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dual-level controlled permeability†
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A bottom-up approach was employed to prepare colloidosomes with dual-level controlled permeability.

Starting from the monodisperse poly-2,2,2-trifluoroethyl methacrylate (PTFMA) core, different sizes of

microgels were obtained by introducing varying thicknesses of the poly(N-isopropylacrylamide-co-

acrylic acid) (P(NIPAM-co-AAc)) shell. The effects of the core on the mechanical properties of the

microgels and their behavior at the oil/water interface in a Mickering emulsion were carefully studied.

The colloidosomes were then obtained by “locking” the interfacial microgels in the Mickering emulsion.

The release of the model drug FITC-Dex from colloidosomes was examined in selected media and the

controllable release of the drug was achieved by adjusting the pH (coarse level) and the ratio of the shell

to core size in the microgels (fine level). The dual-level controlled permeability of the colloidosomes

enabled the high precision that is necessary for the pH triggered drug release system. It is the first

demonstration of the control of the permeability of colloidosomes that can be achieved by controlling

the size of the shell and core of the microgels to the core hydrophobicity and the shell hydrophilicity.

Both the convenience and precision of the control of the permeability of colloidosomes were improved

in this way due to the mature size control technology in the microgel syntheses.
1 Introduction

Colloidosomes are hollow microcapsules with a wall composed
of particles at the colloidal scale. Colloidosomes has received
considerable attention due to their promising applications in
drug delivery systems,1 cell encapsulation,2,3 biotechnology,4

catalysis,5–7 and sensors.8 In general, colloidosomes are
synthesized through the self-assembly of colloidal particles at
the surface of emulsion droplets. These emulsions are named
as Pickering emulsions or Mickering emulsion based on the fact
that the colloidal particles are rigid particles9 or microgels.10

The colloidal particles tend to pack close together at the surface
of the droplets in the emulsion to minimize the free energy of
the system. A certain number of techniques, such as annealing,9

polyelectrolyte complexation3,11 and covalent cross-linking,12,13

are capable of being applied to “lock” these particles for the
formation of the wall of the microcapsules. Since the wall of the
colloidosomes is composed of integrated colloidal particles, the
functionality of the colloidal particles can be inherited by the as-
formed colloidosomes14 to meet practical requirements.
ty of Engineering Science and Technology,
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As one type of emerging colloidal particle, functional
microgels have been explored in recent decades. Many investi-
gations have been reported on the fabrication of colloidosomes
using microgels.10,12,15 Unlike rigid particles, microgels usually
can be swollen in good solvents, giving them various function-
alities such as thermal and pH sensitivity.16 However, their poor
mechanical properties are oen accompanied by their excellent
interaction with the solvents. It has been reported that so
microgels are easily deformed at the oil/water interface to
minimize the free energy of the system.10,17 As a result, the
colloidosomes consisting of so microgels have limited
mechanical properties. To obtain robust microgels without
sacricing functionalities, researchers have investigated core–
shell structured microgels, which consist of materials with
different mechanical properties.18–21 In this study, size tunable
microgels with a rigid core of the poly-2,2,2-triuoroethyl
methacrylate (PTFMA) and a so shell of poly(N-iso-
propylacrylamide-co-acrylic acid) (P(NIPAM-co-AAc)) were
developed. PTFMA has a higher elastic modulus18 than
P(NIPAM-co-AAc) based particles.19 The effects of the rigid core
on the behavior of microgels were studied.

As vehicles for encapsulating and protecting sensitive
molecules such as drugs and biologically relevant molecules,
the permeability of colloidosomes is of crucial importance,
which strongly depends on the colloidal particles forming their
RSC Adv., 2016, 6, 95067–95072 | 95067
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walls. Several efforts have been made to control the perme-
ability of colloidosomes. SanMiguel et al. introduced numerous
methods including ethanol consolidation, polyelectrolyte
deposition and incorporation of a hydrophobic polymer to
control the capsule permeability. Each of these approaches led
to a remarkable reduction in permeability without sacricing
the function of the triggered drug release.20 Kim et al. developed
colloidosomes by assembling the colloidal particles on the
surface of temperature-responsive microgels. The permeability
of as-formed colloidosomes can be adjusted by the size and
elastic modulus of the colloidal particles.15 It has been proven
that the selectivity as well as the permeability of the colloido-
somes can be controlled by tuning the size and functionality of
the particles forming its wall.21

In general, the control of the size of the colloidal particles
and the introduction of extra polyelectrolytes are the two
commonly used methods to control the permeability of colloi-
dosomes. In this study, we introduce a novel and effective
method to control the permeability of colloidosomes based on
the abovementioned core–shell structured microgels, sche-
matically illustrated in Fig. 1. The PTFMA core of the microgels
is hydrophobic,22 whereas the shell is hydrophilic P(NIPAM-co-
AAc). P(NIPAM-co-AAc) in the shell is a well-known pH sensitive
polymer and its permeability can be markedly affected by pH.23

As a result, pH changes can trigger the drug to be released by the
synthesized colloidosomes. However, pH alone is not sufficient
for the precise control of the release process, whereupon we
demonstrated the ne-tuning of the permeability by manipu-
lating the ratio of the shell to core size in the microgels used as
the building blocks of colloidosomes. As shown in Fig. 1, the
wall of colloidosomes is actually a hydrophilic matrix with
hydrophobic particles embedded aer the locking process. Due
to their dramatic difference in hydrophobicity, the shell and
core have different selectivities to the loaded molecules; there-
fore, the permeability of colloidosomes can be controlled by
adjusting the fraction of the hydrophilic and hydrophobic parts
in the microgels. The adjustment on permeability of colloido-
somes is tantamount to size control on shell and core of
microgels, thus both convenience and precision are improved.
The designed colloidosomes with dual-level controllable
Fig. 1 Illustration of the synthesis of the core–shell microgels and the
colloidosomes.

95068 | RSC Adv., 2016, 6, 95067–95072
permeability hold great promise in drug delivery applications.
The proposed fabrication of colloidosomes from core–shell
structured microgels also sheds new light on integrated multi-
function for colloidosomes.

2 Experimental
2.1 Materials

2,2,2-Triuoroethyl methacrylate (TFMA), N-isopropyl-
acrylamide (NIPAM), N,N0-methylenebis(acrylamide) (MBA),
acrylic acid (AAc), ammonium persulfate (APS), coumarin 7
(C7), nile red (NR), chitosan and uorescein isothiocyanate–
dextran (FITC-Dex, MW ¼ 3000–5000) were purchased from
Sigma Aldrich. Limonene (purity of 96%) was purchased from
Fisher Scientic. All reagents were used as received. Millipore
water with a resistivity of 15 MU cm was used as ultrapure water.

2.2 Synthesis and characterization of microgels

The surfactant-free polymerization synthesis procedure was
developed based on the literature24 aer modication. The
uorescent core of microgels was synthesized by polymerization
of TFMA. The uorescent dye C7 (1.0 mg) was dissolved in 10.0
mL of TFMA. A 2 mL aliquot of this mixture was transferred into
a three-neck round bottom ask and 72 mL of ultrapure water
was added. Aer addition of 3 mL of APS solution (0.2000 g/100
mL), the reaction mixture was degassed in an argon ow envi-
ronment. The temperature of the mixture was then increased to
70 �C for 2 hours for the core synthesis. Subsequently, 0.6250 g
of NIPAM (81% mole ratio) and 0.0625 g (6% mole ratio) of the
cross-linker MBA in 10 mL of ultrapure water and 5 mL of AAc
(13%mole ratio) solution (1.25 mL/100 mL) were added into the
reaction mixture for the formation of the shell while the
temperature was maintained as 70 �C for 4 hours. Aer the
reaction completed, the as-formed particle dispersion was
puried by centrifugation and re-dispersed in ultrapure water 3
times. The P(NIPAM-co-AAc) microgels without a core–shell
structure were synthesized based on the literature.3

The zeta-potential and hydrodynamic diameter of the
microgels were measured by a Malvern Zetasizer Nano ZS. A 30
mL aliquot of the microgel dispersion was placed onto a silicon
substrate and characterized using the PeakForce QNM (Quan-
titative NanoMechanics) mode of the AFM (Veeco Metrology)
aer being dried at 50 �C for 2 hours. The microgels on the
silicon substrate was sputter coated with a 5 nm homogeneous
gold layer aer being dried at 50 �C for 2 hours and observed by
scanning electron microscopy (SEM, Hitachi S5500 FE-S(T)EM).
A 30 mL aliquot of the microgel dispersion was placed onto
carbon-coated cooper grids and was observed by transmission
electron microscopy (TEM, JEOL 2100).

2.3 Preparation and characterization of Mickering emulsion

A 3mL aliquot of the microgel dispersion (2 mgmL�1) and 3mL
of oil (limonene) were mixed in a glass vial (15 mL) and emul-
sied using a vortex mixer for 1 min. 30 mL of the emulsion was
placed in the wellplate and characterized using a confocal laser
scanning microscope (CLSM, Zeiss LSM510 METAMP). For easy
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The SEM morphology of (a) PTFMA particles and P(NIPAM-co-
AAc)@PTFMA core–shell microgels with a mean size of (b) 212 nm, (c)
256 nm and (d) 323 nm. Typical TEM images of large microgels with (e)
low and (f) high magnifications. (g) The size distribution from statistics
of the SEM images of the above-mentioned particles, and (h) the
hydrodynamic size of the P(NIPAM-co-AAc)@PTFMA core–shell
microgels in buffered solutions at 25 �C.
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observation, the oil phase was dyed with a uorescent NR,
which was then excited using a 543 nm laser and the emission
was detected from 565 to 615 nm. The microgels embedded
with the green dye C7 were excited by a 488 nm argon ion laser
and the emission was detected from 500 to 550 nm.

2.4 Preparation and characterization of colloidosomes

The as-formed Mickering emulsion in a microtube was stirred
at a speed of 700 rpm. 3 mL aliquot of chitosan solution (1 wt%
in 1 wt% acetic acid solution) was added dropwise into the
emulsion. The reaction was carried out for 10 h. To purify the
colloidosomes, the mixture was centrifuged at 4000 rpm for 5
min. This constrained the colloidosomes to the boundary of the
oil and the aqueous phases. Consequently, the colloidosomes
were added into ethanol to remove the oil core. Then, the col-
loidosomes were dropped onto a silicon wafer and were sputter-
coated with a 5 nm homogeneous gold layer and characterized
by FE-S(T)EM.

2.5 Load and release of model drug

FITC-Dex was selected as a model drug and loaded in the col-
loidosomes based on the method reported in the literature.23

The colloidosomes were puried though dialysis in an ethanol/
water mixture (1 : 1 v/v) for a week to remove the residue
limonene. Aerwards, 10 mg of colloidosomes and 1 mL
(VLoading) of the FITC-Dex solution (0.5 mg mL�1, CInitial) were
mixed for FITC-Dex loading on the shaking platform (300 rpm)
for 36 h. The FITC-Dex-loaded colloidosomes were nally ob-
tained via natural sedimentation. The concentration of the
FITC-Dex (CSupernatant) in the supernatant was evaluated using
a uorescencemeter (The SpectraMax® i3x Platform). The FITC-
Dex-loaded colloidosomes were then divided equally into three
parts and dispersed into 5 mL (VRelease) of buffer solutions of pH
¼ 4.0, 7.0 and 10.0, respectively. The uorescence intensity of
the buffer solution (CRelease) aer 10 hours was measured using
a uorescence meter to determine the release of the FITC-Dex
from the colloidosomes. The excitation wavelength for the
uorescence meter measurement was 488 nm and the detection
wavelength was from 500 nm to 530 nm. The release of the
FITC-Dex was calculated as a percentage according to release
percentage ¼ CRelease � VRelease/((CInitial � CSupernate) � VLoading).

3 Results and discussion
3.1 Core–shell structured microgels

The microgels synthesized from the one-pot method are shown
in Fig. 2. The as-formed core particles have spherical shapes
and a narrow size distribution, as shown in Fig. 2a. The zeta-
potential of the core particles is ��52 mV, indicating that
they are stable in the reaction system. Aer the addition of the
shell monomers of NIPAM and AAc with MBA into the reaction,
the P(NIPAM-co-AAc) were formed following the same poly-
merization mechanism with the core since both the core and
shell monomers are derivatives of ethylene. At the same time,
the PTFMA particles played a role as seeds for the nucleation of
P(NIPAM-co-AAc), and thus led to core–shell microgels. Due to
This journal is © The Royal Society of Chemistry 2016
the different interactions of PTFMA and P(NIPAM-co-AAc) with
the electron beam, the core–shell structure of the microgels can
be observed clearly in SEM (Fig. 2b–d) and TEM images (Fig. 2e
and f). These images also conrm that the microgels have
a spherical shape and uniform size. Fig. 2b–d and Fig. 2g
demonstrate that the thickness of shell can be tuned by the
amount of monomers added during the synthesis. This is
because P(NIPAM-co-AAc) only grew on the PTFMA particles.
The identical population of PTFMA makes the thickness of
P(NIPAM-co-AAc) tunable by the amount of monomers that are
used. This conrms that the PTFMA cores act as seeds in the
synthetic process.

The size distribution of microgels from the statistics of the
SEM images reects the size of the microgels in the dry state, as
shown in Fig. 2g. The diameter of the PTFMA particles (core
particles) is 103 � 5.8 nm. A series of core–shell microgels with
a diameter of 212 � 10.4, 256 � 16.1 and 323 � 10.2 nm was
obtained aer the introduction of the shell and thereaer
named as small, medium and large microgels, respectively. The
isoelectric points of these microgels are approximately at pH 4
(see ESI†). The hydrodynamic diameter of the microgels in
solutions with different pHs are shown in Fig. 2h. The hydro-
dynamic diameters of all the samples increase with pH. The
large microgels have a maximum expansion ratio (165%) on
diameter from pH 4 to 9 compared to that of the medium and
small microgels (129% and 125%). This results from the larger
expansion of the thicker shell due to the electrostatic repulsion
of the ionized carboxyl group (AAc) at high pH. It can be noted
that the values of the hydrodynamic diameters of the small and
medium microgels at each pH were close to each other, which
was caused by the slight differences in the thicknesses of the
shells (only 21.5 nm) where is the pH sensitivity function relies
on.

The effects of the rigid cores on the mechanical properties of
the microgels were studied by the QNM model of AFM. Fig. 3a
RSC Adv., 2016, 6, 95067–95072 | 95069
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Fig. 3 The height (a, b, e and f) and log DMT modulus (c, d, g and h)
map of the P(NIPAM-co-AAc) and P(NIPAM-co-AAc)@PTFMA micro-
gels (large microgels) on silicon substrates.

Fig. 4 The CLSM images of (a) surface, (b) cross-section of a Micker-
ing emulsion, and (c) the selected area of the microgel arrays, and (d)
its FFT image; (e–h) the corresponding results after the “locking”
process by chitosan. (i) Illustration of the configuration of the micro-
gels at the oil/water interface.
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and b show the height prole of the P(NIPAM-co-AAc) microgels
(without PTFMA core). The elastic modulus map was calculated
with the same resolution as the height map by tting the
retraction curve of the tip using the Derjaguin, Muller, Toporov
(DMT) model25 at each pixel and it is named as the DMT
modulus. The distribution of the log of the DMT modulus of the
P(NIPAM-co-AAc) microgels in Fig. 3c and d show a high agree-
ment with the height distribution in Fig. 3a and b. The log of the
DMT modulus of the P(NIPAM-co-AAc) microgel decreases with
the distance to the center of the microgel because of the cross-
linking density gradient from the center to the surface of the
P(NIPAM-co-AAc) microgels,26 wherein a higher crosslinking
density of the polymer leads to a larger elastic modulus.27 The
core–shell microgels (Fig. 3g and h) show a similar trend for the
modulus gradient but the high modulus region in the center is
obviously larger than those without the PTFMA core, indicating
that the mean modulus of the P(NIPAM-co-AAc) microgels is
improved by the presence of the PTFMA core. The ratio between
the height and area of the microgels from the height map was
analyzed to determine their deformation on the silicon substrate.
The ratio for the core–shell microgels is �0.415, larger than that
for the P(NIPAM-co-AAc) microgels (�0.275). It suggests that the
rigid core signicantly prevents the deformation of the microgels
by enhancing its mechanical properties.
95070 | RSC Adv., 2016, 6, 95067–95072
3.2 Mickering emulsion

Aer blending the microgel dispersion with limonene oil using
a vortex mixer, the microgels assemble at the oil/water interface
and form a Mickering emulsion. The CLSM images of the
surface and cross-section of the emulsion droplets stabilized by
large microgels are shown in Fig. 4a and b, respectively, wherein
the microgels are labeled by dye C7 (green), whereas the oil by
NR (red). The green dots are microgels arrayed at the oil/water
interface in Fig. 4a. The red labeled oil phase can be recog-
nized as a discontinuous phase in Fig. 4b, suggesting an as-
formed oil-in-water emulsion. This indicates that the hydro-
philic shell of the microgels, as an emulsion stabilizer, plays
a dominate role compared to the hydrophobic core, because the
hydrophilic particles usually lead to an oil-in-water emulsion,
whereas the hydrophobic ones lead to the opposite.10

The selected area image from the CLSM (Fig. 4c) and its Fast
Fourier Transform (FFT) image (Fig. 4d) show that the micro-
gels form a hexagonal close packing (hcp) structure with a mean
inter-particle space of �302.1 nm. The value is even smaller
than the diameter of the microgels in the dry state in SEM
(�323 nm), proposing that the microgels might be compressed
at the tangential plane of the oil droplet surface. However, it is
against the observation and established theory10,28 that the so
microgels spread as much as possible (stretched) at the inter-
face to maximize the coverage area and thus minimize the
direct contact between oil and water. The possible mechanism
for this phenomenon is illustrated in Fig. 4i. As shown in
Fig. 2e, most of the PTFMA cores are not at the geometrical
center of the microgels. In the emulsion, the hydrophobic core
tends to be in the oil solvent environment and thus forms the
most thermodynamically favorable conguration of the micro-
gels at the interface, as shown in Fig. 4i. The inter-particle
distance calculation from the CLSM image is based on the
uorescent dye in the core. On one hand, the inter-core distance
at the inner curve (dash line in Fig. 4i) is smaller than the
microgels geometrical center distance at the outer curve (solid
line in Fig. 4i). On the other hand, the hydrophilic shell swells
more in the water side than in the oil side.
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 The release of encapsulated FITC-Dex from the colloidosomes
after 10 hours in media of different pHs.
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3.3 Colloidosomes based on core–shell microgels

The core–shell microgels are negatively charged. Therefore,
chitosan as a natural cationic polyelectrolyte with an excellent
biocompatibility was adopted to lock the microgels in the
emulsion. Fig. 4e and f show the CLSM images of the Mickering
emulsion aer the addition of chitosan. The hcp structure of
microgels at the interface (Fig. 4g) is still maintained aer the
“locking” process. However, the inter-particle distance
increased to 320.1 nm, suggesting that chitosan was adsorbed
and lled the inter-space among the microgels. Chitosan linked
the microgels and led to the formation of the colloidosomes.
Subsequently, ethanol was used to remove the oil and water
phases of the emulsion and the colloidosomes were obtained
aer purication. As shown in Fig. 5a, typical colloidosomes
exhibit a spherical morphology and aggregation of micron-sized
polydispersed units. Fig. 5b shows the size of the colloidosomes
ranging between 1 and 4 micrometres. The microgels merged
with each other to form the walls of the colloidosomes. The
microgels still maintain the hcp structure, which is in good
agreement with the CLSM test. All the small (Fig. 5c), medium
(Fig. 5d) and large (Fig. 5e) microgels were able to form the
corresponding colloidosomes.
3.4 Model drug release

The permeability of the colloidosomes was investigated by
a release test of the loaded FITC-Dex as amodel drug. Fig. 6 shows
the percentage of FITC-Dex release in different pH buffer solu-
tions. It was found that the amounts of released drug increased
Fig. 5 The SEM images of the colloidosomes (a) after purification and
their size distribution (b). Typical colloidosome made from small (c),
medium (d) and large (e) microgels.

This journal is © The Royal Society of Chemistry 2016
with pH for all types of colloidosomes. Taking the colloidosomes
from the small microgels as an example, the percentage of drug
release increased from 13.63% to 85.23% when the pH changed
from 4.0 to 10.0. This strong pH sensitivity can be a potential
trigger for the release of the drug from the colloidosomes. This
originates from the expansion of the microgels (the wall of the
colloidosomes) at high pH (Fig. 2h), which increased the free
volume of the polymer and promoted the diffusion of the FITC-
Dex. This proves that the as-formed colloidosomes are respon-
sive to pH and the permeability for the release of the drug can be
coarsely controlled by changing the pH.

Comparison of the release prole of the colloidosomes
formed from different sizes of microgels conrmed that
permeability can be controlled by the thickness of the P(NIPAM-
co-AAc) shells in high pH solutions. For example, the ratio of the
shell thickness to the core diameter in small, medium and large
microgels is �1.0, 1.5 and 2.2, which corresponds to the
percentage of the FITC-Dex released from the colloidosomes at
85.23% � 1.7%, 87.62% � 0.63% and 91.67% � 0.91% at pH
10.0, respectively. The same trend was also found at pH 7. This
is because the release of the drug from the polymer based
materials follows the dissolution–diffusion model.29 Due to
their better solubility, the diffusion of hydrophilic molecules in
the hydrophilic polymer was easier than that in the hydro-
phobic polymer.30 The wall of colloidosomes was equivalent to
the hydrophilic shell embedding hydrophobic core of micro-
gels, as described in Fig. 1. The releases of the loaded FITC-Dex
easily took place in the P(NIPAM-co-AAc) matrix but slowed
down when the hydrophobic PTFMA was encountered. In this
sense, the permeability of the colloidosomes can be ne-tuned
by controlling the thickness ratio of the shell to core in the
synthesis of the microgels.

It is noted that there was no obvious difference on the
percentage of the release at pH 4.0. Because the colloidosomes
were designed so that the release of the drug was triggered by
a high pH value, the drug was supposed to be maintained in the
colloidosomes at a low pH wherein ne control was not
necessary.
RSC Adv., 2016, 6, 95067–95072 | 95071
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4 Conclusions

The one-pot synthesis of core–shell structured P(NIPAM-co-AAc)
@PTFMAmicrogels was developed. The rigid core improved the
elastic modulus of the microgels and thus prevented the
deformation of the microgels on the substrate. When assem-
bling at the oil and water interface, the observed inter-particle
distance of the microgels decreased, resulting from the eccen-
tric core–shell structure. It was demonstrated that release of the
loadedmodel drug FITC-Dex from as-formed colloidosomes can
be coarsely adjusted by pH and nely tuned by the ratio of the
shell to core size in the microgels. The dual-level permeability
control offers great potential for precise drug release. Our
ndings provide insights into the design of multifunctional
colloidosomes for biomedicine.
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