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Bifunctional Submicron Colloidosomes Coassembled from Fluorescent
and Superparamagnetic Nanoparticles**
Tobias Bollhorst, Shakiba Shahabi, Katharina Worz, Charlotte Petters, Ralf Dringen,

Michael Maas,* and Kurosch Rezwan

Abstract: Colloidosomes are microcapsules consisting of
nanoparticle shells. These microcarriers can be self-assembled
from a wide range of colloidal particles with selective chemical,
physical, and morphological properties and show promise for
application in the field of theranostic nanomedicine. Previous
studies have mainly focused on fairly large colloidosomes
(>1um) based on a single kind of particle; however, the
intrinsic building-block nature of this microcarrier has not
been exploited so far for the introduction of tailored function-
ality at the nanoscale. We report a synthetic route based on
interfacial shear rheology studies that allows the simultaneous
incorporation of different nanoparticles with distinct physical
properties, that is, superparamagnetic iron oxide and fluores-
cent silica nanoparticles, in a single submicron colloidosome.
These tailor-made microcapsules can potentially be used in
various biomedical applications, including magnetic hyper-
thermia, magnetic particle imaging, drug targeting, and
bioimaging.

The controlled integration of multiple distinct physical
properties into tailor-made vehicles is highly desirable for
the improvement of various biomedical applications." In
particular, microcarrier systems have been investigated for
their potential to improve cures for malignant tumors. A
significant number of carriers are currently under develop-
ment or have already made it from bench to bedside,
including stealth liposomes,™*! mesoporous silica,’*” and
polymeric nanoparticles.™ Specifically for the targeted
treatment of tumors, carriers should have submicron sizes so
that the enhanced permeability and retention effect (EPR)
can be exploited. The EPR effect is based on the passive
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accumulation of submicron particles around leaky tumor
vasculature in combination with the impaired lymphatic
drainage of submicron particles."”! Carriers should ideally
be synthesized in a size range smaller than 1 pm and greater
than 8 nm, first to make use of the EPR effect, and second to
prevent diffusion into healthy tissue, since particles featuring
diameters which are too small (<8 nm)"! might lose their
selectivity for cancerous tumors. Recent studies have further
shown that hierarchical carrier systems that can disassemble
when they reach a tumor site enable deeper penetration of the
individual building blocks into malignant tissue.">'"*! Nano-
particle-based treatment and imaging methods, such as
magnetic hyperthermia as well as magnetic and fluorescence
bioimaging, would be beneficial to improve the diagnosis and
cure of various types of tumors. Thus, hierarchically assem-
bled capsules of submicron size with tailorable physical
properties are highly promising for drug delivery and
theranostics.

Colloidosomes are a rapidly emerging class of micro-
carriers that possess great potential for the design of capsules
with the aforementioned properties. This type of micro-
capsule features a nanoporous shell formed from colloidal
particles and a liquid core for potential drug encapsulation.!'*
Previous studies have mainly focused on microsized (> 1 um)
colloidosomes based on a single kind of particle with one
distinct physical or morphological characteristic, such as iron
oxide particles,'>1°! polymeric microrods,'”! and cubic metal-
organic frameworks."¥ Initial studies have also been per-
formed on multiwalled colloidosomes,™ colloidosomes
doped with a single variable nanoparticle,”” colloidosomes
for enzyme encapsulation,???! colloidosome-based drug
carriers,””! and inorganic colloidosomes for the investigation
of artificial cells (protocells).?* However, the intrinsic build-
ing-block nature of this microcarrier has not been exploited so
far for the introduction of tailored functionality at the
nanoscale.

In this study, we addressed this challenge by coassembling
superparamagnetic iron oxide nanoparticles (SPIONs) and
fluorescent-dye-doped silica nanoparticles (FSNPs) into sub-
micron colloidosomes. SPIONs and FSNPs are two particle
types that are of special interest for coassembly into hollow
capsules. Their specific physical characteristics can potentially
be utilized for combined treatment and diagnostic methods;
that is, magnetic fluid hyperthermia (MFH),” magnetic
particle imaging (MPI),?* on-site biosensing,?”! bioimaging,
and tracing of the cellular uptake of nanoparticles.”! The
assembly of submicron colloidosomes was recently estab-
lished and demonstrated by our group with either metal-oxide
nanoparticles® or nanodiamonds®™ as building blocks, in
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Figure 1. Schematic illustration of the synthetic route based on self-assembly and properties of a nanoporous bifunctional submicron
colloidosome. Step 1: Fluorescence-labeled silica nanoparticles were synthesized by the regrowth of silica seeds tagged with rhodamine B
isothiocyanate; superparamagnetic iron oxide nanoparticles were prepared by classical coprecipitation of Fe*" and Fe*" ions and were thoroughly
cleaned by dialysis. Step 2: Bifunctional submicron colloidosomes were coassembled at the interface of emulsion droplets in a water-in-decane
miniemulsion with self-assembly-inducing lipids dissolved in the decane phase; the capsules were finally transferred to a fresh aqueous phase.
The self-assembled colloidosomes feature bifunctionality in the form of fluorescence and superparamagnetism and could potentially enable the

encapsulation and release of active agents from the aqueous core.

combination with oil-soluble surfactants. Because of their
negligible solubility in water along with their derivation from
fats, we refer to these surfactants as lipids. Prior to colloido-
some synthesis, the shell-forming colloidal particles are
synthesized and dispersed in an aqueous medium (Figure 1,
step 1). Afterwards, submicron colloidosomes are synthesized
by generating a water-in-oil miniemulsion, in which the
nanoparticles then self-assemble at the emulsion-droplet
interfaces (Figure 1, step 2). Submicron colloidosome forma-
tion is most successfully carried out with nanoparticles and
lipids of the same net charge, which form a thin film at the
emulsion-droplet fluid—fluid interface. As detailed previ-
ously,”3! the formation of rigid interfacial particle films is
probably caused by interactions of the lipid molecules with
the nanoparticles at the interface. The oil-water interface of
the emulsion droplets is populated by a Gibbs adsorption
layer of the surface-active lipid molecules. When the nano-
particles adsorb at the oil-water interface, the surface-charge
interactions between the particles are mitigated by the lipid
molecules, which act as a local electrolyte. As a result,
nanoparticles accumulate at the droplet interfaces and
undergo controlled self-assembly. The intrinsically rigid
capsules are subsequently transferred to a fresh aqueous
phase.

The synthesis is performed at near-neutral pH and
ambient temperature and yields spherical capsules with
diameters below 1 pm, as required for biomedical applica-
tions. For the synthesis of colloidosomes with submicron
diameters, the emulsion droplets, which act as the size and
shape template of the colloidosomes, are formed by strong
ultrasonication in a water bath. The process for the formation
of the interfacial films, which form the colloidosome shell on
aqueous emulsion droplets, can be controlled by lipids that
bear a charge of the same sign as that of the colloidosome-
forming particles.” ! Either a positively charged lipid is used
with likewise positively charged nanoparticles or a negatively

charged lipid is used with particles exhibiting a negative
C potential. However, as we now report, the addition of
a small amount of oppositely charged nanoparticles also leads
to successful capsule formation, thus enabling the assembly of
bifunctional colloidosomes.

Prior to colloidosome self-assembly, the microcapsule-
forming SPION and FSNP building blocks were synthesized.
SPIONSs (Figure 2a, left) were obtained by the coprecipita-
tion of Fe** and Fe® ions under alkaline conditions, thus
resulting in the formation of a stable superparamagnetic
liquid (see Figure S1 in the Supporting Information).’” To
decrease the free-ion concentration of the SPION liquid, we
exchanged the dispersing medium by dialysis, thus shifting the
pH value to a less acidic value of 5.5. This step is important, as
otherwise a high residual amount of free ions from the initial
synthesis would strongly hamper colloidosome formation (see
Figure S2). The synthesis of photostable and monodisperse
fluorescently labeled silica nanoparticles (Figure 2b, left) is
based on a silica-seed-regrowth process.”**¥ Silica seeds were
tagged with rhodamine B isothiocyanate (RBITC), and a thin
silica layer was then added to conserve and protect the
fluorescent marker from future degradation (see the Support-
ing Information for the detailed synthetic route.)

Before these two particle types were combined in a single
capsule, colloidosomes were synthesized with the respective
SPION and FSNP particles individually (see Figures S3 and
S4). Decane was chosen for the oil phase, as it can be
purchased in very high purity. The lipid stearic acid (pK, 4.9)
or stearyl amine (pK, 10.6) was used in the procedure. During
the emulsification process, the lipid molecules dissociate their
hydrophilic head group at the emulsion-droplet interface and
complement the self-assembly of SPIONs or FSNPs at the
liquid-liquid emulsion-droplet interface (Figure 1, magnifi-
cation).

The morphology of colloidosomes with closed and open
shells (Figure 2 a,b, middle images) was visualized by scanning
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Figure 2. Left: TEM micrographs of the prepared functional a) SPIO and b) FS nanoparticles. The SPIONs have an average diameter of around
(20£10) nm and show some aggregates/agglomerates. FSNPs show very high uniformity and have a diameter of (30+5) nm. Center images:
SEM micrographs of submicron colloidosomes with closed shells and open-shelled colloidosomes. The latter images reveal the hollow interior of
some colloidosomes. a) The superparamagnetic colloidosomes possess a thin multilayer of SPIONs in the shell, whereas b) the fluorescent
colloidosomes solely feature a single layer of FSNPs. Right: a) SPION colloidosomes show ideal superparamagnetic functionality with neither
remanence magnetization nor a coercive field force (inset shows the high responsiveness of SPION colloidosomes to an external magnetic field).
b) FSNP colloidosomes feature high fluorescence intensity (inset shows a fluorescence microscope image).

electron microscopy (SEM). SPION colloidosomes were
synthesized with stearyl amine (see Figure S3) and exhibited
no discernable surface order, whereas the FSNP colloido-
somes, formed with stearic acid (see Figure S4), featured
a roughly hexagonal close-packed surface structure. SEM
micrographs of colloidosomes with open shells revealed the
hollow interior of some structures (Figure 2); the super-
paramagnetic colloidosomes possessed a thin multilayer of
SPIONSs in the shell, whereas the fluorescent colloidosomes
featured only a single layer of FSNPs. The SPION colloido-
somes exhibited ideal superparamagnetic properties without
remanence magnetization or a coercive field force, as
revealed by the hysteresis loop generated with a magneto-
meter (Figure 2a, right). Thus, these microcapsules are an
ideal candidate for MFH and MPI. The high fluorescence
intensity of the FSNPs enabled direct observation with
a fluorescence microscope (Figure2b, right). Thus, this
colloidosome type could potentially be used for bioimaging
applications. In preliminary studies, the submicron colloido-
somes were further shown to feature mechanical stability in
centrifugation tests, while also possessing adequate stability in
buffers and blood serum.

To elucidate the process of colloidosome formation, we
used a double-wall-ring (DWR) setup in combination with
interfacial shear rheology (ISR; Figure 3a).*! Colloidosome
formation can be interpreted as the growth of ultrathin films
of nanoparticles and lipid molecules at the fluid—fluid inter-

face of water-in-oil-emulsion droplets.®" This thin-film
growth process is similar to the formation of (Ramsden)-
Pickering emulsions, in which particles adsorb between two
immiscible liquids and stabilize the emulsion droplet against
coalescence or Ostwald ripening by forming a particle
monolayer at the emulsion-droplet interface.”**! In our
study, the three-dimensional curved interface of emulsion
water droplets in the oil phase was transferred to a two-
dimensional planar interface (Figure 3a, bottom). For the
ISR setup, a metal ring (Pt/Ir Du Noiiy ring)*>** is directly
positioned at the interface between the water phase contain-
ing colloidal particles and the oil phase containing lipid
molecules. Over time, an increasing number of lipid mole-
cules accumulate at the oil-water interface, where the func-
tional head groups of the lipids dissociate. We think that the
resulting charge induction at the interface interferes with the
electrical double layer of colloidal particles in close proximity
to the interface, thus promoting their accumulation at the
interface and leading to the corresponding thin-film growth.
This process can be controlled by the correct choice of lipid
type and concentration; direct correlations can be made, thus
enabling the optimization of conditions for successful colloi-
dosome formation (see the Supporting Information for
detailed experimental conditions).

After the application of a sinusoidal oscillation on the
Du Noily ring, we measured the resultant shear deformation
of the interfacial film to analyze the formation of the
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stearic acid (—/—) show marginal film growth and enable the
successful synthesis of SPION and FSNP submicron colloido-
somes.
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a buckling of the capsules
right after their formation
during the ultrasonication
step or later during the drying process. Similar observations
were made for the negatively charged FSNPs (Figure 3¢): We



found that a combination of identically charged surfactants
(stearic acid) and nanoparticles led to ideal colloidosome
formation (Figure 3¢, insets). In general, our interfacial
rheology findings clearly indicate that identically charged
lipid/colloid combinations lead to the formation of ultrathin
films and allow successful and controlled colloidosome self-
assembly, whereas oppositely charged combinations lead to
disproportionate film formation, which results in large
aggregates as well as “deflated” and irregular colloidosomes.
On the basis of the interfacial shear rheology findings, we
examined the coassembly of bifunctional colloidosomes. In
this case, FSNPs were dispersed by ultrasonication in dialyzed
water containing a low amount of SPIONs, and then the
synthesis of bifunctional colloidosomes was carried out in
a 1 mM solution of stearic acid in decane. In an extensive
study, we found that the ideal ratio of FSNPs to SPIONs in the
initial colloidal dispersion for the formation of a mixed
colloidosome shell was 10:1 (1vol% FSNPs, 0.1 vol%
SPIONSs). After coassembly,
the smaller SPIONs were
well-integrated between the
FSNPs in the capsule shell
(Figure 4, top left). The high
ele-
ment-specific contrast of
energy-selective backscatter
(EsB)P* scanning electron
microscopy (Figure 4, top
right) further showed the
nanoscale composition of
the novel hybrid colloido-
some. A pseudo color image
prepared on the basis of the
EsB micrograph illustrates
the combined integration of
SPIONs and FSNPs more
clearly (Figure 4, bottom
left). Similar to the colloido-
somes prepared from the
individual particles, the
bifunctional submicron col-
loidosome exhibited simulta-

neous  superparamagnetic
and fluorescence bifunction-
ality  (Figure 4, bottom

right). Other SPION/FSNP
ratios with varying surfac-
tant concentrations still led
to the formation of colloido-
somes containing both parti-
cles types (see Figure S5a
for additional micrographs
showing simultaneous

Bifunctional submicron colloidosome

SEM micrograph

“deflated” structures (see Figure S5c). Furthermore, a possi-
ble fluorescence-quenching effect can be neglected, as we
only observed a decrease in the fluorescence intensity for very
high SPION concentrations (see Figure S6).

The approach of utilizing both superparamagnetic and
fluorescent particles in a single colloidosome is the first step
toward creating a novel design tool for the synthesis of
nanotheranostic vehicles. Instead of SPIONs or FSNPs,
entirely different particles exhibiting other distinct properties
may be used additionally or as substitutes in the microcapsule
shell, such as gold nanoparticles, quantum dots, calcium
carbonate particles, nanodiamonds, and drug-loaded particles.
In future studies, bifunctional submicron colloidosomes may
be utilized for the incorporation of a broad range of cytostatic
agents in combination with an increase in biocompatibility.
Furthermore, submicron colloidosomes may be surface-
functionalized to increase their circulation time in the blood
stream, in analogy with stealth nanoparticles. Additionally,
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showing coassembled SPIONs (small particles) and FSNPs (large particles). Top right: Energy-selective

backscatter SEM micrograph enabling the visual nanoscale differentiation of SPIONs (bright particles) and

a less ideal particle mixing
in the colloidosome shell
(see Figure S5b) or

FSNPs (darker particles). Bottom left: SEM pseudo color image illustrating the distribution of FSNPs and
SPIONs within the colloidosome shell. Bottom right: Distinct fluorescence and superparamagnetic properties
of the bifunctional colloidosome containing both FSNPs and SPIONSs.



the interactions of colloidosomes in physiological solutions
and their suitability for biomedical applications, including
drug delivery to tumor cells, hyperthermia treatment of
cancer, and visualization of the localization of colloidosomes
both in cells by fluorescence microscopy as well as in tissues
by magnetic particle imaging (MPI), may be investigated.

In summary, the ability to create capsules with a mem-
brane shell composed of SPIONs and FSNPs as well as
potential further types of nanoparticles allows the tailor-made
design of microcarriers with nanoparticle shells. We were able
to show that it is possible to incorporate nanoparticles with
distinct physical properties into the shell of submicron
colloidosomes. The formation process of SPION and FSNP
capsules was studied by interfacial shear rheology, which
allowed a direct correlation for successful colloidosome
formation. The ability to incorporate selective physical
properties on the nanoscale into a submicron capsule might
prove highly beneficial for targeted drug delivery and
theranostic applications.
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