place, the initially uniformly distributed
cargo in the cavity progressively decreases until the total amount
is delivered. At any time, the number of molecules encapsulated
inside the hydrogel is obtained by integrating the density, N(t) =
4r / O *p (r,t)r* dr, from which the fraction of released cargo is
frel(t) =1- N(t)/N(O)

The theoretical framework employed to obtain the time
evolution of the cargo concentration profile by means of DDFT
is detailed in the SI.°* This method not only takes into account
the effective interaction and the reduced diffusion coefficient
profile, but also the cargo—cargo interaction induced by volume
exclusion effects, which may cause the blockage of the diffusive
transport under particular conditions.

Figure 2(a) illustrates the shape of the effective interaction
induced by the hollow hydrogel onto the cargo molecule for two
representative situations. This shape has strong implications on
the kinetics of the cargo release. For fu¢* = 2, the interaction
profile u.(r) takes the form of a repulsive free energy barrier.
Indeed, increasing the height of this barrier impedes the cargo
penetration to the polymer matrix, decreasing the release rate.
Conversely, for fug* = —2, the attraction between the cargo and
the polymer chains leads to an effective potential that has the
shape of an attractive well. In this case, the cargo molecules
contained in the cavity are likely to diffuse inside the polymeric
shell, where they tend to be retained. In both cases (repulsion
and attraction), u.g(r) is flat inside the uniform polymeric gel.

The effect that the shape of u.4(r) has on the time-dependent
release profiles may be clearly appreciated in Figures 2(b) and
(c), which show illustrative examples of the time evolution of the
normalized cargo concentration, p.(r)/p. ™, for repulsive and
attractive polymer shells, respectively. As observed, the time
dependencies of the profiles are different in both situations. In
the repulsive scenario, the cargo molecules repelled by the
polymer network require some time to surpass the energy barrier
at the internal interface (r = a). Once they diffuse inside the
polymer network, the diffusive release process follows a quasi
steady-state flow and the profiles are linear across the gel.
Conversely, if the molecules are attracted to the polymer, they
accumulate at the internal surface, leading to a pronounced
sharp peak that builds up quickly and only slowly widens and
diffuses toward the end of the gel, due to the reduced diffusion
coeflicient in this region. In this case, the density profile does not
adopt a linear steady-state shape. Once the cargo molecules have
diffused through the hydrogel, they still need to overcome the
other barrier located at r = b to escape from it. Note that there is
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Figure 2. (a) Effective potential induced by the hydrogel for two
particular cases: repulsive barrier (fu.s* = 2) and attractive well
(Bu.z* = —2). Plots (b) and (c) show the time evolution of the
normalized cargo concentration for repulsive and attractive
potentials shown in plot (a), respectively. In both cases R. = 0.5
nm, D*/D, = 0.038, and g = 1.2. The colored region denotes the
shell (internal cavity on the left and bulk suspension on the right).

a steep decrease of the cargo profile when passing through the
outer interface, pointing out the difficulty that molecules
experience to escape from the hydrogel. This effect, when
enhanced by increasing the polymer—cargo attraction, leads to
the retention of the molecules inside the hydrogel. Note also that
the adsorption at the internal interface may even produce the
blockage of the paths, reducing the transport. Here, the diffusion
through the polymer shell controls the process, since the
concentration peak at the inner interface tends to diminish its
height, leaving room for more molecules to enter the polymer
shell. Although the scenarios are quite different in the attractive
and repulsive cases, in both situations the cargo release always
involves overcoming an energy barrier and diffusing through the
polymer matrix, which represents a region of a damped diffusion
coeflicient.

Scaling of the Characteristic Release Time. One of the
main goals of this paper is to investigate the scaling of the cargo
release rate as a function of the basic physical parameters of the
system, namely, the effective hydrogel—cargo interaction, u.g*,

https://dx.doi.org/10.1021/acsnano.0c05480
ACS Nano XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05480/suppl_file/nn0c05480_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05480?ref=pdf

f3

4

ACS Nano

www.acsnano.org

353 the diffusion coefficient inside the hydrogel, D.*, and the
354 swelling ratio, g. For this purpose, we examine the behavior of
355 715, defined as the time required to release half of the
356 encapsulated cargo, with the above-mentioned physical
357 parameters. The precise knowledge of the scaling of 7,,, with
358 U™, Dog™, and q is especially useful for the particular case of very
359 slow release processes. The latter can occur in the presence of an
360 intense excluded-volume repulsion or binding attraction
361 between the cargo and the hydrogel, which leads to retention
362 and reduced transport of the cargo molecule. The scaling
363 behavior may be exploited to obtain reliable predictions in those
364 regimes where the integration of the DDFT can involve
365 prohibitively long calculations.

366  We first start varying the effective cargo—hydrogel repulsive
367 barrier for a fixed D.* /Dy = 1 and g = 1. Figure 3 shows the time
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Figure 3. Time evolution of the fraction of released cargo for fu.¢* =
3,5,7,and 9. Inset: Fraction of released cargo, rescaled by 7, ,. In all
cases Dg*/Dy=1,4=1,p > =2 X 10~* M, and p,,™* = 0.4 M.

368 dependence of the fraction of released cargo for different ug*
369 values. As observed, increasing the repulsion slows the release
370 rate, even by several orders of magnitude. Basically, cargo
371 molecules need to overcome a thermodynamic free energy
372 barrier between the cavity and the polymer network. This
373 process is strongly hindered when the height of this barrier
374 increases. The inset in Figure 3 shows the same results but
375 plotted against the scaled time, t/7,/,. In this representation, a
376 simple visual inspection of the curves demonstrates their
377 collapse onto a single universal curve for fu.g* > rsim4, which
378 means that the kinetics follows a well-defined scaling behavior
379 for large enough repulsion.

380 This scaling can be clearly appreciated in Figure 4(a), which
381 plots 7, /, as a function of fu.g*. For small repulsions, fu¢* < 3,
382 the release rate is controlled by many processes that contribute
383 similarly: the diffusion inside the cavity, the diffusion across the
384 polymer network, and the surpassing of the repulsive barrier.
38s However, for fu* > 3, the contribution of the energy barrier
386 governs the kinetics over the other effects. In this regime, 7, ,
387 grows exponentially with the height of the repulsive barrier,
388 following an Arrhenius law dependence, 7/, ~ e/,

389 On the other hand, if ug* <0, the hydrogel shell behaves as a
390 potential well for the incoming molecules so that they rapidly
391 enter into the polymer network. However, they have to diffuse
392 through the polymer shell and overcome the repulsive barrier at
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Figure 4. Scaling of 7/, with (a) the effective cargo—hydrogel
repulsion, #* (Dg*/Dy = 1 and q = 1), (b) the effective cargo—
hydrogel attraction (D.g*/Dy = 1 and g = 1), (c) the effective
diffusion coefficient inside the polymer shell (fu.* =1 and q = 1),
and (d) with the swelling ratio, g (fu.4* = 1 and D 4*/D, = 0.2). In
all cases R, = 1.25 nm, p " =2 X 107 M, p,° = 0.4 M, and p, = 0.15
M.

r = b to escape to the bulk solution. Figure 4(b) shows 7, , in the
attractive case as a function of the depth of the potential well.
Again, for attractions above around plu.g*| > 3, the release time

scales exponentially as 7,,, ~ M* This result can also be
understood in terms of the Arrhenius law, where lu.*|
represents the activation energy for the molecules to escape
outside the attractive well.

The dependence of 7,/, on the cargo diffusion coefficient
inside the polymer network is plotted in Figure 4(c) for fu.* =
1 and g = 1. We clearly see that 7,,, ~ 1/D4* for small enough
values of D g*. In this regime, the release is almost completely
controlled by the diffusion time through the polymer shell, given
by (b — a)*/(2D.4*). As D g* approaches Dy, the results deviate
from this scaling because other contributions come into play,
such as the diffusion from the cavity to the internal interface and
the surpassing of the repulsive barrier at r = a. Finally, in Figure
4(d) we examine the effect of the hydrogel thickness, where we
depict 7, , as a function of the square of the swelling ratio, g% for
Pug* =1, Dg*/Dy = 0.2, and p. = 2 X 10~ M. The DDFT
results perfectly agree with the scaling 7,,, ~ ¢* for the whole
range of g values. This confirms that the cargo release is a
diftusion-controlled process, so the average square distance
traveled by the molecules grows linearly with time.

All these scaling laws suggest that it should be possible to
derive a general expression to account for the whole process. In
our case, the concentration of cargo molecules is low
everywhere, such that cargo—cargo excluded-volume interac-
tions are weak. Therefore, the release process can be modeled as
a simple diffusion problem of molecules through the effective
potential induced by the hydrogel, ug(r).> 7> In other words,
we are interested in the time spent by the molecules initially
distributed inside the cavity to reach the external surface of the
hydrogel, located at r > b + 20. Direct integration of the
Smoluchowski equation leads to the following expression for the
mean first passage time:*
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b+26 Pug(r)  pr )
(r) = f drei/‘ dr'p2e ()
s 0

Deff(r)rz (3)

429 where the integral limit s denotes the location of the center of
430 mass of the molecules distributed inside the cavity at t = 0. We
431 get s = gsy, with sy = 17.8 nm for a cavity uniformly filled with
432 cargo molecules. In order to perform the double integral and
433 calculate (7), we replace the smooth surfaces of the hydrogel
434 shell by sharp interfaces in eq 1, such that ug(r) = u.* fora < r<
435 b, and u.g(r) = 0 elsewhere. Analogously, D g(r) = Dog* fora <r
436 < b and D(r) = D, elsewhere. Inserting these two simple
437 prescriptions into eq 3 and taking into account that b = gby, a =
438 qag, 0 = q0y, and s = gs;, we obtain

428

2
g 2 2
7y = —(a,” —s
() 6D0(0 o)
2 2
2a,”(b, — #
+ ‘1*( “o(; aO)(eﬁ“°“—1)+b02—a02]
6D, 0

2 3 3

4(by’ — ay’)8,
q M@-ﬂm — 1) + 4byS, + 45,
6D, | (by + 250)b,

439 4)

40  As seen, the time scales as (7) ~ ¢°, in consistency with the
441 DDFT results shown in Figure 4(d). For processes dominated
442 by a very high repulsive energy barrier, fu.g* > 1, the mean first
443 passage is controlled by the exponential in the second term,

*
444 () ~ e’ Conversely, for strong cargo—hydrogel attractions,

445 Pug* << —1, the exponential in the third term plays the key role,

446 leading to (7) ~ e’ o Pl addition, if the cargo
447 diffusion coeflicient is very small inside the polymer shell, we
448 recover the scaling (7) ~ 1/D,g*. Therefore, eq 4 brings together
449 all the scaling trends discussed in Figure 4, involved in the
450 release of neutral molecules. In the following sections, we use
451 this expression to physically interpret the DDFT calculations for
452 repulsive and attractive polymer shells.

453 Release Kinetics through a Repulsive Polymer Shell.
454 Given that all the relevant hydrogel parameters change with the
455 degree of swelling, it is interesting to take a closer look at how
456 cargo release time depends on it. We first start with repulsive
457 polymer networks. The effective interaction uy(r) = ugg,(r) +
458 Uge(r) is given in the Methods section by eqs 7 and 8. The
459 effective diffusion coefficient inside the polymer network due to
460 steric exclusion effects is provided by eq 13. As seen in Figure 5
461 (symbols), the combination of both effects entails a very
462 significant increase in the release time for the collapsed state, g
463 — 1. For extremely swollen states, 7, , experiences again a slight
464 increase because the cargo has to travel a larger distance to
465 escape from the hydrogel.

466 The analytical predictions from eq 4 are plotted as lines in
467 Figure 5. In spite of the simplifications involved, they
468 quantitatively agree with the DDFT calculations without the
469 use of any fitting parameter. For weakly repulsive polymer shells,
470 all three terms in eq 4 contribute similarly. However, for a
471 moderate repulsion, the second term dominates, leading to the

472 following scaling: (7) ~ qz(kleﬁue“* + k,)/Dg". This last
473 expression gathers the governing effects implied in the diffusive
474 release through a repulsive polymer network. Indeed, the term

~ €

—

—

—

;
475 qzkleﬁ“eff /D" accounts for the precluded diffusion time
476 required for the cargo molecules contained in the internal void
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Figure 5. Symbols represent 7,,, for neutral cargo molecules
diffusing through a repulsive polymer shell of a hollow hydrogel as a
function of the swelling ratio, g, for R, = 0.5 nm (O0), 0.75 nm (O), 1
nm (A), and 1.25 nm (V). In all cases p " =2 X 10 *Mand p, ™ =
0.4 M. Lines correspond to theoretical predictions provided by eq 4.

Inset: Asymptotic scaling of 7, , with qzeﬁu“ﬁ/ Dy

to jump over the repulsive energy barrier and get into the
polymer shell. The second term, g°k,/D.g*, represents the
necessary time for the cargo to diffuse over the hydrogel shell.

For nearly collapsed states, where u4* is very large and D 4*
very small, the second term in eq 4 dominates, which leads to the
approximate expression

.
(x) ~ g™ /Dg" (5)

This result is consistent with the well-known Kramers escape
time over a repulsive energy barrier through the shuttling action
of thermal Brownian motion.’>*® The inset of Figure 5 clearly
shows that this scaling describes the release kinetics for this
particular regime.

In materials science, the ability of different solutes to permeate
through a membrane is quantified by the permeability, P. Based
on the solution—diffusion theory,”’~®' the permeability is the
product of the diffusion coefficient and the partition ratio in the
membrane, P = KD.*. For diluted cargo suspensions, the

partition coefficient can be approximated by K = e ““‘f*, so the
scaling given by eq 5 may be expressed as (z) ~ q*/P. Thus, the
release time is controlled by the membrane permeability, which
is an expected result since entering into the membrane is the
rate-limiting step, so the release time in the case of a repulsive
shell is inversely proportional to the flux (and thus the
permeability) through the membrane.

Release Kinetics through an Attractive Polymer Shell.
For attractive shells, the passing from the cavity toward the
polymer network is a fast process, but as soon as the molecules
have entered the polymer network, they have to diffuse through
the shell and then overcome the positive energy difference on
the external side of the hydrogel to escape. In fact, it is in the
polymer shell where the molecules remain trapped for a longer
time due to two reasons: the reduced diffusion and the retention
induced by the energy barrier located at the outer interface.

We systematically study the role of the attraction by repeating
the same calculations as the ones shown in Figure 5 at the same
conditions, but replacing the repulsive interaction by an
attraction given by ue(r) = —(uUpem(r) + Uger(r)). Results for
the four studied cargo sizes are shown as symbols in Figure 6. As
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Figure 6. Symbols represent 7,,, for neutral cargo molecules
diffusing through an attractive polymer shell of a hollow hydrogel as
a function of the swelling ratio, g, for R, = 0.5 nm (O), 0.75 nm (O),
1nm (A), and 1.25 nm (V). In all cases p. =2 X 10~* M and p_™°
= 0.4 M. Lines correspond to theoretical predictions provided by eq
4.

515 observed, the trends obtained for attractive molecules are very
s16 similar to the results deduced for repulsive ones. The reason for
517 this similarity lies in the fact that, in both cases, the diffusion of
518 the cargo molecules involves surpassing an energy barrier
519 (located at r = a for repulsive polymer shells and at r = b for
520 attractive ones).

521 Asit can be observed from eq 4, the terms that scale with 1/D,,

)
52 or e’ are negligible compared to the others for strong

523 attractions, and the release time is led by

—

oi (D) ~ @ (kP Dy + K,/ (6)

525 The first term represents the typical time employed to escape
526 from the energy barrier located at b + 26, which defines the limit
527 of the attractive well. The second term is the typical time
528 required to diffuse through the polymer shell with a reduced
529 diffusion constant D.g*. It is important to emphasize here that
530 the scaling for an attractive shell is significantly different than for
s31 a repulsive one. Indeed, (7) does not scale inversely with the
532 permeability.

533 To further explore the attractive case, we calculate 7/, as a
s34 function of the attraction strength between the cargo molecules
535 and the polymer chains, fe. Here, € is the depth of the square
536 well potential function defined by eq 9 (see the Methods
537 section). We set R, = 0.575 nm, which is the characteristic size of

Figure 7. Symbols represent 7,,, for neutral molecules diffusing
through an attractive hollow hydrogel as a function of the cargo—
polymer attraction strength € for g =2 (), g =2.5 (O), and q = 3
(A). In all cases, R, = 0.575 nm (the mean size of the paclitaxel
molecule), A = 1 nm, and p" = 2 X 10™* M. Case (A): Solid
symbols are the results assuming that cargo molecules are initially
confined inside the cavity of the hydrogel. Case (B): Hollow
symbols assume that the molecules are initially trapped in the
polymer shell.

large €. In the limit of very large attraction strengths, fe > 1, the ss2

effective interaction scales as e”* ' ~ e”¢, whereas D ~ e 553
50 eq 4 leads to the asymptotic behavior 7, , ~ e/ for large €, as 554
shown in Figure 7. Therefore, 7,/, experiences a very strong sss
exponential increase with € that entails a significant slowdown of ss6
the kinetics through attractive polymer shells. 557

Finally, it should be emphasized that all the scaling trends sss
obtained before assume that the cargo molecules are initially ss9
confined at the cavity of the hydrogel. However, for attractive s6o
cargo molecules, we could expect part of them initially bound to 361
the polymer network. In such a case, the cargo release should be s62
faster and the shape of f,;(¢) should be different. To account for se3
this situation, we performed additional calculations in which the s64
cargo concentration is distributed uniformly inside the polymer s6s
shell, so p(r) = 0.2 mM for a < r < b and p.(r) = 0 elsewhere. s66
The results, shown in Figure 7 by hollow symbols, confirm that s¢7
the release process is faster when the cargo is trapped in the se8
polymer shell since the average distance required to escape s69
outside is shorter. In spite of this difference, the scaling 7, , ~ ¢’ 570
holds, as the cargo still needs to diffuse through the polymer s71
network and overcome the attractive well at r = b. 572

Comparison to Experimental Data. Paclitaxel is one of 573
the most effective cytotoxins for the treatment of breast and lung 574

538
539 =
540
541

the paclitaxel drug. The range of the attraction is chosen to be A

=1 nm, as hydrophobic interactions are typically in the range of
the molecule size.®”®> We restrict our calculations to swollen
states above g > 2 to avoid the superposition of multiple

cancer, but its usage is limited by 1ts low solubility, severe side
effects, and low tumor selectivity.”* Recent experiments have
shown that encapsulating paclitaxel molecules inside nano-
containers such as hollow hydrogels enhances its solubility,

s42 attractions from many polymer chains. Solid symbols in Figure 7
s43 depict 7,/,(¢) for three different swelling ratios. The DDFT
s44 calculations were performed using the effective interaction and
s45 diffusion coefficient for attractive cargo molecules provided in
s46 the Methods section by eqs 10 and 15, respectively. As expected,
547 the release through a more collapsed hydrogel is slower for the
s48 same € due to the reduction of the cargo diffusivity inside the
549 polymer network. For small ¢, the effective cargo—hydrogel
550 interaction is still repulsive due to the steric exclusion effects, but
ss1 eventually the release becomes controlled by the attraction for

reduces its side effects, and enables the preferential delivery of s79
the drug. Here, we apply our theoretical method to elucidate the sso
release kinetics of a recent experiment where paclitaxel ssi
molecules Jwere encapsulated inside pH-responsive hollow ss2
hydrogels.”® Those hollow particles were prepared by oxidizing ss3
gold cores in a previously synthesized Au@p4VP system. 584

The free diffusion coeflicient of paclitaxel molecules in water sss
at room temperature is Dy = 4.27 X 107° m%/s.%° From this, the ss6
hydrodynamic radius of the paclitaxel molecule can be obtained s87
via the Stokes—Einstein relation R, = k3 T/(671D,) ~ 0.575 nm  sss
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589 (where T = 298 K is the temperature and 77 = 8.9 X 10™* Pa-s is
590 the water viscosity). This D, value leads to 7, = 2.34 X 1077 s.
591 On the other hand, p4VP is a pH-responsive hydrogel with
s92 swelling—deswelling capabilities. That is, its swelling depends on
593 the local proton concentration. At pH 2, the pyridine located
s94 within the polymer network is protonated. Consequently, there
s9s appears a high electrostatic repulsion between the positive
596 charges resulting in the microgel swelling. As the pH of the
597 solution increases, deprotonation of the pyridine groups causes
598 the p4VP to collapse due to the attractive hydrophobic forces
599 between 4VP monomers. This property has been exploited to
600 achieve the effective and stable incorporation of paclitaxel into
601 the hollow p4VP nanoparticles. At pH 7.5, the polymer shell is
602 completely collapsed (¢, ~ 0.5), with internal and external radii
603 of ay = 25 nm and by = 50 nm, so the diffusion of the paclitaxel
604 molecules through the pores of the polymer network is strongly
605 hindered by the steric exclusion. In the swollen state, the particle
606 hydrodynamic radius becomes b = 155 nm at pH 3.5 (i.e, a
607 swelling ratio of g = 3.11). Inverting the data of electrophoretic
608 mobility through the theory by Ohshima®® leads to a number
609 density of charged groups inside the polymer network of about
610 P & 0.4 M. Under this situation, the cargo release is favored,
611 within a characteristic time of about 7,,, & 0.5 days.

612 Paclitaxel molecules were encapsulated by adding the drug to
613 a hollow-p4VP dispersion in water (3 mL, containing 3 mg of
614 hollow particles, and 0.5 mg of paclitaxel). After 30 min under
615 stirring, the mixture was sonicated for S min at 20 °C, and then
616 the pH of the dispersion was reduced by adding 0.1 M HCI
617 (approximately 200 uL). In this swollen state, paclitaxel
618 molecules are able to diffuse through the nanogel network.
619 After slow stirring for 30 min, an aqueous 0.1 M solution of
620 NaOH (200 uL) was added. This pH increase results in
621 deprotonation of the pyridine groups and causes the hollow-
622 p4VP microgels to undergo hydrophobic collapse from a
623 swollen to a nearly solvent-free state of the pyridine moieties.
624 The final concentration of paclitaxel captured inside the
625 hydrogel was estimated to be about p.“" = 0.2 mM.

626  As frequently done in a typical experiment of drug release, a
627 sample of paclitaxel @p4VP complex (3 mg) was suspended in a
628 citrate buffer solution (5 mL, pH 3.5) containing 0.1% Tween
629 80. Surfactant was used to increase the wettability of the
630 microgel obtained after centrifugation and to improve the
631 paclitaxel solubility. The tubes were placed in a water bath at 37
632 °C, with shaking at 100 rpm. At specific intervals, the medium
633 containing the drug was transferred out and extracted with
634 chloroform (3 X 3 mL). The final salt concentration of the
635 suspension was p; = 0.15 M. Fresh medium (S mL) was added to
636 the test tube for the continuous-release studies. The extracted
637 sample was analyzed by high-performance liquid chromatog-
638 raphy. More details about these experiments can be found in ref
639 26.

640  Square symbols in Figure 8 show the experimental results of
641 the release of paclitaxe]l molecules encapsulated inside the
642 above-described hollow hydrogels. As already mentioned, a
643 surprising outcome is the slow kinetics observed even for
644 swollen hydrogels. The release times 7,/, are on the order of
645 days, which are much larger than the calculated typical times of
646 diffusion across swollen nonattractive polymer shells of the same
647 size. These are of the order of 107 s! This points out the
648 existence of an intense binding attraction, €, between the
649 paclitaxel molecules and the p4VP polymer chains, therefore
650 increasing the typical release times by around 9 orders of
651 magnitude.
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Figure 8. Fraction of released paclitaxel molecules from hollow
p4VP hydrogels in the swollen state ((J). The blue solid line is the
theoretical fitting to the experimental data solving the DDFT
equations and using the scaling 7, /, ~ e withe as fitting parameter.

The density of charged groups inside the polymeric matrix for 632
any swollen state is smaller than 0.4 M, for which the 6s3
contribution of the osmotic term (eq 7) is negligibly small, 654
Pug < 0.07. Hence, the effective interaction can be safely 6ss
approximated by the steric—attractive term given by eq 10. In 6s6
addition, the effective diffusion coefficient (eq 15) depends on €. 657
For very strong attraction we already showed that 7, ~ ¥ (see 6ss
Figure 7). Using this scaling behavior, the theoretical solution 659
obtained with DDFT for small € can be scaled to deduce the 660
kinetics for very large €. We followed this procedure to find the 661
theoretical curve of f,(t) that fits best the experimental data, 662
shown as a solid line in Figure 8. As seen, the agreement is 663
excellent. It is important to remark here that we assumed 664
paclitaxel molecules to be initially contained in the polymeric 665
shell. This is indeed a plausible hypothesis given the strong 666
attraction between molecules and polymer chains. 667

The resulting fitting value is € = 23.2kT for pH 3.5 (swollen 66s
hydrogel). Therefore, paclitaxel molecules experience a very 669
intense attraction to the p4VP chains, which justifies the slow 670
release rates observed in the experiments. It would be interesting 671
to compare this fitted value with the transfer free energy of the 672
paclitaxel molecule from bulk water into the hydrogel. 673
Unfortunately, to our knowledge, there is no such a computation 674
in the literature. Nonetheless, transfer free energies of nonpolar 675
molecules and big ions into pNIPAM hydrogel structures have 676
been studied in detail.** The results show that they scale with the 677
molecular surface area.”’ For shrunken states, where an 78
adsorbing molecule exposes its complete surface to the polymer 679
chains, the adsorption per surface area at 340 K is —18 kJ/mol/ 6so
nm? Thus, we expect this number to decay to half its value for a 6s1
swollen state, where an adsorbing molecule only exposes roughly 6s2
half of its external surface to the polymer. The surface area of 683
paclitaxel is around 7 nm?%” which gives an estimate for es4
pNIPAM—paclitaxel binding of € = —22.3 kgT. Since this 6ss
binding is mainly of hydrophobic nature and thus molecule- 686
unspecific, we can expect a similar value for the p4VP—paclitaxel 687
binding. This estimate is very close to our fitted value for the 688
depth of the attraction strength, despite the several assumptions 689
and limitations of our model (see the SI). Given the good 6%
agreement with the experimental data, we believe that these 691
approximations at least retain the fundamental physics to 692
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understand the release process through attractive polymer
membranes.

CONCLUSIONS

In this work, we used dynamical density functional theory to
fully characterize the nonequilibrium diffusive release kinetics of
neutral molecular cargo from a hollow spherical hydrogel carrier.
We proposed a theoretical model that incorporates osmotic
effects, the excluded-volume repulsion exerted by the polymer,
and short-range cargo—polymer attractions (such us hydro-
phobic, hydrogen bonding, or van der Waals attractions). With
this, we obtain analytical expressions for the partition coefficient,

K = e’ “E"‘*, and for the effective diffusion coefficient, D ¥, of the
cargo molecule inside the hydrogel. Despite the simplifications
involved in both expressions, they show the right scaling
behavior, in agreement with previously reported experimental
and simulation data.

We focus on the scaling of the release time, 7, /,, with the key
parameters involved in the process. These are the swelling ratio,
q, the effective cargo—hydrogel interaction, wu.*, and the
effective cargo diffusion coefficient inside the polymer network,
D.g*.

We found that repulsive and attractive polymer shells lead to
different scaling behavior of 7,/,. For repulsive polymer
networks, 7/, is governed by two different events: overcoming
the repulsive energy barrier at the internal interface of the
hydrogel, and the attenuated diffusion through the polymer
shell. In the limit of very strong repulsions, the density profiles
are quasi-stationary and 7/, scales with the inverse of the

permeability, qzeﬁ ”*“*/Deff* ~ q*/P. Conversely, the process
across an attractive shell is slowed down by a high energy well at
the external interface of the nanoparticle and, again, by the
precluded diffusion through the polymer network. Both effects
can drastically reduce the transport though the polymer shell. In
addition, the second case can also lead to a blockage of the
membrane for a sufficiently large initial cargo concentration.
Our model naturally captures this possible effect through the
cargo—cargo excluded volume interactions. In the limit of strong
attractions, 7/, scales with the cargo—polymer attraction
strength as 7/, ~ ¥, consistently with recent simulation data.®®

We derived an analytical expression for the mean first passage
time based on the Smoluchowski diffusion equation (eq 4). This
theoretical prediction reproduces the whole set of DDFT results
for repulsive and attractive shells without the use of fitting
parameters. This equation can be used as a simple prescription
to estimate the typical escape time of any neutral molecular
cargo diffusing through a hollow hydrogel particle.

Finally, we applied our theoretical framework to reproduce
the experiments on the release of paclitaxel drug from hollow
p4VP hydrogel nanoparticles in the swollen state. The results
show that the hydrophobic character of paclitaxel induces an
intense attractive interaction between the drug and the
polymer—on the order of 23kgT—which magnifies 7,,, by
around 9 orders of magnitude.

Future investigations will involve the study of concentrated
and charged cargo suspensions. In this case, the effective
diffusion coeflicient becomes dependent on local cargo
concentration. In addition, the saturation of the binding sites
in attractive polymer networks can also entail consequences on
the kinetics. We expect these conditions to activate the blockage
of the polymer shell by increasing retention and reducing
transport. This should yield even larger release times. In

addition, we are also planning to perform atomistic simulations
to determine K and D, for the paclitaxel molecule.

METHODS

Effective Hydrogel—Cosolute Interaction. The osmotic effect
stems from the nonuniform distribution of counterions and co-ions that
arises in charged polymer gels. The osmotic term represents the volume
work against the pressure exerted by the mobile ions inside the hydrogel
network. It is effectively repulsive due to the largest counterion
concentration inside the gel and thus hinders the penetration of the
cargo into the charged polymer network.”” From the van’t Hoff theory,
the effective osmotic repulsion is given by

4 53
Bitgsin(r) 37tRc [p.(r) + p.(r) = 2p] )
where R, is the cargo radius and 4zR.>’/3 is its volume (assumed
spherical). The density profiles of counterions and co-ions follow the
Boltzmann distribution. For a monovalent salt they are p,(r) =
.50 where y(r) is the electrostatic potential. We focus on the
regime of high salt concentration, such that the Debye screening length
(defined as k™' = (87lyp,)'"?, where Iy is the Bjerrum length) is much
shorter than the thickness of the polymer shell, k! <« b — a.In this case,
the presence of salt ions in the solution enforces overall charge
neutrality, leading to a local electrostatic potential described by the

Donnan potential,70 so few(r) = In[h(r) + /1 + h(r)* ], where h(r)
= Zupu(r)/ (2p9).
In order to deduce the expression for the steric—attractive term

777

(second term in eq 2), we first analyze the process in the absence of 778

short-range cargo—polymer attraction. Figure 9(a) illustrates a region

Figure 9. Illustration of the different regions inside the polymer
network. Polymer chains are depicted as interconnected monomers
of radius R, (dark gray circles). Molecular cargo is modeled by
spheres of radius R, (represented by black circles). Plot (a) shows
the excluded and free available volumes for neutral nonattractive
cargo molecules. Plot (b) shows the excluded, binding, and free
volume for neutral attractive cargo molecules.

inside the polymer network of the hydrogel. Polymer chains are formed
by interconnected monomeric spherical units of radius R,,, whereas the
cargo molecules are represented by spheres of radius R.. The polymer
volume fraction is given by ¢, = N,,V,,,/V, where N,, is the total number
of monomers, V,, = 47R,,>/3 the volume of a monomer, and V the total
volume of the polymer network. The steric exclusion partitions Vin two
regions: the excluded volume, V,,, and the free available volume, V..,
where the cargo can freely move, so V=V, + Vg,.. Correspondingly, in
terms of the volume fractions, ¢; = V;/V and ¢o. + @Pgee = 1. The
expression for the excluded-volume repulsion exerted by the polymer
network onto a finite-sized cargo molecule is in general complex.
Fortunately, there are analytical expressions for some particular
geometries, such as the O§ston formula for an assembly of randomly
oriented cylindrical fibers,*®”" for which the steric interaction is given

by
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Rc
ﬂuster(r) = _[1 + R

]mu—mm ©

where (/)P(r) is the polymer volume fraction at position r. Equation 8
always leads to a repulsive energy barrier that hinders the penetration of
the cargo inside the hydrogel shell. Although this model assumes cargo
sphericity and neglects other effects, such as dynamic fluctuations and
flexibility of the polymer chains, it works fairly well on describing the
excluded-volume effects in simulated polymer hydrogels.”

We now extend this model to include an additional short-range
cargo—polymer (e.g., hydrophobic) attraction. Note that various kinds
of short-range attractions play a key role in many physicochemical and
biological phenomena (such as protein stabilization and polymer coil-
to-globule transitions)”*~”® and in the absorption of hydrophobic drugs
into hydrogels containing hydrophobic polymers to serve as binding
sites.”” %% In our case, it would be responsible for the adsorption and
retention of the cargo molecules at the internal surface and inside the
polymer shell, respectively. Neglecting the specific details of this
interaction, we introduce the following square-well pair potential,
which gathers the steric exclusion and the attractive binding,

m

oo r <R, +R,
u,(r'y=<—-€¢ R, +R. <r <R +R.+A
0 r>R,+R +A (9)

where r’ denotes the distance between the monomer and cargo centers,
whereas € > 0 and A represent the characteristic strength and range of
the attraction. Although the square-well potential seems to be a crude
simplification, it is expected to work well for short-range interactions,
given that R, €, and A can be regarded as effective parameters. In fact,
they can be adjusted to match the second virial coeflicient of the real
cargo—polymer interaction, thus providing a fair representation of the
exclusion and binding effects induced by the polymer chains.

Figure 9(b) shows the three regions in which the internal volume of
the polymer network partitions: excluded, binding, and free volumes, V
= Vexc + Vbind + Vfreel Y (/)exc + ¢bind + ¢free =1 Taking into account the
effect of the attraction, the effective steric—attractive interaction

between a cargo molecule and the polymer network can be written
81,82

ﬂuster—att(r) = —1n(¢ﬁee(1’) + ¢bind(r)eﬂ€) (10)

Assuming again the Ogston model for the internal morphology, we
find®2

Dran(r) = (1 = ()RR

and
Poina(r) = —(1 = q%(r))(l"'Rc/Rm)z

-(1- %(r))(H(RﬁA)/Rm)Z

(11)

(12)

The resulting effective pair potential (eq 10) is shown in Figure 10 as
a function of ¢, for different binding strengths.

To illustrate the form of ug,, .« we use R, = 0.35 nm. The cargo
radius is set to R, = 1.25 nm, which represents a typical value for small
proteins and some drugs. The range of the attraction is set to A = 1 nm.
For € = 0, tyer_, is always repulsive due to the steric exclusion effect.
For attractive wells, € > 0, the steric exclusion and the short-range
attraction compete. For small polymer volume fractions, the attraction
dominates over the steric repulsion, whereas at sufficiently large ¢,,, the
steric effect rules due to the lack of space inside the hydrogel to allocate
the cargo molecules. As a result of the competition between binding
attraction and steric repulsion, a minimum of u,_, occurs at some
intermediate polymer volume fraction, which grows with the attraction
strength, €. The existence of this minimum (which corresponds to a
maximum of the partition coefficient, K) has been confirmed in recently
reported computer simulation studies.”**

10

84

ster-att

24

44 e |

10 103 102 107! 10°

Figure 10. Steric—attractive effective pair potential (eq 10) between
a neutral spherical cargo and a uniform polymer network as a
function of the polymer volume fraction, ¢,, and the attraction
strength, €. The calculations were performed with R, = 0.35 nm, R,
= 1.25 nm, and A = 1 nm and assuming the Ogston model for the
internal microstructure of the hydrogel, eqs 11 and 12

It should be emphasized that eq 10 is in fact an approximation for
swollen hydrogels, where the polymer packing fraction is small. By
increasing ¢, (for instance, upon collapsing the hydrogel), the
overlapping attractions from multiple chains should be considered.*”
To correct for this reinforcing attraction effect, € should be replaced by
an effective density-dependent attraction eeff((flp).

Diffusion Coefficient of Attractive Cargo inside the Polymer
Network. The passive diffusive release of cargo molecules from the
hollow hydrogel is controlled not only by the effective cargo—hydrogel
interaction but also by the diffusion coefficient inside the polymer
network. When the pore sizes of the hydrogel are comparable to the
dimensions of the embedded cargo, the polymeric chains in the cross-
linked network produce a steric hindrance that restricts the available
volume for the cargo and increases its hydrodynamic drag. This reduces
the cargo diffusion coeflicient compared to the one in bulk solution.
Different approximate models can be found in the literature regarding
this problem.*>®* Here, we use a heuristic expression for the diffusion
coefficient that takes into account obstruction and hydrodynamic
effects induced by the polymer chains:***

Dster(r) —
D, 1+

e—o.zzzm(r)“"9

2a(r) + 2a(r)/3 (13)

where Dy is the cargo diffusivity in the bulk solution, and a(r) =
Puge(r) = —(1 + R/R,))In(1 — (]Sp(r)). The numerator in eq 13
accounts for the steric obstruction caused by the polymers, whereas the
denominator is the Brinkman equation for the hydrodynamic
retardation effect.** This model has been previously used to investigate
the encapsulation kinetics of charged molecules inside hollow
hydrogels.>® Equation 13 has been also used to fit experimental data
of the diffusion coeflicient of solutes inside fibrous structures, in which
diffusion is controlled by steric obstruction and hydrodynamic
retardation.® It is also consistent with recent simulation results that
include hydrodynamic interactions.*®

Note that eq 13 does not consider the existence of short-range
attractive cargo—polymer interactions. To account for attractions, we
write the effective diffusion coeflicient inside the polymer network as
Do = L?/(61) ~ 1/17, where L = b — a is the thickness of the polymer
spherical shell and 7 is the typical time involved by the cargo to diffuse
across it. We can split this total time into two contributions: the time
involved to diffuse through the free available volume plus the time spent
inside the (attractive) binding volume. By weighting these times by the
corresponding volume fractions of the corresponding regions we get
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_ Viee + Voind enhances this decrease even further, as the embedded molecule 916
890 T = Three Viee + Viina Tbind Ve + Viina (14) beclomes attftched to the polyrr.u?r cha‘ins due to the .attractive bonds.* 917
This reduction of cargo mobility with the attraction can be clearly 918
891  The binding time, 7,4, increases with the attraction strength € appreciated in Figure 11(b), where Dog*/Dy, is plotted against ¢, for 919
892 because the adsorbed molecule needs to overcome an attractive well to the same set of parameters. In the limit ¢, — 1, the free available 920

893 escape from the binding site through the shuttling action of Brownian
894 motion. In other words, when the cargo diffuses inside the binding
895 volume, it is temporally retained by the attraction to specific binding
896 sites around the polymer chains. Therefore, the binding volume can be
897 modeled as an energy landscape consistent with consecutive attractive
898 potential wells, with € being the typical energy needed to hop from one
899 minimum to the next one. According to Kramers, the jump fgechluency of
900 this stochastic process can be written in an Arrhenius form,”*** so 7,4
901 and 74, are related by 7y;,q = Tgee™. By inserting this expression into eq
902 14 and using Dog* ~ 77" and 7gee ' ~ Dy, We obtain

(=

(=]

*

D =D ¢free + ¢bind
eff T ster

pe
903 ¢free + ¢binde ( 15)

904  Analogously, the space-dependent diffusion coefficient Dg(r) for a
905 nonuniform network can be obtained by simply inserting the
906 expressions of Pg..(r) and Pyq(r) given in eqs 11 and 12.

907  This correction to the sterically hindered diffusion coefficient (given
908 by eq 13) implies an additional reduction of the diffusive transport
909 provoked by the adhesion of the specific substance to the polymer
910 chains. By taking the limit ¢ > 0 or A — 0 (i.e., hynqg — 0) we find that
911 Dog* — Dy, Figure 11(a) illustrates the dependence of the cargo
912 diffusion coefficient as a function of ¢, and € for R, =0.35 nm, R. = 1.25
913 nm, and A = 1 nm. As observed, D.4* strongly decreases with the
914 polymer volume fraction, namely, by several orders of magnitude
915 compared to the bulk diffusion. The cargo—polymer attraction

(=}

S O

D eff /D ster

T _

Figure 11. (a) Diffusion coefficient of the embedded cargo inside the
polymer network as a function of ¢, for different values of €. (b)
Ratio between the diffusion coeflicient of attractive and non-
attractive polymer shells, D*/Dy.,. Calculations are performed
with the same conditions as that of Figure 10.

volume inside the hydrogel goes to zero much faster than the binding 921
volume, and the effective diffusion coefficient behaves as D.* ~ 922
Dye™. This scaling is in line with recent computer simulations 923
obtained by Kim et al. for attractive membranes, which showed that 924
D.g* ~ e for Lennard-Jones attractions and polymer volume 925
fractions between ¢, = 0.05 and 0.42.°° This agreement confirms that 926
the roughness in the energy landscape inside an attractive polymer 927

network controls the cargo diffusivity. 928
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