Nanoscale

REVIEW

ROYAL SOCIETY

OF CHEMISTRY

CrossMark
& click for updates

Cite this: Nanoscale, 2016, 8, 2510

Received 9th October 2015,
Accepted 22nd December 2015

DOI: 10.1039/c5nr07004j

Www.rsc.org/nanoscale

Design, synthesis and applications of core—shell,
hollow core, and nanorattle multifunctional
hanostructures

Ahmed Mohamed El-Toni,**® Mohamed A. Habila,® Joselito Puzon Labis,®¢
Zeid A. ALOthman,© Mansour Alhoshan,® Ahmed A. Elzatahry" and Fan Zhang?

With the evolution of nanoscience and nanotechnology, studies have been focused on manipulating
nanoparticle properties through the control of their size, composition, and morphology. As nanomaterial
research has progressed, the foremost focus has gradually shifted from synthesis, morphology control,
and characterization of properties to the investigation of function and the utility of integrating these
materials and chemical sciences with the physical, biological, and medical fields, which therefore necessi-
tates the development of novel materials that are capable of performing multiple tasks and functions. The
construction of multifunctional nanomaterials that integrate two or more functions into a single geometry
has been achieved through the surface-coating technique, which created a new class of substances
designated as core—shell nanoparticles. Core—shell materials have growing and expanding applications
due to the multifunctionality that is achieved through the formation of multiple shells as well as the
manipulation of core/shell materials. Moreover, core removal from core-shell-based structures offers
excellent opportunities to construct multifunctional hollow core architectures that possess huge storage
capacities, low densities, and tunable optical properties. Furthermore, the fabrication of nanomaterials
that have the combined properties of a core—shell structure with that of a hollow one has resulted in the
creation of a new and important class of substances, known as the rattle core—shell nanoparticles, or
nanorattles. The design strategies of these new multifunctional nanostructures (core—shell, hollow core,
and nanorattle) are discussed in the first part of this review. In the second part, different synthesis and fab-
rication approaches for multifunctional core-shell, hollow core—shell and rattle core—shell architectures
are highlighted. Finally, in the last part of the article, the versatile and diverse applications of these
nanoarchitectures in catalysis, energy storage, sensing, and biomedicine are presented.

1. Introduction

Recently, nanoparticles have increasingly gained attention
because of their remarkable properties that result from their
nano-dimensions. Continuous development in nanoparticle
research has been motivated by the search for new
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applications, performance improvement, and combined nano-
material functions (i.e., developing multifunctional nano-
materials). One method to accomplish these objectives is
through the coating of nanoparticles with one or more layers
of other materials that have interesting properties. The sur-
rounding layer is called the shell, and the original nanoparticle
is named as the core. It has been discovered that the con-
structed layer, or shell, can change the function and properties
of the original core. In other words, the core can exhibit new
chemical or catalytic reactivity with shell formation. In
addition, thermal stability or dispersibility can be improved by
growing such shells. In fact, novel optical, magnetic and
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(a

Fig. 1 Multifunctional nanomaterials core—shell, (b)

including (a)
hollow core-shell, and (c) rattle core—shell nanostructures.

electronic characteristics can be imparted to the core nano-
particle through the formation of a core-shell structure. There-
fore, such modified structures could provide the combined
functionality of both the core and the shell with novel pro-
perties rather than the mono-functionality of nanoparticles
alone. This core-shell concept presents two materials with two
functions in one structure, as shown in Fig. 1a. By increasing
the number of shells and/or the number of materials, the func-
tions of the newly formed structure can consequently be
increased, which then offers unlimited possibilities and exten-
sive applications in many fields. For example, a magnetic core
can be covered with a porous silica shell that can be loaded
with drugs and provide biocompatibility, while the core can
simultaneously be used for targeted delivery to a specific
organ." Adding an extra shell, or layer, also provides for
further functions. For example, an Fe;O, nano-core coated
with both a dye-doped mesoporous silica shell and a poly-
(ethylene glycol) layer can possess tri-functional properties
that can be wused in magnetic resonance, fluorescence
imaging, and drug delivery, thus making it a novel candidate
for simultaneous drug delivery and cancer diagnosis.”
However, core-shell structures offer limited storage
capacity, and researchers have been seeking more advanced
design and geometry modifications to attain more flexibility.
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The suitable design and geometry of the core-shell structure
allows the formation of other novel architectures, such as
hollow core-shell structures (as shown in Fig. 1b) through
removal of the core. The large fraction of empty space in the
hollow structures has been used as a system for the loading
and controlled release of special materials, such as drugs,
genes, peptides, and biological molecules.? The hollow cavity
within the sphere can be used as a nanoreactor with catalyti-
cally active species loaded for catalytic reactions, or to tune
the refractive index, decrease density, improve particle resist-
ance toward continuous volume change, or to provide imaging
markers designed for cancer detection.>® Furthermore, the
hollow cavity is characterized by having a high surface area
and pore volume as well as the capability of capturing hazar-
dous materials within their interior void.”

Despite the outstanding storage space provided by hollow
core structures, one of their main drawbacks is the lack of an
internal core. A novel approach to combine the high storage
capacity of hollow spheres with the advantages of the core-
shell structure is to create one or more cavities between the
outer shell and the inner solid core, producing a structure
known as the rattle-type or yolk-shell. In other words, the yolk
or rattle core-shell architecture (Fig. 1c) could be described as
having a core@void@shell configuration.® The rattle structure
possesses the combined properties of the solid cores, such as
magnetic, metal, or quantum dot nanoparticles, together with
those of the void in-between the core and the shell, which can
be used for extra storage. Rattle core-shell multifunctional
nanomaterials have gained considerable attention in recent
years and have shown promising applications as nanoreactors,
drug/gene delivery agents and lithium-ion batteries.”

In this review, a comprehensive overview of the multifunc-
tional core-shell, hollow core, and nanorattle nanoarchitectures
is presented. Further highlights are focused on the emerging
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trends of their prospective designs, synthesis approaches, and
applications. This article is organized as follows. In the first
section, different design strategies for the core-shell, hollow
core, and nanorattle multifunctional nanostructures are dis-
cussed. In the second section, the key synthesis approaches for
constructing each of these nanostructures are summarized. In
the third section, a range of potential applications of core-shell,
hollow core, and nanorattle multifunctional nanostructures,
including nanocatalysis, biomedical applications, lithium-ion
batteries and sensing fields, is reviewed.

2. Design of multifunctional
nanomaterials

2.1. Core-shell

Nanoparticles have received more research attention than bulk
materials due to their superior properties; however, from the
beginning of the 1980s, studies have been concentrated on
composite nanomaterials that include more than one particle
because they exhibited new and improved properties.">™"” By
the end of the 1990s, multilayer composite nanoparticles had
been developed and showed significantly improved perform-
ance due to their structure."®>° By this time, the term core-
shell nanoparticles had become more common, and many
investigations and studies had been directed toward to this
novel branch of materials.

The core-shell structures are composite materials that
contain an inner core coated with one or more layers (shells)
of different materials. The materials of the core-shell struc-

21 such as core and

tures can exist in different combinations,
shell materials that are organic or inorganic. Furthermore,
organic cores can be coated with inorganic shells and vice
versa.>* The physical and chemical properties of core-shell
nanoparticles are mainly associated with the materials and
structure of the core and shell, but they are also associated

with the interface. This structure dependence provides huge

Joselito Puzon Labis received his
Ph.D. from the Division of
Quantum  Materials  Physics,
Graduate School of Natural
Science and Technology,
Okayama University, Japan in
2002. Then, he joined as a
research fellow at the Hiroshima
Synchrotron Radiation Center,
Hiroshima University, Japan. In
2010, he was appointed as an
assistant professor at the King
Abdullah Institute for Nano-
technology, King Saud Univer-
sity, Riyadh, Saudi Arabia. His current research focuses on the
nanostructures of III-V materials and ZnO for solar cells and
other applications.

Joselito Puzon Labis

2512 | Nanoscale, 2016, 8, 2510-2531

Nanoscale

opportunities and possibilities for manipulating properties by
controlling the chemical compositions and relative sizes of the
core and shell.**?*?

The selection of the core and shell material is related to the
type of targeted application. Therefore, design of multifunc-
tional core-shell nanoparticles usually depends on the final
application. For drug delivery, the core material could possess
magnetic characteristics, and the outer shell could be a
polymer or porous silica.** Similarly, for separable nanocata-
lysts, the core material can be Fe;0,4 or Fe,Os, while the shell
could be a metal nanocluster.”® For stable nanocatalysts,® Pt
metal nanoparticles can be stabilized from growing in size, by
the effect of high temperature, through coating them with a
porous silica shell that allows the diffusion of the reactants
and products through the shell. In this architecture, the mor-
phology, size and stability of metal cores can be maintained
regardless the working temperature. For designing a system
capable of performing photothermal/chemotherapy and multi-
modal imaging of cancer,” the magnetic core, which is
responsible for multimodal imaging capability, can be coated
with a porous silica layer in which chemotherapy drug mole-
cules can be encapsulated. Finally, gold nanorods can be
formed as a second shell around the mesoporous silica shell,
and these can function as photothermal therapeutic agents.

In fact, core-shell structure design can also be affected by
the core type and size. For a multifunctional, multimodal
imaging core-shell system, upconversion nanoparticles can be
used as the shell material, while Fe;O, nanoparticles can be
used as the core for magnetic resonance imaging applications.
The selection of a suitable core size is crucial to design an
efficient core-shell system; the appropriate magnetic core size
for drug delivery applications is between 50 and 300 nm.
Nanoparticles larger than 300 nm will be trapped in the lungs
and liver, while nanoparticles smaller than 50 nm will possess
magnetic forces too weak for drug delivery.*® Functionalization
of the core surface with organic functionalities can be con-
sidered as an important step for constructing/designing the
outer shell. To fabricate a gold shell around the magnetic/
silica cores, the core surface should contain thiol groups as
functional moieties that can be attached to gold nanoclusters
for shell formation.>®

These design concepts can also be extended to the tuning
of core and shell physical characteristics, i.e., from dense to
porous, by using surfactant molecules.?® Various spherical
core/shell nanoarchitectures can be constructed based on the
nature of the core and shell materials; cores can be dense
(solid) or porous (Fig. 2a). Moreover, different types of shells
are possible, such as continuous/discontinuous dense shells,
continuous porous shells (Fig. 2a), and multiple shells
(Fig. 2b).*! In addition, other designs can be created by choos-
ing core materials of different shapes. In addition to the usual
spherical morphology of core-shell nanoparticles, there are
many other possible shapes of core/shell nanoarchitectures,
depending on the various core morphologies that are available,
including nanorods, nanotubes, nanowires, nanorings and
nanostars.>3>73¢

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Designs to produce different core—shell architectures with (a)
different porous core and shell characters, (b) different core—multiple
shell structures. (Reprinted with permission from the Faculty of Technol-
ogy, University of Novi Sad.)**

2.2. Hollow core-shell

Over the past few decades, interest in monodisperse hollow
spheres has grown considerably in response to their unique
properties, such as uniform size, well-defined morphology,
large surface area, low density, and wide range of potential
applications. Such applications make use of the large empty
cavity in these hollow structures, which can be used for the
loading and controlled release of specific molecules, such as
drugs, peptides and genes.”” In addition, hollow core spheres
are used as refractive index modulators; other usages include
increasing the active catalysis area and hence its adsorption,
lowering the particle density, expanding the array of imaging
markers that can be used in early cancer detection, and
improving particle tolerance to cyclical volume changes.®?”
Due to their special optical, thermal, catalytic, electro-chemi-
cal, photo-electrochemical and mechanical properties, in-
organic hollow spheres could comprise a more diverse and
richer class of materials than organic hollow core spheres.*®

The hollow sphere concept arose when there was a need for
lowering the nanoparticle density or constructing nano-
particles with huge storage capacities together with enhanced
capture capabilities. The design of the hollow core spheres was
first initiated by the concept of core removal, or the hard tem-
plating approach.® This process involved the removal of
different types of core materials, such as metals,*® metal
oxides,* and polymer nanopatrticles.”’ Designing hollow core-
shell nanostructures also includes tuning their size and shape.
Size tuning can be performed by the precise selection of the
core size prior to the core removal step.

Shape tuning has been conducted by selecting core tem-
plates of different morphologies to obtain hollow spheres,*>
hollow nanocubes,** hollow fibers,"* and hollow nanoplates.*®
Furthermore, variation of the hollow nanoparticle composition
has been performed by choosing suitable shell materials,
which can include metals,’® metal oxides,"”” and polymers.*®
Moreover, the shells of hollow nanoparticles can be solid with
a dense character, similar to most polymer and metal shells,*’
or they can be made porous by the addition of surfactant mole-
cules during shell formation, as is the case with many metal
oxide shells.”® In addition, controlling the number of shells
(single,”* double,”® or multiple®®) can be another tool for
designing hollow core-shell multifunctional nanomaterials.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Schematic illustration of a conventional hard templating process
for hollow sphere synthesis. (Reprinted with permission from John Wiley
and Sons.)°

The template method, in particular, is the most common
method for producing hollow core-shell structures. In this
method, there are usually at least two steps that are indispens-
able. First, the templates must be modified such that they
will have the ability to attract inorganic precursors (salts or alk-
oxides) onto the surface of the template core. Next, after the
decoration of the inorganic shell, the templates are eliminated,
which results in the hollow core-shell formation (Fig. 3).>°

Generally, we can categorize the templates as hard or soft.
When using hard templates, such as Si0,,>* carbon,> poly-
mers,’*>” and metals,’® the resulting hollow product will have
a structure similar to that of the template and will exhibit a
well-defined and monodisperse morphology. However, remov-
ing the templates by thermal (sintering) or chemical (etching)
means can be a very complicated and energy-consuming pro-
cedure. Soft templates, such as bacteria,’® droplets,®® and vesi-
cles,®" are easier to remove; however, both the morphology and
the monodispersity of the resulting hollow nanoparticles are
usually poor due to the deformability of the soft template.
Nevertheless, although the drawbacks of these templating
approaches may seem inherent and insurmountable, novel
emerging techniques, e.g., sacrificial templates and modified
soft templates, may have the potential to overcome these
disadvantages.®

2.3. Rattle core-shell structure

The demand for combining the functional properties of the
core-shell structure with the huge storage capacity of the
hollow core-shell structure has led to the construction of a
novel rattle core-shell system, which exhibits the merits of
both architectures. Nanorattles represent a new and novel
class of special core/shell structures with a characteristic
core@void@shell configuration (Fig. 4a).®> Among complex
multifunctional nanoarchitectures, the rattle core-shell nano-
materials (also known as “yolk/shell” structures, where the
nanoparticle core is contained by one or more hollow shells)

Fig. 4 Designs to produce the different nanorattle architectures of
(a) core—shell, (b) multiple-core and (c) multiple-shell. (Reprinted with
permission from the Royal Society of Chemistry.)%?

Nanoscale, 2016, 8, 2510-2531 | 2513
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have attracted a great deal of attention due to their appealing
structures, tunable physical and chemical properties. The
tailor-ability and functionality of both the cores and hollow
shells also make nanorattles promising for a range of remark-
able applications, such as catalysis, biosensors and surface-
enhanced Raman scattering.”™*

Over the last two decades, research on these functionalized
nanorattle materials has been geared towards the design and
fabrication of different morphologies for desirable pro-
perties.”'® Recently, catalytically active systems designed using
nanorattle architectures with metal cores such as Au, Ag, Pt,
and Ni showed outstanding performance for various catalytic
reactions."**>%* The nanorattle catalysts provide high activities
that are attributed to the freely moving core within the protec-
tive shell (Fig. 1). This configuration offers a homogeneous
environment for heterogeneous catalytic activities,'!™*666768
Since Au@polymer nanorattles were first reported by Xia et al.,
a number of nanorattles with different core-shell configur-
ations and compositions with different sizes and shapes have
been developed.® %771

Furthermore, nanorattles have been engineered and
designed over a wide range of chemical compositions, includ-
ing metal@polymer,®> metal oxide@silica,*® metal@carbon,®’
metal@silica,’® polymer@polymer,*® silica@metal oxide,”
metal@metal oxide,”* and metal silica@carbon.”® In addition,
multiple-core nanorattles (Fig. 4b) and multiple-shell nano-
rattles (Fig. 4c) have also been recently designed and studied.
Driven by the interesting compositions and tailored properties,
novel fabrication methods have been developed to functiona-
lize these unique nanorattles. As a result, nanorattles can be
produced by many techniques, such as the selective-etching,
galvanic replacement, soft-templating, Ostwald ripening and
ship-in-bottle approaches.

For example, the catalytic activity of metal nanoparticle@
silica nanorattle catalysts is significantly enhanced by their
unique design, where each metal nanoparticle core is pre-
vented from aggregating by the outer protective shell. More-
over, these cores are movable, which allows them to possess
more exposed active sites.">"'*®” Additionally, the diffusion
rates of the reactants are controlled by manipulating the struc-
ture of the core and the porosity of the shell, and consequently
the confined reaction environment becomes quite similar to
that of homogeneous catalysis.”>7*

Furthermore, rattle core-shell nanoparticles present a new
and novel platform for investigating the cooperative effects of
the two catalysts in a rattle structure.”® It is worth mentioning
that the large hollow space between the core and the shell in
nanorattles can be designed to accommodate fluorophores or
drug molecules. They can then function as promising delivery
vehicles for targeted drug/gene delivery research.”®”’® In
addition, the voids in the rattle-core/shell structure can be
engineered to be exploited as a buffering space for the electro-
active core materials in a lithium insertion—-deinsertion
process to improve the cycling performance of electrode
materials. Therefore, nanorattles are very promising materials
for lithium-ion battery research.”*8°

2514 | Nanoscale, 2016, 8, 2510-2531
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3. Routes for fabrication of different
multifunctional nanomaterials

3.1. Core-shell nanomaterial fabrication

3.1.1. Core materials. Attaining the final applications and
targeted properties of core-shell nanoparticles is mostly
dependent on careful selection of both the core and shell
materials. The core can be composed of various metals, metal
oxides, quantum dots, and polymer materials. Many investi-
gations have been directed toward constructing core-shell
systems based on metal oxides,*""** noble Au®*®* and Ag,%%°
non-noble Ni,?” Co,*® and Fe,*® and polymer nanocores.’®°*

Metal oxide nanoparticles have been used as core materials
for photocatalytic, drug control release and drug delivery appli-
cations. Additionally, noble metal nanocores have been used for
nanocatalysis as well as photothermal cancer therapy. Quantum
dots have been used as cores for bio-imaging and diagnostic
applications. Iron, nickel, cobalt, manganese, chromium and
gadolinium®® nanocores have gained attention because they
play important roles in magnetic resonance imaging as well as
separation technology.”®> Moreover, iron oxide nanoparticles
have also been a promising multifunctional nanosystem for
imaging and therapy; they have unique properties, such as bio-
compatibility, an intrinsic ability to enhance magnetic reso-
nance contrast, and facile surface modification, and therefore
they are excellent theranostic agent candidates.’>*

3.1.2. Shell fabrication. Several approaches have been
established to construct a protective layer or shell around
different types of nanoparticle cores. In all of these methods,
the cores are formed first, and then shell formation takes
place. The core surfaces provide nucleation sites (seeds) for
the shell atoms to nucleate and grow through sol-gel or chemi-
cal precipitation approaches. In other word, the core acts as a
substrate for shell deposition. Different types of shell materials
require different coating or shell formation strategies.

3.1.2.1. Metal oxide shell. Metal oxide is a class of
materials that possess a wide spectrum of properties. Upon
depositing a metal oxide layer on another type of nanoparticle,
a combination of properties can be obtained. For example,
metal oxide coatings can endow iron oxide nanoparticles with
interesting semiconducting and magneto-optical properties.
For instance, iron oxide nanoparticles can be utilized for the
selective enrichment of phosphopeptides by coating them with
AL0;,” 7r0,,”° TiO,,”” and Ta,05 °® metal oxide shells.

However, despite the various types of metal oxides being
used as a coating layer, SiO, is still most common for shell for-
mation. The well-established synthesis route used to prepare
nanoparticle@SiO, core-shell nanostructures is the sol-gel
approach, which involves hydrolysis and condensation of the
silica precursor (tetraethyl orthosilicate). The sol-gel approach
has been implemented for the coating of noble metal nano-
cores with silica shells, such as Au@SiO,,” Ag@SiO,'*°
(Fig. 5a), and Pd@Si0,."*" The silica coating is so commonly
used because of its amorphous character and facile shell for-
mation process.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Scheme of the proposed formation process and TEM images of
(a) a SiO; shell around a Ag nanocore, (Reprinted with permission from
the American Chemical Society.)!°° and (b) a TiO, shell around an Au
nanocore. (Reprinted with permission from the Royal Society of
Chemistry.)*%”

However, upon growing other crystalline metal oxide shells
such as TiO, on the surface of nanoparticle cores, especially
metallic cores, self-nucleation and uncontrollable growth takes
place due to large interfacial stress between the shell and met-
allic nanocores. Nevertheless, this issue can be resolved by the
addition of surfactant molecules to prompt nucleation and
growth of the metal oxide shell around the metal nanocore.
Using this concept, TiO, shells have been coated around Au
nanoparticles'®> through the addition of hydroxypropyl cellu-
lose to modify citrate-stabilized Au nanoparticles. Thereafter,
the less reactive sol-gel precursor titanium diisopropoxide
bis(acetylacetonate) can be used to create TiO, shells around
Au nanocores. However, titanium tetrabutoxide showed much
lower hydrolysis compared with titanium diisopropoxide,
which indicates that butoxide is a more suitable precursor for
homogeneous TiO, shell formation. Fornasiero et al. con-
structed Pd@CeO, core-shell nanostructures by utilizing the
self-assembly between the functionalized Pd nanoparticles
and cerium alkoxides. %>

Another method that can be used for fabrication of metal
oxide shells instead of the sol-gel technique is the hydro-
thermal process. The hydrothermal process has many advan-
tages, such as being non-toxic and environmentally friendly
and having low cost, solubility with a broad range of materials,
and polar affinity, which facilitates the controlled growth of
metal oxide shells.'*

Generally, the hydrothermal method is conducted within a
sealed vessel, where the water creates pressure upon heating
and helps to improve the crystallinity of the prepared nano-
particles. Zhang et al. have used the hydrothermal method to
grow CeO, shells around Pt cores. In this work, CeCl; and
citrate-stabilized Pt were mixed in the presence of urea (at
desired concentrations) and heated in an autoclave at 90 °C for
desired times."®

In comparison with the sol-gel process, the hydrothermal
process does not require the use of surfactants to facilitate
metal oxide shell formation. Moreover, the simplicity and
environmental friendliness of the hydrothermal method
support its expansion as a shell construction method.
However, a deeper understanding of the process is required for

This journal is © The Royal Society of Chemistry 2016
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controlling the heterogeneous nucleation and growth of metal
oxides on metal nanocores rather than forming metal oxide
nanoparticles (Fig. 5b).*"

3.1.2.2. Metal shells. Coating nanoparticle cores with
noble metal shells has become an attractive research topic
because it is expected to provide novel characteristics and ver-
satile applications. One of the most important methods for
constructing noble metal shells is the reverse micelle
approach, which serves as a nanoreactor for shell growth by
adjusting the ratio of the metal salt to the reducing agent. This
method has been implemented to grow metal shells around
Co and Fe nanoparticles.®>1°111

Another method that has been extensively utilized for the
synthesis of metal shells is the thermal decomposition
method for organometallic precursors.'*>'*? For coating a Pd
shell around a Ni Core, Ni(acac), and Pd(acac), were added to
oleylamine at an elevated temperature.''> Knowing that the
Ni-TOP complex tended to decompose faster at a lower temp-
erature than the Pd-TOP complex, while the Pd-TOP complex
tended to decompose more easily at higher temperatures than
the Ni-TOP complex; then by performing the thermal
decomposition reaction at a lower temperature (205 °C) Ni
cores can be formed easily, while the Pd-TOP complex main-
tains its stability. By elevating the reaction temperature to
235 °C, the Pd-TOP complex begins to decompose and form a
Pd shell around the previously formed Ni cores.''?

To fabricate metal shells on magnetic nanoparticles,
thermal decomposition methods have also been utilized.
However, Fe;O, nanoparticles were first synthesized by the
decomposition of iron(m) oleate into a mixture of oleic acid
and oleylamine. Thereafter, an Au shell was introduced to the
Fe;0, surface by HAuCl, reduction in the oleylamine and
chloroform mixture. The Au-Fe;O, core-shell nanoparticles
could then be transferred to the water solution by adsorbing
cetyltrimethylammonium bromide (CTAB) and sodium citrate
to make them more hydrophilic for facile mixing with water.
Thereafter, the Au shells surrounding the Fe;0, cores could be
grown thicker by dispersing the hydrophilic Fe;0,-Au into
water with the addition of HAuCl, and a reducing agent. Fur-
thermore, a second Ag shell also could be constructed around
the Fe;0,@Au core-shell nanoparticles by adding AgNO; with
the reducing agent. It is worth mentioning that the plasmonic
properties of the core-shell nanoparticles can be tuned
towards blue shift (approximately 501 nm) or red shift around
(560 nm) (Fig. 6). Fe;0,@Au core-shell nanoparticles offer not
only the double functionality of the magnetic character and
plasmonic properties but also long-term for core and shell
material stability. It is expected that Fe;0,@Au core-shell can
possess great opportunities for therapeutic and diagnostic
applications.'"?

3.1.2.3. Dense shells. Most of the shells formed around
different types of cores are dense, or solid. The dense shell
implies that no pores exist in its structure. The dense shell is
usually a metal oxide such as alumina or silica, and can also
be a non-metal such as carbon. The shell material types deter-
mine the final character of core-shell nanoparticles. When

Nanoscale, 2016, 8, 2510-2531 | 2515
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Fig. 6 Scheme diagram for tuning the plasmonic properties of the
magnetic core—metal shell nanoparticles by controlling the shell type
and thickness. (Reprinted with permission from the American Chemical
Society.)!*®

silica or alumina is selected as a shell material, the final core-
shell will show a hydrophilic character; however, when carbon
is used as an outer shell, the final core-shell nanoparticles
will show a hydrophobic character. Silica and carbon are the
most common dense shell materials that have been used for
insulating/protecting magnetic nanoparticles from oxidation/
dissolution.

The magnetic core-dense shell structure can be utilized
with biological samples through chemical bonding or physical
adsorption. Dense silica shells have been coated onto different
types of cores using the Stober method. In this process, the
silica precursor (TEOS) is hydrolyzed under alkaline conditions
to form silica nuclei that can be seeded on the surface of the
nanoparticle cores in a heterogeneous nucleation step. There-
after, in the growth step, the newly formed silica nuclei begin
to bond to the previously formed silica seeds to produce a
homogeneous shell. The nucleation and growth steps can be
controlled by manipulating the TEOS and alkali (NaOH,
NH,OH) concentrations. The shell thickness can be controlled
by increasing the TEOS concentration or prolonging the reac-
tion time.

A similar strategy can be extended to alumina or titania
shells. It is worth mentioning that silica shells will not be
affected by heat treatment due to their amorphous character.
However, titania and other crystalline shells will undergo grain
growth due to a phase change from amorphous to crystalline,
which may result in a loss of the dense shell character. The
carbon shell can be grown on the surface of core nanoparticles
by high temperature processes such as the chemical vapor
deposition (CVD) method. Wet processes such as the hydro-
thermal and solvothermal methods can be used to carbonize
glucose material to form protective carbon shells. However, in
recent years, polymer shells that can be coated more homo-
geneously around the core nanoparticles have been found to
be more suitable candidates for forming carbon shells through
a carbonization step.**®

3.1.2.4. Mesoporous shells. As mentioned before, dense
shells have been constructed with the aims of protecting, insu-
lating and providing multi-functionality. However, turning a
dense shell into a mesoporous one can provide new opportu-
nities because such shells can accommodate molecules and
allow the diffusion of materials into and out of the core. A
mesoporous shell is a shell exhibiting pores with diameters
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Fig. 7 The formation and a typical TEM image of Fe;04—-nSiO,@mSiO,
microspheres. (Reprinted with permission from the American Chemical
Society.)!*
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ranging from 2 to 15 nm, depending on the type of the pore
forming agent (surfactant) used. In addition, the mesoporous
shell has advantages over the dense shell due to its chemical
composition and textural properties associated with their high
shell pore volumes.

The mesoporous silica shell was first reported by Biichel
et al. in 1998; their process of n-octadecyltrimethoxysilane
(C1sTMS) hydrolysis did not use a surfactant and resulted in
the formation of non-ordered mesoporous shells."** Zhao
et al. have used a cationic surfactant (Cetyl trimethyl-
ammonium bromide) to form ordered, perpendicularly
aligned mesoporous SiO, shells around magnetic nano-
particles cores, as shown in Fig. 7.'"* Thereafter, many studies
have implemented cationic surfactants as tools for the con-
struction of ordered mesoporous silica shells around different
types of cores. In addition, El-Toni et al. have reported amino-
functionalized mesoporous shell fabrication around silica
cores,"'® and magnetic'”” nanoparticles using anionic surfac-
tants. Mesoporous silica shells with large pore sizes (7 nm)
have also been formed by using a copolymer (Plunoric P123)
surfactant."® The selective-etching method has also been used
to covert dense silica shells into non-ordered mesoporous
shells, as reported by Ge et al."'® In this method, silica shells
were stabilized by the adsorption of polyvinylpyrrolidone (PVP)
molecules, and an alkaline etchant was then introduced to
form pores within the shells.

3.2. Hollow structure fabrication

3.2.1. Hollow core-shell nanomaterial fabrication. Hollow
core-shell nanostructures are usually fabricated by first synthe-
sizing the core nanoparticle and then coating the shell
materials onto the cores. Thereafter, removal of the core
materials results in hollow core-shell structure formation.
This process is usually designated as hard templating and can
include polymers, metals, and metal oxide cores as hard tem-
plates. However, the other common process for hollow core—
shell structure fabrication is the soft templating process that is
based on utilizing shell material precursors together with sur-
factant molecules under special conditions to form hollow
core-shell structures. The following sections will discuss both
the approaches.

3.2.2. Hard template strategy. Different types of templates,
including polymers, metals and metal oxides, have been
implemented for the fabrication of hollow core structures. The
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final size of hollow core nanoparticles can be controlled by
adjusting the size of the template.

3.2.2.1. Polymer template-based methods. Polymer nano-
particles can be considered as the most commonly used hard
template for producing hollow spheres. The polymer templat-
ing method can be classified into two main categories. The
first category includes methods based on the usage of polymer
beads, such as polystyrene nanoparticles and their derivatives,
to construct hollow spheres of Sn0,,"?° Si0,,"*' Fe;0,, Co3;04
and Ni(OH),."”* The shells are formed on the polystyrene
nanoparticles either by surface reaction based on the func-
tional groups present on the core surface or by controlled pre-
cipitation of inorganic metal salt molecules. To obtain the
hollow structures, polystyrene nanoparticles are removed by
either calcination processes in air or by selective dissolution
using a suitable solvent. Hollow silica spheres have been pre-
pared by synthesis with polystyrene nanoparticles."** The silica
shell was coated on the polystyrene cores via condensation
between silanol groups on the core surface and the silica pre-
cursor (TEOS) through the alkaline catalyzed sol-gel method.
By calcination at 600 °C, the polystyrene cores were decom-
posed, and hollow core silica spheres were formed.">?

Hollow TiO, spheres have also been synthesized using sul-
fonated polystyrene nanoparticles. The existence of sulfonate
groups improves the hydrophilic character of polystyrene nano-
particles and allows interaction with shell precursors such as
titanium butoxide, producing hollow titania spheres. Upon
addition of titanium butoxide to the solution of sulfonate
functionalized polystyrene nanoparticles, hydrolysis begins to
form the TiO, shells. Finally, by the solvent dissolution of the
polystyrene cores, hollow titania spheres can be obtained."**

The second category includes methods of layer-by-layer self-
assembly.'*>'?® The layer-by-layer technique is based on the
electrostatic attraction of oppositely charged species that have
been alternately deposited on polymer nanoparticles. In this
approach, multilayered shells are formed on the polystyrene
nanoparticles through the adsorption of the polyelectrolyte
and oppositely charged nanoparticles. Uniform hollow spheres
of different types of inorganic materials, including Mn,0;,"*’
$i0,,'** and Ti0,,"*® have been produced by performing the
calcinations of the formed core-shells to remove the poly-
styrene cores as well as the polyelectrolyte (Fig. 8).

It is worth mentioning that this method is conducive for
controlling the hollow sphere diameter and shell thickness by
allowing the adjustment of polystyrene nanoparticle size and
inorganic precursor concentration, respectively.

The advantages of polymer-based templating methods
include the ability to produce hollow spheres of metals, metal
oxides and non-metal nanoparticles with variable cavity diam-
eters, shell thicknesses, and surface functionalities. However,
the time and energy consumption required for this method
are disadvantageous. The time consumption is due to the
need for multiple steps to obtain the hollow sphere structure,
such as the preparation of the core nanoparticles, the coating
process, the adsorption of polyelectrolyte, and the multiple
separation and washing steps. Moreover, energy consumption
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Fig. 8 Schematic illustration of procedures for preparing inorganic and
hybrid hollow spheres using the layer-by-layer (LBL) technique based on
PS colloidal templates. (Reprinted with permission from The American
Association for the Advancement of Science.)!?®

comes from the calcination processes that require elevated
temperature conditions.’

3.2.2.2. Inorganic non-metallic template-based methods. Car-
bon and silica have been used as non-metallic templates for
the synthesis of hollow core nanoparticles.” Easy removal of
carbon nanoparticles as well as their multiple and numerous
reactive groups support their suitability for the templating
process. Various metal oxide hollow spheres, including MnO,,
Ga,0; and NiO,"* ™' have been fabricated through the
carbon templating process using carbonaceous polysaccharide
spheres.® Upon hydrothermal treatment of carbonaceous poly-
saccharide, carbon spheres are formed that are hydrophilic in
nature due to the presence of hydroxyl groups. These groups
can bind metal cations easily during the shell formation step
through electrostatic attraction or coordination. By performing
calcinations, the metal salts forming the shell are condensed
and cross-linked together to form a metal oxide layer, while
the carbon cores are thermally decomposed to produce hollow
structures. Based on the carbon templating method, Liu et al.
have prepared 300 nm hollow Gd,O;: Ln (Ln = Eu’*, Sm*")
microspheres,’*® where glucose under hydrothermal con-
ditions forms carbon spheres containing hydroxyl groups.
During the coating step, Gd*" and Ln** precipitate in the pres-
ence of urea onto the carbon spheres, and by calcinations at
300 °C, the hollow spheres are formed. Coz;0,, CeO,, Fe,03,
Ni,O; and CuO hollow core spheres'** have also been formed
by a one-pot hydrothermal method by mixing carbohydrates
and metal salts and then heating them in an autoclave at
180 °C. Using such methods, a wide range of metal oxide
hollow spheres that were not accessible via the sol-gel
approach have been synthesized. The surface area and
thickness of the shells can be tuned by controlling the
carbohydrate : metal-salt ratio."*"

3.2.3. Soft template-based strategies. The soft templating
method represents an attractive research track for synthesizing
hollow structures because the templates can be removed in a
simple and easy way."**'*® However, the main disadvantages
of soft templating methods are the poor monodispersity
and lack of control over particle morphology, which can be
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Fig. 9 The formation of different Cu,O hollow structures in the pres-
ence of a CTAB template: (a) micelle, (b) single-lamellar vesicle, (c)
multi-lamellar vesicle. (Reprinted with permission from John Wiley and
Sons.)*°

attributed to soft template deformation. Therefore, the most
challenging aspect is the fabrication of uniform and mono-
disperse hollow spheres. In this regard, 11-30 nm La(OH);z
hollow spheres have been reported by Leidinger et al.*’ through
construction of W/O microemulsion using n-dodecane as the
nonpolar oil phase, Cetyl trimethylammonium bromide as a
surfactant and 1-hexanol as a co-surfactant. Monodisperse
micrometer-sized SiO, hollow spheres have been fabricated,
where the outer and inner diameters of the hollow spheres
could be controlled by adjusting the water to the surfactant
ratio of the underlying micellar system, which, in turn,
affected the size of the relevant micelles and influenced the
outer diameter and cavity size. Multi-shelled Cu,O hollow
spheres with a single-crystalline shell wall have been prepared
using a soft templating method as shown in Fig. 9."*® Further-
more, 50 nm silver spheres having wall thicknesses of 3-5 nm
and 10-15 nm diameter inner cavities were also obtained by
implementing a soft templating approach.*® In addition,
further complex hollow cage-like silica spheres loaded with
iron oxide nanoparticles in their porous shells have been fabri-
cated using the oil-in-diethylene-glycol microemulsion
approach.”®® Zoldesi et al. have prepared monodisperse SiO,
hollow spheres using polydimethylsiloxane (PDMS) silicone
O/W emulsion templating.'*°

3.3. Rattle core-shell nanomaterial fabrication

Rattle core-shell nanostructures can be fabricated using five
main approaches: selective-etching, soft templating assembly,
ship-in-bottle, Ostwald ripening, and galvanic replacement.
Furthermore, in some cases, combinations of these
approaches have been used to construct rattle core-shell nano-
structures with high degrees of functionality and complexity.
3.3.1. Selective-etching or dissolution methods. Recently,
the selective-etching approach has been considered an impor-
tant tool for fabricating rattle core-shell nanoparticles. In this
process, the core nanoparticles are coated with double shells
of two different materials. Thereafter, the intermediate shell is
selectively etched by a suitable solvent or by calcination steps
to construct the rattle structure (Fig. 10). In some cases, the
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Fig. 10 Schematic illustration of etching strategies for preparing rattle
core—shell nanoparticles. (Reprinted with permission from the Royal
Society of Chemistry.)®?

cores are coated with one shell, and then either the inner part
of the shell or the outer part of the core is dissolved to
produce the targeted structure. The selective-etching approach
has been implemented to fabricate rattle core-shell nano-
structures with a spherical morphology as well as non-spheri-
cal rattle nanostructures such as ellipsoids and ‘sword-in-
sheath’ architectures.”>'*7'%3

3.3.1.1. Partial removal of the core or the shell. This method
is based on the selective removal of the outer part of the core,
the inner part of the shell, or the intermediate shell at the
core-shell or core-double shell structure through using a suit-
able solvent or calcination step (Fig. 10).°> Based on this
approach, a three-layered ‘sandwich’ structure of organic-
inorganic hybrid solid silica spheres has been synthesized, first
by the hydrolysis of TEOS and N-3-(trimethoxysilyl)propylethyl-
enediamine, producing silica spheres containing an organo-
silica layer."** Thereafter, the rattle nanostructure was obtained
by selectively etching the middle organosilica layer using
specific amounts of hydrofluoric acid.

Fe;0,@Si0, rattle core-shell nanostructures with inner cav-
ities have been fabricated by forming carbon spheres around
the magnetic nanoparticles in a one-pot hydrothermal method
using carbon and iron precursors. Thereafter, silica shells were
formed around the carbon-coated magnetic nanoparticles.
Fe;0,-SiO, rattle nanostructures were finally obtained through
carbon removal by a calcination process.'*® Using cross-linked
polymethylmethacrylate (PMMA) as a middle or intermediate
layer between two different types of inorganic materials, such
as TiO,@SiO,, with subsequent sample calcination, corres-
ponding rattle nanostructures have been formed."*!

Shi et al. have recently reported a new strategy for produ-
cing mesoporous silica-based rattle core-shell nanostructures,
called the “controllable structural difference-based selective-
etching strategy”.” This method depends on the differences in
the material structure rather than the composition, and conse-
quently, due to large amounts of condensed Si-O-Si networks,
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mesoporous silica shells will be less vulnerable to etching
than the silica core, which is made of less condensed Si-OH
bonds; this composition results in shell stability in the pres-
ence of sodium carbonate solution, while the cores dissolve to
produce rattle structures. Implementing this method, Au-
meso-Si0, and Fe;O,@meso-SiO, rattle core-shell nano-
particles have been obtained.* Similarly, Zhao et al have
reported the selective etching of dense silica using alkaline
solution while simultaneously maintaining mesoporous silica
shell stability through condensation with the cationic surfac-
tant, Cetyl trimethylammonium bromide molecules.'***”

3.3.1.2. Surface-protected etching. This method was develo-
ped by Yin et al.''®*®'*® and is based on a two step-process.
The first step involves the adsorption of polyvinylpyrrolidone
(PVP) polymer molecules onto the outer surface of silica
spheres to stabilize this layer with hydrogen bonding between
the polymer carbonyl groups and the hydroxyl groups of the
silica surface. In the second step, a suitable etchant, such as
NaBH, or NaOH, can be used to attack and dissolve the silica
layer beneath the outer stabilized surface, which leads to the
formation of rattle core-shell silica spheres.

3.3.2. Soft template assembly. The lack of control over
size, morphology and composition of rattle structures prepared
by the selective-etching process as well as the multiple tedious
steps involved represent the main limitations of this approach.
Soft templating methods have been effectively utilized to
prepare rattle core-shell nanoparticles. (Max) Lu et al.® have
reported a general approach for constructing rattle structures
using a fluorocarbon surfactant as a template. The resulting
rattle-type spheres exhibited variable sizes, ranging from 200
to 700 nm, with different cores, including silica, gold, and
Fe;0, nanoparticles. In addition, Liu et al. have also shown
that the shell thickness can be controlled and tuned to range
from 10 to 50 nm.®* Soft templating methods have also been
used to construct nanoreactors composed of Au rattle cores
coated with ordered mesoporous organosilica (PMO) shells."°
Similarly, magnetic rattle cores have been encapsulated by
mesoporous PMO shells'®" with the capability of tuning the
rattle nanoparticle shell thickness and the magnetic character.
The synthesized magnetic-PMO structures demonstrate many
merits in addition to the magnetic character, including high
surface area, large pore volume, and low density.

Another method of rattle core-shell nanoparticle fabrica-
tion is mixing two different types of surfactants, namely,
sodium dodecyl benzenesulfonate (SDBS) and lauryl sulfonate
betaine (LSB), as soft templates."*> Upon dispersion of nano-
particles into the surfactant mixture, rattle-type silica shells
that have encapsulated the movable nanoparticles will be
obtained.

3.3.3. The ship-in-bottle method. This method has been
used previously to prepare loaded catalysts."”® Using this
method, large particle size cores can be formed within hollow
particle structures'> > through either chemical reaction or
self-assembly. Qiao et al.*>* have fabricated multiple polymer
dots encapsulated within hollow silica spheres through the
ship-in-bottle method. Based on this approach, a single Au
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nanoparticle was encapsulated within a porous polymer shell
to construct a rattle structure.’® In an alternative strategy,
Ding et al. have utilized hydrated molten salts as metal oxide
precursors that can diffuse more easily through mesoporous
silica shells into the hollow cavities, fabricating the rattle
nanostructure.'>® By conducting a calcination process, metal
salts are converted to the corresponding metal oxides, result-
ing in a shell on the inner surface of the hollow silica spheres.
Therefore, this reaction ends in double-shelled metal oxide-
silica rattle nanostructures.

Shi et al."®” have implemented this approach for fabricating
Fe,0;@8Si0, and Fe;0,@carbon rattle nanostructures (Fig. 11).
By introduction of iron nitrate into the hollow mesoporous
silica spheres followed by a calcination step, the iron
nitrate will be converted to hematite nanocores, producing
Fe,0;@Si0,.

Fe;0, @carbon rattle nanostructures have been obtained by
addition of furfuryl alcohol to the mesoporous silica shells
with subsequent carbonization of the furfuryl alcohol to form
carbon spheres. By the reduction of hematite cores, they will
be converted to Fe;O,, and by dissolution of the remaining
silica template, Fe;O,@carbon nanorattles will form.">”

3.3.4. The Ostwald ripening method. The Ostwald ripen-
ing is a physical method that involves re-crystallization of the
materials in the solution phase (Fig. 12A).°> IUPAC has defined

Fig. 11 lllustration of the synthesis procedure of hollow mesoporous
carbon spheres with magnetic cores (HMCSMCs) by the ship-in-bottle
approach: (1) introduction of the iron nitrate solution into the hollow
core by vacuum nanocasting; (2) calcination into hematite particles of
the core; (3) introduction of furfuryl alcohol into the mesoporous chan-
nels and polymerization; (4) carbonization of the polyfurfuryl alcohol,
and the reduction of hematite particles into magnetic particles; and (5)
removal of the silica template. (Reprinted with permission from John
Wiley and Sons.)*>’

quasi yolk-shell

yolk-shell

Fig. 12 Schematic procedure for the preparation of rattle core—shell
nanoparticles by the Ostwald ripening approach. (Reprinted with per-
mission from the Royal Society of Chemistry.)!¢2
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the Ostwald ripening method as the “growth of larger crystals
from those of smaller size which have a higher solubility than
the larger ones”.'*® The Ostwald ripening method has received
remarkable attention and has been widely used for preparation
of many rattle-like nanomaterials."®® Rattle core-shell metal
oxide nanostructures including SnO,, BaTiOs;, ZnO,
Cu3SO,4(OH), and ZnS have been fabricated by the Ostwald
ripening method."**'%* Cu,;S04(OH), rattle core-shell nano-
structures'®" have been fabricated by Ostwald ripening, as
shown in Fig. 12."°® The yolk-shell microspheres are formed
from 2D nanoplates. The diameter of the yolk-shell spheres
was controlled by adjusting the chelating agent concentration
(1,3-propanediamine).*®?

3.3.5. The galvanic replacement method. The galvanic
replacement method can be considered a simple and facile
tool for constructing metal nanoarchitectures having hollow
cavities and porous shells."®*'% The governing step in this
method is the replacement of a nanostructured metal template
with another that is less active.®” Through galvanic replace-
ment, a broad range of rattle Au nanoparticles having different
shapes, such as nanoboxes, nanocages, and nanorings, have
been successfully fabricated.®> Moreover, using this method,
polyvinylpyrrolidone (PVP)-coated spherically clustered porous
Au-Ag alloy nanorattles have been prepared by partial inhi-
bition of galvanic replacement.'®*

4. Applications for multifunctional
nanomaterials

Applications of multifunctional core-shell nanomaterials can
be versatile and cover many disciplines. The application suit-
ability varies according to the core-shell, hollow core and
rattle structure. The application suitability is also associated
with the composition of the core and shell, as well as whether
they are dense or porous. This section will shed light on the
application versatility of each of these nanostructures.

4.1. Application of core-shell multifunctional nanomaterials

Core-shell particles have leading advantages over single par-
ticles in the biomedical and electronic fields. The following
section will briefly discuss these applications.

4.1.1. Biomedical applications. In the field of biomedi-
cine, useful and exciting applications of core-shell nano-
particles have been developed over the past decade. However,
in areas of major importance, some main applications are still
in their innovative phase.'®®'®” The key applications of core-
shell nanoparticles include drug delivery,'®®*"”" bioimaging
techniques'®®'**'”" and biosensors.'”>™"7*

4.1.1.1. Drug delivery and specific targeting. Recent studies
have shown a tremendous improvement in the performance of
drug delivery systems due to the development of controlled
drug release, which is much superior to conventionally un-
controlled release. With the advent of nanotechnology, the pro-
gress made in these areas has swiftly become faster and more
precise. Moreover, “targeted delivery” is the process in which a
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particular location inside a body or organ can be intentionally
and precisely targeted using a very specific drug delivery
system. Therefore, a controlled drug delivery system combined
with specific targeting capability is a very potent technology to
be explored and exploited. For more improvement of the drug
delivery system, the essential properties of free drugs, such as
solubility, in vivo stability, pharmacokinetics, and bio-distri-
bution, need to be comprehensively studied. The overall effec-
tiveness of a controlled delivery system with specific targeting
ability can be significantly enhanced using well-designed drug
carrier nanoparticles that can selectively target particular
tissues."”

In designing these exceptional nanoparticles for targeted
drug delivery, the process first involves the encapsulation of
the drug inside the mesoporous nanoparticles with suitable
surface coatings for the selective attachment to a specific cell
surface. Second, upon reaching the target cell site, these nano-
carriers will disintegrate or open up supramolecular gates that
are chemically attached to the outlet of the mesopores and
release their drug cargo.

The release of the drug cargo from the coated nanoparticle
carriers will be triggered either by an external stimulus such as
heat or light or by a stimulus of the target cell chemical
environment, such as pH or specific ion concentration. By
further coating the carrier with fluorescent active material,
these core-shell nanoparticles, which can be considered as
sensors, can also be tracked to confirm the delivery of the drug
to a specific site. Consequently, iron oxides, Fe, Ni, Co, and
super paramagnetic iron oxide nanoparticles are often used as
core particles to design and produce magnetic nanoparticles
with suitable shell coatings for in vivo drug release and sensor
applications.'”>7? Currently, magnetic-polymer core-shell
nanoparticles are typically utilized for drug delivery, cell label-
ing and separation,"**'®! and tumor delineation.'®* Further,
owing to their biocompatibility with living cells, magnetic@
polymer and magnetic@SiO, nanoparticles offer more advan-
tages over bare magnetic nanoparticles and are therefore more
explored for drug delivery studies.””*”°

4.1.1.2. Bioimaging. There are different types of molecular
bioimaging techniques used for both in vivo and in vitro bio-
logical specimens. These include optical imaging (OI), mag-
netic resonance imaging (MRI), and ultrasound imaging.
Among these, optical and magnetic resonance techniques have
used the inherent luminescent and magnetic nanoparticle pro-
perties and are therefore the most suitable among all other
techniques. The luminescent nanoprobes used for optical
imaging and the magnetic nanoparticles used for magnetic
resonance imaging are the two main types of nanoparticles
widely used for in vivo imaging. The dual-mode of simul-
taneous optical and magnetic resonance imaging can be
accomplished with core-shell nanostructures.'®*™'®! These
nanoprobes used for optical imaging normally utilize
quantum dots (QDs) or dye-doped QDs. However, the main
concerns of QDs are their high level of toxicity as well as their
ease of photo-oxidation. These disadvantages can be mini-
mized by coating them with appropriate materials to form a
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core-shell structure that can be straightforwardly utilized for
in vivo optical imaging.'®>'%¢

Another technique that can be explored for tumor cell
imaging is the surface plasmon effect of Ag metal, such that a
smart-gel polymer-coated Ag nanoparticle can serve as an
effective local delivery system to a tumor site.'®” Fig. 13 shows
a Ag@hydrogel core-shell structure imaging technique where
a Ag nanoparticle, the delivery system, was accomplished
using a pH-sensitive hydrogel to release drugs under different
PH conditions. The detection of tumor cells can be made poss-
ible by the deposition of core-shell nanoparticles onto tumor
cells followed by light exposure up to 500 ms to induce fluo-
rescence emission. Fluorescence and photoluminescence pro-
perties can also be used for cell imaging with materials from
the lanthanide earth metal group. Lanthanide metal salts have
good luminescence properties, and with well-designed bio-
compatible shell coatings, these materials can be utilized for
the imaging and biodetection of cells in living systems. With
appropriate doping of lanthanide ions such as Er, Tm, or Yb
onto nanoparticles, emission spectra can be shifted to green,
red, or blue wavelengths with increased intensity.'%%°

4.1.1.3. Sensors. Sensors are input devices that assess and
quantify a physical property and convert it into an analog/digital
signal, which can then be interpreted by another instrument. In
the detection of DNA, RNA, glucose, and cholesterol, among
others, nanoparticles are often used as sensors for in vivo appli-
cations. In this regard, magnetic@fluorescence nanoparticles
can be utilized as sensors, where the fluorescent dye tracks the
location of the particle, and the magnetic shell conducts heat
via magnetic excitation.'”> These magnetic nanocomposites can
be further coated with many other materials, such as metals,
silicas, or polymers, that represent bioanalytical sensors."**

Release (%)

100 200 300 400 500 600
Time (min)

Fig. 13 (a) Schematic illustration for integration of tumor cell imaging
and pH-triggered drug delivery. (b) TEM image of drug-loaded core—
shell hybrid nanogels with the smart-gel shell coated on the Ag nano-
particle core. (c) Scanning confocal images of B16F10 cells incubated
with hybrid nanogels. (d) Drug release profiles at different pH levels. (Re-
printed with permission from the American Chemical Society.)187
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Similarly, ZnS/Mn@8SiO, nanoparticles have been
implemented as sensors for Cu®" ions.'® Other sensor
materials such as the bimetallic core-shell nanoparticles can
also be used for in vivo applications. Cancer and tumor cells in
the body can both be sensed using Au/Ag core-shell composite
nanoparticles.'” However, functionalization of these particles
with antibodies for selective binding with analyte molecules
has remained an issue and thus limits their potential appli-
cations. Magnetic core-shell-based sensors such as Fe/Fe,0;
core-shell nanoparticles are also selectively utilized for the
detection of damaged DNA,'®® where bioactive proteins, such
as cytochrome P450, myoglobin (Mb) and hemoglobin (Hb),
are attached to the magnetic particles to mimic in vivo
toxicity."®”

4.1.2. Catalytic applications. The physical properties (e.g.,
optical, catalytic, electrical, and magnetic) of magnetic
materials can be greatly enhanced by coating them with func-
tional materials such as noble metals, semiconductors, or
appropriate oxides, especially compared with those of
uncoated magnetic materials.’”*% For example, upon coating
a transition metal oxide, such as Fe,05 %' and V,05,>* onto
nanosized metal oxides (MgO, Cao), the destructive absorption
capacity of the latter toward halogenated hydrocarbons and
organophosphorus has increased several-fold. Ding et al. have
fabricated separable catalyst Fe;O4@SiO,~Au@m-SiO, core—
double shell particles as highly integrated catalysts for the
catalytic reduction of 4-nitrophenol and styrene epoxidation
(Fig. 14).>° The catalytic epoxidation of styrene using the multi-
functional microspheres showed high conversion and good
selectivity without being washed away and disengaged from
the support, as in the case of separate gold nanoparticles.
In this regard, the core-shell-integrated nanocatalyst was
designed to avoid the washing issue.

Yin et al.'*® reported that the efficiency of the catalytic con-
version of CO to CO, by Fe,O;-coated Au nanoparticles sup-
ported on SiO, increased considerably compared with the
uncoated Au supported on SiO,.

Furthermore, it has also been reported that, although cata-
lyst pre-heating increases its efficiency, excess heating can also
decrease efficiency due to an increase in the percentage of Au

90 (b) . Fso
feo-0-0-0-

_ 80 80
£ 70]° 0 ¢
S e 008
B F Q
-g 50 50 g
H <
8 404 -40§

30 30

204 k20

—us— Converstion of Styrene 0

104 —o— Selectivity to styrene oxide [ '

100 nm 0 T T 0
— 5 10 15 20 25 30 35 40 45
Reaction time (h)

Fig. 14 (a) TEM image and (b) the conversion of styrene and selectivity
of styrene oxide over multifunctional Fe;0,@SiO,—Au@mSiO, core—
double shell nanoparticles as a highly integrated catalyst system. (Re-
printed with permission from the American Chemical Society.)25
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metals and crystallinity of the Fe,O; shell. Similarly, the stabi-
lity of metal cores (such as Fe, Co, Ni) coated with porous
silica shells was also markedly increased, together with
enhanced catalytic activity for the production of Cox-free H,
during NH; decomposition.”®® Bimetallic core-shell nano-
particles have shown higher catalytic activity upon comparison
with single uncoated metal nanoparticles, which can be attri-
buted to a synergistic effect. Furthermore, catalysts such as bi-
metallic core-shell nanoparticles,>®* such as Au/Pd**>°” and
Au/Ag,*°*?% have been widely used in a range of catalytic
reactions.

4.2. Application of hollow core-shell multifunctional
nanomaterials

Hollow-based structures exhibit low density, low refractive
indices and low thermal expansion coefficients. These charac-
teristics make them highly important for many applications in
different fields, including energy storage, antireflection coat-
ings and catalyst support. The synthesis and modification of
hollow structures continue to improve their mechanical, elec-
trical and chemical properties to make them more suitable for
drug delivery, therapeutics, fluorescence, and lithium-ion bat-
teries. In this section, applications of hollow core-shell nano-
structures in energy storage, catalysis and biomedicine will be
presented.

4.2.1. Lithium-ion batteries. Lithium-ion batteries are the
most frequently used power source for electronic devices as
well as for electric automobiles due to their low self-discharge
rates. In addition, lithium-ion batteries are known to have a
high energy density.>'® However, current electrode materials
may limit their performance due to the low efficiency in
charge-discharge rates.>'" For example, graphitic carbon is the
most used anode electrode, but due to their limited gravi-
metric capacity, researchers have begun to seek other electro-
des with higher capacities at low potentials. For this purpose,
many materials have been tested to implement a new strategy
instead of the classical Li insertion/deinsertion. The new strat-
egy depends on two reaction processes; the first is Li-metal
alloying/de-alloying for metals (Si, Sn/SnO,, Al, Sb);***7*!* the
second is the reversible formation-decomposition of Li,O
nanomaterials for transition metal oxides such as CoO, NiO
and FeO.*' The aim of this development is to enhance the
cycling life, energy density and charge-discharge rate.

Shen et al. have synthesized uniform NiCo,0O, hollow
spheres with complex interior structures for lithium-ion bat-
teries and super-capacitors.'*> NiCo,0, hollow spheres exhibi-
ted a core double-shell interior architecture, and the porous
shells were formed from tiny nanoparticles. Upon being tested
as electrode materials for both lithium-ion batteries and
super-capacitors, NiCo,0, hollow spheres manifested superior
electrochemical performance. Additionally, Mo-doped SnO,
mesoporous hollow-structured spheres were synthesized and
utilized as anode materials for high-performance lithium-ion
batteries.>'®> Mo-doped SnO, lithium-ion battery anodes have
showed enhanced electrochemical performance with good
cycling stability, high specific capacity and high rate capability.
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Hollow Mo-doped SnO, nanoparticles showed a specific
capacity of 801 mA h g™* for 60 cycles at a current density of
100 mA g~', which represents a 1.66-fold improvement over
the pure SnO, hollow nanoparticles. Moreover, even if the
current density reached 1600 mA g™, it still preserves its stabi-
lity at a specific capacity of 530 mA h g~*, which suggests that
it has an extraordinary rate capability.

Wu et al®® have also fabricated hollow spherical
Li; ,Mny 54Ni.13C00.130, cathodes by homogeneous precipi-
tation-hydrothermal synthesis. As a lithium-ion battery cathode,
it possessed an initial discharge capacity of 286.4 mA h g*
at 0.1 C between 2.0 and 4.8 V and a discharge capacity
of 240.9 mA h g~' that could be retained after 50 cycles. The
hollow spheres were assembled into plate-like nanoparticles,
which helped improve the rate performance due to fast trans-
mission of Li* from the cathode to electrolyte.

4.2.2. Catalysis and photocatalysis. The developments of
the hollow core-shell nanomaterials have led to significant
growth of their use in the catalysis field. For example, Kim
et al.*"” have used hollow palladium nanospheres as efficient
catalysts for Suzuki coupling reactions, which led to an
improvement of the catalytic activity even after seven times
reuse and the reduction of Pd leaching. In addition, bimetallic
hollow PdCo nanospheres have been utilized to improve the
yield of Sonogashira reaction catalysis in aqueous media.*'®
Another example is the usage of the hollow structures of
Ni,_,Pt, to enhance NH;BH; reactions to release H, due to the
hollow spheres’ superior catalytic activities, which can be
related to the high surface area (Fig. 15).”'° Compared to
dense spheres of the same size, the hollow structure is more
effective as a catalyst because it allows the outer and inner sur-
faces to interact with the reactants. Zhou et al.**° have syn-
thesized Pd@TiO, hollow core-shell nanospheres as an
efficient and reusable catalyst for the reduction of p-nitro-
phenol with NaBH, aqueous solution at room temperature. In
addition, this material showed a high recyclability through
extensive reuse (eight times) without a pronounced loss of
activity.

Porous ceria (CeO,) hollow nanospheres decorated with Au
nanoparticles have been synthesized by a simple one-step solvo-
thermal reaction. Au/CeO, hollow core spheres were used as

Ni_ Pt

088’ ‘012

catalyst
2

Ni hollow sphere

H, / NHBH, (molar ratio)

micrometer-scale Ni

0 20 40 60 80 100 120

Time (min)

Fig. 15 Impact of alloy and hollow structure on hydrogen gas pro-
duction through NH3BH3 reaction. (Reprinted with permission from the
American Chemical Society.)?'°
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the catalyst for CO oxidation. These results showed that the CO
conversion by hollow spheres reached 92% at ambient temp-
erature. Moreover, the CO conversion was maintained at 91%
after the catalyst had been continuously used for 20 h.**!

Hollow hierarchical Ni/y-Al,0O; nanocomposites have been
prepared by the hydrothermal method for methane dry reform-
ing catalysis. Due to their hollow structure, Ni/y-Al,O; nano-
composites have shown coke and sintering resistance in long-
term dry reforming of methane at 750 °C.>**> Furthermore, the
hollow structures have shown remarkable performance as cata-
lysts for electrocatalytic and photocatalytic applications. An
advantage of the reported hollow nanostructures is that they
can be made with metal/metal oxide particles that are suitable
for oxidation of methanol, ethanol and formic acid. The intro-
duction of hollow core-shell Pt structures has resulted in dou-
bling its catalytic activity compared with similarly sized solid
Pt nanoparticles.”®® In addition, constructing noble metal
hollow structures enables significant improvement of their
electrocatalytic activities,*>*** which could be attributed to
their high electrochemical surface area, in addition to the
hollow structure that provides enough space to accommodate
large numbers of loaded molecules.’

Wang et al. have recently developed hollow graphitic carbon
nitride nanosphere photocatalysts with enhanced photo-
catalytic activity.”**>*® They have successfully synthesized
hollow g-C;N, nanospheres by a hard templating method
using silica nanoparticles, where the deformation of hollow
2-C3N, nanospheres was prevented by controlling the shell
thickness of the hollow spheres.”*® Furthermore, they have
enhanced the surface, crystal and textural structures of the
hollow g-C;N, nanospheres by optimizing the post-annealing
process.””” The photocatalytic hydrogen evolution of the
hollow g-C3;N,; nanospheres was boosted by shell engineer-
ing,*® doping with CdS quantum dots>*° as well as integration

with Au and CdS, nanoparticles and quantum dots,
respectively.>*°
4.2.3. Biomedical applications. Many nanoparticles have

been reported to be used in various biomedical applications,
such as drug delivery and bio-imaging.>*'>** However, the
nanoparticles based on hollow structures are superior for gene
delivery, imaging, therapeutic uses and other biomedical
applications. Silica represents the most commonly used
hollow structure for such purposes due to its non-toxic nature.
In addition, hollow silica spheres showed high biocompati-
bility and facile bio-conjugation through silane chemistry.>**">%¢
Furthermore, the hollow silica spheres have been utilized as
drug nanocarriers because the drugs can be released from
their hollow structures in a controlled fashion.”****>?*” An
extra advantage of hollow silica spheres is the possibility of
having additional special properties through surface
functionalization. In this regard, Zhu et al. have coated hollow
silica spheres with polyelectrolyte multi-layers for constructing
stimuli-responsive drug release systems that can be controlled
by adjusting the pH values. In this regard, such systems
possess the advantages of high drug storage capacity as well as
stimuli-responsive behavior (Fig. 16).
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Fig. 16 (a) Schematic illustration of two drug delivery systems that give
different controlled release patterns and (b) cumulative drug release of
the two systems in media of different pH values. B: pH 1.4 from
IBU-HMS, @ pH 1.4 from IBU-HMS@PEM, A: pH 8.0 from IBU-HMS, V:
pH 8.0 from IBU-HMS@PEM. (Reprinted with permission from John
Wiley and Sons.)®

Delivering genetic material to cells is another function that
can be achieved by hollow nanostructures. For example, prepa-
ration of calcium phosphate multi-shell hollow nanostructures
for encapsulating DNA has been reported by Sokolova et al.>*®
These hollow core nanostructures showed better transfection
efficiency than the normal DNA-coated calcium phosphate
nanoparticles. This may be attributed to the presence of multi-
layers that enable the sequential delivery of various agents
with more flexibility. Recently, Cai et al. have reported the
application of hollow calcium phosphate spheres as drug car-
riers.>*® The loading of the drug molecules onto the hollow
core spheres was achieved by encapsulation during synthesis,
while the drug release trigger was accomplished using ultra-
sonic waves.

The hollow gold nanostructures showed excellent optical
properties suitable for imaging and diagnostic applications.
For example, hollow gold nanocages with porous walls have
been used as an optical coherence tomography contrast agent,
as reported by Chen et al.>*° Additionally, the galvanic replace-
ment reaction between silver templates and chloroauric acid
has been used for the preparation of hollow gold nanocages.***
The tuning of the gold nanocage size is reported to make them
strongly absorb in the near infra-red region (NIR), which has
optimal optical transmission through tissue. A therapeutic
effect (i.e., photothermal therapy) on targeted cancer cells has
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been achieved by targeting cancer cells with gold nanocages
and irradiating them with infrared light, which led to local,
irreversible ablation that killed the cancer cells.**"*** This new
technique is considered to be an effective platform for cancer
treatment and is more promising than chemotherapy or
surgery approaches.

4.3. Application of rattle core-shell multifunctional
nanomaterials

The wide spectrum of unique and interesting properties that
rattle core-shell nanostructures possess, e.g., low density,
movable core with void space between the core and the shell,
and the ready tailor-ability and functionality of both cores and
shells, provide for remarkable and diverse applications. In the
following section, nanorattle applications such as nanoreac-
tors, photocatalysts, and drug delivery agents will be reviewed.
4.3.1. Catalysis. Nanoreactors®*® can be defined as ultra-
small reaction containers that contain a catalyst inside their
boundaries. Their advantages stem from their ability to hold
reagents and catalysts for a long period of time and their
ability to protect catalysts from environmental influences;
these features greatly improve chemical transformation pro-
cesses. In general, nanoreactors are required to have three
main characteristics: provide for rapid diffusion of reactants
and products; provide protection for the nanocatalysts; and
have long-term stability.®> Rattle core-shell nanostructures
exhibit all these characteristics. Rattle shells provide the pro-
tection of the catalytic nanocores while simultaneously
enabling the rapid diffusion of the reactants and products.
The rattle nanocore, as an active catalyst, boosts catalytic
activity, while the cavity between the core and the shell creates
a homogeneous environment for the reaction to take place.®
Rattle gold nanoreactors have been utilized to reduce p-
nitrophenol, 2-nitroaniline, benzimidazole derivative oxidation
of aerobic alcohol, and CO oxidation.®®7%742447248 Ay_gjQ,
yolk-shell nanoreactors have shown promising catalytic activity
for CO oxidation with high stability after long-term recyclabil-
ity and storage. The CO oxidation reaction was successfully
controlled by the corking design using the capillary conden-
sation of water vapor for corking the mesopores within the
shell. However, at higher temperatures or lower water vapor
pressures, water evaporates, which opens the mesopores and
causes the water to promote the CO oxidation reaction. In this
regard, both the corking and uncorking mechanism of the Au-
Si0, yolk-shell nanoreactor is reversible (Fig. 17).>*®
Rattle type multi-core Au@poly(styrene-co-methylacrylic
acid) (PS-co-PMAA) nanoreactors can be utilized to synthesize
acids via aerobic alcohol oxidation.>*® Inside the nanoreactors,
the reaction will proceed more efficiently and will provide
quantitative yield after 30-120 min. Moreover, the turnover fre-
quency (TOF) will be approximately 100 to 400 h™*.>*¢
Encapsulation of other metal or metal oxide nanoparticles
into the hollow spheres to form rattle core-shell nanoreactors,
such as Ni,>*® Cu,>° pt,'°® Pd,>" and Ag,>***** has also been
reported. Li et al. synthesized yolk-satellite-shell structured
Ni-yolk@Ni@SiO, nanoparticles for the CO, (dry) reforming
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Fig. 17 (a) Scheme of corking and uncorking a catalytic activity of an
Au-SiO, yolk-shell nanoreactor and (b) CO conversion of Au@HSNs_C
with GHSV = 360 000 mL g, * h™* (1%C0O/6%02/93%He) under vapor
and vapor-free conditions in a temperature range of 0—-60 °C. (Reprinted
with permission from the American Chemical Society.)?4®

of methane at different shell thicknesses.>*® At a 11.2 nm shell
thickness, Ni-yolk@Ni@SiO, showed near equilibrium conver-
sion for CH, and CO, for 90 h at 800 °C, together with very
negligible carbon deposition.>*

Rattle Pd@mesoporous silica nanoreactors have shown
high activity rates for the Suzuki cross-coupling reactions, with
reaction completion after 3 min.>®" Moreover, Pd leaching was
substantially minimized, which confirms stable catalytic per-
formance. In addition, the RGO@Pd@C nanohybrid exhibits
superior and stable catalytic performance by converting 4-nitro-
phenol (4-NP) to 4-aminophenol within only 30 seconds.>**

4.3.2. Photocatalysis. Rattle core-shell nanostructures can
provide remarkable enhancement to  photocatalytic
activity.>*>>°® Rattle core-shell titania microspheres have been
fabricated using the solvothermal method through mixing gly-
cerol, alcohol, ethyl ether and TiOs0,.>>® A phenol degradation
test showed 93% conversion due to the rattle core-shell struc-
tures. A suitable selection of the core size is believed to permit
multiple UV light reflections within the interior cavity, which
enhances light usage efficiency and hence improves the photo-
catalytic activity. Furthermore, on constructing Au@r-GO/TiO,
yolk@shell nanostructures, the evaluation of visible light
showed photocatalytic activities in dye decomposition and
water-splitting H, production (Fig. 18).>°” In addition, an
enhanced photocatalytic activity was obtained using small

Fe;0,@TiO, with a wunique yolk-shell structure below
50 nm.>*®
4.3.3. Biomedical applications. Due to their tailorable void

space, controllable size, and good biocompatibility, the rattle
core-shell nanostructures are considered as promising drug
delivery nanocarriers. Because of their cavities, rattle core-
shell nanostructures have a high loading capacity as well as
efficient delivery of drug, protein and nucleic acid molecules.
In addition, to obtain a variety of desired properties, nanorattle
interiors can be functionalized by encapsulating materials
that exhibit the desired functionalities, such as fluorescent
molecules and QDs.””**°7*% In this section, some of the bio-
medical applications for magnetic nanorattle core-shell nano-
structures will be addressed.

Du et al. have fabricated polymer-based nanorattle spheres
with combined thermo- and pH-responsive capabilities for
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Fig. 18 (a) Schematic procedure for the preparation of Au@r—GO/TiO,

yolk@shell nanostructures, (b) TEM image of Au@r—GO/TiO,, and the
evaluation of visible light photocatalytic activity for (c) RhB dye
decomposition and (d) water-splitting H, production. (Reprinted with
permission from the American Chemical Society.)?>”

controlling the release of cancer treatment drugs. Both the
yolk and the shell have shown different functions; while pH-
induced thermally responsive polymer shells serve as smart
“valves” that control the diffusion of the drugs in/out of the
polymer nanorattles based on the surrounding environments,
the P(MAA-co-EGDMA) yolk improves the loading capacity of
cancer drugs such as doxorubicin hydrochloride (DOX).>**

In another study, radioluminescent yolk-upconverting shell
nanoparticles have been obtained by encapsulation of the radio-
luminescent nanophosphor core nanoparticles within silica
shells. Furthermore, by partial etching of nanophosphors in
acid media and coating silica shells with a second upconvert-
ing shell, yolk-shell structures have been produced. The nano-
particles showed multiple functionalities, such as pH-triggered
drug release and radioluminescence, upconversion lumine-
scence, and combined magnetic resonance (MRI) imaging.>®®

It is known that iron oxide nanoparticles have great poten-
tial for nano-biomedical applications, such as magnetic con-
trast agents, magnetic drug targeting, and hyperthermic tumor
treatments.'’ Rattle core-shell nanostructures became desir-
able for their ability to improve the stability and biocompati-
bility of iron oxides in biomedical applications.>**>¢* Rattle
Fe;0,@NiSiO; nanostructures have been implemented with a
high specificity for histidine protein purification from the mix-
tures of lysed cells. Fe;0,@NiSiO; nanorattles have shown
high recyclability, where Ni** cations within the shell provided
docking sites for selective coordination with histidine.*®® Fur-
thermore, yolk-shell gold-metal oxide nanoparticles have
been used for targeting and eliminating cancer cells by photo-
thermal/chemotherapy strategies.””””® Zhang et al.”” have pro-
posed yolk-shell gold nanorod@void@mesoporous titania
nanoparticles (AuNR@void@m-TiO, NPs) for combined
chemo-photothermal therapy and SERS imaging. The Raman
reporters were loaded on AuNRs, and then the doxorubicin
(DOX) cancer drug was loaded into the m-TiO, rattle structure
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Fig. 19 (a) Schematic illustration and (b) HR-TEM image of yolk—shell

gold nanorod@void@mesoporous titania nanoparticles (AuNR@void@m-
TiO, NPs). (c) DOX release profiles from DOX-loaded NPs with and
without 785 nm NIR laser in PBS buffer (pH 5.0). (d) Confocal laser scan-
ning microscopy images of MCF-7 cells taken after treatment with DOX-
loaded NPs at different incubation times. Hoechst 33342 was used for
cell nuclei staining (blue fluorescence). Red fluorescence in the MCF-7
cells originated from DOX. (Reprinted with permission from the Royal
Society of Chemistry.)””

(Fig. 19). The obtained SERS signal was strong and was
detected easily in both living cells and mice. The m-TiO,
showed promising drug loading and release performance com-
pared with m-SiO,, yet it was more chemically inert, which pro-
vided it with increased structural stability in biological
systems. Furthermore, the near infrared (NIR) light absorbing
character of the Au nanoparticle yolk was also tested for drug-
release regulation and photothermal treatment; this test
resulted in superior elimination of MCF-7 cells upon com-
bined treatment with DOX-encapsulated nanoparticles and
NIR laser illumination, which can be associated with a syner-
gistic chemo-thermal therapeutic effect.””

Veres et al.’®* have fabricated fluorescent Fe;0,@SiO,
nanorattles with Fe;O,4/Au dumbbell-like nanocores and meso-
porous silica shells that are rich in primary and secondary
amine groups, which are important for coupling biomolecules.
The fabricated nanorattles have shown various magnetic, plas-
monic, and fluorescence properties as well as the ability to
accommodate biomolecules.

5. Conclusions and outlook

Nanotechnology has entered a new research era with the
primary research goal of constructing a novel class of sub-
stances, known as multifunctional nanomaterials, to achieve
outstanding performances and accomplish novel applications.
Surface-coating techniques have opened ways to achieve nano-
material multifunctionality by constructing newly designed
core-shell nanostructures. Studies have evolved and different
design strategies and fabrication approaches to engineer
different types of core-shell nanoparticles in diverse core and
shell combinations, with materials including metals, metal
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oxides, and polymers have been continually pursued. The
manipulation of shell characteristics (e.g., density) as well as
the growth of multiple shells have provided tremendous oppor-
tunities for an unlimited number of functionalities. The need
for multifunctional nanoparticles with specialized functions,
such as superior storage capacity, has also been met through
the core removal of core-shell nanostructures. Synthesis
approaches, such as hard and soft templating, have been used
to construct hollow core-shell nanostructures. Special designs
for multiple-shell hollow core nanoparticles with versatile and
diverse functions have also been investigated. Furthermore,
material scientists have continuously pursued designs for tai-
loring new architectures based on the core-shell system, which
has resulted in rattle core-shell nanoparticles. This newly
developed architecture merges the properties and geometries
of the solid core systems with those of the hollow systems to
provide new structures described as having a core@void@shell
configuration. This rattle-type structure possesses character-
istics and functions of both systems in a single particle. The
number of research papers published annually in the field of
multifunctional core-shell, hollow core, and rattle core-shell
nanoparticles has increased significantly. The applications of
such nanomaterials are being explored in new fields of nano-
technology, while at the same time merging other nanotechno-
logy disciplines. However, one of the many challenging aspects
of this novel class of materials is the flexibility of the fabrica-
tion approach for the production of homogeneous and
uniform nanoparticles. Additionally, scaling-up is the most
important issue to be resolved for the future production of
multifunctional nanoparticles in commercial-scale quantities.
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