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Featured Application: Greener synthesis and applications of Core-shell nanoparticles.

Abstract: Among an array of hybrid nanoparticles, core-shell nanoparticles comprise of two or more
materials, such as metals and biomolecules, wherein one of them forms the core at the center, while
the other material/materials that were located around the central core develops a shell. Core-shell
nanostructures are useful entities with high thermal and chemical stability, lower toxicity, greater
solubility, and higher permeability to specific target cells. Plant or natural products-mediated
synthesis of nanostructures refers to the use of plants or its extracts for the synthesis of nanostructures,
an emerging field of sustainable nanotechnology. Various physiochemical and greener methods
have been advanced for the synthesis of nanostructures, in contrast to conventional approaches
that require the use of synthetic compounds for the assembly of nanostructures. Although several
biological resources have been exploited for the synthesis of core-shell nanoparticles, but plant-based
materials appear to be the ideal candidates for large-scale green synthesis of core-shell nanoparticles.
This review summarizes the known strategies for the greener production of core-shell nanoparticles
using plants extract or their derivatives and highlights their salient attributes, such as low costs, the
lack of dependence on the use of any toxic materials, and the environmental friendliness for the
sustainable assembly of stabile nanostructures.

Keywords: core@shell nanoparticles; plant-mediated synthesis; greener synthesis; sustainable
pathways

1. Introduction

In global standard norms, materials or particles that in at least one dimension have a length of
1 to 100 nanometers (nm) are termed nanoparticles (nanomaterials) [1,2]. Nanoparticles (NPs) are
aggregates of between a few and many millions of atoms. Materials at the nano-scale (Figure 1) display
novel biological and physicochemical properties that are never observed for their bulk counterparts [3].
The material in this size have high surface to volume ratio and they can pass across cell membranes by
passive diffusion [4].
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Figure 1. Comparison of macro, micro, and nano scales.

Nanoparticles (NPs) are sort of bridge between ions (atomic) and bulk phases of materials [5].
Nanomaterials based on structure, appearance, and their usage are defined by different names, but the
common feature for all of them is to have at least one dimension in the nano-scale (1 to 100 nm) [6];
unique nano-specific phenomena of particulates are most likely to occur in the size range of 1 and
100 nm [7].

In view of the increased knowledge and understanding about the synthesis and the
characterization of NPs, scientists have now succeeded in designing a useful newer hybrid class of
NPs termed core shell (core-shell, core@shell or core/shell) NPs that can be defined as well-organized
nanomaterials consisting of two, three, or more types of individual nanocomponents [8].

The surface of nanoparticles can be modified (functionalized) with a wide range of
organic/inorganic materials such as polymers, biomolecules, silica, metals, and non-metal components.
Stability, biocompatibility, newer specific performance, targeted delivery, treatment, or diagnosis of
biological entities, such as cells, proteins, nucleic acids, enzymes, bacteria, etc., are some of the reasons
for the surface modification of nanoparticles via functionalization. The coating of organic/inorganic
materials that surrounds the NPs can actually be the shell or second shell, which are called core-shell
nanoparticles. The value of the coating materials could be enormous when their presence not only
protects the core, but also may play a significant functional role as exemplified in the protection
afforded by the ZnO shell for the oxidation of the Fe core in the Fe@ZnO NPs.

Core-shell nanoparticles are heterogeneous NPs composed of two or more materials (metal,
element, or biomolecules); one nanomaterial acts as a core in the center while the other
material/materials located around the central core (shell) (Figure 2). Essentially, core -shell NPs
are a type of biphasic nanomaterial, which have an inner core and an outer shell made up of different
components [9].

Core

Shell

Figure 2. Schematic of core-shell nanoparticles: core in the center (yellow part) and other material
located around the central core (green part).
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A wide range of organic and inorganic nanomaterial can be used for forming both, the core and
the shell comprising core-shell NP. A combination of several diverse materials, where the building
components are easily distinguishable from each other, is referred to as composite or nanocomposite,
when the dimensions are less than 100 nm [10]. The properties of nanocomposites need not necessarily
originate from each individual part. Briefly, a component of nanocomposite may serve the role of an
adhesive without which they may not stick together and the ensuing blend of components will not
possess any new properties of the nanocomposite.

The core-shell NPs can be labeled as nanocomposites but they may not necessarily be
nanocomposites which tend to be uniform in microscopic view (mixed up components). In contrast,
core-shell NPs usually have a separation that can be seen between the shell and the core.
The nanocomposite properties are not expected from core-shell NPs which can be bimetallic or
trimetallic [11,12].

The synthesis of core-shell NPs has the ability to use a wide range of materials as core or shell
that can impart desired and unique features and functions. The properties of core-shell NPs, such
as physicochemical, biological, optical, etc. can be altered by changing the ingredients constituting
the core or shell layer; this ability to manipulate can produce an array of core-shell NPs, which finds
numerous applications in diverse fields, such as medicine, pharmacy, engineering, and material science.

Based on the structural configuration, core-shell NPs can be classified in to following categories
(Figure 3):

Figure 3. Schematic (A-]) pictures of different structure of core shell nanoparticles: (A) Core shell
nanoparticles; (B) Core double-shell particles or core multi-shell nanoparticle; (C) Polyhedral core/shell
nanoparticles; (D) Core porous-shell nanoparticles; (E) Hollow-core shell nanoparticles or single-shell
nanoparticles; (F) Hollow-core double-shell nanoparticles; (G) Moveable-core shell nanoparticles;
(H) Multi-core shell nanoparticles; (I) Irregular shape core shell nanoparticles; and, (J) Rod core
shell nanoparticles.
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Each of these classes of core shell NPs have their unique and exclusive properties. For example,
after synthesis of core-shell NPs with organic core and its subsequent removal (by dissolution in
organic solvents or simply heating at elevated temperatures) can generate hollow-core shell NPs.
Additionally, the core multi-shell are yet another variety of core-shell NPs that have two or more shells.
The protection of the deeper layers and use the interface between the core and shell layers that are not
compatible with each other are some of the advantages of this type of core-shell NPs.

2. Synthesis Processes for Assembly of Core-Shell Nanoparticles

A variety of methods with bottom-up and top-down approach have been introduced, optimized,
and are essentially accomplished via physical, chemical [13-16], or biosynthetic means or combination
thereof (Table 1). In bottom-up approach, which is often preferred one, self-assembly of atoms lead
to formation of nanosize particles, while in the top-down approach, bulk material is broken down to
nano size particle (not explored for core shell nanoparticles).

Table 1. Some examples of chemical and physical synthesis for core shell nanoparticles.

No. Core Shell NPs Synthesis Method Synthesis Details (Brief) Ref.

Ferric chloride hexahydrate and ferrous chloride

Combination of tetrahydrate upon addition of NH4OH. Then a carbon

1 Fe304@carbon ?gg;oig;f?:al and layer was coated on Fe3O4 NPs by using starch as the [17]
R carbon precursor to protect the Fe304 magnetic core
precipitation from oxidation.
. One-step: Silica and Cu were placed in a graphite
Cu@silica and Through evaporation crucible with a weight ratio of 20:1 with Cu on the
2 via a high powered [9]

Ag@Si bottom. The Ag@Si particles were synthesized with a

electron beam Si:Ag weight ratio of 10:1 with Ag at the bottom.

Two-step: 4-mercaptobenzoic acid ligand (8 uL, 0.57 mM
in 0.25 M NaOH) was added under vortex to the as
synthesized citrate stabilized AuNPs solution (1 mL).
3 Gold@Silver Sodium citrate The contents were incubated for 2 h at room [18]
temperature, then hydroquinone (30 uL, 10 mM in H,O)
and AgNOs (30 uL, 10 mM in H,O) were added under
vigorous stirring for 12 h.

An EG solution containing (PdCly, 100 mM) and PVP
Pd@Pt and (15 wt %) was introduced continuously into the quartz
4 Microwave-assisted tube reactor placed in the microwave cavity. EG (bp [19]

Cu@Ag 195 °C) was heated to 200 °C using MW irradiation
under pressure.
Silica core synthesized by hydrolysis and condensation
5 Silica@silver Electroless reduction of TEOS in an alkaline medium. TEOS (3.6 mL) was [20]

added to ammonium hydroxide (11.9 mL) in ethanol
(88 mL) solution and stirred for 15 h.

3. Biosynthesis of Core Shell Nanoparticles

In today’s world, the synthetic interest for engineered nanomaterials should ideally be inspired
by nature instead of using complicated procedures; biosynthesized nanoparticles have beneficial use
in clinical trials and in the design of novel therapeutic strategies. Chemically synthesized NPs may be
coated with compounds that are used in the synthesis process that limits their application in clinical
studies because even the associated impurities in trace amounts can emanate from these experiments.
In contrast, the biosynthesis nanoparticles may not have these restrictions [21-24].

Biosynthetic methods are cheaper and eco-friendlier than the physicochemical synthesis
methods [25,26]. The synthesis process time, depending on the type of bioresource that is used,
varies from a few minutes to a few days. In brief, expeditious, inexpensive, and endowed with greater
ease of manipulation are some of the salient features of biosynthesis processes.
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Each method has their advantages and disadvantage, but in generalm the use of biological
resources for nanoparticle synthesis is easier, cost-effective, and generates less pollution and circumvent
environmental damage than the physicochemical methods in terms of human health and the
environment. Nature has provided countless biological resources [27] with millions of bacteria,
fungi, and plants bearing numerous structural types that suitable for specific applications [28-32].
The synthesized NPs decompose after a certain period of time. However, the stability of NPs generated
via the biosynthesis method can be enhanced by changing the physicochemical parameters, such as
varying the extract concentration or metal ion source, etc.

Studies have shown that the hydrophobic surface of NPs, if not covered or capped, will bind to
each other due to hydrophobic interactions, and particle size will increase, and eventually the formation
of interconnected agglomerated nanoparticles will ensue. Aggregation phenomena, a challenge for
chemically synthesized NPs, can be addressed by the use of natural protecting biomolecules that are
present in bioresource extracts. The advantage of green synthesis of NPs using natural resources such
as plants, fungal or bacterial strains is that these extracts contain a wide variety of biomolecules which
gets immobilized on surface of nanoparticles during the synthesis process. Therefore, biosynthesized
nanoparticles using natural resources would lead to coating of hydrophobic surfaces of nanoparticles
that results in increased stability and stability of biosynthesized nanoparticles.

3.1. Biosynthesis of Core-Shell Nanoparticles Using Bacterial and Fungal Strains

Reports on the synthesis of hybrid NPs using fungi are rather limited, especially on
fungal-mediated synthesis or the biocompatibility studies of ensuing hybrid/core shell NPs,
presumably due to the dependence on costly cell cultures, and longer synthesis time often required
as compared to plant-mediated synthesis [33,34]. Exposure of the bacteria live cells or their lysis
cell extracts to aqueous metal ions have resulted in the formation of NPs [35]. Only a handful of
investigations have been conducted on prokaryotes synthesis of core-shell NPs and limited interested
in bacterial-mediated synthesis of hybrid/core shell NPs is reminiscent of fungal-mediated approach.
The typical disadvantages of bacterial- and fungal-mediated synthesis of core-shell NPs are that they
often excessively time-consuming and are culture-dependence, which entails the use of expensive
culture media, a trait that is not shared by the plant-mediated methods.

3.2. Greener Synthesis of Core-Shell Nanoparticles Using Plants

Plants-mediated synthesis of core-shell nanoparticles is advantageous when compared to
processes that are assisted by bacteria and fungi [36]. Prasad et al. (2017) [37] reported one-step
biosynthesized magnetic nickel/iron-oxide core shell NPs using 20 grams of Moringa oleifera extract.
Gosh et al. [38] reported one-step biosynthesized gold/silver core shell NPs using Dioscorea bulbifera.
Venkateswarlu et al. [39] reported two-step biosynthesized Fe3O4-Ag core/shell NPs (50 nm) using
Vitis vinifera stem extract. Au-Ag core shell NPs (10 nm) were synthesized via one-pot method using
grape water [40], a herbal medicinal drug. Plants seem to be the ideal candidates as they are suitable for
expeditious large-scale green synthesis of core-shell NPs; the rate of synthesis being faster than those
observed for processes aided by microorganisms [41]. Various core shell NPs with diverse structures,
shapes and sizes have been synthesized using plants and some are documented in Table 2.
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Table 2. Biosynthesis of core shell nanoparticles using plants.

No. Plant Nanoparticles Type Method for Extract Preparation Size (nm) Ref.
Moringa . 20 g leaves extract at 80 °C with 100 mL
! Oleifera Ni/Fe;Oy of de-ionized water for 2 h. 16-20 (371
2 Dioscorea Au/A 5 g of the dried tubers powder boiled in 9 nm core total [38]
bulbifera & 100 mL of distilled water for 5min. diameter 15 :
e 10 g stem powder mixed with 100 mL
3 Vitis vinifera  Fe3Oy4-Ag distilled water. Below 50 [39]
4 Antigonon Au/Ag 2 g of plant pz'irts boiled in 100 mL of 10-60 [42]
leptopus water for 5 min.
Diopyros 5 g of dried cut leaves in 100 mL of
5 kaki Au/Ag distilled water and boiling the mixture 50-500 [43]
(Persimmon) for 5 min.
Azadirachta . Ly
6 indica Au/Ag 20 g.pc.)wder leaf boﬂed. (2 min) in lOOImL 50-100 [44]
of distilled water and finally decantation.
(Neem)
Cacumen 1 g leaf was dispersed in 100 mL
7 . Au-Pd deionized water on a shaker for 4 h. and ~7 nm [45]
platycladi .
filtrated.
Potamogeton 1.5 g in 30 mL distilled water, and then
8 pectinatus Au-Ag heated at 80 °C while stirring for 10 min. 5 £10.6nm 46l

10 g of finely cut leaves in 200 mL of
9 Piper betle L. Silver-protein double-distilled deionized water and 17-28 [47]
then boiling the mixture for 5 min.

Anacadium

10 . Au-Ag Conditions not described. Below 25 [48]
occidentale
50 g of green tea leaves boiled in 500 mL
Green tea . double-distilled-water, until reached
n extract Fe30,@Si0, boiling temperature. The extract was then } [49]

vacuum filtered after 1 h.

The plant extracts contain chemical entities with numerous functional groups that are involved
in the reduction of metal salts and capping of ensuing nanoparticles and therefore, are ideally suited
for biological evaluation [50]. Additionally, some effective factors are widely distributed in biological
systems and their combined influence have been reported in the biosynthesis of nanoparticles using
plants. The individual effect of enzymes, such as nitrate reductase enzyme [51,52], amino acid
(Tyrosine) [53], carbohydrate, such as starch and glucose (with 17 months, stability) [54], terpenoids,
polyphenols, alkaloids, phenolic acids, flower pollen, and proteins have been implicated in the
synthesis of nanoparticles [55].

In plant mediated-synthesis of nanoparticles, the nature of extract has a significant effect on
the availability of functional groups such as aldehyde, hydroxyl, carboxyl, amino, etc. on the
surface of biosynthesized nanoparticles. Accordingly, the coated functional groups on surface of
these nanoparticles can bind to a variety of biological structures, including antibodies, proteins, DNAs,
enzymes, polymers, etc. Thus, one of the added advantages of the greener synthesis using the plant
extract, in contrast to other synthesis methods, is that the choice of extract not only reduce the metal
salts, but also provides certain functional groups on their surface. Importantly, the selection of plant
extract is critical for achieving the suitable functionalization of nanoparticles as the avoidance of
aggregation of biosynthesized nanoparticles and attaining a suspension of stable nanoparticles is a
prerequisite for advancement of research. The functional groups on biomolecules can be divided into
three types of hydrophilic (such as ammonium salt, polyol, lysine, an amino acid, citric acid, vitamin),
hydrophobic (fatty acids, alkyl phenol), and amphiphilic functional groups (soluble in water and acids,
such as lysine).

Natural plant-derived polymers are an interesting group of compounds used for coating of NPs
(Table 3). These are high molecular weight polymeric compounds that are built-up of small repeated
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units (monomers) and can be sub-divided into natural and synthetic classes. Among often used
natural polymers deployed for coating of NPs are: chitosan (hydrophilic, non-toxic, alkaline, and
biocompatible), dextran (stable and biocompatible), and starch (biocompatible and ideal for the design
of drug delivery systems). The friendlier members of synthetic polymers are polyethylene glycol (PEG,
increased solubility in water), polyvinyl alcohol (PVA, preventing the accumulation of particles), poly
lactic acid (PLA, low cytotoxicity for humans) and alginate (stability improvement).

For instance, the use of Stevia (sweetener) leaf extract, due to its high Steviol glycosidic content,
culminates in glycoside surface coating of the synthesized surface of the nanoparticles. Consequently,
for greener synthesis of nanoparticles, one can select an extract that maintains the desired functional
groups on their surface, which in addition to reducing the metal precursors, can provide the avenue to
attach the selected desired material on to the surface of ensuing biosynthesized NPs.

The careful selection of the reaction conditions, bioresource and its inherent coating material can
lead to desired custom applications of engineered NPs. Biomolecules, such as collagen protein [56],
amino acids, antibodies, polypeptides, nucleic acids, avidin, and biotin, etc., can also cover the surfaces
of NPs, thus making them targeted NDPs.

Nanoparticles coated with biomolecules invariably lead to their enhanced biocompatibility
property. The strong conviction for the deployment of biological resources is due to their
better biocompatibility, chemical stability, and solubility of synthesized NPs in water in contrast
to conventional chemical methods. Greener synthetic methods can also reduce the burden of
environmental pollution to some extent, thus enhancing the economic growth story via green
chemistry [57].

Table 3. Greener synthesis of hybrid nanoparticles using natural products.

Bioresource

No. Derivatives Type Ions Source Size (nm) Biosynthesis Detail Ref.
Cu(NO3),-3H,0 To ’thle stlarchlso.lu’non, equal vglun}e of
and (AgNO3) and metal salt solution and ascorbic acid
1 Starch Cu-Ag o 20+5 (10%, v/v, of starch) were added and [58]
ascorbic acid and ! )
reaction was carried out under
starch .
microwave at full power for 90 s.
Palladium precursor solution (5 mL) was
introduced to the gold NP seed solution
HAuCly and 5 (5 mL) along with 1 mL of tryptophan
2 Tryptophan Au@Pd PdCl, =60 solution. The resulting mixture was (591
stirred for 2 h followed by intermittent
sonication for 10 s at every 30 min.
5.0 mL of 1.0 x 10~2 mol/L HAuCly
solution to 50 mL of (1.0 wt %) gelatin
3 Gelatin Au-Ag Hi\u%%)and 30 solution, followed by 5.0 mL of 1.0 x [60]
g8 1072 mol/L AgNOj; with vigorous
stirring at 50 °C for 6 h
10.0 mL of HAuCl, /PdCl, mixture with
Plant tannin HAuCly and different molar ratios was mixed with
' (aybery) Au@Pd PdCl, 1256 40,0 mL of BT solution (0.02 g). The (611
resultant mixture was shaken at 30 °C
HAuCly and H,PtClg in a total volume
of 0.5 mL) were mixed in 17.5 mL of
5 Callic acid Au@Pt H,PtClg and 40-60 doubly distilled water in a round-bottom [62]

HauCly flask of 50 mL, and heated to boiling
under magnetic stirring, when 2.0 mL of
gallic acid solution was rapidly added.
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Table 3. Cont.

No. BlOI:eSOl.erE Type Ions Source Size (nm) Biosynthesis Detail Ref.
Derivatives
10 mL of 0.1 N ascorbic acid (vitamin C)
Core (Fe, was reacted with core CuCl, (2 mL, 0.1
Cu)-Shell (Au, CuCl, and N) at room temperature, and then shell [63]
Pt, Pd, and HAuCl,-3H,O - HAuCly-3H,0 (2 mL, 0.01 N) was added
Ag) and allowed to react at room

temperature for 1 h.

70 mg citrate-coated Fe30,4 nanoparticles
were dispersed in 20 mL double distilled
water and were sonicated for 20 min. To
this, 700 mL of freshly prepared gold
chloride solution (0.1 g/mL) was then
added maintaining a Fe3O4 nanoparticle

Fe304 and 16 to gold chloride solution is in the ratio of

HAuCly 1:1 (w/w, 60-70 °C). The solution was

kept under constant stirring condition.
After 5 min, 560 mL of freshly prepared
ascorbic acid solution (0.5 g/mL) was
added maintaining gold chloride to
ascorbic acid ratio of 1:4 (w/w, constant
stirring).

Ascorbic acid
(vitamin C)

Fe304 /Au [64]

0.2 mmol of Se was dissolved in 18 mL of
paraffin in a three-necked flask at 220 °C
under vigorous stirring. In another flask,
the cadmium precursor was prepared by
dissolving CdO (2 mmol) in a mixture of
0.6 mmol oleic acid (2 mL) and paraffin
liquid (8 mL) at 160 °C. 2 mL of the
cadmium precursor solution was quickly
injected into the Se solution, and the

P . . Se and CdO and temperature was kept at 220 °C. After

araffin oleic . .
7 acid CdSe/CdS/ZnS  NayS-9H,0 and 20 mins, the solution was cooled to [65]
zinc acetate 100 °C, followed by the addition of

Na»S-9H,0 (0.5 mmol) into the solution.
The solution was heated to 160 °C under
vigorous stirring followed by dropwise
addition of the Zn precursor (3 mL)
prepared by dissolving zinc acetate in
liquid paraffin. The mixture was cooled
to 100 °C and the reaction was allowed
to continue for 90 mins to monitor the
growth of the ZnS shell.

4. Effect of Environmental and Physiochemical Parameters in the Synthesis of Nanoparticles

It is imperative to learn the critical impact of environmental and physicochemical parameters
on the synthesis processes for NPs [66]. Studies have shown that even the smallest changes in the
value of these parameters can have major impact on the overall synthetic outcome for NPs, which is
variable. Sometimes a change in any of the parameter may prevent the synthesis of NPs or change in
the parameter lead to an alteration in the stability, size or shape of the synthesized NPs.

Furthermore, it need to be emphasized here that scientists carefully conduct their studies and
record the affecting parameters involved in the synthesis process to help improve the reproducibility of
their work; optimizing separately the effect of each parameter on the synthesis process of NPs is thus
crucial. Such thorough and meticulously conducted studies can help us to synthesize NPs with desired
structure, stability, size, or shape. Sometimes, the synthesis of NPs using specific biological source
may not be successful initially. In such cases, it is possible to explore synthesis of NPs by changing
the environment and physico-chemical parameters. Raju et al. [67] studied the effect of temperature
on the synthesis of gold NPs using extract from Semecarpus anacardium L. They reported that higher
temperatures lead to synthesis of spherical NPs, while lower temperatures lead to the synthesis of
mainly triangular NPs. Sheny et al. [48] reported that the synthesis at elevated temperatures lead to
large-sized and more stable NPs than at lower temperatures.
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The effect of pH is not limited only on the synthesis process for NPs, but is equally important in
the performance of the ensuing NPs. Ren et al. (in 2017) showed that an increase in the pH values
ranging from 4 to 7 leads to 30 times enhancement in the removal efficiency of heavy metals ions by
magnetic CoFe,O4@SiO; NPs. Joshi et al. [68] showed that increase in shell thickness of Fe304-SiOx
core shell NPs led to decreases on 1, relaxivity in magnetic resonance imaging (MRI). Yang et al.
studied the influence of shell thickness of Au@Ag core shell NPs on the antimicrobial activity against
Escherichia coli and Staphylococcus aureus; Au@Ag NPs with average shell thickness of 8.8 nm showed
the higher antibacterial activity when compared with Au@Ag NPs with the shell thickness of 1.5 nm at
the same concentration [69].

Khanchandani et al. [70] reported citric acid mediated synthesis ZnO@CdS core shell nanorods
with variable shell thickness (10-30 nm) and showed that the core shell nanorods with shell thickness
of 30 have higher photocatalytic efficiency for the degradation of rhodamine B under simulated solar
compared to ZnO@CdS core shell nanorods with shell thickness of 10 nm.

5. Applications of Core Shell Nanoparticles

Nanoscience is an interdisciplinary field of science that has countless applications (Figure 4).
Core-shell NPs display improved properties when compared to single NPs due to their increased
performance, durability and the breadth of their applications with special economic value [31,71-75].
Core-shell NPs have garnered special scientific interest as they exhibit some unique properties arising
from their design, geometry core, shell or combination of core and shell materials. Not surprisingly,
therefore, they have been used in assorted fields, such as medicine, engineering, industry, and material
science, etc. [76-87]. These structures have several optimized features, namely their ability to function
over a wide range of temperatures and pH, antimicrobial properties, and magnetic conductivity [88].

With the gradual decline of fossil-derived natural resources (oil, gas, and gasoline) and
environmental degradation, there has been an expanded effort to develop green energy using abundant
wind and sun light. The use of metallic oxide semiconductor NPs with strong absorption capability of
sun light is one of the important application in green energy development. Core-shell nanostructures
are especially attractive due to their optimal morphology and adjustable pore size (NPs with porous
shell), and free space between core and shell (which imparts more stability under harsh environments).
Finally, the enhanced biocompatibility and economic validation for large-scale production of powerful
absorbents to eliminate contaminants from polluted waters are some of the other valued attributes.

Core-shell nanostructures, although small but are dominant entities with high thermal and
chemical stability, lower toxicity, greater solubility, and higher permeability to specific target cells.
Some of the core-shell nanostructures are multifunctional and thus can be used for several applications
(Table 4) with magnetic and luminescent parts. Their magnetic component can help improve the
penetration of NPs into cells and also enhance the resolution of traditional magnetic resonance
images (MRI), while luminescent part can assist in luminescent-based detection [89]. Further, such
multifunctional NPs can be used for delivery of biomolecules, such as antibodies, proteins, and genes
for treatment [90].
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Figure 4. Green Synthesis and applications of core-shell nanoparticles in some biomedical, engineering
and environmental Fields.
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Table 4. Some applications of core shell nanoparticle in various scientific disciplines.

11 0f 17

No. Nanoparticles Type Application Details Ref.
The regenerable magnetic nanospheres could
. be potential adsorbents for the effective and
1 CoFez0,@510,-NH, Remove heavy metals removal of heavy metal ions (Cd(II), Cu(II) and [o1]
Pb(II) from aqueous solutions.
2 Au-Ag AgA Chemical and Surface-enhanced Raman scatterin [90]
UAs AsTAT biomolecular Sensor uriacerenfianced aman scatteting
. Chemiluminescence detection of anticancer
3 Au-Ag Detection drugs drug, Raloxifene hydrochloride (601
Au/Ag core-shell Demonstrated fully reversible active control of
4 & Sensor plasmon resonances in both isolated and [92-94]
nanoparticles : . . .
interacting plasmonic nanoparticles
Multiplexed intracellular sensing of forum
Fe core and a thin ferrite Biosensor RNAs in MCF-7 human breast cancer cells
5 hell development of new using AuNPs with a dense shell of [95-97]
she diagnostic platforms multicolored molecular beacons. These show
high nuclease resistance and biocompatibility.
Uniform-sized .
6 amino-modified silica Sensor ?e(t)ectt;;); of breast cancer cells at early [88]
NH,SiNPs pop
The core-shell Au-Pd nanoparticles could be
used in MFCs as a good alternative to the
7 Au-Pd Cathode catalysts Pt-based cathode catalysts for the production [98]
of electricity without losing power efficiency
and stability.
Dual-Functionalized Far-red-labeled microspheres are ideal
8 Core-Shell Fluorescent Vector candidates for in vitro, cellular delivery of [99]
Microspheres proteins.
Catalyze the chemoselective reduction of
9 AgNPs@CeO, Nanocatalysts unsaturated aldehydes to the corresponding [100]
unsaturated alcohols with H,
10 Au-Ag Parasitology Antileishmanial Activity [38]

Core-shell nanogels, with intelligent and bio-degradable properties, have made significant inroads
in the biomedical applications as drug carrier; remarkable feature being the dual loading drug capacity
and controlled release at the target site [97].

Simultaneous transmission of DNA and drug to achieve therapeutic effects of combining drugs
and gene therapy has been suggested through the use of biodegradable cationic amphiphilic core shell
polymeric NPs that have the ability to load hydrophobic drugs via their core and the ability to bind to
DNA through their cationic shells.

The architecture and synthesis of core-shell NPs with desired structure and their usage for a wide
range of applications (Table 4) will attract the attention of scientists towards this class of biosynthesized
core-shell NPs. The design of custom core-shell NPs structures and their applications appear truly
endless. Commercial products will be offered in this area, which has very strong economic implications
in the future.

6. Conclusions

The ability to manipulate particle structures at nanoscale has led to the emergence of a new class
of engineered hybrid NPs, core-shell NPs. The developments in the field of greener synthesis of NPs
in general and for core-shell NPs in particular has prompted us to summarize the current status in
this field. The focus has been on introducing core-shell NPs, their synthesis with emphasis on greener
methods, and their applications in a variety of scientific disciplines. Successful further scientific
research and the industrial implementation of applications in this area may help to improve the quality
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of life for the world’s population in the future. Greener and sustainable synthetic methods can reduce
environmental pollution to some extent, while attaining economic growth via green chemistry.

The importance and necessity of future progress in core-shell NPs encourages us to put forth
the greener synthesis possibilities for core-shell NPs. We hope that some active researchers may feel
stimulated to explore the use of this class of hybrid core-shell NPs instead of single NPs.
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