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Microcapsules (MCs) are versatile systems with applications
in areas as diverse as microreactors, catalysis,[” diagnostics,
and drug delivery.”) In these systems, self-assembly of lipids
and/or polymers can be used to generate several types of
nano- and microcapsules. These include vesicular structures
such as liposomes,’! polymerosomes,* colloidosomes,”! and
polyelectrolyte capsules that feature aqueous interiors and
exteriors.”) An alternate motif is provided by emulsions,
where additives are used to stabilize the interface between
immiscible fluids to produce, for example, oil-in-water
emulsions.”! Through tailoring the composition and structure
of the building blocks, MCs of both types can be engineered
with well-defined structures, functions, and stability.[s] MCs
provide excellent delivery vehicles for biomedical applica-
tions, featuring high payload-to-carrier ratios and protection
of encapsulated materials from degradation.
Nanoparticle-stabilized capsules (NPSCs) present micro-
capsule structural motifs where the nanoparticles® are
assembled at the interface of immiscible solvent droplets.
The physical properties of NPSCs can be precisely controlled
in a modular fashion through the proper choice of nano-
particle precursors and assembly conditions,'”) giving these
systems utility in numerous applications.'! Tn NPSCs, nano-
particles in the capsule shell serve as modular building blocks,
allowing incorporation of the particle properties into the
functional capabilities of the microcapsules. When used as
delivery vehicles, these oil-in-water emulsion particles are
ideally suited for transport of hydrophobic drugs, making
these systems complementary to their vesicular counterparts,
for example, liposomes or polymerosomes. The nanoparticle
shell of NPSCs imparts additional functional capabilities; for
example, nanoparticles can serve as antennae leading to
controlled release of materials encapsulated in the micro-
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capsules by responding to external stimuli (e.g. magnetic
fields or laser light).'” Additionally, the inherent rigidity of
the particles and the capsule shell offer encapsulation vehicles
with mechanical advantage as compared to the soft, self-
assembled shell made of polymers or lipids.'¥ The perme-
ability of the NPSCs can be tailored through variation of the
dimension of the colloidal particles, as shown by Duan and co-
workers,'¥l who fabricated magnetic NPSCs with tunable
permeability by assembling different sized magnetite (Fe;O,)
nanoparticles at the interfaces of water-in-oil (W/O) droplets.

Capsule size plays a pivotal role for the applications of
MCs in catalysis, nanoreactors,' and sensors,” with decreas-
ing size generally providing more effective systems. Likewise,
carrier size is critical for application in drug delivery
processes: carrier size controls the perfusion of materials
through the endothelium and the diffusion of materials
through tissues. For longer circulation times, the size of the
carrier should be small enough (<200 nm) to escape capture
and subsequent removal by the resident macrophages in the
reticuloendothelial system, such as the liver and spleen."® In
this respect, materials with diameters between 10 and 200 nm
are particularly useful due to their enhanced bioavailability
and their ability to take advantage of the enhanced perme-
ation and retention (EPR) effect.!'”? For NPSCs to be useful in
the delivery context, they will need to have a proper size (10 <
d <200 nm) for optimal activity.

A variety of techniques, for example, tuning of particle
wettabilityl'” or lateral crosslinking!"® of the particles at
interface, have been developed to address the stability of
nanoparticles on the capsule shells. However, despite prog-
ress in this field, current methods generate NPSCs ranging
from several micrometers to millimeters. The fabrication of
smaller NPSCs encounters two challenges. First, the confine-
ment of particles on droplets surface is driven by total
interfacial energy decrease.'” The three contributions to the
interfacial energy arise from the particle—oil interface (yp,),
the particle-water interface (yp), and the oil-water interface
(vomw)- The effective decrease in interfacial energy due to the
assembly of a single particle at the oil-water interface is given
by Equation (1), where y and r are the interfacial tension
between two adjacent phases and the effective radius of the
particle, respectively.”’
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Because AE depends on 7, the energy decrease is smaller
(and is comparable to the thermal energy) for small particles
than for larger ones. Consequently, interfacially confined
nanoparticles are more prone towards spatial fluctuations and

SWILEY g

ONLINE LIBRARY

wandte
Chemie

477


http://dx.doi.org/10.1002/anie.201005662

Communications

478

eventual displacement from the interface. A second issue is
that stabilization of capsules relies on the Laplace pressure,
that is, the pressure difference between the inside and outside
of the capsules. This effect is caused by the surface tension of
the interface between the solvents?!! and is given as Equa-
tion (2), where G is the radius of the capsules.

AP=2y, . /G )

It is evident from Equation (2) that as capsule size
decreases, the Laplace pressure exerted to the interfacial
nanoparticles increases, making smaller droplets unstable. As
a result smaller droplets tend to coalesce in solution. Taken
together, as capsule size decreases there is less driving force
for the nanoparticle to move to the interface, an effect that is
exacerbated by the higher surface area of nanometer-scale
capsules.

To generate the nanoscale NPSCs required for delivery
applications, we have investigated an alternative strategy that
relies upon nanoscale droplet stabilization through supra-
molecular interactions. Two different supramolecular strat-
egies were combined to tune interfacial energy and stabilize
the nanoparticle shell of NPSCs (Figure 1). First, we have
engineered the interaction between the nanoparticle that
constitute the NPSC shell with the “oil” interior of the capsule
to access nanoscale assemblies. Second, the NPSC architec-
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Figure 1. Fabrication of stable nanoscale NPSCs. a) Generation of
nanosized oil-in-water droplets followed by interfacial assembly of
arginine-functionalized gold nanoparticles. b) Supramolecular interac-
tions between nanoparticle and linoleic acid droplets through argi-
nine—carboxylate interactions. c) Transforming strong particle-particle
repulsion to a stabilizing electrostatic attraction by lateral noncovalent
cross-linking of particles using transferrin protein.
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ture was stabilized through lateral particle—particle interac-
tions. By utilizing this combined approach, we have devel-
oped a direct and versatile technique for the creation of
NPSCs featuring diameters as small as around 100 nm that are
stable in buffer as well as in media and serum.

Our initial efforts to produce stable NPSCs focused on the
use of nanoparticle-droplet interactions to stabilize the
particle shell. The well-known arginine—carboxylate hydrogen
bonding/electrostatic interaction!® was exploited through use
of biocompatible linoleic acid as the “oil”, and arginine-
functionalized gold nanoparticles (AuNP-Arg, core diameter
ca. 2nm) as the nanoparticle shell. Other than the required
surface functionality, gold nanoparticles also provide a
biocompatible and nontoxic platform,?! which is well-suited
for delivery applications. The stable nanoscale NPSCs were
produced by a three-step procedure. First, template droplets
with an approximate size of 105 nm were generated by
agitating linoleic acid in phosphate buffer (5 mm, pH 7.4) in
the presence of a small amount of AuNP-Arg using a
commercial homogenizer. In the second step, the droplets
were transferred into solutions of AuNP-Arg. This dispersion
process results in essentially instantaneous assembly of the
arginine nanoparticles at the droplet surface through argi-
nine—carboxylate hydrogen bonding/electrostatic interac-
tions, generating nanoscale NPSCs. NPSC formation was
optimized by varying the nanoparticle/droplet ratio, and the
resultant assemblies were characterized by TEM (see Sup-
porting Information Figure S3a—c). The optimized nanopar-
ticle/droplet ratio for successful nanoscale NPSC formation
was 2.5 um/0.64 nM (on a per droplet basis). At this optimum
ratio, the TEM image shows essentially no free nanoparticles
on the sample grid and a dense packing of nanoparticles on
the droplets. The average number of AuNP-Arg nanoparticles
bound to a single linoleic acid droplet estimated is 4061 (see
Supporting Information for the calculation).

Two analogues of linoleic acid (methyl linolate and
linoleoyl alcohol) were used as controls to verify that NPSC
formation was driven by guanidinium-carboxylate interac-
tions. As shown in Figure 2 a, the arginine nanoparticles bind
to linoleic acid droplets, forming NPSCs that could be readily
pelleted by centrifugation (at a speed of 3000 rpm, 5 min).
Significantly, no free particle was observed after centrifuga-
tion, indicating complete incorporation of AuNP-Arg into the
NPSC shell. In contrast, no NPSC formation was observed
with the controls. The confinement of AuNP-Arg at linoleic
acid droplets surface was also evidenced from encapsulating
fluorescent Nile Red dye into the oil droplets followed by
nanoparticle assembly and centrifugation. As shown in Fig-
ure 2b, Nile Red encapsulated droplets showed intensive red
fluorescence while no fluorescence signal was detected from
the supernatant of NPSCs after centrifugation, indicating
effective binding of nanoparticles to the droplets.

Further evidence of the strong interaction between the
AuNP-Arg particles and the linoleic acid droplets was
obtained using isothermal titration calorimetry (ITC) study,
where AuNP-Arg was titrated into a buffered (5 mm phos-
phate buffer, pH 7.4) suspension of each of the three oil
droplets. The ITC results indicated that the interactions
between the nanoparticle and oil droplets made from each of
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Figure 2. Controlling supramolecular interactions to create NPSCs.
a) NPSC formation with linoleic acid whereas no NPSC assembly was
observed using controls. b) Photograph of Nile Red encapsulated
linoleic acid NPSCs containing vial under UV light before (left) and
after (right) centrifugation of NPSCs (see Figure S7 for color image).
c) ITC titration of AuNP-Arg nanoparticles into a buffered (5 mwm,

pH 7.4) suspension of each of the three oil droplets. The squares
represent the integrated heat changes during complex formation and
the lines represent the curve fit to the binding isotherm.

the three oils were all exothermic in nature. Significantly, the
AH for linoleic acid (—17.6 kcalmol ') was far more exother-
mic than that observed for methyl linoleate (—0.3 kcalmol ")
and linoleyl alcohol (—0.1 kcalmol™'; Figure 2c and Fig-
ure S4), indicative of the strong interaction between arginine
and linoleic acid.

The AuNP-Arg-linoleic acid capsules assemblies were
stable in buffer, however degraded within 3 h in cell culture
medium, as observed from the DLS measurement of hydro-
dynamic diameter (Figure 3b). Our hypothesis was that the
low stability of NPSCs under physiological conditions arose
from destabilization due to particle—particle repulsion
between the highly positively charged AuNP-Arg particles
(Figure 1b). In recent studies we have shown that nano-
particles can form stable assemblies with enzymes at oil-
water interfaces.”” Incorporation of complimentary nega-
tively charged transferrin (p/=5.6) proteins into the capsule
shell converted the repulsions between AuNP-Arg particles
into attractive interactions, generating capsules stable under
physiological conditions as demonstrated by DLS (Fig-
ure 3b). The dispersity of linoleic acid-transferrin NPSCs
was measured by using DLS (Figure 3a). A hydrodynamic
diameter of (122 +2) nm was observed from this experiment.
The protein-stabilized NPSCs were further characterized by
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Figure 3. Size and shape of NPSCs in different conditions. a) Hydro-
dynamic diameter as observed by DLS measurement of protein-
stabilized NPSCs in phosphate buffer (5 mm, pH 7.4). NPSCs fabri-
cated by assembly of 0.64 nm droplets with 2.5 pm nanoparticle
solution followed by lateral cross-linking of particles using transferrin
proteins. b) Stability study of linoleic acid NPSCs with (e) and without
transferrin (o) in physiological condition over time. ¢) TEM image of
NPSCs. The inset shows the size distribution determined from TEM
image by counting the diameter d of 80 individual NPSCs. F:
frequency. d) Magnified view of a protein-stabilized NPSC.

using TEM (Figure 3c). The average size distribution (d)
determined from TEM image of NPSCs is (75 & 25) nm. The
smaller size observed by TEM is expected, and arises from
shrinkage due to drying of the NPSCs in the TEM micro-
scope.

The high stability of the linoleic acid—transferrin NPSCs
under physiological conditions makes them potentially useful
as delivery vehicles. Preliminary studies of cellular delivery
and uptake of NPSCs were performed using a combination of
confocal laser scanning microscopy (CLSM) and inductively
coupled plasma mass spectrometry (ICP-MS). In these
studies, NPSCs loaded with the Nile Red fluorophore were
incubated with HeLa cells, and payload delivery followed
using CLSM. As shown in Figure 4a,b and Figure S7, efficient
delivery of Nile Red to the cytosol was observed after 3 h.
There are two potential mechanisms for this payload delivery
using these NPSCs. In one mechanism, material is transferred
through membrane fusion from the NPSC to the cell without
NPSC uptake. In the second mechanism, the cell takes up the
intact particle through an endocytotic mechanism, with
payload release occurring inside the cell. To differentiate
between these mechanisms, we performed a time point
analysis. Analysis of cell fluorescence as determined using
fluorescence microscopy indicated that maximal uptake was
observed after 3 h, with little further increase in fluorescence
observed after 6 h (Figure S6a). However, very different
kinetics were observed for AuNP-Arg uptake using ICP-MS,
in which steadily increasing amounts of intracellular Au were
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Figure 4. Delivery of Nile Red encapsulated linoleic acid—transferrin
NPSCs in Hela cells. a,b) CLSM images of HeLa cells treated with
same NPSCs for 3 h; a) bright field, b) red channel (see Figure S8 for
color image). c) Cytotoxicity of paclitaxel-loaded linoleic acid-trans-
ferrin NPSCs. The cell viabilities were measured by Alamar blue assay
after 24 h incubation of paclitaxel-loaded linoleic acid-transferrin
NPSCs and carrier with Hela cells.

observed over 6 h (Figure S6b). This observation was con-
sistent with the NPSC-cell fusion mechanism. Further support
for a non-endocytotic delivery process comes from fluoro-
phore delivery studies using sodium azide and deoxyribose,
well known inhibitors of energy-dependent endocytosis
through disruption of cellular ATP production. Time point
analysis revealed no significant difference in particle uptake
(Figure S8) in the presence of either inhibitor, consistent with
fluorophore uptake through a non-endocytotic pathway.

Having established effective fluorophore delivery, we next
investigated the efficacy of these NPSCs as drug delivery
systems in cell culture models. Using the Alamar blue
viability assay and HeLa cells, we determined that the linoleic
acid-transferrin NPSCs featured no non-specific cytotoxicity
at the concentrations studied (Figure 4c). Our initial drug
candidate for NPSC-mediated delivery was paclitaxel due to
its high toxicity and hydrophobicity. Paclitaxel is one of the
most effective anticancer drugs for the treatment of a wide
variety of cancers, however this highly hydrophobic drug
suffers from poor solubility with concomitant issues in
biodistribution.” We have used linoleic acid-transferrin
NPSCs for paclitaxel encapsulation and delivery purposes
due to its high stability under physiological conditions and
efficient fluorophore delivery efficiency. Paclitaxel has a
relatively high solubility in linoleic acid (10 mgmL ), allow-
ing high loading of the NPSCs without substantial processing.
Delivery studies indicate that release of paclitaxel from the
NPSC is quite efficient, with an ICy, value for the encapsu-
lated drug of 13.5ngmL™" (Figure 4c), as compared to
6.5 ngmL™" for free paclitaxel.
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In summary, we have developed a strategy for NPSCs
fabrication that combines radial particle-lipid and lateral
particle—protein supramolecular interactions to generate
capsules of unprecedentedly small size (ca. 100 nm). We
envision that further modulation of these interactions through
the use of diverse chemical functionality will provide a control
over the capsule size and functionality for many applications.
Cell culture studies of drug delivery into cancer cells using
these NPSC carriers demonstrated highly efficient payload
delivery with no measurable carrier toxicity. The nanoparticle
shell of NPSC provides a platform for future incorporating of
targeting molecules to realize targeted cancer therapy for
animal studies, a prospect that is currently under investiga-
tion.
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