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Colloidosomes from poly(N-vinyl-2-pyrrolidone)-
coated poly(N-isopropylacrylamide-co-acrylic
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We first report the synthesis of colloidosomes via UV crosslinking of PVP-coated microgels. The photo-
crosslinkable poly(N-vinyl-2-pyrrolidone) (PVP) was coated as a layer on the surface of poly(N-
isopropylacrylamide-co-acrylic acid) (P(NIPAM-co-AAc)) microgels at pH = 3.5. A toluene-in-water
Mickering emulsion was further fabricated based on the resulting PVP/P(NIPAM-co-AAc) microgels and
then exposed to UV irradiation leading to the formation of colloidosomes. Since only the microgels on
the surface of emulsion droplets could be crosslinked by UV irradiation, the yield and the mean size of
the colloidosomes can be controlled by the amount of toluene used in the preparation. The proposed
method presents a new platform to fabricate colloidosomes since photo-responsive comonomers or/
and chemical crosslinkers are not essential in the system. The colloidosomes can be used as a vehicle
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Introduction

As a kind of microcapsules with a shell consisting of packed
colloidal particles," colloidosomes have attracted considerable
attention because of their promising applications in the field
of medicine®® and biotechnology.*® They are usually made by
‘locking’ the colloidal particles or microgels’ which self-
assemble on the oil/water interface (interfacial particles) in a
Pickering or Mickering” emulsion together by specific tech-
nologies. The locking of the interfacial particles in the emul-
sion to make a dense shell is crucial for colloidosomes
preparation. Several techniques such as annealing,® poly-
electrolyte complexation,®'® and covalent crosslinking'"** have
been proposed for the locking process. Colloidosomes or
microcapsules prepared on the basis of double Pickering
emulsion templates were also reported.”*** With continued
research, facile, fast and biocompatible approaches have been
attracting researchers’ attention. Nomura et al.*® reported the
aggregation of the interfacial poly (methylmethacrylate-co-
butyl acrylate) latex particles induced by the diffusion of
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samples prepared at different AAc contents, Fig. S2 zeta potentials of the
P(NIPAM-co-AAc) microgels and PVP in different pH solutions, Fig. S3 FTIR of
different samples: (a) P(NIPAM-co-AAc) microgels before PVP coating,
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(c) 15%, Fig. S4 relationship between the temperature and absorbance of the
colloidosomes (1 mg ml™") in PBS (pH = 7.4) solution.
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ethanol in the W/O emulsions to form colloidosomes.
Ferritin-(poly(N-isopropylacrylamide)/2-(dimethylmaleinimido)-
N-ethyl-acrylamide) hybrid microgels were locked to prepare
colloidosomes using UV irradiation.® Due to its rapidness,
ease of use and free of toxic substances, UV crosslinking is
widely used in polymer chemistry and biotechnology.'”
These advantages are also applicable to the fabrication of
colloidosomes.

Since UV crosslinking is desirable to lock the interfacial
particles in a Pickering or Mickering emulsion, the way to
obtain photo-crosslinkable microgels is of paramount impor-
tance. It is accomplished by the introduction of a photo-
responsive comonomer into the polymer network in the
literature."**>** However, this route to prepare photo-
crosslinkable microgels has also some drawbacks. The intro-
duction of a photo-responsive comonomer will change the
original structure of the polymer chain which is usually
specially designed for a particular application. This is inevitable
and could possibly cause some side effects when scientists get
photo-crosslinkable microgels by this method. What is more
important, it is difficult to introduce a photo-responsive
comonomer into the existing microgels. Therefore, to explore
an alternative method without bringing any side effects is of
relevance. To the best of our knowledge, there have rare reports
on preparation of photo-crosslinkable microgels via photo-
responsive polymer coating for colloidosomes preparation. PVP
has been reported as one of the UV crosslinkable materials.*>*
In the present work, we have presented a new technique in
which the photo-crosslinkable PVP contained microgels are
crosslinked to form microcapsule with the aid of UV irradiation.
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Fig. 1 Illustration of the synthesis of colloidosomes.

Stimuli responsive materials have been currently attracting
intensive attention due to their interesting perspectives in
biomedicine. As one of the temperature responsive materials,
P(NIPAM-co-AAc) has been widely studied'®** and the emul-
sion stabilized by the particles of PNIPAM or its derivative has
been reported.”*> So, as depicted in Fig. 1, P(NIPAM-co-AAc)
was chosen as a template microgel in this work. As a cheap and
available polymer with excellent biocompatibility,®® PVP is a
desirable material to endow the photo-responsiveness to
P(NIPAM-co-AAc) microgels. A PVP layer was formed on the
microgel surface via electrostatic adsorption. The PVP/
P(NIPAM-co-AAc) composite microgels dispersion was mixed
with an oil phase to get a Mickering emulsion. The microgels
dispersed at the oil-water interface owing to their stabilizing
effect. After UV irradiation, these microgels were crosslinked
together resulting in the formation of microcapsule. Photo-
responsive comonomer or/and chemical crosslinkers are not
essential when the photo-crosslinkable PVP is used in this
system. Thus, the proposed method could avoid the possible
side effects associated with the addition of photo-responsive
comonomer. The synthesis will provide significant contribu-
tions to colloidosomes preparation.

Experimental
Materials

N-Isopropylacrylamide (NIPAM) was purchased from Tokyo
Chemical Industry Co. Ltd. Poly(N-vinyl-2-pyrrolidone) (PVP,
K30) was purchased from Shanghai Chemical Reagent Store
(China). N,N-Methylenebisacrylamide (MBA, analytical grade)
was provided from the 5th Plant of Shenyang Reagent Co. Ltd.
Acrylic acid (AAc), fluorescein isothiocyanate labeled dextran
(FITC-Dex, 4.4 kDa), Nile red (NR) and rhodamine B were
purchased from Sigma Aldrich and used as received. The water
used in this work was purified by a Milli-Q reagent grade system.
All the other chemicals were supplied from Shanghai Chemical
Reagent Store (China) and used without further purification.
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Synthesis of PVP/P(NIPAM-co-AAc) microgels

1.2500 g of NIPAM, 112 pl of AAc, 125 mg of MBA and 20 mg of
ammonium persulfate (APS) were dissolved in 100 g of deion-
ized water. The resulting solution was then poured into a flask
equipped with a stirrer and a Ny-inlet. Then the whole appa-
ratus was put into a microwave reactor. The polymerization was
triggered after bubbling with N, for 15 min with the microwave
power setting to 800 W and a constant temperature of 70 °C.
After 5 min, the formed microgels were isolated via centrifu-
gation (centrifugal force = 12 787g) and then washed by
deionized water for 3 times. The resultant products were
dispersed in 20 ml of PVP solution (20 mg ml™") with the pH
adjusted to 3.5 using 0.1 M HCl and 0.1 M NaOH. After 12 h, the
as-prepared products were further isolated via centrifugation
(centrifugal force = 12 787g) and then washed using deionized
water for 3 times.

Synthesis of colloidosomes

3.0 g of P(NIPAM-co-AAc) microgels dispersion (20 mg ml~*) and
toluene (3.0 g, oil phase) were used as the water phase and the
oil phase respectively. The two phases were then mixed in a
microtube (20 ml) and emulsified using a vortex mixer (QL-901,
400 W, Haimen City Qilin Medical Instrument Co., China) for
20 s. The resulting emulsion was exposed to a UV lamp with a
radiant flux of 1000 W cm~? (Blue Sky Special Lamps Develop-
ment Co. Ltd., China) for a certain time. Then ethanol was
added into the emulsion. After the mixture became clear, the
mixture was centrifuged (centrifugal force = 1420g) to yield the
final product.

Loading and release of dye

Loading of NR. 20 mg of NR was dissolved in 100 ml of
toluene to make a solution used as an oil phase. The other
procedure was the same as that described in the above section.
The NR-containing colloidosomes can be made after UV
crosslinking.

Loading of FITC-Dex. FITC-Dex was loaded (20 mg/100 ml) by
the method reported in the literature.** Considering the good
solubility of ethanol in both water and toluene, the formed
colloidosomes were washed by ethanol with the aid of rotation,
isolated by centrifugation and then re-dispersed in fresh
ethanol. This process was repeated once a day for a week to
remove the toluene. Then 30 mg of the colloidosomes and 3 ml
of the FITC-Dex solution (20 mg/100 ml) were mixed with
rotation for 36 h. FITC-Dex-loaded colloidosomes were finally
obtained via natural sedimentation and freeze drying.

Release of FITC-Dex. 30 mg of the FITC-Dex-loaded colloi-
dosomes were dispersed into 3 ml of a phosphate buffer saline
(PBS solution, pH = 7.4). The resulting dispersion was divided
into two parts. One was then placed in a thermostatic shaker
bath at 25 °C and the other at 50 °C. Fluorescence intensity of
the supernatant was recorded at different time intervals during
the release of the FITC-Dex from the colloidosomes.

Characterization. Transmission electron microscopy (TEM)
images were recorded using a JEM-2100 (JEOL), and the
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samples for the TEM characterization were prepared by placing
one drop of the sample on copper grids coated with carbon.
Scanning electron microscopy (SEM) characterization was
carried out using LEO1530 (Germany). For this, a drop of the
sample was put onto a silicon wafer substrate and sputter
coated with a homogeneous gold layer for charge dissipation
during the SEM imaging. The hydrodynamic diameters of the
P(NIPAM-co-AAc) microgels (3 ml, 20 mg ml~ ") were measured
by dynamic light scattering (DLS) (Malvern Autosizer 4700). The
DLS measurements were done at 25 & 0.1 °C with a fixed scat-
tering angle of 90° and a refractive index of 1.3. Confocal laser
scanning microscopy (CLSM) (Leica TCS SP5, Germany) was
used to characterize the emulsion and the colloidosomes.
Fluorescein isothiocyanate labeled dextran (FITC-Dex, 20 mg/
100 ml) and Nile red (NR, 20 mg/100 ml) were dissolved in water
and toluene, respectively. The microgels were stained by
rhodamine B (20 mg/100 ml) for 24 h. Rhodamine B, Nile red,
and FITC-Dex were excited using both a HeNe 561 nm laser
and a 488 argon ion laser together. Emission was detected
from 580 to 650 nm for both rhodamine B and Nile red, and
from 500 to 545 nm for FITC-Dex. The average diameter and
size distribution of the colloidosomes were acquired from the
CLSM images. Fourier transform infrared (FTIR) spectra of the
samples were recorded by Nicolet Avatar 330 for structure
analysis. Fluorescence spectrophotometer (F-7000, Hitachi,
Ltd., Japan) was used to record the fluorescence intensity of
different samples (exciting wavelength: 490 nm; detection
wavelength: 500-550 nm).

Results and discussion
Synthesis of PVP/P(NIPAM-co-AAc) microgels

The prerequisite for fabricating colloidosomes relies on
synthesizing microgels with desirable size and narrow size
distribution. Microwave reactor can provide a uniform heating
which is beneficial to get microgels with a narrow size distri-
bution. To this end, microwave assisted polymerization was
employed in this work. As shown in Fig. 2a, the as-prepared
microgels exhibited a spherical morphology and a narrow size
distribution. For various applications, the mean size of micro-
gels is an important factor leading to different performance of
colloidosomes.™ In this work, the size of microgels can be easily
controlled by the reaction time. Fig. 2b shows the relationship
between the hydrodynamic diameter of the microgels and the
reaction time. Cold water was added to the reaction solution
after a specific time. Consequently, the temperature and the
concentration of the monomer decreased sharply to cease the
reaction. Then the microgels were centrifuged and washed.
Therefore, the size of microgels can be controlled by reaction
time in this way. Generally, it can be observed that the mean
size of the microgels increased with the reaction time. But this
phenomenon becomes weak when the reaction proceeding
more than 25 min. The components of the microgels were
verified by FTIR. Microgels prepared by different AAc monomer
contents (mole ratio of AAc/(AAc + NIPAM)) were studied in this
work (Fig. S1, ESIT). The characteristic peaks of both PNIAPM
and AAc can be found in the FTIR spectra of the microgels (10%
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Fig. 2 (a) SEM image of the P(NIPAM-co-AAc) microgels, (b) rela-
tionship between the hydrodynamic diameter of the microgels and the
reaction time, TEM image of the P(NIPAM-co-AAc) microgels (c)
before and (d) after PVP coating. The inserts are the same sample in a
higher magnification.

and 15% AAc contents). This suggests the microgels contain
both NIPAM and AAc component.

At certain pH conditions, the carboxyl of P(NIPAM-co-AAc) can
be H' donator and exhibit a negative charge, PVP can accept H'
and exhibit a positive charge. When the above conditions are
both satisfied, it is reasonable that PVP can be adsorbed onto
the surface of P(NIPAM-co-AAc) microgels due to electrostatic
attraction. The zeta potentials of the P(NIPAM-co-AAc) and PVP in
different pHs were measured. The data (Fig. S2, ESIT) show that
pH range from 2.5 to 5.0 is suitable for PVP adsorption. A pH of
3.5 was thus adopted for the adsorption in this work. Fig. 2¢
shows TEM image of the P(NIPAM-co-AAc) microgels. The blurry
nature of the border of the microgels is not caused by the focus
misoperation but the structure of the microgels. The crosslinking
density of the PNIPAM microgels prepared by precipitation
polymerization decreased with increasing distance off the core.*
As such, the outmost layer of the microgels is too loose leading to
a blur boundary. After PVP adsorption, a new layer was formed on
the border of the microgels as depicted in the TEM image
(Fig. 2d). The FTIR (Fig. S3, ESI{) provides the evidence for PVP
adsorption. As it can be observed, after PVP adsorption the
microgels revealed a new characteristic peak at 1050 cm™ " asso-
ciated with the stretching (C-C) of the ring of PVP. This result
suggests the success of PVP coating process.

Synthesis of colloidosomes

It has been proved that the microgels could be dispersed on the
oil/water interface to stablize a emulsion. The emulsion can be
obtained when the oil phase and the water phase (microgels
dispersion) are mixed together. In order to clearly distinguish
between the water phase and the toluene phase in the emulsion,
fluorescein isothiocyanate labeled dextran (FITC-Dex) and Nile
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red (NR) were dissolved in the water and the toluene, respectively.
With red emission (NR) in the droplet and green emission (FITC-
Dex) outside of the droplet, the toluene-in-water emulsion could
be clearly identified by the merged CLSM image (Fig. 3a). This
indicates that the type of the emulsion is oil in water. To verify the
distribution of the microgels in the emulsion, the microgels were
stained by rhodamine B. Thus, the emulsion droplets were
observed as a spherical ring by CLSM (Fig. 3b). The toluene/water
interface consists of the microgels which can be observed as red
dots in the image. This indicates that the microgels tend to
situate on the surface of the emulsion droplets.

After being exposed under UV irradiation, ethanol was
added into the emulsion. As a result, the emulsion droplets
disappeared because both water and toluene are mutually
ethanol-soluble. The resultant samples were isolated and then
characterized by SEM to verify the crosslinking. The effect of
irradiation time on this process was studied. As shown in
Fig. 3d and e, the microgels are slightly linked via UV irradiation
for 5 min. With irradiation for 10 min, some fragments can still
be observed. However, the microgels are completely linked
together to form a dense structure (colloidosomes) after irra-
diation for 15 min. Control experiments show that the micro-
gels without PVP coating in the emulsion cannot be crosslinked
by UV irradiation.

Formation mechanism of colloidosomes

During the preparation of colloidosomes, the PVP coated
P(NIPAM-co-AAc) microgels in the emulsion are usually more
than that are required to stabilize the emulsion. As a result, the
excessive part is dispersed in the water. Consequently, some of
the microgels are on the interface of emulsion droplets (inter-
facial microgels in Fig. 4a) and the others are dispersed in the
continuous phase (dispersed microgels in Fig. 4a). To study
the behavior of those two kinds of microgels under UV light, the
microgels in the water dispersion was used as a control. Fig. 4b
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Fig. 4 (a) Illustration of Mickering emulsion, (b) SEM image of PVP/
P(NIPAM-co-AAc) microgels in the dispersion after UV irradiation for
15 min, (c) Effect of the amount of toluene used in the preparation on
the yield of colloidosomes.

shows that the composite microgels can still keep mono-
disperse after UV irradiation for 15 min. So the microgels on the
surface of emulsion droplets rather than those in the contin-
uous phase can be crosslinked by UV light. This phenomenon
can be explained as follows. The crosslinking reaction between
the microgels can take place only when they contact each other.
Because of the existence of the repulsion among the microgels
in the water phase due to the same surface charge, they keep off
in the solution to avoid crosslinking. However, on the surface of
emulsion droplets, the microgels packed closely to stabilize the
emulsion. It is reported that the microgels adopt a “fried-egg
like” structure, with a protruding core and a flat shell made out
of long ramified digitations that cover the oil-water interface in
a Mickering emulsion.””® One can thus conclude that, to
minimize the free energy of the oil-water interface, the
deformed microgels should situate as tightly as possible on the
surface of the emulsion droplets. Since the photo-crosslinkable
PVP is located on the surface of microgels which contact each
other tightly, it is reasonable that the crosslinking can also

Fig.3 The CLSM images of the Mickering emulsion in which the oil and the water phase was stained by (a) FITC-Dex and NR respectively and (b)
the microgels were stained by rhodamine B. SEM images of the microgels under UV irradiation for different time: (c) 5, (d) 10 and (e) 15 min.
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occur between these microgels under UV irradiation. The
mechanism of PVP self-crosslinking under UV irradiation was
studied in our previous work.*

Based on the above theory, microgels can be crosslinked to
form microcapsules only when they locate on the surface of
toluene droplets. Thus, the amount of toluene should play an
important role in the preparation. To confirm this assumption,
the effect of the amount of toluene in the emulsion on the
colloidosomes was studied by keeping all the other parameters
constant. As shown in Fig. 4c, the yield of colloidosomes
increased with the amount of toluene (yields = mass of the used
microgels/mass of the obtained colloidosomes). This is because
the number of emulsion droplets increased with increasing the
amount of toluene. As a result, more surface and crosslinkable
microgels can be provided. These lead to an increase in the yield
of colloidosomes after UV crosslinking. But the effect was
almost negligible when the amount of toluene arrived at 2.5 g.
This is because the amount of toluene (2.5 g) exceeds the
emulsifying capacity of the microgels dispersion.

Characterization of colloidosomes

The contours of the shell were visualised using CLSM. In solu-
tion, the colloidosomes are spherical (Fig. 5a). The contours are
clearly visible and in the center of the capsule, wrinkles can be
seen which is typical for a soft matter capsule. The soft matter
composition of the capsules was further investigated using
SEM. The magnified SEM image (Fig. 5b) shows that the shell of
colloidosome is comprised of nanospheres. In comparison with
the SEM of the dried emulsion (Fig. 5c and d), the similar size
suggests that those nanospheres in Fig. 5b are the microgels
which stabilize the emulsion. The microgels in Fig. 5d pile
together with clear contours. After UV irradiation, the microgels
(Fig. 5b) were crosslinked together to form the shell of colloi-
dosome. This suggests the success of the formation of collo-
dosomes. The mean size of the colloisomes is ca. 10.6 pm and
the size distribution can be found in Fig. 5e.

Loading and release of dye

Nile red and FITC-Dex were used as a hydrophobic dye and a
hydrophilic dye respectively in this work to study the

30

(e)

Kouonbai,g
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Diameter of the colloidosomes (im)

Fig. 5 (a) CLSM image of the colloidosomes, (b) SEM images of the
shell of the colloidosomes, (c and d) the dried Mickering emulsion, and
(e) Histogram of the measured colloidosome sizes.
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performance of colloidosomes in dye delivery. As a hydrophobic
dye, Nile red is dissolved in toluene which is the dispersed
phase of the emulsion. After UV irradiation, the Nile red was
encapsulated in the formed colloidosomes. As shown in Fig. 6a,
red fluorescent signal can be detected on the colloidosomes.
This indicates that the Nile red was successfully encapsulated in
the microcapsule. FITC-Dex was loaded into the colloidosomes
via diffusion. The colloidosomes were washed by ethanol to
remove the toluene and then transferred into FITC-Dex solu-
tion. The hydrophilic dye can diffuse across the shell leading to
the formation of FITC-Dex-loaded colloidosomes (Fig. 6b). Since
only UV irradiation is employed to trigger the crosslinking
reaction and both of the hydrophobic and hydrophilic dyes can
be loaded, the proposed method provides a facile, green and
rapid encapsulation pathway for a wide range of dyes.

Temperature sensitivity of PNIPAM is caused by the different
solubility above and below its lower critical solution tempera-
ture (LCST) in water. The LCST of the colloidosomes is
approximately 45 °C confirmed by studying the relationship
between temperature and the absorbance of colloidosomes
dispersion (Fig. S4, ESIt). Since the Nile red is poorly water
soluble, the release of the loaded FITC-Dex from colloidosomes
was examined under a simulated physiological condition in
phosphate buffer saline (PBS, pH 7.4). Fig. 7 shows the fluo-
rescence intensity observed at different time intervals during
the release of the loaded FITC-Dex from colloidosomes at 25
and 50 °C. Temperature sensitivity of the colloidosomes was
evidenced by studying their performances below (25 °C) and
above (50 °C) the LCST (45 °C). It can be seen from Fig. 7 that the
FITC-Dex releases much faster at 50 °C than at 25 °C. The reason
is that the crosslinked microgels in the shells of the colloido-
somes are thermal sensitive. They swelled at 25 °C and the dye
released into the aqueous solution mainly by diffusion, but at
50 °C the microgel in the shells became hydrophobic and then
shrunk. The water inside together with the dyes was squeezed
out of the shells into the environmental solution, so the dyes
release faster at 50 °C. It is known that, in the shell of the col-
loidosomes, the P(NIPAM-co-AAc) microgels dispersed in the
crosslinked PVP matrix. The shrinkage of the P(NIPAM-co-AAc)
microgels would stretch its surrounding which will become
loose in the matrix. This structure is beneficial to the diffusion
which can explain the faster release of the dye after the
shrinkage of the microgel.

Fig. 6 CLSM images of (a) the NR- and (b) FITC-Dex-loaded
colloidosomes.
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Fig. 7 Fluorescence intensity at 515 nm observed at different time
intervals during the release of the loaded FITC-Dex from colloido-
somes at 25 and 50 °C.

Conclusion

In summary, a novel method for the synthesis of PVP/P(NIPAM-
co-AAc) colloidosomes via UV crosslinking has been demon-
strated. The photo-crosslinkable PVP was coated as a layer on the
surface of the P(NIPAM-co-AAc) microgels. The Mickering emul-
sion stabilized by the resulting microgels was prepared and
characterized. On the surface of emulsion droplets, the photo-
responsive PVP coated P(NIPAM-co-AAc) microgels were cross-
linked via UV irradiation to form colloidosomes. The yield and
mean size of the colloidosomes can be controlled by the amount
of toluene used in the preparation. Since photo-responsive
comonomer or/and chemical crosslinkers are not required when
the photo-crosslinkable and biocompatible PVP is used in our
system, the methodology revealed in this study can avoid the
possible side effects imposed by the addition of a photo-
responsive comonomer. The colloidosomes can be used as a
vehicle for both hydrophobic and hydrophilic dyes. The release of
FITC-Dex can be controlled by temperature in the PBS solution.
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