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Core/shell structured nanoparticles (NPs) are a novel category of functional materials that have garnered
widespread attention due to their advantageous preparation methods, unique characteristics, and
multifunctional application prospects, which have shown significant performance in materials chemistry
and many other fields, such as electronics, biomedical, pharmaceutical, optics, and catalysis. Although
some reviews about core/shell NPs have been published, there is still an intense requirement for an
extensive review about the updated literature and new reported core/shell nanomaterials. Colloidal
quantum dots (QDs) and noble metal NPs have a very small size, which results in the large surface-to-
volume ratio and under-coordinated chemical bonds. As a result, the effort on the design of core-shell
structure has been essential for colloidal QDs and noble metal NPs. In this review, the core-shell
structures dominated by traditional QDs and CsPbXs perovskite QDs, as well as noble metal nanocrystals

(NCs) were summarized. The applications of the above core-shell structure NCs in medical or biological
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Accepted 14th August 2024 fields such as sensing, biological imaging, medical diagnostics and therapeutics, immunological diagnosis
were discussed. The main objective of this review is to provide a better basis for the synthesis,

DOI: 10.1039/d4ra05386a properties, and biomedical applications of QDs or noble metal core/shell NPs, which is beneficial for the
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1. Introduction

Coating bare core nanoparticles (NPs) enhances the dispersion
and stability of the core particles, while also altering or
enhancing their original properties. Due to the external coating,
the optical activity and photooxidation stability are significantly
improved. This presents a promising opportunity to explore the
potential applications of nanomaterials in various domains.*
The nature of core-shell structured quantum dots (QDs) is not
a simple summation of shells, but rather a creative modification
of these discrete systems, resulting in a wide range of perfor-
mance enhancements in areas such as catalysis, labelling,
optoelectronic devices, pharmaceuticals and biology. Novel
constructive assemblies related to core-shell structured QDs
can be made from a combination of several materials, such as
carbon ribbons, carbon nanotubes, and metal or metal oxide
NPs, and these designs can open up a new dimension of
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further development of QDs, noble metal NPs, and other NPs.

research in multidisciplinary science. The core-shell structured
QDs are a key factor in solving the challenges encountered in
the development of energy storage devices and alternative
power sources. Core/shell NPs have exhibited attractive perfor-
mance in many applications such as biomedicine,>* catalysis,*
electronics,” enhancing photoluminescence (PL), creating
photonic crystals,® and so on. Especially in the biomedical field,
the majority of these particles are used for bioimaging,”
controlled drug release, targeted drug delivery,”” cell label-
ling,”"° tissue engineering applications.*™*

Although some reviews about core/shell NPs have been
published, an extensive review with updated literature on core/
shell NPs is still desired. Among the reported nanomaterials,
colloidal QDs and noble metal NPs have a very small size
(generally <10 nm), which results in a large surface-to-volume
ratio and under-coordinated chemical bonds. Surface atoms
have high chemical reactivity to oxidation or adsorption of other
foreign atoms, ionic migration and trapping of charge carriers,
which have obviously influence on the chemical and physical
properties of the NPs. As a result, the effort on the design of the
core-shell structure was essential for colloidal QDs and noble
metal NPs. The most common application of core/shell NPs
were optoelectronics, catalysis, optical bioimaging, biological
labelling. All of these applications mainly relied on the small-
sized NPs, especially noble metals and QDs. Different to the
on core-shell structures, we mainly
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summarized the core-shell structures dominated by QDs and
noble metal NCs.

QDs have garnered increasing attention from researchers.
Among these materials, II-VI semiconductors such as ZnO, ZnS,
CdTe, and CdS have demonstrated stable chemical and opto-
electronic properties. These materials can be combined with
noble metals and other substances to create various core/shell
structure morphologies, which can serve as both the core and
the shell. The design and production of these materials have the
potential to open up new avenues of research in multidisci-
plinary science. These properties make them highly valuable in
various fields, including light-emitting diodes (LEDs), solar
cells, sensors, detectors, and catalysts. The preparation
processes for these materials have become more elaborate due
to advancements in nanotechnology."** When two II-VI semi-
conductor materials are combined to form a heterostructure,
their properties can be significantly enhanced compared to
a single crystal. Recent years, lead halide perovskites not only
showed great application potential in photovoltaic and other
optoelectronic device applications, but also performed good
applications in energy conversion and biomedical directions
due to their attractive properties. However, the poor stability of
lead halide perovskites NCs severely limits its application
research.'*™ Preparation of robust shell encapsulation to cover
CsPbX; core is important for improving the stability of lead
halide perovskites.

Noble metals such as gold (Au), silver (Ag), palladium (Pd),
platinum (Pt), osmium (Os), iridium (Ir), ruthenium (Ru), and
rhodium (Rh) possess excellent chemical stability, corrosion
resistance, electrical conductivity, ductility, and catalytic prop-
erties. Single semiconductor materials have limited catalytic
ability and uncontrollable selectivity of products. However, by
loading noble metal NPs onto the surface of semiconductor
materials, the catalytic efficiency and selectivity of products can
be effectively improved. This is because the electrons and holes
generated after illumination are separated on the noble metal
and semiconductor, respectively. Subsequently, chemical reac-
tions occur in different locations, effectively preventing the
recombination of electrons and holes and enhancing catalytic
efficiency. Additionally, the noble metal that is loaded can also
modify the catalytic products. For example, when Pt-loaded
TiO, NPs are used, the decomposition of propyne under light
can occur. This process is likely to generate hydrogenated
compounds like ketone because the photogenerated electrons
on the TiO, surface move towards Pt, which is further away from
the holes. On the other hand, if a single TiO, nanoparticle is
used, methane and ethane are more readily formed.

In this review, the core-shell structures dominated by QDs
and noble metal NCs were summarized. Depending on the
material properties, the core-shell structures are mainly cate-
gorized into (i) quantum dot based core-shell structures (ii)
noble metal based core-shell structures, (iii) metal halide
perovskites core-shell structures, (iv) quantum dot-precious
metal core-shell structures. The applications of above core-
shell structure NCs in medical or biological fields such as
sensing, biological imaging, medical diagnostics and thera-
peutics, immunological diagnosis were discussed.
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2. Core/shell heterostructure based
on traditional QDs
2.1 Properties

Over the past decade, high quality (narrower size distribution,
better stability and higher light excitation efficiency) sol-gel-like
semiconductor QDs have attracted a lot of attention. They have
considerable potential in many applications, such as light-
emitting devices, laser emitters and biomarkers. The key
parameters of photoexcited QDs are mainly the following: (1)
high photoexcited quantum yield (PLQY); (2) photostability in
practical applications; and (3) solubility in ideal solvents. All the
above three points directly affect the passivation effect of the
QDs surface overhang built. And the luminous efficiency of QDs
also depends on the surrounding environment and other
factors.

Core/shell QDs, such as CdSe/ZnS, exhibit improved
quantum yields and photostability. The shell protects the core
from oxidation and other degradation processes, resulting in
brighter and more stable fluorescence. Small-sized NCs
possessed a large surface area to volume ratio and this leads to
a large degree of unsaturation, where junctions between
particles might appear on the surface of the particles. These
imperfect junctions might form unobstructed channels
allowing photogenerated carriers to recombine. Therefore,
effective surface passivation is crucial to obtain QDs with high
photoexcited quantum yield (PLQY) and good stability. It
has been shown that wrapping a layer of epitaxially grown
wide bandgap semiconductor shells on the surface of QDs,
e.g., wrapping CdTe or CdSe cores with CdS or ZnS shells, is an
effective means of electronically passivating the surface of NCs.
In addition, the choice of specific band offsets between the
core and shell offers the possibility to configure the bandgap,
as well as influence the photovoltaic effect. Successful
construction of the core/shell structure depended on two keys:
a small lattice mismatch so that the defect generation rate is no
greater than before the shell is encapsulated; and a solid
solubility low enough to minimize core-shell interdiffusion.
Core/shell NCs can also serve as donor or acceptor materials in
fluorescence resonance energy transfer (FRET systems),
enhancing the fluorescence signal through efficient energy
transfer between closely spaced NCs.*

2.2 Classification

In Fig. 1, according to relative positions of the conduction and
valence bands of the core and shell materials in the core-shell
structured QDs, the core-shell structured QDs are usually
categorized into “Type I”, “Type II” “quasi-Type-II” energy band
structure arrangements.”>** In type-I, both the electron and hole
are inclined to localize within the material with a narrower
energy gap. As a result, the emission energy is determined by
core. The energy gradient in type-II structure tends to separate
the electron and the hole on different sides of the heterointer-
face. The emission energy is determined by the energy differ-
ence between the conduction band edge of core and the valence
band edge of shell.”

RSC Adv, 2024, 14, 26308-26324 | 26309
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Fig. 1 (a) Type-l, (b) Type-II, and (c) quasi-Type-Il band-edge align-

ments between the materials in core/shell QDs. Reprinted with
permission from ref. 21 Copyright (2016) American Chemical Society.

In quasi-type 1II, the distribution of carriers is intermediate
between type I and type II. One of the carriers is domain-limited
in the core or shell and the other carrier is off-domain
throughout the nanoparticle. In this system, it is required that
the conduction or valence bands of the two have similar energy
level positions, such as quasi-type II structured CdSe@CdS NCs,
which are able to produce a large spectral redshift of electrons
toward the shell off-domain, while having a fluorescence
quantum yield close to that of type I NCs. A study by Klimov's
group reported that a thin layer of ZnS shell layer grown on the
surface of CdSe QDs forms a type I energy band structure in
which the holes of the QDs are confined to the CdSe nucleus.*

In Fig. 2a and b, mono-disperse zinc blende CdSe@CdS core/
shell NCs were synthesized by epitaxial growth of 1-6 mono-
layers of CdS shell onto zinc blende CdSe core NCs in one pot.*
In Fig. 2(c-e), the optical properties of QDs change with the
growth of the thin shell layer, indicating that the ZnS shell layer
on the CdSe QDs does not change the in-band relaxation
process and the complexation of the excited electrons and
holes, i.e., the electrons and holes of the I-type QDs are confined
to the nucleus of the QDs, respectively.” Kambhampati inves-
tigated the dynamics of photogenerated electron complexation
in CdSe@ZnS QDs and found that it was not affected by the
complexation of defect states at the surface.*® By probing the
influence of the surface effect on the cooling of the in-band
carriers of the QDs, it was observed that the process of the
cooling of the electrons was not affected by themorphology of
the surface defects, which also confirms the previously reported
I-type energy band structure feature, where electrons and holes
are split into two separate systems. Rosenthal et al. reported
that the complexation efficiency of the surface trap defect states
in CdSe@ZnSe QDs increases with the size of the quantum dot
shell layer.”” This is a type II or type II energy band structure.

2.3 Preparation

2.3.1 Metal-organic compound synthesis routes. There are
a large number of research reports and literature about the
preparation of CdSe@CdS and CdSe@ZnS core/shell structured
QDs using metal-organic compound synthesis routes.”® The
general method of preparation is to synthesize the core struc-
ture first, after which it is purified and used as a seed-deposited
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Fig. 2 (a) Luminescence pictures under UV excitation (top) and PL

spectra of zinc blende CdSe@CdS core/shell NCs with different
emission wavelengths. (b) PL QY versus shell thickness for zinc blende
core and core/shell NCs synthesized under different conditions. (c)
Evolution of PL spectra with different ZnS shell thicknesses in CsSe@
ZnS. (d) PL properties in terms of peak position and FWHM of the
emission. (e) QY value as a function of CdS shell thickness. (a and b)
Reprinted with permission from ref. 24 Copyright (2012) American
Chemical Society. (c and d) Reprinted with permission from ref. 25
Copyright (2022) MDPI (Basel, Switzerland).

shell material. The PLQY of CdSe@CdS and CdSe@ZnS QDs can
reach at least 50% and 30-50% by shell thickness optimization.
Recently, it has been reported that the PLQY of CdSe@CdS QDs
can reach 97% by limiting the growth of the CdS shell and thus
controlling the thickness and quality of the shell more

precisely.” Some phosphine-free methods to prepare
CdSe@ZnS NCs were reported.*
2.3.2 Sulfhydryl ligand-based synthetic routes. The

aqueous phase method for the preparation of core/shell struc-
tured QDs is more backward compared to organic phase based
methods, because the mentioned methods are generally not
applicable for the synthesis of core/shell structured QDs. Water
is a highly tunable solvent that readily modifies the reaction
kinetics at the material surface. For example, the tendency of
purified sulthydryl-coated CdS and CdTe QDs to polymerize to
form larger particles is due to the presence of a directional
attachment growth mechanism for these particles when
dispersed in aqueous solution.*"** Washing processes (precip-
itation, centrifugation, drying, and re-dissolution) can isolate
the surface ligands to some extent, depending on the method of
washing. However, the redispersion process of sulfhydryl-
coated CdS and CdTe QDs also induces redistribution of the
surface ligands, mainly due to the lack of equilibrium between
the cations, hydroxide ions, and the coated ligands. All these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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factors are detrimental to the subsequent colloidal stability of
shells grown using QDs as templates. Another significant
difference between the sulthydryl ligand-based and metal-
organic synthetic routes with respect to the chemistry of shell
formation is that the cations and sulfhydryl-coated ligands form
complex molecular-level complexes that can be mutually
exclusive with the anions of the core, in particular multinuclear
complexes, which caused the homogeneous nucleation of the
shell material in aqueous solution. The organometallic
synthesis route facilitates the deposition of the shell material
rather than independent nucleation in solution, provided the
precursor supply rate is sufficiently low.

By virtue of the research of Gao and colleagues,** a synthetic
method based on the slow decomposition of sulthydryl ligands
has gradually become the dominant method for the synthesis of
core/shell-structured QDs in aqueous solution. QDs with
a fluorescence efficiency of 85% were synthesized using an
aqueous-phase method by encapsulating a CdS shell on the
surface of the CdTe core.*® The key step in the encapsulation of
the shell is the light-assisted degradation of thioglycolic acid
(TGA) encapsulated on the surface of the CdTe core to slowly
release $°~ in solution.

All QDs prepared using the aqueous-phase method have two
common features: (i) no washing of the core material prior to
the growth of the shell material, which is significantly different
from the formation of the shell structure using the organic
synthesis route; and (ii) the establishment of the core/shell
structure is accomplished at the earliest stage of quantum dot
formation. Indeed, the photodegradation deposition properties
of TGA are significantly better than those of mercaptopropionic
acid (MPA), with which it is homologous. This is further
corroborated by the fact that a significant gain in luminescence
efficiency over ZnSe alone can be observed by light-assisted
preparation of ZnSe/ZnS after the introduction of Zn/
mercaptopropionic into the solution containing ZnSe QDs.*®
In addition to the classical aqueous synthesis route, recently,
Choi and his coworkers used a hydrothermal method to prepare
core-shell structured QDs in aqueous solution. They used this
method to prepare CdTe/CdS QDs that emit near-infrared light.
In their preparation, CdCl,, NaHTe and NAC were the precursor
and ligand, respectively, and NAC remained as a source of $>~
for the growth of the shell structure at the late stage of the
reaction, which was carried out at 200 °C. PLQY of the obtained
CdTe/CdS QDs was enhanced to 62%, while the fluorescence
excitation peak was red-shifted from 650 nm to 800 nm.*’

2.3.3 Surface cation exchange. Cations which aggregated
on anionic surfaces to form solid QDs with low solubility can
form the shell structures by surface cation exchange. In contrast
to the sulthydryl ligand decomposition route, the latter is only
suitable for the synthesis of core/shell structured QDs with
simple common anionic structures. In addition to this, this
approach may produce high-grade or subgradient core/shell
heterostructures.***

At the earliest, CdS/HgS/CdS QDs were prepared by sequen-
tially adding H,S with Hg?" to an aqueous solution containing
phosphate polymer-coated CdS. Owing to the solubility product
of Hgs is significantly lower than CdS, the Cd** in CdS is easily

© 2024 The Author(s). Published by the Royal Society of Chemistry
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displaced, but the process begins at the particle surface. The
thickness of the HgS shell layer can be adjusted by repeating the
substitution and redeposition process in the above steps. The
thickness of the CdS shell can be adjusted without affecting the
Hgs shell layer by introducing additional Cd*" as well as H,S.

Surface cation exchange has also been used to prepare
CdTe@HgTe core/shell structured QDs. However, once the Hg :
Cd ratio reaches a certain value, the increasing concentration of
Hg" in the example and the counteracting effect on the Hg : Cd
ratio results in the creation of an alloy quantum dot Cd,Hg, _,Te
with a radial concentration gradient structure, rather than the
core/shell structured QDs. This phenomenon is likely to result
from the fact that Hg”* and Cd** have almost the same ionic
radius, so that the two elements each form sphalerite structures
with close lattice constants, differing by only 0.3%.*>**

The surface cation substitution method resulted in the
formation of core/shell structures with different grades or
gradients, which limits its application in the preparation of
pure core/shell structured QDs, but makes it an interesting
approach to control the optical properties of QDs by employing
gradient or even pure alloy structures. Nevertheless, it is still
technically difficult to directly map the spatial distribution of
the component ions of QDs with a diameter of only a few
nanometers. Many of the studies carried out so far up to this
point have been based on conventional spectroscopy, but the
resulting composite structures deserve to be scrutinized. In
addition to steady-state spectroscopy, Rogach and colleagues
have recently been working on a research approach that utilizes
a combination of transient spectroscopy and theoretical studies
to probe ion-exchange dynamics.*® Lifshitz et al. prepared
SnTe@CdTe and CdTe@SnTe Core/Shell NCs by cation
exchange procedure at mild conditions combined with Kir-
kendall Effect.* Tight controlling of the reaction conditions
allowed for redistribution of the elements throughout the NCs,
i.e., outward migration of the Sn cations while the Cd cations
diffuse towards the core center. The synthesis resulted in a well-
organized core/shell structure (Fig. 3).

2.3.4 Directly synthesize by cationic and anionic precur-
sors. The direct synthesis of core-shell structured QDs in
aqueous solution was carried on by introducing cationic and
anionic precursors into the solution containing the core mate-
rial. These (cationic and anionic precursors) were dispersed in
large volumes of aqueous solution or in microdroplets
controlled by surfactants, which were required to have the

Cd?* SnZLery
"’
T

L
Cation exchange

Kirkendall effect

Fig. 3 Schematic illustration of the formation of SnTe-based core/
shell NCs by cation exchange reaction and the Kirkendall effect.
Reprinted with permission from ref. 39 Copyright (2016) American
Chemical Society.
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reaction conditions to enable the growth of the shell material.
CdTe@ZnTe type II core-shell QDs were prepared at lower
temperature by using MPA as a capping agent.*” The thickness
of ZnTe shell could be controlled by varying the precursor
concentration. All changes confirmed the formation of a type II-
type core-shell structure. At the chemical level, the successful
preparation of core/shell-structured QDs using the reaction of
an auxiliary cation/anion precursor compared to sulfhydryl
ligand decomposition and surface cation exchange suggests
that the direct growth of the shell structure is possible, but it
depends greatly on the molecular structure of the cation/
sulfhydryl complexes formed at the time of the reaction. In
order to avoid uniform nucleation of the shell material during
direct growth of shell structures, two approaches are often
taken. One is to reduce the supply rate of the monomer, which
is primarily for the formation of the nucleation/shell structure
and is independent of the synthesis method, and the other is to
reduce the reaction temperature.

In addition to mentioned methods, intermittent provision of
small amounts of cationic/anionic precursors is also a good way
to prevent uniform nucleation during shell growth. For
example, Cd*"-mercaptopropionic acid and HSe  were
sequentially added into a reaction system to grow CdSe shell
structures on the surface of mercaptopropionic acid-coated
CdTe QDs (emitting an orange light with a peak at 613 nm).**™*

There are still many challenges associated with the use of
aqueous phase methods for the preparation of NCs with core/
shell structures. In addition, it is difficult to individually char-
acterize the core-shell interface in heterostructures using
conventional TEM because the electron densities of group II-VI
semiconductors are so different. With the development of
materials testing techniques, this problem was gradually being
solved. For example, core-shell CdTe/CdSe and alloy CdTeSe
QDs are synthesized by aqueous solvent in 2022. TEM images
showed a rod-shaped core-shell structure and an elliptical alloy
structure with different crystal planes competing to grow.*’

3. Core/shell heterostructure based
on lead halide perovskites QDs

Lead halide perovskite (CsPbX;) NCs have the advantages of
high brightness, high defect tolerance, tunable emission
wavelength, high color purity and high PLQY. Lead halide
perovskites not only showed great application potential in
photovoltaic and other optoelectronic device applications, but
also performed good applications in energy conversion and
biomedical directions in recent years. However, it is worth
noting that the poor stability of lead halide perovskites NCs
severely limits its application research.**™ Lead halide perov-
skite NCs would undergo degradation or PL quenching in the
presence of solvents, high temperature, humidity, light illumi-
nation and O,.** Preparation of robust shell encapsulation to
cover CsPbX; core is important for improving the stability of
lead halide perovskites.

Thermal injection and supersaturation recrystallization are
commonly methods for the preparation of CsPbX; NCs.

26312 | RSC Adv, 2024, 14, 26308-26324
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However, the stability of the prepared NCs remains poor even
when the synthesis process is optimized. Preparation of robust
shell encapsulation such as ZnS, SiO,, TiO,, Al,03, PbSOy,,
MOFs, and polymers provided the effective strategies for
improving the stability of lead halide perovskites.*>~** In Fig. 4a-
¢, Hou et al. prepared CsPbBr; core-shell structure of multi-
dentate polymer micelles by using the copolymer template
synthesis method.*® The whole process was under room
temperature. As showed in Fig. 4, the co-polymer polystyrene-
block-poly-2-vinylpyridine was first dissolved in toluene, and
then PbBr, and CsBr were added in methanol. Within the
nanoshells of the copolymer polystyrene-block poly-2-
vinylpyridine formed by polydentate coordination groups,
a solid-phase reaction occurs, followed by crystallization to
obtain CsPbBr; NCs. The polystyrene-block poly-2-vinylpyridine
acted as a confined nanoreactor during the crystallization of
perovskites by passivating the surface through the polydentate
capping shells, which greatly enhances the photostability of
chalcogenide in polar solvents. The NCs showed high stability
in polar solvents and remained stable after 50 days with PL. In
Fig. 4(d-h), CsPbBr;@ZIF-67, CsPbBr;@ZIF-8 were obtained
by s directly grown of CsPbBr; in a mixture of metal ion and
imidazole precursors. The prepared CsPbBr;@ZIF composites
improved photogenerated charge separation efficiency, CO,
capturing ability, and moisture stability.>

In Fig. 5a, many studies have realized the assembly of
CsPbX; into a matrix. The size of prepared composites was
hundreds of nanometers. The realization of encapsulation on

3
“
a IR
wr@e?
S 2
) CsX it
Wy L
S a3 h
1
-
PS-b- PbX % W,
CsPbBr CsPbBr,@ZIFs
D) o6Com@n™)

J J = 1:. 2-Hmim

4

Fig. 4 (a) Synthetic strategies for perovskite NCs using amphiphilic
block copolymer micelles as nanoreactors. TEM of polymer micelles
containing multiple CsPbBrs NCs (b) and single CsPbBrz NC (c). (d)
Schematic illustration of the fabrication and CO, photoreduction of
CsPbBrz/ZIFs. (e and f) TEM images of CsPbBrz@ZIF-8. The inset of (f) is
the high-resolution image of a single CsPbBrs QD marked with a red
circle. (g) High-angle annular dark-field STEM image and elemental
mapping of CsPbBrz@ZIF-8. Scale bar: 50 nm. (h) TEM image of
CsPbBrz@ZIF-67. (a—c) Reprinted with permission from ref. 54
Copyright (2017) American Chemical Society. (d—h) Reprinted with
permission from ref. 55 Copyright (2018) American Chemical Society.
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Fig.5 (a) TEMimage of CsPbBrz@ZnS NCs. Inset shows HRTEM image
of an NC near the core/shell interface and digital photographs of the
films of CsPbBrs/ZnS core/shell dipped in beakers full of water and
excited with UV lamp (365 nm). (b) Schematic illustration of the
fabrication process for CsPbBrz@TiO, NCs; TEM images of CsPbBrs
NCs (c) and CsPbBrz@TiO, NCs (d). (a) Reprinted with permission from
ref. 49 Copyright (2020) American Chemical Society. (b—d) Reprinted
with permission from ref. 50 Copyright (2018) John Wiley & Sons.
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individual CsPbX; NPs was crucial for its use in biologically
fields and optoelectronic devices. Nag et al prepared
CsPbBr;@ZnS NCs by adding extra oleylammonium bromide
(OAmBr) in hot injection method. NCs maintained the high PL
intensity even after being dipped in water for more than 2
days.” Fig. 5(b-d), Zheng et al. prepared CsPbBr;@TiO, Core/
Shell NCs by the encapsulation of CsPbBr; NCs with titanium
precursor, followed by calcination at 300 °C.*°

Fig. 6 showed some reported monodisperse CsPbX;@SiO,
NPs. Monodisperse CsPbX;/SiO, and CsPbBr;/Ta,0s Janus NPs
were successfully synthesized by combining the water-triggered
transformation process and sol-gel method (Fig. 6a and b). The
stability against destruction by air, water, and light irradiation
was dramatically improved.®® Li et al. reported a controlled
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Fig. 6 (a) TEM image of CsPbBrs/SiO, Janus NCs; (b) Schematic
illustration of the formation process of CsPbBrz/SiO, Janus NCs; (c)
proposed formation process of CsPbBrz@SiO, core—shell NPs and
stability against water; (d) the TEM images of CsPbBrz@SiO, NCs. (a
and b) Reprinted with permission from ref. 56 Copyright (2017)
American Chemical Society. (c) Reprinted with permission from ref. 58
Copyright (2021) Royal Society of Chemistry. (d) Reprinted with
permission from ref. 57 Copyright (2021) Royal Society of Chemistry.
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hydrolysis process of tetramethoxysilane to obtain the homo-
geneous CsPbBr;@SiO, NCs. Firstly, Cs,PbBrs NCs were silan-
ized using partially hydrolyzed tetramethoxysilane. And then,
injection of water triggered the phase transformation from
Cs,PbBrs to CsPbBr; and generation of condensation SiO,
shell.”” Another monodisperse CsPbBr;@SiO, NCs were re-
ported by Zhong et al. (Fig. 6¢). One-pot synthesis method was
used by precisely controlling the reaction temperature,
precursor species, ligand ratio, and pH.*® Li. et al. prepared
a homogeneous CsPbBr;@SiO, and Janus structure by
controlling the hydrolysis process of tetramethoxysilane.””
Table 1 is the summary of the reported CsPbBr; core-shell
nanocomposites in single particle level.

4. Core/shell heterostructure based
on noble metal NCs
4.1 Properties

4.1.1 Localized surface plasmon resonance (LSPR). Local-
ized Surface Plasmon Resonance (LSPR) is a property of noble
metal NCs that arises from the collective oscillation of
conduction electrons when they are excited by light.>® For core/
shell NCs, where a core of one material is surrounded by a shell
of another, the LSPR properties can be significantly tuned by
varying the materials, sizes, and shapes of both the core and the
shell. Common noble metals used include gold (Au), silver (Ag),
and copper (Cu). The choice of core material affects the reso-
nance frequency. The shell can be another metal, a semi-
conductor, or a dielectric material. Different materials can lead
to different plasmonic behavior. The size and shape of both the
core and the shell influence the LSPR properties. Smaller sizes
lead to higher resonance frequencies, while larger sizes shift the
resonance to lower frequencies. Shapes such as spheres, rods,
cubes, and more complex geometries lead to different plas-
monic modes. Coupling between the core and shell plasmons
can lead to hybridized plasmon modes. This coupling can be
tuned by adjusting the core/shell dimensions.

4.1.2 Surface-enhanced Raman scattering (SERS). Raman
scattering is an inelastic scattering process where incident
photons interact with molecular vibrations, resulting in a shift
in the energy of the scattered photons. SERS is a powerful
technique that enhances the Raman scattering signal of mole-
cules adsorbed on rough metal surfaces or NPs, typically gold
(Au) or silver (Ag). The enhancement is attributed to electro-
magnetic enhancement mechanism and chemical enhance-
ment mechanism. Electromagnetic enhancement mechanism
arises from the LSPR of metal NCs, which amplify the local
electromagnetic field around the nanostructure, enhancing the
Raman signal. Chemical enhancement mechanism involves
charge transfer between the adsorbed molecules and the metal
surface, which can also contribute to the Raman signal
enhancement. When core-shell NCs are used in SERS, the
Raman signal of adsorbed molecules can be enhanced. If the
core or shell is the plasmonic metal (e.g., Au or Ag), the NC itself
can acts as a SERS substrate. For example, noble metal (like gold
or silver) core/shell NCs enhance Raman signals through LSPR.
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Table 1 Summary of the reported CsPbBrs core—shell NPs in single particle level

Type Preparation method Size (nm)
CsPbX;/Si0, Janus Water-triggered transformation process Width: 11.3
CsPbX;/Ta,05 Janus Water-triggered transformation process Length: 14.7-23.9
CsPbBr;@Zns Hot injection method with OAmBr 48.7

CsPbBr;@SiO, Water-triggered transformation process 47 nm
CsPbBr;@SiO, One-pot 18.2

CsPbBr;@TiO, Calcination Shell thick: 5 = 3 nm

A non-metallic core (e.g:, silica or semiconductor) coated with
a thin layer of plasmonic metal can combine the beneficial
properties of both materials. The enhancement in SERS using
core-shell NCs depends on core and shell material, thickness of
the shell, and surface roughness and morphology. The elec-
tromagnetic field around these NPs boosts the Raman scat-
tering of nearby molecules, allowing for detection at lower
concentrations.*

4.1.3 Metal enhanced fluorescence (MEF). Metal-enhanced
fluorescence is a phenomenon where the fluorescence proper-
ties of NCs are enhanced due to the presence of metallic NPs.
Metal enhanced fluorescence was showed in Fig. 7. When
fluorescent NCs are in close proximity to metal NPs, their
fluorescence can be enhanced. This happens because the metal
NPs can amplify the local electromagnetic field, increasing the
excitation rate of the fluorophores. Additionally, the metal can
modify the radiative decay rate of the fluorophores, making
them emit light more efficiently. In the context of core@shell
NCs, MEF can be achieved by placing these NCs near metal NPs.
The enhancement depends on several factors, including the
distance between the metal and the NCs, the size and shape of
the metal NPs, and the spectral overlap between the plasmon
resonance of the metal and the emission spectrum of the NCs.
The size of NPs determines the absorbed emission and scat-
tering ratios, the mode of discrete excitations on the active
surface, and the position of the SPR peak.®> The shape of NPs is
one of the key parameters for characterizing plasma proper-
ties.® The distance between the fluorophore and the metal
surface is also important, and it has been suggested that MEF
occurs when the fluorophore is excited near the metal surface at
a distance in the range of 5-90 nm.** The thickness of shell
plays a crucial role in determining the SERS and SEF properties
of core-shell NPs. MEF of core@shell NCs is used to improve
the brightness and detection sensitivity of fluorescent labels in

Fig. 7 Metal enhanced fluorescence mechanism: (a) the SPR effect,
(b) the plasmon coupling effect due to non-radiative interactions, (c)
the intrinsic radiative decay effect. (a—c) Reprinted with permission
from ref. 61 Copyright (2020) Multidisciplinary Digital Publishing
Institute.
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various applications, such as bioimaging, sensors, and
photonic devices. This enhanced fluorescence technology has
been widely used in environmental analysis, biotechnology
(including fluorescence imaging, immunoassay and biological
mechanism research), biomedical analysis (viral and bacterial
detection and clinical diagnosis) and so on.

Noble metal core-shell structures are materials formed by
using noble metals (Au, Ag, Pt, Pb) as the core or shell, whose
properties can be changed by adjusting the core-shell dimen-
sions and chemical compositions to realize the controlled
synthesis of multifunctional NPs. Using simulations and
computational methodologies to examine pure Ag/Au and
Ag@Au/Au@Ag core-shell NPs, it was demonstrated that even
a single shell layer led to discernible changes in the electronic
structure.®” Due to the wide variety of noble metal core/shell
structures and the different preparation methods as well as
the properties of each aspect, several typical methods for the
preparation of noble metal core/shell were introduced.

4.2 Preparation

4.2.1 Templated method. Lou®® et al. used a simple
template technique to synthesize hollow nanocapsules with
multinuclear Au (or Pt)@SiO, shells, and noble metal Au or Pt
NPs were located on the inner surface of the shells, and some
hollow shell materials with dimer, trimer, and tetramer were
obtained by the nanoparticle self-assembling process; the
multinuclear Au/SiO, hollow particles were immersed in
hydrochloric acid, nitric acid, and aqua regia, and were firstly
Ostwald ripening process in the micrometer space was investi-
gated. The advantage of this method over previous methods is
that the prepared PS@Au NPs are homogeneous and stable, and
the Au NPs are uniformly deposited on the surface of the PS
nanotemplates, which provides good conditions for the prepa-
ration of the hollow spheres.

4.2.2 Metal seed reduction method. As mentioned before,
metal seed reduction method is an effective method for the
preparation of magnetic core-shell NPs, which usually uses
magnetic nanoparticle solutions (e.g., Co and Fe, etc.) as the
seed solution and forms a noble metal-coated shell layer on its
surface by reduction reaction. Compared with the previous
methods (vacuum deposition and inverse micellar method),
this method produces core-shell particles with a narrow
particle size distribution, which overcomes the effect of the
wide particle size distribution on the magnetic properties in the
previous methods.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Bao et al.”® synthesized Co@Au core-shell NPs with magneto-
optical properties by using the weak reduction of octadecyl-
amine to reduce the organic gold compound on the surface of
Co species in the nonpolar solvent toluene. The homogeneous
and well-crystallized shell layer is more easily prepared in the
presence of weak reducing agent octadecylamine and nonpolar
solvent, while Au as the shell layer can provide good biocom-
patibility and near-infrared optical activity. Dai et al.”* prepared
the ternary metal Pt@Co-core Au-shell NPs by reduction of
HAuCl, solution with NaBH, in Pt@Co seed solution, and heat-
treated them to obtain core-shell NPs in face-centered tetrag-
onal phase. Ban et al.”” first reduced FeCl; with Na in NMPO (1-
methyl-2-pyrrolidinone) solvent to obtain a black-brown solu-
tion of Fe core particles, added a certain amount of 4-phenyl-
pyridine protector to continue the reaction for a certain period
of time, and added dropwise NMPO solution containing HAuCl,
to the core particle solution, and used the surface of the core
particles to self Au®* was reduced by the reduction of the surface
of the core particles, and Au-coated Fe NPs were formed. Anal-
ysis showed that the coating of Au did not affect the magnetic
properties of the core particles, and the surface plasmon reso-
nance absorption peaks of core-shell NPs after the coating
underwent an obvious red-shift phenomenon, which was shif-
ted from 520 nm to 680 nm.

4.2.3 Sol-gel method. The sol-gel method is a common
method for the preparation of noble metal/oxide (where the
oxides are ZrO,, TiO,, Fe,O;, and SiO,, etc., and the noble
metals are Au, Ag, etc.).””® Typical core-shell NPs are usually
synthesized by using chemical reduction method, and then it is
used as a seed for the hydrolysis of metal-organic salts on the
surface of the noble metal/oxide core/shell NPs. The advantage
of this method is that the oxide shell layer is easy to control, and
different thicknesses of the shell layer can be obtained by
controlling the factors including coating time, concentration of
reactants, catalyst, and other precursors. Sakai et al.”® prepared
Ag@TiO, core-shell NPs by sol-gel reaction of TiO, on the
surface of Ag particles by adding AgNO; solution to CTAB
solution and hydrazine hydrate to reduce Ag particles at room
temperature and then added ethanol-TTIP solution.

4.2.4 Chemical reduction method. Gold coating on core
NPs improved many physical properties, such as the chemical
stability, the biocompatibility and bioaffinity, and the optical
properties.”””® The optical response of Au nanoshells can be
tuned in the visible to near-infrared region by varying the rela-
tive size of the core nanoparticle and the thickness of the gold
shell.” The result showed that the gold nanoshell may prove
useful for biomedical imaging applications. Chemical reduc-
tion method is a common method for the preparation of oxi-
de@noble metal (where the oxides are SiO,, SnO,, TiO,, Fe,03
and Fe,0;3, etc., and the noble metals are Au, Ag, Pd, etc.).?*
This method differs from the sol-gel method in that it is
a reverse encapsulation process using the oxides as the core.
The preparation process usually starts with surface modifica-
tion of the oxide surface using organic substances, so that the
surface carries some functional groups that are easy to connect
with noble metals, and then the noble metals are immobilized
on the surface of the oxide through chemical bonding, and then
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the oxide/noble metal-type core-shell NPs are obtained by the
chemical reduction method; the ions containing noble metals
can also be adsorbed on the surface of the oxide through simple
electrostatic interaction, and then the oxide/noble metal-type
core-shell NPs can be prepared through a further the oxide/
noble metal-type core-shell NPs can also be prepared by
simple electrostatic adsorption of noble metal-containing ions
on the surface of the oxide by further chemical reduction
reaction.

Lei and colleagues prepared SnO,@Ag and SnO,@Au core-
shell NCs using a seed-mediated hydrothermal method.®***
Hollow SnO, NPs were first prepared by using SiO, as a seed.
SnO, was then used as a seed to prepare SnO,@Ag with
SnO,@Au. The test results of photodegradation rhodamine B
experiments demonstrated that the photocatalytic properties of
SnO, were significantly improved after loading Ag and Au.** In
2016, the Au@SnO,@Ag and Au@SnO,@Au yolk-shell NPs are
synthesized via a silica seeds-mediated hydrothermal method.
The catalytic results showed the synergistic effect of Au and Ag
in the metal-semiconductor core shell structures, which was
beneficial to the catalytic reduction of 4-nitrophenol into 4-
aminophenol.®® It was shown that NPs with this structure
directly affect the photophysical and photocatalytic properties
of metal and semiconductor nanoclusters and enhance the rate
of surface charge migration. Au@Pt NPs were synthesized by
reducing HAuCl, and H,PtCl¢ with sodium citrate and ascorbic
acid (AA).*” The prepared Au@Pt core/Shell NPs were used as the
probe for versatile barometer biosensor.®® Lu et al. reported
a novel strategy for the preparation of Au@N-CQDs@Pt NPs by
reducing HAuCl, with N-CQDs at 100 °C and reducing H,PtClg
with AA. The remarkable advantage of the protocol was no
stabilizer or surfactant agent used.*

4.2.5 Laser-assisted synthesis. Laser-assisted synthesis is
a new method for the preparation of magnetic core-shell NPs in
recent years, which has been widely recognized by researchers,
and the advantage of this method lies in the long-term oxida-
tion resistance of the prepared particles. Zhang et al.*® used
laser-assisted synthesis to prepare Fe@Au NPs. Firstly, octyl
ether solution containing oleic acid was heated under stirring,
and a certain amount of Fe(CO)s; was injected to synthesize
monodispersed Fe core NPs by wet chemistry; cyclohexane
solution containing Fe core NPs was added to the solution
containing Au powder-water-octane, and cationic surfactant
CTAB was used as a liquid-phase stabilizer, and n-butanol was
used as a co-surfactant, and the mixture was then irradiated
with a laser, which caused the reaction to produce Fe@Au core-
shell NPs. The prepared core-shell particles have super-
paramagnetic and long-term oxidation resistance at room
temperature and high saturation magnetization strength
compared with other iron oxides and magnetic materials, which
are expected to be applied in medical diagnosis.

Gamma (y)-irradiation is also a method for realizing core-
shell structures when polymers are encapsulated on top of
noble metal NPs. The method involved the use of y-irradiation
to trigger a conventional free radical polymerization process of
pure organic NPs and nanocomposites.”* For example, PANI vy-
irradiation-induced polymerization enabled the preparation of
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Ag@PANIL.*> The vy-irradiation triggered the interaction of
aniline (ANI) and AgNO;, where Ag' acted as an electron
acceptor and is reduced when the ANI monomer was oxidized.
Initial irradiation decomposes NO;™ ions in AgNO;, triggering
polymerization of the ANI monomer. Subsequently, Ag"
oxidized the residual oligomers, dimers, or tetramers. This
complex oxidation and reduction interaction produced
Ag@PANI core-shell NPs.

In addition to the above methods, there are also diffusion
methods, heat treatment methods and so on, which are not
introduced here. Some researchers have also selected two or
more of the above methods and used them in combination, and
have also achieved remarkable results.

5. Core/shell heterostructure based
on QDs and noble metal NCs

Noble metal/semiconductor heterostructures have attracted the
attention of lots of researchers due to their wide range of
applications in the field of degrading organic pollutants. The
noble metal@semiconductor hybrid NPs may maintain and
further improve the properties of the individual components
and even generate new synergistic effects. These properties
might originate from the interface between the noble metal and
the self-semiconductor. Recently, colloidal NPs with a variety of
materials have been prepared by a controlled synthesis process
to obtain a variety of nanoscale metal/semiconductor mixture
heterostructure systems, such as dumbbell, two-sided, core/
shell, and yolk/shell structures. It is shown that the loading of
noble metals can effectively prevent carrier recombination
between the metal and the semiconductor and improve the
light trapping efficiency, thus enhancing the photocatalytic
performance of the materials. In addition, the semiconductor
contact can improve the plasmonic properties of metal nano-
structures. This phenomenon occurs through coupling of
surface plasmon or modification of the local dielectric envi-
ronment. Due to the intrinsic surface plasmon resonance effect,
these materials exhibit size-dependent optical properties.

Metal/sulfur semiconductor core-shell structured NCs have
been widely studied as a typical material system of surface
plasmonic excitogen-exciton coupling interaction.”*** Zhang
et al reported the non-epitaxial preparation of metal/
semiconductor heterogeneous core-shell NCs with large
lattice mismatch degree and their novel applications in light-
matter-spin precise modulation.”® Compared with oxide semi-
conductors, II-VI semiconductors have narrower forbidden
bandwidths and better absorption properties for visible light,
which have unique advantages and theoretical, applied research
value in photovoltaics, photocatalysis, and so on.

Zhang et al.*® proposed a novel non-epitaxial growth method
and combined it with the cation exchange method to success-
fully prepare Au@CdS core-shell structures with a single shell
layer. And after that, Au@CdS core-shell NCs were further
studied using this method and found that such metal@-
semiconductors synthesized by the non-epitaxial growth
method with a single-crystal shell layer can be used to flexibly
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and controllably control plasmonic resonance-exciton coupling
and prolong the lifetime of excitons.**** In Au@CdS NCs, the
semiconductor CdS forms a shell layer in direct contact on the
surface of the Au core in both dimensional directions. In this
way, the disadvantage of enhanced photocatalytic performance
of some particles out of the field due to surface plasma-induced
electromagnetic field enhancement of the heterogeneous
structure because of the directionality of the surface plasma
magnetic field is avoided, resulting in high catalytic perfor-
mance for each nanocrystal, and leading to an increased sepa-
ration of photogenerated electrons from holes.

6. Biological application

Core-shell NPs have good advantages in biological applications,
such as their lower cytotoxicity, better dispersion and biocom-
patibility, easier binding to bioactive molecules, better thermal
and chemical stability. When the desired NPs are toxic, it may
cause a lot of trouble to the host tissues and organs. Coating the
core surface with a layer of harmless material makes the NPs
much less toxic. The shell layer not only serves as a non-toxic
layer, but also improves the performance and stability of the
core material. The core-shell structure can also improve the
hydrophilic and hydrophobic properties of the core material and
achieve better biocompatibility. In addition, the core-shell
structure allows for the binding of specific types of biomolecules.
Therefore, core-shell NPs are more promising for biological
applications than bare NPs. The summary of the typically
biomedical application of core-shell NPs was illustrated in Fig. 8.

6.1 Sensing

The size and shape dependent QDs with color tunability con-
firming the significant influence in a biological system and
considered as ideal probes. The former study confirmed that
core-shell QDs exhibited the stronger PL and smaller full-width-
half-maximum (FWHM) than bare QDs, suggesting that the
core-shell QDs have the nearly uniform size distribution and
good dispersion. The quantum yield (QY) of the core-shell QDs
is increased by surface passivation.”* CdSe@ZnS core-shell
structured QDs can be used as probes for FRET detection of
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diagnostics Immunologic
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Fig. 8 Summary of the typically biomedical applications of core—shell
NPs.
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blood glucose when they interact with different enzymes such as
glucose oxidase. The enzyme breaks down glucose through
a redox reaction in which the QDs provide electrons while the
enzyme acts as an electron acceptor.’® The QDs transfer out
non-radiant energy to quench the fluorescence, which corre-
sponds to the concentration of glucose in the system. Similarly,
hydrogen peroxide can be characterized by the fluorescence
burst of CdSe@ZnS QDs. The emergence of such QDs makes it
possible to provide a theoretical basis for an integrated nano-
hybrid sensor with biocatalyst and fluorescent labelling. The
sensing system has an approximate fluorescence quantum yield
of 20% and excellent photostability. Core-shell structured QDs
have been used for optical detection of glucose in the presence
of glucose oxidase.'** The use of CdSe/ZnS core-shell structured
QDs for the detection of urea when urease was used as a catalyst
was reported in another study.'* This detection was based on
the enhancement of fluorescence corresponding to the rate at
which urea was degraded.

Core-shell structured QDs have likewise been shown to be
pH receptors, such as surface-modified CdSe@ZnS QDs.'” pH
sensing is based on the opening of the 1,3-oxazine ring after
acid or base stimulation. In the former low case, a color-carrying
group (4-nitrophenyl-azophenolate) is produced by the chem-
ical stimulation, and photogenerated electrons migrate from
the quantum dot to the color-carrying group and attach to its
surface, leading to quenching of the quantum dot lumines-
cence. Since ring opening of the 1,3-oxazine ring can only occur
under acidic pH conditions, the color-carrying group does not
absorb visible light after its formation. Since the color-carrying
group does not absorb the excitation energy of the QDs, it is an
electron-poor donor, which results in an increase in quantum
yield. In addition, FRET-based pH receptors are reported to
consist of an amphiphilic polymer core with a pH-sensitive
arylturnip acid dye wrapped around the outside, and the
absorption spectra of such dyes are governed by changes in pH,
so that the overall absorption spectra of the sum-shell-
structured QDs also vary with pH.***

According to the sensing strategy, noble metal NPs sensors
can be categorized as colorimetric, fluorescent, electrical and
electrochemical, surface plasmon resonance, and surface
enhanced Raman scattering (SERS). Different types of nano-
biosensors relied on different properties of noble metal NPs,
such as visible color change, fluorescence quenching, surface
plasmon resonance, and SERS properties. LSPR properties
make core/shell NCs useful in biological and chemical sensing,
as changes in the local environment can be detected through
shifts in the resonance wavelength. Using Ag nanowire (NW)
@ZIF-8 Core@Shell NPs, Zhang et al. explored the intricate
interactions between the shell thickness, spatial and energetic
arrangements between probe molecules and Ag NW @ZIF-8
Core@Shell NPs core-shell substrates during SERS. The
results confirmed the critical role of shell thickness in influ-
encing the sensitivity and selectivity of SERS.'* The same result
was found in Ag@SiO, core-shell NPs.'* Liu et al. established
a simple strategy for label-free SERS bioanalysis to analyze
intracellular composition profiles based on Au@carbon dot
(Au@CDs) nanoprobes.’”” Utilizing SERS properties, core-shell

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

structures can also be used for the detection of antibiotic
pollutants in food. For example, Yang et al. designed Ag@ino-
sitol hexaphosphate@Au NPs to be used as the SERS substrate,
which was realized to achieve the detection of trace penicillin G
in milk. The large surface plasmon resonance of the hot spot
field generated in the core-shell molecular gap extends to the
surface of the NPs, leading to a synergistic enhancement of the
Raman scattering effect.'”® Recently, it was reported that CH;-
NH;PbBr;@AIl,O; core-shell NPs showed excellent uniformity
and reproducibility in SERS measurements, which provided the
foundation for the practical application of perovskite-based
SERS probes in the biological fields.'*

By capping a SiO, shell layer of different thicknesses on the
surface of Ag noble metal NPs, not only can fluorescent NPs
with good dispersion and optical stability be obtained, but also
their metal-enhanced fluorescence and the sensing properties
of individual NPs can be fully utilized. MEF is a well-established
technology, which can greatly enhance the fluorescence effect
through the interaction between fluorescent substances and
metals, improve the optical stability, reduce the scintillation of
single-molecule fluorescence spectra, and decrease the fluo-
rescence lifetime with the increase of the radiative decay rate of
the system, and at the same time increase the transmission
distance due to the transfer of fluorescence resonance energy.
Different fluorescence probing experiments are carried out
using this core-shell: organic fluorescence and lanthanide
hybridization probing (non-covalent linkage), organic fluores-
cence covalent linkage probing. The results show that the
fluorescent NPs with the core-shell structure have a 20-fold
enhancement of their fluorescence signal and a 200-fold
increase in the detectability of the particles compared to fluo-
rescent NPs."'® Tang et al. fabricated Ag@SiO,@SiO,-RuBpy
core-shell NPs for the detection of prostate-specific antigen
(PSA) in both buffer and serum. PL enhancement of core-shell
NPs was up to 3-fold when the separation distance between the
surface of silver core and the center of the third RuBpy doped
silica shell is about 10 nm (Fig. 9).""* In 2023, Maquieira et al.
prepared CsPbX;@SiO, core-shell NPs and successfully
demonstrated their specific recognition of a humanized
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Fig. 9 (A) Schematic illustration for synthesis of Ag@SiO,@SiO,-
RuBpy and hollow@SiO,@SiO,-RuBpy. (B) Schematic illustration for
the construction of the detection of PSA with the immunomagnetic
nanospheres and immunofluorescent NPs. Reprinted with permission
from ref. 111 Copyright (2017) Elsevier.
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antibody (omalizumab) used in treating patients with severe
allergic asthma.™ Sun et al. designed a sandwich-type electro-
chemical sensor for highly sensitive detection of alpha-
fetoprotein (AFP) based on aptamer (Apt)-AFP-Ab interaction
mode with Ag@Au core-shell NPs as a signal amplifier."** The
novel sandwich-type electrochemical sensor peroformed the
high sensitivity, outstanding selectivity, and promising appli-
cation prospect in bioanalysis.

Overall, the tailored optical properties of core/shell NCs
significantly enhance their utility in analytical and biomedical
applications, providing more sensitive and reliable detection
methods.

6.2 Biological imaging

Core@shell NCs are widely used in bioimaging due to their
superior fluorescence properties. QDs with a CdSe core and
a ZnS shell, for example, exhibit high brightness and photo-
stability, making them ideal for long-term imaging of biological
specimens.

Their tunable fluorescence properties make them ideal for
biolabeling applications, allowing for specific tagging of cells or
proteins and subsequent imaging for research and diagnostic
purposes. Large number of researches applied QDs in biological
imaging.”»"*'"* Compared to the traditional dyes, QDs core-
shell NCs possessed some special optical properties in biolog-
ical imaging, such as higher extinction coefficients; higher
PLQYs; less photobleaching; absorbance and emissions can be
changed with size; broad excitation band narrow emission
peaks; multiple QDs can be used in the same assay with
minimal interference with each other. Table 2 lists the studies
of QDs for in vivo and in vitro imaging and diagnostic applica-
tions according to UV-NIR tunable fluorescence, FRET, charge
transfer, and surface-enhanced Raman
(SERS).116'117

Recent years, CsPbBr; have emerged as new class of candi-
date for many biomedical applications, such as ultrahigh-
resolution bioimaging, biosensing, and flow cytometry, owing
to their excellent PL properties."****° CsPbBr; NCs and hollow
graphitic carbon nitride nanospheres nanocomposite was
prepared as DNA probe for the estimation of CD,, expression on
the MCF-7 cell surface (Fig. 10a)."*® Park et al. prepared
CsPbBr;@SiO, core-shell NPs for cell imaging and drug
delivery (Fig. 10b). The results demonstrated CsPbBr;@SiO,
NPs were nontoxic, making them available for in vitro cell

spectroscopy

Table 2 Selected in vitro and in vivo bioimaging studies using QDs
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Fig. 10 (a) Schematic Illustration of the in situ assembly of CsPbBrz
NCs into hollow graphitic carbon nitride nanospheres as the DNA
probe for the targeting of CD44 receptors on the MCF-7 cell surface
and the double signal amplification. (b) Schematic of the proposed
mechanism of drug loading and release in the CsPbBrz@SiO,@Dox-
embedded Hela cells, as well as the confocal fluorescence image of
Hela cells after incubation with Dox-loaded CsPbBr;@SiO, core-shell
NCs. (a) Reprinted with permission from ref. 118 Copyright (2020)
American Chemical Society. (b) Reprinted with permission from ref.
121 Copyright (2020) Royal Society of Chemistry.

imaging. Using doxorubicin, it was confirmed that CsPbBr;@-
SiO, NPs can be used for drug loading and delivery.*** In 2024,
CsPbBr;@SiO, performed the high biocompatibility and

Type Application Techniques Emission
CdSe@CdS@SiO, Mouse fibroblast cell imaging In vitro fluorescence 550 nm & 630 nm
CdSe@ZnS Biological detection/sensing In vitro fluorescence
CdSe@ZnS@SiO, Phagokinetic track imaging In vitro fluorescence 554 nm & 626 nm
CdSe@ZnS Tumor vasculature and lung endothelium In vitro and in vivo fluorescence <10 nm

imaging
CdTe@CdSe Cancer cell lymph nodes imaging In vivo fluorescence Near infrared
CdSe@ZnS Maltose binding protein In vitro FRET 560 nm
CsPbBr;@SiO, Bioimaging In vitro 518 nm
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showed the great application potential in the field of
bioimaging."*

Used in drug delivery and imaging, Au@silica core-shell NPs
leverage the biocompatibility of silica and the unique optical
properties of gold. Noble metal core-shell NPs performed
enhanced properties and functionality because of their special
use in medical imaging, such as X-ray and optical imaging, and
fluorescence."*

6.3 Medical diagnostics and therapeutics

Hussain et al. reported a one-pot method for the preparation of
InP@ZnS QDs with controllable morphology, size and fast
reaction at low temperature. The prepared QDs can be tuned
from the blue region to the near infrared and can be used as
cellular fluorescent probes after surface modification.”” By
virtue of the plasmonic properties, the fluorescence peak posi-
tion of Fe;0,@Au and Fe;0,@Au@Ag core-shell structured
QDs can be arbitrarily red-shifted to 560 nm or blue-shifted to
501 nm by varying the thickness of the shell layer. This unique
magnetic and optical properties has a great potential for
applications in the field of biomedical applications, such as
magnetic resonance imaging, photothermal therapy, controlled
drug delivery, protein separation, biosensors, DNA detection,
and immunosensors.?»'** By functionalizing the shell with
specific ligands, these NCs can target particular biomolecules or
cells, enhancing the sensitivity of SERS for biomedical diag-
nostics. In addition, core/shell structures can be designed to
provide Raman signals along with other imaging modalities,
offering comprehensive diagnostic capabilities. Tian et al
demonstrated Au@MIL-88(Fe) NPs exhibited high performance
in various diagnosis imaging methods, especially potentially
allowing decreased levels of exposure of stroke patients to CT
imaging radiation (Fig. 11).** In 2019, multi-functional
Fe;O0,@Au NPs were synthesized for cancer diagnosis and
therapy. The Fe;0,@Au-doxorubicin-mPEG/PEG-folic acid NPs
performed the increased cellular uptake through a folate-
receptor-mediated endocytosis, resulting in the improved cyto-
toxic effect on the cancer cells. Under the laser irradiation, the
cytotoxicity of Fe;0,@Au-DOX-mPEG/PEG-FA NPs
enhanced owing to the photothermal effect of Au shell.””” The
noble metal core shell NPs have been used in the surgical
treatment of tumors as well as in the imaging of lymph nodes in
large mammals, sometimes with the attachment of a poly-
dentate phosphate coating in order to improve their solubility,
stability, and dispersion in serum.*® The biocompatibility and
functionalization potential of core@shell NCs allow for the
targeted delivery of therapeutic agents.

Thermal plasma NPs provided a novel and important avenue
for photothermal therapy in medicine. Most of the reported
core-shell NPs are spherical. In recent years, exploration of non-
spherical (spherical, rod, cubic, etc.) core-shell NPs has
confirmed their unique properties.’*"** For example, the
anisotropic shape of rod-shaped core-shell NPs can affect
interactions with light.*** Star-shaped core-shell NPs showed
the larger specific surface area and distinctive SPR, which
makes them valuable in catalysis and sensing applications.'*>*%¢

was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 In vivo triple-modality imaging of U87MG-subcutaneous
tumor-bearing mice. (a and b) CT images of mice before and 12 h after
i.v. injection with Au@MIL-88(Fe); (c and d) T,-weighted MR images of
mice before and after i.v. injection with Au@MIL-88(Fe); (e and f) in vivo
PA imaging of tumors in mice before and 12 h after i.v. injection with
Au@MIL-88(Fe); (g) quantified MRI and CT signals of tumors from mice
before and 12 h after i.v. injection with Au@MIL-88(Fe); (h) biolumi-
nescent imaging of tumor. (i) Schematic illustration of the Application
to multimodality imaging-based tumor diagnosis. (a—i) Reprinted with
permission from ref. 126 Copyright (2017) John Wiley & Sons.

The special geometry in the structure of gold nanorods gives it
a great advantage in biosensing, imaging and diagnostic
applications. Wang et al.”® used a modified Stober method to
uniformly coat Au nanorods with a layer of SiO,, which was self-
assembled on PVP-modified silicon wafers to form a homoge-
neous Au rod@SiO, membrane, and the amino groups on the
membrane could be covalently linked to sheep anti-human
immunoglobulin forming a covalent linkage, providing a good
reaction model for color detection of IgG. More impressively,
the protein recognition process on the Au rod@SiO,
membranes can be monitored either by visual observation or by
changes in light absorption. Wu et al. designed a TIN@Au core—
shell nanorod. The photothermal properties of the nanorod in
the near-infrared (NIR) band were investigated using COMSOL
Multiphysics software and finite element method. The results
show that the TiN@Au and Au@TiN core-shell structures
exhibit better photothermal properties than pure TiN nanorods
of the same volume in the NIR band.”®” AuNC@CPs (Au nano-
cages@polymer) were prepared by dialysis of gold nanocages
and coordination polymers. Due to the excellent photothermal,
photoacoustic and magnetic properties of AUNC@CPs in solu-
tion, AUNC@CPs are used for near-infrared (NIR) -driven pho-
tothermal therapy (PTT) in vivo under the guidance of
photoacoustic (PA) and magnetic resonance (MR) imaging.**®
Due to its excellent performance, noble metal core-shell NPs
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will become a promising nanoprobe in the field of therapeutics.
["°®Au]Au@SiO, core-shell NPs were synthesized for hyper-
thermia. The resulting core-shell NPs exhibited near-infrared
(NIR) absorption at 750 nm and radiochemical purity of
99.91%.'%°

6.4 Immunological diagnosis

Core@shell NCs have been increasingly utilized in immuno-
logical diagnosis due to their unique properties, such as high
surface area, tunable physical and chemical characteristics, and
enhanced signal sensitivity. Core@shell NCs can significantly
enhance the sensitivity of immunoassays. Recent studies
highlight several applications of core@shell NCs in this field.
For instance, a novel electrochemical immunosensor for early
breast cancer detection was developed using 3D urchin-like
core-shell Au@PdCu NCs. This sensor achieved high sensi-
tivity in detecting carbohydrate antigen 15-3 (CA15-3), a key
biomarker for breast cancer.****** Another study focused on the
synthesis of tetrahexahedral Au-Pd core-shell NCs integrated
with reduced graphene oxide (rGO). This composite was used to
fabricate a highly sensitive sensor for detecting epinephrine, an
important diagnostic marker in various medical conditions.***
Au NPs coated with a silica shell can amplify the signal in
enzyme-linked immunosorbent assay (ELISA) tests, allowing for
the detection of lower levels of antigens or antibodies. Bifunc-
tional core@shell Au@Pt/Au NPs are presented as novel tags in
Immunosensing for the determination of an Alzheimer's
disease biomarker in human plasma sample. The synergy
between Au and Pt metals improved the sensitivity of the
detection.**>*** Additionally, advancements in the synthesis of
core@shell NCs have led to enhanced immunological
responses. For example, chiral A u@Pd NCs with intrinsic chiral
surfaces have been shown to produce enantiomer-dependent
immunological responses, which can be crucial for the selec-
tive targeting of specific biomolecules in immunological
assays.'*® The label-free Immunosensor of gold platinum@
graphene QDs (AuPt@GQDs) core-shell NPs were prepared for
ultrasensitive and rapid recognition of trace levels of escher-
ichia coli from contaminated food.*** Core@shell NCs based on
QDs are particularly promising for immunological diagnosis.
The bright fluorescence of QDs can improve the sensitivity of
immunoassays, enabling the detection of low-abundance
biomarkers. QDs can be conjugated with antibodies or anti-
gens to serve as fluorescent probes for detecting specific
biomolecules.’*® QDs used as fluorescent labels in immunoas-
says provide high sensitivity and multiplexing capability due to
their tunable emission wavelengths. This allows for the simul-
taneous detection of multiple targets in a single assay.'*” There
are three types of immunoassays using QDs, which is ELISA,
lateral flow assays, and flow cytometry. QDs can replace tradi-
tional enzyme-linked detection systems to provide a more stable
and sensitive readout. QDs can be incorporated into lateral flow
test strips for point-of-care diagnostics, offering rapid and
quantitative results. In this year, Gu et al. obtained graphene
oxide (GO)-based magnetic fluorescent nanofilm (GF@DQD-
APBA) with enhanced magnetic/fluorescence properties and
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Fig. 12 Schematic of the preparation of GF@DQD biotin tag and
proposed LFIA biosensor for multiplex and ultrasensitive monitoring of
EBOV, MPXV, and SARS-CoV-2 antigens. Reprinted with permission
from ref. 148 Copyright (2024) American Chemical Society.

universal capture ability for multiple viruses through the elec-
trostatic adsorption of one layer of density-controlled Fe;O, NPs
and thousands of small CdSe/ZnS-MPA QDs on a monolayer GO
sheet followed by chemical coupling with APBA on the QD
surface (Fig. 12)."*® QDs conjugated to antibodies can be used in
flow cytometry to analyze cell populations with high sensitivity
and specificity. Besides, magnetic core@shell NCs can be used
to separate specific cells or biomolecules from complex
mixtures. This is particularly useful in immunomagnetic sepa-
ration techniques, where magnetic NPs conjugated with anti-
bodies can isolate specific cell types from blood samples.

These innovations demonstrate the potential of core@shell
NCs to significantly improve the sensitivity and specificity of
immunological diagnostics, paving the way for early and accu-
rate detection of various diseases.

7. Conclusions and outlook
7.1 Conclusions

In this review, the core-shell structures dominated by QDs and
noble metal NCs were summarized. The core-shell NCs dis-
cussed in this review have either both the core and shell made
of a quantum dot or noble metal nanomaterials, or one of the
core or shell structures is a quantum dot or noble metal NCs.
Thus, depending on the material properties used, the core-shell
structures are mainly categorized into (i) quantum dot based
core-shell structures (ii) noble metal based core-shell struc-
tures, (iii) metal halide perovskites core-shell structures, (iv)
quantum dot-precious metal core-shell structures. The above
core-shell structure NCs performed good applications in
medical or biological fields.

7.2 Perspective and challenge

It has been found that noble metal NPs and QDs have many
excellent properties, and combining the unique properties with
other functional materials can help to develop new materials
with multi functionality and open up new applications, which
has become a new hot spot in the field of nanomaterials
research. At present, preliminary progress has been made on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the preparation of various noble metal or QDs core-shell NPs
with different compositions and properties, but how to realize
the controllable synthesis of the core particle size, shell thick-
ness, geometric uniformity, characterization, and give full play
to their multifunctionality are still the hotspots and difficulties
in the current scientific research work, which still need the
unremitting efforts of the majority of researchers. Core/shell
heterogeneous provides a broad idea for the preparation of
multi-component composites and unlimited possibilities for
the development of materials science.

Among many research directions, biosynthesis in particular
offers the attraction of a green bio-factory for synthesizing QDs
in a mild physiological environment, thus demonstrating the
biocompatibility and bio-functionality of QDs without any
additional steps. An in-depth study of metal sulfide QDs has
shown that the formation process still leaves much to be further
explored. These would open up the possibility of preparing
biocompatible QDs with tunable optical properties, especially
in combination with the biological functions of natural or
modified microorganisms, as a way to synthesize quantum dot
probes with specific targeting functions. Currently, the latter is
still in its infancy, but offers a huge scope for future research to
exploit the potential of such bio-factories in advance. We hope
that our efforts on this review would be able to contribute to
a better understanding and further development on the
synthesis, properties, and biological applications of core shell
NPs.
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