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/Abstract: The development of nanotechnology has led to
the design of cutting-edge nanomaterials with increasing
levels of complexity. Although “traditional” solid, uniform
nanoparticles are still the most frequently reported struc-
tures, new generations of nanoparticles have been constant-
ly emerging over the last several decades. The outcome of
this nano-art extends beyond nanomaterials with alternative
compositions and/or morphologies. The current state-of-the-
art allows for the design of nanostructures composed of dif-
ferent building blocks that exhibit diverse properties. Fur-
thermore, those properties can be a reflection of either indi-
vidual features, which are characteristic of a particular build-

King block alone, and/or synergistic effects resulting from in-

teractions between building blocks. Therefore, the unique
structures as well as the outstanding properties of nanorat-
tles have attracted increasing attention for possible biomedi-
cal and industrial applications. Although these nanoparticles
resemble core-shell particles, they have a distinctive feature,
which is a presence of a void that provides a homogenous
environment for the encapsulated core. In this Review, we
give a comprehensive insight into the fabrication of nanorat-
tles. A special emphasis is put on the choice of building
blocks as well as the choice of preparation method, because
those two aspects further influence properties and thus pos-
sible future applications, which will also be discussed.

1. Introduction to Nanorattles

The first visionary outlook for the development of nanotech-
nology dates back to December 1959 when Richard Feynman
gave his eminent talk entitled “There’s Plenty of Room at the
Bottom"." Although the term nanotechnology was not utilized
at that time and it has taken decades for Feynman’s visions to
become respected and partially realized,””” humanity has cer-
tainly been fabricating and using nanoparticles since ancient
times without even realizing it. The prime example is the Ly-
curgus cup—a fabulous cup dating back to the 4th century
A.D. made of dichroic glass that changes color depending on
whether light is reflected or transmitted. These extraordinary
properties originate from the presence of gold-silver alloy
nanoparticles with a diameter of 50-100 nm, and were the
masterstroke of ancient Roman glassmakers.”

With the development of electron-microscopy techniques,
a “micro and nano fever” swept the scientific world.” On one
hand, there has been an interest in preparing finer and finer
particles with variable properties depending on their size and
shape. On the other hand, considerable focus has been put
on the development of fancy structures.”” As numerous re-
views on nanoparticles have already been published,”®” the au-
thors of this work would like to present a review solely on the
nanorattle type of nanomaterials, also frequently called yolk-
shell nanoparticles. These structures should be distinguished
from solid nanoparticles®'? (composed of one or many ele-
ments, but with a uniform structure), Janus particles™ (two
parts of the particle have different chemical or physical proper-
ties), hollow particles®"'¥ (with an empty interior), core-shell
particles®™ > (comprising smaller solid particle(s) coated with
a tight layer of other element(s)), as well as from reverse
bumpy balls""®'” (encapsulated cores attached to the shell). As
shown in Figure 1, the feature differentiating nanorat-
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Figure 1. TEM images and schematic representations of the common types
of nanoparticles: a) solid, b) hollow, c) Janus,"* d) core-shell, e) reverse
bumpy ball"” and f) yolk-shell particle or nanorattle.

tles® 12127475 from the aforementioned structures is the void
between the encapsulated cargo and the surrounding shell.
This is clearly a generalization, because more than one particle
can be encapsulated in the cavity®'®2” or the shell can be
composed of several cavities with single particles inside.?" Ad-
ditionally, the shell can be constituted of multiple layers®?2"
and contain functional groups®®?”’ or targeting moieties.!
With regard to shape, spheres®'#'%'8232833] ara the most fre-
quent; however, other possibilities have been reported as well.
These include spindle,?*3¥ rodlike,?*3¢3” and cubic®**“*" nano-
rattles. Very often the shell adopts the same shape as the
core,***% put it is not a general rule.?***3? | ast but not least,
a core does not necessarily need to be a solid nanoparticle
and can be made of hollow sphere(s), resulting in a rattle-type
ball-in-ball sphere ***!

Normally, nanorattles are denoted as core@shell, for example
Au@MgSiO, " as well as Au@HSNs (for hollow silica nano-
spheres)” but sometimes they are also described as core@-
void@shell"*?*! such as Si@void@C," Pt@void@TiO,“® or Au,
@Zr0,'"™ to emphasize the presence of the void. In cases
where the shell consists of two layers, the designation takes
the form of core@shell1@shell2, such as a-Fe,0,@Si0,@Si0,,*”
or Sn0,@Sn0,@5n0,.”Y Herein, the presence of the void will
not be additionally indicated and only the denotation core@-
shell will be used, since mainly rattle structures are considered
in the scope of this review.

The principal purpose of encapsulation is to provide protec-
tion for the core so that its functionalities are not diminished
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and do not vanish upon aggregation and sintering,>2"3" 4448

under harsh reaction conditions,”'>?" or through interaction
with the surrounding environment.”'*3% In many cases, how-
ever, the shell provides some important functionalities itself.
This can include the presence of reactive sites, such as —NH,
groups, for the attachment of targeting molecules for drug de-
livery® 3" or sites for the absorption of target molecules, such
as groups aimed at the extraction of organic targets.””

Multiple possible applications enabled by nanorattles have
become a source of inspiration for scientists to develop the
best and most efficient methods for their preparation. Nanorat-
tles can be prepared in numerous ways and a border line is
not always lucid. As nanotechnology is a multidisciplinary sci-
ence gathering researchers from various fields, we will make
an attempt to provide general guidelines for the preparation
of nanorattles based on the current literature. In the scope of
this Review, we categorize those methods depending on 1) the
use of a template, 2) the sequence of core and shell formation,
3) the way to obtain a void between core and shell, 4) the im-
portance of building blocks in the design of future applications
as well as 5) their characterization methods. In the following
subchapters, we will show that a vast number of possible
nanorattles can be fabricated with combinations of the diverse
functionalities of their components (see section 2. Nanorattle
Building Blocks). This can clearly be achieved by several differ-
ent approaches (see section 3. Methods for the Fabrication of
Nanorattles) influencing further the properties of the obtained
products, such as the dimensions of the compartments. Then,
we will emphasize the importance of the nanorattle building
blocks in the design of the future applications (section 4) and
will show that despite of a variety of analytical methods, the
characterization of nanorattles is not always straightforward
and complex analysis is often required (section 5). Finally, we
will provide some recent examples of nanorattles with poten-
tial for practical applications (section 6).

2. Nanorattle Building Blocks

A vast number of possible building blocks provide a variety of
compositions for the construction of nanorattles. The core is
usually made of metals (Au,?73"*4 AgOd Cy,PY pt 284
Pd,2"*3 Ni'"), metalloids (Si"”), oxides (Si0,'" Fe,0,B"3
Fe,0,,l%?7°43¢1 500,24 C0,0,,"), doped oxides (Gd,0;:Eu**F7)
or sulfides (Ag,S, CdS, PbS, ZnS, AgInS,),"" whereas the shell
can be composed of metal (Pt*"), oxides (SiO,'%2%3">"
MgSiO,* CuSiO,™ NSO, NiTiO,* Ce0,2"?® 710,
Ti0,, % S0, Fe,0,%%), polymers®®>® (P(NIPAm-coAAM),>”
PMAA,B? PANi®) or carbon®™® (C'® groups,®® nitrogen-doped
carbon!).

The chemical composition of nanorattles largely determines
their properties. For example, Auy,P'>1831444860 N2 gng
Pd®?"**¢7 mainly constitute the core of catalytic nanorattles.
Very often, functionality depends solely on the nature of the
core®'?'® and the function of the shell is reduced to a protect-
ing role.”>'® However, some studies report a synergistic role
of both core and shell, as seen for example in Pt@CeO,,*®
C0,0,@Si0,,*" or Fe;0,@5n0,® resulting in improved visible-

light photocatalysis,*® catalysis,“” as well as microwave ab-
sorption,”® respectively. Nanorattles with individual functionali-
ties for different compartments are gaining increased atten-
tion; for instance, in the combination of a magnetic Fe;O, core
and a photocatalytic TiO, shell.*® The presence of pores on
the surface of shells provides channels through which small
molecules can enter the cavity.”” This aspect should be espe-
cially kept in mind when nanorattles are intended to act as
drug carriers or nanoreactors, as pore blockage can diminish
the overall performance. Although still neglected, the void also
seems to play a crucial role in determining the final
properties.?¥

As nanorattles are complex structures and still remain a rela-
tively new type of nanomaterial, a lot of effort is focused on
the utilization of well-understood processes for their prepara-
tion. Sol-gel processes to obtain silica have been intensively in-
vestigated over the last decades and are commonly used in
the preparation of nanostructures.®” Owing to the well-known
silica chemistry, as well as a variety of benefits served by its nu-
merous precursors, it is still the most broadly used composite
for the preparation of nanorattles. Table 1 shows the most im-
portant silica precursors used in the preparation of nanorattles.
Only two of those (TEOS and TMOS) contain four hydrolyzable
groups, whereas all others have only three hydrolyzable
groups and one remaining substituent. This substituent pro-
vides some unique properties, allowing the design of nanorat-
tles. First, the precursors shown in Table 1 differ in the rate of
hydrolysis and condensation,'**) a fact that results in
a change in the density of the siloxane framework. It was re-
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- - - the number of nitrogen atoms.
Table 1. Silica precursors used in the preparation of nanorattles. L
As the former contains two N
Acronym  Full name References atoms, it can form chelates with
TEOS tetraethyl orthosilicate, tetraethoxysilane, tetraethylortho- [9,14,18,20,23,26,27,29- gold, whereas the latter contains
silane 31,34,40,44,54,57,66-68] only one site for interaction and
TMOS tetramethyl orthosilicate [12,53,69] the Complexation is Weaker.
APTES (3-aminopropyl) triethoxysilane [26,29]
APTMS  (3-aminopropyl) trimethoxysilane [9,14] Polymers such as polyethylene
BTME 1,2-bis(trimethoxysilyl) ethane [23,69] glycol (PEG) can also be at-
BTEB 1,4-bis(triethoxysilyl)benzene [69] tached to the silica surface
C;sTMS  n-octadecyl trimethoxysilane [12,27,31] either by incorporation of PEG
CrsTES ,r"OCtadec,yl methoxys'lane 301 by silanization directly with PEG-
IBMS isobutyltrimethoxy silane [70] ‘ 271 .
MPTMS  (3-mercaptopropyl) trimethoxysilane [23,29] silane” or by reaction between
PDES 1H,1H,2H,2H-perfluoro decyltriethoxysilane [29] the amine group on the shell
PEG- polyethyleneglycol silane [27] surface with methoxy poly(ethy-
silane L
lene glycol inimidyl carbon-
PMTMS  3-(trimethoxysilyl) propyl methacrylate [29,31] ene glycol) Sufz(;] dyl carbo .
MPS [3-(methacryloyloxy) propylltrimethoxy silane ate (MPEG-SC).*” Another possi-
3-TBS 3-tert-butyloxycarbonyl aminopropyl-triethoxysilane [23] bility to change the properties
TMAPS  N-trimethoxysilylpropyl-N,N,N-trimethylammonium chlo-  [22] of the surface is the oxidation of
ride S
—SH gr riginating from (3-
TPI (3-isocyanatopropyl) triethoxysilane [31] SH groups orig .at g O_ 3
TSD N-[3-(trimethoxysilylpropyllethylene diamine [10,18,29, 68] mercaptopropyl)trimethoxysilane

ported, for example, that hydrolysis of TEOS leads to the for-
mation of a more dense silica network than hydrolysis and
polycondensation of TEOS together with APTES.®® This possi-
bility to tune the density is frequently used to selectively
remove the silica core® or the interlayer between core and
shell.l'%126:27.61 Organosiloxanes with longer carbon chains ex-
hibit the ability to influence the pore size of the silica
shell.'®>231 Depending on the substituent (group R), surface
properties such as the zeta potential’® or the hydrophobici-
ty? 239 of certain compartments, such as the outer layer®
and the void,**% can be altered. In addition, amino silanes,
such as APTES, can be used as both vesicle-inducing as well as
co-structure directing agents,”? whereas silanes with long
carbon chains, such as C;s,TMS, act as pore directing
agents.””*" And last but not least, R serves as a moiety for sur-
face functionalization. Owing to the presence of —NH, groups,
APTES"* 2% and APTMS"**” are often used for functionalization
of the shell with fluorescent dyes by coupling, for example,
with the thioisocyanate group of fluorescein isothiocya-
nate.'®' The so-prepared fluorescent silica precursors can be
either used to coat already synthetized nanorattles through
silane coupling®>” or directly in the synthesis of nanorattles
during hydrolysis and polycondensation with other silica pre-
cursors.™ As nitrogen-containing molecules can coordinate to
metal ions, such as gold ions,’™ they can also be used in the
encapsulation of gold by forming a gold complex followed by
reduction to metallic gold.”'®?* For example, when N-[3-(tri-
methoxysilyl)propyllethylenediamine (TSD) was used as the
amine source, the reduction was carried out solely by heating
and no additional reducing agent was necessary."®* However,
in case of shorter carbon chains, such as in APTMS, an addi-
tional reducing agent, for example, NaBH, was required to
obtain the Au nanoparticles (NPs).”’ This might be related to
structural differences between TSD and APTMS with regard to

into —SO;H or the deprotection
of 3-tert-butyloxycarbonyl ami-
nopropyl-triethoxysilane, leading
to the presence of —NH, groups.”® An extensive review by
Sapsford et al. provides useful guidelines for the functionaliza-
tion of nanoparticles with biological molecules,® techniques
that certainly can be applied to nanorattles as well.

3. Methods for the Fabrication of Nanorattles

The preparation of nanorattles is hardly ever performed in
a single-step synthesis.***? Usually, the procedure involves
several steps including the fabrication of the core, growth of
the shell, as well as various post-synthesis treatments such as
core removal, functionalization of compartments, and loading
with cargo (drug or metal precursors for top-down synthesis of
metal@shell nanorattles). Owing to multistep and complex ap-
proaches that are often intertwined, the strict classification of
fabrication methods is difficult. Herein, we present some
guidelines that might be helpful in the decision-making pro-
cess with regard to the choice of the method for the prepara-
tion of a functional nanorattle. While planning the fabrication
of nanorattles, three major questions should be answered:

1 Which template should be used?

2 Which compartment of the nanorattle should be fabricated
first? Core or shell?

3 How to obtain the desired void between core and shell in
cases where core-shell particles are an intermediate form?

3.1. Use of a template

In general, the synthesis can be classified depending on
whether a template is used or not. In the former case, either
a hard or a soft template constitutes a scaffold for the growth
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of the shell. In the latter case, the shell occurs as a result of
physical transformations of intermediate templates.

3.1.1. Hard template methods

The hard template method is the most frequently used
method®?%3%4%>% for the synthesis of hollow spheres and
nanorattles owing to its relative simplicity compared with
other methods. In a typical procedure (Figure?2), a core

a

) . shell growth . shell removal
P — s ooredE -

b) . shell growth . core removal ?
e C————ce— @

§C)

Figure 2. Hard template approach to the preparation of nanorattles. The
void is obtained by a) removal of the interlayer®" and b) partial removal of
the core.?”

(metal,">3"* oxide,?2°=31555¢  polymer”7?) is coated with

onel'®2°5%¢ or 3 few I'layers, forming the shell. This coat-
ing can be based on the hydrolysis and condensation of
silica,l'>223144561 seaded distillation—precipitation polymeri-
zation,®" or a hydrothermal reaction.®” Subsequently, the
core®3% or the middle layer™?”3"%>% js removed, leading to
a rattle-type structure (see section 3.3 Void Formation).

Using the hard template method, Wu et al. showed the mul-
tistep preparation of Fe;O, inside mesoporous silica spheres.
Initially, hematite nanoparticles (Fe,O;) were coated with silica
precursors (TEOS and C,,TMS) and then the void between core
and shell was obtained upon ammonia etching. Subsequent
thermal treatment (at 653 K) in the presence of H, (5 vol %)/Ar
resulted in the reduction of hematite to magnetite.”” Linley
etal. used silica as an interlayer between a Fe;O, core and
a TiO, outer shell. Hydrothermal treatment (180°C, 1.5 h) re-
sulted in the removal of the silica layer as well as a phase
change of amorphous TiO, into anatase.”®

An unquestionable advantage of the hard template method
is the tunability of the compartments’ sizes®'*?*3" as well as
facile scaling up of the synthesis. If the core is made of silica,
its size can be easily controlled in a sol-gel process by simple
changes to the reaction parameters. Likewise, the size of the
void and the wall thickness can be tuned by the number and
the thickness of the layers surrounding the core.®"

[27,30,31

[31]

3.1.2. Soft template methods

Soft template methods include the use of microemulsions, sur-
factants, co-templates, as well as polymers. Although those
methods are less frequently used in the fabrication of nanorat-
tles in comparison to the hard template methods, their poten-
tial with regard to the preparation of fine homogenous nano-
composites makes them particularly attractive.

3.1.2.1. Microemulsions: The microemulsion technique is
a widely used method for the preparation of high-quality

nanomaterials,”’>7# in which the formation of micelles dictates

the size””¥ and shape®®” of the nanomaterials. As the diameter
of the micelles can be tuned simply by changing the water-to-
surfactant ratio, controlling the size of nanoparticles is facile.’
Usually, microemulsions consist of an aqueous phase, an oil
phase, and a surfactant, forming ternary systems.>’? In the
case of quaternary microemulsions,™*7*>7>#" 3 co-surfactant is
additionally added to support the formation of micelles by di-
minishing the repulsion between the surfactant molecules.”
Depending on which phase is in the majority, normal (oil-in-
water) or reverse (water-in-oil) microemulsions are formed."”
Solid nanoparticles are fabricated when their precursors are lo-
cated in the same phase; this can occur either through the
mixing and coalescence of two micelles containing different
starting materials or by the initiation of a reaction between
two precursors in one micelle upon a stimulus, for instance,
heating.”>”¥ On the other hand, if the reaction is carried out at
the boundary of the micelle, hollow spheres can be ob-
tained.’>747677.7982) |n this case, however, the size of the shell
might exceed that of the micelle.”>” In addition, to avoid the
formation of solid spheres, precursor diffusion into the micelle
needs to be decelerated. This can be done by controlling sev-
eral parameters, such as the choice of the shell precursor, its
concentration, temperature and speed of the precursor addi-
tion, the temperature of reaction, or the solubility, as well as
by increasing the viscosity inside the micelle.”>*” This method
is relatively new for the synthesis of hollow spheres.”7>7¢ Al
though both normal as well as reversemicelles can be used,
the latter ones are more frequently used.”'#33737476-81

The preparation of nanorattles by using microemulsions can
be achieved in three distinct ways. As depicted in Figure 3, this
system allows a) the introduction of already prepared NPs" or
other cargo”¥ into the microemulsion and then the growth of
a shell around them/it; b) encapsulation of a metal precursor
during formation of the shell and reduction to its metallic form
after the synthesis of the shell; c) reduction of a metal pre-
cursor within the microemulsion and encapsulation of the ob-
tained NPs during the formation of the shell.®™

nanoparticle " shell growth
CEsseressesmels

e——
purification

- shell growth reduction

e £ e
purification

reduction “ . shell growth J‘
S i
purification @
@ surfactant « COre precursor core nanoparticle

Figure 3. Microemulsion approach to the preparation of nanorattles. Nano-
rattles are obtained by a) shell growth around a nanoparticle located inside
the micelle,"” b) reduction of metal precursors after growth of the shell,””’ or
¢) reduction of metal precursors in the micelle and subsequent shell
growth.®?
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Feldmann and co-workers have carried out extensive re-
search on the preparation of hollow spheres by using water-in-
oil microemulsions stabilized by a cationic surfactant, cetyltri-
methylammonium bromide (CTAB)”>7¢%" as well as oil-in-water
microemulsions stabilized by an anionic surfactant, sodium do-
decyl sulfate (SDS).”*7 A vast variety of nanocontainers com-
posed of metals (Ag®” Au”7), oxides (y-AlO(OH)?
La(OH);,”" ZnO,®? Sn0,,"*®" TiO,"”) and sulfides (CuS,”*"®
Cu,S,"8 Cu,,S") with outer shell diameters of 10-60 nm?¥
were prepared. With this method, the dissolution of inorganic
salts (K,S,0574 KFV4 KSCN™), biomolecules (nicotinic acid,”
phenylalanine,”® quercetin”) or fluorescent dyes (riboflavin,
rhodamine”) in the water pool of a reverse micelle prior to
shell growth enabled their encapsulation inside AIO(OH).>747¢l
Although those nanocontainers do not exhibit a yolk-shell
structure, they might constitute a basis for the formation of
nanostructures of higher complexity, such as nanorattles.

Nanorattles made solely of silica have also been prepared by
using the microemulsion approach. Reverse micelles composed
of an aqueous phase, cyclohexane and a non-ionic surfac-
tant®'"8 3re the most commonly used system. To obtain
hollow SiO, spheres, the silica condensation inside the sphere
should be reduced. As shown by Lin et al., this can be ach-
ieved by proper combination of TEOS and APTMS, where the
latter has one less condensable group, the amine group. When
TEOS is hydrolyzed and co-condensed together with APTMS at
the proper ratio, hollow spheres are obtained. However, if the
TEOS/APTMS ratio is too high, or if APTMS is not used at all,
solid spheres are obtained instead. Conversely, a too low
TEOS/APTMS ratio leads to the destruction of the hollow
spheres. It was also shown that changing the sequence of ad-
dition of the different ingredients leads to a mixture of small
hollow spheres and large yolk-shell spheres." To overcome
the problem of size polydispersity, Lin etal. switched from
a quaternary microemulsion using Triton X-100 and n-hexa-
nol™ to a ternary system using solely Igepal CO-520” as the
surfactant.™ The so-prepared SiO, hollow spheres were small-
er (diameter=26.2+2.6 nm, wall thickness=6 nm) and more
monodisperse’® compared with the previous method (diame-
ter=40+3.2 nm, wall thickness=5nm) when the content of
APTS was changed and the surface functionalized with a fluo-
rescent dye. The top-down encapsulation of AuNPs using this
method is described in more detail in section 3.2.2.

As mentioned, the microemulsion technique allows the en-
capsulation of compounds dissolved in the interior of the mi-
celle.” In contrast, water-in-oil microemulsions allow the en-
capsulation of oil-soluble Fe;O, magnetic nanoparticles inside
fluorescent silica spheres, even though the silica is formed
inside the reverse micelle (i.e., in the water droplet). This is ex-
plained by the replacement of the oleylamine protecting
group on the Fe;0, surface by hydrolyzed TEOS,™ which re-
mains in the oil phase before diffusion into the water drop-
let.®™ Subsequently, the superparamagnetic particles are
brought into the micelle. The void between the core and the
shell was obtained by soaking the NPs in water for a week."
Another example of encapsulation of oil-soluble NiNPs inside
SiO, by using reverse micelles was shown by Park et al."? In

this case, however, the void was obtained by selective etching
of the metallic core with HCL'? The method by which metal
particles are dispersed in cyclohexane and are coated in a mi-
croemulsion, leading to core-shell particles, followed by subse-
quent etching of the core or shell is quite common for the for-
mation of nanorattles (Table 2). Moreover, this method often

Table 2. Preparation of nanorattles in microemulsions.

Core Surfactant SiO, precursor  Removal of  Etching  Ref.
agent

Pd Igepal CO-630  TMOS, C,,TMS  Silica layer H,O [61]

Au Igepal CO-520  TEOS Fe;O0, NaBH, [83]

Fe;0,  Triton X-100 TEOS, APTMS APTMS H,0 [14]

Au Igepal CO-520  TEOS, APTMS APTMS H,0 [9]

Ag Igepal CO-520  TEOS, APTMS APTMS H,O [33]

constitutes an intermediate step in the formation of the mate-
rials for a further hard template approach. For example, in
order to obtain Pd@Niphy (Niphy=nickel phyllosilicate) nano-
rattles, already prepared PdNPs were coated with silica by
using reverse micelles. This yielded Pd@SiO, core-shell nano-
particles. Coating with Niphy and subsequent removal of SiO,
with HF resulted in Pd@Niphy nanorattles.**

An interesting approach for the encapsulation of Au@SiO,
and Ag@SiO, was proposed by Yeo etal®’ As mentioned
above, Fe;O, nanoparticles dispersed in cyclohexane can be
coated with TEOS. At the same time, Au®*" ions from aqueous
HAuCl, solution in the interior of the micelle are reduced by
the surfactant and nucleate at the surface of the core. Upon
addition of NaBH,, the AuNPs facilitate the reductive dissolu-
tion of Fe;0,® in which Fe" is probably reduced to more
water-soluble Fe'"®* according to the following reaction:

Fe,0, + 6H' +2e  — 2Fe?" +3H,0 (1)

Removing Fe;0, leads to the formation of Au@SiO,. Using
Fe;0, nanocrystals of different sizes enabled the tuning of the
Au@SiO, cavity size. Ag@SiO, core—shell nanoparticles were ob-
tained by adding AgNO; and hydrazine to an Au@SiO, suspen-
sion. By increasing the Ag™* concentration, it was shown that
not only the size of the AgNPs increased but also that nuclea-
tion occurred on the Au surface, leading to the encapsulation
of AgNPs inside the SiO, shell.®

Recently, Fan et al. encapsulated hydrophobic NaYF,:Yb/Er@-
NaGdF, nanorattles inside a silica shell by using a water-in-oil
microemulsion.®” First, oleic acid-capped cores were suspend-
ed in a mixture composed of Igepal CO-520 and cyclohexane
(Figure 4). Then, aqueous ammonia was added after 3 h. After
another 2 h, TEOS was slowly injected (over 1 hour) into the
microemulsion. After 36 h of reaction, samples were purified
and a second shell of silica was grown by using the water-
phase regrowth method. This was achieved by diluting an
aqueous suspension of the silica-coated cores with ethanol
and ammonia, followed by slow addition of TEOS over 5 h. The
reaction was terminated after 24 h and the samples were puri-
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Figure 4. Preparation of nanorattles by encapsulation of the core using
a three-step synthesis.

fied. Finally, the rattle structure was obtained by “surface-pro-
tected hot water etching”. The presence of a protecting agent
as well as the etching time were shown to play crucial roles in
the formation of the hollow structures. Only the use of poly(vi-
nylpyrrolidinone) (PVP) with a high molecular weight (M,,=
40000) led to inside-to-outside etching and thus a rattle struc-
ture. Using PVP with lower molecular weight (M,,=10000) re-
sulted in outside-to-inside etching and no rattles were
obtained.””

Dahlberg and Schwank reported the synthesis of Ni@SiO,
nanotubes by using polyoxyethylene (10) cetyl ether as a non-
jonic surfactant.”” Conversely to the above-mentioned synthe-
ses, this reaction was carried out at elevated temperatures. The
influences of aging time before TEOS addition, of reducing
agent concentration, of TEOS concentration, as well as temper-
ature were taken into consideration. It was shown that the
silica shell adapts the shape of the micelle. Interestingly, de-
pending on the reaction parameters, shapes varied from spher-
ical to tubular with micrometer length, an observation that
was attributed to gas formation contributing to the elongation
of the micelles. In the case of micelles where Ni and gas pre-
cursors were absent, only a spherical shape was obtained.””!

In our group, we have modified the microemulsion method
proposed by the research group of Mou®'¥ and have devel-
oped a one-pot bottom-up synthesis for the preparation of
Ag@Si0, nanorattles.*™ Contrary to previous studies on reverse
micelles,”'>' the cores were prepared directly in the reaction
mixture of the microemulsion. First, silver cations were reduced
to metallic silver. Depending on the AgNO; concentration, the
size and shape of AgNPs as well as the loading of the nano-
containers could be altered. At lower concentrations (0.001,
0.005, 0.01 m), only few-nanometer spherical AgNPs were ob-
tained. Because of numerous hollow spheres, the yield of the
loading was small. However, on increasing the AgNO; concen-
tration (to 0.05 or 0.1 m), the size of the NPs and the loading of
the nanocontainers was increased as well. In addition, shapes
other than spherical occurred. In the case of irregular shapes
such as rod-like and triangular particles, the shell adapted the
shape of the AgNPs. Above 0.15m AgNO;, the obtained AgNPs
were again more homogenous with spherical shape and 100 %
loading of the nanocontainers with spherical AgNPs was ob-
tained at 0.2m AgNO;. Further increase of the AgNO; concen-
tration to 0.5 and 1w led to core-shell Ag@SiO, structures as
well as AgNPs embedded in a silica network, respectively.*
Additionally, the introduction of a fluorescent silica precursor
(fluorescein isothiocyanate (FITC)-APTS) allowed the prepara-
tion of Ag@FITC-SiO, nanorattles.

Recently, Lan et al. reported the synthesis of superparamag-
netic nanorattles in a microemulsion composed of two surfac-
tants. In this dual-template strategy, Fe;O,/polymethyl metha-
crylate nanoparticles with an anionic surfactant (sodium dode-
cylbenzene sulfonate, SDBS) on their surface were dispersed in
cationic CTAB. Ultrasonication resulted in the formation of a mi-
croemulsion. After growth of the silica shell, the surfactants
were removed by alcohol dialysis.®”

3.1.2.2. Soft co-templates: Song etal. demonstrated the
use of a soft co-template as a means to obtain SiO,@SiO,
nanorattles with varying sizes and morphologies.”® Initially, the
SiO, cores were prepared by modification of the Stober
method.®® This was achieved by a slow dropwise addition of
an ethanolic TEOS solution into a mixture of ammonia, water,
and ethanol at 60 °C. After 4 h of reaction, and the subsequent
purification and drying, the obtained NPs were dispersed in
water and surrounded by vesicles while dispersed in a mixture
of CTAB and dodecanol. Further addition of TEOS resulted in
the formation of a core-shell-shell structure with two layers of
silica that differed in porosity. As the middle layer was more
porous, owing to the presence of surfactants, its etching by
Na,CO; solution was facilitated. The nanorattles were 200 nm
in diameter, and the core size, void size, and wall thickness
could be simply controlled by the etching time.?

3.1.2.3. Surfactants: The use of surfactants as soft templates
was reported for the first time by Wu and Xu. This one-step,
general, and simple synthesis employs APTES as a vesicle-in-
ducing agent, and profits from the synergistic effect between
zwitterionic (lauryl sulfonate betaine, LSB) and anionic (sodium
dodecyl benzenesulfonate) surfactants. After dispersion of the
cores in an aqueous mixture of the surfactants, addition of
a vesicle-inducing agent, for example, a short-chain alkyl
amine, generated the formation of vesicles. Owing to electro-
static attraction, co-structure-directing agents (CSDA) were at-
tached to the vesicle surface. A subsequent sol-gel process
with CSDA and TEOS led to the formation of a silica shell repli-
cating the core shape. As this method enables the encapsula-
tion of cores regardless of their size, shape, and chemical com-
position, spherical SiO,@SiO, and Au@SiO, as well as spindle-
like Fe,0,@Si0, nanorattles could be fabricated.”>* The prep-
aration of a mesoporous silica shell can be achieved by using
a soft template composed of LSB together with SDS, and by
replacing APTES by a mixture of APTES and TMAPS as CSDA. In
addition, employing yolk—shell particles as the core allows the
preparation of SiO,@SiO,@SiO, nanorattles. In this way, multi-
shelled nanorattles with three or four shells can also be easily
prepared (Figure 5).2?

3.1.2.4. Polymers: Polymers serve an interesting means of
soft template that can be used to prepare nanorattles with an
organic shell. For example, poly(vinylpyrrolidone) can be effec-
tively used for the preparation of hollow poly(3,4-ethylenediox-
ythiophene) (PEDOT) through electrochemical polymerization.
Subsequent incorporation and reduction of silver cations re-
sults in the formation of Ag@PEDOT.®
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Figure 5. Preparation of multi-shelled nanorattles by using surfactants as
soft templates. On the basis of refs. [22] and [35].

3.1.3. Template-free Methods

3.1.3.1. Ostwald ripening: Ostwald ripening is a well-known
physical phenomenon in which minuscule crystallites dissolve
and recrystallize to form larger ones.” Recently, Cao et al. pro-
posed such a mechanism for the formation of “fluffy” core-
shell, yolk-shell, and hollow anatase nanoparticles. When
amorphous titania spheres were coated with metastable am-
monium titanate and subsequently calcinated at 500°C in air,
only the outer layer underwent a phase transition to anatase
nanocrystals. Those crystals functioned as seeds for further
growth of titania dissolved from the core. As a result of Ost-
wald ripening, the core was dissolving whereas the shell was
enlarging.”"

Cubic Co;0,@SiO, nanorattles were prepared by thermal de-
composition of Cos[Co(CN),,@SiO, core-shell nanocubes
during calcination at 550°C for 1 h.*” This thermal treatment
led to the conversion of the Cos;[Co(CN)¢], nanoparticles to
monodisperse Co;0, nanocrystals owing to Ostwald ripening.
In addition, due to the high temperatures during this process,
the surfaces of the cores were cleaned as well.”!

Zhang et al. have prepared Pt@CeO, yolk-shell spheres by
using a template-free hydrothermal method.”® As PtNPs are
necessary to form the spherical CeO, shells and because the
presence of the void depended on the reaction time as well as
on the concentration of the ceria precursor, heterogeneous
seeded growth and Ostwald ripening processes both seem to
be involved in the mechanism of formation of these
particles.”®

3.1.3.2. Spray pyrolysis: Another template-free approach
was proposed by Zheng and co-workers.®? Various metal@car-
bon were prepared by ultrasonic spray pyrolysis. In this one-
step method, the metal salt is initially reduced by sodium cit-
rate in an aqueous droplet at high temperature. Then, excess
sodium citrate forms a shell at the periphery of this hot drop-
let. Once the shell is carbonized, the carbon shell is obtained.
Removal of water-soluble byproducts leads to the formation of
nanocontainers with multiple encapsulated cores. As different
aqueous solutions can be used, this method allows the encap-

sulation of different metal nanoparticles to form metal@carbon
nanorattles, such as Sn@carbon, Pt@carbon, Ag@carbon, and
Fe-FeO@carbon. Interestingly, the loading can be tuned by
simple variations of the salt concentrations.?

Spray pyrolysis was also successfully used in a one-pot syn-
thesis of double-shelled rattles. Using solely tin oxalate as a pre-
cursor, water as a solvent, and sucrose as a source of carbon,
all of which were heated at 1000 °C for 22 s, resulted in poly-
crystalline SnO,@Sn0,@Sn0, without the need for any post-
synthesis treatment. The formation of yolk-shell structures was
highly dependent on the presence of sucrose, without which
only solid SnO, spheres could be obtained. In the proposed
mechanism, voids were formed as a result of unequal supply
of oxygen to different parts of the initially formed C-SnO,
composite and thus its unequal combustion to SnO,. In addi-
tion, the temperature dictated the speed of this combustion
and as a result determined whether only one or two shells
were formed.? Using this method, binary (TiO,-Al,0,), ternary
(TiO,—Al,05-Zr0,), quaternary (TiO,-Al,05-ZrO,-Ce0,), and also
quinary (TiO,-Al,0;-ZrO,—Ce0,-Y,0;) systems with yolk-shell
structures could be obtained.”

3.1.3.2. Two-step spontaneous assembly of hydrolytically
formed subunits: An innovative approach for a one-pot syn-
thesis of V,0s; was developed by Pang et al®” As shown in
Figure 6, a precursor of vanadium oxide was initially mixed
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Figure 6. Preparation of nanorattles by two-step spontaneous assembly of
hydrolytically formed subunits. On the basis of ref. [92].

with isopropanol in order to decelerate its subsequent hydroly-
sis in the presence of minor amounts of water. During solvo-
thermal treatment at 190°C, small V,0, NPs were fabricated,
which showed a tendency to aggregate. Those aggregates
formed yolks, which are probably surrounded by isopropanol.
The weak polarity of the alcohol gave rise to water solvation
and secondary hydrolysis probably occurred at the boundary
between aqueous and alcoholic phases, leading to the yolk-
shell structures. Crystalline V,0; was obtained as a result of
subsequent calcination at 500°C for 30 min.®”

3.2. Encapsulation sequence

Depending on whether the core or the shell is fabricated first,
nanorattle production can be classified by either a bottom-up
or top-down approach, regardless of the template used. In the
bottom-up approach, a shell is grown around the already pre-
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pared core, and therefore can be considered as direct encapsu-
lation. In the top-down approach, the procedure is reversed
with the shell being produced first.*%>"

3.2.1. Bottom-up encapsulation

The bottom-up procedure, also named pre-core-post-shell,”
for the preparation of core@shell nanocomposites is the most
frequently used method nowadays.*?"2%3"44% |n general, the
core is first produced® by one of many available methods for
the preparation of solid nanoparticles.®™®! Then, the formed
core is encapsulated by the shell. As already described, encap-
sulation can be carried out by several different methods (Fig-
ures 2, 3a and ¢) by using the microemulsion (section 1.3.1.2)
or hard template methods (1.3.1.1). As cores frequently serve
as nucleation centers for the subsequent growth of the shell
around them, this method is relatively facile compared with
the top-down-encapsulation approach, where certain precau-
tions are required to ensure the initial entrance of the core
precursors into the formed nanocontainer and their retention
before the subsequent formation of the core, as will be de-
scribed in the next section.

3.2.2. Top-down encapsulation

In the top-down procedure, also called the pre-shell-post-core
method,””® the shell of the nanorattle is prepared first. After-
wards, metal cations are reduced to their metallic form in the
void. In this approach, metal precursors can be either encapsu-
lated during® or after!’®?” formation of the shell (Figure 3b).
As before, let us consider Au@SiO, nanorattles prepared by the
microemulsion (soft template)” and hard template methods.?”

As shown in Figure 7 a, hollow silica spheres with an amino-
functionalized inner shell surface (made by the hard template

u 5
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e
b) HAUCI, 80°C,2h /
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Figure 7. Top-down approach for incorporation of AuNPs into already pre-
pared a) hollow® and b) yolk-shell spheres"® with amine-functionalized in-
teriors to form Au@SiO,.

approach) were immersed in an aqueous solution containing
[AuCl,]” ions. Those ions can diffuse into the void through
pores and form chelates with the amino groups. Under hydro-
thermal treatment, Au®" is reduced to Au® in the form of ap-
proximately 30 nm AuNPs encapsulated inside the nanocon-
tainer (diameter =360 nm, wall thickness=40 nm) with fine Au
nanocrystals embedded in the shell as well.??

Reverse micelles are formed when the aqueous phase is in
the minority; thus, water is located inside the micelles.”” How-

ever, substituting water with an aqueous solution of chloroau-
ric acid (HAuCl,(,) allows introduction of a gold precursor into
the system even before the shell precursors (TEOS and APTMS)
are added (Figure 3b). These gold precursors remain inside the
micelle during the formation of the silica shell and subsequent
purification as they are absorbed inside the silica shell.

The reduction to metallic gold occurs upon addition of an
aqueous solution of NaBH,. Notably, the amount of encapsulat-
ed AuNPs depends on the initial HAuCl, concentration. At
lower concentrations, only one AuNP per shell was produced,
whereas at higher concentrations, several AuNPs were encap-
sulated. After calcination at 560°C for 6 h, single-Au@SiO, did
not appear to change, whereas in the case of multiple-
Au@SiO,, the cores sintered, forming larger single-Au@SiO,.
This method thus enables the formation of hollow silica
spheres with a diameter of 21.8+2.1 nm filled with AuNPs of
tunable size (2.8-4.5 nm) as well as loading (1.2-4.9 wt %).””

As seen from the aforementioned examples, when only gold
is encapsulated inside a silica shell, the microemulsion method
allows preparation of much smaller nanorattles, the total size
of which can be smaller than that of just the gold core made
by the hard template method. However, the use of the hard
template method does not exclude the possibility of obtaining
finer AuNPs. For example, SiO,@SiO, nanorattles were prepared
by selective etching of the middle layer between the core and
the shell, a layer that was composed of TSD—a molecule con-
taining plenty of residual alkylamino groups (Figure 7b). Those
groups have the tendency to reduce gold cations under heat-
ing"®¥ as was shown in the previous example.”® The so-ob-
tained nanorattles were composed of two cores: 50 nm SiO,
and size-tunable AuNPs (6.94+1.3, 15.14+2.2, 25.44+3.9 nm) sur-
rounded by a 110 nm SiO, shell with a 13 nm thick wall."®

Further comparing both methods, the success of encapsula-
tion by the microemulsion method relies on the solubility of
HAuCl, in water, which comprises the interior of the reverse
micelle.” In the case of nanocontainers being prepared by the
hard template method, the diffusion of the gold precursor
through the pores into the interior plays a crucial role.'®*”
Worth noticing is the fact that, in all cases, the size of AuNPs
was simply tuned by variations of the HAuCl,
concentration.® &2

In the aforementioned examples, all nanorattles consist of
an Au core and a SiO, shell, and factors such as the choice of
the method and silica precursors as well as internal composi-
tion of the nanorattle determined the size of the core, shell,
and wall thickness. As the optical properties of AuNPs are
strictly related to their sizes,"®?" it should be kept in mind that
changes in the experimental procedure can have a large influ-
ence on the resulting products and thus possible applications.

Changing the precursor concentration is not the only possi-
bility to control the core size. Hah et al. showed that by repeat-
ing the procedure for incorporation of cations into the shell
and their subsequent reduction, it is possible to tune the core
size. In this way, Cu@SiO, nanorattles with cores of 40, 70, and
100 nm were obtained.””

Another interesting example of the top-down approach to-
wards encapsulation is associated with the multistep prepara-
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tion of thermoresponsive, luminescent nanorattles for con-
trolled drug release (section 6.1.).°” First, hollow mesoporous
silica shells were prepared by the sacrificial hard template
method and air was evacuated from the void under vacuum.
Then, gadolinium and europium precursors were sucked into
the interior. Subsequent calcination at 550 °C led to the forma-
tion of gadolinium oxide doped with europium cations. To
obtain thermoresponsive P(NIPAm-co-AAm) polymers, the
monomers as well as a photoinitiator were encapsulated with
the aid of vacuum in a similar way. Exposing the purified nano-
rattles to UV-light resulted in a photoinduced polymerization
inside the void and thus polymer located in between the core
and the shell. Fluorescent nanorattles were obtained by silani-
zation with fluorescent silica precursor, whereas drug loading
was achieved by soaking for 24 h.5”

3.2.3. Changing the core

In the previous sections, methods of core incorporation were
presented. An alternative approach to core formation is metal
displacement, a method that provides an interesting way to
exchange already encapsulated metal cores for another metal.
For example, Cu@SiO, can be transformed into Ag@SiO, by
a redox reaction in which zero-valent CuNPs are oxidized to
Cu*"™ cations while Ag™ cations are reduced to metallic Ag
inside the core.”"

3.3. Void formation
3.3.1. Selective removal

In the previous subchapters, we have already seen diversified
approaches to building nanorattle structures. Most of those
methods, however, do not provide direct formation of yolk-
shell structures and core-shell nanoparticles are formed in-
stead. The common procedures to reach yolk-shell structures
involve a) removal of the interlayer;!'%>1921:26:27,31,34,37,46,48,53,60,67]
b) partial removal of the shell;”? c) partial'>?3%° or com-
plete®>7# removal of the core; d) removal of unreacted
chemicals from the void.”™ Depending on the nature of the
compartment intended to be removed, in general, either
a chemical®%3%% or 3 thermal®"*** treatment is applied.
Chemical removal usually involves the use of aqueous solu-
tions!!>21/27,30:45,46:48,55,56,60.671 3¢ \vel| as organic solvents.”"’? In
the case of silica nanorattles, differences in density between
the silica building blocks are widely used. Porous compart-
ments are less dense and thus more susceptible to etching
than denser ones. The different porosities are generally ob-
tained due to differences in structure or composition. In the
first case, the presence of surfactants and co-surfactants leads
to the formation of silica shells with different porosity even
when a single silica precursor (TEOS) is used.”® In the second
case, the combination of silanes with organosilanes plays a cru-
cial role."™ For example, hybrid silica spheres composed of an
inorganic core and an outer layer with a middle layer contain-
ing organosilica frameworks was transformed into yolk-shell
structures upon etching with HF' For the removal of silica
compartments, hot water,”*® solutions of HF195370
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Na2C03,[26’29] NH4OH,[27’3°’45] NaOHI[15,21,46,48,55,60] KMnO4,[66] and/or
organosilane-assisted etching™®**” are normally used. For exam-
ple, Yang etal. demonstrated a one-pot transformation of
Fe;0,@Si0, and Au@SiO, core-shell nanoparticles into yolk-
shell ones by using an organosilane-assisted selective etching
method. As the Si—O-Si bonds of silica shells obtained from
TEOS in metal@SiO, core-shell nanoparticles were disordered
owing to the short reaction time, the balance between hydrol-
ysis and condensation was disturbed upon addition of organo-
silane precursors. The outer layer of the silica shell was proba-
bly protected from hydrolysis by deposited organosilica,
whereas the silica network closer to the core was broken and
gradually replaced by moieties of organosilanes.” The oppo-
site mechanism was proposed by Zhang et al.,*” wherein SiO,
cores prepared by hydrolysis and condensation of TEOS by the
Stéber method® are the factors determining the size as well
as the polydispersity of further obtained nanorattles. These
cores can be subsequently functionalized with amino groups
by hydrolysis and co-condensation of APTES and TEOS. During
mild etching with Na,CO;, the solid silica core is dissolved. The
resistance of the shell towards etching is provided by the pres-
ence of carbon chains (originating from organosilane) located
on the inner and outer surface of the shell. These chains can
contain, for example, nitrogen and hydrogen atoms able to
form hydrogen bonds with each other. The so-formed hydro-
phobic layer protects the silica framework from the aqueous
etching.” The void can also be formed by self-etching of
silica. For instance, treatment of an Au@SiO, core-shell nano-
particle with mild aqueous ammonia leads to partial dissolu-
tion of the shell and formation of silicate anions. Those anions
react further with metal cations, resulting in the formation of
Au@metal silicate yolk—shell structures.*¥ In the case of nano-
rattles prepared by microemulsions, a void was obtained either
by soaking in water for a few days'¥ or by washing with hot
water for 40 min.”*3 Moreover, PVP can be used in the so-
called “surface-protected etching” process. In this process, the
silica compartment is removed either by hot water treat-
ment™® " or by concentrated NaOH at room temperature.®

Removal of metal (Ni'?) and metal oxide (Fe;0,"”) cores is
usually done by etching with HCl. Dissolution of a Fe;O, core
by NaBH, catalyzed by AuNPs has been reported as well.® A
silver interlayer can be dissolved by oxidation with H,0,.5” De-
spite the toxicity of KCN, it can be efficiently used for partial or
complete removal of Au cores.”>*

When polystyrene beads are used as a hard template, they
can be removed by dissolution with organic solvents such as
toluene”™ or xylene.”” In the case of thermal removal of or-
ganic compartments, a poly(methyl acrylic acid (PMAA) inter
layer is decomposed to form the void, whereas the organic
component of C,sTMS forms pores during pyrolysis (500°C,
6 h).”" The polymeric carbon can be calcinated at 400°C in
2 h_[34]

3.3.2. Chemical transformation

3.3.2.1. Galvanic displacement: Galvanic displacement, also
called galvanic replacement, is a method based on the fact
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that different metals exhibit different electrical potentials.*® As
a result of redox reactions, metal®metal (Au@Pt,“”
AU@AUP'™), metal@alloy (Au@AuUgsAdoss AU@P,¢sAGgss,
AU@Pt, ,3Ag,5,)"°" and alloy@alloy (Au/Ag@Au/Ag"®?) nanorat-
tles can be obtained. As shown in Figure 8, a core-shell sphere

. ion @
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B metal oralloy A Ag layer B metal or alloy B

Figure 8. Preparation of nanorattles by galvanic replacement.

composed of a metal®**? or alloy"® core coated with a layer

of metallic Ag constitutes the basis for the preparation of
nanorattles. Subsequent chemical treatment leads to the re-
placement of the metallic shell by another metal®*'° or an
alloy."® This is a facile method to obtain nanorattles with
super-thin shells. The size of the void between core and shell
can be easily tuned by the initial thickness of the Ag layer."*
Therefore, this layer plays a dual role; as a sacrificial template
as well as a reducing agent.

Preparation of metal@metal nanorattles is done, for exam-
ple, by displacing metallic silver in Au@Ag core-shell spheres
with Pt by using H,PtCl,, leading to their conversion into yolk-
shell Au@Pt nanorattles.*” For alloy@alloy preparation, Au/
Ag@Au/Ag nanorattles with a diameter of approximately
70 nm were prepared by treating Au/Ag@Ag core-shell nano-
particles with HAuCl, solution at 100°C."*? Dealloying of silver
follows the redox reaction:°

3AQ° + [AuCl,]™ — Au® +3Ag" +4CI (2)

To avoid possible precipitation of AgCl on the surface of the
fabricated nanorattles,*¥ the reaction needs to be carried
out at elevated temperatures and diluted concentrations of re-
agents. In comparison, the use of copper as a sacrificial tem-
plate excludes the formation of insoluble byproducts and
allows the synthesis tom occur at room temperature, as in the
case of Pd@Au,Cu, ,.2¥

3.3.2.2. Kirkendall effect: The Kirkendall effect is a phenom-
enon in which an interface between two species moves upon
heating due to the different diffusion rates of ions or atoms in
these two species." The occurrence of hollow structures
through the Kirkendall effect originates from the generation
and migration of vacancies, that is, empty lattice sites. Owing
to the different diffusion rates of atoms/ions, these lattice va-
cancies form voids and their growth leads to the formation of
hollow structures."® For example, metal oxide hollow spheres
can be fabricated from metal nanoparticles during oxidation:
an initially formed thin layer of metal oxide on the nanoparti-
cle surface constitutes an interface between metal and oxygen.
As oxidation proceeds, those two species can diffuse through
the interface. This includes out-diffusion of metal ions or
atoms and in-diffusion of oxygen. If the out-diffusion proceeds
significantly faster than the in-diffusion, the inner part of the

11

nanoparticle becomes empty, leading to hollow spheres."®!

Accordingly, in the case of core-shell nanoparticles, the trans-
formation of the shell results in yolk-shell nanoparticles
(Figure 9). An early report by Yin"* showed, for example, the
formation of yolk-shell Pt@CoO by mixing Pt nanocrystals with

coalescence
of voids

B metal oxide

shell void

precursor formation

B metal

Figure 9. Preparation of nanorattles through the Kirkendall effect.

a Co,(CO)q solution and the subsequent oxidation at elevated
temperature."® Crystalline Ag@y-Fe,0, nanorattles have been
obtained by oxidation as well. This was done by mixing
AgNPs, as a seed source, and Fe(CO); as an iron precursor, with
a T-octadecane solution containing oleylamine under inert
conditions. Heating of the mixture to 250°C in the presence of
air for 2 h resulted in the formation of nanorattles.”

Recently, Qin et al. demonstrated a two-step ion-exchange
method to form cubic CdS nanorattles. In the first step, anion
exchange transforms solid AgCl nanocubes into Ag,S. The
speed of S~ ion addition is crucial and determines the further
structure. Upon fast injection of sulfide solutions, yolk-shell
nanoboxes are obtained, whereas dropwise addition results in
the formation of hollow nanoboxes. This indicates that both
anion diffusion as well as the Kirkendall effect contribute to
the formation of a hollow void. In the second step, silver cat-
ions are exchanged by cadmium cations. In a similar way, PbS,
ZnS, and AgInS, nanoboxes can be obtained.*"

4. Importance of Nanorattle Building Blocks in
the Design of Future Applications

The possible applications of nanorattles are inherently associat-
ed with their structure as well as their composition. As men-
tioned in section 2, metal particles such as Au, Pt, Pd are often
used as catalysts. On the other hand, nanorattles with iron
oxide cores are often used for targeted drug delivery because
of their magnetic properties. The cores are protected from ag-
glomeration and aggregation,?'3"32404%%1 sintering,'>¢? and
interaction with the surrounding environment.”*” An addition-
al feature provided by the shell is the presence of pores, which
enable the transport of molecules inside and outside the nano-
container across the shell.”>*” The void, on one hand, provides
a homogenous environment®" for reactions and, on the other
hand, a storage capacity for encapsulated cargo.”” 7 And, last
but not least, depending on the chemical composition, the
core,?¥ shell®2627:3132 55 well as void®® can be functionalized.

4.1. Core

Converse to core-shell nanoparticles, the cores of nanorattles
are not located in the center of the nanocontainer: often they
tend to stick to the inner layer of the shell when observed
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under the vacuum conditions of TEM. Therefore, they are be-
lieved to be freely movable.2%3"35453559.70.98108] |n 30 experi-
ment by Sun et al., Au/Ag@Au/Ag nanorattles were deposited
on TEM grids at two different tilting angles, 0° and 70°. As the
ratio of the cores located at the bottom and at the top of the
shells varied depending on the tilting angle, movement of the
cores upon solvent evaporation was suggested.'%

Purity is crucial for efficient action of a catalytically active
core. Thus, templates and surfactants used in the preparation
of nanorattles should be completely removed. Otherwise, the
catalytic sites of the core can be capped, which later hinders
its catalytic activity."” This was seen, for example, in the case
of multi-yolk PANPs encapsulated in mesoporous CeO,, which
were tested towards catalytic CO oxidation. Nanorattles calci-
nated at 550 °C exhibited slightly better performance than the
ones calcinated at 350°C."?"

4.2. Shell
4.2.1. Protecting role

Although numerous reports praise the beneficial role of the
shell, only rarely has this been proven experimentally. Several
studies have reported the significance of the shell in prevent-
ing sintering of the encapsulated core, for example, in the
cases of Au@TiO,"*  Au@zr0,!">  Au/TiO,@ZrO,,"*"
Au@Si0,,” and Pd@Ce0,.”"" The importance of the shell to
preserve the core's catalytic properties was investigated by
Arnal etal., where Au@ZrO, nanorattles were crushed under
high pressure (1 GPa) and subsequently calcinated at 800°C.
TEM images of these samples revealed that the AuNPs sin-
tered, leading to particle size enlargement. Furthermore,
crushed Au@ZrO, used in the oxidation of CO resulted in sig-
nificantly poorer catalytic performance than non-crushed calci-
nated Au@ZrO,. This is due to the fact that in the latter case,
AuNPs were well preserved in the shell and had not sintered
during the thermal treatment, which clearly indicates a protect-
ing role of the ZrO, shell upon thermal treatment."

As mentioned already in section 3.2.2., if several AuNPs are
encapsulated in one silica shell, they tend to sinter and form
one bigger AuNP at elevated temperatures. Notably, this sinter-
ing is entirely limited to within the shell confinement and does
not occur between neighboring nanocontainers.”?

The protecting role of the silica shell against catalytic poi-
soning was tested by treating Au@SiO, nanorattles with meso-
2,3-dimercaptosuccinic acid (DMSA) and then determining
their catalytic properties in the reduction of 4-nitrophenol. As
a control experiment, citrate-capped AuNPs were tested in the
same way. After poisoning, almost all catalytic activity of Au@-
citrate vanished owing to the ligand exchange of citrate by
DMSA. In contrast, Au@SiO, nanorattles merely showed
a slight decrease in activity upon DMSA treatment as only
some DMSA could diffuse into the interior of the nanocontain-
er. This is due to the fact that the high pH resulting from the
excess of reducing agent leads to repulsive interaction be-
tween negatively charged DMSA (deprotonated) and Au@SiO,
(zeta potential =—43.2 mV), thus hindering diffusion of DMSA
into the void.”
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4.2.2. Mediator with external environment

Pores located on the shell act as channels connecting the void
of the sphere with the external environment. Thanks to their
presence, transport into and out of nanocontainers is possi-
ble.”4>7 | ee et al. demonstrated that the shell acts as the de-
termining factor in nanorattle-driven kinetics. For instance, in
the catalytic conversion of CO in the presence of Au@TiO,, an
induction time of 10 min was observed before oxidation oc-
curred. This retardation may be attributed to diffusion limits
between the shell exterior and interior.*® Moreover, Liang et al.
showed recently that small molecules such as CO and larger
ones like cinchonidine are able to easily diffuse in and out of
yolk-shell and core-shell nanospheres made of titania and
silica. Therefore, when considering possible future applications
of nanocomposites, one should bear in mind this aspect. In
the case of catalysis, rapid diffusion is desirable. In the case of
drug delivery, however, certain precautions should be taken to
prevent unwanted drug release.* Similarly, there are cases
where blockage of pores is desirable. This, for example, can be
used to prevent direct contact between the silicon core and
the electrolyte in the case of lithium-ion batteries.™

4.2.3. Encapsulation of cargo

The encapsulation of drugs,?6?3">457.6819 core  precur-

sors, 1829515557931 gnd functional interlayers® in the interior of
already prepared nanorattles or hollow spheres is usually done
by one of two approaches. Both approaches are based on the
diffusion of dissolved molecules into the void through pores in
the shell. In the first case, dried nanorattles are soaked in a so-
lution containing the intended cargo. This loading method
usually includes incubation,”” agitation,®"'* sonication with
stirring,?*?>*" sonication alone,™ or stirring alone.?*>57:68110
In the second approach, encapsulation can additionally be fa-
cilitated by removal of any air or solution residing in the cavity
of the nanocapsule after its preparation and purification pro-
cess. This is done by applying vacuum and subsequent incor-
poration of the cargo.””’ Moreover, to ensure retention of
water-insoluble drugs inside the rattle, the void can be func-
tionalized to exhibit hydrophobic properties.””

4.3. Void

It is known that the void provides a homogenous environ-
ment.“”? In addition, some reports demonstrate that its size
can be controlled."**"" However, no significant focus has
been devoted to the role of the void so far.2” Recently, howev-
er, it was shown that the size of the void can effect some prop-
erties, such as the speed of catalytic reactions driven by
Fe,0,@mSi0, (m=mesoporous).*” Cui etal. demonstrated
that the larger the void, the faster the degradation of methyl-
ene blue (MB). This was reflected by the fact that increasing
the void space from 5nm to 16 and 40 nm resulted in in-
creased dye degradation from 62% to 70% and 90 %, respec-
tively. The increased catalytic properties were attributed to the
fact that more MB can accumulate inside the void.?¥
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A sufficiently large and rigid void is important in cases
where the core changes its volume, as occurs when alloy
anodes of Li-ion batteries undergo a lithium insertion/extrac-
tion process.l'®321M

Hydrophobic voids can be prepared by silylation of compart-
ments with silica precursors containing long carbon chains, for
example, C,,TES®? and C,,TMS.”” Additionally, using a precur-
sor with branched organic chains, such as IBMS, superhydro-
phobic shells can be obtained.””

5. Nanorattle Characterization

As mentioned, the building blocks of the nanorattles deter-
mine their properties and thus influence their potential appli-
cations. Therefore, it is crucial to know the exact chemical
composition as well as the structure of the prepared nanorat-
tles. It is well known that the characterization of nanomaterials
should always include more than one technique owing to the
limitations of the used methods. Thus, special care should be
taken in the choice of adequate methods as well as the inter-
pretation of the results.

5.1. Composition of the nanorattles

There are several methods to determine the composition of
nanorattles. The method best suited depends on the nature of
the nanorattle properties, such as crystallinity, magnetism, or
luminescence. The presence of noble metals, such as Ag®® and
Ay P 1822313781 can pe verified by simple UV/Vis spectroscopy
due to their surface plasmon resonance. The content of the
metallic core (Ag,”™ Au,®'® Fe,”2>¥ Pd®") in the nanorattle or
the composition of alloy nanorattles'®" can be determined by,
for example, inductively coupled plasma optical-emission spec-
troscopy (ICP-OES).

The  composition  of  crystalline  nanorattles  is
normally determined by X-ray diffraction
(XRD)I[S,Q,12,19,21,23,26729,31,32,40,41,44,45,51,53,56,57,69,83,87,92] or X‘ray
powder diffraction (XRPD),’*" energy-dispersive X-ray spectros-
copy (EDS or EDX), or wide-angle XRD.® Sometimes, however,
strong background signals from the amorphous silica shell can
hinder the detection of the encapsulated core at low core con-
tents, as shown in a study by Zhu et al., where the XRD pat-
tern of the crystalline Fe;0, core could only be observed after
dissolution of the silica shell.*¥ Furthermore, we have observed
that XRPD does not detect small amounts of metallic silver
present in Ag@SiO, nanorattles. Therefore, the presence of
AgNPs can be only detected by UV/Vis spectroscopy. Alterna-
tively, increased loading with AgNPs results in clearly visible Ag
peaks in the diffractograms.®!

In the case of rattles containing organic residues, their con-
tent can be verified by thermal analysis, such as thermogravi-
metric analysis and differential thermal analysis, TGA-
DTA.[10’27’31'55’87'89]

Fourier transform infrared spectroscopy (FTIR) is frequently
used for the detection of functional groups.?*26-29-31:40.45,55,57.671
However, if some components, such as molecules attached
into the surface, are only present in small amounts, their pres-
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ence might not be detected.”™ Furthermore, encapsulation

can lead to a significant weakening of the bands correspond-
ing to the cargo as well.®”” With regard to composites contain-
ing —NH, groups, their content can be quantified by the Kaiser
assay,"” or a fluorenylmethyloxycarbonyl (FMOC) quantification
protocol.”? Less frequently used but powerful methods in-
clude UV-Raman spectroscopy,”” *C cross-polarization magic-
angle spinning (CP-MAS) nuclear magnetic resonance (NMR)
spectroscopy® and %Si CP-MAS NMR spectroscopy.”®”

In the case of magnetic-compartment-containing rattles,
such as those with Fe3o4[8,30,55,69,87,109] and Fe203,[27,31] a magneti—
zation hysteresis loop is frequently measured. It should be no-
ticed that the saturation magnetization is decreased when
nonmagnetic layers are built around magnetic iron oxide.® %"

The presence of fluorescent dyes® and folic acid®”’ can usu-
ally be detected by UV/Vis spectroscopy,”*?”" whereas FITC?
and luminescent particles like Gd,0,°” are measured by photo-
luminescence spectroscopy.

As already mentioned, the charge of the particle surface
changes depending of the presence of functional groups'®
and coatings.” This influences the zeta potential ({-potential)
as well as the stability of nanorattles. For measurement of the
Z-potential, dynamic light scattering (DLS)®® "% is usually used.

5.2. Proof of core encapsulation

Transmission electron microscopy (TEM) is the most frequently
used method for determining whether the obtained
nanoparticles are nanorattles or not.[B1012141518-26.28-32,34,35,
37,40-42,44,45,48,49,51-57,60,61,66,69,70,83,87,89,91,92,101,109,112,113] AS electrOnS
traverse the specimen, it is possible to distinguish between re-
gions of varying electron density. In general, compartments
with higher electron density appear darker compared with
those of lower electron density."" For example, Ag@SiO,
nanorattles appear to be composed of a darker core and
a brighter shell.®¥ In the case of a silica core coated with layers
of silica functionalized with organic groups,"” no difference
could be observed in the TEM, but removal of the middle layer
led to the formation of a bright void."” In situ TEM is a power-
ful technique to study the progress of reactions." In the work
of Liu et al., for instance, it was successfully used to show the
electrochemical lithiation of Si@C nanorattles and for observ-
ing the size expansion of the core.!"”

Scanning  electron  microscopy  (SEM) is  often
used for the visualization of the  morpholo-
gy[G, 10,19,22,24-26,28,29,34,40-42,44,45,56,66,69,83,87,89,91,92,109,112,113] Of the

sample and in many cases, images of broken spheres with the
core located inside provide proof of encapsulation.®2*°>13
Usually, the core of the rattle is invisible when using
SEM.B:28:29,32,44,45,6683, 113 Lo wever, working at elevated accelera-
tion voltages (5 kV,*® 10 kV'”) may enable visualization of the
core.'%222632 Converse to TEM, the more electron dense ele-
ments appear brighter than less electron dense elements,
which appear dark. For example, gold in Au@SiO, nanorattles
is far brighter than its surrounding silica shell.”” Sometimes
other electron microscopes such as high-angle annular dark-
field scanning TEM (HAADF-STEM) can be used.® 8385257
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SEM and TEM are often coupled to EDS,?? 282938 41,44,45,54-57)
enabling elemental mapping of nanorattles. This technique
can be particularly useful when other detection methods fail in
the assessment of chemical composition.

X-ray photoelectron spectroscopy (XPS) allows the character-
ization of surface composition'®'926284052 \ith a detection
depth limit of approximately 10 nm."®?® Therefore, if the shell
thickness exceeds this value, any encapsulated cargo will not
be detected; thus, this can prove encapsulation. In this case,
however, another method should also be used to confirm the
presence and nature of the encapsulated core. For example, in
a study by Zhang et al., TEM of Pt@CeO, demonstrated a rattle
structure, EDS confirmed the presence of Pt, Ce, and O, where-
as XPS showed only Ce and O, thus additionally confirming the
encapsulation of Pt.”® However, in a study by Tan etal., the
silica nanorattles were of much smaller size and had thinner
shells than the aforementioned rattles so the presence of the
Au core could be detected by XPS.'"® In conclusion, there
should always be a combination of different methods for the
characterization of nanorattles.

5.3. Surface area and porosity

Nitrogen absorption-desorption isotherms allow the determi-
nation of the specific surface area (SSA) of nanorat-
tles,[8—10,21,23,26,27,29731,40,45,53,54,56,57,61,66,69,87,109,112] Whereas the pOI’e
distribution can be addressed by the Barett-Joyner-Haleda
(BJH) method.['0:2":26:27:29-31.54.66.69.112) Thage parameters are espe-
cially crucial when considering potential applications. The spe-
cific surface area is generally related to the size of the pore
volume. Thus, it largely depends on the presence of molecules
attached to or absorbed on the surface. For example, magnetic
iron oxide encapsulated in mesoporous silica has a specific sur-
face area of 494.5m?g~', which decreases significantly to
120.3 m?g™" after attachment of PEG and folic acid (FA) conju-
gates. However, the presence of a large hysteresis loop be-
tween absorption and desorption shows the presence of an
accessible cavity structure, which is necessary for further drug
loading.®" Similarly, Kang et al. showed that a gradual decrease
in pore volume, surface area, and pore diameter was the result
of step-wise loading of hollow mesoporous silica spheres with
a Gd,0;:Fu*" core, a thermoresponsive polymer, and subse-
quently with a drug.®”

5.4. Loading with cargo

Loading of nanocontainers with a drug as well as its release
can be determined by UV/Vis spectroscopy in case of UV/Vis-
active drugs.”®3"3” For example, loading can be measured in-
directly by calculating the difference between the concentra-
tion of the drug in the initial solution and in the remaining su-
pernatant after loading.”" Another method to verify loading
with a drug is FTIR®**” which indicates the presence of the
functional groups of the drug, whereas thermogravimetric
analysis (TGA) allows determination of the weight content of
the drug.”” However, when using UV/Vis spectroscopy and
TGA for determination of drug loading, one should take into
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consideration the possible presence of molecules attached to
the nanocontainer surface rather than encapsulated within, the
presence of which can be due to not only drug but also impur-
ities or surfactants as well. In addition, single differential ther-
mal analysis (SDTA) could serve as an elegant complementary
method to determine the temperature differences of samples
under heating."™ Cargo absorbed on the surface should, in
general, decompose earlier than the encapsulated cargo.

6. Applications

Already several reviews have focused on the properties and
possible applications of nanorattles.'®"¥ Thus, we will focus
on some more recent examples of these applications as well as
highlight the superior performance of nanorattles compared
with traditional nanoparticles. Owing to the diversity of the
possible combinations of the building blocks, research is in-
creasingly focused on applications in areas of social and eco-
nomic interest, such as drug delivery, catalysis, and Li-ion bat-
teries. Although magnetic solid-phase extraction, high-per-
formance microwave absorbers, and antimicrobial nanorattles
currently constitute a niche area based on the amount of pub-
lications, they may well find broader application in the future.

6.1. Drug delivery

Development of new materials to efficiently fight cancer still
remains an eminent challenge, and high requirements are im-
posed on nanoparticles intended to serve as drug carriers.
Nanoparticles that act solely as storage and transport for drugs
is not sufficient in terms of efficient treatment; therefore, novel
nanodrugs often exhibit several additional functionalities. Rat-
tles with magnetic cores®™ and ligands for cellular recep-
tors”’" ocated on the shell surface are intended for targeted
drug delivery. Visualization of the nanocontainers can be ach-
ieved either by magnetic resonance imaging (MR)*” or func-
tionalization with fluorescent dyes.” In addition, the latest
generation of smart nanorattles is equipped with stimuli-re-
sponsive mechanisms.”” As will be shown, only nanorattles
composed of silica shells are of the interest for biomedical ap-
plications so far.

After encapsulation of maghemite y-Fe,O; into mesoporous
silica (y-Fe,0,@Si0,), the surface of the shell can be further
grafted with PEG, which is a biocompatible polymer, and with
FA, widely used for tumor targeting. These nanorattles can be
efficiently loaded with an anti-cancer drug, such as doxorubicin
hydrochloride (DOX), with a relatively large loading capacity of
220 ugmg ' and slowly release the drug over 67 h.B" As DOX
is released rapidly only during first 6 h and subsequently its re-
lease is significantly slower, this rattle-type carrier could possi-
bly be used in small doses to avoid flooding patients’ bodies
with a drug and at the same time provide a constant cancer
treatment.

Nanorattles of 200 nm SiO,@SiO, were fluorescently labelled
and pegylated, then tested for applications in drug delivery as
well as cell imaging. After penetrating the plasma membrane,
these nanorattles were found in the cytoplasm of cancer cells
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(cell line MDA-MB-231) with some located inside lysosomes. As
determined by an MTT assay using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, no significant cytotoxicity
was observed after 1 and 2 days when concentrations of up to
200 ugmL~" were applied, showing their promising biocom-
patibility. As determined by UV/Vis spectroscopy, 44.25 ng of
DOX can be loaded into 1 mg of functionalized nanorattles,
with a loading efficiency of 70.8%. The speed of drug release
was strictly pH dependent as it was observed that after 107 h
at pH 4.8, 45% of drug was released, whereas at pH 7.4 only
17 % was released. This was attributed to the protonation and
deprotonation of the amine groups of the drug, leading to al-
tered electrostatic interactions with the mesoporous silica.
DOX-loaded nanorattles showed extraordinary cytotoxicity,
even at concentrations as low as 3.125 ugmL™", the toxicity of
which was time dependent and increased with longer incuba-
tion times.®

Although DOX is a frequently studied drug for encapsulation
in nanorattles,***" it is not the only one being tested. For ex-
ample, ferromagnetic Fe;0,@mSiO, (m=mesoporous) can be
efficiently loaded with aspirin (27.7 wt%).®¥ The aspirin-loaded
rattles were characterized by initial fast drug release within the
first 12 h, which gradually decelerated with time. As with the
aforementioned fluorescent SiO,@SiO, nanorattles loaded with
DOX, the release was highly pH dependent. In contrast to
DOX, aspirin release was higher at high pH, which was related
to its higher solubility at high pH.>*

Another example of nanorattles with a magnetic Fe;O, core
was reported by Wu and co-workers.”” A hydrophobic void
was obtained by use of a silica precursor containing n-octadec-
yl groups, whereas conjugation with PEG and FA provided sur-
face functionality. The cytotoxicity and cellular uptake towards
two cancer cell lines, namely HeLa and MCF-7, were studied.
These magnetic mesoporous silica nanorattles showed low tox-
icity and folate-receptor-mediated uptake. Loading with doce-
taxel (DOC) resulted in significant cytotoxicity towards both
cell lines with the Hela cells showing higher cytotoxicity. This
was probably due to enhanced uptake owing to the overex-
pression of folate receptors on the Hela cell surface, a process
that does not occur in the case of MCF-7 cells. Superior cyto-
toxicity of encapsulated DOC over the free drug showed the
evident and advantageous role of the shell. As the interior of
the nanorattle is hydrophobic, the water-insoluble drug can be
efficiently loaded inside the nanocontainers. Once they are
taken up, the drug is released in the hydrophobic parts of the
cellular compartments. In vivo tests showed that these mag-
netic nanocontainers can be guided to the tumor location by
use of an external magnet, a process that resulted in increased
uptake (0.24 mg of Fe per gram liver weight) compared to the
uptake in the absence of an external magnetic field (0.18 mg
of Fe per gram liver weight). All functionalities provided by the
core (magnetic), void (hydrophobic), and shell (containing li-
gands), make these nanorattles an attractive means of target-
ing drug delivery as well as for magnetic resonance imaging.””!

The aforementioned nanorattles might serve as potential
vectors in drug delivery primarily because of the possibility of
loading drugs in their cavities. These drugs can then be re-
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leased over quite long periods of time.?**"*¥ In many cases,
however, controlled drug release is more desirable. As several
materials have been reported to respond to external stimuli,
such as temperature, pH, ionic strength, magnetic field, ultra-
sound, and enzymes, they have potential for such medical ap-
plications."” "8 A lot of focus has been devoted to polymers
because of their temperature-responsive ability to reversibly
undergo a phase transition."®""? For example, PNIPAm
(poly(N-isopropylacrylamide)) is swollen below 32°C, whereas
above this temperature, the polymer shrinks.'” This feature
can be effectively utilized in the temperature-responsive open-
ing of shell pores. Kang etal. produced hybrid nanorattles
composed of an inorganic Gd,0;:Eu** core and a silica shell
with an organic polymer layer in between.”” These hybrids did
not show significant toxicity towards SKOV3 ovarian cancer
cells. Additionally, fluorescently labelled nanorattles were
shown to be taken up and localized in the cytoplasm. Owing
to the presence of Gd, those composites might serve as poten-
tial contrast agents in MRI. Then, a non-steroidal, anti-inflam-
matory drug, indomethacin (IMC), was loaded into the rattles
with and without PNIPAm polymer. In absence of the hydrogel,
the drug was constantly released regardless of the applied
temperature (20°C and 45°C). In the presence of the polymer
layer, however, IMC release was observed only at higher tem-
perature (45°C), whereas at lower temperature (20°C), the re-
lease was completely blocked. This temperature-responsive be-
havior is probably due to water absorption as well as volume
expansion at 20 °C, which led to the filling of the channels and
the void, thus preventing the drug from being released. When
the temperature is increased, the polymer shrinks, channels are
opened, and IMC is squeezed out from the hydrogel network.
Interestingly, Gd,0;:Eu*" photoluminescence was highly de-
pendent on the concentration of the loaded drug. Therefore,
these nanorattles can also function as tracing or detecting
agents.””

Silica nanorattles also demonstrate potential as vaccine adju-
vants."” In a study by Liu et al., a model protein, ovalbumin
(OVA), was loaded on SiO, nanorattles, mesoporous SiO, NPs,
and solid SiO, NPs for comparison. Greater amounts of protein
were absorbed on the nanorattles compared with the other
silica particles. The positive charge on the surface of the nano-
rattles, as well as the presence of the void, contributed to a rel-
atively high loading content of 14.76 %. Treating murine mac-
rophage cell lines with these nanorattles at concentrations in
the range 6.25-400 ugmL~' did not affect cell viability. Like-
wise, regardless of the concentration of the nanorattles used
(10, 25 and 50 mgkg™), the immune organs of mice, that is,
the spleen and thymus, did not demonstrate any abnormalities
14 days after the last injection. OVA-loaded nanorattles stimu-
lated the immune response of mice, leading to increased levels
of OVA-specific IgG antibodies. Interestingly, those levels were
considerably higher (OD=0.42) than those resulting from
treatment solely with OVA (OD=0.11). Good in vitro and in
vivo biocompatibility of these nanorattles, as well as the eleva-
tion of the OVA antibody level after single dose vaccination,
make those nanorattles promising candidates for vaccine
adjuvants."”
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In this section, it was shown that nanorattles intended for
drug delivery are of increasing interest. Despite promising re-
sults, more studies still need to be performed in vitro and in
vivo to exclude long-term adverse effects. Additionally, owing
to the strict Food and Drug Administration regulations, it
might take decades before nanorattles become standard
agents in medical treatment. On the other hand, the rising
number of lifestyle diseases will certainly drive science in the
direction of more and more “intelligent” materials—a group
that multifunctional nanorattles certainly belong to.

6.2. Confined nanoreactors

The unique properties offered by nanorattles (protecting shell
and void) are evidently of great importance for confined nano-
reactors. In the following section, it will be shown that nano-
rattles can be effectively used in catalysis and cascade reac-
tions. Furthermore, we will demonstrate that these smart ma-
terials predominantly exhibit a great advantage over solid NPs
or core-shell NPs in terms of performance.

6.2.1. Heterogeneous catalysis

Nanoparticles, such as Auy,®'>'8314448601 N2l pq 21,5361 5nq
Ag,** are known to demonstrate catalytic properties. However,
aggregation, occurring under harsh conditions, constitutes
a major problem in terms of their application.?"*" This prob-
lem can be overcome by encapsulation of these NPs inside
hollow spheres. The shell provides a physical barrier between
the encapsulated cargo and the exterior as well as providing
a relatively homogenous environment in the cavity.*?"

Several nanorattles containing AuNPs have been report-
ed P 15183160 Their catalytic properties were tested for the re-
duction of, for example, 2-nitroaniline!® and 4-nitrophenol.*”
It was demonstrated that the silica shell provides a sufficient
means for the prevention of aggregation.

Wu et al. investigated the dependency of the size of the
AuNPs on the catalytic properties. To do so, three Au@SiO,
nanorattles with increasing core size (2.8+0.7, 3.3+£0.6, and
4.54+0.7 nm) were tested in the reduction of 4-nitrophenolate.
It was shown that the rate constants were inversely propor-
tional to the size of the nanoparticles (3.1x10°, 2.4x10°, and
9.5x 10° min~'mole™, respectively), thus clearly indicating that
the smaller the AuNPs, the higher their catalytic activity.”!

As shown in the above-mentioned example, the catalytic
properties of AuNPs are highly size dependent.” Nevertheless,
Park et al. showed that in hydrogen-transfer reactions, there is
only a slight difference in reactivity between Ni@SiO, nanorat-
tles with core sizes of 3 and 30 nm."?

In cases where the AuNPs are the same size, the hydropho-
bicity of the shell plays a crucial role in the catalysis of reac-
tions of organic compounds in an aqueous phase. First, in the
catalytic reduction of 4-nitrophenol, it was shown that the re-
action was faster in the case of AuNPs encapsulated in super-
hydrophobic isobutyl-functionalized silica (Au@IB-YSN) than
those encapsulated in mesoporous silica and carbon. Then,
comparing the reaction rates of Au@IB-YSN in the catalytic re-
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duction of 2-methyl-4-nitrophenol and 2,6-dimethyl-4-nitro-
phenol, it was demonstrated that the higher the hydrophobici-
ty of the substituted nitrophenol, the higher the reaction
rate.””

Silica is not the only agent that can be used to prevent ag-
gregation of catalytically active nanoparticles: Au@Zr0,">” as
well as Au@TiO,"*%” have been reported as catalysts for CO
oxidation. Although the latter surpasses the former in catalytic
performance, the doping of Au@ZrO, with small quantities of
TiO, (0.6, 3.1, and 5.6 wt%) leads to a significant improvement
of their properties with the rule that the larger the doping, the
lower the temperature of half CO conversion, meaning
a higher activity.®”

Chen et al. reported novel nanorattles composed of hollow
mesoporous CeO, spherical compartments with multiple voids
that contain individual Pd nanoparticles (Pd@hm-CeO,). These
nanocomposites, calcinated at 350°C and 550°C, were tested
in catalytic CO oxidation reactions. Both sets of nanorattles
showed 100% conversion of carbon monoxide at only 110°C,
with the rattles calcinated at the higher temperature exhibiting
a slightly better performance at lower reaction temperatures.
This might be due to an improved surface cleaning of PdNPs
upon the calcination at higher temperatures. Despite the fact
that hm-CeO, alone does not promote this CO oxidation at all,
its synergetic effect with PdNPs becomes evident when the
Pd@hm-CeO, activity is compared with that of PANPs support-
ed on SiO,. Therefore, the significance of the ceria shell is re-
flected in its dual role as an agent preventing aggregation and
sintering of PANPs at high temperatures—increasing their sta-
bility and recyclability—and as an agent with a reactive surface
that enhances the catalytic properties of the core.”"

A Fenton-like reaction is a reaction where Fe** and H,0, are
used in combination. During this reaction, oxidative radicals
are generated, such as hydroxyl radicals (OH). As they oxidize
organic compounds to water and carbon dioxide, Fenton-like
reagents can be used in wastewater treatment."?" Cui et al.,
for instance, investigated Fe,0;@mSiO, nanorattles in the oxi-
dation of methylene blue (MB). Empty silica shells demonstrat-
ed an ability to reduce the dye concentration by 30% within
the first hour, whereas bare spindle a-Fe,O; caused only
a 20% concentration decrease after 7 h. This clearly shows the
poor performance of the latter as a potential Fenton-like re-
agent. In the case of the empty nanocontainers, the drop in
MB concentration was probably due to adsorption of the dye
during the initial stage of the incubation, as the concentration
remained nearly constant afterwards. Conversely, nanorattles
showed a high activity (up to 90%) with oxidation of the dye
progressing over 7 h. Indeed, this activity was eminently de-
pendent on the size of the void, with the tendency that the
larger the void space, the more efficient the degradation of
MB.[34]

Another example is provided by Kim et al., who emphasized
the importance of shell porosity in Suzuki coupling reactions
catalyzed by encapsulated PdNPs. Pd@SiO, core-shell, two
Pd@SiO,-NiPhy, and Pd@NiPhy yolk-shell nanoparticles with in-
creasing pore volume and surface area were tested in the reac-
tion of 1-bromo-4-ethylbenzene with phenylboronic acid to 4-
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ethylbiphenyl. Pd@NiPhy showed the highest conversion effi-
ciency and Pd@SiO, the lowest. This was apparently related to
pore volumes and thus diffusion rates through them. As men-
tioned before, the shell plays a protecting role for the core to
avoid agglomeration. In designing future applications of nano-
rattles, a long life span of the shell should be taken into con-
sideration, and it should survive harsh reaction conditions. This
was shown, for instance, in a recycling test of Pd@NiPhy and
Pd@SiO,. Although the former still gave complete conversion
after five cycles, the catalytic performance of the latter de-
creased significantly. This was due to partial dissolution of the
silica shell and agglomeration of PdNPs under the basic condi-
tions of the reaction mixture.®¥

As a concluding remark for this section, it was shown that
nanorattles act as an attractive alternative to traditional cata-
lysts that suffer from loss of activity due to agglomeration and
sintering under harsh reaction condition. The role of the shell
is limited mainly to protection of the encapsulated core and
allows pore size control; only in rare cases can enhance cata-
lytic properties.

6.2.2. Photocatalysis

In the search for more economically friendly reactions, photo-
catalysis is gaining interest."?? By using Pt@CeO,, benzyl alde-
hyde can be obtained under mild conditions (room tempera-
ture, ambient pressure) by the selective oxidation of benzyl al-
cohol. The process is driven by visible light and the presence
of PtNPs significantly enhances the poor photocatalytic proper-
ties of the CeO, shell. It is worth pointing out that the core-
shell type of nanocomposites exhibit much higher activity
than nanorattles in this case. This can be explained by differen-
ces in interfacial charge transfer: as the interfacial distance be-
tween the core and shell in core-shell Pt@CeO, is spatially
dense, it leads to longer charge carrier lifetimes compared
with yolk-shell Pt@CeO,, where the contact between compo-
nents is quite loose.”®

Photocatalytic degradation of methylene blue can be carried
out by SiO,@NiTiO; nanorattles. After only 2.5 h, 90% of the
dye is degraded. This makes nanorattles much more efficient
photocatalysts than NiTiO; nanoparticles, in which case the
degradation reached solely 22%. The superior photocatalytic
activity of nanorattles compared with NiTiO; hollow spheres
implies that the silica core is significant.”? This observation is
in agreement with a previous study by Li et al., where it was
demonstrated that microrattles showed significantly higher
photocatalytic activity than hollow and solid spheres in the
degradation of phenol. Interestingly, yolk-shell spheres
showed difference in catalytic performance depending on the
size of the core. These unique properties originate from multi-
ple reflections of light within the interior cavity™® and clearly
show that the design determines the further properties.

Photocatalysts such as TiO, can be used for the purification
of water from organic materials through their degradation. The
environmental concern remains, however, due to the potential
of placing aqueous ecosystems in jeopardy through the pres-
ence of TiO,. Therefore, after treatment the catalyst should be
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removed. This is possible by fabricating nanorattles composed
of magnetic cores with photocatalytic shells, such as
Fe;0,@TiO,. Although this catalyst demonstrated lower catalyt-
ic activity compared with pure TiO, nanoparticles, Degussa
P25, their indubitable advantage is the ability to rapidly
remove them from solution owing to the presence of the mag-
netic core. In addition, recyclability measurement showed that
although the catalytic performance was decreased after several
trials, the nanorattles could be regenerated easily by exposing
them to UV light.”®

6.2.3. Electrocatalysis

Au@Pt can be used as an electrocatalyst for the oxidation of
methanol to CO, under basic conditions. Electrochemical prop-
erties were compared with other catalysts. The nanorattles
showed the highest specific activity compared with Au@Pt
core=shell, hollow Pt, PtNPs, as well as commercial Pt/C. In ad-
dition, yolk—shell Au@Pt demonstrated high CO tolerance,
which might be attributed to the presence of a gold core and
the void.””!

6.2.4. Cascade reactions

As seen in the examples of nanorattles used in catalysis, the
potential of the shell is not fully exploited and, in most cases,
the main attention is usually given solely to the properties of
the core. Recently, Yang et al. reported nanorattles with a pre-
cise functionalization of both compartments in such a way
that the core exhibited basic properties due to the presence of
—NH, groups, while the shell contained acidic groups (SOsH).
These nanomaterials were tested in a deacetalization/Henry
cascade reaction and their performance was compared with
nanorattles with a) only an acidic silica shell (SiO,@SO;H),
b) only a basic core (NH,@ethanesilica) and c¢) a mixture of
Si0,@SO;H and NH,@ethanesilica.

Figure 10 shows the deacetalization, which is catalyzed by
SO;H groups (step 1), and the Henry reaction, which is cata-

?OgH

SO4H 504H

Base @/% NO;
——

Figure 10. Deacetalization/Henry cascade reaction catalyzed by NH,@SO;H
nanorattles.
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lyzed by NH, groups (step 2). As a result of its structural prop-
erties, SiO,@SO;H could catalyze only step 1 of this cascade re-
action, whereas in the case of NH,@ethanesilica, no reaction
occurred owing to the absence of benzyl aldehyde. Both
NH,@SO;H as well as the mixture of SiO,@SO;H and
NH.@ethanesilica yielded nitrostyrene, showing that both
steps occurred. The higher yield of nitrostyrene, in the case of
the reaction catalyzed by NH,@SO;H (>99%) in comparison to
the mixture (55%), was attributed to different reaction routes.
In the former case, a short distance between the catalytic moi-
eties within this nanoreactor played a crucial role. In addition,
this distance seemed to be ideal as the sulfonic moieties of
shells and the amine moieties of the cores do not neutralize
each other. In the case of the mixture, however, the reaction
pathway lengthens as formed benzylaldehyde needs to diffuse
from SiO,@SO;H to NH,@ethanesilica. With regard to recyclabil-
ity, NH,@SO;H demonstrated high catalytic activity even after
the 2nd and 3rd cycles, with 88% and 72% yields of nitrostyr-
ene, respectively.”

6.3. Li-batteries

Along with the increasing demand for rechargeable batteries,
improvement of lithium and lithium-ion batteries is gaining
more and more interest."**) Anodes used in lithium-ion batter-
ies can be typically either graphite-type or alloy-type (such as
Si and Sn), with the former dominating the market even
though the latter demonstrate higher Li-storage capacity. This
is due to the formation of a solid-electrode interphase (SEI)
film, which forms on the surface of anodes while the organic
electrolyte is reductively decomposed. The formed film breaks
on the surface of the alloy electrodes as the anode volume ex-
pands and contracts while Li is inserted or extracted. As
a result, cracks are exposed at the interface of the electrode
with the electrolyte, leading to further growth and formation
of a thick SEI layer during the cycling procedure. This process
is clearly unfavorable due to the constant consumption of the
electrolyte and thus, drying of the cell."?

Si@carbon nanorattles can provide an attractive possibility
to overcome the problem of SEI rupture in the aforementioned
electrodes. In this system, the encapsulated Si core is physically
separated from the SEl film located on the outer layer of the
carbon shell. At the same time, the void provides space for the
alloy to change in volume without destroying the SEI film. As
determined by in situ TEM, the Si core expands upon electro-
chemical lithiation. Its enlargement, however, does not cause
rupture of the carbon shell."”

Sn@carbon might also serve as a promising candidate for
anode materials in lithium batteries.*>" When comparing
nanorattles differing significantly in the size of the encapsulat-
ed particles, the diameter of the rattle, as well as the size distri-
bution,®*" the differences in electrochemical performance
show that the method used is of great importance in terms of
further applications.

The preparation of more complex nanocomposites, such as
SnO,@carbon hollow spheres with embedded Sn nanoparti-
cles, increases the reversible capacity. These ameliorated cy-
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cling abilities and exceptional capacities, compared with
Sn@carbon alone, can be attributed to, among others, SnO,
nanoplates enhancing the charge transfer and decreasing the
transport distance for electrons and lithium cations. Thanks to
these properties, the aforementioned hybrid appears to be an
excellent candidate for application in lithium-ion batteries.""

Additionally, electrodes produced with double-shelled
Sn0,@Sn0,@Sn0, nanorattles showed better electrochemical
properties compared with the ones prepared with solid SnO..
This extraordinary capacity to store lithium is due to the high
porosity of the material as well as the presence of the void.
Nevertheless, the above-mentioned SEI film was formed on the
surface of both Sn0, electrodes.”

6.4. Magnetic solid-phase extraction

Magnetic solid-phase extraction is a relatively new method for
the separation and preconcentration of components from
large volumes of solutions.' Recently, Zeng et al. reported
a rattle-type microsphere with a magnetic-carbon double-lay-
ered shell that demonstrated potential to detect trace organic
targets in environmental water. In this system, the hydropho-
bic interior of the nanorattle was obtained by functionalization
of the SiO, core and the inner Fe;0, layer with C;4 groups. The
outer carbon layer plays a dual role: on one hand, it protects
the Fe;O, layer from the surrounding environment; on the
other hand, it provides a surface with numerous adsorption
sites for extraction of trace analytes. The performance of the
so-composed sorbents was determined by the extraction of
toxic polycyclic aromatic hydrocarbons (PACs). Interestingly, it
was observed that if the sorbent is used in high amounts,
there is almost no difference in extraction efficacy between
nanorattles functionalized with C,3 groups and non-functional-
ized ones. Conversely, functionalized nanorattles showed supe-
rior extraction capacity at low concentrations of the nanorattle.
This clearly indicates that the C,3 groups significantly enhance
the properties of the aforementioned adsorption sites on the
outer carbon layer.”

6.5. High performance microwave absorbers

Recently, Liu et al. showed for the first time the potential of
double-shelled rattles as high performance microwave absorb-
ers. These materials are composed of a magnetic core (Fe;0,)
surrounded by a dielectric double shell (SnO,). The double-
shelled rattles, naked solid Fe;O, core-shell Fe;0,@SiO,, as
well as single-shell Fe;0,@Si0, rattles were tested for their abil-
ity to absorb microwaves. Greater microwave absorption was
observed with increasing complexity of the tested material for
the bare core, core-shell, and single-shell rattles. Interestingly,
when the core was surrounded by a double layer, the absorp-
tion could be enhanced even more depending on the spheres’
parameters such as size, void, and wall thickness. The above-
mentioned microwave absorption was attributed to, among
others, a synergistic role of core and shell as well as the pres-
ence of the void.®
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6.6. Antimicrobial nanorattles

Wei et al. prepared Ag@y-Fe,O; nanorattles conjugated with
glucose through a dopamine anchor. Owing to the presence of
this monosaccharide, the nanorattles could specifically target
Escherichia coli ER2566. The magnetic shell allowed the physi-
cal removal of attached bacteria from the medium. In addition,
owing to the presence of AgNPs, these nanorattles showed an-
timicrobial properties against Escherichia coli O157:H7 and Ba-
cillus subtilis.>?

In our group, we have prepared Ag@SiO, nanorattles that
exhibit good antimicrobial properties against Escherichia coli K
12 TH14515. As the silica shell is functionalized with the NH,
groups, these nanorattles can be functionalized with fluores-
cent dyes or attached to a surface.'”

7. Conclusion

Rapid progress of nanotechnology within the last several de-
cades has favored the creation of nanostructures with increas-
ing levels of complexity. As was shown in this Review, various
methods that are frequently used for the preparation of solid
nanoparticles also constitute a basis for the development of
micro- and nanorattles as well. Although solid nanoparticles
have received relatively a lot of work, nanorattles still remain
a niche area to be further explored. Their undoubtable advan-
tages over traditional NPs result mainly from the presence of
the void, which allows movement of the encapsulated core as
well as its protection, factors that subsequently contribute to
the enhanced properties of nanorattles.

The current literature gives a growing number of impressive
examples, but these results are not always directly comparable
owing to different materials, different measurement conditions,
different aspects/influences, and/or frequently incomplete
sample characterization. Therefore, it is of great importance to
establish precise guidelines for standard testing of these new
materials to facilitate research by scientists all over the world.

We anticipate an increasing trend in research focused on the
preparation of multifunctional nanorattles. As frequently em-
phasized, particle size governs their properties. Bearing in
mind the potential offered by nanorattles in industrial and
medical applications, research with significant focus on simple,
eco-friendly, scalable methods leading to the formation of
monodisperse samples is expected.
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