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Abstract: Colloidosome capsules possess the potential for the
encapsulation and release of molecular and macromolecular
cargos. However, the stabilization of the colloidosome shell
usually requires an additional covalent crosslinking which
irreversibly seals the capsules, and greatly limits their applica-
tions in large-cargos release. Herein we report nanoscaled
colloidosomes designed by the electrostatic assembly of
organosilica nanoparticles (NPs) with oppositely charged
surfaces (rather than covalent bonds), arising from different
contents of a bridged nitrophenylene-alkoxysilane [NB; 3-
nitro-N-(3-(triethoxysilyl)propyl)-4-(((3-(triethoxysilyl)-
propyl)-amino)methyl)benzamid] derivative in the silica. The
surface charge of the positively charged NPs was reversed by
light irradiation because of a photoreaction in the NB moieties,
which impacted the electrostatic interactions between NPs and
disassembled the colloidosome nanosystems. This design was
successfully applied for the encapsulation and light-triggered
release of cargos.

Colloidosomes can be formed by the assembly of colloidal
particles on emulsion droplets leading to capsule morpholo-
gies.[1–5] Various colloidal nanobuilding blocks have been used
to design colloidosomes such as iron oxide NPs,[6] nano-
diamonds,[7] polymeric rod-shaped microparticles,[8] silica
NPs,[9,10] cubic metal–organic frameworks NPs,[11] and mix-
tures of these NPs.[9, 10] The key interest of such structures is
their important internal volume combined with the properties
of the nanobuilding blocks in the shell, which promise many
applications as witnessed by few pioneering studies involving
enzyme encapsulation,[12, 13] bacteria encapsulation,[14] bioca-
talysis,[3] and passive release or delivery by interparticle
pores.[15–17]

Colloidal NPs assemble at the interface of emulsion
droplets during the colloidosome formation in order to
decrease interfacial energy of the system.[18] The assembly at
the liquid–liquid interface requires that particles should be
neither completely wetted by the oil phase nor by the aqueous
phase.[19] To adjust the wettability of NPs, the hydrophobiza-
tion of the surface of colloids is usually carried out. This can

be achieved by physical interactions with additives (e.g.
surfactants),[7, 9, 20] or chemical functionalization.[21,22] Typi-
cally, colloidal particles with partially hydrophobic surfaces,
such as silica NPs functionalized with organosilane,[23, 24] are
chosen as nanobuilding blocks of colloidosomes. These
colloidal NPs assemble at the oil/water (o/w) or water/oil
(w/o) interfaces of emulsion droplets,[17] which is much
analogous to the behavior of surfactants.

Many applications of colloidosomes are nonetheless
compromised by several challenges such as the stability of
the hollow structure and the accessibility of the internal
volume. Controlled release and delivery applications require
that the colloidosome carriers be: (1) stabilized after the
emulsion stage,[17] (2) non-permeable to ensure the trans-
portation of the loaded active entities in cells, (3) able to
release and deliver on-demand their payload,[25–27] and
(4) nanoscaled (8< size < 800 nm) to benefit from the
enhanced permeation and retention effect.[9,28, 29] First, the
synthesis of stable colloidosomes requires the additional
crosslinking or “irreversible locking” of the NP building
blocks forming the shell to ensure the stability of the structure
during solvent transfer and drying steps, as well as further
applications.[1] This was usually done by sintering polymeric
NPs,[15,30] polymerizing the droplet phase,[17] trapping of an
aqueous gel,[31] or covalent cross-linking.[12,17] Silica NPs were
crosslinked by additional condensation of a silica layer to
stabilize the colloidosomes.[24, 32, 33] A Glycerol functionaliza-
tion was used to covalently crosslink silica colloidosomes.[34]

Layered polyelectrolytes were also prepared to stabilize the
nanobuilding blocks.[1, 35, 36] Subsequently to silica crosslinking,
a pH-responsive copolymer polyelectrolyte was covalently
linked to hundred micrometer-large silica colloidosomes to
vary the extent of the permeation of dye cargos.[33] Unfortu-
nately the formation of covalently bonded layers renders such
capsules irreversibly assembled, which is undesirable for the
release of cargos larger that the interparticle pores. The
second challenge is to prevent the passive leakage of entities
present within the colloidosomes, which usually occurs
through the interparticle pores. Multiple layers of colloido-
somes were thus developed to minimize this phenom-
enon.[23, 24] Notably, controlled double layer of silica colloido-
somes were assembled with a thin silica layer in between to
seal the system.[23, 24] However, the application of colloido-
somes in transportation and release of molecular and macro-
molecular cargos relies both on the ability prevent the passive
leakage and to disassemble on demand the hollow structure.
To our knowledge, the ability to controllably release cargos
using colloidosomes was not reported. Concerning the size
requirement, though few recent findings report nanoscaled
colloidosomes,[7, 9, 20] most colloidosomes are microcapsules
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typically ranging from one to a hundred micrometer in
diameter. Thus, reported colloidosomes do not meet essential
criteria of release and delivery applications.

Herein we employ for the first time electrostatic inter-
actions between negatively and positively charged nitrophe-
nylene-doped silica nanoparticles (NBSN-1 and NBSN-2,
respectively) to form stable nanoscaled colloidosomes that
are efficiently disassembled upon light exposure due to
charge reversal of NBSN-2 (see Figure 1). Given the negative

charge of silica at pH 7, a higher content of a positively
charged nitrophenylene-ammonium-bridged alkoxysilane
(NB, Figure 2A) in NBSN-2 than in NBSN-1 afforded
a positive surface charge in the former NPs. The NBSN
were efficiently used to form colloidosome nanocapsules
without further covalent crosslinking. Furthermore, the
photoreaction of NB moieties in the NBSN-2 framework
induced the NPs charge reversal and subsequent disassembly
of the colloidosomes due to electrostatic repulsions. The
unique electrostatic disassembly feature of the designed
colloidosomes was applied for light-triggered cargo release.

The photosensitive nitrophenylene-ammonium-bridged
alkoxysilane derivative was first synthesized and character-
ized. Two equivalent of 3-(aminopropyl)triethoxysilane were
reacted with one equivalent of 4-(bromomethyl)-3-nitroben-
zoic acid (see Figure S1 in the Supporting Information) in
order to produce the photosensitive NB precursor (see
Figure 2A). The design of NB was demonstrated by 1H and
13C nuclear magnetic resonance (NMR) spectra (Figure S2).

The photoresponsiveness of this precursor was studied
and monitored by UV/Vis and NMR spectroscopies (see
Figure 2B and Figure S3 respectively). In accordance with the
abundant literature, we propose that upon illumination the
cleavage of the benzyl in ortho of the nitrophenylene moiety
in NB leads to aminopropyl and nitrosobenzaldehyde alkox-

ysilane fragments, which then react in a classical organic
reaction to produce the imine alkoxysilane (see Figure 2B).
Indeed, the NB molecule is analogous to o-nitrobenzyl
ether[37, 38] and o-nitrobenzyl thioether[39,40] which are known
to photocleave in nitrosobenzaldehyde molecules. Spectro-
scopically, the cleavage of the benzyl bond generated
a gradual increase of the band at 350 nm characteristic of
aldehydes, while the original peak at 223 nm shifted to 238 nm
and kept increasing, reflecting the change of functionalities
attached to the phenyl ring of the precursor.[37, 40] This is
consistent with the clear disappearance of the singlet of the
benzyl group at 4.1 ppm observed by proton NMR spectros-
copy (Ph-CH2-NH-; see Figure S3),[41] and the shift of the
nitro stretching vibration mode in the Fourier transform
infrared spectra due to the production of nitroso functions
(Figure S4). Comparing the increased absorbance (DA) with
the baseline (A0) at 350 nm, the ratio DA/A0 could be used to
monitor the completion of the photoreaction (see Figure S5).
The photoreaction process was found to be quantitative after
10 minutes.

Figure 1. A) Schematic illustration of colloidosomes made from oppo-
sitely charged organosilica NPs (NBSN-1 and 2) in o/w emulsion.
B,C) Light-triggered colloidosome disassembly by the charge reversal
of NBSN-2. Figure 2. A) Structure of the designed positively charged NB alkoxysi-

lane precursor, and B) the proposed photocleavage mechanism gener-
ating nitrobenzaldehyde and aminopropyl alkoxysilane derivatives
which then reacts to form the neutral imine alkoxysilane. C) Absorb-
ance spectra of NB overtime upon irradiation at 365 nm in absolute
ethanol.
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NB-doped silica NPs were then synthesized, and their
morphology and composition were characterized. The nano-
materials were designed by precise control of the reaction
conditions via co-condensation of the NB precursor and
tetraethoxysilane with ammonia catalyst in a modified Stçber
process (see the Supporting Information).[42–44] To achieve
a higher NB organic content in NBSN-2 than in NBSN-1 the
only requirement was to conduct the sol–gel process for
a longer time because of a lower condensation kinetic of the
bridged alkoxysilane (48 vs. 24 h). Transmission and scanning
electron microscopy (TEM, SEM) images revealed 100 nm
organosilica nanospheres for both syntheses (see Figure 3 and

Figure S6). NBNS-1 and 2 nanomaterials were nearly mono-
disperse NPs as displayed by the narrow size distribution and
non-aggregated (Figure 3D and Figure S6D), which is para-
mount to a proper colloidosome assembly. The organic–
inorganic hybrid composition of the NPs was confirmed by
UV/Vis spectra of NBSN-1 and 2, both display absorption at
230 nm characteristic of the benzene derivative of the NB
moieties (Figure S7). The NB content in NBSN-1 and 2 were
determined by elemental analysis of nitrogen in the NPs and
were found to be of 10 and 33 %, respectively (see Table S1).
The carbon over nitrogen experimental ratio also corre-
sponded to the incorporation of the NB moieties within the
silica framework.

The surface charge of NBSN was investigated in view of
their electrostatic nanoassembly. Zeta potential measure-
ments at neutral pH on NBSN-1 revealed a negative charge of
surface (¢52 mV), while NBSN-2 showed a slightly positive
charge of surface (+ 15 mV, see white bars in Figure 4). In
a control experiment with silica NP (SN) prepared with
a similar Stçber method (see the Supporting Information),
a more negatively charged surface was obtained (¢81 mV; see
white bar in Figure 4). These results are consistent with the

higher incorporation of positively charged NB moieties in
NBSN-2, which overcomes the silanolates negative charges.
The influence of the pH on the surface charge of the NBSN-
1 and 2 was studied between pH 5 and 9, and both NPs were
found to respectively remain negatively and positively
charged (see Figure S8A). Additionally, the surface of
NBSN nanobuilding blocks exhibited UV-photoresponsive-
ness. After 10 minutes of laser irradiation at 365 nm, irradi-
ated NBSN-2 displayed a charge reversal (from + 15 to
¢62 mV, see Figure 4) arising from the NB photoreaction in
the NPs matrix which eventually affords the neutral imine
groups. Hence, the surface charge of NBSN-1 became more
negative (from¢52 to¢81 mV, see black bar Figure 4), which
was similar to that of SN. This phenomenon was clearly
assigned to the NB photoreaction in the NPs, as shown by the
trend observed overtime in the UV/Vis spectra (see Fig-
ure S9), which is identical to that of the molecular precursor
(Figure 2C). The spectroscopic data thus strongly suggest that
the photoreaction of NB moieties bearing protonated secon-
dary amine function, leads to NPs with surface charges mainly
governed by silanolates.

These two nanobuilding blocks were then used for the
design of colloidosomes in o/w emulsion. In a typical proce-
dure, NBSN-1 and 2 were mixed in water at pH 8 and this
solution was used as continuous phase to disperse aliquots of
toluene. The o/w mixture was emulsified by sonication
(125 Wcm¢2) for 30 minutes, and then stirred gently for 1 h
to stabilize the system without the need of further crosslinking
(the Supporting Information).[23,32] The resulting colloido-
somes were characterized by SEM, which demonstrated the
stabilization of the aesthetic colloidosome nanoassembly (see
Figure 5A,B and Figure S10). Besides, the hollow structure of
these capsules formed by a monolayer of organosilica NPs
could be observed by TEM micrographs (Figure 5C and S11),
as well as by SEM in the rare case of a partially opened
colloidosome (Figure 5 D). Moreover, the colloidosomes

Figure 3. A,B) TEM micrographs of NBSN-1, and C) SEM micrograph
of NBSN-2. D) NBSN-1 size distribution determined from statistical
analysis of TEM data of 400 NPs.

Figure 4. Zeta-potential measurements at pH 7 for NBSN compounds,
and for SN control before and after after irradiation 10 minutes at
365 nm. Erros bars are calculated from three measurements.
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were surprisingly small, with sizes ranging from 200 to
700 nm, unlike most systems of micron scales. The average
hydrodynamic diameter of the colloidosome nanosystems was
assessed to be of 413 nm by dynamic light scattering (DLS)
measurements (Figure S12), which is consistent SEM micro-
graphs (Figure S10). The formation of these colloidosomes
was governed by two factors: (1) electrostatic interactions to
stabilize the structure, and (2) the partial hydrophobicity of
organosilica hybrid NPs. Consequently, when on the one hand
only one type of charged NP was used (NBSN-1 or 2), the
colloidosomes formation was not favored (Figure S13A–D).
On the other hand, when negatively charged SN and a control
of positively charged aminopropyl-functionalized silica NPs
(SN-NH2) were used to design colloidosomes, the lack partial
hydrophobicity in NPs did not allow either the stable
nanoassembly at the o/w interface (Figure S13E,F). Hence,
NBSN-1 and 2 were uniquely suited for the fabrication of
stable colloidosomes.

The light-responsiveness of the colloidosomes nanosys-
tems was then investigated. A colloidosomes aqueous solu-
tion was irradiated as previously carried with the UV laser at
365 nm, and SEM analysis was performed. As expected, the
irradiation of the colloidosomes caused their disassembly as
clearly shown by SEM micrographs after light exposure (see
Figure 5E,F). This conclusion was supported by the measured
charge reversal of NBSN-2 at this pH after irradiation
(Figure S8), which results in charge repulsion between
NBSN building blocks. Note that, consistently with the

electrostatic assembly/disassembly mechanism, the deproto-
nation of the ammonium group at pH 11 induced the pH-
triggered disassembly of the colloidosomes (see Figure S15).
This is the first reported study on a controlled disassembly of
stable colloidosomes.

The colloidosome nanoplatforms featuring an on-demand
electrostatically driven assembly/disassembly were then
applied as nanocarriers for cargo release. The Nile Red dye
was used for its good solubility in toluene and the emulsifi-
cation was performed according to the initial conditions (see
the Supporting Information). Light-induced disassembly
cycles were performed for 5 minutes at 365 nm by turning
on and off the laser. The release of the dye was monitored by
UV/Vis spectroscopy (Figure S14) and plotted as a function of
time (Figure 6). Before irradiation, the flat baseline indicated

the absence of passive release from the colloidosome nano-
carriers. However, when the light was shown 5 minutes on the
dispersion, the colloidosomes became unstable and 60 % of
cargos were released (Figure 6). Given the symmetry of the
irradiation (Figure S14) and the fact that 10 minutes are
needed for a complete photoreaction (Figure S5), 20 % of
encapsulated dyes molecules could then be released from the
colloidosomes when the illumination was turned on again for
5 minutes. Nearly 80 % of encapsulated dyes could be
released in such experimental conditions and the release
profile plot was not hindered by a photobleaching of the dye
(Figure S16).

In conclusion, we have demonstrated the successful design
of organosilica colloidosome at the nanoscale by electrostatic
interactions without additional covalent crosslinking. The
incorporation of a positively charged bridged organo-alkox-
ysilane in different amount in silica NPs enabled the adjust-
ment of the surface charge in order to have either negatively
or positively charged nanobuilding blocks with a partial

Figure 5. A,B,D) SEM micrographs of colloidosomes designed by elec-
trostatic interactions in o/w emulsion. C) TEM image of one colloi-
dosme nanoassembly. E,F) SEM images of the disassembled colloido-
somes after 10 minutes of irradiation at 365 nm.

Figure 6. Light-induced release of encapsulated Nile Red dye in
colloidosomes (365 nm laser). The on/off cycles of 5 minutes correlate
the cargo release. The last point corresponds to the release maximum.
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hydrophobicity. Furthermore, the photoresponsiveness of the
organic part constituting organosilica NPs was harnessed to
disassemble on demand the colloidosomes by charge reversal
of the positively charged building blocks. This unique feature
was applied for the controlled release of cargos upon light
actuation, which we envision for the transportation and
release of hydrophobic molecules, as well as very large
macromolecules and nanoparticles, which is a key advantage
in comparison to most porous capsules with internal volume
only accessible to relatively small cargos.

Keywords: colloidosomes · emulsions ·
organosilica compounds · release · silica nanoparticles
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