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Nanocomposite capsules with directional, pulsed
nanoparticle release
Christiana E. Udoh, João T. Cabral, Valeria Garbin*

The precise spatiotemporal delivery of nanoparticles from polymeric capsules is required for applications ran-
ging from medicine to materials science. These capsules derive key performance aspects from their overall
shape and dimensions, porosity, and internal microstructure. To this effect, microfluidics provide an exceptional
platform for emulsification and subsequent capsule formation. However, facile and robust approaches for na-
nocomposite capsule fabrication, exhibiting triggered nanoparticle release, remain elusive because of the
complex coupling of polymer-nanoparticle phase behavior, diffusion, phase inversion, and directional solidifi-
cation. We investigate a model system of polyelectrolyte sodium poly(styrene sulfonate) and 22-nm colloidal
silica and demonstrate a robust capsule morphology diagram, achieving a range of internal morphologies, in-
cluding nucleated and bicontinuous microstructures, as well as isotropic and non-isotropic external shapes.
Upon dissolution in water, we find that capsules formed with either neat polymers or neat nanoparticles dis-
solve rapidly and isotropically, whereas bicontinuous, hierarchical, composite capsules dissolve via directional
pulses of nanoparticle clusters without disrupting the scaffold, with time scales tunable from seconds to hours.
The versatility, facile assembly, and response of these nanocomposite capsules thus show great promise in
precision delivery.
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INTRODUCTION

Capsules are essential vehicles for the storage and delivery of drugs,
biologically active species, surfactants, and personal care formulations
(1–3). The morphology of capsules has been shown to control their
assembly and packing, flow, optical, magnetic, and release properties
(4–7). Polymer- and nanoparticle-based capsules can be engineered to
have high cargo capacity, biocompatibility, and surface functionalities
underpinning growing applications in the pharmaceutical, biological,
and energy industries (8–10).Various techniques, including spray drying
(11), emulsion polymerization (12), solvent displacement (13, 14),
and layer-by-layer assembly (15), are used to fabricate microcapsules.
Recent advances in the field of droplet microfluidics have provided an
attractive platform for high-throughput, single and multiple, emulsi-
fication and templating of droplets combining exceptional size andmor-
phology control, and low polydispersity (16–18). A range of approaches
have been demonstrated for particle and capsule formation using po-
lymerization, phase change, solvent evaporation, and directed solidi-
fication. In particular, anisotropic nanoparticle and polymer particles
(19) have been fabricated byultraviolet exposure (20), uniaxial stretching
of preformed spherical particles (21), and solidification under flow
(4, 22), yielding toroidal (22), hollow (23), doughnut-shaped (24), and
buckled (25) morphologies. Their internal microstructure can be
spontaneously generated by demixing, coarsening, and eventual kinet-
ic arrest upon solidification. In solvent evaporation, solute droplets are
concentrated by osmotic extraction of the solvent in a liquid or gas
phase (by spray drying), and this process has been used in the fabri-
cation of spherical polymeric capsules with precise internal micropore
structure and size distribution (26, 27), and capsules with “bijel” (28)
structures (29).

Previously, we have demonstrated the formation of spherical, neat
polymer capsules in microfluidics using selective solvent extraction
and achieved precise tuning of capsule size andmicrostructurewithout
the use of porogens. The overall capsule formation mechanism was
shown to be dependent on ternary solution thermodynamics. Here,
motivated by the need for facile encapsulation and delivery of nano-
particles from capsules, with ubiquitous applications frommedicine to
materials science, we seek to design nanocomposite capsules with tun-
able morphology and microstructure, expected to nontrivially affect
their dissolution behavior. Informed by the rich phase behavior (30)
of polymer-nanoparticle mixtures, the interplay between extraction
concentration pathways and solution phase boundaries, as well as
competitive time scales for demixing and solidification, we develop a
robust microfluidic approach for a single-stage nanocomposite cap-
sule formation with tunable nanoparticle release.
RESULTS
Experimental approach
We select a model system of a water-soluble polyelectrolyte [sodium
poly(styrene sulfonate) (NaPSS)] and silica nanoparticles, with a diam-
eter of 22 nm. Polymer-nanoparticle aqueousmixture droplets are first
generated within an immiscible carrier phase (hexadecane) and then
subjected to solvent extraction in ethyl acetate, a nonsolvent for the
polymer but a good solvent for both the carrier and droplet phases.
We use a flow-focusing microfluidic device, fabricated by frontal pho-
topolymerization (FPP) (31, 32), to achieve high throughput of droplet
production with precise dimensions and frequency. Our approach is
illustrated in Fig. 1. Upon extraction and reduction of droplet volume,
the solute concentration increases (polymer or nanoparticle) and, ac-
companied by nonsolvent exchange at the interface, leads to phase sep-
aration by nucleation and growth or spinodal decomposition and,
finally, directional solidification. The solvent interdiffusion process is
akin to the phase inversion used extensively in membrane fabrication.
We design the drop shrinkage to yield relatively high Péclet numbers
(the ratio of the extraction rate to the diffusion coefficient of the solute),
from approximately 3 to 20, such that a droplet skin is formed at an
early stage of extraction (33). These design principles enable precise
control of the shape of the capsule through shell mechanics (see sche-
matics and scanning electronmicrographs in Fig. 1) and of the internal
microstructure (see Fig. 1).
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Droplet extraction, demixing, and deformation
Mixtures of nanoparticles and polymers exhibit a rich phase behavior
with coexisting regions of nanoparticle-poor “gas” and nanoparticle-
rich “liquid” phases because of depletion interactions (30). We there-
fore first determine the phase behavior of the polymer-nanoparticle
system in solution (fig. S1) and ensure that all initial droplet concen-
trations are within the one-phase region, resulting in stable suspen-
sions free from sedimentation or aggregation. Figure 2 compares the
solvent extraction of droplets with identical initial size and varying
polymer (CNaPSS) and nanoparticle composition (CSiO2). For reference,
Udoh, Cabral, Garbin, Sci. Adv. 2017;3 : eaao3353 8 December 2017
we include the dissolution of a pure water droplet in Fig. 2A. Our first
observation is that the final capsule sizes obtained fromboth neat poly-
mer solutions (Fig. 2B) and neat nanoparticle suspensions (Fig. 2C) are
considerably smaller than those obtained from polymer-nanoparticle
solution droplets (Fig. 2C). At these concentrations, the composite
capsule is up to 30 times larger in volume compared to the neat poly-
mer capsule. During solvent extraction, demixing occurs in droplets
containing polymers because of the thermodynamic incompatibility
between the polymer and nonsolvent. Under these conditions, we
observe phase separation by nucleation and growth for neat polymer
Fig. 1. Schematic of the capsule formation process. Polymer (P)–nanoparticle (NP) solutions are emulsified into droplets in a microfluidic flow-focusing junction,
followed by capsule formation via solvent extraction and directed solidification. A range of internal and external morphologies are accessible by varying drop size and
(ternary) composition. For the data presented here, the polymer was NaPSS, the nanoparticles were silica (22 nm in diameter), and the solvent (S), carrier, and nonsolvent
(NS) were water, hexadecane, and ethyl acetate, respectively. Scale bar, 100 mm.
Fig. 2. Optical images and kinetics of solvent extraction. Time series of solvent extraction from droplets of (A) pure H2O, (B) 1% (w/v) NaPSS (P), (C) 10% (w/v) silica
(S), and (D) 1% (w/v) NaPSS + 10% (w/v) silica droplets; the initial droplet radius was R0 ≃ 250 mm. (E to G) Higher-magnification images of spinodal decomposition and
coarsening of surface morphology of (D) within 120 to 140 s; inset in (F) shows corresponding FFT of the structure. (H) Evolution of droplet radius with time during
extraction for data in (A) to (D). The symbol “+” indicates the completion of the extraction process (or dissolution for pure water). Droplets and then capsules remain
approximately spherical in all cases at these compositions. Extraction kinetics for droplets with R0 ≃ 140 mm is provided in fig. S2. (I) Structure factor obtained from FFT
of images (E to G), with the inset showing the evolution of dominant length scale (l ≡ 2p/q*) with time, where q* is the wave number of the peak position indicated
with “*”. A linear l º t1 dependence is expected for hydrodynamic coarsening in three dimensions. a.u., arbitrary units.
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solution droplets and spinodal decomposition in droplets with high
CSiO2 and low CNaPSS, as shown in Fig. 2 (E to G). Neat nanoparticle
droplets result in compact aggregate capsules. The extraction kinetics
shown in Fig. 2H were quantified by the change in droplet radius over
time; as expected, the final capsule size and, to some extent, extraction
time depend on the solute content of the droplets. The initial shrinkage
profile is shared by all droplet compositions, including pure water, and
is governed by the solvent exchange at the interface. The lines are em-
pirical fits to RðtÞ ¼ R0 � R∞Þð1� t

tÞa þ R∞
�

, where R0 is the initial
droplet radius, R∞ is the (final) capsule radius, t is the extraction time
(when R ceases to change), and a is a parameter accounting for non-
Fickian diffusion, introduced previously (26). Although the droplets re-
main largely spherical during capsule formation, dimples appear at
highCSiO2 [≥10% (w/v)]. The inset shown in Fig. 2F is the fast Fourier
transform (FFT) of the spinodal structure obtained for CNaPSS = 1 %
(w/v) andCSiO2 = 10% (w/v), whose corresponding structure factors are
obtained from the radial average of the FFTs, as shown in Fig. 2I. The
evolution of the characteristic domain size of the spinodal structure is
shown in the inset of Fig. 2I and is obtained by l = 2p/q*, where q* is
the peak position. The linear scaling observed is expected for
coarsening due to hydrodynamic shape relaxation, l≈ (g/m)t1, where
g is the interfacial tension between phases and m is the viscosity (34).
Composition fluctuations normal to the capsule surface, which would
indicate surface-directed spinodal decomposition (35, 36), are not ob-
served in our experiments potentially because of convection during
demixing and eventual kinetic arrest of the spinodal structure. The
observed spinodal decomposition is a bulk phase phenomenon.

Upon increasing polymer and nanoparticle content, significant de-
formation is observed during the evolution from droplet to capsule, as
illustrated in Fig. 3A. The linear dependence of capsule size and extrac-
Udoh, Cabral, Garbin, Sci. Adv. 2017;3 : eaao3353 8 December 2017
tion time, t, on initial droplet radius, R0, is shown in Fig. 3 (B and C)
for droplets with initial composition CNaPSS = 5% (w/v) and CSiO2 =
12% (w/v). Because of the deviation from sphericity, the drop shrink-
age kinetics are described by a major radius, Rmajor, and minor radius,
Rminor, and proceed as follows. The droplet volume first decreases isotro-
pically as solvent is extracted,whereas thedroplet solution remains single-
phase, and demixing takes place because of the ingress of nonsolvent and
solute environment of the droplet. Polymer and nanoparticle accumula-
tion at the interface leads to further radial concentration gradients and
the eventual formation of a porous shell. Structural coarsening pro-
ceeds, and the droplet surface undulates. Strong surface enrichment
leads to smooth droplet surfaces. Further volume reduction leads to
the deformation of this shell, by elongation, and the creation of folds
and dimples. Buckling is driven by a spontaneous reduction in com-
pressive stresses developed on the shell wall during the reduction in vol-
ume (37). The deformation of the polymer-nanoparticle shell is
evidently dependent on the initialCNaPSS andCSiO2. Composite droplets
with high polymer and silica content are found to deform by elongation
and inextensional folding, with aspect ratios reaching ≈ 5, as shown in
Fig. 3A, reminiscent of the folding of pollen grains (38). Increasing the
CNaPSS at fixedCSiO2 (shown in Fig. 3D) is found to enhance anisotropy
such that the final major radius exceeds the initial droplet radius. By
contrast, Fig. 3E shows that the effects of nanoparticle addition satu-
rate above ≈2% (w/v) [up to 20% (w/v) studied] at constant CNaPSS

[1% (w/v)], and capsules remain largely spherical. By keeping CNaPSS

at 1% (w/v) and R0 constant, a decrease in CSiO2 below 10% (w/v)
results in capsules with deformed shells. From Fig. 3E, we extract
the dependence of R∞ and t on the nanoparticle concentration in
Fig. 3 (F and G) and find that, above a thresholdCSiO2 (≈2%w/v), Rinf
and t remain approximately constant for droplets with similar R0.
 on D
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Fig. 3. Kinetics of capsule formation for various NaPSS/silica initial compositions. (A) Droplet extraction kinetics for a composition of 5% (w/v) NaPSS + 12% (w/v)
silica, yielding anisotropic capsules with major and minor radii indicated. Vertical dashed lines and optical images indicate the regions of liquid droplets, capsule shell
formation and shape deformation, and solidification. The evolution of area and deformation [D = (Rmajor + Rminor)/(Rmajor − Rminor)] with time, for the droplet, is shown
in fig. S3. (B and C) Linear dependence of final capsule size, bifurcation time, td, and extraction time, t, on initial droplet radius, R0, for a composition of 5% (w/v) NaPSS
+ 12% (w/v) silica. (D) Effect of polymer concentration on extraction kinetics at 12% (w/v) silica. Pure H2O and NaPSS 1% (w/v) are included for reference. A graph of
deformation versus time for each CNaPSS showing an increase in deformation with polymer concentration is shown in fig. S4B. (E) Effect of silica concentration on
extraction kinetics at a constant NaPSS [1% (w/v)] concentration. Results for nanoparticle of 2 to 20% (w/v) overlap. (F) Ratio of final capsule size R∞ to initial droplet
size R0. (G) Corresponding extraction time obtained in (E). Only major axis (Rmajor) is shown in (B), (D), and (E) for clarity. Minor axis (Rminor) data are shown in figs. S4A
and S5.
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A morphology map for nanocomposite capsules
Amap of the resulting capsule shape andmicrostructure as a function
of nanoparticle and polymer content is proposed in Fig. 4A. Capsules
produced fromdroplets of neat polymer solution, shown in Fig. 4 (C and
D), exhibit smooth shells, and their internal pore size can be tuned by
varying the initialCNaPSS (26, 27, 39). Figure 4 (E and F) illustrates dense
dimpled capsules produced from neat nanoparticle droplets. At most
NaPSS and SiO2 concentrations (light blue region in Fig. 4A), elongated
capsules are formed, as shown in Fig. 4 (G and H), with deformation
increasing with CNaPSS (fig. S6). Scanning electron microscopy (SEM)
images reveal that the deformed capsules have thin shells (<1 mm) and
are packed with ≈ 1 to 3 mm of nanoparticle clusters (figs. S7 to S9).
Wide-view SEM images of the capsules from specific locations within
the morphology map are shown in fig. S10. Although liquid droplets
remain spherical because of theminimization of surface energy and thus
area, soft shellmechanics gradually dominate as the extraction proceeds.
Thin polymer films have been shown to deform primarily by stretching
and bending (40), with the extent of deformation dependent on the ratio
of stretching to bending (24) such that high bending energy only allows
for in-plane elongation by stretching (41). Here, the observed soft cap-
sules undergo extensional deformation and, eventually, experience
bending deformation (out-of-plane displacement), leading to the for-
mation of a range of pollen-grain and triangular shapes, enabling a
reduction in volume (driven by osmotic drying) while retaining the sur-
face area, imposed by skin formation. At high silica but low polymer
content (shown in dark blue in Fig. 4A), dimpled capsules comprising
a thin skin (≈10 mm) (Fig. 4I and fig. S9) are found, whose internal
structure reveals a bicontinuous morphology (Fig. 4J), reminiscent of
spinodal decomposition. The bicontinuous capsules contain hierarchi-
Udoh, Cabral, Garbin, Sci. Adv. 2017;3 : eaao3353 8 December 2017
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cal particles in the range of 1 to 3 mm (Fig. 4K), which are compact
clusters of the silica nanoparticles, boundby trace amounts of theNaPSS
polymer (Fig. 4L). Energy-dispersive x-ray spectroscopy (EDS) of neat
and composite capsules is shown in fig. S11. A higher proportion of
nanoparticles is found in the nanoparticle clusters compared to the
capsule’s shell, and the compositions of the capsule scaffold and shell
for the bicontinuous capsules are shown to be similar.

Directional, pulsed release of nanoparticles
upon dissolution
The bicontinuous capsules are found to exhibit an unexpected disso-
lution behavior in water, which is described next. As a control, the dis-
solution of capsules formed from neat polymers or neat nanoparticle
droplets of similar dimensions is found to take place within tens of
seconds, as shown in Fig. 5A. Whereas the neat polymer capsules ini-
tially swell because of solvent ingress, the dissolution of neat nano-
particle capsules proceeds by stress cracking, as observed in the
dissolution of polymer particles at low temperatures (42). Anisotropic
composite capsules rupture upon immersion in the dissolution medi-
um (distilled water) and release the nanoparticle clusters. The ob-
served release is shown in Fig. 5 (B and C) for capsules produced
from droplets with initial compositions of 1% (w/v) NaPSS + 0.5%
(w/v) SiO2 and 1% (w/v) NaPSS + 5% (w/v) SiO2, respectively. Ad-
ditional release data for anisotropic capsules produced from droplets
with an initial composition of 3% (w/v) NaPSS + 10% (w/v) SiO2 are
shown in fig. S12. By contrast, the composite capsules with a bicon-
tinuous morphology preserve their capsule scaffold, and hence their
overall shape and size, and release micrometer-sized nanoparticle
clusters over a long period of time (hours) in a series of bursts, origi-
nating from specific sites at the capsule surface. The release is shown
in Fig. 5D for distilled water at pH 6. The time scale of release varies
markedly with pH, as illustrated in Fig. 5E, for water at pH 9.4. The
ejection of the nanoparticle clusters is comparatively more diffuse
under basic conditions, likely because of the higher dispersibility
of the silica nanoparticles, and has a longer induction time; dissolu-
tion does not occur under strongly acidic conditions. A section of the
outer shell of the capsule is shown in Fig. 5F, and an optical image of
the released clusters is shown in Fig. 5G. We estimate the release in
Fig. 5H by measuring the integrated density over time and find that
the radius of the bicontinuous capsule remains approximately con-
stant over time (black squares and line). The loading efficiency and
extent of release of the bicontinuous capsules are estimated to be ap-
proximately 60% and 20 to 25%, respectively. Further analysis
showing active sites of release at selected time periods is presented
in fig. S13, and the temporal release profiles from the most active sites
on the capsule surface are provided in figs. S14 and S15. Additional re-
lease data for capsules produced from higher nanoparticle payloads
[15% (w/v) SiO2] at initial CNaPSS [1% (w/v)] are shown in fig. S16.
DISCUSSION
Microfluidic emulsification and droplet extraction provide an attract-
ive route to fabricate a range of spherical and anisotropic polymer-
nanoparticle capsules with controllable internal microstructure. The
assembly mechanism is predicated on the engineering of the mixture
thermodynamics, demixing and coarsening, phase inversion, and di-
rectional solidificationduring solvent extraction.Wedemonstrate that
microporosity and capsule morphology can be precisely controlled
without resorting to complex synthetic routes. The size of the capsules
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Fig. 4. Morphology diagram. Phase map and accompanying SEM images of
shape and internal structure of polymer-silica composite capsules as a function
of NaPSS and SiO2 content for a fixed initial droplet size (R = 150 mm). Spherical
polymer capsules with increasing size and smaller pore dimensions are obtained
with increasing NaPSS concentration (D), shown in the gray region. Compact and
dimpled capsules are obtained in the absence of polymer, with increasing size
with silica content (□), shown in the pink region. At most NaPSS/SiO2 composi-
tions, nonspherical capsules with folded geometries (analogous to pollen grains
and tricorns) are found, shown in the light blue region. Within a narrow
composition range, indicated in dark blue, dimpled capsules with a bicontinuous
internal structure are obtained, comprising hierarchical silica microparticles and a
composite polymer-nanoparticle shell and scaffold.
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is primarily set by solute content and initial droplet size, and the capsule
shape and morphology tuned by the polymer or nanoparticle concen-
tration, in this case, 70,000NaPSS and 22-nm silica.Whereas neat poly-
mer and neat nanoparticle droplets result, respectively, in porous and
compact spherical capsules, solvent extraction from droplets containing
a mixture of the two components produces pollen-grain and dimpled
capsules filled with clusters of nanoparticles. High nanoparticle and low
polymer concentration traverse the spinodal region of this complex
nanoparticle-polymer system during extraction, resulting in hierar-
chical capsules with bicontinuous microstructure. Surprisingly, we find
that the bicontinuous capsules exhibit a unique dissolution behavior in
water. Silica nanoparticles are released either as bursts or plumes, orig-
inating from specific sites on the capsule surface and spanning several
hours, whereas the capsule scaffold remains intact. The time scale and
profile of release can be tuned by pH, likely because of the dependence
of nanoparticle dispersibility on pH. To examine the generality of the
approach, we demonstrate the encapsulation of single-walled carbon
nanotubes (SWCNTs) and Au nanoparticles within NaPSS capsules.
Encapsulation data are shown in fig. S17 andmovies S4 and S5. Because
demixing between polymers and nanofillers does not take place, unlike
in the silica mixture, the receding liquid-liquid interface entraps the
cargo and polymer phase inversion takes place as in the case of neat
polymer. As a result, the resulting composite capsules remain largely
spherical at the compositions investigated. The formation of bicontin-
uous internalmorphologies evidently requires the crossing of the spino-
dal line along the solvent extraction pathway, which can be engineered
to match the ternary solution thermodynamics as in the case of silica-
polymer mixtures, but does not readily take place. Similarly, the forma-
tion of non-isotropic capsules requires the emergence of a (composite)
stiff shell during the extraction process, which deforms—by bending,
folding, or crumpling—upon further volume reduction. The release of
the MWCNTs/NaPSS and Au/NaPSS composite capsules is thus found
to be governed by the dissolution of the polymer matrix, which occurs
within time scales of minutes instead of many hours, as observed in
SiO2/NaPSS capsules and shown in fig. S18. Overall, we find that this
versatile method provides a robust route for the controlled delivery of
nanofillers triggered by environmental conditions, and subject to ap-
Udoh, Cabral, Garbin, Sci. Adv. 2017;3 : eaao3353 8 December 2017
propriate engineering ofmixture thermodynamics and liquid extraction
during capsule formation, awide range of external and internalmorphol-
ogies can be attained. Further, the pulsed release mechanism can be po-
tentially exploited in the design of asymmetric self-propelling capsules.
METHODS
Materials
NaPSSwith an averagemolecularweight of 70 kg/mol, 22-nm-diameter
silica nanoparticles [Ludox AS-40 nanoparticle silica; 40% (w/v) sus-
pension in H2O, pH 9 to 9.5], n-hexadecane (ReagentPlus,≥99%), to-
luene, octadecyltrichlorosilane (OTS), sorbitan monooleate (Span 80),
and spherical gold (Au) nanoparticles [core radius,≈2.3 nm; 2% (w/v)
suspension in H2O] functionalized with the capping ligand mercap-
toundecyl tetra(ethylene glycol) were obtained from Sigma-Aldrich.
The capping ligand is uncharged and provides stability to the colloidal
suspension by short-range steric repulsion. COOH-functionalized,
multi-walled carbon nanotubes (MWCNTs) with an outer diameter
of 30 to 40 nm and a length of 10 to 20 µmwere obtained fromArkema.
Ethyl acetate (HiPerSolv CHROMANORM, ≥99.8% purity), acetone,
ethanol, and isopropyl alcohol (all AnalaRNORMAPUR)were obtained
from VWR International. NOA 81 (thiolene-based prepolymer) was
obtained fromNorland Products, and distilled water was obtained from
a Centra ELGA filtration system. All reagents were used as received.

Phase mapping and viscosity of NaPSS/silica mixtures
Phase diagrams were estimated by turbidity 2 weeks after sample
preparation to determine the thermodynamic compositional stability
of the NaPSS/silica system. Colloidal silica suspensions from 1 to
40% (w/v) were prepared in weight by volume terms. Polymer was
added, in 0.1-g increments, to aliquots of the prepared nanoparticle
suspensions, agitated to ensure mixing, and allowed to equilibrate at
21 ± 2°C for 2 weeks. In total, more than 100 samples of different com-
positions were used to locate the phase boundaries with ±5% preci-
sion. One-phase (solid or gas), two-phase (solid-gas), and coexisting
three-phase (solid-liquid-gas) regions ofNaPSS/SiO2/H2O systemswere
observed by optical microscopy and visual inspection. The viscosity of
Fig. 5. Dissolution of NaPSS/silica composite capsules. Optical images of dissolution of capsules of (A) 1% (w/v) NaPSS, (B) 1% (w/v) NaPSS + 0.5% (w/v) silica,
(C) 1% (w/v) NaPSS + 5% (w/v) silica, and (D) 1% (w/v) NaPSS + 10% (w/v) SiO2 at pH 5 and (E) pH 9.4. The final capsule radius was ≃250 mm in all cases. (F) High-
magnification images of the surface cracks of the capsule and (G) the emanating micrometer-sized nanoparticle clusters. (H) The droplet radius of the composite 1% (w/v)
NaPSS/10% (w/v) SiO2 capsule was found to remain approximately constant over time, and the release of micrometer-sized nanoparticle clusters occurs in bursts, over
long time scales, tunable with pH. Lines shown are fits of the well-known Weibull empirical model [I = 1 − exp(−a(t − ti))

b, where I is the integrated intensity in our case;
a and b are the scale and shape parameters, respectively; t is time; and ti is the induction time] to the experimental data. DI, deionized.
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NaPSS/SiO2/H2Omixtures, with a SiO2 concentration of 1 to 20% (w/v),
was measured using a Brookfield DV-I Prime viscometer fitted with an
ultralow adapter. The spindle speed was varied between 4 and 100 rpm
depending on the solution concentration. All samples studied exhibit
Newtonian behavior in this range, and the data are shown in table S1.

Microfluidics and solvent extraction
A microfluidic device with flow-focusing junction was fabricated by
FPP of a thiolene optical adhesive (Norland Products, NOA 81), using
a previously reported procedure (31, 32). The microchannels were
100 mm deep and 650 mm wide, with a focusing constriction of
300 mm. Channel surfaces were rendered hydrophobic by treating
with a 10% (w/v) solution of OTS in toluene for 1 hour, followed by
24 hours in a convection oven at 110°C. Inlets were connected with sil-
icone tubing to 10-ml syringes mounted on syringe pumps (Braintree,
BS-8000), and the outlet tubewas immersed in the nonsolvent bath. The
dispersed phase was the polymer-nanoparticle aqueous mixture,
whereas the continuous phase was hexadecane. For microfluidic emul-
sification, 2 to 5% (v/v) of Span 80 was used to minimize coalescence
and found to have a minimal impact in capsule formation. Initial drop-
let radius was varied by changing the flow rate of the continuous phase,
Fc, within 50 to 90 ml/min,whereas the dispersed phase flow rate,Fd, was
kept constant at 10 ml/min, corresponding to Reynolds number (Re =
rUL/h, where r is the density, U is the flow velocity, L is the char-
acteristic length, and h is the viscosity) between 0.17 and 0.3. The poly-
mer solution droplets, suspended in hexadecane, were then precipitated
into an external nonsolvent bath of ethyl acetate in great excess vol-
ume (20 ml).

Capsule characterization
The droplet shrinkage and evolution of internalmorphology during sol-
vent extraction were monitored using an upright reflection microscope
(Olympus BX41M) and charge-coupled device camera (Allied Vision
Technologies, Manta F-145, 1392 × 1040 pixels, 20 frames per second).
The internal structure of the final polymer capsules was observed by
SEM with a LEO 1525 field emission scanning electron microscope at
an operating voltage of 5 kV, which allowed for ultrahigh resolution
imaging and EDS. Capsules were dried for 24 hours, sectioned or
crushed between glass plates, and coated with chromium before SEM
imaging. The capsule samples were then analyzed by an energy-disper-
sive spectroscope (x-act, Oxford Instruments) fitted with a silicon drift
detector to identify spatial distribution of polymer and nanoparticles
within the capsules. X-ray intensities in counts per second were set at
100, and the accelerating voltage was set at 20 kV.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/12/eaao3353/DC1
fig. S1. Phase diagram of NaPSS/SiO2/H2O mixtures.
fig. S2. Kinetics of composite capsule formation at initial CNaPSS, 1% (w/v).
fig. S3. Deformation and area change of capsule obtained from 5% (w/v) NaPSS + 12% (w/v)
silica droplet.
fig. S4. Kinetics of composite capsule formation at initial CSiO2 , 12% (w/v).
fig. S5. Corresponding minor axis Rminor data for Fig. 2C (main text).
fig. S6. Evolution of droplet radius and deformation parameter with time during extraction for
various NaPSS/silica compositions.
fig. S7. SEM showing the morphology of anisotropic composite NaPSS/silica capsule.
fig. S8. SEM images showing the morphology and internal microstructure of polymer-
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fig. S9. High-magnification SEM images showing the internal morphology of neat polymer and
composite polymer-nanoparticle capsules as a function of NaPSS and SiO2 content.
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fig. S10. Wide-view SEM images showing neat polymer and composite polymer-nanoparticle
capsules as a function of NaPSS and SiO2 content.
fig. S11. EDS analysis of neat and composite NaPSS/silica capsules.
fig. S12. Dissolution of 3% (w/v) NaPSS and 3% (w/v) NaPSS + 10% (w/v) SiO2 capsules.
fig. S13. Pulsatile release of nanoparticle clusters from selected active sites of a capsule
obtained from 1% (w/v) NaPSS + 10% (w/v) SiO2 initial droplet composition.
fig. S14. Pulsatile release of nanoparticle clusters from specific sectors of capsules obtained
from 1% (w/v) NaPSS + 10% (w/v) SiO2 and 1% (w/v) NaPSS + 15% (w/v) SiO2 initial droplet
composition.
fig. S15. Analysis of release of nanoparticle clusters from a capsule obtained from 1% (w/v)
NaPSS + 10% (w/v) SiO2 initial droplet composition.
fig. S16. Analysis of release of nanoparticle clusters from a capsule obtained from 1% (w/v)
NaPSS + 15% (w/v) SiO2 initial droplet composition.
fig. S17. Formation and SEM images of internal microstructure of composite NaPSS/SWCNT
and NaPSS/Au capsules.
fig. S18. Release of SWCNT and Au nanoparticles from composite NaPSS/SWCNT and NaPSS/
Au capsules.
table S1. Viscosity measurements of NaPSS/SiO2/H2O mixtures.
note S1. Microfluidic device fabrication.
note S2. Phase diagram of NaPSS/SiO2/H2O mixtures.
note S3. Estimation of Péclet number.
note S4. Additional analysis for data shown in the main text.
note S5. Additional SEM images of capsules.
note S6. EDS of neat and composite NaPSS/silica capsules.
note S7. Analysis of dissolution of neat and composite NaPSS/silica capsules immersed in
deionized water (pH 5 to 6).
note S8. Spatiotemporal analysis of pulse release of nanoparticle clusters from bicontinuous
capsules immersed in deionized water (pH 5 to 6).
note S9. Impact of payload type on composite capsule morphology and release profile.
movie S1. Video depicting the mechanism and kinetics of solvent extraction of 1% (w/v) NaPSS +
10% (w/v) SiO2 aqueous droplet of 250 mm radius in neat ethyl acetate over a period of 360 s
(video 10 times faster).
movie S2. Video showing the immersion of bicontinuous capsule above in deionized water
(pH 5 to 6), depicting the pulsed release of nanoparticle clusters, over a time scale of 10,000 s
(video 300 times faster).
movie S3. As above, following immersion in deionized water with pH 9.35 over a time
scale of 7000 s (video 200 times faster; air bubbles result from the immersion of the dried
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movie S4. Video depicting the mechanism and kinetics of solvent extraction of 1% (w/v)
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