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ABSTRACT

We present a robust and straightforward approach for fabricating a novel colloidosome system where colloidal particles are assembled to
form colloidal shells on the surface of stimuli-responsive microgel scaffolds. We demonstrate that the structural properties of the colloidal

shells can be controlled through the colloidal particle size and modulus, and the state of supporting microgel particles. This technique offers

a new way to engineer colloidosomes, enabling fine control over their permeability over a wide range of length scales.

Colloidosomes are hollow capsules whose shell is composedobtained with packings of colloidal particlést®’Moreover,

of closely packed uniform colloidal particlés? Like their the release of larger encapsulated materials from such
liposome or polymersome counterparts, colloidosomes cantraditional colloidosomes relies on external triggers such as
encapsulate materials whose release rate is set by thehanges in osmotic pressure or mechanical forces to crush
properties of the shell. The inherent rigidity of the colloi- or break open the capsule; this precludes precise control of
dosome shell offers mechanical advantages by comparisorthe release response. These limitations highlight the need
to the soft, self-assembled shell of liposomes or polymer- for a flexible technique to fabricate colloidosomes that
somes. Moreover, the permeability of colloidosomes for enables both control of the permeability to small species and
encapsulated species, which is critically dependent on thea high degree of sensitivity to a release trigger.

size of the interstitial pores between the particles in the shell, |, this letter, we introduce a novel fabrication method for
can be tailored through variation of the dimensions of the ¢ 5igosomes where colloidal particles with different sizes,

colloidal 'particleslsffg The ability to vary the pore size O_f ranging from nanometers to micrometers, are uniformly
the colloidosomes makes them suitable for a wide variety assembled to form colloidal shells on the surface of a

of appll_catl_o ns in pharmaceutics, food technology, and the temperature-sensitive microgel scaffold. Our approach entails
cosmetics mdus'.[ry. ) ) a water-based rather than oil-based emulsion system. We
To date, colloidosomes have been fabricated using col- jjize the electrostatic interactions between monodisperse
loidal assembly at liquietliquid interfaces® 5 The resulting charged colloidal particles and scaffolds made of micro-
capsules have a high permeability to macromolecules andgg|18.19These electrostatic interactions dominate over thermal
nanoscale species due to the large interstitial voids typically ,ctyations, resulting in the formation of uniform shells even

with nanoscale particles. The structures and permeability of
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Figure 1. Fabrication of responsive colloidosomes. (a) Schematic for the electrostatic attraction between the positively charged microgel
and negatively charged PS particles. (b) A scanning electron microscope (SEM) micrograph of the PS partit|ssiifate-functionalized,
Invitrogen) that are partially embedded in the surface of a microgel. (¢) Schematic showing the jamming and buckling processes of
monodisperse colloid particles on the surface of microgels. The surface area of the microgels is controlled by changing the temperature.

We generate monodisperse temperature-responsive mithe particles jam; this also ultimately determines the thickness
crogel particles using microfluidics (see Supporting Informa- of the buckled colloidal layer.

tion) 221\We synthesize poli-isopropylacrylamide) (PNIPAm)- Although buckling always occurs after jamming, the
based microgels that are crosslinked witi.5% w/vN,N- topology of the buckled layers varies with the size of the
methylenebisacrylamide and copolymerized witR0 vol PS particles for a given microgel size: PS particles with

% [2-(methacryloyloxy) ethyl trimethyl ammonium chloride], sizes of micrometers buckle to form bumpy colloidal shells
which gives rise to positive charges in the gel network. The (Figure 2b), whereas PS particles less than 500 nm exhibit
diameters of microgel particles used in this study are a multifolded wrinkled topology upon buckling (Figure 3a,b).
approximately 50, 120, and 620m. To fabricate the = We also have measured the thickness of the buckled layers
colloidosomes, we use negatively charged polystyrene (PS)by fracturing dried colloidosomes, as shown in Figure 3c.
particles ranging in diameter from 20 nm tquh and mix Unlike the thickness of single-layered colloidal shells, which
in excess concentration with the microgels; they adsorb the scales linearly with particle size, the thickness of the buckled
microgel scaffold due to electrostatic interactions, as il- layers is insensitive to the size of the adsorbed particle. This
lustrated in Figure la,b. Initially, the PS particles only indicates that the buckling process is determined solely by
partially cover the microgel surface (Figure S1, Supporting the decrease in surface area of the microgel particles as they
Information). However, increasing the temperature to reduce shrink irrespective of the colloidal particle size.
the volume of the microgel decreases the average distance The collapse temperature of the colloidosomes decreases
between adsorbed colloidal particles, thereby leading to morewith decreasing colloid particle size, as shown in Figure 3d:
complete surface coverage (Figure 1c and Supporting 500 nm PS particles do not affect the transition temperature,
Information Movie S1). while 80 nm PS particles reduce it byl0 °C and 20 nm

As the surface area of the microgel particles is reduced, PS particles reduce it by30 °C. This effect is independent
the adsorbed particles form a single packed layer with someof the type of ionic group responsible for the particle charge,
crystalline order, as shown in Figure 2a. Further decreasingas identical behavior is observed with 20 nm sulfated PS
the surface area of the microgel by increasing the temperatureparticles and 20 nm carboxylated PS particles. The depen-
causes the particles to jam in an amorphous state that maydence of the transition temperature on colloid particle size
buckle, as shown in an electron microscope image of suggests that the transition is controlled predominantly by
Figure 2b. This results in a multilayered buckled shell, where the charge near the surface of the microgels because the total
the particles are linked through the microgel, thereby creating charge neutralization due to the particle adsorption increases
a dense yet porous coating, as can be seen in the inset o&s the colloid particle size decreases (Supporting Informa-
Figure 2b. The small linkages between the particles in this tion). The importance of the surface charge in determining
image are the microgel. The degree of buckling typically the transition temperature implies that the charge is not
depends on the degree to which the microgel shrinks afterhomogeneously distributed in the microgel but is instead
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Figure 2. Microgels covered with colloidal particles. (a) Fluorescence microscope image of jammed PS particles on the surface of a
microgel. Using fluorescein-labeled PS particlesuth, sulfate-functionalized) to make colloidosomes allows us to image the jammed
particles. Inset: high-magnification image of the jammed PS particles showing the nearly crystalline order. Jamming of the PS particles
occurs at~50 °C. (b) SEM micrograph of the buckled surface of a colloidosome consisting of PS partigles €ulfate-functionalized).

Inset: high-magnification image of the colloid shell(th, sulfate-functionalized PS particles). Close inspection reveals the presence of the
microgel linking the particles together. The buckled layers were observed after competely drying colloidosom&s &ir6® h.
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Figure 3. Phase properties of responsive colloidosomes. (a) SEM micrograph of a buckled surface consisting of nanosized PS particles (80
nm, sulfate-functionalized). (b) SEM micrograph of a fractured layer. This sample is the same as that in Figure 3a. (c) Thickness of buckled
layers as a function of the size of the PS particles (sulfate-functionalized). (d) Phase transitions of colloidosomes with different diameters
of PS particles (sulfate-functionalized). To confirm the effect of the type of ions, we also prepared colloidosomes with carboxylate-
functionalized PS particles (20 nm) and measured their phase transitions. (e) Phase transitions of colloidosomes with different diameters of
microgel particles; 51 and 61/m. In this case, we made colloidosomes with 80 nm PS particles. Here we measured the change of the
diameter of colloidosome®), normalized by the initial diameteBo, vs temperaturef.

more concentrated at the periphé®ythis may reflect the  comes from comparison of the transition temperature for
effect of the rapid reaction rate of the crosslinker, which is colloidosomes made from different size of microgels but the
faster than all the components, causing an increased consame size PS particles. The transition temperature is identical
centration in the center of the microgel, which prevents for all cases, as shown in Figure 3e, confirming that the gel
charge dissociation, thereby reducing the charge in the centercollapse is dominated by surface rather than bulk charges
relative to that at the periphery. Further support for this and it is significantly affected by small PS particles.
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Figure 4. Permeability of responsive colloidosomes. (a) Time series of fluorescence images showing the permeation of fluorescein sodium
salts into a plain microgel (upper) and colloidosomes made witmIPS particles (middle) and 80 nm PS particles (lower). Time begins

after the first detection of fluorescence. The flow of a dilute aqueous fluorescein sodium salt solutioM)0rba square glass capillary

tube (1 mm inner dimension) was set at 5Q0h~1, using a syringe pump (Harvard Apparatus). Experiments were conducted@f 66t

by a temperature-controlled stage on a fluorescence microscope (Leica). (b) Effect of particle diameter and deformability on the permeability
of fluorescein molecules through the colloid shells. The fluorescence intensity measurements for all the PS particles were conducted at
65 °C. We also measured the fluorescence intensity for colloidosomes covered with poly(butyl methacrylate) (PBMA) particles (310 nm,
carboxylate-functionalized) at 2%C. PBMA particles were synthesized by using the emulsion polymerization technique (see Supporting
Information).

The permeability of colloidosomes can be controlled particles (80 nm), as shown in Figure 4. In fact, with
through the size of the colloidal particleé%.® To test the deformable particles, the permeability can be inhibited even
relationship between particle diameter and permeability, we without inducing buckling.
measure the fluorescence intensity inside the colloidosomes |n conclusion, we present a robust means of fabricating
as a function of time while they are immersed in a flowing responsive colloidosomes by covering the surface of tem-
aqueous solution containing fluorescein molecules; here weperature-sensitive microgels with colloidal particles that can
exploit the positive charge of the gel network to actively range in size from nanometers to micrometers. This technique
draw in the negatively charged fluorescein ions. In colloi- enables control of the permeability of the colloidosome shell
dosomes that do not undergo the buckling transition, we in several ways: through the size of the adsorbed colloidal
observe that fluorescein molecules readily pass through theparticles, the thickness of the particle shell, obtained by
colloid shells. By contrast, in the buckled state, the perme- buckling the microgel surface, or through the use of
ability decreases significantly with decreasing colloidal deformable particles. The advantage of using a temperature-
particle size, as shown in Figure 4; for the 80 nm PS particles, responsive microgel as a colloidosome scaffold is the ability
the penetration of fluorescence molecules is largely sup-not only to tailor the shell thickness but also to manipulate
pressed, indicating that the dense, complex colloidal layersthe permeability through changes in the temperature. Using
block transport of the fluorescein molecules. As expected, scaffolds of other stimuli-responsive polymers will enable
cooling buckled colloidosomes causes them to expand,the design of controlled release colloidosome capsules whose
leading to nonuniform coverage of the microgel surface by permeability responds to different triggers.
the colloidal particles, thereby again increasing the perme-
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through the use of particles that deform under stress. To

explore this possibility, we use negatively charged poly(butyl  Supporting Information Available: Detailed experi-

methacrylate) (PBMA) particles that have a glass transition mental methods. Uniform colloidosomes covered with

temperatureTy, of approximately 30°C 242> The average  colloidal particles (Figure S1). A bright field microscope

diameter of the PBMA particles is 310 nm, so that if they image of a colloidosome after a heating and cooling cycle

were rigid, we would expect the permeability to be higher (Figure S2). A movie for the phase transition of a colloido-

than that of the 200 nm PS particles (see Figure 4). However,some (Movie S1). Model derivation for responsive colloi-

the PBMA particles can pack more closely on the gel surface, dosomes (Figures S3 and S4) (ZIP). This material is available

even at room temperature, due to their deformability close free of charge via the Internet at http://pubs.acs.org.

to theirTy. As a result, fluorescence permeation is inhibited
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