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W
ater-swellable polymer networks
(hydrogels) that are sensitive to
external stimuli have found an

increasingly large number of applications
inoptoelectronics, nanotechnology,microelec-
tromechanical systems, and nanomedicine.1�6

Triggeredby external stimuli, such as variations
in temperature, pH, solvent composition,
light intensity, and magnetic and electrical
fields, hydrogels can absorb solvent (swell)
or expel solvent (deswell), and, as a result,
change their volume by many times.7�11

Their high sensitivity to the environmental
changes makes hydrogels especially attrac-
tive for drug delivery applications, in which
delivery agents can effectively shield and
protect the encapsulated drugs until they
reach a treatment site, and then discharge a
predefined amount of the drug, thereby
playing an active role in disease therapy.12

Indeed, researchers have successfully ex-
ploited polymer gels to create responsive
micro- and nanodelivery agents that can
release encapsulated drugs or other solutes
on demand.12�21

Despite notable recent progress in synthe-
sis and characterization of micro/nano
gels, the development of multifunctional
delivery carriers remains to be a challenge.
The release from microscopic gel carriers
usually involves multiple time and length
scales, geometrical complexities, and tight
coupling betweenmechanical and fluid pro-
cesses within the gel polymer network,22�24

which make it difficult not only to rationally
design experiments, but also to develop
theoretical models able to predict the dy-
namic behavior of these multicomponent
responsive systems.
Herein, we introduce a mesoscale com-

putational model of responsive hydrogels,
that is, chemically cross-linked networks
of elastic polymer filaments immersed in
a Newtonian fluid. Our model is based on
dissipative particle dynamics (DPD) and can

explicitly capture the transport of nano-
scopic solutes within responsive polymer
networks with complex geometries and
associated fluid flows (Figure 1). This allows
us, for the first time, to directly probe the
release dynamics of nanoparticles and lin-
ear polymer chains from the interior of hol-
low gel microcapsules during swelling and
deswelling volume transitions (Figure 2).
Our simulations reveal that capsule swel-

ling results in a steadydiffusive release,where-
as gel deswelling induces a burst-like dis-
charge of encapsulated nanoparticles and
macromolecules. In the latter case, the fast
release of encapsulated solutes is facilitated
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ABSTRACT

Using a mesoscale computational model, we probe the release of nanoparticles and linear

macromolecules from hollow microgel capsules that swell and deswell in response to external

stimuli. Our simulations reveal that responsive microcapsules can be effectively utilized for

steady and pulsatile release of encapsulated solutes. Swollen gel capsules allow steady,

diffusive release of nanoparticles and polymer chains, whereas gel deswelling causes burst-like

discharge of solutes driven by an outward flow of the solvent enclosed within a shrinking

capsule. We demonstrate that this hydrodynamic release can be regulated by introducing rigid

microscopic rods in the capsule interior. Thus, our findings disclose an efficient approach for

controlled release from stimuli-responsive microcarriers that could be useful for designing

advanced drug delivery systems.

KEYWORDS: responsive hydrogel capsule . controlled release . drug delivery .
polymer network . volume transition . dissipative particle dynamics
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by an outward flow of the solvent initially enclosed in
the shrinking gel capsule, which rapidly transports
solutes through membrane pores. The amount of
hydrodynamically discharged solutes can be regulated
by the degree of deswelling and by introducing micro-
meter-sized rods inside the capsule that mitigate
membrane sealing by stretching it. Furthermore, we
demonstrate that periodically deswelling capsules can
be effectively harnessed in applications that require
multipulse release characterized by alternating periods
of fast release and periods of no release.

RESULTS AND DISCUSSION

We load gel microcapsules with linear macromole-
cules (Figure 1a) and nanoscopic particles (Figure 1b)
that are initially uniformly distributed in the capsule
interior and probe their release when the capsules
undergo swelling and deswelling (Figure 2). When
gel swells and the polymer network expands, the cap-
sule increases in size and the external solvent pene-
trates into the growing capsule interior, whereas gel
deswelling leads to capsule shrinking and, consequently,
a part of the encapsulated solvent is expelled through the
porous gel membrane. This cross-membrane flow de-
fines the dynamics of the capsule volume change, which
can be described in terms of a force balance between
mechanical stresses in the elastic gel network which
undergoes volume transition and viscous stresses due
to the cross-membrane fluid flow.25,26

We first probe the release of nanoparticles and
macromolecules from capsules in the initial equilib-
rium state which is characterized bymembrane porosity
ε≈0.85 (Figure 1). Figure3 shows the cumulative fraction
of released solutes as a function of release time. Here,
time is normalized by the characteristic time of capsule
volume transition τc = Ri

2/9D0, where Ri is the capsule
outer radius in the initial state and D0 is the coefficient of
collective diffusion of the gel.25 For capsules considered
in our study, D0 ≈ 0.065 leading to τc ≈ 400 (see
Supporting Information). In Figure 3, each point repre-
sents an average over five independent realizations. We
find that only a fewparticles and chains can diffuse out of
the shell during the simulation time. This slow release is
due toa small networkmesh size in the initial capsule that
suppresses the diffusion of solutes across the shell.
In Figure 4, we show the cumulative size distribu-

tions of membrane pores of the capsule in its in-
itial equilibrium and in the swollen and deswollen
states.27,28 Here, the pore size is estimated as the
radius of the largest circle contained in a triangle
formed by three adjacent network filaments and non-
dimensionalized by the particle radius Rp. Indeed, we
find that the average pore size in the initial equilibrium is
smaller than the particle radius Rp and the chain radius
of gyration Rg ≈ 1.4Rp. In these conditions, the solute
diffusion rate in the network is orders of magnitude
slower than in the pure solvent.29

When the gel swells, the network expands and both
the capsule diameter and thickness increase by ap-
proximately 50% (Figure 2a,b)30 leading to porosity ε≈
0.95 and larger membrane pores (Figure 4a,c). While
the porosity increases by only 10% from the initial
capsule state, the solute diffusivity in the membrane,
which is an exponential function of ε,31,32 increases by
an order of magnitude.29 This significant change of the
shell diffusivity enables a steady release of encapsul-
ated nanoparticles and macromolecules (Figure 3). We
find an approximately 10-fold increase in the release
rate compared to the release from the initial capsule,
indicating that the release is controlled by the mem-
brane diffusivity.
This diffusion driven release for both nanoparticles

and macromolecules proceeds with a nearly constant
rate as indicated by a linear change in the cumulative
number of released solutes in time (Figure 3). The rate
of chain release is roughly twice slower than that of
particles that have a smaller characteristic size and,
therefore, can more easily percolate through an ex-
panded gel network.33,34

This constant release rate has been previously ob-
served in experiments that probed the diffusion of
solutes encapsulated in hollow microcapsules.35�38

For example, Kono et al.38 studied the release of NaCl
from pH-responsive polyamide capsules and showed
that the NaCl release is linearly related to time. The
diffusive release has been also studied theoretically by
considering particle diffusion through a porous cap-
sule shell.39 The long time solution predicts a release
with a constant rate that is defined by the capsule
geometry and the particle diffusion through the cap-
sule shell. Thus, our simulation of release from swollen
capsules agrees well with both experiment and theory.
When the capsule deswells, its diameter and mem-

brane thickness decreases by 20% compared to the
initial capsule size (Figure 2c,d) resulting in a smaller
membrane pore size (Figures 4a,d). In this situation,
one might expect that solute release will be further
suppressed. Surprisingly, we found that it is not the
case for hollow microgel capsules, where a rapid and

Figure 1. Cross-sectional views of initially equilibrated hol-
low spherical capsules loadedwith (a) polymer chains (cyan)
and (b) nanoparticles (green) inside the capsule cavity. The
shell porosity is ε = 0.85 and the thickness is b = Ri/3, where
Ri is the initial outer radius of the capsule. For clarity, solvent
is not shown.
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massive release takes place during the capsule deswel-
ling (Figure 3). This release is characterized by a rate
which is much faster than that from swollen capsules
with larger pores (cf. Figures 4c,d). Furthermore, we
found that during deswelling polymer chains are re-
leased nearly twice faster than nanoparticles and the
total amount of released chains is about four times
greater (remember that the chains have a nearly 50%
larger characteristic size than the nanoparticles and the
release rate of chains from swollen capsules is about
twice slower than that of nanoparticles). This fast solute
release, however, only occurs for a short period during
which the capsule undergoes the volume change.
Contrary to the swollen gel capsules where the

release is controlled by diffusion, the release from
deswelling capsules is facilitated by convective fluid
flows induced by capsule shrinking. When capsule
volume decreases, the encapsulated fluid is squeezed
out from the capsule interior, carrying suspended
solutes and enabling their rapid release. Since larger
pores in the capsule shell have lower hydrodynamic

resistance, the encapsulated solvent flows through
these larger pores, which allows the release evenwhen
the pore size decreases due to gel deswelling. The
insets in Figure 2c,d illustrate the release of nanopar-
ticles and polymer chains discharged through pores in
a deswelling membrane.
We can estimate the efficacy of the hydrodynamic

release by introducing a dimensionless Peclet number
Pe = ub/Dn that compares the characteristic rate of
solute discharge due to the fluid flow during capsule
deswellingwith the rate of diffusion from an unswollen
capsule. Here, Dn is the effective diffusion coefficient
of solutes in the capsule membrane network in the
initial state, b is the membrane thickness, and
u = ΔV/(4πτc(Ri� b)2) is the characteristic volume flow
rateof encapsulatedfluidperunitmembranearea,where
ΔV = 4/3π(Ri � b)3(1 � R3) is the change in the capsule
internal volume during deswelling and R = Rf/Ri is the
deswelling ratio with Rf being the final outer radius.
Using the above expressions, we find that the Peclet

number Pe = 3(1 � R3)(D0/Dn) (b(Ri � b)/Ri
2). Here, the

Figure 2. Panels a andb are snapshots fromour simulations illustrating the release from swollen gel capsules of, respectively,
encapsulated polymer chains (cyan) and nanoparticles (green). The swollen capsules have an outer radius 1.5Ri and porosity
ε = 0.95. Panels c and d are snapshots illustrating the release of, respectively, polymer chains and nanoparticles during
capsule deswelling. The deswollen capsules have an outer radius 0.8Ri and porosity ε = 0.75. Panel c shows the release from a
hollow capsule without rods, whereas panel d shows the release from a capsule with two enclosed microrods (red). The rods
are not connected to each other and can move freely inside the cavity of an initially equilibrated capsule. For clarity, cross
sections of the capsules are shown, whereas solvent is not shown. The inset in panel c shows polymer reptation across the
deswelling capsule membrane. The inset in panel d shows a stream of nanoparticles discharging through a membrane pore
during deswelling.
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first term indicates that convective transport is en-
hanced when the deswelling ratio decreases andmore
internal fluid is released. The second term represents
the ratio between the capsule collective diffusion
and the solute diffusion, and shows that the effect
of hydrodynamic release can be enhanced by faster
volume transition (larger D0) and/or slower solute
diffusion rate (smaller Dn). The last term represents
the effect of capsule geometry and indicates that
the hydrodynamic release is increased when the shell
thickness is b ≈ 0.5Ri.
For our simulation parameters, Pe is equal to about

120 and 450 for nanoparticles and polymer chains,
respectively. Here, we estimate the effective diffusion
coefficient Dn based on the release data shown in
Figure 3. We find that our scaling model agrees well
with the simulation results for polymer chains in which
case Pe ≈ 420. However, when it comes to nanoparti-
cles, our simulations yield Pe ≈ 30. Thus, the model
predicts the number of hydrodynamically released
particles about four times greater than what we obtain
in the simulations.
This discrepancy between the scalingmodel and our

simulations of nanoparticle release canbe attributed to
the rapid decrease of membrane pore size in shrinking
capsules.Whenpores become too small for rigid particles
to pass, the release terminates even when the encap-
sulated solvent is still leaking from inside the capsule.

Indeed, we find that the nanoparticle release stops
after t/τc ≈ 0.5, whereas the release of compliant
polymer chains that can easily reptate through the
porous membrane continues approximately twice
longer driven by an outward fluid flow.
To prevent membrane sealing due to pore shrinking

in deswelling capsules and to enhance the release of
nanoparticles, we introduce rigid microrods in the
capsule interior (Figure 2d). The rods are comparable
in length with the internal capsule diameter and can
freely move inside an initially unswollen capsule. How-
ever, when the capsule shrinks and decreases in size,
the rods resist capsule shrinkage and stretch the
membrane. The mechanical stretching induces stres-
ses in the membrane that oppose the network con-
traction due to gel deswelling, thereby keeping the
membrane pores open (Figure 4e).
The cumulative release and the release rates for

deswelling microcapsules with one and two internal
rods are shown in Figure 3. Indeed, we find that rigid
rods enhance the discharge rate of rigid nanoparticles
compared to both the deswelling capsules without
internal rods and the diffusion-controlled release from

Figure 4. Panel a shows cumulative pore size distribution of
the capsule shell formed from a random network of inter-
connected filaments. The pore size is nondimensional-
ized by nanoparticles radius Rp. The symbols represent
simulation data and the solid lines represent fits of normal
distributions with the average and standard deviations
identical to those of the simulation data. Panels b�e show
representative changes in the pore size of the capsule
membrane in the initial equilibrium, swollen, deswollen,
and deswollen with two enclosed microrods states, respec-
tively.

Figure 3. Cumulative fraction of (a) released nanoparticles
and (b) released polymer chains versus time. The insets
show the dimensionless release rate as a function of time.
The squares, circles, triangles, crosses, and diamonds are
for, respectively, initially equilibrated capsules, swelling
capsules, deswelling capsules, and deswelling capsuleswith
one rod and two rods. Each point is an average of five
independent realizations.
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the swollen capsules (Figure 3a). Furthermore, we find
that the net release of particles from a capsule with
two separate rods is almost twice greater than from a
capsule with one internal rod, and results in Pe ≈ 90,
which is close to the theoretical limit. We relate this
additional release enhancement to a stronger mem-
brane stretching by two internal rods compared to one
rod. Thus, by changing the number of encapsulated
microrods one can engineer nanoparticle-loaded cap-
sules that yield different release rates.
Whereas the release of nanoparticles is very sensi-

tive to the presence of encapsulated microrods, the
release of polymer chains from deswelling capsules
remains practically unaffected after the inclusion of the
rods (Figure 3b). The difference in the amount of
released chains for simulations without rods and for
simulations with one and two rods does not exceed
10%. This confirms that the release of linear macro-
molecules is not limited by the pore sealing in deswel-
ling gel, but rather by the amount of released solvent
during the capsule volume change.
Gels can typically swell and deswell reversibly40�42

which makes responsive gels especially attractive for
applications where periods of rapid discharge of en-
capsulated solutes should be followed by intervals of
no release.43,44 Such pulsatile drug delivery systems,
for example, can be utilized in biomedical settings in
which a precise amount of the drug should be admini-
strated with specific time intervals.45

To probe the utility of responsive microcapsules in
multipulse release applications, we carry out simula-
tions of periodic release of macromolecules from
capsules without rods and nanoparticles from capsules
that enclose two independent rigid rods. In these simu-
lations, capsules cyclically deswell (Figure 2c,d) and
restore their initial state (Figure 1a,b) with constant
time intervals equal to 1.6τc. Figure 5 shows the release
profiles during three successive capsule deswelling/
restoring cycles. The simulations reveal that immedi-
ately after the beginning of a deswelling interval, a

significant amount of solutes is released. This burst
release is then followed by a period of no release,
which continues until the beginning of the next cap-
sule deswelling period. Thus, the released amount is
defined by the dynamics of capsule deswelling and is
insensitive to a particular extent of deswollen and
swollen periods if they are greater than τc. The total
amount of solutes that are released in consecutive
cycles decreases due to their decreasing concentration
within the periodically deswelling capsules.
The phenomena predicted in our simulations can be

experimentally realized using microgel capsules with
the outer radius of the order of 1 μm and the collective
diffusion coefficient D0 ≈ 10�7�10�8 cm2/s. Respon-
sive capsules with such properties can be prepared
using a verity of experimental techniques.12,15,18,19,25,46�49

For instance, Zha et al.46 and Xing et al.19 synthesized
temperature responsive nanogel capsules by colloidal
template polymerization followed by core removal.
Zhang et al.47 prepared responsive hollow nanogel
shells by synthesizing core�shell nanogels. A hollow
capsule was obtained after the degraded core was
released through the shell. Wahrmund et al.25 em-
ployed a capillary-based microfluidic device to form
monodisperse poly-N-isopropylacrylamide (PNIPAM)
hydrogel microcapsules. Another microfluidic approach
was developed by Seiffert et al.15 to synthesize multi-
layered microgel capsules. A variety of stimuli respon-
sive micro- and nanocapsules can also be formed using
layer-by-layer (LbL) techniques.18,50

To induce a controlled release, these responsive
capsules need to be loaded with nanoparticles and
polymer chains with characteristic sizes comparable to
the average pore size of the gel network which is
typically in the range from tens to hundreds of nano-
meters. For example, Zahr et al.51 used LbL assembly
to encapsulate drug nanoparticles inside a macro-
molecular nanoshell. Wang et al.52 introduced a facile
approach for encapsulatingwater-insoluble compounds
in polymer capsules using mesoporous silica particle-
mediated drug loading followed by the generation of
a polymer multilayer shell using the LbL technique.
Kozlovskaya et al.53 fabricated hydrogel capsules by
hydrogen-bonded self-assembly and then used them
to encapsulate FITC-dextran by locking the capsule wall
with electrostatically associating polycations at high pH.
Microencapsulation techniques are not limited to

nanometer-sized solutes. Experiments have shown
that micrometer-sized large structures can also be
encapsulated inside the capsules. Kim et al.54 and
Shum et al.55 demonstrated that microfluidics can be
effectively employed to encapsulate objects compar-
able to the container in size. Dahne et al.56 and
Vriezema et al.57 showed that large objects can be
self-assembled or polymerized inside microcapsules.
Such approaches can be potentially employed to en-
capsulate microrods inside responsive gel capsules.

Figure 5. Pulsatile release from hollow responsive micro-
capsules that undergo reversible deswelling/restoring cy-
cles. Filled symbols show a dimensionless release rate of
polymer chains from a capsule without rods (see Figure 2c).
Empty symbols show dimensionless release rate of nano-
particles from a capsule with two encapsulated microrods
(see Figure 2d). Each deswelling and restoring interval
equals to t/τc = 1.6.
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The amount of solute release from experimental
microgel capsules can be adjusted by changing gel
porosity and the degree of gel swelling/deswelling.
Furthermore, the release time from deswelling cap-
sules can be directly regulated by changing the cap-
sule relaxation time τc. Since this time scale is pro-
portional to R2, the use of smaller capsules enables
faster release. For example, for a capsule with typical
network diffusivityD0≈ 10�7 cm2/s, the release time of
the order of seconds can be obtained if the capsule
radius is about a few micrometers.

CONCLUSION

We introduced a coarse-grained computational
method that can explicitly capture the release of
nanoparticles and macromolecules from responsive
microgel capsules. Our simulations revealed that not
only swelling, but also deswelling of hollow microcap-
sules can be harnessed for controlled release. Indeed,
recent experiments with poly(acrylic acid) (PAA) and
poly(N-isopropylacrylamide) (PNIPAM) hollow nano-
gels demonstrated the possibility of solute release
from deswelling microcapsules.58 We showed that
the release mechanisms for swollen and deswelling
gel capsules are different. The release from swollen
capsules is relatively slow, controlled by the solute
diffusion through the capsule shell. The rate of this

release depends on the degree of capsule swelling that
sets the membrane porosity and, therefore, can be
tuned in a wide range by modifying the gel chemistry.
The release from deswelling capsules, on the other
hand, is burst-like and is driven by the flow of the
encapsulated solvent triggered by capsule shrinking.
This rapid and massive hydrodynamic release occurs
on the time scale of the deswelling volume transition.
The amount of released solutes is controlled by the
capsule volume decrease, whereas the release rate is
defined by the deswelling kinetics. We found that
deformable polymer chains that can easily penetrate
thorough membrane pores are released in larger
amounts from deswelling capsules than are nanopar-
ticles that are filtered out by shrinking membrane
pores. Our simulations further demonstrated that the
inclusion of rigid microrods inside deswelling capsules
mitigates the membrane pore closing, and in this
fashion provides an effective method for regulating
the rate of hydrodynamic release of nanoparticles.
Finally, we showed that the periodic deswelling of
responsive capsules can be utilized in multipulse re-
lease applications. Thus, responsive microcapsules of-
fer a uniquely adaptive and tunable means of delivery
that provides effective mechanisms for both basal and
pulsatile release of encapsulated drugs and other
solutes.

METHODS
To explicitly model the complex dynamic interactions among

a responsivemicrogel capsule, a viscous fluid, and encapsulated
diffusive nanoparticles and polymer chains, we use dissipative
particle dynamics (DPD),59,60 a coarse-grained simulation tech-
nique that employs a momentum-conserving thermostat and
soft repulsive interactions among beads representing clusters
of molecules. This method allows for the simulation of physical
phenomena occurring at relatively large time and spatial scales,
while accurately capturing the relevant hydrodynamic effects.
Indeed, DPD has been successfully employed to simulate the
dynamics of polymers and particles dispersed in Newtonian
incompressible fluids.29,61�69

In DPD, the time evolution of the many-body system obeys
Newton's second law m dvi/dt = fi, where vi and fi are, respec-
tively, the velocity and force on the ith bead with mass m at
time t. The equations of motion are integrated using the
velocity-Verlet algorithm.60 The force on the bead i is fi =
∑j(Fij

C þ Fij
D þ Fij

R), where the sum runs over all neighbor beads
jwithin a cutoff radius rc around bead i. The conservative force is
given by Fij

C = aij(1 � r̂ij) r̂ij, where aij is the repulsion between
beads i and j, r̂ij = rij/rc, and r̂ij = rij/rij with rij = |ri � rj|. The
dissipative force is Fij

D=�γωD(rij)(̂rij 3 vij)̂rij and the random force
is Fij

R = σωR(rij)ξij(dt)
1/2̂rij, where vij = vi� vj and ξij is a zero-mean

Gaussian random variable of unit variance with ξij = ξji. The
coefficients γ and σ2 = 2kBTγ determine the strength of dissipa-
tive and random forces, where kB is the Boltzmann constant and
T is the temperature of the system. Moreover, the weight
functions are ωR(rij) = 1 � r̂ij and ωD(rij) = [ωR(rij)]

2.70 In our
simulations, we set the time stepΔt = 0.01,m = 1, rc = 1, γ = 4.5,
a= 25, kBT= 1 and the number density F= 3 yielding the solvent
kinematic viscosity ν equal to 0.283. Unless specified otherwise,
all dimensional values are given in DPD units.

A random lattice of interconnecting elastic filaments71 is used
to model the capsule elastic shell. The flexible filaments are
formed from DPD particles connected by Frankel springs with
the potential UF = kF(|ri � rj| � req)

2/2. Here, we set the spring
constant kF = 600 and the equilibrium length req = 0.4. The
particles forming filaments also interact via DPD potentials.
Additionally, we include a bending potential Ub = kb(1þ cos θ),
where kb = 7.5 is the bending stiffness and θ is the angle
between two consecutive pairs of beads. This leads to filament
bending rigidity EI≈ 2.74, for filaments with the effective radius
equal to the Stokes�Einstein radius of DPD beads RSE≈ 0.209.72

We build the shell network in two steps. We first randomly
distribute N cross-linking nodes inside the computational do-
main and then connect each nodewith Cave closest nodes.

29We
have recently used this model to examine transport through
deformable polymer networks and found good agreement with
the theory and experiments.29 To create a spherical capsule, we
generate a cubic network with a side equal to the outer capsule
diameter and then remove the beads that are outside the
capsule shell. Specifically, a 30 � 30 � 30 cubic network, with
N = 12000, Cave = 8, and porosity ε≈ 0.85, was used to construct
capsules with an outer radius Ro = 15 and amembrane thickness
b = 5. With this network arrangement, the average filament
length is about unity, which we found to be small enough to
provide microgel network integrity and capsule stability in the
simulated conditions. In experimental settings, the capsule
integrity can be further enhanced by choosing polymers with
different molecular weights.24,50

To model the swelling/deswelling of responsive capsules, we
dynamically alter the length of network filaments by changing
the effective equilibrium distance between DPD beads within
each filament. This allows us to simulate the internal stresses
that cause the network to shrink or expand. In this fashion, we
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can accurately capture the volume transition in polymer net-
works (see Supporting Information). In experiments, the ap-
pearance of internal network stresses driving gel swelling and
deswelling volume transitions can result from changes in the
environmental conditions such as pH, salt concentration, tem-
perature, light intensity, etc.1�11

Tomodel network swelling in our simulations, we increase req
by 50% that results in a 50% increase in the capsule diameter
(see Figure 2a,b). For modeling network deswelling, we simul-
taneously reduce the equilibrium length req by 50% and the
strength of DPD potentials between filament beads by 80%.
This results in a 20% reduction in the outer diameter of the
capsule (see Figures 2c,d).
To examine and quantify the particle release, we introduce

100 nanoparticles that are initially randomly distributed inside
the capsule cavity. The rigid nanoparticles are constructed from
13 DPD beads arranged in hexagonal close-packed spherical
aggregates that obey the rigid body dynamics and interact with
the solvent and network via the DPD potentials. The Stokes�
Einstein radius corresponding to the effective hydrodynamic
radius of these aggregates is Rp ≈ 0.7,72 which is slightly larger
than the mean membrane pore size in the unswollen initial
capsule (Figure 4a).
To study the release of linear macromolecules, we load the

microcapsule interiorwith 100polymer chains. Each chain is formed
from 10 DPD beads connected sequentially by finitely extensible
nonlinear elastic (FENE) springs. The FENE potential is given by
UFENE = �kFENE rmax

2 log[1 � |ri � rj|
2/rmax

2 ], where kFENE = 10 is the
stretching constant and rmax=1.5 is themaximumspringextension.
The gyration radius of these chains representing their hydrody-
namic radius is Rg≈ 1 as calculated using equilibrium simulations in
pure solvent. Unlike the polymer network, the encapsulated linear
macromolecules are insensitive to external stimuli.
To probe the effect of intercapsular microrods on the release

from deswelling microcapsules, we introduce rods with length
L = 10 and radius Rrod = 2 that are constructed by clustering DPD
beads. The rods behave as rigid bodies and interact with the
solvent network and nanoparticles via the DPD potentials.
We carry out the release simulations in a 50 � 50 � 50

periodic box that contains a viscous DPD solvent, a polymeric
microcapsule, and encapsulated nanoparticles/polymer chains
(Figure 1). After an initial system equilibration, we change the
filament equilibrium length to mimic the gel swelling/deswel-
ling and then continue the simulations for 3 � 105 time steps.
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