12 cHIMIA 2019, 73, No. 1/2

NCCR Bio-INSPIRED MATERIALS

doi:10.2533/chimia.2019.12

Chimia 73 (2019) 12-16 © Swiss Chemical Society

Synthesis and Applications of
Nanocontainers and Nanorattles

Sarah-Luise Abram, Philippe Yep, and Katharina M. Fromm*

Abstract: Nanorattles and hollow nanocontainers have unique properties related to the presence of a void space
inside the shell, which has been shown to improve the properties of materials for e.g. catalysis, drug release,
sensor materials or lithium ion batteries. This article summarizes our recent progress in the synthesis of hollow
silica, titania and ceria nanorattles and nanocontainers, eventually encapsulating AgNPs as cargo and highlights
their potential applications in catalysis and biomedicine.
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Hollow Nano/Micro-structures in Nature

A hollow nano/micro-structure is defined as a solid structure
with a void space inside a distinct shell and nano- or micrometer
dimensions.!" Such structures can be classified according to their
overall shape, the number of shells, or the presence of one or sever-
al movable cores (see Fig. 1A and B); Core and shell materials can
be organic, inorganic, or composites, e.g. polymers, ceramics, met-
als, metal oxides or other chalcogenides.[?! Nature offers a great va-
riety of such hollow structures exploiting the nano- or microscale
dimensions for different purposes. For example, ferritins are large
proteins whose structure comprises a hollow cavity used for stor-
age and on demand release of iron (see Fig. 1C).B! Pollen micro-
capsules are used by plants to shield their male sperm from harsh
environmental conditions (see Fig. 1D).l4] Compartmentalization
and hierarchical structuring at the micro- or nanoscale are ubiq-
uitous principles in biology realized in membrane-bound struc-
tures such as cells, viral envelopes and capsids or other vesicles.5!
Hence, membrane separation allows the cooperative organization
of two otherwise chemically incompatible functionalities as it is
e.g. realized for photosystem I and II with the thylakoid membrane
which was recently mimicked by polymeric nanocontainers.[¢!

Natural photonic materials are also based on hierarchical hol-
low nanostructures: The Edelweiss plant uses hollow nanostruc-
tured filaments as UV absorbers, that dissipate the energy and thus
protect the plant from the damaging radiation.[”] Another example
is the strong iridescence of the hair-like setae of many polychaete
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worms (Fig. 1E) resulting from the periodic arrangement of voids
into the lattice of a pseudo-photonic crystal.8!

Benefits and Applications of Nanocontainers and
Nanorattles

Compared to their solid counterparts, hollow nanostructures
provide additional properties, which are advantageous for many
applications: 1) high specific surface area, ii) low density, and iii)
high loading capacity for molecular species, gases or nanoparti-
cles.l'The low density is interesting for their application in fillers,
pigments or coatings®! whereas the large surface area is useful for
sensing applications!!%l and in catalysis either as the active cata-
lyst!l or as support material.['2] In nanorattles (NR), the movable
core particle is protected from aggregation, coalescence, sintering
and the outside chemical environment by the shell, thus preserv-
ing the core’s catalytic activity. Porosity in the shell allows the
diffusion of the reactants to the core while the void provides a con-
fined space for the reaction. The NR architecture thus overcomes
the problem of a restricted access to the core’s active surface in
traditional core shell particles.['2] Moreover, the presence of the
void may alter the optical,!3] magnetic,!'4 electronic or photo-
catalytic properties of certain materials.[15] Hollow nanostructures
were as well successfully applied in energy storage devices such
as Li ion batteries or supercapacitors as their void buffers the huge
volume variation during lithiation and delithiation processes(!¢]
and their high surface area results in a large electrolyte-electrode
interface with an increased Li* ion flux.[!7]

More complicated hierarchical hollow structures show a great
potential for the development of multifunctional materials, e.g. in
theranostics!'8] where imaging agents for diagnosis (fluorescent
dyes or particles, but also MRI, "1 ultrasound!?%! or photoacoustic
imaging/?!l contrast agents) are combined with drug delivery or
other therapeutic approaches in one product. In this sense, hollow
mesoporous silica,?2 polymeric vesicles,/?3! and different NRI!2]
are loaded with anticancer drugs,/?*! ibuprofen,[25] enzymes,[26] or
siRNAI[?7I and are sometimes even modified to achieve a stimuli-
responsive drug release activated by temperature,[26l pH,[28] en-
zymes,[?! or the K* concentration.!3!

Synthesis of Nanocontainers and Nanorattles

The synthesis of hollow nanostructures can be roughly divided
into three approaches for the void creation: (1) hard templating,
(2) soft templating, and (3) self-templating.!!]

In the Fromm group, all three approaches were used for the
synthesis of silica, titania and ceria nanocontainers (NC) and
nanorattles (NR) encapsulating Ag nanoparticles (AgNPs). The
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Fig. 1. Schematic representation
of hollow nanostructures with dif-
ferent shapes and hierarchical lev-
els: (A) hollow spheres, ellipsoids,
tubes, boxes/cubes, tori or cages.
(B) multi-shelled hollow spheres
and cubes (cube-in-box), nano-
rattles/yolk-shell particles with
one or multiple cores, wire-in tube
structures, and decorated hollow
nanospheres. (C) Encapsulation of
iron inside the ferritin cage, image
reprinted from http://www.chm.
bris.ac.uk/motm/ferritin/ferritintu-
torial_molmonth.html (15.11.2018).
(D) Electron micrograph of differ-
ent pollen and (E) Natural photonic
crystals in the spines of Aphrodita
and Pherusa (TEM reprinted
(adapted) with permission from
ref. [8], copyright 2009 American
Physical Society, photograph by
‘Little Boffin (PeterEdin)’ licensed
under CC BY-NC-SA 2.0).

scope of these NC and NR ranges from the improvement of Ag-
based antimicrobial coatings for medical devices to applications
in catalysis for redox reactions, photoelectrochemical water split-
ting, CO, reduction or the degradation of dyes. The following
paragraphs will provide an overview of some of the synthesized
materials and their applications.

Ag-CeO, and Ag-TiO, NC by the Hard Template
Method

For any hard template syntheses, the selective heterogeneous
precipitation of the shell material onto the template as well as a
selective removal strategy for obtaining the void without damag-
ing the shell are both crucial for a homogeneous product. Size
and shape of the void depend strongly on the template’s size and
shape, with the shell thickness being controlled by the coating
procedure. Common coating strategies comprise sol-gel methods,
polymerizations or hydrothermal reactions on polymer, silica,
carbon, ceramic, or metal nanoparticles as typical templates.

Since the first report in 1998 by Caruso et al. on the syn-
thesis of hollow microstructures using layer-by-layer deposition
on polystyrene (PS) templates they became a popular template
material for a great variety of shell materials as they are readily
available in various diameters and easily removed by dissolution
in organic solvents or calcination.!311 Our group has used anionic
200 nm PS spheres for the synthesis of a series of TiO, and CeO,
NC, either with or without the integration of AgNPs or Ag* into
the shell and cavity for antimicrobial activity or the improvement
of photocatalytic properties (Fig. 2).1321

Encapsulation of silver salts inside CeO, NC resulted in a sus-
tained release of Ag*as antimicrobial active species over a period
of several weeks.[3201 Replacing the salt by AgNPs enabled a fur-
ther prolongation of the Ag* release to several months, making
Ag-CeO, NC promising candidates for long-term infection pre-
vention. The addition of a second shell made from TiO, restricted
the Ag* release even more while still preserving the antimicrobial
activity in agar diffusion tests.[322l After three months, the remain-
ing Ag (> 90% of the total initial Ag content) could be released
by addition of nitric acid showing the potential for a triggered on-
demand release of Ag* from these Ag-CeO,@TiO, NC, as many
bacteria tend to acidify their environment. 33!

The same synthetic route was used for Ag-TiO, NC that were
tested for the photocatalytic reduction of CO, to value-added or-
ganic molecules.34 A complex hierarchical structure has been
shown to enhance the photocatalytic performance of TiO, com-

sonication

anatase

Cc

amorphous

200 nm

Fig. 2. Scheme of the hard template synthesis of Ag*-CeQ, (A), Ag-CeO,
(B1), Ag-Ce0,@TiO, (B2), and Ag-TiO, (C) nanocontainers by sol-gel
coating of 200 nm PS spheres (violet) with CeO, (green) and TiO, (blue)
layers and subsequent template removal by calcination and their TEM
images. Micrographs (A), (B2) and (C) taken from ref. [32b], ref. [32a] and
ref. [34] respectively.

pared to common nanoparticles or bulk materials.33) Moreover,
integrated AgNPs could act as electron scavengers and thus lower
the electron-hole recombination rate which was shown to shift the
product mixture to more electron-demanding products at the ex-
pense of CO (i.e. methane requiring 8 e~ instead of 2 e~ for CO).[30]
Besides the photoreduction of COZ, TiO2 nanomaterials are used
for photoelectrochemical water splitting as second contribution
to the quest for alternative energy sources and storage.3”1 The NC
morphology as well as doping with AgNPs could be interesting
ways to increase the photocatalytic efficiency by shifting the ab-
sorption to the visible range. 38!

As a drawback, the above-described Ag-CeO, and Ag-TiO,
NC lacked monodispersity as the integration of AgNPs into the
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Fig. 3. Scanning electron micro-
graphs of anatase TiO, NC by
hard template synthesis with (A)
direct calcination or (B) Soxhlet
extraction prior to calcination and
(C) with increased wall thickness.
(D) Photodegradation of MB by
the mentioned anatase TiO, NC
and (E) their pseudo first order ki-
netics. Reprinted from ref. [32d].
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PS templates by sonication led to coalescence. Moreover, the re-
moval of the PS template by calcination was found to damage the
TiO, shell (Fig. 3A).132d! Instead, dissolution of the PS via a mild
Soxhlet extraction with chloroform kept the shells intact even af-
ter a subsequent calcination (Fig. 3B).32d1 The resulting monodis-
perse 200 nm anatase TiO, NC were used for the photocatalytic
degradation of recalcitrant dyes. The photoactivity depended on
the shell morphology: broken, holey shells resulting from direct
thermal template degradation showed lower activity than intact
TiO, NC obtained from Soxhlet extraction and subsequent calci-
nation (see Fig. 3D and E). An increase of shell thickness drasti-
cally reduced the catalytic activity as well.

Reduction of Ag* by NaBH, in presence of the PS template
and subsequent TiO, coating resulted in monodisperse 200 nm
Ag-TiO, NC with intact shells before and after calcination.!3!
Besides their application in photoelectrochemical water split-
ting, %81 the Ag-TiO, NC were also evaluated for their potential as
antimicrobial active material.32] Amorphous as well as anatase
TiO, NC with 2 or 8 wt% Ag loading were studied for their anti-
microbial, immunological and cytotoxic profiles towards murine
macrophages and fibroblasts in order to ensure that an eventual
antibacterial coating based on these particles would not only be
efficient but also biocompatible. Even if the particles are firmly
attached to an implant surface, they might detach and thus uptake
by immune cells is likely, calling for the investigation of their
immunological impact. We found that all studied particles did not
induce any immune response and the active uptake of significant
amounts, proven by flow cytometry, confocal microscopy, as well
as electron microscopy, did not impact the macrophages’ viability.
A long-term sustained release of Ag* could be measured for all the
different Ag-TiO, NC, being highest for anatase TiO, NC with 8
wt% Ag. In line with that, they provided the highest antimicrobial
activity among all samples, being even bactericidal to methicillin
resistant S. aureus, while showing the same cytocompatibility as
the other particles.

Ag@SiO, NR Using a Microemulsion Template
Soft templates with flexible shapes are the second possibility
for the generation of voids inside nanomaterials. The shells are

Reaction time (min)

deposited via sol-gel routes, hydrothermal reactions, emulsion
polymerizations or other precipitation reactions at the interface
of the soft templates. Emulsions can be especially useful for
the synthesis of rattle-type hollow nanostructures as the core
particles can be encapsulated or synthesized inside the micelle.
In the Fromm group, Ag@SiO, NR were prepared in a reverse
microemulsion system.[3% The synthesis exploits the different
solubility of two silica precursors to induce a structural differ-
ence within the silica shell, which allows for a selective etching
of the inner part. The micelle restricts the overall particle size.
In the first step, hydrazine reduces Ag* in the aqueous phase
to form the Ag cores (Fig. 4A). The shells are then hydrolyzed
from tetraethyl orthosilicate (TEOS) and (3-aminopropyl)tri-
methoxysilane (APTMS). TEOS is better soluble in the cyclo-
hexane phase, whereas APTMS condenses in the aqueous phase
around the Ag core. The void between the Ag and the silica shell
is formed by short washing in warm water which selectively
etches the less ‘dense’ silica network close to the Ag core de-
rived from APTMS. Variation of the Ag* concentration tunes
the ratio of filled Ag@SiO, NR to empty silica NC and thus
the materials’ overall Ag loading (e.g. 3, 13 and 23 wt%).[40]
In dynamic release experiments, a continuous Ag* release was
observed (enhanced with higher Ag loading), leading to better
antimicrobial activity of the Ag@SiO, NR with higher Ag con-
tent. The particles did not induce inflammation, hemolysis nor
did they affect the viability or metabolism of dendritic cells at
concentrations that had strong antibacterial effects.[40l The Ag@
SiO, NR provided as well good catalytic activity that was stud-
ied with the reduction of methylene blue (MB) to its colorless
leuco form by NaBH, as model reaction.!3!

Self-templating Strategy for Ag@SiO, NR

Self-templating strategies are usually less complex than hard
or soft templating as they require fewer synthesis steps. They are
reported to have an increased potential for reproducibility, suc-
cessful scale-up and lower production costs.[®7 Moreover, they
avoid the calcination step frequently used for template removal,
which is not compatible with temperature-sensitive shell materi-
als, altering shell morphology in an undesired way.[*421 Surface
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Fig. 4. (A) Microemulsion synthesis of 25 nm Ag@SiO, nanorattles and (B) their electron micrograph. Reprinted from ref. [39]. (C) Surface protected
etching as self-templating approach to 100 nm Ag@SiO, nanorattles and (D) their electron micrograph.[41]

protected etching, as one example of self-templating techniques,
enhances the relative stability of a nanoparticle’s surface, which
enables the selective removal of the interior.[%43] In order to real-
ize Ag@SiO, NR, solid Ag@SiO, core shell (CS) particles were
synthesized and coated with a layer of polyvinylpyrrolidone
(PVP40) that coordinates strongly with its carbonyl groups to
hydroxyl groups on the silica surface via hydrogen bonding.[*4
The polymer chains are too large to diffuse inside the shell and
thus they protect the particle’s outer surface during the etching
process. Water is small enough to penetrate the shell and can
be used as a mild etching agent on Stober derived silica, which
shows increased water solubility at elevated temperatures due
to incomplete polycondensation of the alkoxide precursors.[*’]
Our synthesis resulted in very homogeneous Ag@SiO, NR with
a distinctive void between the Ag core and the thin silica shell,
while avoiding empty silica NC.[#!l The protective role of the
silica shell was clearly demonstrated again in the catalytic re-
duction of MB. Contrary to AgNP isolated before the silica coat-
ing, Ag@Si0, CS and NR led to a fast initial decrease of the MB
absorption band and its complete disappearance within 30 min.
Furthermore, the Ag@SiO2 CS and NR showed excellent bacte-
ricidal properties, even against methicillin resistant S. aureus.[*1]
A first promising cytocompatibility evaluation using murine fi-
broblasts together with the easy way of functionalization using
silica precursors with one non-hydrolysable side chain will al-
low the exploitation of the high antimicrobial efficacy for nano-
biomaterials.

Conclusion

Overall, all three synthetic strategies have proven to be useful
for the preparation of hollow nanostructured materials, especially
for realizing different sizes with hard templates for >200 nm,
self-templating for about 100 nm and the microemulsion for the
smallest nanocontainers of 25 nm. While the microemulsion soft
template required precise control of the reaction conditions for
reproduction and selectivity of the silica nucleation on the Ag
cores was hardly achieved, the self-templating approach allowed
an easy and fast access to a homogenous encapsulation of the Ag
cores. But, in contrast to the hard template approach, both synthe-
ses are rather limited in their yield and batch scale. With regard
to the biological evaluation of the Ag-containing particles anatase
Ag-TiO, NC and the surface protected etching derived Ag@SiO,
NR were identified as the most promising candidates for introduc-
tion into biomaterials, e.g. into polymer composites or as coatings
on implant surfaces.
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