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Thermally Switched Release from Nanoparticle 
Colloidosomes
 Nanoparticle colloidosomes, whose release can be switched on and off in 
response to a temperature change, are fabricated. Unlike in other systems, 
the switchable release does not require the colloidosome shell to deform; 
it instead occurs due to the adsorption or desorption of a block copolymer, 
dissolved in the core, at the inner surface of the colloidosome shell, concomi-
tantly blocking or unblocking the pores in the shell. The colloidosomes are 
prepared using double emulsion templates produced by microfl uidics, and 
are thus highly monodisperse; moreover, they are mechanically stable and 
consist of biocompatible components, making them suitable for the encapsu-
lation, delivery, and release of a broad range of active materials. 
  1. Introduction 

 Microcapsules consisting of a shell of densely-packed colloidal 
particles are known as colloidosomes. They are promising 
candidates for the encapsulation and release of many techno-
logically important active materials, including pharmaceuticals, 
cosmetics, and food preservatives. [  1–3  ]  These applications often 
require the microcapsules to fully encapsulate the active mate-
rial, releasing it only when exposed to an external stimulus, such 
as a change in temperature, pH, or salt concentration. However, 
due to the large pores formed by the interstices between the par-
ticles, colloidosomes are inherently leaky; [  4  ]  when the encapsu-
lated active is suffi ciently small, it diffuses through these pores 
and is spontaneously released. [  5  ,  6  ]  Consequently, unless the per-
meability of the shell, which is determined by the morphology 
of the pores, can be precisely controlled, colloidosomes cannot 
be used for applications requiring effective encapsulation and 
controlled release. The requisite control of the pore morphology 
can be achieved by fabricating colloidosomes with microgel poly-
mers cross-linked throughout their interiors, [  6  ]  or with shells 
comprised of small microgel particles; [  7  ,  8  ]  in both of these cases, 
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the microgels shrink or swell in response 
to an external stimulus, changing the size 
of the pores in the shell, and therefore the 
ability of an encapsulated material to be 
released. This approach has serious limita-
tions, however. For example, the swelling 
or shrinking of the deformable microgels 
can induce undesirable, often irreversible, 
mechanical instabilities of the colloido-
some shell. Moreover, the polymerization 
process to form microgels often requires 
harsh processing conditions, such as the 
use of toxic chemicals, UV-light exposure, 
or high reaction temperatures; these may 
degrade or even completely destroy the 
encapsulated actives. Thus, alternative approaches to control the 
pore morphology are essential if colloidosomes are to be widely 
adapted for this class of encapsulation. 

 In this paper, we present a straightforward approach to make 
monodisperse colloidosomes that fully encapsulate an active 
material, only releasing it in response to an external stimulus. 
Here, we choose a temperature change for the stimulus, as this 
is one of the most commonly encountered needs. We dissolve a 
thermo-sensitive triblock copolymer in the aqueous colloidosome 
cores. Under ambient conditions, this polymer adsorbs to the sur-
faces of the colloidal particles making up the colloidosome shells, 
blocking the pores between them and fully encapsulating an 
active material inside the colloidosomes. However, at suffi ciently 
high temperatures, the polymer desorbs from the particle sur-
faces, forming aggregates that instead remain dispersed within 
the colloidosome cores. This opens the pores, enabling the encap-
sulated active to be released through them. Importantly, this pro-
cess is reversible, proceeding or becoming arrested on demand 
through temperature; moreover, it does not require mechanical 
deformations of the colloidosome shell. Our approach thus yields 
uniform, mechanically stable, colloidosomes with effective encap-
sulation and reversible temperature-controlled release. The col-
loidosomes consist of biocompatible components, and thus, our 
work describes an approach to fabricating colloidosomes that 
could potentially avoid toxicity issues. 

   2. Results and Discussion 

  2.1. Generation Of Double Emulsion Drops 

 To fabricate monodisperse colloidosomes, we produce water-
in-oil-in-water (W/O/W) double emulsion drops as templates 
using a glass capillary microfl uidic device. [  9  ]  The inner water 
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     Figure  1 .     a) Side-view schematic of the dewetting transition from a double emulsion drop to a 
colloidosome; b–e) dewetting transition to form nanoparticle colloidosomes observed with a 
confocal microscope: b) monodisperse double emulsion drops with fl uorescently-dyed cores, 
c,d) a large number of colloidosomes during dewetting, and e) closely packed monodisperse 
colloidosomes. Image in (b) is obtained after double emulsions are formed, while images in 
(c) and (d) are obtained after evaporation of the continuous aqueous phase, several minutes 
after the double emulsion suspension is exposed to air.  
phase is a 6 wt% aqueous solution of Pluronic L31, a triblock 
copolymer ( M  w   ≈  1100, radius of gyration  ≈  0.71 nm; Sigma-
Aldrich), with sulforhodamine B ( M  w   =  580.66; Sigma-Aldrich), 
a red dye, at a concentration of 2 m M  for subsequent characteri-
zation of the release. 

 The middle oil phase is a fl uorinated oil HFE 7500 (3M), 
containing  β -cyclodextrin ( β -CD) nanoparticles to form the col-
loidosome shell, and 1 wt% Krytox-PEG surfactant to stabilize 
the double emulsion drops from coalescing. [  10  ]  We obtain the 
 β -CD in powder form (Sigma-Aldrich); prior to its use, we dis-
solve it in dimethylformamide (DMF) and graft acrylic acid onto 
it by esterifi cation, increasing the carbonyl content of the  β -CD 
molecules. We then precipitate the modifi ed  β -CD in acetone, 
dry it, re-suspend it in DMF at a concentration of 66.6 mg/mL, 
and then gently mix the resultant solution into HFE 7500 oil 
containing 1 wt% Krytox-PEG surfactant at a volume ratio of 
15% DMF solution to 85% HFE oil. This protocol forces the 
 β -CD to precipitate, forming nanoparticles which remain stably 
suspended in the HFE 7500. After leaving the mixture to rest 
for 12 h, we remove the DMF fl oating on top of the HFE 7500 
and fi lter the remaining HFE 7500 solution with a 250 nm-pore 
syringe fi lter. This leaves spherical, 10–30 nm diameter  β -CD 
nanoparticles in the solution, as verifi ed by the transmission 
electron microscopy image shown in Figure S1, Supporting 
Information. We use this HFE solution as the middle oil phase 
of the double emulsion drops. 

 The outer phase is a 10 wt% aqueous solution of poly(vinyl 
alcohol) (PVA, Mw 13000–23000, 87–89% hydrolyzed; Sigma-
Aldrich). By adjusting the fl ow rates of the three phases, we 
obtain monodisperse double emulsion drops, each containing a 
single drop in the core, as shown in Movie S1, Supporting Infor-
mation. To maintain their integrity, we collect the double emul-
sion drops in a 3 wt% aqueous solution of poly(ethylene glycol) 
(PEG,  M  w  6000; Sigma-Aldrich) with 35 m M  sodium chloride; 
the osmolarity of this solution is 95  ±  2 mOsm L  − 1 , compa-
rable to that of the inner and outer phases, thus preventing the 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
buildup of an osmotic pressure difference 
across the middle phase of the double emul-
sion. The nanoparticles adsorb to the inter-
faces between the inner and middle phases 
and the middle and outer phases, thereby 
reducing the interfacial energy; [  11  ]  moreover, 
the nanoparticles bind strongly to each other 
through hydrogen bonds. As a result, the 
double emulsion drops are highly stable, 
and robustly encapsulate an active material; 
indeed, we observe no release of the red dye 
from the inner phase over an observation 
period of six months. 

   2.2. Transition from Double Emulsions To 
Colloidosomes 

 To fabricate monodisperse colloidosomes, 
we expose the suspension of double emul-
sion drops to the ambient environment; this 
causes the continuous aqueous phase, and 
eventually, the middle oil phase, to evaporate. 
The inner phase is less dense than the middle phase; thus, the 
innermost drop rises under gravity, causing the middle phase 
to be thinnest at the top of each double emulsion drop. [  12  ]  This 
inhomogeneity nucleates the dewetting of the oil as it evapo-
rates, schematically illustrated in  Figure    1  a. [  13  ]  After the contin-
uous aqueous phase evaporates, the oil quickly detaches from 
the inner drop in less than 0.1 s (Movie S2, Supporting Infor-
mation), over an order of magnitude faster than dewetting in 
other systems; [  14  ]  this behavior refl ects the combined effects of 
the inhomogeneity of the double emulsion middle phase and 
the strong attractive interactions between the nanoparticles 
coating the surfaces of the middle phase. The dewetting leaves 
the colloidosomes armored with layers of densely packed nano-
particles, producing a large number of colloidosomes within 
just a few seconds, as shown in Figure  1 b–d. To prevent them 
from drying and deforming, we add distilled water to the col-
loidosomes within 1–2 min, and subsequently add an aqueous 
solution of 20 vol% isopropanol to remove any residual HFE 
oil from the shell. We then replace the isopropanol in the con-
tinuous phase with distilled water. The resultant colloidosomes 
are approximately 50  μ m in diameter, and are highly monodis-
perse; this is refl ected by their precise hexagonal packing struc-
ture, shown in Figure  1 e. The colloidosome shells are only  ≈ 40 
nm thick, consisting of 2–3 densely-packed nanoparticle layers, 
as shown by the freeze-fracture cryo-scanning electron micro-
scope (cryo-SEM) images in  Figure    2  . 

     2.3. Reversible, Thermo-Sensitive Release 

 The pores formed in the interstices between the nanoparticles 
are roughly 1.5–4.5 nm in diameter; [  1  ]  unfortunately, this is suf-
fi ciently large for small and medium-sized molecules to diffuse 
through and become spontaneously released from the col-
loidosomes. We overcome this problem by dissolving the L31 
copolymer in the colloidosome cores; the temperature-sensitive 
nheim Adv. Funct. Mater. 2013, 23, 5925–5929
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     Figure  2 .     Freeze-fracture cryo-scanning electron microscope (cryo-SEM) 
images of the colloidosome: a) a fractured colloidosome with a highly 
magnifi ed view of the region in blue shown in panel (a ∗ ), b) the cross-
section and outer surface of a thin shell, and c) the outer surface of the 
shell consisted of densely packed nanoparticles.  

     Figure  3 .     Attenuation of the fl uorescence intensity in the two samples, 
each consisting of multiple colloidosomes, at different temperatures, 
measured using confocal microscopy. The insets are combinations of the 
fl uorescence and bright-fi eld images, in which the scale bars are 200  μ m.  
phase behavior of this copolymer provides a straightforward 
means to control the colloidosome pore morphology, and thus, 
the encapsulation and release characteristics. We quantify this 
behavior by monitoring the change in the fl uorescence intensity 
of the colloidosome cores, containing a small encapsulated dye, 
of two different samples, with distilled water as the continuous 
phase, over time. One sample is stored at 37  ° C for 19 days. 
Similar to measurements on typical colloidosome systems, the 
measured fl uorescence intensity for this sample decreases over 
the entire observation period, indicating that the encapsulated 
dye is continually released from the colloidosome cores (black 
squares in  Figure    3  ). We also store the second sample at 37  ° C, 
but only for 4 days; during this period, the fl uorescence inten-
sity similarly decreases, indicating that the encapsulated dye 
is released (red circles with solid connectors in Figure  3 ). We 
then store this sample at 21  ° C for 11 days; strikingly, in stark 
contrast to the case of the fi rst sample, we observe that the fl uo-
rescence intensity remains constant over this time period (red 
circles with dashed connectors in Figure  3 ). This shows that a 
reduction in temperature arrests the release from the colloido-
some cores. To subsequently re-trigger the release, we again 
store the sample at 37  ° C for 4 days. We observe a concomitant 
decrease in the fl uorescence intensity (red circles with solid 
connectors in Figure  3 ), indicating that the encapsulated dye is 
released once again, and confi rming that the triggered release 
is fully reversible.  

 The thermosensitive release results from the unique phase 
behavior of the L31 copolymer. [  15  ]  To elucidate this behavior, 
we prepare a bulk aqueous solution of 6 wt% L31 copolymer 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5925–5929
containing sulforhodamine B for visualization. At 21  ° C, the 
solution is completely transparent, as shown in  Figure    4  a, indi-
cating that the copolymer is dispersed as individual molecules. 
We hypothesize that this enables the hydroxyl groups of the 
copolymer molecules to hydrogen bond to the carbonyl groups 
of the nanoparticles making up the colloidosome shells; [  15  ]  con-
sequently, the L31 copolymer preferentially adsorbs to the nan-
oparticle surfaces. The L31 radius of gyration is  ≈ 0.71 nm, [  16  ]  
close to the size of the interstitial pores of the colloidosome 
shells; we thus expect that the L31 adsorption blocks, and 
prevents release of an active material through, the pores, as 
schematized in Figure  4 d, consistent with the experimentally 
observed encapsulation behavior. By contrast, when heated to 
37  ° C, the copolymer solution becomes opaque, as shown in 
Figure  4 b; direct visualization by confocal microscopy reveals 
that this is due to the formation of 1  μ m L31 copolymer aggre-
gates, shown in Figure  4 c. This observation indicates that, at 
this elevated temperature, the associations between the hydro-
phobic PPO groups of the copolymer molecules dominate the 
L31 phase behavior. [  17  ]  We thus expect that the copolymer mol-
ecules desorb from the nanoparticle surfaces, instead forming 
aggregates that remain dispersed within the colloidosome 
cores, as schematized in Figure  4 e. This opens the pores in 
the colloidosome shells, enabling the release of the encapsu-
lated active through them, consistent with the experimentally 
observed release. Importantly, we fi nd that the formation of 
the copolymer aggregates at this high temperature, and their 
breakup into individual molecules under ambient conditions, 
is completely reversible; as a result, we expect the triggered 
release to be fully reversible, in complete agreement with our 
experimental observations. Because the phase behavior of the 
5927wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     a–c) Temperature responsivity of the aqueous solution of 
6.0 wt% Pluronic L31 copolymer with the 2.0 m M  of red sulforhodamine 
B dye. The solution alternates between a) transparent and b) opaque as 
the temperature varies between 21  ° C and 37  ° C; c) confocal microscope 
image of the solution at 37  ° C, showing L31 aggregates. d–e) Schematic 
of the thermally-switched release: d) at 21  ° C, PEO–PPO–PEO copoly-
mers block the interstitial pores in the shell, switching off the release and 
enabling effective encapsulation (PEO: polyethylene glycol; PPO: Poly(p-
phenylene oxide)); e) at 37  ° C, PEO–PPO–PEO copolymers aggregate, 
opening the interstices and switching on the release from the colloido-
some core.  
L31 copolymer is sensitive to the concentration used, we antici-
pate that the L31 concentration may provide a means to tune 
the temperature triggering the release.  

   2.4. Colloidosome Mechanical Stability 

 To be applied for the encapsulation, delivery, and release of 
active materials, colloidosomes must be robust against extreme 
deformations. We probe the mechanical stability of our colloi-
dosomes, with distilled water as the continuous phase, by mon-
itoring their morphological evolution using optical microscopy. 
The copolymer and dye molecules in the colloidosome cores 
exert a strong osmotic pressure on the colloidosome shells; this 
forces them to swell over the course of the release experiments 
to more than twice their original size, as shown by the optical 
image insets to Figure  3 . Interestingly, we observe that the rate 
at which the colloidosomes swell is dramatically reduced at 
21  ° C, compared to at 37  ° C; this further refl ects the blockage 
of the pores in the colloidosome shells, preventing the trans-
port of both water and dye through the shell, under ambient 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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conditions. [  18  ]  The maximal colloidosome swelling corresponds 
to a shell strain of over 100%; remarkably, even under these 
extreme mechanical deformations, the colloidosomes remain 
fully intact. This enhanced mechanical stability highlights the 
suitability of our experimental system for the encapsulation, 
delivery, and release of a broad range of active materials. 

    3. Conclusions 

 In summary, we present an approach to thermally switch 
release from nanoparticle colloidosomes. We fabricate mono-
disperse, mechanically stable colloidosomes. While the entire 
fabrication process used here may not be biocompatible, both 
the    β -CD nanoparticles and the L31 copolymers comprising the 
colloidosomes are. Thus, our work suggests a promising route 
to potentially avoid toxicity issues, and could enable the produc-
tion of colloidosomes that are suitable for the encapsulation, 
delivery, and release of active materials in a wide variety of situ-
ations in the food, pharmacology, and cosmetics industries. The 
approach described here is general, and can be modifi ed for 
specifi c applications; for example, the release rate from the col-
loidosome core, or the stimulus triggering the release, can be 
varied by varying the size of the nanoparticles making up the 
colloidosome shell or by employing different types of copoly-
mers that are responsive to various environmental stimuli such 
as pH, light, glucose concentration, or a change in oxidation 
state. 
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 Supporting Information is available from the Wiley Online Library or 
from the author. 
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