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Hybrid nanostructures representing combinations of different materials and possessing properties that are absent in separate
components forming the hybrid are discussed. Particular attention is given to hybrid structures containing plasmonic and
magnetic nanoparticles, methods of their synthesis and the relationship between the composition, structure and properties.
The functional features of the hybrid nanomaterials of various morphology (with core—shell structures, with encapsulated
metal nanoparticles and with metal nanoparticles on the surface) are considered. The unique properties of these hybrid
materials are demonstrated, which are of interest for solving problems of catalysis and photocatalysis, detecting impurities in
various media, in vivo visualization, bioanalysis, as well as for the design of optical labels and multifunctional diagnostic

nanoplatforms.
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I. Introduction

Unlike nanocomposites, which are usually formed upon
introduction of nano-sized elements (fillers) into a solid
matrix, hybrid nanomaterials are combinations of nano-
structures differing in the composition and type: nano-
particles, nanotubes, nanofibres, nanoplates and so on.
Hybrid nanomaterials contain nano-sized components and
the overall size of the hybrid material is, most often, also in
the nanometre range. From the standpoint of morphology,
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hybrid nanomaterials are classified into core—shell struc-
tures;! ~® Janus type nanostructures combining two (or
more) components with similar size;” ~° and nanostructures
(nanoparticles, nanotubes or nanoplates) containing nano-
components that are either encapsulated or deposited on the
surface.10-13

The interest in these materials inhomogeneous in the
composition and structure is determined by the properties
acquired by a hybrid nanomaterial due to association of the
initial nanocomponents. Furthermore, combination of dif-
ferent components in the same structure not only sums up
the properties of separate components but, in some cases,
endows the hybrid structure with new properties due to the
synergistic effect. An example is provided by enhancement
of luminescence upon combination of luminescent nano-
particles (quantum dots, nanoparticles with lanthanide
ions) with metal nanoparticles exhibiting surface plasmon
resonance. By varying the component set, ratio, composi-
tion, size, shape and structure, it is possible to design hybrid
materials with a broad range of functional properties.

The studies carried out to date demonstrated that hybrid
nanomaterials are essential for biology and medicine, sensor
technology, green chemistry and other fields.'#~ 16 In addi-
tion, design of hybrid systems not only offered materials
with desired functional properties but was also beneficial
for the advent of new potent analytical methods suitable for
solving problems of detection and identification of impur-
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ities, substance preconcentration and separation and in vivo
visualization and targeting.!7—1°

Analysis of publications devoted to hybrid materials
demonstrated that the scope of their application is most
often specified by the properties of one of the components.
Additional components either extend the functional proper-
ties in the same area or increase the overall system effi-
ciency. For instance, nanostructures with magnetic nano-
particles can be controlled by an external magnetic field;
they are used as contrast agents in magnetic resonance
imaging (MRI) or for targeted drug delivery. Hybrid
materials based on magnetic nanoparticles with addition
of luminescent nanostructures can serve to visualize the site
of delivery.

Special properties of hybrid nanomaterials dictate the
persistent interest of researchers in preparing and studying
them and, hence, publication of a rather large number of
reviews dealing with analysis and systematic account of the
properties of such materials.?0—24

The present review covers the functional properties and
considers the possible applications of hybrid nanostruc-
tures. Primary attention is given to preparation methods
and properties of hybrid nanostructures containing plas-
monic and magnetic nanoparticles as key components
determining the functions and the scope of application of
nanohybrids. The presence of magnetic components pro-
vides the function of directed motion and spatial control of
hybrid nanomaterials. Owing to plasmonic properties, there
is the possibility of enhancing luminescence and Raman
signals. By combining magnetic and/or plasmonic nano-
structures with other nanocomponents, it is possible to
extend the range of properties with maintenance of func-
tions set by the major component. The review analyzes the
data on the indicated subject published in the Ilast
~10 years.

I1. Methods of synthesis

Three fundamentally different approaches to the synthesis
of hybrid nanostructures have been formed to date: aggre-
gation %11 and sequential!~® and parallel syntheses.!?13
The first approach implies the formation of nanoparticles
and their further aggregation to form a single structure.
Actually, this approach is a development of the ‘bottom-up’
synthetic strategy which does not stop after the formation
of single nanoparticles/nanostructures but also includes the
subsequent formation of complex multicomponent materi-
als upon aggregation of the initial nanostructures to give the
final hybrid.

The most popular second approach includes a sequence
of reactions, resulting in multilayer film structures, nano-
particles in the matrix pores or core—shell nanostructures.
The third approach implies parallel synthesis of hybrid
nanostructures and nanoparticles that form the hybrid,
without pretreatment of components.

I1.1. Synthesis of nanostructures by aggregation

The synthesis of nanostructures by aggregation starts with
the formation of nanoparticles, which are subsequently
aggregated into a single structure.!®- ! Quite a number of
publications are devoted to the synthesis of nanoparticles by
various methods. Most popular are ‘wet chemistry’ meth-
ods, lithography, plasma-chemical deposition, laser abla-
tion and laser deposition.?>~2® The obtained nanoparticles

can be assembled into a single structure in various combi-
nations and proportions. This gives hybrid nanostructures
that not only combine the properties of constituent nano-
particles but often also possess new unique properties,
which arise, first of all, due to the large interfacial area
between the components of the hybrid structure.?’

The synthesis of hybrid nanostructures according to the
aggregation principle % 1! is not widely used as yet. This is
caused by the difficulty of obtaining a homogeneous dis-
tribution of nanoparticles of various compositions in the
hybrid structure. Nevertheless, laser methods based on the
thermal (photothermal) mechanism of formation of hybrid
structures from nanoparticles are used fairly success-
fully.29-30

The thermal mechanism of laser-induced aggregation is
based on the principle of melting and association of nano-
particles in the colloid solution.??-3% Laser methods can be
used for the formation of hybrid nanostructures of a
complex shape.!® If a photon flux of laser radiation serves
as the source of energy for heating nanoparticles, the
mechanism is called photothermal. Bahns er al.'® synthe-
sized hybrid nanostructures in an aqueous colloid solution
of gold and carbon (Fig. 1). The synthesis was carried out in
a solution drop under continuous irradiation with an argon
laser (wavelength 2 = 488 nm, power W =1 mW and focal
spot area of 0.3 pm?). The obtained structures consisted of
gold and carbon nanoparticles. By moving the focused laser
beam in a colloid solution, it is possible to obtain
filaments — aggregates of nanostructures reproducing the
focal spot trajectory, i.e., hybrid nanostructures of a com-
plex architecture can be fabricated.

The photothermal mechanism can form the basis of the
laser method for aggregation of carbon nanotubes and
metal nanoparticles into a single structure. Henley er al.!!
demonstrated the possibility of attachment of metal nano-

-

Figure 1. Transmission electron microscopy (TEM) image (a) and
the model of hybrid nanostructure composed of gold and carbon

(b).m
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Figure 2. TEM images of Pd nanoparticles (@) (the inset shows the
electron dispersion indicative of the crystal structure) and a carbon
nanotube decorated with Pd nanoparticles (b).!!

particles to nanotubes (Fig. 2) from aqueous solution on
exposure to the excimer laser radiation (4 = 248 nm, pulse
duration of 25 ns and fluence of 3 Jcm—?2). Laser radiation
induces the following processes: melting of colloid Pd or Au
nanoparticles, decrease in their size due to boiling effect and
attachment of remaining nanoparticles to the surface of
carbon nanotubes.

I1.2. Sequential synthesis of hybrid nanostructures

In the sequential synthesis of hybrid nanostructures, the
first stage is the preparation of nanoparticles that would
act as nuclei, or the matrix for the subsequent synthesis of
materials. A method for the formation of gold nano-
particles on the ends of CdS nanorods (Fig. 3) was
proposed.”-® Samples of hybrid nanostructures can be
assigned to the Janus type. The average size of the CdS
rods was 5.3 x 14 nm and the diameter of gold nano-
particles was ~6 nm. The CdS nanorods were grown on
seeds. Gold nanoparticles were obtained by photoin-
duced synthesis from solution. First, a small gold island
serving as the nucleus is formed on one end of the rod.
Under the action of light, charge separation between the
metal (Au) and the semiconductor (CdS) takes place, the
electrons being concentrated on the gold nuclei. Gold
cations are actively reduced on the negatively charged
island, giving rise to unsymmetrical Janus hybrid nano-
structures.

Shaviv et al.® carried out the experiment in the following
way: a solution containing 3 ml of toluene + 20 mg of
dodecylamine + 12.5 mg of dododecyldimethylammonium
bromide + 8 mg of AuCl; was kept in an ultrasonic bath
(15 min) and in an argon flow (3 min) and then added to a
colloid solution of CdS nanorods in toluene, the mixture
was stirred by an argon flux (3 min) and irradiated with a
continuous laser beam (4 =473 nm, W =40 mW). The
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Figure 3. TEM image (a), scheme of CdS— Au hybrid nanostruc-
tures (b) and absorption spectra of CdS nanorods (/) and CdS—Au
hybrid nanostructures (2) (c).

growth of gold nanoparticles in the solution was terminated
upon addition of acetone.

The photoinduced synthesis technique can be used for
the formation of nanoparticles throughout the whole sur-
face of nanorods. Berr et al .3! demonstrated the possibility
of decorating CdS nanorods with platinum nanoparticles.

I1.2.a. Core —shell nanostructures with the metal core

Core—shell type nanostructures (an example is shown in
Fig. 4) can be fabricated in various core and shell combi-
nations depending on the type of the material: dielectric,
semiconductor or metal. The selected material considerably
affects the method used for the hybrid synthesis. For
structures with a metal core, gold,!-2 silver 3~ and cobalt ©
are used most often. In this case, the shell is usually formed
from a dielectric material stabilizing the metal nanopar-
ticles.

Metal nanoparticles can be coated with a shell made of
various compounds, of which SiO; is most popular.'-? Gold
nanoparticles cannot be directly coated with silicon dioxide
as the chemical affinity between them is weak; therefore, the
surface of Au nanoparticles is pre-modified by molecules of
amphiphilic non-ionic polyvinylpyrrolidone.! Having used
the Stober process based on hydrolysis of tetracthoxysilane,
for example, in aqueous ethanol with addition of ammonia
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Figure 4. Scheme of core—shell nanostructure with the Ag core of the

absorption spectrum of such structures.?
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radius R; and the SiO5 shell of the radius R (¢), TEM image (b) and

as a catalyst, the authors synthesized gold nanoparticles
coated with a 4 to 25 nm-thick SiO5 shell.

Apart from the Stober method, the SiO; shells of metal
nanoparticles can be formed by the citrate method (Turke-
vich method3?) using an aqueous solution of trisodium
citrate where the citrate ion serves as the reducing agent.
Heating of the solution results in oxidation of the citrate ion
to give acetonedicarboxylic and itaconic acids. The acids act
as stabilizing agents, as they can be adsorbed on the surface
of metal nanoparticle and thus restrict the nanoparticle
growth. The preparation of SiO»-coated Ag nanoparticles
by the citrate method in a solution of tetraethyl orthosili-
cate and dimethylamine (the latter was added to produce
pH in the range of 8 to 9) in ethanol over a period of 5 h has
been reported.? Then the hybrid nanoparticles were purified
by several cycles of successive washing with ethanol, dis-
persed in an ultrasonic bath and centrifuged (2000 rpm,
15 min).

The shells of metal core nanoparticles can consist of
metal oxides, for example, Cu;0,?> ZnO,° carbon >33 and
other substances. As a rule, the metal oxide shells are
synthesized by wet chemistry techniques. For coating gold
nanoparticles by a Cu,O shell, 50 ml of an aqueous solution
of Cu(NO3), (in a concentration of 0.01 mol litre—') con-
taining 1 g of polyvinylpyrrolidone was used,? and a colloid
solution of gold nanoparticles and 17 pl of a solution of
N2H4-3H>0 (35 mass %) were added; the shells were
formed for 2 min with continuous stirring. The following
procedure for ZnO coating of cobalt nanoparticles was
reported:® 0.05 mol of CoCl,-6 H,O and 0.075 mol of citric
acid monohydrate were dissolved in 100 ml of ethanol with
continuous stirring at 60 °C during 6 h; Zn(NO3)2-6 H,O
was added to the solution and stirring was continued for
additional 2 h; ethanol was evaporated at 80 °C; the residue
was annealed at 350 °C for 3 h; and the resulting xerogel
was reduced in a hydrogen atmosphere at 450 °C for 4 h.

Silver nanoparticles in a carbon shell can be synthesized
by the hydrothermal method. This method is based on the
fact that at high pressure and temperature, water can
dissolve compounds that are virtually insoluble under
ambient conditions. The formation of Ag— C hybrid nano-
particles using a solution of 4 g of glucose and 0.1 g of
polyvinylpyrrolidone in 35 ml of water containing 0.5 ml of
0.1 M AgNOj; was reported;> 39 the solution was kept in an
autoclave for 4 h at 180 °C and then centrifuged and
washed with deionized water, ethanol and ethylene glycol
monomethyl ether.

I1.2.b. Core —shell nanostructures with the metal shell

A challenging problem faced by the synthesis of hybrid
nanostructures is to provide stability of a shell to corrosive
environments; therefore, noble metals, in particular, gold,
are used most often to form the shells. Gold immobilization
on the surface was reported.’®3> Oldenburg et al?*
described the design of the SiO,— Au (core—shell) nano-
structures. 3-Aminopropyltriethoxysilane molecules were
adsorbed on SiO» nanoparticles to completely coat the
surface. Then a colloid solution containing gold particles
1-2 nm in diameter was added, and covalent bonds were
formed between gold and the organosilane molecules via
amino groups. The structures obtained in this way — gold
nanoparticles deposited on the SiO, surface — can function
as crystallization centres. When SiO, particles are placed
into a mixture of hydrogen tetrachloroaurate(Ill) with
potassium carbonate and a sodium borohydride solution,
gold is reduced to give a continuous Au shell. A similar
procedure was used by Lyon ef al.3> to prepare Fe;O3;—Au
(core—shell) structures. The gold shell was formed upon
reduction of AuCly ions with formaldehyde in an aqueous
solution at room temperature for 5—10 min.

11.3. Parallel synthesis of hybrid nanostructures

In the parallel synthesis of hybrid nanostructures, the
formation of nanoparticles of components and the forma-
tion of the hybrid material consisting of these nanoparticles
proceed simultaneously.

Wang et al.?® synthesized hybrid heterophase ZnO— Au
nanostructures (Fig. 5) by reduction from a non-aqueous
nanoemulsion containing gold acetate and zinc acetylaceto-
nate. Hexadecane-1,2-diol was used as the reducing agent.
The synthesis was carried out upon quick heating to 280 °C
and maintenance at this temperature for 15 min. It can be
seen (see Fig. 5h,c) that the hybrid structures consist of
gold nanocrystals with the (200) and (111) crystallographic
planes and ZnO with the (101) planes and that a common
hybrid nanostructure is formed from cubic Au nanocrystal-
lites and the hexagonal wurtzite type ZnO.

A special group is composed of laser methods of parallel
synthesis of hybrid nanostructures in which the precursor
containing all necessary components of the future material
is subjected to laser radiation.!>!3 Nanostructures are
formed upon dissociation or transformation of the precur-
sor under the action of the laser beam; therefore, by varying
parameters of laser radiation and the properties of the
initial organometallic complex, it is possible to control the
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Figure 5. TEM images of ZnO— Au hybrid nanopar-
ticles.3¢

(a) Light-field image; (b, ¢) high-resolution TEM image;
(d) data from energy dispersive spectroscopy.

properties of the obtained nanostructures. Therefore, the
precursor should meet the following key requirements: it
should contain all necessary chemical components and
possess light sensitivity (transition to the excited state
upon photon absorption followed by a change in the
structure or physicochemical properties). These require-
ments are met by alkynylphosphinic metal-organic com-
plexes. For example, Koshevoy et al.’” performed the laser
synthesis of hybrid nanostructures using the complex
{Aul3Ag12(C2Ph)20[PPh2(C6 H4)3PPh2]3}[PF6]5 (Fig. 6).

the structure of

view of
[Au13Ag12(C2Ph)2o(PPha(CsHa)3PPhs);][PFe)s.37

Figure 6. Schematic

The laser excitation of the precursor was accomplished
by a continuous-wave helium cadmium laser at 325 nm,
because the most intense absorption band occurs in this
spectral region. The synthesis was performed in a solution
of metal-organic complexes in 1,2-dichloroethane, as the
complex does not dissociate in this solvent and it is trans-
parent at the laser radiation wavelength.

A TEM image of the hybrid nanostructure is shown in
Fig. 7. The presence of electron diffraction implies that the
sample is partially or fully crystalline. It is noteworthy that

Figure 7. TEM image of the C— Au— Ag nanostructure.'3
The inset shows the electron diffraction pattern of the obtained
structure.

the non-uniform contrast of the 30-nanometre particle
indicates that the structure contains at least six spherical
crystalline regions.

Thus, the obtained nanostructures are hybrids consist-
ing of two phases — carbon and metal ones. The dimensions
of the carbon matrix determine the total size of the structure
(20—300 nm), which incorporates metal (gold, silver) nano-
clusters of 2—5 nm size.

The information on the morphology, composition and
methods of synthesis of hybrid nanostructures is summar-
ized in Table 1. Most developed are methods for successive
synthesis of core—shell type structures with the metal core
or shell. If the initial nanoparticles are not coated with the
second phase during the sequential synthesis, the formation
of Janus hybrid nanostructures is possible. A similar sit-
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Table 1. Methods for the synthesis of hybrid nanostructures of various composition and morphology.

Type of hybrid nanostructure Designation

Method of synthesis

Heterophase Au—C,ZnO—Au

Core —shell with the metal core
Au@Cu0, AgwC

Core —shell with the metal shell
Janus type CdS—Au, CdSe—Au

Metal nanoparticles in a matrix
Au—AlLO;3, Ag—Si

Nanorods/nanofibres decorated with metal
nanoparticles

C (nanofibres) — Au,
C (nanofibres) — Pd

Ag@SiOs, Au@SiO2, Co@ZnO,

SiO,@Au, Fe;03@Au

Au—Ag—C, Ag—polymer,

parallel synthesis (chemical reduction);
aggregation method (laser heating)

sequential synthesis [Stober method, Turkevich (citrate)
method, hydrothermal method, chemical reduction]

sequential synthesis (surface immobilization, chemical
reduction)

sequential synthesis (photoinduced charge separation,
chemical reduction)

sequential synthesis (photodissociation, aqueous
suspension polymerization, chemical reduction,
hydrothermal method)

sequential synthesis (laser heating)

uation is possible in the synthesis of hybrid nanostructures
comprising both nanorods and nanowires. Due to a large
surface area, these objects virtually cannot be coated with a
continuous shell; as a rule, their surface is decorated by
metal nanoparticles. One more example of sequential syn-
thesis is the formation of nanoparticles in the pores of the
matrix. The methods of aggregation and parallel synthesis,
which can be employed for the preparation of heterophase
hybrid nanostructures, are developed to the least extent. A
specific feature of the aggregation method is a combination
of ready nanoparticles into a single material. During the
parallel synthesis, both the nanoparticles of various phases
and the hybrid nanostructure are formed simultaneously
from precursors containing all necessary components.

I11. Functional properties

II1.1. Plasmonic hybrid nanostructures
I11.1.a. Surface-enhanced Raman scattering
Currently, the surface-enhanced Raman scattering (SERS)
is one of the most sensitive and effective methods for
detecting very low concentrations of substances.?®~42 It is
implemented, most often, using noble metal nanoparticles
or specially designed substrates exhibiting the surface plas-
mon resonance. Upon excitation of the sample contacting
with a surface coated with silver, gold or platinum nano-
particles by laser radiation at the appropriate wavelength,
the intensity of the Raman spectra of the adsorbed mole-
cules increases ~ 10'4-fold.43~-4>

The success of implementation of the SERS method
largely depends on interaction between the adsorbed mole-
cules and the surface of plasmonic nanostructures. The
classical materials for SERS are metal nanostructures with
a size of 1 to 100 nm. Often, metals such as gold, silver and
copper are used as substrate materials for SERS; gold and
silver serve most frequently for the manufacture of SERS-
active nanoparticles.*® 47 Nanoparticles of all three metals
exhibit plasmon activity in the greater part of the visible and
near-IR wavelength ranges used in most Raman measure-
ments.

Metal nanoparticles as colloids or deposited on a sub-
strate degrade with time, because the metal surface is not
protected and can be oxidized; also, nanoparticle agglom-

eration is possible.*®-4° Therefore, hybrid materials in which
the nanoparticles are stabilized by the matrix (matrix
isolated) have been developed for SERS. The possible
matrices include silicon dioxide,’® diamond-like carbon,!
titanium dioxide,>> graphene oxide,’3 polymers (organic
and inorganic; ceramic-forming) and other dielectric or
semiconductor materials.>*~ 38 Examples of using various
matrices are shown in Fig. 8.

While developing SERS-active substrates, researchers
pay much attention to monometallic nanoparticles.60~63
However, it was found that noble metal alloys have some
advantages.®* %7 Indeed, gold is superior over other metals
for biomedical applications due to high biocompatibility
and chemical stability, while silver provides the most
pronounced SERS throughout the whole visible spectral
range due to much higher (as compared with Au) plasmon
resonance absorption cross-section.®® The bimetallic
Au—Ag nanoparticles are of particular interest since they
are able to provide both high enhancement factors and good
biocompatibility and chemical stability. Furthermore, these
particles may show a tunable plasmon resonance band in
the range from ~410 (Ag) to ~520 nm (Au) depending on
the ratio of the metals, which allows the manufacture of the
desired nanoparticles for different SERS excitation wave-
lengths.6%- 70

Development of new methods for the synthesis of hybrid
SERS-active nanostructures for the most important bio-
medical applications (diagnosis, visualization, therapy and
drug delivery) is a promising trend of modern research. The
SERS labels consisting of a hybrid material with a Raman-
active substance and a molecule capable of specific binding
to test biological objects (antigen —antibody, ligand — recep-
tor, enzyme —inhibitor) have a number of advantages over
fluorescent labels, as they are more sensitive (in some cases,
by more than three orders of magnitude) towards detection
of biological molecules. Yet another substantial advantage
is the multiplex ability to detect biomolecules due to narrow
spectral groups in the Raman spectrum.

Carbon appears to be beneficial as the matrix, which not
only prevents degradation of nanoparticles in the environ-
ment but also provides good biocompatibility due to chem-
ical inertness.!”-7!-73 The carbon — gold —silver triplex can
be successfully used as SERS-labels for biological mole-
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Ag nanoparticles coated
with 4-(mercaptomethyl)styrene

Figure 8. Examples of matrices used for noble metal nanopar-
ticles.>?

(a) Ag nanoparticles in the 4-(mercaptomethyl)styrene matrix,® (b)
Au nanoparticles encapsulated in the mesoporous y-Al,O3 matrix,
(¢) Ag nanoparticles in the pores of structured silicon.

cules. The model structure of such triplex and its applica-
tion are depicted in Fig. 9.

In order to fabricate this hybrid, a gold nanoparticle of
diameter 40 nm was coated with silver. The Raman-active
substance, 4-mercaptobenzoic acid, was added to the
core—shell structure and the whole resulting structure was
coated with carbon. Such a label is attached, for example, to
a mouse antigen by means of an antibody.

In order to endow nanoparticles with the desired optical
properties and to increase the SERS efficiency, it is impor-
tant to arrange the nanoparticles on the surface of 2D or 3D
substrates (Fig. 10).

Currently, the SiO>— Ag nanostructure is actively used
as the hybrid material for SERS (Fig. 10a). Silver nano-
particles are held above the surface of the underlying silver
film by silicon oxide substrates. Wu and Cunningham 73

Au nucleus

Ag layer
4-mercaptobenzoic acid
C shell

SERS label
antibody

Antigen

Microtiter plate

antigen
coating

1 —

Blocking

SERS label
__ n

Figure 9. Schemes of the SERS label as the Au@Ag@C triplex (a)
and SERS-based immunoassay microtitration procedure (5).!”

studied the relationship between the silver nanoparticles
and the underlying silver film and also the dependence of
the SERS enhancement factor on the thickness of SiO»
substrates (Fig. 11).

It was found that the maximum enhancement of the
SERS signal is attained when the SiO, substrate is 20 nm
thick and the number of ‘hot spots’ ¥ is maximized. This is
attributable to very strong coupling between the localized
surface plasmons on silver nanoparticles and the surface
plasmonic polaritons on the silver film surface. This strong
coupling induces a sixfold increase in the number of hot
spots with respect to that in the structure with a 10 nm thick
SiO, substrate. The greatest enhancement factor for the
rhodamine 6G (R6G) spectra for the presented hybrid
nanostructures is 10° (Fig. 11 a).

The attainment of the analytical limit of detection by
SERS is the central issue of nanoplasmonics. Investigations
of single molecules by surface-enhanced Raman spectro-
scopy made a revolution in the visualization and manipu-
lation of single cells.30 82

By means of SERS-active porous nanostructures, it is
possible to detect and identify bioorganic compounds
almost at the molecular level (15-20 molecules). The
hybrid structures shown in Fig. 10¢, which consist of
porous alumina membranes with gold nanoparticles inside,

T Contact sites between single nanoparticles arise mainly in aggregates and
have a stronger local electromagnetic field than single nanoparticles.”
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a

SiO> nanosphere

P9 =

Figure 10. Examples of SERS-active 2D- and 3D-structures.
(a) Ag nanoparticles on the surface of the SiO» sphere,’* (b) SiO>—Ag nano-

structure on the silver film surface,”® (¢) vertical section of the AlO; membrane
with Au clusters inside the cavities,”® (d) schematic view of the Ag nanoparticles on
the surface of (on the left) and inside (on the right) ZnO spheres.””
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Figure 11. SERS enhancement factor (/) and number of hot spots
calculated by the finite difference method (2) vs. the thickness of the
SiO, substrate (a)’® and SERS spectra of rhodamine 6G
(1 mol litre—1!) on hybrid SiO, — Ag nanostructures at the thickness
of the SiO; substrate of 10 (1), 20 (2), 30 (3) and 40 nm (4) (b).”°

were used to study explosives — 2,4-dinitrotoluene and
hexamethylene triperoxide diamine (HMTD). The mole-
cules of this compounds are non-resonance, which restricts
the applicability of SERS for plastic and liquid explosives.
However, the use of particularly hybrid nanostructures
brought about the success in this field: the SERS signal of
very low concentrations of explosives (down to
~15-20 molecules) was obtained in the area of laser
beam exposure (Fig. 12).

This low limit of detection was reached owing to the use
of membranes with cylindrical pores (~30 pm in diameter),
which provide wave-guiding properties and, as a conse-
quence, multiple interaction of the laser radiation with the
internal surface of cylindrical pores decorated by ‘hot’
clusters of gold nanoparticles. Actually, this is transition
from planar SERS-active substrates to three-dimensional
ones.

Experimental and theoretical studies demonstrated that
structures having metal nanoparticles inside the sphere or
on the sphere surface (see Fig. 10 a,d) can enhance the local
fields in the site of contact of the metal nanoparticle with
the surface of ZnO or SiO; spheres due to asymmetry of the
dielectric medium.””

I11.1.b. Enhancement of luminescence
Luminescent nanoparticles are promising for the use as
hidden labels for protection of documents, UV converters
for light emitting diodes and solar concentrators and in
medicine — for fluorescent imaging, diagnosis and therapy
of diseases, selective identification of cellular and tissue
structures and development of systems for remote control
over molecular reactions in the cells (optogenetics), etc.
The surface plasmon resonance of metal nanoparticles is
a unique phenomenon, which has stimulated the advent of
new potent analytical methods and applications. Among
these, luminescence enhancement is promising. Hybrid
nanosystems contain, as a rule, actively luminescing species
(lanthanide ions, quantum dots and so on), the properties of
which are enhanced by plasmonic nanoparticles.®3-%0 In
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Figure 12. SERS spectra of 2,4-dinitrotoluene (¢) and HMTD (b)
recorded on hybrid nanostructures at different concentrations of
the compounds.”®

(a) Concentration of 2,4-dinitrotoluene, ppm: (/, 3) 100, (2, 4) 1, (5)
substrate; (b) concentration of HMTD, ppm: (/) 100, (2) 10, (3) 1,
(4) substrate. The dashed line marks the characteristic peaks of
HMTD.

these systems, luminescence is enhanced due to the excita-
tion of the corresponding surface metal plasmons (accom-
panied by electron transfer from metal nanoparticles to
luminescent-active ones, i.e., an increase in the dipole
moment) and to an increase in the local electromagnetic
field. Most frequently used forms of luminescent hybrids
are nanorods/nanofibres decorated with metallic and lumi-
nescent nanoparticles (Fig. 13a,b) and core—shell nano-
particles (Fig. 13 ¢c—e¢) in which either a metal nanoparticle
or the active luminescent compound can serve as the core.

The up-conversion luminescence, which allows conver-
sion of IR radiation into visible light, by means of two- or
multi-photon absorption, attracts researchers’ attention as
it could serve for the design of up-conversion lasers,
quantum IR counters, 3D displays and for in vivo fluores-
cence visualization.?3~97

Among up-conversion luminophores, some lanthanide
ions used in pairs (for example, Er** /Yb?** or Tm3*/Yb3 ")
are most efficient upon excitation at A = 980 nm due to the
sufficient absorption at appropriate energy levels and low
phonon energy, which induces relatively intense up-conver-
sion luminescence.”® Nevertheless, the tasks of increasing
the conversion efficiency upon frequency increase, enhance-
ment of absorption band intensity and control of the
concentration and temperature quenching of luminescence

are topical. For this purpose, hybrid nanostructures
Ag—SiO;—Er;05 (Figs 13 ¢ and 14) were developed.”!

Silver nanoparticles have an average size of about 60 nm
(Fig. 14 a); after deposition of a SiO» layer, the particles
become monodisperse and have a core—shell structure. The
SiO5 shell is 10— 15 nm thick. After deposition of the Er,O3
coating, the size of spherical Ag—SiO,—Er,O3; nanostruc-
tures varies from 150 to 200 nm (see Fig. 14 ¢).

As a result of interaction between Er,Os; and surface
plasmons of the Ag nanoparticle, the following parameters
were increased: the spectral width of the excitation band
and the intensity of up-conversion luminescence (up to
10%-fold), which depends appreciably on the power density
of the excitation light (Fig. 15).

Figure 15a,b shows the up-conversion luminescence
spectra of Er,O3; nanoparticles and Ag—SiO,— Er,O3 nano-
structures under the excitation intensity from 0.26 to
1.41 W mm~—2 (A = 980 nm). It can be seen that at relatively
low laser intensity, the emission spectra have narrow-band
transitions at 550 and 660 nm. As this parameter increases,
a broad luminescence band is observed with a maximum at
600 nm. The mechanism of its appearance has not been

100 nm
—

EI‘203

4 20.nm
—i

Figure 13. Examples of hybrid luminescent nanostructures.

(a) SiO, : Eu(TTA)sphen nanofibres (TTA = CgHsF50s,8S,
phen = C2HsN»),%* (b) CdSe nanofibre decorated with Au nano-
particles,?” (¢) Ag—SiO>—Er,03,°! (d) Y20s3: Er@Au,’? (e) gold
nanoparticles coated with TiO,.8%
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Figure 14. TEM images of silver nanoparticles (a), Ag— SiO, structures (b) and Ag— SiO, — Er,0j5 structures (c).”!
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Figure 15. Up-conversion luminescence spectra of Er,Osz nanoparticles (a), Ag— SiO>— Er,O3 (b) and bulk Er,O3 (¢) depending on the
excitation power density (I) at 980 nm and the enhancement factor (g) of the up-conversion luminescence vs. excitation power (d).°!
Indicated in the curves are the excitation radiation intensities (values) and the energy levels from which luminescence takes place.

established as yet and is a matter of discussion. Lumines-
cence enhancement is related to the following factors:”!

— at A = 780—980 nm, the corresponding silver surface
plasmons are excited, which is accompanied by electron
transfer from Ag nanoparticles to Er,O3; and the dipole
moment of Er,Os3 increases, thus enhancing the up-conver-
sion luminescence;

— due to the increase in the local electromagnetic field,
pumping and emission increase;

— the thermal effect is summed up with the excitation of
the surface plasmons of Ag nanoparticles and this results in
a decrease in the excitation threshold of broad-band emis-
sion.

Research of small-size semiconductors is related to their
potential application in nanoelectronics. Among these
material, zinc oxide attracts attention by its multifunctional
properties, which have found use in solar cells, UV lasers
and light detectors, photocatalysts and gas sensors.?? 106
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Figure 16. Schematic view of ZnO nanorods decorated with Cu nanoparticles (¢) and luminescence spectra at room temperature (b).%3
Sample: (/) ZnO nanorods, (2—6) ZnO nanorods with different contents of copper nanoparticles on the surface.

Owing to high exciton binding energy (60 meV), intense UV
radiation can be obtained from ZnO upon radiative recom-
bination of excitons at room temperature and at higher (up
to 550 K) temperatures.'’ Currently, active research is
carried out into enhancement of spontancous radiation of
ZnO by aluminium,!%8-199 platinum,!08.110. 111 gg]d 112-116
and titanium ''7- 118 nanoparticles. The enhancement factor
of spontaneous radiation varies over a broad range and
depends on various parameters, in particular, on the metal
nanoparticle concentration, shape and composition. Liu et
al.''® reported the procedure for optimization of the con-
centration of Ag nanoparticles in poly(methyl methacrylate)
(PMMA) to obtain efficient UV electroluminescence of
light-emitting diodes based on p-GaN/n-ZnO heterostruc-
tures. It was found that under the action of Ag nano-
particles, the contribution of ZnO excitons to the electro-
luminescence of light emitting diodes increases more than
13-fold and the spectral line shape changes. Furthermore,
using silver nanoparticles for light emitting diodes, it was
possible to improve the spatial uniformity and to increase
the output photon intensity and the angular distribution of
the emission almost twofold.

Interesting studies were concerned with the decoration
of ZnO nanorods with copper nanoparticles and the
dependence of the luminescence of this hybrid on the
content of copper nanoparticles on the surface (Fig. 16 ).
Hybrid nanostructures were prepared in the following way:
50, 100, 150, 200 and 250 pl (for samples 2—6, respectively)
of a colloid solution of copper nanoparticles in methanol
was added to 5 ml of polyethylene glycol (PEG), and ZnO
nanorods were decorated from the resulting solutions by
centrifugation.

The photoluminescence characteristics of ZnO nanorods
without decoration (/) and with decoration (2—6) by copper
nanoparticles are shown in Fig. 16 5. The luminescence
spectra of ZnO nanorods exhibit an intense UV peak at
380 nm (3.26 eV) associated with recombination of excitons
and a broad band in the visible region (400 to 700 nm)
associated with electron—hole recombination in surface or
bulk defective layers. The decoration of nanorods with
copper nanoparticles changes the position of the UV peak
in the absorption spectrum from 379 to 386 nm. The peak
displacement to longer wavelengths can be due to coupling

between ZnO excitons and localized surface plasmons.!?0
After introduction of copper nanoparticles, the intensity of
the UV peak increases with increase in the nanoparticle
concentration up to sample 4, other conditions of lumines-
cence excitation being the same. The luminescence intensity
of sample 4 is eight times higher than that of ZnO nanorods
not decorated with copper nanoparticles. On further
increase in the concentration of copper nanoparticles, the
luminescence intensity decreases but still remains higher
than the luminescence of ZnO nanorods. Annealing at
500 °C additionally enhances (up to 9-fold) the lumines-
cence intensity with respect to that of the initial nanorods.
The luminescence enhancement after decoration of nano-
rods was attributed to coupling of the spontaneous ZnO
radiation with the arising surface plasmon resonance of
copper nanoparticles. If the semiconductor band gap is
comparable with the plasmon energy at the metal/semi-
conductor interface, the electron—hole pair recombination
may give rise to photon emission that would be in resonance
with the plasmon vibration modes.%3

II1.2. Catalytically active hybrid nanostructures
Quite a few multifunctional hybrid nanostructures that,
along with the SERS activity, demonstrate also photo-
catalytic properties have been developed to date. As a rule,
these are combinations of noble metals and semiconductor
materials such as Ag and Au/TiO; (Refs 121 and 122) or
Au/ZnO (Ref. 123). In the studies of these structures, the
attention is focused on their photocatalytic activity towards
the photodegradation of organic pollutants or cleavage of
water molecule.!?4~127 Zinc oxide is a direct wide-band
semiconductor with a high excitation energy, which (like
TiO») shows high performance in a photocatalytic reaction.
Apart from well-known applications, ZnO has found use in
sensitized dyes for solar batteries.!?”~12° The photocatalytic
effect of the metal/semiconductor hybrid nanostructures
can be markedly enhanced in the following way:!30-133

— increase in the light absorption of the semiconductor
due to overlap of the plasmon resonance energy of the metal
nanoparticle and the fundamental absorption edge of the
semiconductor;

— decrease in the diffusion length of the electron—hole
pair in the nanostructure;
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Figure 17. SERS spectra of the R6G sample (10* mol litre—') on
nanostructures of various structure upon UV irradiation for
120 min.””

(a) Ag is on the ZnO surface, (b) Ag is inside the ZnO sphere.

— forced separation of the electron—hole pairs upon
the transfer of high-energy electrons between the metal and
the semiconductor.

The photocatalytic activity of Ag/ZnO nanostructures
(see Fig. 10¢) on exposure to visible and UV light was
estimated from the intensity of Raman scattering of an R6G
sample.”? In the photocatalytic process, a Philips lamp
(18 W) emitting lines from 340 to 410 nm with a maximum
at 365 nm served as the UV source. As the source of visible
light, a xenon lamp (500 W) with an UV filter was used. The
Raman spectrum was recorded at 488 nm. The UV radia-
tion-induced photodegradation of R6G can be monitored
by the SERS spectra of a R6G sample presented in Fig. 17.

It can be seen that for both structures, the Raman signal
intensities of the R6G sample decrease with increase in the
irradiation time, the most rapid photodegradation of R6G
being observed for the Ag/ ZnO structure. On exposure of
the system to visible light, the situation changes, and the
Ag@ZnO structure becomes most efficient. Hong and Li,°?
who studied the mechanism of R6G degradation, proposed
a model of electron transfer based on equalization of the
band gap width.

Nanostructured materials have a highly developed
surface; therefore, they are promising for the elaboration
of heterogeneous catalysts. Of particular interest are
catalysts containing metal nanoparticles (Pt, Pd, Au,
etc.) or metal compounds (a widely known example is
Al»,03). Placing the nanoparticle catalysts into a matrix
(carbon, mesoporous silicon, polymer) prevents them
from aggregation, increases the performance and selectiv-
ity of the catalytic reaction.

Considering the application as catalytically active mate-
rials, highly attractive are hybrid nanostructures consisting
of a porous carbon matrix with encapsulated metal nano-
particles. Tang et al.'3* investigated the catalytic properties
of Au—Pd nanoparticles encapsulated in carbon nano-
spheres (Fig. 18). The catalytic properties of the presented
hybrid structures were tested in the reduction of 4-nitro-
phenol with NaBH4. The progress of the reaction was
followed by absorption spectroscopy (Fig. 19). In the
absence of a catalyst, the 4-nitrophenol concentration does
not decrease (the maximum absorption peak at 400 nm does
not change and the mixture remains yellow-coloured).
Upon the addition of Au—Pd/C hybrid nanostructures, the
concentration of 4-nitrophenol decreases and the solution is
bleached. The catalytic activity depending on the gold to
palladium ratio in the test series of samples was maximum
at Au:Pd = 2.1. It was shown that the catalysts can be used
once again and the reaction rates remain almost unchanged
in the subsequent cycles.

The increase in the catalytic properties of hybrid nano-
structures was demonstrated !3° in relation to electroreduc-
tion of oxygen. The polarization curves of oxygen reduction
catalyzed by various structures are shown in Fig. 20. The
curves were constructed by normalization of the electric
current that passes through the graphene/glassy carbon
electrode to the mass of platinum deposited on the glassy
carbon surface. It can be seen that the oxygen reduction
occurs at a much higher rate in the presence of hybrid
catalysts. The authors attributed the increase in the catalytic
activity of Pt— Au— graphene structures with respect to the
activity of the Au—graphene or Pt —graphene structures to
the fact that platinum nanoparticles grow on gold nano-
particles, which substantially increases the active surface
area.

Due to the specific structure and morphology, hybrid
nanostructures can function as space-confined chemical
reactors. For example, core—shell nanostructures with
vacant space between the core and the shell were consid-
ered 13¢ as nanoreactors for selective oxidation of alcohols.
The key idea is the use of molecular oxygen as the oxidant
instead of metal oxides used in industry, which are usually
toxic and expensive. Mesoporous organosilicon shells with
Pd nanoparticles were proposed as hybrid structures
(Fig. 21). The results of oxidation of various alcohols by
this method are summarized in Table 2. The oxidation was
carried out at 50 °C for 8 h. As can be seen in Table 2, all



A V Povolotskaya, A V Povolotskiy, A A Manshina Russ. Chem. Rev. 84 (6) 579—600 (2015)

591

5000 + d
C
~ 4000 H
3
Ne)
=
= 3000 fi
<
=
&b
22000
Cu
1000 Au
Ou Pd Au
1 Il yai |

0 200 400 600

800 1000 1200 E/eV

Figure 18. TEM images (a, b) and high-resolution images (c¢) of the surface of
one sphere and energy dispersive spectrum of Au—Pd/C hybrid nanostructures
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Figure 19. Absorption spectra demonstrating the decrease in the 4-nitrophenol concentration (reduction with NaBHj4) in the presence of
Au—Pd/C hybrid nanostructures with the Au:Pd ratio of 0.4 (a), 1.2 (b), 2.1 (¢) and 3.4 (d). The insets show the dependences of the
logarithm of the extinction coefficient at 400 nm on the reduction time; k is the reaction rate constant.!34

t/s: (a, b) 0 (1), 15(2), 30 (3), 45 (4), 60 (5); (¢, d) 0 (1), 10 (2), 20 (3), 30 (4), 40 (5), 50 (6).
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Figure 20. Polarization curves for oxygen reduction with graphene
(1) and hybrid nanostructures: Au—graphene (2), Pt—graphene
(3), Pt—Au—graphene with the Pt: Au molar ratio of 0.5:1 (4),
3:1(5),1:1(6)and2:1(7)in 0.5 M H>SO4 saturated with oxygen
with stirring at 1600 rpm; sweep rate 10 mVs—! (see Ref. 135).

Figure 21. TEM image of Pd nanoparticles with mesoporous orga-
nosilicon shells.!3¢

Table 2. Selective (>99%) oxidation of various alcohols in nano-
reactors.!3¢

Alcohol Product

@CHZOH @CHO 94
Me—@CHQOH MeOCHO 92
MeO—@CHon MeOOCHo 100
©\/V @\% 100
_~__OH CHO
YVOH W/ACHO 53

reactions are highly selective and the yields can be as high as
100% for some alcohols.

Yield (%)

II1.3. Hybrid magnetic nanostructures

The great interest of researchers in the nanoparticles having
magnetic properties is related to particular applications,
e.g., for data recording and storage systems, for magnetic
cooling, as magnetic sensors!37-138 and in medicine.!®
Indeed, in the MRI diagnosis the contrast agents are often
used for the more precise determination of the boundaries,
structures and types of tumours. As a rule, Fe;O4, dual-
layer Fe@Fe304 nanoparticles of gadolinium chelate com-
plexes, etc., are typically used as such substances. In
addition, under the action of external magnetic field,
magnetic nanoparticles can be targeted to definite organs
to reach a specified concentration in them and a specified
time of action and, after that, to be excreted from the body.
This approach not only increases the quality of MRI
examination but also realizes the targeted drug delivery
concept and reduces the general toxic effect of drugs;
moreover, it can induce controlled heat effects in specified
sites (hyperthermia). In the last-mentioned case, the intro-
duction of magnetic nanoparticles into a particular area of
the body (e.g., into a malignant tumour) and application of
a magnetic field can induce local heating and the subsequent
destruction of the tumour cells. The magnetic nanoparticles
used in medicine most extensively are compounds based on
iron, cobalt and nickel and their oxides such as magnetite
Fe304, maghemite y-Fe,Os, cobalt ferrite CoFe>Oy, chro-
mium dioxide CrO», efc.

Analysis of the latest studies dealing with magnetic
nanoparticles demonstrated that ever increasing interest is
shown in complex modified systems: magnetic nanoparticles
incorporated into some matrix. In this system, nanopar-
ticles are stabilized, the variability of their applications and
the biochemical compatibility (for retardation and control
of the excretion from the body — phagocytosis) can be
increased and the functional properties of the system can be
extended by endowing the matrix with specific properties.
Stabilization of magnetic nanoparticles upon encapsulation
into bulk materials (glasses, polymers, xerogels and silica
gels, zeolites and so on) is the subject of several publications
(see, for example, Ref. 137). This review places emphasis on
hybrid magnetic nanostructures (HMN), which remain in
the nano-sized range and, hence, are suitable for specific
applications, first of all, for solving biomedical problems.

I11.3.a. Targeted drug delivery
A very important application of HMN is the targeted drug
delivery, most often, when the therapy of the disease
requires treatment of tumours of various aetiology. Modern
antitumour agents are quite efficient; however, they affect
not only tumour but also healthy cells; therefore, some of
the developed antitumour agents have not found clinical
use. The toxic action on the body can be reduced by precise
delivery of drugs into the damaged site by means of so-
called nanocarriers — nanoparticles carrying drugs. The
targeted drug delivery may be either active or passive:!??

— the passive delivery is based on enhanced penetrabil-
ity of the damaged sites in the body and the accumulation
effect related to it;140- 141

— active delivery implies coating of nanocarriers with
specific molecules (proteins, peptides or antibodies) having
high affinity for tumour cells and thus providing efficient
targeting of the drugs.
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Drug-containing nanoparticles may incorporate mag-
netic nanostructures, which offer additional opportunity
for manipulating them by means of external magnetic fields.

Hybrid magnetic core —shell nanostructures. One type of
HMN used for targeted drug delivery are core—shell struc-
tures. In these systems, the core is formed by nanoparticles
possessing magnetic properties (Fe, Co, Ni, iron oxide),
while the shells, which have good biocompatibility and
provide the possibility to attach drugs, can consist of
various elements or compounds (Au, SiO,, polymers,
organic compounds).'42-144 A different morphology is
possible: for example, gold nanoparticles with molecular
magnets being deposited on the surface.!4’

The scheme of a complex multilayer core —shell HMN is
shown in Fig. 22. The multilayer shell makes it possible to
load the drugs and to isolate them from other system
components and makes the structure biocompatible. Folic
acid ensures the active targeted delivery, while doxorubicin
(anthracycline antitumour antibiotic) serves as the drug.

Biocompatible layer
Superparamagnetic
nucleus

Core shell Drug-bearing layer

Figure 22. Example of a magnetic multilayer core—shell structure
for targeted drug delivery.!'4®

When the core contains a superparamagnetic Fe3;Oq4
nanoparticle, it is possible not only to control HMN but
also to release the drugs via controlled heating of HMN
under the action of an external alternating magnetic field. It
is noteworthy that the procedure of synthesis of these
structures is fairly complicated and multistage: apart from
the formation of a core with a specified composition,
structure and morphology, it is necessary to load the
controlled amount of the chosen drug, to form the biocom-
patible coating and to functionalize the surface by specific
molecules.

Hybrid magnetic nanostructures based on carbon nano-
structures. One more approach that provides both the
targeted drug delivery and more effective synthetic proce-
dure is the development of HMN based on magnetic nano-
particles encapsulated in various carbon nanostructures.
Carbon allotropes possess a variety of interesting proper-
ties, that is why carbon is called ‘material of the 2l1st
century’. Carbon nanostructures can be obtained as single-
and multi-walled nanotubes, fullerenes, graphene and so on.

A carbon allotrope — graphite — is a three-dimensional
structure consisting of numerous graphene layers. Oxida-
tion of graphite with strong oxidants gives rise to graphite
oxide with increased distances between the carbon layers;
finally, this material acquires hydrophilic properties. For
example, sonication of graphite oxide in water may afford
graphene oxide — a structure comprising one or several
layers. Graphite oxide differs from graphene oxide by the

multilayer structure. A remarkable feature of graphene
oxide is high specific surface area, which allows it to
encapsulate various substances such as metals, biomole-
cules, luminescent molecules, drugs and so on.

Yang et al.'*” discussed the synthesis and considered the
application for targeted drug delivery of a superparamag-
netic hybrid material consisting of graphene oxide and
magnetite nanoparticles. The magnetite nanoparticles were
formed on graphene oxide plates upon chemical precipita-
tion. The diameter of the synthesized Fe;O4 nanoparticles
was 2—4 nm with a narrow size distribution. The resulting
hybrids were found to exhibit superparamagnetic properties
and can be used for drug delivery (doxorubicin was consid-
ered as an example, the loading capacity being as high as
1.08 mg mg—!). Fairly important features of the graphene
oxide — Fe3O4 nanoparticle —doxorubicin system are hydro-
philic properties and the presence of functional carboxyl
groups, which can serve for further attachment of active
molecules to provide targeted drug delivery. In addition, the
possibility of manipulating the obtained HMN by means of
pH change (aggregation in an acid medium) and controlled
motion under the action of an external magnetic field were
demonstrated. In an alkaline medium, deaggregation takes
place to form a stable suspension, which may be used for
effective excretion of HMN from the body.

Carbon nanotubes are widely used carbon materials. On
the one hand, application of carbon nanotubes in biology
and medicine is restricted by their poor solubility in aque-
ous media; on the other hand, carbon nanotubes show good
cell permeability and can efficiently penetrate into various
organs and tissues. In addition, they are stable in various
bioorganic media and, like most carbon nanostructures,
they have a large surface area, which can be coated with
various compounds.

A structural feature of carbon nanotubes is the presence
of a cavity, which can be filled with functional components
(drugs, dyes, luminescent compounds, ezc.). Carbon nano-
tubes can be endowed with magnetic properties upon
functionalization with magnetic nanoparticles. Carbon
nanotubes with magnetic nanoparticles are exceptionally
interesting objects for the task of targeted drug delivery.

Three approaches have been proposed for the design of
HMN based on carbon nanotubes: deposition of magnetic
nanoparticles on the surface of nanotubes (Fig. 23a) '48
and insertion of magnetic nanoparticles into the cavity
(Fig. 23 b)'4%-150 and into the nanotube walls (Fig. 23 ¢).!3!
The structures obtained in this way can be subjected to
subsequent functionalization by insertion of medicinal
agents, deposition of active molecules and protective coats.

As regards the use of HMN for the targeted drug
delivery, carbon nanotubes with magnetic nanoparticles
encapsulated in their walls appear to be most interesting.
These hybrid nanostructures are characterized by excep-
tionally high drug loading capacity, because this may
involve both the outer surface and the inner cavity of
nanotubes, and the possibility of additional functionaliza-
tion is also retained. The synthesis of carbon nanotubes
containing magnetic nanoparticles in the inner cavity is
complicated, and their application is restricted by relatively
low drug loading capacities. The deposition of magnetic
nanoparticles on the nanotube surface provides for drug
loading and additional functionalization but to lesser extent
as compared with carbon nanotubes with encapsulated
magnetic nanoparticles.
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Figure 23. Hybrid magnetic nanostructures based on carbon nanotubes with magnetic nanoparticles deposited on the surface (a),'*®

introduced into the cavity (b)'*1%° and into nanotube walls (c).!>!

II1.3.b. Cell and tissue visualization

Combination of magnetic and luminescent nanoparticles in
one structure may solve simultaneously the monitoring and
manipulation problems, visualize the site of pathology or
follow the motion trajectories of some cells and perform the
targeted drug delivery (under the influence of a magnetic
field) or some local impact (e.g., heating). Possible lumines-
cent agents include quantum dots (ZnS, PbS, CdS, CdSe),
organic compounds (fluorescein, Cy3, porphyrin, oligothio-
phene), nanocrystals with lanthanide ions and nanoparticles
(Au, Ag) exhibiting plasmonic properties. Magnetic and
luminescent nanoparticles can be aggregated into a single
structure; a matrix can also be used for this purpose
(encapsulation, insertion).

An example of the matrix-free approach to the develop-
ment of HMN for tumour cell visualization has been
reported:!°2-153 the CdSe and ZnS quantum dots were
applied onto magnetite nanorings or nanospheres.

A specific feature of matrix-free systems is their small
size as compared with sizes of the structures synthesized
using the matrix approach. This is responsible for their high
mobility and the possibility to achieve high resolution of
tumour visualization. However, these structures tend to
exhibit luminescence quenching and pronounced light
absorption by magnetic nanoparticles owing to the prox-
imate positions of the magnetic and luminescent objects.
Furthermore, these structures can be fairly toxic.

The matrix approach to the design of HMN for cell and
tissue visualization is more popular, because in this case, it
is possible to control the morphology and the distance
between luminescent and magnetic nanoparticles and,
hence, to minimize the luminescence quenching effects.

Polymers, SiO», micelles and other substances can serve as
matrices.'>~157 By using a matrix, it is possible to provide
more efficient functionalization of HMN systems by attach-
ing additional components, for example, to increase the
biocompatibility. Runowski er al.'® considered magnetic
nanoparticles and CdSe—ZnS quantum dots encapsulated
into polymer micelles. The HMN thus obtained preserve
both the luminescence and magnetic properties, which are
determined by the constituent nanoparticles; in addition,
the toxic action of CdSe is minimized.

The matrix approach has been used to prepare an HMN
system based on heterodimers of silver and magnetite Janus
nanoparticles coated with a SiO, layer.” In this case,
plasmonic Ag nanoparticles were used as visualization
centres; they are less toxic than quantum dots and, unlike
organic luminophores, they show luminescence that is stable
with time. An image of the Janus type structure ‘magnetite
nanoparticle— Ag nanoparticle—SiO, shell’ is shown in
Fig. 25. In this case, the SiO, matrix minimizes the toxic
effect of silver nanoparticles, while in the presence of
plasmonic nanoparticles, it becomes possible to extend the
visualization methods by means of dark field microscopy,
multiphoton luminescence microscopy, light scattering.

One more advantage of the structures based on magnetic
and plasmonic nanoparticles is the possibility to carry out
selective photothermal destruction of tissues by means of
optical heating of metal nanoparticles upon IR excita-
tion.155

The desired cells and tissues can be visualized using
lanthanide ions. An important advantage of materials
doped with these elements over materials containing
organic dyes or quantum dots is that IR excitation can be

FCQO3

CdSe

Figure 24. Scheme of HMN based on magnetite nanospheres.!43

Figure 25. Janus type Fe»O3 — Ag nanoparticle — SiO; shell.”
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a b

Magnetic core

Lanthanide-containing shell

Lanthanide-containing core

4

Lanthanide-containing nanoparticles

Organic dyes

Magnetic nanoparticles

Figure 26. Examples of morphology of structures combining magnetic and luminescent nanoparticles based on lanthanides.
(a) Core (magnetic nanoparticle)—shell (lanthanide nanoparticles) structure, (b) core (lanthanide nanoparticles)—shell (magnetic nano-
particles) structure, (¢) multicomponent structures comprising magnetic nanoparticles and various types of luminescent components

(organic dyes and lanthanide-containing nanoparticles).

used and the anti-Stokes luminescence can be recorded.!'?>
Therefore, investigation and visualization is possible for
deeper-lying tissues ( biological tissues are more transparent
in the IR range than in the visible or UV range) and a better
signal-to-noise ratio can be achieved even against the self-
luminescence of biological tissues.

The morphology of structures combining magnetic and
luminescent nanoparticles with lanthanide ions can be differ-
ent depending on the tasks to be solved and the chosen
methods of synthesis (Fig. 26). Zhang et al.'>7 considered
multilayer structures of the core—shell type. The core was
formed by Fe>Os nanoparticles and the SiO» shell was coated
by a layer of a-NaYF4/Yb,Er (Fe;04@SiO@a-NaYF4/
Yb,Er). Structures with the Fe3z04/SiO, core surrounded by
luminescent GdPOg4:Eu?* nanoneedles were also pro-
posed.!’® Yet another probable morphology is the core
consisting of lanthanide-doped nanoparticles and coated
with a SiO; shell with encapsulated magnetic nanoparticles
(NaYF4: Yb,Er/Tm@SiO>@Fe304).1%° Also, structures con-
taining luminescent components (organic dyes and nano-
particles with lanthanide ions) apart from magnetic nano-
particles can also be synthesized.!®® In this case, luminescence
of both the lanthanide and the organic dye can be excited
simultaneously.

I11.3.c. Multifunctional HMN systems for biomedical applications
Analysis of modern publications demonstrated that devel-
opment of investigations related to hybrid magnetic nano-

structures is aimed at extension of their functional proper-
ties by adding more components to the system. As a rule, in
these cases of HMN design, carbon nanotubes and meso-
porous quartz nanoparticles are used as matrices, or so-
called platforms for the deposition of functional compo-
nents.!¢1~163 The components used as functional groups are
dictated by the problem to be solved: these may be medic-
inal agents, biomolecules responsible for targeting or lumi-
nescent and light-sensitive components. The fabrication of
HMN based on carbon nanotubes is schematically shown in
Fig. 27. By using these materials, it is possible to solve
sophisticated problems: manipulation via external magnetic
field (attachment of magnetite Fe;O4 nanoparticles), target-
ing of tumour cells (via functionalization by folic acid),
tumour cell visualization [via attachment of a luminescent
dye — fluorescein isothiocyanate (FITC)] and delivery of
the doxorubicin drug to tumour cells.!'®

Quite a number of recent publications report successful
experiments dealing with the synthesis and in vivo applica-
tions of this type of multifuctional HMN systems to solve
problems of targeted delivery, action of drugs, cancer cell
visualization 104165 and tracing (in the case of diseases of
blood-forming organs) 166167 and diagnosis and treatment
of lymphatic system diseases.'®® In all cases, variation of
components is possible: gemcitabine, camptothecin and so
on as the drug; quantum dots, organic compounds and
luminophores based on lanthanide ions as luminescent
labels; magnetic nanoparticles (Ni, MnFe;Oy, etc.).

doxorubicin

—

Figure 27. Scheme of the functionalization of carbon nanotubes upon attachment of magnetic nanoparticles (Fe3O4), the luminescent dye

FITC and folic acid and the drug doxorubicin.!$
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Gatekeeper (SPION,
Load (drug, cyclodextrin, rotaxane,
Mesoporous fluorescent dye) polymers)
quartz

nanoparticle
Ligand (folic acid,
antibody,

DNA aptamer)

Spacer (PEG,
biocompatible
polymer)

Endosomal trigger
(photosensitizer)

Tracking marker
(fluorescent dye, quantum dots)

Figure 28. Multifunctional platform based on mesoporous quartz
nanoparticles.!?

The scheme illustrating the approach to the design of a
multifunctional platform for the solution of the full range of
biomedical problems is shown in Fig. 28.

Multifunctional platforms of this type can be based on
virtually any nanostructures with a highly developed sur-
face, for example, on mesoporous quartz nanoparticles (see
Fig. 28), carbon nanotubes, graphene or polymeric and
ceramic nanoparticles. It can be seen that the architecture
of these particles is very complicated and implies combina-
tion of components. Depending on the tasks to be imple-
mented, a component can be either deposited on the surface
or inserted and encapsulated inside the structure. According
to this approach, several medicinal agents differing in the
mechanisms of action can be applied simultaneously, tissue
visualization at various stages of drug action can be
performed, targeted drug delivery and release can be con-
trolled by application of a magnetic field or optical radia-
tion.

I11.3.d. Hybrid magnetic nanostructures for sorption and isolation
of substances
It has been noted above that magnetic nanoparticles occur-
ring as a part of hybrid structures enable manipulating the
structures by applying an external magnetic field. This can
serve for separation of substances. Among the hybrid nano-
materials combining magnetic and sorption properties, note
single- or multi-walled carbon nanotubes with encapsulated
magnetic nanoparticles (of magnetite or maghemite) and
systems based on graphene oxide and double metal hydrox-
ides.169-170 The greatest number of publications devoted to
sorption and impurity isolation using HMN consider car-
bon nanotubes with magnetic nanoparticles. The possibility
of using these structures for subsoil water treatment to
remove toxic impurities such as arsenic is being discussed;
these structures can also be demanded for biomedical
applications, in particular, for detection of traces of various
types of antibiotics (in particular, fluoroquinolones and
quinolones) in complex bioorganic media, for example, in
blood plasma.!7°

Yang et al.'”' considered a more complicated HMN
system, which demonstrated an exceptionally high perform-
ance in the extraction of organic dyes (e.g., methyl orange)
from aqueous solutions. Double metal hydroxides
[M3T MIT(OH),J[An— ], -y HoO (M2+, M3+ are doubly
and triply charged metal cations) were used as the sorption
agents, the unique sorption properties of which are due to
the layered structure.!’>173 Another constituent of this
HMN system is graphene oxide functioning as the matrix
for the magnetic and sorption components. Furthermore,
graphene oxide has sorption properties due to the extensive
surface and the oxygen functional groups present on the
surface. Thus, combining graphene oxide and layered dou-
ble hydroxides in one structure provides effective sorption
of organic dyes from solutions. The structure contains a
magnetic component (for example, nickel nanoparticles);
therefore, HMN together with the sorbed substance can be
removed from solution by applying an external magnetic
field. Also, the possibility of regeneration and reuse of the
proposed HMN structures was demonstrated.

111.3.e. Hybrid magnetic nanomaterials for recoverable catalysts

Yet another line of research that was stimulated by nano-
technologies is the development of new types of high
performance catalysts for a broad range of chemical reac-
tions. The use of nanocatalysts can ensure, first, high

Figure 29. Catalytically active HMN systems of different morphology.

(a) Core—shell,'”7 (b) nanoparticles on the graphene surface,!’* (¢) Pt—rGO—~ AMs system — platinum nanoparticles on the surface of the
reduced graphene oxide (rGO) sphere functionalized by amino groups (AMs) and magnetic Fe;O4 nanospheres.!”>
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Luminescence

Lanthanide ions, quantum dots

Enhancement of luminescence

Surface enhanced Raman
scattering

Au, Ag, Cu

Targeted delivery, visualization,
therapy

Targeting of contrast agent

Magnetic nanoparticles

Targeted delivery,
visualization

Catalysis

Pt, Pd

Increase in the efficiency of
photocatalysis

Photocatalysis

ZnO, TiO>

Recoverable catalysts

Figure 30. Diagram demonstrating the properties of hybrid nanomaterials.

activity and selectivity characteristic of homogeneous cata-
lytic systems and, second, the possibility of recovery and
reuse, as in the case of heterogeneous catalysts. The recov-
ery and reuse of catalysts is possible for complex HMN
systems owing to the possibility of separation in a magnetic
field. The development of recoverable nanocatalysts is of
interest from not only economical but also environmental
standpoint to develop green chemistry processes.

The catalytically active HMN systems are multicompo-
nent structures comprising magnetic nanoparticles, nano-
particles of the catalysts ( most often, transition metals) and
the supporting matrix (graphene, mesoporous carbon, SiO»,
etc.). The architecture of these structures can be differ-
ent '74-177 ranging from single- or multi-layer carbon struc-
tures to multilayer core—shell systems (Fig. 29).

However, according to investigations, single- or multi-
layer carbon structures are less efficient than the core—shell
systems because layers stick together, which leads to the loss
of the functional properties of the internal areas.!”>-17¢ To
date, the efficiency and the possibility of recovery and reuse
of HMN-based catalytic systems were demonstrated for a
number of reactions including alkene hydrogenation, Heck
and Suzuki cross-couplings and oxidation of alcohols
including methanol.!73-177-179

IV. Conclusion

The successful development of methods for the synthesis of
various nanostructures with controlled parameters such as
the composition, size and morphology paved the way to the
development of more complex structures — hybrid nano-
materials. The diversity of modern methods for the syn-
thesis of such hybrid materials allows the fabrication of very
intricate structures of virtually any morphology, the proper-
ties being determined by the constituents. Two-component
systems may be luminescent and magnetic, luminescent and
plasmonic, magnetic and plasmonic, and magnetic and
catalytic. The increase in the number of constituents extends
the functional properties of the material. The diagram
demonstrating extension of the properties of nanostructures
via aggregation and formation of hybrid materials is pre-
sented in Fig. 30.

Thus, to endow the hybrid materials with specified
functional properties, it is necessary to introduce the appro-
priate set of components into the structure. The key require-
ments to the size and morphology of components of hybrid

nanomaterials are dictated, first of all, by the functional
properties of the nanomaterials; as a rule, it is necessary to
use nanostructures of small size (from several to several tens
of nanometres) with a narrow size distribution. The modern
trends in the development and manufacture of hybrid
materials are mainly based on the matrix approach, which
implies the use of so-called platforms for the deposition/
insertion of functional components. As these platforms,
structures with a large surface area are used such as carbon
nanotubes, mesoporous quartz nanoparticles, graphene and
polymeric or ceramic nanoparticles. It is noteworthy that
the platform is often an active rather than inert component
of the hybrid material, which provides, for example, sorp-
tion properties.

Further research into the development and investigation
of hybrid nanomaterials would be aimed, in all probability,
at the synthesis of more intricate structures (e.g., nanostars
or nanoflowers),!80- 182 which have exceptionally large sur-
face area and, hence, would ensure marked enhancement of
functional properties compared with the properties of
hybrid materials of the same composition but simpler
morphology. These structures are also of interest for funda-
mental science, because studying them would make it
possible to follow the change in the physicochemical prop-
erties and electronic structure upon the change in the size
and shape.

This review was prepared with the financial support of
the Ministry of Education and Science of the Russian
Federation in terms of the Agreement No. 14.604.21.0078
(unique identification number RFMEFI 60414X0078).
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