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1. Introduction

Various methods for the synthesis of nano- and microcapsules
with densely packed colloidal particle shells have been introduced
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Colloidal capsules: nano- and microcapsules
with colloidal particle shells

Tobias Bollhorst,* Kurosch Rezwan and Michael Maas

Utilizing colloidal particles for the assembly of the shell of nano- and microcapsules holds great promise
for the tailor-made design of new functional materials. Increasing research efforts are devoted to the
synthesis of such colloidal capsules, by which the integration of modular building blocks with distinct
physical, chemical, or morphological characteristics in a capsule’s shell can result in novel properties,
not present in previous encapsulation structures. This review will provide a comprehensive overview of
the synthesis strategies and the progress made so far of bringing nano- and microcapsules with shells of
densely packed colloidal particles closer to application in fields such as chemical engineering, materials
science, or pharmaceutical and life science. The synthesis routes are categorized into the four major
themes for colloidal capsule formation, i.e. the Pickering-emulsion based formation of colloidal capsules,
the colloidal particle deposition on (sacrificial) templates, the amphiphilicity driven self-assembly of
nanoparticle vesicles from polymer-grafted colloids, and the closely related field of nanoparticle
membrane-loading of liposomes and polymersomes. The varying fields of colloidal capsule research are
then further categorized and discussed for micro- and nano-scaled structures. Finally, a special section
is dedicated to colloidal capsules for biological applications, as a diverse range of reports from this field
aim at pharmaceutical agent encapsulation, targeted drug-delivery, and theranostics.

and greatly advanced over the course of the last two decades.
These mainly include self-assembly routes based on Pickering-
emulsification, templating of (sacrificial) particles, or the
amphiphilicity-driven capsule formation from polymer-grafted
colloids. And even though these diverse synthesis techniques
rely on different assembly principles, the resulting structures
feature one concurrent characteristic: a shell formed from one
or more closely packed layers of colloidal particles.
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Generally, micro- and nanoscaled capsules, which have been
of intense research interest for many decades, comprise an
organic, metallic, or inorganic shell to separate themselves
from the surrounding environment and to protect a solid,
liquid- or gas-filled interior. Such structures may be used for
the encapsulation of a wide variety of compounds, including;
pharmaceuticals," nutrients,” catalysts,>* or fragrances.® Until
recently, the outer layer of nano- and microcapsules has mainly
been utilized for the controlled interaction with its environment
and for the protection and release of encapsulated cargo. Here,
the outer layer functions either as a non-, partially, or highly
permeable membrane. However, lately this paradigm is shifting
and the shell itself is subjected to significant engineering
efforts, with the goal to add distinct morphological, chemical,
or physical properties; increasingly often by taking advantage of
specific interactions of colloidal particles in the shell of a nano-
or microcapsule. Utilizing modular colloidal building blocks to
form one or more densely packed layers of a capsule’s shell can
lead to unprecedented material properties and may be advantageous
in comparison to conventional encapsulation structures.

For instance, liposomes®® and polymersomes,”™*
vesicles formed from natural and synthetic amphiphiles (phos-
pholipids or block-copolymers), have been successfully developed
for the entrapment and transport of active ingredients and play a
critical role e.g. in the biomedical field for targeted pharmaceutical
delivery. To further improve and to meet the growing demand for
new multifunctional vesicular structures, a dense loading of the
membrane of liposomes or polymersomes with nanoparticles or the
self-assembly of capsules with a densely packed shell of colloidal
particles can lead to advanced material properties. By carefully
selecting the types of the shell-forming colloidal particles tailor-
made exploitable characteristics can be achieved within such
vesicle-like capsules.

In analogy to liposomes and polymersomes, these structures
are often described as colloidosomes,'? after this term was
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coined for a distinct type of capsule with a shell of densely
packed colloidal particles. However, it has come to our attention
that the term ‘colloidosome’ may not be the most ideal match
for the description of spherical structures with colloidal particle
shells. The term was initially introduced to solely describe
Pickering emulsion-based capsules, but was recently also used
for capsules based on other assembly routes, e.g. template-
based structures.’®* In contrast, other terms were introduced
by different authors who may have felt that their structures did
not satisfy the original colloidosome definition, e.g. ‘nanoparticle
vesicles’,"> ‘nanoparticle-stabilized nanocapsules’,'® or ‘raspberry-
like nanocapsules’.'” This, and a clear evidence of a lack of cross-
citation of the herein reviewed fragmented research fields, calls for
a more general term that unifies the herein reviewed capsules.
This would also greatly simplify the review of the literature from
this field in the future. We think that the previously introduced
term ‘colloidal capsule’*® fulfills the description of all types of
capsules with a closely packed shell of colloidal particles more
clearly. Hence, we advise the future use of this term to unify this
research field.

Since the pioneering works by Caruso and Mohwald et a
Dinsmore and Weitz et al.,'* and Nie and Kumacheva et a
research on colloidal capsules has gained substantial momentum
and shows great promise for their application in a wide range of
fields, such as drug delivery,”" catalysis,>* energy storage,> or
photonics.>*** The successful implementation of these colloidal
capsules will strongly depend on the possibility to precisely
control structural characteristics, such as size, morphology,
and surface chemistry of the capsule itself as well as the
shell-forming building blocks, and will further depend on the
mechanical stability, shell permeability, monodispersity, and
biocompatibility of the resulting colloidal capsule.

Recently, an increasing research interest has been dedicated
to the novel physical features that may be derived from forming
a closely packed spherical shell from modular colloidal building
blocks. Here, plasmonic near-field coupling promoted by the
accumulation of gold nanoparticles,***” the enhancement of
various bioimaging techniques by e.g. utilizing the distinct
superparamagnetic properties of iron oxide nanoparticles,*®
the decreased fluorescence intensity proximity quenching of
fluorophore-doped core-shell silica particles,”® or the integration
of different nanoparticles with distinct functionalities in a single
capsule®®*! underscore just a few functionalities of such novel
nano- and microcapsules. Beyond the utilization of these afore-
mentioned modular building blocks with specific physical
properties, building blocks with unique morphological and
biological characteristics from the materials and life sciences
fields have also been employed to form densely packed shells of
colloidal particles. These include e.g. cubical metal organic
frameworks,*> mesoporous silica particles,*® janus particles,*
nanodiamonds,*® carbon nanotubes,*® nano-/microrods,*”*® as
well as polymersomes,*** enzyme-loaded liposomes,*' or viruses
(bionanoparticles).*”” Furthermore, proteins are also being intensively
explored as shell-forming biological building blocks, bringing about
the nascent field of proteinosomes.*® These protein capsules,
representing a special class of so called protocells,**™*” may be

19
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utilized as a tool for the investigation of the early origin of
primitive cell-like structures.*® Hence, the inclusion of functional
building blocks, particularly through specific nanopatrticles, is
inherent to this colloidal capsule platform and one of the main
features of these structures. Furthermore, a strong focus in
colloidal capsule research lies in pushing the structures ever
closer towards biomedical applications, specifically for parenteral
drug delivery, bioimaging and hyperthermia treatment. Here, the
main challenges were found in miniaturization'®*>*° of the
structures to nano-scaled sizes with tailor-made pharmaceutical
agent release®" and controlled capsule disassembly, combined
with particle clearance from the body in vivo.>

In the following sections we will review and discuss recent
advances of the varying synthesis strategies of forming colloidal
capsules, the exploitation of various building blocks with different
chemical, physical, and morphological properties, capsule miniatur-
ization, and their potential utilization for bionanotechnology
applications. It should be noted that the structures described
here are clearly to be distinguished from colloidal/nanoparticle
clusters®>* which represent another class of suprapatrticles. The
goal of this review is to give a comprehensive overview on the recent

A. Emulsion-based colloidal capsules
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progress in the field of nano- and microcapsules with colloidal
particle shells and closely related structures. Although the majority
of the herein discussed papers have been published in the last 10
years, we will also discuss seminal papers that defined a subfield of
colloidal capsule research and preceded the bulk of the publications
from the last years. We will start the discussion by introducing the
different methods for the creation of colloidal capsules and nano-
particle membrane-loaded vesicles. Thereafter, we categorize the
capsules based on their size and the building block materials. The
review will then close with an overview of recent colloidal capsules
for biological applications, including a critical discussion on
whether such structures should be considered for in-human use.

2. Strategies for the synthesis
of colloidal capsules

Various approaches for the synthesis of spherical structures
with densely packed colloidal particle shells have been investigated
in the past two decades. We categorize these into their four major
themes, ie. their Pickering emulsion-based synthesis (Section 2.1),

C. Colloidal capsules based on polymer-grafted
amphiphilic particles
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Fig. 1 Overview of utilized routes for the formation of colloidal capsules: (A) emulsion-based colloidal capsules via interfacial assembly of particles at the
oil-water interface of droplets; (B) colloidal capsules formation via templating against (sacrificial) particles; (C) colloidal capsule synthesis via
amphiphilicity-driven self-assembly of polymer-grafted nanoparticles; (D) dense nanoparticle loading of the membrane of liposomes/polymersomes.

This journal is © The Royal Society of Chemistry 2017
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the deposition and formation of densely packed colloids on
template particles (Section 2.2), the amphiphilicity-driven self-
assembly of polymer-brush functionalized colloids to ‘nano-
particle vesicles’ (Section 2.3), and the closely related field of
liposomes and polymersomes with nanoparticle-loaded membranes
(Section 2.4). The formation of these structures is based on
bottom-up self-assembly processes of systems usually forced
into a non-equilibrium state which are directed towards a
thermodynamic minimume-energy state. The synthesis routes
will be introduced and discussed in sequence of their historical
appearance in the literature.

2.1 Emulsion-based synthesis routes for colloidal capsule assembly

Beginning in 1996, Velev et al.>>’ published pioneering works
on the formation of supraparticles from oil-water emulsions,
utilizing latex particles for the formation process. The latexes
were sulfated or amidined to induce negative or positive surface
charges to perform an interaction-tailored colloidal assembly in
the particle/droplet system. This was followed by Dinsmore’s
2002 paper who accomplished a further stabilization of these
Pickering®®*~Ramsden’’-emulsion-capsules which enabled their
transfer to a fresh water phase resulting in water dispersed
capsules with an aqueous core.

In general, the original synthesis route for the formation of
colloidal capsules via Pickering-emulsions, involves three major
steps, which are depicted in Fig. 1A(A.1) the emulsification of a
water-in-oil phase, with colloidal particles either dispersed in the
oil or water phase, Fig. 1B(B.1) the confinement of the colloidal
particles at the emulsion droplet oil-water interface, and finally a
transfer of the stabilized emulsion-based capsule to a fresh
continuous phase, usually water. Fig. 2 shows an example of
one of the first dried ‘colloidosomes’, which was assembled from
0.9 pm sized polystyrene (PS) particles, whilst the PS particles
were slightly sintered to form a stable shell."”

A great number of research papers and several reviews
have since been published on emulsion based colloidal capsules,
including a recent review by Thompson et al.* which we like to point
out for secondary citations. This review particularly summarizes the
key routes for the stabilization of the shell of the particle-stabilized
emulsion droplet, ie., thermal annealing (shell sintering),">%*%* gel
trapping,®’ covalent cross-linking,*7°
either the inside or the surface of the emulsion droplet.

18,60,61

and the polymerization of
71-74

Fig. 2 Initial ‘colloidosome’, formed from polystyrene particles (From
ref. 12. Reprinted with permission from AAAS (2002).).
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2.1.1 Particle confinement at the liquid-liquid interface.
To successfully synthesize colloidal capsules via Pickering
emulsification, a confinement of colloidal particles at the liquid-
liquid interface of the emulsion droplet is a major prerequisite.
The self-assembly of colloidal (nano-)particles at liquid-liquid
interfaces is driven by the reduction in Helmholtz free energy,
where the fluid-fluid surface area is replaced with particle-fluid
surface area.'” Additionally, the tendency for colloidal particles to
adsorb and stay at the interface depends on various factors,
including the particles surface chemistry, which influences the
particles wettability by the oil and water phase, and the particles
radius (r). Fig. 1B.1 (zoom-in) schematically depicts a particle
confined at the emulsion-droplet interface, including the contact
angle (6) of the particle with the interface, which depends on the
surface free energies (interfacial tensions (y;;)) at the particle-
water (P/W), particle-oil (P/O) and oil-water interface (O/W).”>
The energy change (AE) for one particle confined at the inter-
face, reducing the total free energy, was initially introduced by
Pieranski’® and has been greatly used by other authors for the
description of particle behaviour at liquid-liquid interfaces
since then:">””7®

2

AE = —

Torw [VO/W - (Vp/w - “/P/o)r

Hence, with decreasing particle sizes, AE is decreased as
well and approaches similar values as kT (kp: Boltzmann
constant) making the colloidal particles more susceptible to
momentum transfer from solvent molecules. Consequently, for
very small particles (d « 50 nm) and depending on particle
wettability by either phase, this can result in diminished
confinement at and possible detachment of particles from
the liquid-liquid interface due to thermal fluctuations.”® This
makes the emulsion-based synthesis of miniaturized colloidal
capsules with small particles more complex.

Significant research interest is dedicated to the study and
advancement of the adsorption and desorption of colloidal
particles at fluid interfaces. However, the elucidation of the
full details of this field would go well beyond the scope of this
review, as why we would like to redirect the interested reader to
the books by Binks’®> and Ngai et al.”® (which both include
detailed mathematical descriptions) and recent research studies,****
novel measurement techniques,’® > and recent reviews’® % for
further information.

2.1.2 Microfluidic-based colloidal capsule synthesis. The
formation of colloidal capsules via classical emulsification
approaches tends to lead to a fairly broad size range of the
capsule diameters in a single sample. To decrease the rather
high polydispersity observed in emulsion-based capsules, various
groups investigated the utilization of microfluidics to further control
the synthesis of these structures. For instance, Subramaniam et al.
utilized a three-channel hydrodynamic focusing device to assemble
4 pm polystyrene colloids to a “jammed shell”.’*® Similarly, Utada
and Weitz et al. used microcapillaries to control the formation of
double emulsions,'” which were later used for capsule synthesis.
Within the double-emulsion synthesis route, hydrophobic particles

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6cs00632a

Open Access Article. Published on 23 February 2017. Downloaded on 10/26/2025 10:56:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

are usually dispersed in the organic phase of a water-in-oil-in-water
double-emulsion, and the evaporation of the organic solvent then
leads to the final colloidal capsule formation.'®® This method has
since been extended by Weitz and co-workers to form nonspherical
colloidal capsules,'® to incorporate a Pluronic polymer core for
thermally switched release,"'® for the generation of stimuli-
responsive capsules formed from poly(N-isopropylacrylamide)
particles,""" and by Sanders and Studart et al. by utilizing
nanoparticles with magnetic, photocatalytic, and potentially
biocompatible functionalities in the shell."> Additionally, Park
and Kumacheva et al. synthesized closely related structures, by
assembling poly(styrene-co-acrylic acid) particles on CO,
bubbles.'*? In a follow-up report the process was further tailored
by using a temperature-dependent dissolution of CO,.'** Nie
and Kumacheva et al. also investigated an “inside-out”” approach
by emulsifying a dispersion in a particle-free continuous phase.'
Besides this, Abell et al. used polymer-gold nanoparticles to also
synthesize micrometer-sized colloidal capsules.'*® Albeit, two
challenges within this synthesis route remain, the first being a
controlled miniaturization of the final structures, which has
been approached by Nie et al. with block-copolymer (BCP)-
tethered colloids,"'”""*® and secondly an increase of the overall
yield and throughput of this method.

2.2 Templated synthesis of colloidal capsules

In 1998 Caruso laid ground for the field of the templated
formation of colloidal capsules by first reporting the sequential
adsorption of SiO, nanoparticles and oppositely charged poly-
electrolytes on polystyrene (PS) template particles’™ via electro-
static interactions. Shortly afterwards, this process was advanced
by etching the PS particles and creating hollow capsules'® (Fig. 3).
This layer-by-layer (LbL) templating approach allows for a precise
control of the thickness of the shell by depositing a defined
number of layers on the template, which at the same time also
determines the capsule’s size and morphology. Various template
structures have been investigated, including inorganic and hard or
soft polymeric colloids. Since the introduction of this technique,
numerous excellent reviews on layer-by-layer templating routes
have been published, including articles by Caruso et al.">*>"*" and a
review by X. Lou et al.,'** which we would like to point out for
secondary citations. Also discussing various types of capsules and
other superstructures with non-colloidal particle shells. For
means of a simpler overview, we divided this section into hard
(Section 2.2.1) and soft (Section 2.2.2) template-based structures.

2.2.1 Hard templates. The initial synthesis route utilizing
hard colloids as templates is illustrated in Fig. 3 and consists of
polymers (polyelectrolytes) (1) and nanoparticles (2) which are
sequentially assembling on the template particle via electro-
static interactions. This may be followed by either a solvent-
induced dissolution of the template core or by calcination,
which, besides the dissolution of the template particle, usually
also removes the polyelectrolyte layers, only leaving behind the
self-assembled nanoparticle shell. In 2000, Caruso published a
concept paper further elucidating this process.'>* Recently, Caruso
et al. utilized polyphenol-conjugated colloidal building blocks,
which, among the formation of other colloidal superstructures,

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (top) Template based synthesis route; (bottom) colloid templated
structures before (left) and after (right) core etching. (From ref. 19. Reprinted
with permission from AAAS (1998).)

could be assembled on spherical PS templates for colloidal capsule
formation. After the assembly process, the shell-forming building
blocks were linked and stabilized via metal-phenol complexation
utilizing different metal ions.'** Another templating route also
without using polyelectrolytes, solely based on the deposition of PS
nanoparticles onto silica microspheres, was introduced by Fleming
and co-workers. Here, the PS particles are sintered prior to the
etching of the silica template, leading to a fused surface.”® In
addition to the direct use of nanoparticles for the assembly on a
colloidal template, ionic precursor solutions have been investigated
as well, to initiate nucleation and growth of nanoparticles on the
template. For instance, Kim et al.'*® coated thiolated silica particles
with a palladium precursor and induced a formation of approx.
10 nm-sized Pd nanoparticles, and subsequently etched the core
with hydrofluoric acid (HF) to retrieve hollow capsules.
Besides the use of solid colloidal particles for the formation
of the capsule’s shell, proteins have also been employed as
building blocks. Merz and Caruso et al. have prepared nano-
and microcapsules with a protein building block shell from
human serum albumin (HSA) on nonporous silica templates,">”
doxorubicin-conjugated capsules using various different types
of proteins,"®® and nano-scaled HSA based capsules with MRI
and gene-silencing functionalities by using a mesoporous silica
template for encapsulation prior to the templating step.'*®
2.2.2  Soft (gel) templates. Along with hard particle templates,
“soft” gel-like particles have also been studied significantly for the
formation of a closely packed layer of colloidal particles on their
surface. In many works, a full coverage of the soft/gel-like
templates is achieved by shrinking the bulk template after
covering its surface with a certain amount of particles. In 2007,
Kim and Weitz et al. used temperature sensitive microgel templates
with sizes ranging from 50-60 pm which were based on poly(N-
isopropylacrylamide) (PNIPAm). The PNIPAm particles were

Chem. Soc. Rev., 2017, 46, 2091-2126 | 2095
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first sparely covered with smaller polystyrene particles and then
jammed by shrinking the PNIPAm template to achieve a closely
packed particle coverage on the surface.'® A very similar strategy
was shortly later applied by Karg et al. for smaller poly-(NIPAM-co-
allylacetic acid) nanogel templates featuring final sizes of approx.
320 nm. The nanogels were templated with gold-nanorods to
investigate their shifted resonance peak, induced by the near-
field plasmonic coupling of the Au rods.*” Gawlitza and Karg
et al. later on also used spherical gold nanoparticles for a more
sparse decoration of PNIPAm microgels."*® Additionally, PNIPAm
was also used as a template material by Du et al. who added a
pre-silanized aqueous TEOS solution (silica sol) to form a closed
shell of silica particles on PNIPAm aggregates."*! In contrast to
these previous reports utilizing PNIPAm, we recently investigated
chitosan nanoparticles as substrates for the adsorption of 5 nm
and 15 nm fluorescent SiO, particles with the intention to
increase the biocompatibility of the template material."*>
Another approach was reported by Destribats et al. who adsorbed
CTAB-coated silica particles on molten wax droplets, which were
in turn able to release the wax upon heating to approx. 44 °C."*
The release of various agents from microgel templates enclosed
with colloids was shortly afterwards examined systematically by
Rosenberg and Dan and co-workers."***® Recently, Huang et al.
reported a novel approach by templating vesicles formed from
poly(3-ethyl-3-oxetanemethanol)-PEO block-co-polymers by in situ
formation of gold, silver, or platinum nanoparticles on the vesicle
surface,’®” which is however different from the works described
in the next section of colloidal capsules formed from polymer-
grafted particles.

2.3 Amphiphilicity-driven colloidal capsule self-assembly
from polymer brush grafted nanoparticles

Two decades ago, Eisenberg et al. pioneered the self-assembly
of amphiphilic block copolymers into various morphologies,
including spherical vesicular structures.”'*®'*® Shortly after,
the term polymersome was coined by Disher et al.'® to describe
polymer vesicles, in analogy to liposomes. Diblock or triblock
copolymers are now ubiquitous and widely used for the synthesis
of polymersomes, by making use of the hydrophobic effect™*’
which induces a water-mediated association of the hydrophobic
polymer units, while the hydrophilic units protrude towards

41 Numerous reviews have since been published
11,142,143

aqueous media.
on polymersomes.

Recently, the principle of amphiphilicity-driven self-assembly
has been transferred to colloidal particles for the formation of
capsules with colloidal particle shells. Among this, three routes
have mainly been used to control the self-assembly of amphi-
philic polymer-grafted particles to vesicle-like capsules, including
emulsification by preparing oil-in-water emulsions and subsequently
evaporating the organic solvent (Fig. 1C.2.i),°* dialysis from a
selective solvent against water with the intention to slowly
change the solvent composition (Fig. 1C.2.ii),"** or by drying a
thin-film of the particles on the wall of a vial and then rehydrat-
ing the film (Fig. 1C.2.iii)."** Due to various similarities to molecular
amphiphile based vesicles - liposomes and polymersome - these

structures are often termed ‘nanoparticle vesicles’.'> However, their
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overall structural build-up and inherent properties are corre-
spondent to colloidal capsules.

Following a first report on the assembly of polymer-conjugated
nanoparticles to spherical aggregates,'*® in 2006 Zubarev et al.*’
and in 2007 Nie et al>® published the first works on the three
dimensional self-assembly of polymer-brush functionalized col-
loids to hollow tubular and spherical structures. Zubarev et al.
grafted a V-shaped PS,,-PEO5, amphiphile to the surface of 2 nm
gold or silver particles and then induced the self-assembly by first
slowly adding a certain amount of water to a dispersion of the
particles in organic media (i.e. DMF or THF) and secondly dialyzed
this mixture against water to remove the remaining organic media.
Depending on the NP concentration and organic solvent either
worm-like or vesicular assemblies were reported by the authors.
Similarly, ‘Pom-pom’-like gold nanorods (Fig. 4 - left), coated with
CTAB and conjugated on each end with hydrophobic polystyrene
brushes reported by Nie et al., showed, in analogy to ABA block-
copolymers, a self-assembly to structures with varying geometries,
including vesicle-like capsules (Fig. 4 - right), which depended on
the solvent composition. Grubbs mainly attributed this solvent-
tuned self-assembly process of the amphiphilic-like colloids to a
non-thermodynamically stable ‘trapping’ of the structures based
on a solidification of the polymer domains in ‘kinetically stable
amorphous phases’.**®

Since these two pioneering reports, an especially strong
focus has laid on polymer-brush functionalization of gold nano-
particles with their subsequent self-assembly to nanoparticle
vesicles. Due to the distinct association of the hydrophobic units
with each other, most of these vesicle-like structures feature a
closed hydrophobic polymer membrane layer on their surface,
allowing for an efficient encapsulation of a wide variety of active
agents. The main focus in this field has since been on forming
vesicles from nanoparticles with either diblock, mixed, or
Janus'*® polymer brush architectures. Nie et al. as well as Song
et al. have published a series of papers, including various recent
reviews by each,?®*”'**15! bringing significant progress to this
field, with a strong focus on utilizing these vesicles for biomedical
applications. Nie and co-workers concentrated on grafting gold

Polystyrene

CTAB-
coated
Au nanorod
%
“eut
Polystyrene

Fig. 4 (left) Illustration of a hydrophilic CTAB-mediated gold nanorod
with hydrophobic polystyrene brushes at its ends; utilized for nanoparticle
vesicle formation, represented in the SEM micrograph (right). The inset in
the SEM micrograph schematically showcases the arrangement of the Au
nanorods in the capsule shell (Reprinted with permission from Macmillan
Publishers Ltd: [Nature Materials] ref. 20, copyright (2007).).
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nanoparticles with block-copolymers, whilst Song and co-workers
laid their focus on grafting gold nanoparticles with a mixed
homopolymer architecture (see Fig. 1C.1).

Song et al. used combinations of PEG with either PMMA/
PMMAVP,**'> PNBA,'** PLA,"** or PLGA**'* for vesicle formation,
conjugating the particles either via a two step grafting-“To” and
subsequent grafting-“From” approach, or by concurrently bonding
pre-synthesized hydrophilic and hydrophobic homopolymers
onto the nanoparticles via grafting-“To”. Song et al. also recently
published a comprehensive summary of the various protocols for
the synthesis and characterization of the previously reported
polymer-grafted gold particles and self-assembled capsules.'>®

Following their work on the self-organization behaviour of
PS-grafted ‘Pom-Pom’-like gold nanorods,?***”'*® Nie et al.
mainly focused on conjugating gold colloids with block copolymers.
When utilizing PEO,-b-PS;, BCPs, the tendency of the polymer-
grafted colloids to form vesicles was observed to depend on a
combination of the size of the colloidal particles and the length
of the hydrophilic and the hydrophobic polymer units.'®
Submicron-sized vesicles were assembled from nanoparticles
with a flower-like'*® or spherical’**'>®* morphology and larger,
micron-sized vesicles,'®® were formed from gold-nanrods. The
capsules could be synthesized using varying assembly methods
and PEO-b-PS BCPs of different lengths, and allow for a near-
infrared light triggered release of encapsulated cargo due to a
red shift of the plasmon resonance bands. In addition to this
light-triggered disaggregation, light (ultra violet) has also been
used to assemble vesicles from various thiol-capped inorganic
nanoparticles by oxidation of mercapto containing ligands
which supposedly induces a rearrangement of the ligands.'®
By further controlling the grafting density of the BCPs on gold
nanoparticles, vesicles with string-like assemblies could be
formed."®>'®® In another report, the hydrophobic PS block
was substituted for a biodegradable poly(e-caprolactone) block
for increased biocompatibility.>°

In addition to Song’s and Nie’s works, Forster et al. described
the spontaneous self-assembly of hydrophobic CdSe/CdS particles,
also featuring a hydrophilic PEO chain, into various structures,
including large vesicles. They compared the self-assembly
behaviour of the particles to that of surfactants and lipids.*®*
Moffitt et al. coated CdS NPs with a PS-b-PAA-b-PMMA triblock
copolymer and were also able to form vesicle-like assemblies."®®
Hu et al synthesized polymer-grafted nanoparticles with a
Janus-like brush architecture, by binding the central block of
an amphiphilic triblock copolymer (PEO-b-P(LAMP-co-GMA)-b-PS)
to 2.0-3.8 nm sized gold nanoparticles. The particles assembled
to various structures, including vesicles that are believed to
form a polymersome-like double-layer of particles.'*® Overall,
the here described colloidal capsules feature some physico-
chemical similarities to the structures reviewed in the following
section. However, in the next section the colloidal building
blocks are not functionalized with polymer brushes to mimic
the behavior of amphiphilic molecules, but instead conjugated
with hydrophobic ligands to enable their dense confinement
in a vesicle’s membrane formed from free lipids or block
copolymers.

This journal is © The Royal Society of Chemistry 2017
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2.4 Liposomes and polymersomes with nanoparticle-loaded
membranes

With the first works on liposomes dating back to the 1960s by
Bangham et al,"**"®® liposomes are now omnipresent and
have found their way into numerous consumer applications
and represent a crucial instrument in the pharmaceutical
field."®® A large amount of research was and still is devoted to
the functionalization of liposomes. We are aware of a myriad of
excellent studies in the field of liposomes/polymersomes in
general and vesicle-nanoparticle hybrids specifically, for
instance previously reviewed by Al-Jamal et al.'’® as well as
Amstad and co-workers.'””" However, we will here exclusively
concentrate on amphiphile-assembled vesicles which resemble
a colloidal capsule by featuring a closely packed spherical layer of
nanoparticles inside the membrane of liposomes or polymersomes,
as depicted in Fig. 1D.2.

2.4.1 Liposomes with nanoparticle-loaded bilayers. In 2003
Cha et al. demonstrated the incorporation of quantum dots
in the shell of poly-i-lysine vesicles."”> Following this and
other pioneering works of sparely loaded particles in a vesicle
membrane,'” *#5 in 2010 Rasch et al. were the first to assemble
closely packed nanoparticles inside the lipid bilayer of liposomes
from phosphatidylcholine and thoroughly characterized them via
cryo-TEM (Fig. 5)."*® Here, dodecanethiol-coated gold nano-
particles were used for the membrane loading, where the core
was merely 2 nm in diameter. The small particle size was
reportedly chosen to inhibit lipid adsorption around the nano-
particle and to reduce disrupting effects to the bilayer, which
might be induced if larger nanoparticles are intended to be
loaded into the membrane. The dodecanethiol-coated NP were
loaded inside the membrane of the vesicles using a synthesis route
based on a combination of film-rehydration and mini-extrusion,
leading to vesicle sizes as low as 50 nm. Interestingly, only vesicles
with either no particles or a closely packed monolayer of particles
were formed. In a follow-up report, Rasch et al. further examined
parameters that lead to vesicle disruption.'®”

The particle size in relation to the membrane thickness,
which is usually in the range of 5 nm, plays a pivotal role regarding
the particle confinement inside the bilayer of liposomes. Ultrasmall
particles with diameters below 2 nm form densely packed layers,
particles with diameters between 2 and 6.5 nm tend to disrupt the
bilayer and may create small cavities in their close periphery or
bridge adjacent liposomes, whilst particles above 6.5 nm tend to
adsorb the lipids, which inhibits vesicle formation and leads to
88 For a thorough discussion on the interaction of
nanoparticles with liposome and polymersome membranes we
recommend the review by Schulz and co-workers.'®°

Besides embedding Au NP in the lipid bilayer of liposomes,
a strong focus in this field also lays on the incorporation of ultra
small iron oxide nanoparticles (USPIONSs) inside the bilayer, which
accordingly fall into the field of magnetoliposomes.’®® Amstad
et al. incorporated palmityl-nitroDOPA stabilized <5.5 nm iron
oxide NPs in the membrane of liposomes from 2-dis-tearoyl-sn-
glycero-3-phosphocholine (DSPC)."** Using an alternating magnetic
field to heat the embedded iron oxide NP, the authors were able

micellization.
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Fig. 5 (top) Illustration of the initially reported synthesis routes for densely
nanoparticle-loaded liposome membranes; (top) either via the rehydration
of lipid Au NP thin film followed by extrusion through a 50 nm-sized filter,
or (bottom) by dialyzing pre-formed and unloaded liposomes in combination
Au NP and detergents. (bottom) Cryo-TEM micrographs of (A) unloaded
vesicles and (B—F) Au NP-loaded liposomes with the particles embedded in
the phospholipid bilayer (Adapted with permission from ref. 186. Copyright
(2010) American Chemical Society.).

to change the permeability of the membrane, allowing for a
controlled release of an encapsulated fluorescent dye from the
liposomes. A similar process was later examined by Qiu and
co-workers.'*>'*® Furthermore, Katagiri et al. also used Fe;O4 NP in
the lipid bilayer to synthesize magnetoresponsive liposomes which
were additionally conjugated with thermosensitive polymers.***
2.4.2 Polymersomes with nanoparticle-loaded membranes.
Analogous to liposomes, polymersomes also possess particle
incorporation capacities within their membrane and are gaining
significant momentum as multivalent nanocontainers. For instance,
Wei et al. synthesized HOOC-PEG-PLA BCP based polymersomes,
which were first loaded with a dense spherical layer of 6 nm-sized
hydrophobic Fe;0, particles, and subsequently conjugated with
an antibody using EDC-NHS cross-linking chemistry."®> The
polymersomes were then used as novel immunosensors. Similarly,
Sanson and Lecommandoux et al. incorporated <8 nm y-Fe,O3
NP in the membrane of poly(trimethylene carbonate)-b-poly(i-
glutamic acid) (PTMC-b-PGA) based polymersomes using a
nanoprecipitation approach.'® In a follow-up report, Oliveira
and Lecommandoux et al. used these PTMC-b-PGA vesicles as
stimuli-responsive magneto-polymersomes for the local induction
of a hyperthermia effect in tissue in close proximity to the
polymersome membrane.'®” Furthermore, various reports in
this magneto-polymersome field were made by Park et al., who
achieved a control of the architectural build-up of magneto-
polymersomes and nanoparticle-micelle hybrids (magneto-micelles).
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The structures were formed using poly(acrylic acid) and PS BCPs and
the resulting morphology could be controlled by varying the relative
volume ratio of the hydrophilic and the hydrophobic blocks.™*®
Recently, Park et al. also accomplished a precise tailoring of the
size of magneto-polymersomes and thoroughly characterized the
morphological properties of the structures. The authors were able
to control the size of the polymersomes via the incorporation of
iron oxide particles with different sizes.'* Additionally, Park et al.
were able to create multicompartment polymersomes by utilizing
11-mercapto-1-undecanol-capped gold nanoparticles for the
membrane loaded polymersome synthesis.’®® Interestingly, it
was also recently reported that the combination of PEG-PS BCP-
tethered colloids and a second free amphiphile PS-PEO BCP led
to the concurrent assembly of further Janus-like polymersome-
nanoparticle hybrid structures, including (hemi-) spherical janus,
disc-like janus, and patchy vesicle morphologies (Fig. 22).°" In
follow-up report, Nie et al. further advanced these janus vesicles
by incorporating hydrophobic Fe;O, NP along with Au NP grafted
with PS-b-PEO inside the membrane of vesicles formed from free
PS-b-PAA BCPs.>”

3. Micron-sized colloidal capsules

Micron-sized colloidal capsules have been covered extensively
in the scientific literature in the past decades and are usually
more simple to synthesize and to characterize than their
smaller submicron-sized siblings. Due to their larger size, there
will most likely not be much reasoning to implement them in
advanced applications. However, they are indispensable tools
for the investigation of colloidal self-assembly phenomena at
the micron-scale, allowing for a simple in situ visualization.
Most of the above described routes have been utilized to
generate >1 pm colloidal capsules. However, there is clearly a
great majority of structures created via the emulsion route in
comparison to the other techniques. Since emulsion-based
colloidal capsules are either themselves Pickering emulsions
or a derivative of them, there are a myriad of structures formed and
described in the literature based on this route. Hence, it would go
well beyond the scope of this review to describe every structure ever
generated and described in the available literature which is based
on the Pickering-emulsion route. Besides recent reviews on
Pickering-emulsions®?® and the recently published book by
Bon and Ngai,” we like to again point out the review by Thompson
et al”®* and another review by Patra et al.,'® which summarized a
majority of structurally stabilized colloidal capsules from Pickering
emulsions and we will refrain from describing the therein reviewed
works in detail. Therefore, in the following section of micron-sized
colloidal capsules, we will mainly focus our descriptions on
recently reported structures with unique morphological and physical
properties, formed from any of the above described synthesis routes.

3.1 Building blocks and colloidal capsules with distinct
morphological characteristics

In the past few years a broad range of colloidal capsules
with unique morphological characteristics have been reported

This journal is © The Royal Society of Chemistry 2017
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in the literature. Capsules were e.g. formed from cubical metal
organic frameworks (MOFs) based on a solvothermal synthesis
route (Fig. 6). Here, Pang and co-workers heated a precursor
solution to 120 °C that eventually formed Fe-soc-MOF particles
which then spontaneously self-assembled on emulsion droplets.*
Further colloidal capsules also formed from MOFs and eventually
termed by the authors as “MOFsomes” were prepared by
incorporating spherical MOF particles into the surface of hollow
polystyrene capsules.’® Utilizing a one-pot synthesis route,
Xu et al. formed homogeneous and ‘particle-doped’ (Fig. 7)
colloidal capsules by assembling the shell-forming building
blocks at a water-gas bubble interface. A precursor solution
either containing a certain amount of phenol monomer, or a
combination of the phenol monomer with AgNO; or HAuCl, led
to the formation of a phenol formaldehyde resin (PFR) shell, giving
rise to homogeneous Ag@PFR or Au@PFR colloidal capsules.
When the authors added some pre-synthesized Ag@PFR particles
to the initial reaction system they observed the formation of
novel “doped Ag@PFR-PFR colloidosomes”.>*® Further structures
formed from a set of differently sized particles of silica or
polystyrene microspheres and silica or titania nanoparticles
were described by Cho and co-workers. By combining two
particle types of different length scales, bimodal colloidal
clusters were reported by the authors. Removale of larger PS
particles via calcination at 500 °C then led to hollow colloidal
structures (Fig. 8).>°” For more colloidal capsules with a patchy
surface structure we recommend the recent review by Rozynek
and Jozefczak.>%®

Besides these MOF-based and bimodal structures, a variety
of capsules with oblong building blocks have been reported.
Noble and co-workers first reported the use of microrods for the
stabilization of a Pickering-like emulsion and subsequent
capsule formation. They adsorbed SU-8 polymeric microrods
at the interface of an aqueous agarose microgel which was
intermediately washed with an ethanol-water solution and finally
dispersed in pure water. To further retain the microrods in the
shell, the authors stabilized the shell by using small amounts of
glutaraldehyde to cross-link the shell-forming rods.*® Similarly,
Datskos et al. also used a Pickering-emulsion approach to form
colloidal shells from silica microrods.?’® Vanadium pentoxide
(V205) nanorods were formed by Cao et al. from a vanadium(ur)

Fig. 6 SEM images of colloidal capsules prepared from metal organic
framework building blocks (Reprinted (adapted) with permission from
ref. 32. Copyright (2013) American Chemical Society.).
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Fig. 7 SEM images of “doped Ag@PFR-PFR colloidosomes (Reprinted
with permission from ref. 206. Copyright (2013) American Chemical
Society.).

acetylacetonate precursor.”> Using a process based on the
Kirkendall*'® effect Liu and Zeng formed “Dandelion” structures
with a shell of ZnO nanrods.?'* Furthermore, the authors also
investigated Dandelion-like hollow capsules with a shell of CuO
nanoribbons®*?> and smaller unidirectionally attached ZnO
nanorods.>"® Hollow capsules with a shell of multi-walled carbon
nanotubes (MWNT), termed as “carbon nanotubosomes”, were
synthesized by Paunov an co-workers. In their first work, the
authors explored an emulsion-based approach®** and in a second
report templated aminated MWNTs against sulfated PS particles
which were later dissolved in toluene.*® In both approaches the
MWNT shell was cross-linked with glutaraldehyde.

Plate-like building blocks have also been utilized for the
stabilization of Pickering-emulsions®’® and utilized in other
approaches. For instance, Wang et al. formed Ni(OH),-based
nanoflakelets on styrene-acrylic acid copolymer particles and
retrieved hollow structures after dissolving the cores in toluene.”*®
Subramaniam et al. synthesized semi-permeable capsules from
natural clay montmorillonite building blocks by assembling the
clay from water on gas bubbles.>"” Sander and Studart used
double-emulsions prepared via microfluidics to assemble
monodisperse capsules from 8-10 pm sized montmorillonite
clay particles. In addition to these oblong- and plate-like
shaped building blocks further particles with unique morpho-
logical properties for the formation of the capsule’s shell
include cross-linked polymersomes,* mesoporous silica particles,*
or Janus particles.>»*'82*! A distinct kind of the latter anisotropic
colloid type with a ‘snowman-like’ shape and hydrophobic and
hydrophilic moieties, was recently explored by Evers et al for
colloidal capsule formation. Based on ‘colloidal bond hybridization’,
defined by the authors as a redistribution of flexible surface groups
of mutually attractive and deformable anisotropic particles, in
analogy to bond hybridization, 3.7 + 0.8 um sized capsules
were prepared.”*>
3.2 Distinct physical properties of building blocks and
resulting colloidal capsules

Colloidal particles with distinct physical properties such as iron
oxide nanoparticles with superparamagnetic properties and
noble metal colloids with near-field plasmonic coupling char-
acteristics have been significantly investigated to create tailor-
made functionalities in micron-sized colloidal capsules. Taking
advantage of adjacent particles in the shell of colloidal capsules
is a unique characteristic of these structures and has allowed

Chem. Soc. Rev., 2017, 46, 2091-2126 | 2099
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Fig. 8 Left: SEM micrographs of structures formed from two sets of silica particles (scale bar: 2 um). Right: Structures formed from larger PS and silica
NP after removal of PS particles via calcination. (Adapted with permission from ref. 207. Copyright (2005) American Chemical Society.)

the development of distinct material properties in colloidal
capsules.

3.2.1 Colloidal capsules with magnetic nanoparticles.
Duan et al. formed micron-sized colloidal capsules from hydro-
phobic iron oxide nanoparticles with different sizes (4.0, 5.0,
and 8.0 nm). The authors dispersed 2-bromo-2-methylpropionic
acid capped particles in toluene and then assembled the
particles on emulsion droplets from pure water or from a heated
aqueous agarose solution. Decreasing the temperature, and by
that gelling the agarose core, led to a structural stabilization of
the capsules. The resulting colloidal capsules could easily be
washed by magnetic separation.®” Based on a Cu(i)-catalyzed
Huisgen click reaction, Rotello et al. cross-linked iron oxide
nanoparticles at oil-water interfaces. Here, 11 nm-sized oleic
acid-capped particles were functionalized prior to their assembly
via a ligand-exchange reaction with alkyne and azide groups and
led to capsules with diameters of 49 + 15 um.?** In addition to
iron oxide nanoparticles, Rotello and co-workers also used
magnetic FePt particles for the creation of colloidal capsules.
The FePt particles featured sizes of 7 + 1 nm which were capped
with terpyridine thiol groups and dispersed in toluene. Upon
emulsification with an aqueous Fe(u) tetrafluoroborate hexahydrate
solution, the particles assembled and formed a stable inter-
connected membrane at the droplet interface.®® Sander et al.
successfully increased the monodispersity of magnetic capsules
via a microfluidic w/o/w double-emulsion approach. Here, the
capsules were assembled from a combination of Al,O; and
Fe;0, particles which were dispersed in an organic toluene
phase with the surfactant sorbitan trioleate. The authors were
able to track the movement of the capsule with a microscope,
where a magnetic field rearranged the particles within the shell
leading to Janus-like capsules.** Zhang and co-workers
assembled magnetic colloidal shells from rod-like Fe;0,-SiO,
Janus nanoparticles. Stemming from the superparamagnetic
properties of the rod-like janus particles, the capsules could be
aligned under a magnetic field (Fig. 9).>'® Furthermore, colloidal
capsules formed via an emulsion-based synthesis were also created
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inset: shell-forming rod-like SiO,—FesO,4 Janus particles; (right) Super-
paramagnetic properties of rod-like particles and magnetic response of

capsules to an external magnetic field (From ref. 218. Reproduced with
permission from The Royal Society of Chemistry.)
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from PS-coated FeO, particles by Kaiser et al. were investigated to
serve as a controlled release system.”** Akartuna et al. used Fe;0, -
among other particles - for the stabilization of oil-in-water colloidal
capsules which were in situ hydrophobized with water-soluble
surfactants.”*® Liu et al reported drug-containing colloidal
capsules with a gelled agarose core and a Fe,O; shell.”*°

3.2.2 Colloidal capsules with noble metal particles or
quantum dots. As briefly mentioned above, quantum dots
and noble metal particles have been explored as well for the
creation of micron-sized colloidal shells. In specific, noble
metal particles may induce plasmonic near field coupling of
particles in close proximity to each other. Here, new optical
properties may be created due to the coupling of surface
plasmons, which is indicated by shifts of the coupled plasmon
modes towards longer wavelengths.?>” We will start the discussion
of this section with quantum dots.

In one of the first reports, in 2003, Lin et al. pioneered the
crosslinking of colloidal shells from vinylbenzene-capped CdSe
nanoparticles. The cross-linking was performed at a toluene
emulsion droplet interface within an aqueous solution of 2,2'-
azobis(2-(2-imidazolin-2-yl)propane) dihydrochloride at 60 °C

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 (left) “Black Gold" colloidal capsule, (right) displaying plasmonic
coupling (curve 1) in comparison to freely dispersed gold particles (curve
2). (Reproduced with permission ref. 235. Copyright 2015, Wiley-VCH
Verlag GmbH & Co. KGaA.)

for 6 h.>*® Skaff et al. later advanced this approach with cyclic
olefins-capped CdSe/ZnS nanoparticles and interfacial cross-
linking via so called ring-opening metathesis polymerization
(ROMP).** Rotello and co-workers investigated another approach of
ligand-capped colloidal shells. The authors pre-synthesized hydro-
philic and hydrophobic gold nanoparticles, by respectively capping
a first type of colloid with beta-cyclodextrin and a second type with
adamantane. Interaction of the two moieties at a droplet interface
led to stable colloidal capsules. However, in contrast to cross-linked
shells, the particle interaction could be mitigated by adding an
amphiphilic molecule that led to partial coalescence and eventually
capsule growth.>*° Beyond this, Rotello et al. also used enzymes
(Candida rugosa lipase), similar to their work on nanoscaled
colloidal capsules discussed below, to stabilize micron-sized oil-
in-water gold particle shells.**' Using MF particles as templates,
Caruso et al. prepared near-infrared (NIR) responsive polyelectrolyte-
gold nanoparticle capsules. The resulting capsules could be ruptured
by pulsing them with laser light allowing a controlled release of
encapsulated cargo.”***** Also utilizing gold nanoparticles,
Glogowski et al. assembled PEGylated 2 nm gold colloids at
the interface of an oil-in-water emulsion. The colloidal shells were
assembled on large 60-200 um droplets and could be downsized
by extrusion through polycarbonate membranes with defined pore
sizes to diameters below 10 pm.*** Gold nanorods tethered with
PEO,5-b-PS,;, were assembled to giant vesicles with diameters of
up to 2 um via a microfluidic-based continuous self-assembly."®
In contrast, Liu et al used larger gold nanoparticles with a
monodisperse size of about 100 nm for the synthesis of a colloidal
shell via a water-in-butanol emulsion. The micron-sized capsules
display a plasmonic coupling effect, evidenced in a shift of the
LSPR peak (Fig. 10).>**> Besides gold colloids, Anandhakumar
et al.”®*® and Radziuk et al.>*” created colloidal capsules from
silver nanoparticles, synthesizing the capsules via the classical
LbL colloidal templating approach.

3.3 Capsules with proteins as shell-forming building blocks

Besides these aforementioned capsules based on hard colloidal
particles, proteins have been utilized as modular building
blocks for micron-sized shell formation, as well. In this respect,
viruses — bionanoparticles constructed from proteins - were
investigated*>?*® by Russel et al. and reviewed>* by Boker et al.
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for their ability to assemble to colloidal capsules. First reports
on albumin-based LbL-based microspheres date back several
decades.***2*> However, the above discussed techniques were
only recently implemented to prepare protein capsules with
sophisticated shell properties. In first works, various groups
combined proteins and a second component for electrostatic
interactions in LbL synthesis routes to create protein shells.***">*¢
LbL-templating of proteins, which were subsequently cross-linked
to form an intrinsically stable shell, were employed by Méhwald
and co-workers. The authors first templated against MnCOj;
particles and then added the dispersion to a glutaraldehyde
solution to induce a reaction of its aldehyde groups with BSA
amine groups. Cores could be dissolved by incubation in low
molar HCI leading to hollow and 5 pm-sized capsules with BSA
shells.>*” Glutaraldehyde induced cross-linking was also employed
for hemoglobin®*® and glucose oxidase based capsules.”** A non-
covalent linking method based on physical adsorption was later on
developed by Mertz and Caruso et al., by first functionalizing silica
templates with bromoisobutyramide, which subsequently acts as
an intermolecular linker of adsorbed human serum albumin
(HSA).>*° HSA was further used in a follow-up study by the
authors for the creation of protein shells (Fig. 11) and their
biofunctionalization for cell viability experiments.'*”

Besides these LbL approaches, which are mainly derived
from polymer chemistry, capsules with proteins as shell-forming
building blocks were also created by various emulsion-based
routes using proteins that more strongly resemble nanoparticles.
For instance, ferritin was employed as a Pickering-emulsifier by
Fujii et al.,>" and besides their work on bionanoparticles, Boker
et al. also investigated ferritin-PNIPAAm conjugates as shell
forming conjugates.” Furthermore, ‘protein particles’ were also
investigated for the stabilization of dextran/PEO-based water-in-
water emulsions.”> Also by stabilizing all-aqueous emulsions,
colloidal capsule-like structures were assembled from protein

Fig. 11 Fluorescence microscopy (a and b), bright field microscopy
(insets) and AFM micrographs of template-based HSA-shelled capsules.
(Scale bars: (a and b) 10 um, (insets), 5 um, (c and d) 2 um). (Adapted with
permission from ref. 127. Copyright (2012) American Chemical Society.)
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Fig. 12 Proteinosomes-in-proteinosome: (left) proteinosome three levels
of organization visualized with different fluorescent markers in a fluorescent
microscope (right) TEM micrograph of a proteinosome with two levels of
organization. (Reproduced with permission from ref. 256. Copyright 2016,
Wiley-VCH Verlag GmbH & Co. KGaA)

nanofibrils and termed as ‘fibrillosomes’.>** Another exceptional

report was recently made by Mann et al. on protein-polymer
based protocells. Here, the protein shells, termed as ‘proteinosomes’,
were assembled from PNIPAAm-conjugated BSA at water-in-oil
emulsion droplets prior to shell cross-linking.** These proteinosome
structures were further advanced in subsequent studies to feature
enhanced shell functionality through a multivalent enzyme-based
membrane®® that exhibits higher-order structure and function,*®
and that possesses multiple subcompartments.”*® In the latter
report, the authors were able to create host-guest proteinosomes-
in-proteinosomes (Fig. 12). Here, the release of encapsulated
dextran and DNA from subcompartments was demonstrated.
Some of these protein-based capsules represent a distinct class
of protocells, which have also been created from inorganic
particles in previous reports.

3.4 Inorganic protocells

Prior to their work on utilizing proteins as building blocks for
the creation of structures with cell-precursive morphologies
and functionalities (protocells),>” Mann et al. also published
pioneering works on such structures based on inorganic nano-
particles.*>*® Initially, Li et al. encapsulated a wide variety of
biomolecules in silica nanoparticle-based capsules. The resulting
protocells were then used for in vitro protein synthesis. Beyond
this, silica protocells with enhanced membrane functionality
were created by grafting a pH-susceptible copolymer onto the
membrane, giving rise to electrostatically gated permeability. In
contrast to previous emulsion-based colloidal capsules which
were usually solely able to inhibit diffusion of larger biomolecules
out or into the protocells, these structures were able to preserve
this functionality also for smaller molecules. This internal
protocell functionality was then investigated for the performance
of enzymatic dephosphorylation reactions.** In a further study,
cytoskeletal structural components were further mimicked with
inorganic colloidal capsules via the integration of a supra-
molecular hydrogel within a protocell. The hydrogelation reaction
was achieved by encapsulating a gel precursor (N-fluorenyl-
methylcarbonyl-tyrosine-(O)-phosphate) within the aqueous core
of the capsules and a subsequent performance of an ALP-mediated
removal of phosphate groups from the precursor.”*® The authors
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Fig. 13 Self-reproducing colloidal capsule (inorganic protocell) based on
silica nanoparticles. (Reproduced with permission from ref. 261. Copyright
2014, Wiley-VCH Verlag GmbH & Co. KGaA.)

also observed the formation of nanofilaments from the hydrogels
which were further investigated in a subsequent study.**® A
primitive cell-like division process of silica protocells was also
invented by Mann and co-workers. Here, colloidal capsules
containing a sodium phosphate buffer solution in a continuous
oil phase were produced. Upon the addition of tetramethoxysilane
(TMOS) a swelling inside the shells was induced due to methanol
formation, leading to bud formation on the protocell surface.
Auxiliary silica nanoparticles then assembled on the newly formed
bud and a second generation micro-compartment was created
(Fig. 13).>°" Clay-based (montmorillonite) protocells with a
temperature-responsive PNIPAM-based membrane were recently
used for the establishment of simple cell-like signaling pathways,*®
which resembles some similarities to works by Tamate et al. who
used temperature responsive microgel particles to induce shape
oscillation in protocells.*”

3.5 Conclusions for micron-sized colloidal capsules

In summary, the use of particles with distinct morphological or
physical properties in the shell of colloidal capsules may be
effectively utilized to tailor the capsule’s properties. However,
the analysis of the capsules often tends to be qualitative and
has therefore partially earned this field the rather negative tag
of ‘pretty picture science’. Numerous standard colloid properties
of the capsules are often only marginally discussed and their
thorough characterization should be established as good practice
in future studies within this field. These include, among others,
the polydispersity and long-time colloidal stability of the capsules
in relevant media, the interior build-up as well as thickness and
number of monolayers of particles in the capsule’s shell (e.g. by
scanning TEM), membrane permeability, mechanical properties
of the capsules (e.g. via AFM analysis), or the surface chemistry of
the capsules itself as well as the shell-forming building blocks
(e.g. via assays for quantification of functional surface groups).

4. Nano-scaled colloidal capsules

Miniaturization of encapsulation structures plays a pivotal role
in their potential transfer from fundamental research objects to
competitive products in technical, end-consumer or biological
applications. All synthesis routes described in Section 2 have
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been utilized by various groups for the synthesis of nano-scaled
capsules. However, whilst for micron-sized colloidal capsules
we found a great majority of emulsion-based structures, for
submicron-sized capsules only a few emulsion-based capsules
haven been reported so far.

A decrease in capsule size inherently demands the employment
of small or ultrasmall (<10 nm) nanoparticle building blocks.
This specifically changes some circumstances for colloidal
capsules aimed to be formed via the emulsion route. As described
above, for the emulsion-route, the adsorption enthalpy of the
particles is lowered with a decrease in particle size and tends to
be lower compared to thermal particle motion, which might lead
to the detachment of particles from the liquid-liquid interfaces
of emulsion droplets.”® Additionally, several groups discuss the
occurrence of so-called ‘image charge effects’ that prevent hydro-
philic particles to absorb at the droplet interface, even though the
net adsorption enthalpy is favourable.®**®*?%® Furthermore, as
recently described by Rotello et al.,'® a decrease of the emulsion
droplet/capsule radius (r), which eventually leads to the formation
of a nanoemulsion,”® goes along with an increase in Laplace
pressure (AP) - the pressure difference between inside and outside
the droplet - that is exercised onto the droplet interface:

AP = Z'yo/w/r

As a result, nanoemulsion droplets tend to coalesce much
faster. Hence, in contrast to larger emulsion-based colloidal
capsules, where a structural stabilization can be more easily
performed after the particles have adsorbed at the emulsion
droplet interface, nano-scaled colloidal capsules require some
form of accompanying in situ stabilization of the particles at the
interface. However, a general theoretical description of the
forces that influence the self-assembly of colloids at the nano-
scale are more complex in comparison to the micron-scale as
the interactions are not linearly additive and classical DLVO
theory does not apply.>¢>2°¢

Only a limited number of reports of emulsion-based colloidal
capsules with sizes below 1 um exist so far, including works by
our group. We exploited a synergistic effect stemming from oil-
soluble surfactants to decrease the capsule size, combined with
a simultaneously occurring shell stabilization. Utilizing ultra-
sound homogenization, we created a water-in-oil emulsion, with
the water phase containing the shell-forming particles and the
continuous oil phase containing oil-soluble surfactants (lipids).
The lipids synergistically decreased the surface tension of the
oil-water interface leading to nano-scaled droplet sizes and
concurrently drove the nanoparticles to adsorb and to agglomerate
at the interface. This synthesis route was based on previous
observations of the formation of nanoparticle lipid thin films
studied by us using interfacial shear rheology®® and by other
groups using additional characterization methods.*****” We
performed the capsule synthesis with SiO,, Al,O; and Al,Oz-coated
SiO, core-shell nanoparticles®®® (Fig. 14) as well as nanodiamonds®”
in combination with either stearic acid or stearyl amine. Utilizing the
same approach, we also formed submicron colloidal capsules from
rhodamine fluorescent core-shell silica particles.*® Also using silica
particles and surfactants, i.e. lecithin or oleylamine, Eskandar et al.
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prepared submicron-sized Pickering-emulsions. Inverse Pickering-
emulsions with sizes below 500 nm and exceptional stability
were also prepared by Ziener et al. by employing silica particles
and in situ hydrophobizing the particles with oil-soluble
surfactants.”®® Earlier, Ziener and co-workers investigated
another approach for the preparation of emulsion-based colloidal
capsules. This was achieved by templating monomer droplets with
silica particles followed by a temperature-induced polymerization
of the core."” Similarly, a combination of Pickering-emulsification
and solvent displacement technique was performed for the synthesis
of colloidal capsules. Here, silica particles were adsorbed on hexane
droplets comprising poly(styrene-co-4-vinyl pyridine) copolymers,
which phase-separated prior to the polymerization of the capsule’s
core.”’° Khashab et al. adsorbed negatively and positively charged
nitrophenylene-doped silica nanoparticles on the droplets of an
oil-in-water emulsion leading to electrostatically stabilized
Pickering-emulsions. Upon light-irradiation the charge of the
positively charged particles could be reversed, leading to a
destabilization of the shell and an eventual disassembly of
the capsules, which could be combined with a time-dependent
cargo release.””!

Another Pickering-emulsion approach combining a set of
two types of particles (SiO, and TiO,) was adopted by Wu and
co-workers, where the core of the colloidal capsules was polymerized
prior to dispersing the capsules in waterborne polysiloxane.>”> In
addition to these Pickering-emulsion-based colloidal silica shells,

Si0, with Stearic Acid
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e
g
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&
£
3
g
2

Al,0, coated SiO, with Stearyl Amine

Fig. 14 Submicron-sized colloidal capsules with SiO,, AlL,Os, Al,Oz-coated
SiO, particles based colloidal shells (Reprinted with permission from ref. 268.
Copyright (2013) American Chemical Society.).
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capsules from gold nanoparticles have been reported as well. As
already introduced above, Rotello and co-workers used 2 nm sized
gold nanoparticles for an oil-in-water emulsion based nanocapsule
synthesis. Here, arginine-functionalized gold colloids adsorbed on
linoleic acid droplets leading to a primary shell stabilization based
on a distinct arginine-carboxylate interaction. Secondly, transferrin
was introduced to the system leading to a further lateral
stabilization of the colloidal shell through electrostatic attraction
(see also Fig. 25 for an illustration of shell stabilization of a
follow-up study).*®

Non-emulsion based colloidal silica shells were also reported
by various groups. In their early works Caruso et al. utilized their
templating approach with polyelectrolytes and colloids in
combination with silica and other inorganic nanoparticles.***”*7>
Herz et al. templated ZnS particles with fluorescent core-shell silica
particles to reduce the fluorescent proximity quenching stemming
from the energy transfer of closely neighboring fluorescent
particles.>® Wu et al. created PMMA®@SIO, hybrid particles by
templating silica sols on monomer templates prior to a poly-
merization step.>’®*”” Armes et al. synthesized various colloidal
shells by templating silica sols against preformed monomer
droplets with a subsequent core polymerization step.”>”%7>%°
The packing patterns of silica and other particles templated
against PS particles and polymersomes were analyzed by
Bon and co-workers.”®*®? Ritter et al. formed capsules from
B-cyclodextrin and adamantyl-modified particles in an aqueous
solution, which is assumed by the authors to occur due to
supramolecular complexation.?®* Zhou et al. assembled vesicles
by physisorption of triblock copolymers on 15 nm silica particles,
which showed surface reconstruction characteristics from a
raspberry-like to a brain coral-like topography.”®** Additionally,
Guan et al. recently described colloidal capsules with varying
morphologies using a templating approach.”®

4.1 Distinct physical properties of building blocks and
resulting nano-sized colloidal capsules

4.1.1 Nano-scaled colloidal capsules assembled from magnetic
nanoparticles. Based on their original templating approach, Caruso
et al. adsorbed Fe;0, nanoparticles and polyelectrolytes on PS-core
templates, with that pioneering the field of nano-scaled magnetic
colloidal capsules.*®® By varying the number of coating layers from
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Fig. 15 Submicron-sized colloidal capsule formed from iron oxide nano-

particles featuring superparamagnetic properties. (Reproduced with permission
from ref. 30. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA))
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one to five, after subsequent etching of the PS core, the diameters
of the hollow capsules could be adjusted to be between 650 and
960 nm.”®” Maceira and co-workers also used a templating
approach with polyelectrolytes, although they templated against
SiO, particles and formed the magnetic colloidal shell (cobalt
nanoparticles) by an i situ seed formation process.”*® Based on our
previously discussed Pickering-emulsion approach in combination
with lipids, we likewise synthesized colloidal capsules from iron oxide
nanoparticle with submicron sizes. Characterization of the structures
with an alternating gradient magnetometer revealed that the capsules
maintained their superparamagnetic properties. The capsules
could be affected by an external magnetic field (Fig. 15).*° Another
emulsion-based method to stabilize the shell of magnetic particle
enclosed capsules was employed by Shen et al. who silanized a
Fe;0, Pickering-emulsion. The final structures also maintained
their superparamagnetic properties.**’

We already briefly discussed some magneto-liposome/poly-
mersome structures in Section 2.4. Recent work by Park et al. is
worth further noticing, describing the size control of magneto-
polymersomes. The authors loaded magneto-polymersomes
with iron oxide particles of different sizes through which they
were able to control the size of the resulting submicrometer
polymersomes. The vesicles were formed by first mixing
poly(acrylic acid)-polystyrene block copolymers with iron oxide
particles in a dioxane and THF mixture and subsequently
adding water to induce vesicle formation. TEM-tomography
was utilized for a detailed morphological characterization of
the polymersomes (Fig. 16)."°° The structures reportedly featured
high transverse relaxation rates in analogy to a previous report
about magneto-polymersomes by Sandre and co-workers.>*°

4.1.2 Nano-scaled colloidal capsules assembled from gold
nanoparticles. In the past years, an especially strong focus on
the utilization of gold nanoparticles to study interparticle surface
plasmon interactions has emerged.>*****> The surface plasmon
resonance of gold nanoparticles is extremely sensitive to changes
in the local environment surrounding the particles and to the
interparticle distances, making gold particles specifically interesting
for nano-scaled colloidal capsule formation.”®® Again, based on a
hard templating approach with PS particle cores, Caruso et al. were
the first to report submicron colloidal capsules formed from Au
nanoparticles and with that pioneered the field of plasmonic
coupling in colloidal submicron capsules. UV-visible spectra of the
capsules displayed a plasmon resonance peak of 655 nm in
comparison to the gold nanoparticle dispersion of 517 nm.***

Following up on this report, more templating approaches
have been used to further tailor the resulting capsule properties.
After earlier reports of densely'® nanoparticle-coated micron-sized
and loosely®® coated submicron-sized microgels, Karg et al.
reported a high density colloidal gold shell adsorbed on a
thermoresponsive poly-(NIPAM-co-allylacetic acid) microgel.
Based on electrostatic interactions a swollen microgel template
was covered with PSS/PAH coated gold nanorods (57 nm in
length and 15 nm in diameter). Upon a temperature increase
the microgel template shrunk from approx. 700 nm at 15 °C to
270 nm at 60 °C, leading to dense colloidal particle surface
coverage. The decrease in microgel size inherently led to a
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Fig. 16 Magneto-polymersome (a) TEM tomography micrographs and
(b) surface renderings (Adapted with permission from ref. 199. Copyright
(2014) American Chemical Society.).

decrease of the separation distances of the nanorods, causing a
red-shift of the UV-vis spectra band induced by surface plasmon
interaction (Fig. 17).>” Another report utilizing gold colloids and
a hard template without the use of polyelectrolytes was recently
made by Landon et al. designing ‘hollow golf nano balls’. The
authors first attached 100 nm PS particles to a larger SiO,
template and subsequently adsorbed 3 nm gold particles on
the SiO,@PS template. Followed by a plating process of the gold
particles and removal of the SiO,@PS template resulted in the
formation of a partially fused gold colloid surface with a
morphology resembling a golf ball.>**® Another distinct linking
approach of a colloidal particle gold shell template on silica
particles was reported by Liu and co-workers. The authors adsorbed
negatively charged bis(p-sulfonatophenyl)phenyl phosphine capped
14 nm gold particles on an aminated SiO, template. A subsequent
treatment of the structures with Ag* led to covalent interconnections
between the gold particles, which was performed prior to HF
etching of the silica core.'* Besides the works of Rotello et al., which
we will discuss in more detail in Section 5, only a few reports of
emulsion-based submicron-sized colloidal gold particle shells
could be found, including a report by Tian et al. who assembled
amphiphilic gold particles on the droplet interface of a toluene-
in-water emulsion.>”’

4.1.2.1 Nano-scaled colloidal capsules assembled from polymer-
grafted gold nanoparticles. As already mentioned above, a great
number of reports of capsules built from colloidal gold particles
are based on the amphiphilicity-driven self-assembly of
polymer-brush-conjugated gold particles. In advance to the first
works on the vesicle forming capabilities of gold colloids with a
mixed homopolymer architecture, Duan et al. investigated the
adsorption kinetics of PEG and PMMA conjugated nanoparticles
at the oil-water interface and were able to reversibly tune the
assembly of the particles at the interface by the addition of
different solvents to the system.>’® The nanoparticles were
synthesized via a dual grafting-“To” and -“From” route, by first
simultaneously bonding the hydrophilic polymers to the particle,
in combination with an initiator species for a subsequent grafting-
“From” step performed by atomic transfer radical polymerization
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Fig. 17 Left: Micrograph of a gold nanorod-covered PNIPAmM microgel
particle; right: UV-vis spectra of a swollen (15 °C) and collapsed microgel
(60 °C) (Adapted with permission from ref. 37. Copyright (2009) American
Chemical Society.).

(ATRP). On a side-note, polymer brush growth from various types
of nanoparticles was recently reviewed by Boker and co-workers.”*®
Based on 14 nm gold particles grafted with a dual homo-
polymer architecture consisting of PEG and PMMA brushes
(AuU@PEG/PMMA) Song et al. created approx. 200 nm sized
nanoparticle vesicles via a film rehydration method (Fig. 18).
UV-vis spectra showed a 30 nm red shift of the vesicles in
comparison to the individually dispersed Au@PEG/PMMA particles,
indicating a surface plasmon coupling of the gold particles. The
authors also studied the pH-responsive disassembly of the vesicles
by introducing 25% 4-vinylpyridine (4VP) into the PMMA chain,
allowing a controlled degradation of the vesicles upon shifting
the pH from 7 to 5.*° The intracellular drug delivery potential
of these Au@PEG/PMMAVP"* and photo-regulated Au@PEG/
PNBA'*® vesicles were investigated in follow-up studies, as reviewed
in Section 5. The vesicles were further advanced by the substitution
of the spherical particles with nanorod gold colloids. By changing
the initiator species, Song et al. were able to conduct an
organocatalytic surface-initiated ring-opening polymerization
of lactic acid to retrieve PEG and polylactide mediated gold
nanorods (AuUNR@PEG/PLA). After vesicle formation, the PLA
allowed for an enzymatic disruption of the shell via treatment
with proteinase K as well as a rupturing by heating the vesicles,
which was induced by a 808 nm laser.">* Recently, Song et al.
simplified the gold particle functionalization by solely applying
a grafting-“To” step for the fixation of mixed homopolymers on
the particles. Individual PEG and PLGA polymer-chains with
thiol end-capping were simultaneously reacted with CTAB-
stabilized gold nanorods, eliminating the need for the rather
laborious combination of grafting-“To” and grafting-“From”
steps. The resulting Au@PEG/PLGA particles could be combined
with reduced graphene oxide for an w/o/w-based synthesis of
approx. 65 nm sized NP vesicles."® In a follow-up study, also
based on an emulsion-route and employing polyvinyl alcohol as an
emulsion stabilizer, the sizes of the Au@PEG/PLGA based vesicles
were adjusted to ~60 nm.>® Deng an co-workers applied a similar
approach and conjugated 14 nm Au NP with pre-synthesized PCL-
SH and PMEO,MA-SH grafts.*® The further miniaturization of
these NP vesicles with the combination of biodegradable polymers
makes these structures of specific interest for biomedical
applications which will be discussed in more detail in Section 5.
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Fig. 18 (top) Mixed PEG-PMMA grafting architecture on gold nano-
particles and resulting nanoparticle vesicle; (bottom-left) TEM micrograph
of vesicles; (bottom-right) UV-vis spectra of Au@PEG/PMMA dispersion
and respective colloidal capsules (native Au@PEG/PMMA dispersion in
CHCl3 (black solid line), in H,O: vesicles of Au@PEG/PMMA (black dashed
line), Au@PEG/PMMAVP with 25% 4VP (red solid line), vesicles at pH 7.0
(red dashed line), disassembled vesicles (red dot line)) (Adapted with
permission from ref. 49. Copyright (2011) American Chemical Society.).

As mentioned in Section 2.3, Nie et al. utilized a BCP
polymer-brush architecture for colloidal capsule synthesis. In
their initial work, the authors reported a strong dependence of
the possibility to form NP vesicles on the hydrophobic block
length and particle size. Larger particles featuring a diameter of
8 nm or larger only formed vesicles if the PS block length had a
mass of 10 000 g mol ™" or more. In other words, vesicle assembly
can only be achieved if the chain length of the polymer is at least
in the size range of the nanoparticle diameter. The resulting
vesicles featured distinct interparticle spacings between the gold
particles which are determined by the polymer block length
(Fig. 19)."® These and further vesicles based on nanoflower-
shaped Au particles**® influenced the resulting UV-vis absorption
spectra. Au NP designed with different lengths of the PS block
were further probed for the assembly in THF:water mixtures with
different volumetric ratios."** In another study, the photosensitizer
chlorine e6 (Ce6) was loaded into PEO,5-b-PS,,5 grafted Au NP
Vesicles with final sizes of ~280 nm. Furthermore, NP vesicles
with enhanced biocompatibility featuring PCL as the hydro-
phobic block and a high photothermal conversion efficiency were
assembled from 26 nm sized Au NPs grafted with PEO,5-b-PCL;,7,
BCPs. The resulting vesicles featured narrow size distributions of
192.6 + 11.8 nm or 207.3 + 15.7 nm, depending on the Au@PEO-
b-PCL concentration at the start of the synthesis. Degradation
of the vesicles could be observed by either increasing the
temperature or after a prolonged period of time of 8 weeks at a
constant temperature of 37 °C.”° The surfactant-like characteristics
of amphiphilic polymer-tethered nanoparticles were recently
reviewed by Zhang and Zhao.***

Vesicles from block-oligomer-tethered gold nanoparticles
with shorter hydrophilic and hydrophobic units were reported
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by Niikura and co-workers. Here, gold nanoparticles with a
citric acid coating were functionalized with a ligand of intermediate
length, comprising an oligo(ethylene glycol) (OEG) group, a fluori-
nated tetraethylene glycol (FG) group, and a 11-carbon alkyl subunit.
The resulting 60 nm sized vesicles exhibited surface plasmon
coupling characteristics, which was expressed in a 30 nm red
shift in the UV-vis adsorption spectra.’>®® In a follow-up study,
the sub-100 nm vesicles were probed for drug-encapsulation
and light-triggered release applications.>*® An unprecedented
‘entropy-driven size segregation effect’ was reported by Niikura
et al. when combining citric-acid coated gold nanoparticles with
different sizes with a glucose-terminated FG-11-carbon alkyl
ligand. The particles of different sizes first aggregated and then
transferred to a yolk/shell build-up (Fig. 20).>*** Another phase
separation effect was also reported by Nie et al., observed during
the coassembly of BCP-tethered Au NPs with free BCPs, leading
to Janus-like colloidal shells. Au NP tethered with BCPs with
different PS and PEO block lengths were concurrently assembled
with ‘free’ BCPs, which also comprised different PS and PEO
lengths. The Janus-like vesicles included spherical, hemispherical
and disk-like shapes (Fig. 21).>°" Rasch et al. observed an analogous
phase separation effect in their nanoparticle-liposome hybrids
utilizing dodecanethiol-coated Au colloids, which we already briefly
discussed in Section 2.4. The authors reported the assembly of
spherical Janus-like nanoparticle-loaded liposomes based on a
dialysis route (Fig. 22A and B). Here, the formation of a Janus-
like vesicle morphology is associated with a clustering of the
hydrophobic particles in the lipid bilayer. When the particles
are confined, the bilayer must first ‘unzip’ which creates small
gaps around the particles, which are eventually reduced upon
clustering of particles.'®® Other liposomes with gold nano-
particles that were packed rather sparsely inside the bilayer
were reported by An and co-workers. Here, the liposomes were
probed for a photo-induced drug release by local membrane
heating which changed the membrane permeability.**> A different
approach was recently reported by Nakamura et al. who adsorbed
gold nanoparticles on a vesicle based on fullerene amphiphiles

(@) 2o B oS

Fig. 19 (a) Scheme of the association of the hydrophobic block of BCPs
during vesicle self-assembly; (b and c) SEM images of discrete spacings
between AuNP on vesicle surface. scale bars, 100 nm. (Copied with
permission from ref. 15. Copyright (2012) American Chemical Society.)
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Fig. 20 Egg/yolk like size-segregated core—shell Au nanoparticle vesicles.
Top: STEM tomography images of a 5 nm NP based shell and 30 nm Np
based core (a) 3D reconstruction; (b) sliced XY image; (c) 3D representation.
Bottom: Time evolution segregation of differently sized Au nanoparticles
(Adapted with permission from ref. 304. Copyright (2016) American
Chemical Society.).

(RsCeo K'). Au NP approx. sized 3.5 nm and comprising
(11-mercaptoundecyl)tetra(ethylene glycol) ligands were conjugated
to potassium ions on the surface of the fullerenes. The Au NP served
a seed and could be further grown to sizes of approx. 7 nm leading
to an increased surface coverage.**®

4.1.3 Nano-scaled colloidal capsules assembled from multiple
modular building blocks. Based on our above discussed lipid-
employing emulsion route for concurrent shell stabilization
and reduction of capsule size, we reported the co-assembly of

Maximize the conformational
1| entropy of free BCP chains
—

chains

of
of tree BCPs (MAMs)

Fig. 21 Top: SEM micrographs of Janus-like nanoparticle vesicles
observed in the concurrent assembly of PEO-b-PS BCP tethered Au NP
with “free” PEO-b-PS BCPs with (a) spherical, (b) hemispherical, (c and d)
disk-like shapes; and non-Janus-like vesicles with (e) patchy and (f) hetero-
genous morphology. Bottom: Representation of the phase separation effect
within the free BCP bilayer attributed to an entropy-driven attraction of the
BCP-tethered Au Np (Adapted with permission from ref. 201. Copyright
(2014) American Chemical Society.).
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different nanoparticle types to create multivalent submicron-
sized capsules. We used fluorophore-doped (rhodamine B) silica
and superparamagnetic iron oxide nanoparticles in combination
with stearic acid for our water-in-oil submicron capsule synthesis.
The resulting colloidal shells maintained the distinct physical
properties of the modular building blocks (Fig. 23).*° Similarly,
so-called supernanoparticles featuring magneto-fluorescent
properties were described by Chen et al. who were able to create
core-shell clusters featuring a core of magnetic nanoparticles
and a shell with a monolayer of quantum dots.*"

Rotello et al. synthesized multivalent colloidal capsules
based on a delicate interplay of electrostatically and covalently
interconnected modular building blocks adsorbed on fatty acid
templates dispersed in water. The so-called nanoparticle-stabilized
capsules were used for fluorescence resonance energy transfer
(FRET) studies, by the incorporation of quantum dots (QD) and
fluorescent proteins in the capsule’s shell. Green-emitting QDs
(CdSe/ZnS core-shell particles) were first surface-grafted with
dihydrolipoic acid and then functionalized with a polyhistidine-
conjugated red fluorescent protein via metal affinity coordination
chemistry. These protein-QD conjugates were then adsorbed
onto the surface of Au NP containing fatty acid droplets (linoleic
acid and decanoic acid) leading to final capsule sizes of 120 +
50 nm. The capsules further featured stimuli-responsive release
of the hexahistidine-tagged red fluorescent protein which will be
further discussed in Section 5.2.*” As briefly mentioned in
Section 2.4.2 Nie et al. combined free PS,y,-b-PAA, BCPs with
20, 30, or 50 nm-sized PS,9o-b-PEO,s-grafted Au NP and 15 or
25 nm-sized oleic acid-capped Fe;O, NP for the synthesis of
multivalent janus vesicles which featured sizes of approx.
570 nm. The authors reported the formation of vesicles with either
spherical or hemispherical morphology, similar to their previously
described structures illustrated in Fig. 21. These so-called
‘magneto plasmonic janus vesicles’ exhibited strong near-infrared

Fig. 22 (A and B) TEM images of spherical Janus-like liposome-nanoparticle
hybrids. (C) The gold colloids are confined in the hydrophobic part of the
liposome by first “unzipping” the bilayer membrane and secondly clustering to
reduce the sizes of so-called “strained regions”. (Adapted with permission
from ref. 186. Copyright (2010) American Chemical Society.)
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absorption, as well as an enhanced transverse relaxation (73)
contrast effect due to the dense confinement of the particles in
the vesicle membrane. The authors examined the structures as
light- and magnetic field-responsive containers for triggered
release of a model drug and as contrast agents for different
bioimaging techniques (see Section 5.3 for more details on their
in vivo experiments).>*>

4.2 Nano-scaled colloidal capsules assembled from proteins
or bionanoparticles as building blocks

In 1999, Caruso and Mohwald published the first work of
protein (BSA and IgG) and polymer-templated PS submicron-
sized particles,**® followed by further reports utilizing different
enzymes, i.e. horseradish peroxidase, f-glucosidase, or urease
for the templating process.**~*'* Following these initial reports
and their above described template-based synthesis of micron-
sized capsules with a protein shell, Caruso and Mertz et al.
further adjusted their route for the synthesis of capsules with
diameters between 50 and 150 nm with a human serum
albumin (HSA) shell. The HSA proteins were templated against
siRNA loaded isobutyramide-mediated mesoporous silica particles
(MSNP) (Fig. 24) and subsequently the MSNP core could be removed
by incubating the structures in a buffered HF solution."* Viruses,
which can be interpreted as protein-based bionanoparticles, were
used by Wang et al. in combination with poly(4-vinyl-pyridine)
(P4VP) for the synthesis of colloidal capsules. PAVP in DMF was
slowly added to an aqueous solution of spherically shaped cowpea
mosaic viruses (CPMV) or rod-like tobacco mosaic viruses (TMV),
leading to a solvent change induced assembly of close-packed virus-
enclosed capsules.®"?

SEM micrograph

EsB micrograph

Fluorescence Intensity
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o1 0z 03
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Fig. 23 Bifunctional submicron colloidal capsule concurrently assembled
from fluorescent silica and iron oxide particles, comprising fluorescent and
superparamagnetic properties. (Reproduced with permission ref. 30.
Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA.)
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4.3 Conclusions for nano-scaled colloidal capsules

In the last decade a number of novel and promising nano-scaled
colloidal capsules have been reported. However, similar conclusions
for nano-scaled colloidal capsules hold true as the ones briefly
discussed above for micron-sized capsules (Section 3.5). Here,
likewise, a good practice of the characterization of the capsules
needs to be established, even though visualization of the nano-
scaled capsules can so far only be performed ex situ after their
preparation for electron microscopy studies. Additionally, a
complete mechanistic understanding of the varying assembly
phenomena that occur at the nano-scale remain not fully investi-
gated; such as the kinetics of formation of colloid thin-films on
nano-emulsion droplets and their mechanical and rheological
properties, deeper knowledge of the delicate interplay of colloid
size, length of the hydrophilic and hydrophobic units, grafting
density, and the resulting tendency of polymer-grafted particles
to form capsules with defined sizes, notwithstanding the often
unintuitive and poorly understood colloidal behaviour of small
and ultrasmall nanoparticles.>®® Detailed knowledge of these
and other factors could allow for the phrasing of simple design
rules which could then lead this field closer to a knowledge-based
design of these structures. Furthermore, the establishment of a
gold standard synthesis route that would allow a reproducible
formation of highly monodisperse samples with a high yield,
analogous to the now ubiquitous microfluidic based synthesis of
micron-sized capsules, is needed to advance nano-scaled colloidal
capsules into a mature field of science in the near future.

5. Colloidal capsules for biological
applications

A great number of the above described colloidal capsules are
developed to be used in bionanotechnology, like biosensing,
bioimaging or targeted drug delivery. With silica®* (e.g. C-spec®),
quantum dots®*'®3'° (e.g. EviTag™), gold®**® (e.g. Aurimmune,
AuroVist™), iron oxide®*'*** (e.g. Feraheme™, NanoTherm®™,
Combidex®, Feridex®/Endorem®, Resovist®/Ferucarbotran)
and other (ultrasmall**®) nanoparticles either being in (pre-)clinical
trials or FDA-approved and (temporarily) in clinical use, utilization
of these material classes, as modular building blocks for colloidal
capsule self-assembly, could open new design routes in the
synthesis of multivalent nanomedical agents.>*® First in vitro
studies in different cell lines and in vivo experiments in rodent
models have very recently been performed with colloidal capsules
and represent promising approaches and possible competitors
to e.g. amphiphile-based vesicles. Numerous guidelines and
considerations need to be taken into account for drug-carrier

™

design, which makes the synthesis of colloidal capsules formed
from the above mentioned inorganic particles significantly more
complex in comparison to their organic vesicle counterparts, i.e.
liposomes and polymersomes. These considerations include a
thorough and standardized nanosafety assessment of the individual
nanoparticle building blocks and the assemblies as a whole.>*”>*°
In many of the studies discussed in the following paragraphs,

considerations for the design of nanomedical agents have been
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Fig. 24 Top: Synthesis route of gadolinium-mediated and siRNA loaded
human serum albumin capsules; bottom: TEM micrographs of differently
sized HSA capsules. (From ref. 129. Reproduced with permission from The
Royal Society of Chemistry.)

applied in the synthesis of colloidal capsules for in vivo experiments
in varying degrees. Aspects of the biological fate of colloidal capsules
have been characterized as well in some studies. However, this
novel field of bionanotechnology is far from presenting a
unified approach towards nanosafety or biomedical design rules
which would greatly facilitate the development of advanced
nanocarrier systems.

Nevertheless, the self-assembly of nanoparticles to colloidal
capsules enables the synthesis of novel nanoprobes whose
functionalities can be tailored through the collective properties
of the shell-forming particles. The integration of superpara-
magnetic, plasmonic, fluorescent or further functional colloids
with distinct physical properties into the shell of colloidal
capsules allows the creation of synergies for applications such
as multimodal imaging, photo-/hyperthermal treatments, or
targeted drug delivery.>*® Furthermore, such capsules may
solve some of the problems larger individual inorganic nano-
particles face in bionanotechnology. The potential to design
colloidal capsules with the ability to extra- or intra-cellularly
erode into their individual building blocks and then follow
distinct clearance pathways*****" (e.g. renal clearance) imparts
them with a great advantage over non-degradable larger inor-
ganic nanoparticles which the human organism is not capable
to metabolize and consequently cause great concern regarding
long-term toxicity.>** Additionally, by using ultrasmall nano-
particles to create colloidal capsules with diameters of approx.
100 nm or smaller they can synergistically inhibit accumulation
within the mononuclear phagocyte system and passively target
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tumors by utilizing the enhanced permeability and retention
(EPR) effect.*** Another benefit of the degradable shell of colloidal
capsules is their potential ability to deliver active pharmaceutical
agents (i.e. chemotherapeutics, siRNA, etc.) directly to the cytosol
by membrane fusion and by avoiding endosomal sequestration.
Hence, precise combinations of size, surface moieties and
controlled degradation behavior into their shell-forming individual
building blocks with complete clearance will be central for the
potential bench-to-bedside translation of colloidal capsules for
parenteral/intravenous administration.

As briefly described above, gold NP are of high interest for
colloidal capsule formation as the architectural build-up of the
shell can have significant impact on their surface plasmon
resonance (SPR), which can be tailored through particle size
and interparticle spacing. Interparticle plasmonic coupling
results in a shift of the SPR band towards longer wavelengths
(red shift) of the near-infrared range (NIR). This is highly
desirable for in vivo applications, as NIR light is attenuated less
by biological tissues than visible light.*** This can be efficiently
exploited for imaging and therapy applications as plasmonic
(supra)particles convert light strongly at SPR wavelengths.*?® As
discussed throughout the following sections, colloidal capsules
assembled from Au NP can specifically be used in photothermal
and photodynamic therapy,**® photothermal and photoacoustic
imaging,**® as well as remote controlled release of encapsulated
drugs.?*® Similarly, colloidal capsules and other supraparticles
assembled from superparamagnetic nanoparticles can potentially
be tailored to feature distinct magnetic properties that distinguish
them from larger individual iron oxide nanoparticles. Here, high
r, transverse relaxivity values to potentially enhance the image
contrast in T,-weighted magnetic resonance imaging (MRI), a
high specific absorption rate (SAR) for heat generation, and high
magnetic responsiveness to allow such colloidal structures to be
moved via an external magnetic field, are desired.> These properties
would allow colloidal capsules formed from superparamagnetic
colloids to be utilized in applications such as magnetic fluid
hyperthermia®” and hyperthermic drug release, magnetic particle
imaging,*****° and magnetic resonance imaging.**°

We will first briefly review micron-sized colloidal capsules
that were designed for biological applications. Subsequently,
in vitro and in vivo studies will be reviewed in detail, describing
the unique properties of colloidal capsules within this field.
Finally, we will close this section with a critical discussion on
whether the here described capsules should be considered for
in vivo applications in the near future.

5.1 Micron-sized colloidal capsules for biological applications

A certain number of micron-sized colloidal capsules have been
reported which do not have to deal with the hassles that are
faced in the design of nanocarriers as they are almost solely
aiming at non-human ex vivo applications. For instance, micron-
sized colloidal capsules have been investigated to retain enzyme
activity for improved enzymatic catalytic performance, including
reports for amylase,**" laccase,*** CalB,*° lipase A, or benzalde-
hyde lyase.?” Furthermore, colloidal capsules were investigated
to incorporate various different hydrophobic cores.**?
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For example, Porta and Kros examined mesoporous silica
nanoparticle-based capsules with a polyacrylamide core for the
local delivery of hydrophobic all-trans retinoic acid (ATRA), also
called tretinoin, in zebrafish. The large colloidal capsules with
diameters of approx. 100 pm could be handled with tweezers
and were implanted into the caudal fin of the zebrafish. The
authors observed a delay in tail regeneration from the zebra
fish due to the release of ATRA from the capsules.***

5.2 In vitro studies of nano-scaled colloidal capsules

We will start discussing nano-scaled colloidal capsules for
bionanotechnology with reports on in vitro studies. As men-
tioned above, Rotello and co-workers have published a series of
reports of colloidal capsules for biological applications. In their
initial report, the authors encapsulated paclitaxel in the hydro-
phobic linoleic acid core of transferrin and arginine-Au NP
stabilized nanocapsules. The drug-delivery capabilities of these
paclitaxel-loaded capsules were probed on HeLa cells and
proved to be effective by exhibiting a half-maximal inhibitory
concentration (ICso) of 13.5 ng mL ™" after 24 h of incubation.
Control experiments showed no carrier toxicity.'® Nanocapsules
formed from a combination of His-Lys-Arg-Lys-capped gold
nanoparticles (“Au_HKRK” NP), histidine,-tagged red fluorescent
protein “mCherry” and dihydrolipoic acid-capped CdSe/ZnS
core-shell particles (“DHLA_QD”) were used for cellular studies,
as well. The emission-adsorption overlap of the QD and mCherry
spectra enabled FRET studies. The nanocapsules formed from
the aforementioned components were incubated with HeLa cells
and were taken up by the respective cells via endocytosis. Here,
histidine and chloroquine could be utilized as disrupting and
releasing agents of the mCherry proteins from the endosomes/
lysosomes into the cytosol.**” A process resembling cell membrane
fusion for the delivery of proteins and small molecule drugs was
investigated in several studies as well by Rotello and co-workers.
Au NP-stabilized nanocapsules were utilized for the delivery of
protein (GFP, green fluorescent protein) and enzyme (caspase-3)
into the cytosol of HeLa cells (Fig. 25). With GFP being a protein
imaging agent and caspase-3 a therapeutic enzyme, the protein
stabilized NP capsules exhibited multivalent functionality.
Caspase-3 was reported to be effectively delivered, leading to the
induction of apoptosis, whilst the GFP allowed for a monitoring
of its intracellular delivery.>* In another report, again avoiding
endosomal sequestration, the proposed cell-membrane fusion
process was used for the delivery of small interfering RNA
(siRNA) directly to the cytosol, which can be favorable over
endocytic routes which were previously described for other
nanocarriers. Electrostatically stabilized complexes consisting
of siRNA and arginine-functionalized Au NP were again confined
on the surface of linoleic acid oil-in-water emulsion droplets. The
transfected siRNA allowed for a very high knockdown of green
fluorescence protein (deGFP) in deGFP-HEK293 cells. Furthermore,
the delivery of a different siRNA type allowed for silencing of
polo-like kinase 1 (PLK1), a kinase enzyme, possessing cell cycle
regulation properties and often overexpressed in tumor cells.
The siRNA was efficiently protected against nuclease degradation.
The membrane fusion mediated cytosolic release of siRNA was
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evidenced in various control experiments.’’ In a subsequent
report, Rotello et al. developed a novel method to monitor the
trafficking of proteins from nanocapsules to the nucleus.
Different nuclear localization signal (NLS) sequences were
reportedly used to track the transfer to the nucleus. Enhanced
green fluorescent proteins (eGFP) were utilized to function as a
fluorescent reporter protein, which was again delivered via the
membrane-fusion route (Fig. 26a). Among the different NLS
sequences, listed in Fig. 26b, NLS“™-eGFP exhibited the most
significant nuclear accumulation ability (Fig. 26¢ and d).
Furthermore, the cytosol delivery of NLS“™*-eGFP was monitored
via live cell video imaging, revealing a significant delivery to the
cytosol after 60 s and laser scanning confocal microscopy reportedly
showed the establishment within the nucleus after 6 min.**®
The co-delivery of nanocapsules containing both a proapoptotic
protein and paclitaxel as a antimitotic agent was reported as
well. Here, paclitaxel was first incorporated in linoleic acid
emulsion droplets, followed by the adsorption of arginine-
conjugated Au NP on the droplet surface and by an adsorption
of negatively charged proteins on the surface of the nanocapsules.
The utilized proteins, transferrin and CASP3, were used as non-
active control and therapeutic agents. HeLa cell viability was
measured by incubation with “NPSC-PTX-CASP3” nanocapsules.
These dual-cargo containing nanocapsules exhibited substantially
higher efficiency to induce apoptosis in comparison to free
paclitaxel and unloaded capsules, consisting of Au NP with either
paclitaxel or one of the proteins.**® Dual-cargo siRNA and tamoxifen
loaded colloidal capsules®*” as well as colloidal capsules for the
direct cytosolic delivery of larger proteins, again avoiding
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Fig. 25 Scheme of Au NP and protein stabilized colloidal nano-capsules,
which were utilized for a membrane fusion based release of proteins
directly into a cell's cytosol. (Adapted with permission from ref. 21. Copyright
(2013) American Chemical Society.)
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endosomal entrapment,**® were also investigated by Rotello et al.
in other studies. A recent report by Rotello et al. of dendrimer-Au
NP based colloidal capsules will be discussed in the following
in vivo section.

Song et al. also performed various in vitro studies with
colloidal capsules formed from Au nanoparticles with a mixed
homopolymer architecture. These colloidal capsules with enhanced
biocompatibility were synthesized via conjugation with a cell-
membrane targeting antibody (HER2 protein), and a pH-susceptible
dissolution trigger, that makes use of the acidic environment of
intracellular compartments (Fig. 27). The nanoparticle vesicles
formed from PEG- and PMMAVP-grafted 14 nm gold particles
could be loaded with doxorubicin and were aimed at drug-
delivery via an endocytic pathway. Additionally, the capsules
were conjugated with a Raman reporter (BGLA), which enabled the
identification of the disassembly of the capsules by monitoring the
surface enhanced Raman scattering (SERS) signal via Raman
spectroscopy. The authors successfully targeted HER2-positive
SKBR-3 breast cancer cells with the antibody-tagged capsules,
whilst this receptor-mediated targeting was evidenced in control
experiments with HER2-negative MCF-7 breast cancer cells,
which showed no specific binding of the capsules. Additionally,
doxorubicin, deprotonated with triethylamine, was encapsulated
by first forming a hybrid thin-film of doxorubicin and Au@PEG/
PMMAVP4 particles on the wall of a small vial, and then
rehydrating the film and by that inducing the nanoparticle
vesicle formation. The release of doxorubicin from the capsules
showed a strong pH-dependence.™> Very similar nanoparticle
vesicles featuring a photo-responsive disassembly trigger were
synthesized by utilizing poly(2-nitrobenzyl acrylate) (PNBA) as

Protein loaded nanoparticle
stabilized capsule
.
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b
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the hydrophobic brush which can be reacted to water-soluble
poly(acrylic acid) after light irradiation, inducing capsule erosion
to single particles. In accordance to the aforementioned Au@PEG/
PMMAVP4 based vesicles, the capsules also featured a plasmon
coupling red-shift, which could be further controlled by varying the
PEG/PNBA ratio to 1:1, 1:2, and 1:4, leading to localized surface
plasmonic resonance peaks of 550, 630, and 745 nm respectively.
Folate was conjugated to the capsules as well, to serve as a moiety
to target the folate receptor, which is overexpressed in numerous
cancer types, including MDA-MB-435 breast cancer cells. In
comparison to nanoparticle vesicles without folate ligands, the
conjugated vesicles reportedly showed greatly enhanced binding
to the cells, which was qualitatively observed by the authors via
dark-field microscopy imaging. The encapsulation and release
of doxorubicin was also investigated for the capsules on
MDA-MB-435 cells.'>® Nanoparticle vesicles from PLA and PEG
conjugated gold nanorods were also investigated by Song and
co-workers. The Raman reporter carrying colloidal capsules
featured distinct SERS signals, potentially enabling their use
for Raman imaging and spectroscopy. Proteinase K, a protein
used for the enzymatic degradation of PLA, was used for the
degradation and controlled erosion of the PLA capsules, leading
to the release of encapsulated doxorubicin. The capsules were
further investigated in in vitro studies by demonstrating the
targeting of EpCAM-positive Hep3B cancer cells with monoclonal
antibodies, in comparison to antibody-free capsules and
EpCAM-negative PLC/PRF/5 cells. The capsules were thoroughly
characterized via dark-field and fluorescence imaging, inductively
coupled plasma mass spectroscopy, and Raman spectroscopy
(Fig. 28). The nanocarriers were also investigated as potential
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(@) Scheme of Au NP and eGFP stabilized nanocapsules and their membrane fusion based Protein release; (b) eGFP structure with nuclear

localization signal sequences; (c) different cell images fused with eGFP (scale bar: 20 pm); (d) increase of nuclear intensities of different NLS-eGFPs
(Copied with permission from ref. 346. Copyright (2015) American Chemical Society.).
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structures for theranostic nanomedicine by utilizing their chemo-
photothermal properties. After antibody-based cell targeting, the
capsules were heated and triggered to release encapsulated
doxorubicin via laser-light irridation.'®* Further nanoparticle
vesicles from polymer-grafted gold colloids from Song et al. as
well as from Nie et al., will be discussed in the subsequent
in vivo studies section.

Nanoparticle membrane loaded liposomes and polymer-
somes have also been investigated intensely in in vitro studies.
Wei et al. for example used biocompatible PEG-PLA BCPs in the
combination with hydrophobic Fe;0, particles for the formation of
nanoparticle loaded polymersomes. By conjugating the polymer-
somes with a secondary antibody, the structures gained immuno-
labeling properties, which were probed by the authors on a prostate
specific antigen, potentially allowing for their use for the detection
of different cancer biomarkers. The polymersome immunosensor’s
effectiveness was investigated for the detection of different prostate-
specific antigen (PSA) concentrations (Fig. 29) and compared
well an established enzyme-linked immunosorbent assay (ELISA)
method."®® Based on ultra-small superparamagnetic iron oxide

nanoparticles (USPION) bilayer loaded poly(trimethylene carbonate)-
b-poly(i-glutamic acid) (PTMC-b-PGA) polymersomes, Lecomman-
doux et al. created doxorubicin loaded vesicles, which may also
serve as magnetic resonance imaging (MRI) contrast agents. The
nanoparticle-polymersome hybrid’s morphological properties
were visualized via (cryo-)TEM (Fig. 30 — top-left), AFM and small
angle neutron scattering (SANS), while the magnetic properties
were analyzed via magnetophoresis and with a magnetometer.
Furthermore, MRI properties were investigated by measuring the
T, and T, relaxation times of the Fe;O, particles in the bilayer.
After loading the polymersomes with doxorubicin, the drug could
be released in vitro from the vesicles by heating the UPSIONs
via an oscillating magnetic field."”® In a follow-up study,
Lecommandoux et al. investigated the ability of doxorubicin
release after the internalization of the magneto-polymersomes
in HeLa cells."”” Besides this, liposomes decorated with a
magnetic-hydroxyapatite layer were investigated by Liu et al.
for ultrasound-triggered drug release.*® Similarly, and as
briefly mentioned in Section 2.4.1, Amstad et al.'®" and Qui

et al.'® utilized iron oxide particles loaded into the bilayer of
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Fig. 28 Hep3B cells cultured with (a) targeted, (b) native and (c) live PLC/PRF/5 cells all incubated with Au@PEG/PLA based colloidal capsules.
(d) Vesicles taken up the cells; (e) SERS signals and (f) SERS spectra of Hep3B cells cultured with different vesicles. (Copied with permission from ref. 154.

Copyright (2013) American Chemical Society.)
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liposomes, and were able to control the membrane permeability
also via heating of the iron oxide particles within the bilayer.
Both groups used calcein as a model drug to study the release
from the magneto-liposomes. Design strategies and functional
properties of smart vesicles, including nanoparticle equipped
polymersomes, were recently reviewed by Lecommandoux and
co-workers.*>°

Further in vitro studies for the use of capsules based on
protein building blocks, were performed by Mertz and co-workers.
Here, as briefly mentioned above, HSA-based capsules were formed
on mesoporous silica templates (see Fig. 24 in Section 4.2) and
modified with macrocyclic gadolinium (DOTA-Gd) complexes and
were investigated for their potential use as MRI contrast agent.
Ty-weighted MR imaging showed MRI contrast enhancements
for HSA capsules modified with and without siRNA (Fig. 31 - left
A and B), which compared well to regulatory approved Gd-based
MRI contrast agents. Furthermore, the authors reported inves-
tigations on the gene silencing abilities of the HSA capsules,
which were probed on A549luc lung carcinoma cell lines via
quantification of luciferase activity. Depending on the initial
siRNA amount throughout the HSA capsules, the gene reporter
expression within the A549luc cells could be inhibited up to 80%
without Gd-modification and up to 50% with Gd-modification."*

5.3 In vivo studies of nano-scaled colloidal capsules

Recently, initial preclinical studies to assess a potential future
bench-to-bedside translation of colloidal capsules were performed
in in vivo experiments in various rodent models. As mentioned
above, Nie et al.””'***? and Song et al**"' have both recently
published reviews about colloidal capsules from polymer-grafted
Au particles, including summaries about recent in vivo studies. We
recommend these reviews for secondary references and will only
marginally discuss the therein reviewed reports. We will start the
discussion on in vivo studies with recent reports from Song and
co-workers, who utilized the EPR effect for passive tumor targeting.
Here, for the formation of colloidal capsules, the authors used
8 x 2 nm-sized gold nanorods, which, due to their small size,

This journal is © The Royal Society of Chemistry 2017
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Fig. 30 (top-left) TEM micrograph of PTMC-b-PGA based polymersomes

loaded with iron oxide particles; (top-right) transverse relaxation rates vs.
iron conc. of magneto-polymersomes loaded with varying iron oxide
weight percentages; (bottom) T,-weighted MRI images and values for
concentrations of iron ions in different samples. (Adapted with permission
from ref. 196. Copyright (2013) American Chemical Society.)

potentially possess renal clearance capabilities.**' The resulting

capsules featured sizes between 60 and 100 nm, which is
theoretically small enough to prevent an accumulation in the
reticuloendothelial system, which usually occurs for such structures
featuring sizes above 100 nm. The size of these colloidal capsules
stand in good accordance to a recent liposome-based study for the
ideal size of 50 nm for vesicles with the highest tumor tissue
retention.**" The nanorods were functionalized with PLGA and
PEG grafts to form emulsion-based biocompatible colloidal
capsules. As PLGA is prone to degrade in an aqueous environ-
ment through de-esterification, the capsules were able to nearly
completely dissociate to their individual units after 11 days.
Resulting from the efficient plasmonic coupling of the nanorods,
the vesicles were also investigated for their potential use as
photothermal therapy (PTT) vehicles through laser-induced
heating, and could further be monitored iz vivo via photoacoustic
(PA) imaging as well as with positron emission tomography (PET)
after ®*Cu-labeling of the vesicles (Fig. 32). In vitro experiments
were performed on U87MG human glioma cell lines and all
in vivo experiments were conducted using glioblastomar carrying
U87MG mice. After intraveneous injection of the vesicles, control
experiments, using photoacoutic imaging, vesicles showed a
higher accumulation in the tumor region in comparison to the
individual vesicle-forming gold nanorods. PET imaging revealed
a vesicle uptake in the tumors of approx. 9.5% ID g " after 24 h
and a blood half-life of approx. 18 h of vesicles, and the authors
conclusively report a major clearance of the vesicles after 10 days
of their administration. However, it needs to be noted, that after
10 days, vesicle ID g~ values still reached at least 2.5% in most
organs, and a critical value of 5% in the liver. Furthermore, the
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Gd. Biological in vitro tests. Right luciferase activity indicating the gene silencing ability of the siRNA/HSA capsules (A) without and (B) with Gd. (C) Images

of A549 cells incubated with Gd and siRNA HSA capsules. (From ref. 129. R

authors studied photothermal therapy efficiency on xenografted
tumor-bearing mice, and were able to reach heat-induced tissue
damage within the vesicle containing tumors. However, all
tumor-bearing mice reportedly died after 40 to 50 days, due to
reoccurrence of the tumor.>

In a similar recent study by Song et al., Au-nanorod @PEG/
PLGA based vesicles were further equipped with doxorubicin-
loaded and PEGylated reduced graphene oxide. Here, the inter-
play of the plasmonic Au nanorod capsules and the reduced
graphene oxide led to enhanced photothermal performance of
this hybrid vesicle-like structure. The vesicles featured sizes of
approx. 65 nm and in accordance to the study above, the
vesicles impact could be monitored via PA imaging and via
PET imaging after ®*Cu-labeling. Fig. 33a shows 2D and 3D
ultrasound photoacoustic images of U87MG tumor-bearing
mice, and Fig. 33b the different PA intensities of the vesicles
with and without graphene oxide. Vesicles labeled with ®‘Cu
allowed for PET imaging, reportedly showing a blood half-life of
approx. 19.6 h of the vesicles (Fig. 33c) and a corresponding
tumor uptake which increased from 0.79% after 1 h to approx.
9.7% ID g~ ' after 24 h (Fig. 33d and e). Furthermore, using
808 nm, 0.25 W cm > laser light irradiation, the authors
reported to be able to utilize the photothermal abilities of the
vesicles to increase the tumor temperature, causing the vesicles

TumoN#

iv
injection

~” AUNR@PEG

~ Ultrasmall
AuNR@PEGIPLGA Vesicle

3D PA imaging of tumor

Fig. 32 Scheme of vesicle administration to mice and their subsequent
erosion to individual building blocks after PET and PA imaging was applied
(Reproduced with permission from ref. 52. Copyright 2015, Wiley-VCH
Verlag GmbH & Co. KGaA.).
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eproduced with permission from The Royal Society of Chemistry.)

to disrupt and leading to a controlled release of the encapsulated
doxorubicin. These chemo-photothermal therapy properties
of vesicles were assessed using thermographic imaging and
monitoring the temperature change in the tumor region (Fig. 34a
and b). The authors observed no difference in therapeutic
efficiency for vesicles with and without doxorubicin for the first
5 days. Over a longer time span, the tumor growth in mice treated
with doxorubicin loaded vesicles was delayed in comparison
to DOX-free vesicles. This led to an increased life-span of the
Au-vesicle-dox treated mice (>40 d) in comparison to free DOX
and native Au-vesicles (20-26 d) (Fig. 34d). Additionally, tissue
sections of differently treated tumors showed most severe cancer
necrosis and least cancer cells for the DOX-loaded Au-vesicles in
comparison to the other samples (Fig. 34e)."”> In conclusion,
these two studies by Song et al. represent seminal approaches for
further in vivo studies of similar kind, where good practice is applied
and guidelines for the synthesis for nanomedicine structures are
followed. Their use of gold nanorods as the shell-forming building
blocks, which potentially possess favourable clearance properties in
comparison to larger particles or spherical gold colloids, builds a
fundament for future studies in this field. However, besides the
beneficial short-term therapeutic effects the potential negative long-
term consequences of the gold nanoparticles should be investigated
in more detail in future studies.>****

Nie et al. also performed in vivo experiments utilizing
vesicles formed from BCP-tethered gold colloids. In initial in vivo
experiments Nie et al. used a xenograft model of mice bearing 4T1
tumors. Vesicles formed from PEG-PS-BCP coated 40 nm sized Au
NP were intratumorally injected and heated via 808 nm laser
irradiation. The authors reported good therapeutic efficacy,
as the tumors were ablated and showed no reoccurrence."**
Following this report, Nie and co-workers synthesized Au NP
based vesicles, encapsulating a photosensitizer chlorine e6
(Ce6) within their hollow interior (Fig. 35 - left). The vesicles
were assembled from PEO,5-b-PS,,5; mediated 26 nm sized Au
core-NP and featured average diameters of approx. 280 nm. The
vesicles possessed intrinsic fluorescent, thermal, and photo-
acoustic properties which could reportedly be utilized for photo-
thermal treatment by heating the vesicular Au NP membrane

This journal is © The Royal Society of Chemistry 2017
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(a) In vivo images acquired via ultrasound and photoacoustic measurements; (b) PA values of tumor region; (c) biodistribution of 64Cu labeled

colloidal capsules; (d) coronal PET images after administration of vesicles; (e) biodistribution of vesicles in different organs (Adapted with permission from

ref. 155. Copyright (2015) American Chemical Society.).

and photodynamic therapy (PDT)*** by using the singlet oxygen

(*0,) species produced by the Ce6 photosensitizer upon light
irradiation, to treat malignant cells. In vitro in a MDA-MB-435
human breast cancer cell line, the authors were able to dissociate
the Au NP vesicles through photothermal activation, causing
the Ce6 to be released. This was quantified by measuring the
fluorescent signal of singlet oxygen sensor green (SOSG), which
is reportedly altered by reacting with the singlet oxygen created
by the Ce6. The vesicles were taken up by the cells via an
endocytic-pathway and were mainly found within lysosomes of
the cells. Furthermore, the cell experiments showed decreased
cell viability for cells incubated with Ce6-functionalized Au NP
vesicles and treated via PDT/PTT in comparison to free Ce6 and
unloaded Au NP vesicles. For in vivo experiments, the authors
used mice with MDA-MB-435 breast cancer xenografts, and Ce6
loaded vesicles were again intratumorally administered. The
authors then used in vivo fluorescence, thermal, and photo-
acoustic imaging to track the tumor (Fig. 35a, b and d). The PTT
effectiveness was investigated by increasing the temperature of
the tumor to above 42 °C via laser irradiation (Fig. 35c), whilst
tissue in close proximity to the tumor was barely affected. The
Ce6 mediated Au NP vesicles exhibited the highest therapeutic
efficacy in comparison to control experiments, indicating promising
theranostic abilities of these structures.'™

In another report from Nie and co-workers, the PS block was
substituted with polycaprolactone (PCL), to increase the bio-
compatibility of the used BCPs and the resulting vesicles. PCL
reportedly features a melting of approx. 60 °C enabling its
degradation through thermal heating of the Au NP vesicles.
The vesicles featured a strong plasmonic coupling effect, shifting
the LSPR peaks to NIR wavelengths. This shift was again used for
in vivo PTT experiments in combination with rapid clearance
of the individual Au NP after vesicle dissociation. The in vivo

This journal is © The Royal Society of Chemistry 2017

experiments were again performed by intratumorally injecting
the vesicles in mice bearing MDA-MB-435 tumor xenografts.
Experimental methodology was applied in accordance to the
above discussed paper by Song and co-workers. PA and PT
imaging was applied and the PTT effectiveness was assessed for
Au NP vesicles. Tumor growth could be efficiently slowed and
no reoccurrence was observed in mice treated with vesicles, in
comparison to a control group. The overall therapeutic efficacy
was the highest for the PCL based vesicles, in comparison to
free gold nanorods or PS based vesicles. The life span of the
mice treated with PCL vesicles was greater than 30 days, whilst
the average life span of the other groups was between 14 and
20 days. Due to their size, the vesicles were mainly taken up by
the RES system, i.e. mainly in the liver and spleen, which were
cleared 8 days post injection.’® Nie et al. were also able to
further tailor the build-up of nanoparticles within a Au NP-PS-b-
PEO vesicle membrane, leading to string-like arrangements.
These NP ‘chain vesicles’ posses an eightfold increased PA
imaging efficiency over non-chained vesicles and also allow
for a NIR induced release of an encapsulated model drug
(Rhodamine B). Nude mice were subcutaneously injected with
the vesicles and irradiated with NIR laser light. The increased
efficiency of the chain vesicles was then visualized via PA
imaging.'®®> Further in vivo studies were performed by Nie
et al. with magnetic and plasmonic janus vesicles comprising
a densely loaded membrane of gold NP and Fe;O, NP. Due to
plasmonic coupling and ordering of the particles, the structures
featured shifted NIR peaks towards higher wavelengths and also
exhibited an enhanced transverse relaxation effect, allowing the
structures to be utilized as contrast agents in PA and T,-weighted
MR imaging. The authors also demonstrated the controlled
destruction of the structures triggered by NIR light in combination
with a controlled release of a model drug through a magnetic field.
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(a) Thermal images of the tumor region injected with Au NP vesicles and (b) resulting temperature change after irradiation with a 808 nm laser.

(c) Relative tumor volume of the tumor-bearing mice and (d) comparison of survival curves of mice receiving varying treatments. () Comparison of
tumor tissue sections, showing a more severe cancer necrosis and fewer cancer cells for treatment with DOX-loaded Au NP vesicles. (Adapted with

permission from ref. 155. Copyright (2015) American Chemical Society.)

For the in vivo studies U87MG tumor-bearing athymic nude mice
were intravenously injected with hemispherical janus. Targeting
towards the tumors was performed with an external magnet and
identified via MR and PA imaging.””

The possibility to combine various types of materials with
exploitable properties to create synergies for combined drug
targeting and bioimaging is one of the central characteristic
colloidal capsules possess and which sets them apart from
most other vesicles and nanocapsules. The studies provided by
Nie et al. describe pioneering works for the use of multifunctional
colloidal capsules for bionanotechnology, which aim to utilize
the full potentials of the colloidal capsule building block system.
In future studies, it would be particularly interesting to further
miniaturize the capsules towards diameters below 100 nm for
the utilization of size-depended clearance pathways®*®*>" after
capsule erosion.

In a report from another group, Deng et al. applied a
grafting-TO approach, similar to previously reported works
from Song et al., to functionalize 14 nm Au NP with hydrophilic
poly-2-(2-methoxyethoxy) ethyl methacrylate (PMEO,MA) and
hydrophobic PCL polymer grafts. The authors also observed a
shift of the LSPR to (near) infrared wavelengths. PT imaging
was applied for in vivo experiments of female BALB/c nude mice
which, following subcutaneous MCF-7 cell injection, beard
MCF-7 tumors. Au NP based vesicles were intratumorally
injected into the mice and could be visualized via PT imaging.
Enhanced PTT characteristics were observed for larger Au NP

2116 | Chem. Soc. Rev., 2017, 46, 2091-2126

vesicles, allowing for ablation of the tumors leading to complete
tumor regression. The vesicles were also investigated by the
authors as X-ray CT contrast agents, owing to their high absorption
coefficient. The contrast of the tumor tissue could be greatly
enhanced post injection of the Au NP vesicles (Fig. 36A and B)
and subsequently allowed for three-dimensional visualization of
the tumor (Fig. 36C).>®°

Rotello and co-workers used dendrimers to stabilize the
shell of paclitaxel-loaded colloidal nanocapsules, which were
formed from 2 nm-sized Au core particles. The authors used
poly(amido amine) (PAMAM) dendrimers in combination with
dithiocarbamate (DTC) chemistry for the cross-linking of the
shell. B16F10 skin melanoma cell lines were incubated with the
capsules to investigate their impact on cell viability. The cell
lines were monitored via flow cytometry and ICP-MS analysis
and reportedly showed good cellular uptake. Unloaded capsules
showed low cytotoxicity and paclitaxel loaded capsules were
more effective in decreasing cell viability in comparison to free
paclitaxel. For in vivo studies, the authors used female C57BL6
mice with ages of 8-10 weeks, and weights between 20 and 25 g.
B16F10 cells were injected into the mice, which were used for
the studies after tumor sizes reached 100 mm?. Thereafter,
100 nm-sized paclitaxel-loaded capsules were administered
intravenously and accumulated in various organs, as well as in
the tumors, which the authors attributed to the passive targeting
capabilities of the capsules, caused by the EPR effect. The authors
observed notable decrease of tumor growth in mice treated with

This journal is © The Royal Society of Chemistry 2017
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paclitaxel-loaded capsules, in comparison to paclitaxel-free
capsules.®*® For future studies, the elucidation of intra-organ
biodistribution as well as clearance properties of the individual
particles of the eroded capsules would be of significant interest.

In addition to these Au NP based in vivo studies, other
groups have performed initial works in rodent models with
iron oxide based colloidal capsules. These works focused on the
sparely and closely packed integration of iron oxide particles in
the shell of polymeric nano-**” and microbubbles.****>° These
gas-filled structures which feature a polymer shell, are being
extensively explored as contrast agents in ultrasonography,
magnetic resonance imaging and in single photon emission
computer tomography (SPECT) imaging. The structures usually
feature sizes on the border of the micro-nano-scale, with
diameters above or slightly below 1 um. Brismar et al. reported
initial work in this field by investigating magnetic nanoparticle
coated microbubbles for MRI and computer tomography. The
structures were prepared by loading 8-10 nm sized aminated
SPIONS into the shell or onto the surface of poly(vinyl alcohol) and
chitosan based microbubbles. The resulting structures featured
sizes of approx. 3.8 um and exhibited superparamagnetic properties,
which was evidenced using vibrating sample magnetometer
measurements. The authors performed preliminary proof-of-
concept experiments for the use of the structures as visualizing

agents in magnetic resonance imaging by administrating the
structures to rats.**® In a follow-up report, microbubbles with
enhanced multimodality imaging properties were investigated
in male Sprague Dawley rats.*®' Recently, Duan et al. templated
v-Fe,O; NP against PVA/PLLA microbubbles and investigated
the structures as potential agents in magnetic resonance/ultrasound
(MR/US) imaging. The authors were able to tailor the 7, MR contrast
by increasing the amount of particles templated on the surface.
In vivo studies were performed with tumor bearing female BALB/C
nude mice which were beforehand injected with COLO-205 cells.
MRI imaging was then applied by the authors after intratumoral
injection of the SPION templated microbubbles, which resulted in a
decrease of the T, signal, overall improving the MR imaging results
in comparison to the state prior to injection.>*> Similar structures
with decreased sizes of approx. 180-200 nm, Ze. SPION mediated
nanobubbles, were reported by Huang and co-workers. The nano-
bubbles were prepared from perfluoropentane and PAA-F127
thermosensitive polymers and approx. 5 nm-sized SPIONs.*®

5.4 Conclusions for colloidal capsules for biological
applications

The above described initial experiments represent promising
first approaches for the use of nano-scaled colloidal capsules in
nanomedicine. However, besides the positive short-term effects

Fig. 36

(A) X-ray computed tomography images of tumor-bearing mice prior, (B) after administration of gold colloid assemblies with diameters of

approx. 500 nm leading to an increased Hounsfield Unit value, and (C) 3D CT image of tumor tissue (marked in red) (from ref. 300. Copied with

permission from lvyspring International Publisher (2014)).
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these novel nano-pharmaceutical agents show, the mid- and
long-term biological fate of the particles, i.e. biodistribution and
clearance, effects on cell cycling and cell signaling processes, etc.,
remain greatly unknown. A complete understanding of the indi-
vidual shell-forming nanoparticles needs to be fully established in
future studies before their use in biological applications should be
considered.

Generally, the huge and still growing field of nanomedicine®*
with its claim for novel ways to cure diseases has recently raised
critical voices and has led to significant debate,*** % questioning
whether this field will anytime soon return the credit it received
in advance. Numerous aspects such as EPA law, FDA law, ethics,
environmental health, safety and toxicity*’® along with standar-
dization need to be taken into account for the above nanoparticle
types to be considered for in-human use over organic components
such as amphiphiles, peptides, proteins or FDA-approved biocom-
patible polymers (i.e. PLGA or PCL). A multitude of factors need to
be considered for nanocarrier design,””* including particle/capsule
size and morphology,****7>7* surface charge,>”> particle/capsule
hardness, potential capsule deformability, complete renal clearance
capabilities,*'® active/passive targeting (EPR effect),’** precise design
for biological barrier interaction,**® pathways for cellular uptake,*”®
and surface functionalization with e.g. PEG*”” or PEEP*”® for tailored
blood half-ife (stealthing). Furthermore, a pivotal role is attributed
to the formation of a protein corona®°?*' on nanoparticles in
biological media which can lead to loss of the receptor targeting
ability of protein, antibody or other biomolecule functionalizations
on nanoparticles/nanocapsules and which can facilitate rapid
macrophage uptake and clearance of the biofunctional colloids.**°
Here, ultrasmall nanoparticles with a zwitterionic coating®®* or
certain moieties with tunable hydrophobicity®® are of increasing
interest as they have shown to inhibit biomolecular corona
formation effectively and should be considered for new colloidal
capsule studies that aim at in vivo applications. However, various
pharmacokinetic and biodistribution properties, such as intra-
cellular trafficking,® organelle targeting, or suborgan bio-
distribution®®” of (ultrasmall) nanoparticles with distinct surface
functionalizations, are still greatly unexplored.**> These and other
short and long-term*>* nanotoxicological**® factors demand for
highly specific designs of studies by all researchers in this
field.**”*®” Also, since humans, by nature, are not capable of
metabolizing most types of synthetic nanoparticles, the full
clearance, e.g. by the renal route,>****%*3! of non-biodegradable
particles are an absolute prerequisite for a potential in-human
use, especially in consideration of the discontinuation of the clinical
use of some previous nanoparticle agents®* (ie. Ferucarbotran,
Ferumoxstran, Ferumoxides). With this said, it will be exciting to see
if a general rationale as well as feasible synthetic routes will be
found to add colloidal capsules formed from the above described
material classes as an alternative to already approved®®?
medicial agents formed from natural amphiphile molecules or
protein building blocks, like, Doxil® (doxorubicin HCI liposome
injection), DaunoXome® (daunorubicin citrate liposome injection)
or Abraxane® (albumin-bound paclitaxel). Additionally, the reports
of more and more pre-clinical systems tailored for drug-delivery
applications of nanocarriers emphasize the need for other

nano-
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nanomedical agents than just tumors®®® in the future, e.g.
for cancer immunotherapy*® or the treatment of endothelial
disorders®**° and pulmonary diseases.*"*

6. Conclusions and outlook

Great advancements have been achieved in the development of
colloidal capsules in the last two decades, including the estab-
lishment of a reproducible synthesis route for the fabrication of
monodisperse micron-sized capsules, the miniaturization of the
capsules combined with the integration of distinct functionalities,
and the synthesis of biocompatible nano-scaled capsules with
tailored erosion properties as novel nano-pharmaceutical agents.
We have reviewed the initial reports and recent literature on
colloidal capsules. By reviewing the above described synthesis
routes, i.e. (1) interfacial colloidal particle self-assembly on emulsion
droplets; (2) colloidal templating against hard or soft particles; (3)
solvent change induced assembly of polymer-grafted amphiphilic
colloids; and (4) dense membrane nanoparticle-loading of
liposomes/polymersomes, we aim at unifying the discussion
on colloidal capsules and with that, facilitate communication
and further progress in this nascent research field.

However, some critical aspects also have to be noted. The
characterization of the capsules is often incomplete as repeatedly
just one or a few of the following capsule properties are provided
in detail, i.e.; colloidal stability in various media, erosion kinetics
of the capsules, size and polydispersity, topological (i.e. membrane
permeability), shell (i.e. degree of order of particles), and internal
structural build-up, mechanical stability in liquid media and dried
state, as well as chemical composition (i.e. functional groups or
ligands). With biomedical applications in mind, it is especially
critical to study these material properties in biological environ-
ments, as the presence of components from the media/blood, like
blood cells, proteins, and salts can drastically alter colloidal
stability, surface properties and degradability of the colloidal
capsules. As a result, with many reported colloidal capsule
systems it is not clear if the production of these capsules can
be scaled to allow further development of the capsule system in
a biological context.

Furthermore, while the mechanisms of the adsorption and
desorption of colloidal particles at planar interfaces are well
studied the understanding of the behaviour of nanoparticles at
the interface of nano-emulsions is far from complete. A recent
study on the organization of colloids at the interface of micron-
sized emulsion droplets might be a starting point for future
studies.®” van der Waals, electrostatic double-layer, solvation,
and hydrodynamic drag forces as well as Brownian motion, are
the driving forces within self-assembly processes,****°> though
little efforts have been undertaken in most studies to characterize
these forces within a respective colloidal capsule synthesis route.
A deeper understanding of the pair-wise and multi-component
interactions (i.e. colloid-colloid, colloid-solvent, colloid-salts
and, if present, colloid-template) could provide a better general
prediction of the structural outcome of capsules prior to their
synthesis. This calls for the development of novel measurement

This journal is © The Royal Society of Chemistry 2017
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techniques that can monitor the mentioned properties in situ and
at the nanoscale as well as fundamental research on thin films at
fluid interfaces and the non-trivial interactions during the colloidal
assembly of multicomponent nanoparticles. For instance, the
recent development of liquid cells for in situ liquid TEM may allow
the visualization and improved understanding of some colloidal
capsule formation and other nanoparticle self-assembly processes
in the future.****** Naturally, these experimental techniques
should be supplemented with computer simulations at various
scales (atomistic modeling of interfaces, coarse grain models for
particle interactions, etc.) which can provide useful theoretical
predictions and support the rational design of colloidal capsules.

Hence, plenty of hard work remains for advancing the broad
field of colloidal capsule research which is currently one of the
most exciting fields in colloid chemistry. We are looking
forward to witness the development of many more sophisticated
structures that surpass simple colloidal particles, other nano- and
micro-capsules, and vesicles by featuring a range of tailor-made
properties for specific advanced applications.
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