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Yolk—shell microgels and their hybrids have attained great importance in modern-day research owing to
their captivating features and potential uses. This manuscript provides the strategies for preparation,
classification, properties and current applications of yolk—shell microgels and their hybrids. Some of the
yolk—shell microgels and their hybrids are identified as smart polymer yolk—shell microgels and smart

hybrid microgels, respectively, as they react to changes in particular environmental stimuli such as pH,
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1. Introduction

Microspheres with movable cores within the cavities of a shell
are called yolk-shell microspheres (YSMs). These systems with
controllable size and composition having low density, multi-
functionality, and excellent loading capacity have been
reported.’™ Owing to these properties, YSMs find potential
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perspectives for further research in this specific field.

applications in various fields such as catalysis,* drug delivery,*
biomedicines,® lithium-ion batteries,” and dual-mode imaging.®

The colloidal dispersion of gel particles with a diameter
ranging from 0.1 to 100 pm in a suitable solvent are termed as
microgels.” Cross-linked polymeric systems that respond to
a change in external stimuli are called smart microgels. Their
properties of permeability, deformability, as well as uptake and
release behavior can be tuned by changing their cross-linking
density and the strength of external stimuli. This smart
behavior makes them a perfect choice for various uses.'**®
Microgels can be further classified into core-shell microgels,**
Janus microgels,” hollow microgels’® and yolk-shell
microgels."”'®

Recently, yolk-shell microspheres having a movable core
and cross-linked polymeric shell’**' have obtained consider-
able importance owing to their peculiar responsive behavior
towards external stimuli such as temperature,'”* pH,**** and
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ionic strength.”® The hybrid yolk-shell polymeric systems with
an inorganic core and organic cross-linked polymeric shell have
been widely reported.>*> A cross-linked polymeric network
provides stability to inorganic particles against aggregation and
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imparts extra stimulus-responsive functionalities to the yolk-
shell polymeric system. Moreover, the occurrence of a cavity
between the core and polymeric shell provides space and
protection for reactant molecules against external hindrances.
Because of the mentioned fascinating features, yolk-shell
hybrid microgels have been extensively used in various fields
such as drug delivery,*® selective catalysis,"”*' nanoreactors,>
antibacterial activities,*> adsorption of metal ions,” and
lithium-sulfur batteries.**

Because of the unique and unexplored properties of yolk-
shell microgels, different approaches including distillation
precipitation polymerization, free radical polymerization, reflux

polymerization, etching of a silver layer, and removal of an
intermediate polymeric core have been adopted for their
preparation.
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Many general reviews on hybrid microgels and smart
microgels are available in literature.**” Farooqi et al.*® have
described the synthesis, properties, characterization and
applications of responsive microgels fabricated with gold
nanostructures. Moreover, temperature-responsive hybrid
microgels for catalytic applications and platinum nanoparticle
fabricated multiresponsive microgel composites, along with
their preparation, structural investigations, and uses have been
documented by the same group.***° Karg et al.** have reviewed
the properties and advances in characterization of new smart
poly(N-isopropylacrylamide) [PNIPAM]| microgels and their
hybrids. All the abovementioned reviews comprise all types of
microgels and hybrid microgels and have been written in
general. Yolk-shell microgels and yolk-shell hybrid microgels
have engaged considerable interest because of their distinct and
novel features. But to the extent of our knowledge, no one has
reviewed the latest research achievements of these particular
microgel systems.

This article describes the yolk-shell microgels and their
hybrids, their classification based on their response to external
stimuli, their unique properties based on the structure,
different strategies used for synthesis, characterization tech-
niques and their applications in a variety of areas.

2. Classification of yolk—shell
microgels and their hybrids

Based on the responsive behavior, morphology, and nature of
yolk, various yolk-shell microgels and their hybrids have been
documented in previous reports.?>***~*> The subsequent cate-
gorization is built upon the responsive behavior of yolk-shell
microgels and their hybrids, structure, and the nature of yolk in
yolk-shell microgels.

2.1 Based on responsive behavior

2.1.1 Thermoresponsive yolk-shell microgels and their
hybrids. A novel class of microgels that demonstrates an
immediate change in their size with a change in external
temperature is called thermoresponsive microgels. For
example, the yolk-shell microgels whose shell is composed of N-
isopropylacrylamide [NIPAM] have thermo-sensitivity. At
temperature lower than volume phase transition temperature
(VPTT), i.e., T < VPTT, there is hydrogen bonding between amide
groups and water molecules in the aqueous medium; thus, the
PNIPAM network exists in a swollen state. The PNIPAM network
gets transformed into a shrunken state*** as the temperature
of the medium increases above VPTT, i.e., T > VPTT. This feature
of yolk-shell microgel system is known as thermo-sensitivity.
The details of the thermo-responsive behavior of yolk-shell
microgels and their hybrids are described in Section 5.1.1.

2.1.2 pH-responsive yolk-shell microgels and their
hybrids. Yolk-shell microgels and their hybrids may possess
functionalities like COOH and amide that can be protonated
and deprotonated by varying the pH of the medium.**** The
microgels that can switch reversibly between the swollen and
de-swollen state by changing the pH of the medium are termed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as pH-responsive yolk-shell microgels. The details of pH-
responsive behavior of yolk-shell microgels are discussed in
Section 5.1.2.

2.1.3 Ionic strength responsive yolk-shell microgels and
their hybrids. Yolk-shell microgels and their hybrids may
possess ionizable functionalities in their polymeric network,
which react to the variation in the ionic concentration of the
medium. As a result, their size can be tuned through the change
in the ionic strength of the medium.* Section 5.1.3 provides the
details of ionic strength responsive behavior of yolk-shell
microgels.

2.1.4 Multi-responsive yolk-shell microgels and their
hybrids. Recently, multi-responsive yolk-shell microgels and
their hybrids have attained more attention because of their
potential applications in different fields.**** Yolk-shell poly-
meric systems may contain smart polymeric core and a smart
polymeric shell, and both independently respond to different
stimuli. As there is no chemical interaction between the yolk
and shell of the yolk-shell microgels, both can respond freely to
the external stimuli. Multi-responsive yolk-shell microgels and
their hybrids are widely reported in the literature.****%>=* Lj
et al.*® have documented the preparation of narrowly dispersed
poly(methacrylic acid)@void@poly(N-isopropylacrylamide)
[PMAA@void@PNIPAM] yolk-shell polymeric microspheres
with independent pH and temperature sensitivity. The inde-
pendent stimuli responsive behavior was analyzed with
dynamic light scattering (DLS) measurements. At an
unchanging value of pH = 10, the R), of outer polymeric shell
(PNIPAM) decreased from 370 nm to 311 nm when the
temperature was raised from 25 °C to 40 °C. The swelling ratio
of 1.69 confirmed the temperature responsive behavior of outer
PNIPAM shell. PNIPAM has VPTT of 32 °C in an aqueous
medium. Below this temperature, the polymeric system is
hydrophilic in nature, and water easily flows inside the shell
and the size of shell is increased. When the temperature is

T=40°C,pH=4

T=25C,pH=4
PMAA@void@PNIPAM yolk-shell particles

Fig. 1 Temperature and pH-responsive behavior of PMAA@-

void@PNIPAM yolk-shell microgels.
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increased above the VPTT, the hydrophobic nature dominates,
and water flow is forced to move out of the shell, decreasing the
size, ie., de-swollen state. At a fixed temperature, the pH-
sensitive behavior of the inner PMAA yolk is observed. The Ry,
changed from 160 nm to 270 nm when the pH was raised from 4
to 10. This increase in the Ry value is owing to the Donnan
osmotic swelling of the PMAA shell. At higher pH values, the
carboxylic acid groups of PMAA shells are completely ionized.
Due to the ionization, there is an intermolecular repulsion
between the carboxylic acid functionalities and the movement
of water inside the shell, which increases the size of the PMAA
shell. At low pH, the reverse behavior is observed. The
temperature and pH-responsive behavior of the polymeric
system is shown in Fig. 1.

2.2 Based on the nature of the yolk

A yolk-shell polymeric system consists of two independent
structural components, ie., a yolk and a shell. The yolk can be
metallic,*>**°*%” polymeric,>**>***° magnetic,”**” Au-coated Fe;0,,"
silica-magnetite yolk,* and non-metallic (sulfur).®® Fig. 2 repre-
sents different types of yolk-shell microgels and their hybrids
based on the nature of their yolks. Following classification of yolk—
shell microgels and their hybrids is based on the nature of the yolk
that imparts special features to the polymeric system.

2.2.1 Yolk-shell hybrids microgel with a monometallic
yolk. The yolk-shell hybrid microgels with a yolk made of single
metals have attracted an expanding interest. These hybrid yolk-
shell microgels have properties of both metal and polymeric
network. These hybrid yolk-shell microgels exhibit excellent
catalytic, chemical, and optical properties along with the
responsive behavior of the polymeric network, depending upon
the concentration of metal and polymeric shell. Depending
upon the metallic yolk and nature of the polymeric shell,

shell

smart polymeric
core@void@polymeric shell
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different yolk-shell hybrid microgels have been reported in the
literature.?**°%% Table 1 (entries 1 to 9) shows the classification
of various yolk-shell hybrid polymeric systems along with
metallic yolk, characterization, and applications.

2.2.2  Yolk-shell microgels with smart polymeric yolk.
Yolk-shell microgels with polymeric yolk have been widely re-
ported in the literature.*>**® A smart polymeric yolk is encap-
sulated in the polymeric shell, and the resulting yolk-shell
microgels have features of both smart polymeric yolk and smart
polymeric shell. Both the yolk and shell respond independently
to the external stimuli. Table 1 (entries 10 to 17) shows the
classification of yolk-shell polymeric systems having smart
polymeric yolk, their classification, characterization, and
application in different fields.

2.2.3 Yolk-shell hybrid microgels with magnetic yolk.
Yolk-shell polymeric systems with a stable magnetic yolk have
attracted the attention of modern research due to their hydro-
phobicity, van der Waals forces and dipole-dipole interaction,
and magnetic particles' aggregates. The polymeric shell of the
yolk-shell microgels provides stability and shielding against
aggregation. Yolk-shell microgels with magnetic yolk used in
various applications, particularly in the field of medicine, are
widely reported in the literature.””?***”® Zhao et al.>® reported
magnetite@void@poly(methacrylic acid) [Fe;0,@void@PMAA]
hybrid yolk-shell microspheres. Fe;O, exhibits strong para-
magnetic behavior. The magnetic features were investigated
using a vibrating sample magnetometer (VSM) at 300 K, and the
polymeric system was used for the adsorption of metal ions and
drug delivery.

2.2.4 Yolk-shell hybrid microgels with Au-coated Fe;O,
yolk. Yang et al** documented the fabrication of gold-mag-
netite@void@poly(N-isopropylacrylamide) [Au-Fe;0,@-
void@PNIPAM], another class of yolk-shell hybrid microgels

magnetite@void@
polymeric shell

Au-coated-Fe;O,@void
@polymeric shell

shell

silica-magnetite
@void@polymeric

sulfur@void@
polymeric shell

Fig. 2 Classification of yolk—shell polymeric systems on the basis of the nature of the yolk. (A) Metallic yolk, (B) smart polymeric yolk, (C)
magnetite yolk, (D) Au-coated magnetite yolk, (E) silica-magnetite yolk, (F) sulfur yolk.
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Table 1 Different yolk—shell polymeric systems having metallic yolk (entries 1 to 9) and polymeric yolk (entries 10 to 17); their investigation

analysis and usage

S.No.  System Yolk

Characterization techniques used  Applications Ref.

1 Gold@void@poly(N- Au
isopropylacrylamide)
[Au@void @PNIPAM]

2 Silver@void@poly(methacrylicacid) Ag
[Ag@void@PMAA]

3 Gold@void@poly(N,N'- Au
methylenebisacrylamide)

[Au@void@P(BIS)]

4 Gold@void@poly(N- Au
isopropylacrylamide)
[Au@void @PNIPAM]

5 Gold@void@microporouspolymers Au
nanoparticles [Au@void@MPNPs]

6 Palladium@void@poly-4- Pd
vinylbenzylchloride-g-poly (acrylamide)

[Pd@void @P(CMSt-g-PAA)]

7 Gold@void@poly(benzyl methacrylate) Au
[Au@void@PBzMA]

8 Ruthenium@void@polystyrene Ru
[Ru@void@PS]

9 Platinum@void@poly Pt
(cyclotriphosphazene-co-4,4'-
sulfonyldiphenol) [Pt@void@PZS]

10 Poly(methacrylic acid-co-ethyleneglycol P(MAA-co-EGDMA)
dimethacrylate)@void@poly
(N-isopropylacrylamide-co-methacrylic
acid) [P(MAA-co-EGDMA)
@void@P(NIPAM-co-MAA)]

11 Polymethacrylic acid@void@poly(N- PMAA
isopropylacrylamide)

[PMAA@void @PNIPAM]

12 Poly(2-(diethylamino)ethyl methacrylate-  PDS
styrene)@void@polystyrene
[PDS@void@PS]

13 Cross-linked polymethacrylic CPMAA
acid@void@cross-linked poly(N-
isopropylacrylamide)

[CPMAA@v0id@CPNIPAM]

14 Poly(acrylic acid)@void@poly(2- PAA
hydroxyethyl methacrylate)
[PAA@void@PHEMA]

15 Poly(divinylbenzene-co-acrylic acid) P(DVB-co-AA)
@void@poly(divinylbenzene-co-acrylic
acid) [P(DVB-co-AA)@void@P(DVB-co-

AA)]

16 Polymethacrylic acid@void@poly(N- PMAA
isopropylacrylamide)
[PMAA@void @PNIPAM]

17 Poly(methacrylic acid-co-ethyleneglycol P(MAA-co-EGDMA)
dimethacrylate)@void@poly(N-
isopropylacrylamide) [P(MAA-co-EGDMA)
@void@PNIPAM]

with Au-coated Fe;O, yolk and the thermo-responsive PNIPAM
shell. Because of the magnetic properties of the magnetite yolk,
it can hold gold nanoparticles (Au NPs) and can be isolated from
the reaction mixture using a simple magnet. The simultaneous
hydrolysis of 3-aminopropyl triethylsilane (APTES) and tet-
raethyl orthosilicate (TEOS) modified the surface of magnetite
(Fe;0,) with amino groups and Au NPs attracted to the Fe;0,

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

TEM, DLS, UV-Vis Tunable catalysis 17

TEM, FT-IR, EDX Catalytic 25

TEM, XPS, UV-Vis Nano reactors, catalytic 28
UV-Vis, TEM Nanoreactor 22
TEM, DLS, XRD, UV-Vis Antibacterial, catalytic 32

TEM, SEM, FT-IR, XPS, Catalytic 56
ICP, TGA, DLS, UV-Vis

SEM, TEM, UV-Vis 60
TEM, XRD, XPS Catalysis 61

TEM, FESEM, UV-Vis, XPS, FT-IR  Catalysis 62

FT-IR, TGA, TEM, DLS Drug delivery 23

TEM, FT-IR, DLS Drug delivery 63

TEM, FT-IR, DLS, UV-Vis Drug delivery 64

TEM, FT-IR, DLS, UV-Vis Drug delivery 59

TEM, FESEM, FT-IR Drug delivery 65

TEM, FT-IR, DLS Drug delivery 45

CLSM, FT-IR, TEM, FESEM Drug delivery 55

FT-IR, TGA, DLS, TEM Drug delivery 42

surface by self-assembly (an autonomous process driven by
mutual interactive forces to arrange disordered particles into
a well-organized pattern). The prepared hybrid polymeric
system was characterized by FT-IR and VSM, and it showed
excellent catalytic properties and recyclability.

2.2.5 Yolk-shell hybrid microgels with silica-magnetite
yolk. Fe;O, particles have a vast variety of applications, but

RSC Adv, 2024, 14, 8409-8433 | 8413
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owing to the inter-particle interactions, Fe;O, particles aggre-
gate, which limits their usage. Liu et al** have described the
fabrication = of  silica-magnetite@void@poly(N,N'-methyl-
enebisacrylamide-co-methacrylic acid) [SiO,-Fe;0,@-
void@P(BIS-co-MAA)] yolk-shell hybrid polymeric system with
silica-magnetite yolk and pH-responsive shell. Fe;O, particles
were coated with SiO, to enhance their stability and properties.
First, SiO, provides shielding against the inter-particle interac-
tion of Fe;O,4; secondly, a large number of silanol groups on the
SiO, surface endows magnetite particles with functionalities.
The Fe;0, properties of the prepared yolk-shell hybrid micro-
gels were investigated by VSM at room temperature. Owing to
the pH-responsive behavior of the polymeric shell, SiO,-Fe;-
0,@void@P(BIS-co-MAA) finds application in targeted drug
delivery systems. The size of the [SiO,-Fe;0,@void@P(BIS-co-
MAA)] yolk-shell hybrid polymeric system was determined
using TEM and found to be 114 nm.

2.2.6 Yolk-shell hybrid microgels with sulfur yolk. Zhang
et al.* reported sulfur@void@polypyrrole [S@void@PPy] yolk-
shell hybrid microgels having sulfur as a yolk. The structure and
morphology of the prepared S@void@PPy polymeric system
was investigated and proved by XRD, XPS, FT-IR, RS and SEM
analysis. The polymeric shell (PPy) has conductive properties.
These polymeric systems can be effectively used in lithium-
sulfur batteries. This new class of yolk-shell hybrid microgels
has a stable porous structure and empty space between the core
and shell region, which help in the volume changes of sulfur
during the charging and discharging cycles of batteries. The
detail is discussed in Section 6.5 of the article.

2.3 Based on morphology

Different morphologies of yolk-shell microgels and their
hybrids induce special features into their structures and
enhance their applications in various fields. Yolk-shell poly-
meric raspberry-shaped structure,*

systems may have

Raspberry Shaped Yolk-
shell microgels

Double walled Yolk-shell
microgels

Elliptical Yolk-shell
microgels

View Article Online
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elliptical,” lemon like morphology,* double shell,**** and
rattles like structures,” as shown in Fig. 3.

The following classification of yolk-shell polymeric systems
and their hybrids is based on their morphology.

2.3.1 Raspberry-shaped yolk-shell microspheres. Liu
et al.*® have explored the fabrication of raspberry-shaped cross-
linked poly(methacrylicacid)@poly(N-isopropylacrylamide) [RS-
CPMAA@CPNIPAM] system having independent pH and
temperature response via the self-removal process. The
prepared yolk-shell polymeric system was characterized by
TEM, DLS, FT-IR, and UV-Vis analysis. TEM images asserted
that the prepared polymeric system was different from general
yolk-shell morphology; rather, it possesses raspberry-shaped
morphology (with diameter of 116.3 nm). The strong
hydrogen bonding between the amide groups of PNIPAM and
carboxylic acid functionalities of PMAA affected the general
yolk-shell morphology. Moreover, a higher concentration of
NIPAM in the outer shell might be the reason for this
morphology. The RS-CPMAA@CPNIPAM polymeric system
showed an excellent and fast response to the variation in pH
and temperature of the medium.

2.3.2 Elliptical yolk-shell microgels. Hao et al?>* have
documented the preparation of hematite@void@polypyrrole
[Fe,Os;@void@PPy] yolk-shell polymeric system by the selective
elimination of the SiO, layer from [Fe,O;@SiO,@PPy| by
hydrofluoric acid (HF). This polymeric system has a hematite
olivary particles (a-Fe,O3) as a moveable yolk inside the poly-
pyrrole (PPy) as an external cross-linked shell, as confirmed by
the TEM images. The anisotropic moveable yolk inside the
polymeric network finds different potential applications in
biological delivery systems.

2.3.3 Lemon-like structures. Gua et al.*® have reported the
preparation of polymer-based yolk-shell microgels with tunable
morphologies. The polymeric shell of poly(2-vinyl-4,4-
dimethylazlactone) (PVDMA) was synthesized on the SiO,
layer, which was removed through HF, and a hollow polymeric

Lemon-like Yolk-shell
microgels

Rattle -like Yolk-shell
microgels

Fig. 3 Yolk—shell microgels with different morphologies: (A) raspberry-shaped, (B) elliptical, (C) lemon-like morphology, (D) double walled, (E)

rattle-like morphology.
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network with functionalized tertiary amine groups was ob-
tained. Using a model isotropic oil, tetradecane was infused
into the hollow polymeric network by the extraction of oil-filled
capsules using deionized water. The emerged microgel was
a yolk-shell polymeric system with lemon like polymeric shell.
This lemon like morphology was proved by bright field
microscopy, fluorescence microscopy and SEM analysis and size
was found to be 11.3 £+ 0.6 um.

2.3.4 Double-walled yolk-shell polymeric system. Double-
walled yolk-shell polymeric systems like silica@void@poly(-
methacrylic acid)@void@poly(N-isopropylacrylamide) [Fe;-
0,@void@PMAA@void@PNIPAM]| with pH-responsive and
temperature responsive behavior have been reported in the
literature.®® The magnetic yolk imparts magnetic properties to
the polymeric system. First, Fe;0,@Si0,@PMAA@SiO,@-
PNIPAM five-layered core-shell microspheres with onion shape
were prepared by precipitation polymerization following the
etching of both SiO, layer with HF. The resulting polymeric
system [Fe;0,@void@PMAA@void@PNIPAM] has a magnetic
yolk, inner cross-linked PMAA shell with pH-sensitive behavior
and an outer cross-linked PNIPAM shell with thermo-sensitive
behavior.

2.3.5 Rattle-like yolk-shell microgels. Zou et al.” reported
the synthesis of the rattle-like polymeric system by oil-in-water
(O/W) pickering emulsion polymerization. The hydrophobic
SiO, particles were dispersed in oil phase containing styrene
(St), hexadecane (HD), and divinyl benzene (DVB). Lignin
nanoparticles were added as the pickering agent, which
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produced O/W emulsion, followed by the polymerization of
monomers (St and DVB) to produce polymeric shell (P(St-DVB))
having rattle-like cores. Increasing the concentration of the
pickering agent increases the number of cores and decreases
the size of the polymeric shell, while increasing the HD
concentration reduces the number of cores and a single solid
core is formed. The prepared polymeric system was character-
ized using energy dispersive scattering (EDS) and FT-IR analysis
to confirm the formation of rattle-like yolks surrounded by
a polymeric network.

3. Synthesis strategies used

Yolk-shell microgels and their hybrids can be prepared using
various methodologies. Some of the preparation methods are
illustrated in detail as given below.

3.1 By the removal of poly(methacrylic acid) layer

The preparation of pH-responsive hollow poly(N,N'-methyl-
enebisacrylamide-co-methacrylic acid) [P(BIS-co-MAA)] micro-
spheres with moveable magnetic/silica (Fe30,4/SiO,) core via the
selective elimination of poly(methacrylic acid) [(PMAA)] layer in
ethanol/water from Fe;0,/SiO,/PMAA/P(BIS-co-MAA) four-
layered microspheres has been reported in the literature.”
Magnetite (Fe;O,) nanoparticles (NPs) were synthesized
through the chemical co-precipitation of Fe** and Fe** under
alkaline conditions via the sol-gel process. In the next step,
Fe;0,4/Si0, core-shell particles were fabricated by the Stober

CH,
MAA/AIBN/CH;CN
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Polymerization

CH;

Fe,0,@SiO,@PMAA
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MAA + BIS / AIBN/CH,CN

Distillation Precipitation
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Fe,0,@SiO,@PMAA@poly(BIS-co-
MAA) microspheres

Fig. 4 Fabrication of Fes04/SiO,/air/P(BIS-co-MAA) yolk—shell microspheres from Fez0,4/SiO,/PMAA/P(BIS-co-MAA) tetra-layer microspheres
by the removal of non-crosslinked poly(methacrylic acid) layer using ethanol.
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process and modified by employing 3-(methacryloxy)propyl tri-
methoxysilane (MPS). Then, these MPS-modified Fe;0,/SiO,
NPs were dispersed in acetonitrile to be used as the seed to
fabricate three-layered Fe;0,/SiO,/PMAA microspheres via
distillation precipitation polymerization with the addition of
methacrylic acid (MAA) as a monomer and 2,2'-azobisisobutyr-
onitrile (AIBN) as the initiator during the polymerization
process, thus generating three-layered Fe;0,/SiO,/PMAA
microspheres, as illustrated in Fig. 4. Then, Fe;0,/SiO,/PMAA/
P(BIS-co-MAA) four-layered microspheres were prepared by
distillation precipitation polymerization, where Fe;0,/SiO,/
PMAA three-layered microspheres were used as seeds with the
addition of MAA as the monomer, N,N'-methylenebisacrylamide
(BIS) as the cross-linker and AIBN as the initiator during poly-
merization. Then, from the resultant Fe;0,/SiO,/PMAA/P(BIS-
co-MAA) four-layered microspheres, the non-crosslinked PMAA
middle layer was selectively eliminated with the help of ethanol/
water (EtOH/H,0) solvent. Thus, the resulting structure was
Fe;0,/Si0,/air/P(BIS-co-MAA) microspheres.

3.2 By the self-removal process

Yolk-shell microgel particles can be synthesized via the “self-
removal process”. Raspberry-shaped cross-linked poly(-
methacrylic acid)@cross-linked poly(N-isopropylacrylamide)
[CPMAA@CPNIPAM] yolk-shell microspheres have been
prepared using this method.” For this purpose, CPMAA nano-
particles were prepared via distillation polymerization using
methacrylic acid (MAA) as the monomer, AIBN as the initiator
and ethylene glycol dimethacrylate (EGDMA) as the cross-linker,
as shown in Fig. 5.
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Then, CPMAA@PNIPAM@CPNIPAM microsphere particles
were fabricated by seeded emulsion polymerization using
CPMAA, NIPAM, sodium dodecyl sulfate (SDS) as the surfactant
and ammonium persulfate (APS) as the initiator during the
process, thus generating CPMAA@PNIPAM microsphere parti-
cles. Then, at the end of polymerization, cross-linker, divinyl
benzene (DVB), monomer (NIPAM) and APS (initiator) were
supplemented again into the mixture. The reaction was carried
out for 4 hours at 70 °C and allowed to settle at room temper-
ature for the “self-removal process”. This decrease in tempera-
ture caused non-cross-linked PNIPAM globules to be changed
into a coil-type structure. In this way, the mid-layer of
CPMAA@PNIPAM@CPNIPAM was removed to obtain
CPMAA®@CPNIPAM yolk-shell microspheres.

3.3 Via free radical polymerization

Free radical polymerization has various advantages of quick-
ness and simplicity in synthesis as well as the need of sophis-
ticated and costly instrumentation is also avoided. Wu et al.”’
have documented the preparation of thermo-sensitive, gold-
poly(N-isopropylacrylamide) [Au-PNIPAM] yolk-shell particles
via free radical precipitation polymerization. For this purpose,
first of all, Au-SiO, was modified by sodium silicate (SS). [Au-
Si0,-SS] core-shell nanoparticles were prepared. 3-Aminopropyl
trimethosysilane (APM) was added to Au sol prepared by
sodium citrate reduction process with fifteen minutes of
magnetic stirring. Then, to this surface modified Au sol, active
SiO, was added, the solution was stirred and after 24 hours,
ethanol, tetraethyl orthosilicate (TEOS) and ammonia (NHj)
were introduced into mixture. The reaction mixture was left
undisturbed for 2 days with magnetic stirring and then SiO,
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Fig.5 Synthesis of raspberry-shaped cross-linked poly(methacrylic acid)@cross-linked poly(N-isopropylacrylamide) [CPMAA@CPNIPAM] yolk—
shell microspheres from CPMAA@PNIPAM@CPNIPAM by the self-removal of non-cross-linked PNIPAM.
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Fig. 6 Synthesis of gold—poly(N-isopropylacrylamide) [Au—PNIPAM] yolk shell particles via free radical polymerization.

surface was modified using SS, thus generating Au-SiO,-SS
core-shell nanoparticles. Then, Au-SiO,-PNIPAM  tri-layer
composites were prepared using Au-SiO, core-shell particles
as seeds using conventional radical polymerization, as shown in
Fig. 6.

The Au-SiO, core-shell particles in ethanol solution were
dispersed into poly(vinylpyrrolidone) (PVP) stabilizer. After 15
minutes, NIPAM and BIS were added into the reaction mixture.
The reaction proceeded in the presence of nitrogen atmosphere
and with the addition of potassium per sulfate (KPS) as the
initiator, the polymerization was started and the polymerization
process lasted for 4 hours at 70 °C, thus fabricating the Au-SiO,-
PNIPAM tri-layer composites. Then, the Au-PNIPAM yolk-shell
particles were prepared from Au-SiO,-PNIPAM tri-layer
composites by the etching of the middle layer, ie., SiO, by
dissolution in sodium hydroxide (NaOH).

But this method has some disadvantages as, for example,
during the free radical polymerization process, it is not easy to
monitor the rate of chain propagation; thus, there will be broad-
sized particles. To overpower this drawback, reversible addi-
tion-fragmentation chain transfer (RAFT) polymerization is
used to synthesize yolk-shell microgels.

3.4 Via reversible addition-fragmentation chain transfer
polymerization

Reversible addition-fragmentation chain transfer (RAFT) poly-
merization is a kind of living polymerization concerning
a conventional radical polymerization that is facilitated via
a RAFT agent. RAFT is termed as living or controlled radical
polymerization” and has the advantage that the nanoparticles

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

cores can be formed in situ using this method; the polymeri-
zation process occurs in moderate polymerization conditions
and a vast variety of functional monomers can be used in this
method. Xu et al.® documented the formation of yolk-shell
structured hollow porous polymeric nanospheres via RAFT
polymerization. For this purpose, a mixture of styrene as
a monomer, modified polylactide macrochain transfer agent
(PLA-CTA) whose CTA functional groups acted as the RAFT
groups for chain extension, AIBN as the initiator was added to
the vessel to carry out RAFT polymerization at 70 °C for 24
hours, thus generating the polylactide-b-polystyrene diblock
copolymer (PLA-b-PS). Then, the dissolution of reaction mixture
was carried in carbon tetrachloride (CCl,) solution along with
ferric chloride (FeCls) as a catalyst. FeCl; was used here as
a Lewis acid (triggers Friedel-Crafts alkylation reaction), thus
resulting in the hyper cross-linking of polystyrene, as shown in
Fig. 7(A). Moreover, the hyper cross-linking-directed self-
assembly of PLA-b-PS diblock copolymer precursors into the
core-shell microsphere structure also took place. Then, after
one day at 90 °C, ethanol and water solution was introduced
into the reaction mixture for the termination of the reaction.
Moreover, the hollow cavity in the polymeric framework was
created by the degradation of PLA with the help of byproducts of
Friedel-Craft reaction, i.e., hydrochloric acid (HCl) and FeCl;,
resulting in the fabrication of hollow porous polymeric nano-
spheres. Finally, to encapsulate Pd nanoparticles, the hollow
porous polymeric nanospheres were dispersed in dime-
thylformamide (DMF). Palladium(u) acetate [Pd(OAc),] dis-
solved in DMF was mixed dropwise to the reaction mixture and
agitated for 24 hours at room temperature. The resulting

RSC Adv, 2024, 14, 8409-8433 | 8417
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powder was separated by centrifugation, dispersed in DMF and,
ultimately, sodium borohydride as the reducing agent was
added to the reaction mixture, resulting in the formation of
palladium (Pd) nanoparticles inside the yolk-shell-structured
hollow porous polymeric nanospheres. Then, the same group
also reported the metal ions of ruthenium (Ru) and platinum
(Pt) addition into the same yolk-shell-structured hollow porous
polymeric microspheres, followed by reduction with NaBH,.
The whole process is shown in Fig. 7(B).

However, the drawback of this method is that the polymeric
shell coated on inorganic yolk by the RAFT polymerization
process leads to a thin coating of the shell and there is also

View Article Online
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difficulty in the post-treatment of the product owing to the used
RAFT reagent. Distillation precipitation polymerization is used
to overcome this drawback.

3.5 Via distillation precipitation polymerization

The most widely used surfactant-free heterogeneous polymeri-
zation process for the fabrication of hollow nanostructures with
uniform shape is distillation precipitation polymerization.” It
is the most impactful strategy for covering hydrophilic polymer
on inorganic particles. The distillation precipitation polymeri-
zation strategy for the fabrication of yolk-shell microgel parti-
cles is one of the most widely reported methods in the
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literature.*®**°>*747¢ Du et al.*® explored the preparation of
poly(methacrylic acid-co-ethyleneglycol dimethacrylate)
@poly(N-isopropylacrylamide) [P(MAA-co-EGDMA)@PNIPAM ]|
yolk-shell microspheres via the distillation precipitation poly-
merization method. For this purpose, first of all, poly(-
methacrylic acid-co-ethyleneglycoldimethacrylate) [P(MAA-co-
EGDMA)] microgels cores were fabricated using facile distilla-
tion precipitation copolymerization of MAA and EGDMA with
AIBN as the initiator in acetonitrile. Then, an outer SiO, layer
was coated onto the P(MAA-co-EGDMA) microgels cores by the
sol-gel process to fabricate the poly(methacrylic acid-co-ethyl-
eneglycol dimethacrylate)@silica [(P(MAA-co-EGDMA)@SiO,]
core-shell microspheres. For this purpose, the P(MAA-co-
EGDMA) microgels cores, ammonia and tetraethyl orthosilicate
(TEOS) were incorporated to H,O-ethanol mixture under stir-
ring, the sol-gel process proceeded for 12 hours and then the
P(MAA-co-EGDMA)@SiO,, core@shell microgel particles were
modified using MPS to introduce reactive vinyl groups. Then,
these MPS-modified P(MAA-co-EGDMA)@SiO, core@shell
microgel particles were used as seeds to synthesize poly(-
methacrylicacid-co-ethyleneglycoldimethacrylate)@silica@po-
ly(N-isopropylacrylamide) [(P(MAA-co-EGDMA)
@Si0,@PNIPAM] three-layered sandwich microspheres via the
distillation precipitation copolymerization of BIS and NIPAM as
the monomer and AIBN as the initiator in acetonitrile. Then,
the prepared [P(MAA-co-EGDMA)@SiO,@PNIPAM]| micro-
spheres were drowned in hydrofluoric acid (HF), which caused
the etching of the SiO, layer, resulting in PMAA-co-EGD-
MA@PNIPAM yolk-shell microspheres, as illustrated in Fig. 8.
However, in distillation precipitation polymerization,
a desirable production rate cannot be attained. Moreover,
acetonitrile as the solvent is very toxic, adding to the disad-
vantages of distillation precipitation polymerization. This is the
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drawback of distillation precipitation polymerization method,
which can be overcome using the seed emulsion polymerization
technique for the preparation of yolk-shell microgels.

3.6 Via seed emulsion polymerization

The fabrication of yolk-shell microspheres via the seed emul-
sion polymerization method has been listed in the literature.>**
Zhao et al.*® have reported the fabrication of yolk-shell mag-
netite@void@poly(methacrylic acid) [Fe;0,@void@PMAA]
composite microspheres using seeded emulsion polymeriza-
tion. For this purpose, first of all, super-paramagnetic Fe;0,
particles were fabricated by the solvothermal method; iron(ur)
chloride hexahydrate (FeCl;-6H,0), trisodium citrate and
sodium acetate were dissolved in ethylene glycol (EG) and
diethylene glycol (DEG) under stirring for 30 minutes; the
mixture was autoclaved and heated for 10 hours at 200 °C and
cooled at room temperature to finally obtain super-
paramagnetic Fe;O, particles. To prepare magnetite@silica
(Fe;0,@Si0,) composite microspheres, the SiO, shell was
fabricated employing the Stéber method. The Fe;O0, particles
were dispersed in ethanol, water and ammonia, and the mixture
was ultra-sonicated. Then, TEOS was mixed into the reaction
mixture, and the solution was stirred for 6 hours at 30 °C to
finally obtain Fe;0,@SiO, composite microspheres. The
surface of Fe;0,@SiO, composite microspheres was modified
by dispersing them into ethanol, and MPS is added into the
dispersion for the introduction of vinyl groups to get the
modified Fe;0,@Si0,-MPS composite microspheres. Then, the
core-shell-shell Fe;0,@Si0,@PMAA composite microspheres
were prepared by seeded emulsion polymerization, as shown in
Fig. 9.

For this purpose, the Fe;0,@SiO,-MPS composite micro-
spheres dispersed in ethanol are mixed with SDS via mechanical
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Fig. 8 Synthesis of poly(methacrylic acid-co-ethyleneglycoldimethacrylate)@poly(N-isopropylacrylamide) [(PMAA-co-EGDMA)@PNIPAM]

yolk—shell microspheres via the distillation precipitation polymerization method.

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

RSC Adv, 2024, 14, 8409-8433 | 8419


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00035h

Open Access Article. Published on 12 March 2024. Downloaded on 1/23/2026 6:34:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

oH
TEOS, MPS

FeyO4 particles

Stober Process ! ‘

ol

particles

Z

o

HO

o

———OSI(CH,),0COC

Fe;0,@SiO, composite

SDS, DVB,
MAA, KPS

CH,

n, Seeded emulsion
polymerization

Fey0,@SiO,@PMAA core-
shell shell composite

microspheres
\ Z|E
\ $|%
\ “1=
O s
N\
OH ¢
/
/ Fes0,@void@PMAA yolk
/ shell composite
microspheres

Fig. 9 Fabrication of yolk—shell magnetite@poly(methacrylic acid)
polymerization.

stirring. Degassing was done with nitrogen, after which cross-
linker DVB and monomer MAA were introduced into the reac-
tion mixture and heated at 70 °C. Then, the initiator KPS was
added to the dispersion to initiate polymerization; the reaction
proceeded for 7 hours to obtain Fe;0,@SiO,@PMAA composite
microspheres. The yolk-shell Fe;0,@PMAA composite micro-
spheres were prepared by etching the middle layer of Fe;O,@-
SiO,@PMAA composite microspheres with the help of NaOH.

3.7 Via reflux-precipitation polymerization

The advantage of using reflux precipitation polymerization
technique for the preparation of yolk-shell microgels is that it is
carried out as a continuous or batch process. This feature helps
to get yolk-shell microgel particles with desired properties. This
process allows control over properties like size distribution,
chemical composition and surface charge. Yang et al.*’ reported
the formation of magnetite@void@poly(methacrylic acid)

l'\/\\/‘\/\\ &
n

[(Fes04@PMAA)] composite microspheres using seeded emulsion

[Fe;0,@void@PMAA] yolk-shell microspheres by reflux-
precipitation polymerization method. For this purpose, first of
all, poly(y-glutamic acid) (PGA)-modified Fe;O, nano-clusters
were prepared using the solvothermal reaction. Iron(m) chlo-
ride hexahydrate (FeCl;-6H,0), PGA (as stabilizer) and ammo-
nium acetate (NH,OAc) were immersed in ethylene glycol, the
mixture was supplied with nitrogen atmosphere with stirring
for 1 hour at 160 °C and then transferred to an autoclave,
whereby it was heated at 200 °C for fifteen hours and left to cool
at room temperature to obtain PGA-modified Fe;O, nano-
clusters. These PGA-modified Fe;O, nano-clusters were then
used to fabricate core/shell magnetite@uncross-linked poly(-
methacrylic acid) (Fe;0,@u-PMAA) microspheres using the
reflux-precipitation polymerization, as shown in Fig. 10.
PGA-modified Fe;O, nano-clusters, MAA and AIBN were
dissolved in acetonitrile (AN); the reaction mixture was ultra-
sonicated and heated at 110 °C for 3 hours to fabricate
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Fig. 10 Synthesis of magnetite@poly(methacrylic acid) [FezO,@PMAA]
method.
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Fig. 11 Synthesis of poly(methacrylic)@void@poly(N-isopropropyl-acrylamide) [PMAA@void@PNIPAM] yolk—shell microgels through emulsion

precipitation polymerization.

Fe;0,@u-PMAA microspheres. Then, these Fe;O,@u-PMAA
microspheres were immersed in AN as seeds to fabricate
disulfide cross-linked poly(methacrylic acid) (d-PMAA)-coated
Fe;0,@u-PMAA@d-PMAA core-shell microspheres employing
reflux precipitation polymerization. To synthesize Fe;O,@u-
PMAA@d-PMAA core-shell microspheres, Fe;O,@u-PMAA,
N,N-bis(acryloyl)cystamine (BACy) as cross-linker, AIBN and
MAA were dissolved in AN. Then, finally, the Fe;O,@u-
PMAA®@d-PMAA core-shell microspheres were immersed in
ethanol for three hours to remove the uncross-linked PMAA
cores to obtain yolk-shell Fe;0,@PMAA microspheres.

The limitation of reflux precipitation polymerization method
is that due to high polymerization temperature, only the
thermo-stable material can be used. This drawback can be
overcome using the emulsion precipitation polymerization
method for the synthesis of yolk-shell microgels.

3.8 Via emulsion precipitation polymerization

Liu et al.*® documented the synthesis of pH and temperature
dual-responsive poly(methacrylic)@void@poly(N-isopropropyl-
acrylamide) [PMAA@void@PNIPAM] yolk-shell microgels
having pH-responsive PMAA cores and temperature-sensitive
PNIPAM shells using emulsion precipitation polymerization.
For this purpose, first of all, the PMAA cores were fabricated via
distillation precipitation polymerization by dissolving MAA,
cross-linker ethylene glycol dimethacrylate (EGDMA) and initi-
ator (AIBN) into acetonitrile. Then, a facile emulsion precipi-
tation polymerization method was wused to fabricate
PMAA@void@PNIPAM yolk-shell microgels. PMAA cores,
NIPAM, BIS and sodium dodecyl sulfate (SDS) were dispersed
into water, as shown in Fig. 11.

The reaction mixture was heated to 70 °C after degassing
with nitrogen and ammonium persulfate (APS) was added as an
initiator to carry out the polymerization process for 6 hours,
thus fabricating the PMAA@PNIPAM microgels. All the core and
shell materials in PMAA@PNIPAM microgels shrank by
removing the solvent (H,0). Due to full swelling in H,O, the
PMAA cores in the PMAA@PNIPAM microgels showed greater
volume shrinkage ratio, which resulted in the formation of
a hollow layer between the PNIPAM shells and PMAA cores, thus
fabricating PMAA@void@PNIPAM yolk-shell microgels. But
Liu et al.** were not able to give intuitive proof for the yolk-shell
structure of PMAA@void@PNIPAM microgels. The drawback of

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

this strategy is that the encapsulation efficiency of polymeric
shell on the yolk was low for emulsion precipitation
polymerization.

4. Characterization

To discover morphology and structural changes due to the
external stimuli of yolk-shell microgels and their hybrids,
various analytical techniques are used. The details of different
techniques reported for yolk-shell microgels and their hybrids
are described in Table 2.

5. Properties of yolk—shell microgels
and hybrids

On the basis of structural constituents, the characteristics of
yolk-shell microgels and their hybrids can be divided into two
classes, i.e., on the basis of a polymeric network, i.e., the shell of
the yolk-shell microgel system and on the basis of the yolk of
the yolk-shell microgel system.

5.1 On the basis of the polymeric network

The polymeric network or shell of the yolk-shell microgels
contain moieties that respond to the changes in the environ-
mental stimuli. The details of the responsive behavior of yolk-
shell microgels and their hybrids on the basis of polymeric
network is given below. A brief summary of the properties of
yolk-shell microgels on the basis of their polymeric network is
described in Table 3.

5.1.1 Thermoresponsive yolk-shell microgels and their
hybrids. The most widely reported thermoresponsive polymeric
networks are made up of PNIPAM.**%*%% For PNIPAM
microgels, there is a well-defined volume transition at a specific
temperature of 32 °C in an aqueous medium called volume
phase transition temperature (VPTT). This transition is revers-
ible under cooling and heating cycles. A fractional change in the
size of the microgel due to the absorption of water is called the
swelling ratio [(Ds/Dps)’]. The swelling ratio calculated from the
data of dynamic light scattering (DLS) measurements proved
the thermoresponsive behavior of PNIPAM microgels. When the
temperature of the medium is increased, the hydrogen bond
between the amide functionality of the PNIPAM microgels
network and water is broken down, and the system changes

RSC Adv, 2024, 14, 8409-8433 | 8421
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Table 2 Summary of various techniques employed for the characterization of yolk—shell microgels and their hybrids
Composition of yolk-shell microgels and their
Characterization technique  Applications hybrids Ref.
Thermogravimetric The thermal stability of yolk-shell microgels was P(MAA-co-EGDMA)@void @P(NIPAM-co-MAA) 48
analysis explored Fe;0,@void@PMAA 30
Fe;0,@void@PMAA@void@PNIPAM 54
Energy dispersive X-ray Mass content of metal in hybrid yolk-shell Ag@air@PMAA 75
(EDX) analysis microgels was discovered
X-ray photoelectron Concentration of metal in hybrid yolk-shell PS@void@PS-co-PMAA 77
spectroscopy (XPS) microgels was predicted Fe;0,@void@PMAA@void@PNIPAM 54
Vibrating-sample To determine the saturation magnetization of Fe;0,@void@PMAA 78
magnetometry (VSM) magnetic particles, present in yolk-shell microgels  SiO,-Fe;0,@void@P(BIS-co-MAA) 71
X-ray diffraction (XRD) To determine the size of the nanostructure Fe;0,@void@PMAA@void@PNIPAM 54
spectroscopy To determine the crystal structure of nanoparticles
of the yolk-shell hybrid. Microgels
Dynamic light scattering To determine the Dy, of yolk-shell microgels in Au@void@PNIPAM 46
(DLS) swollen and de-swollen state PMAA@void@PNIPAM 50
P(MAA-co-EDGMA)@void @ PNIPAM 49
To determine the size distribution of microgels Si0,-Fe;0,@void @P(BIS-co-MAA) 71
Fe;0,@void@PMAA 79
Fourier transform infrared To determine the bonds present in the network of Ag@void@PMAA 75
(FT-IR) spectroscopy hybrid yolk-shell microgels CPMAA@void @CPNIPAM 72
Fe;0,@void@PMAA 78
Fe;0,@void @PMAA@void @PNIPAM 54
Au-Fe;0,@void @PNIPAM 80
Fe;0,@void@PMAA 30
Scanning electron To determine the morphology of hybrid yolk-shell Fe;0,@void@PMAA 78
microscopy (SEM) microgels
UV-visible spectroscopy To determine the optical properties of hybrid yolk-  CPMAA@void@CPNIPAM 72
shell microgels
The dimensions of nanostructures were predicted
Transmission electron The shape and size distribution of hybrid yolk-shell =~ P(MAA-co-EGDMA)@void @P(NIPAM-co-MAA) 48
microscopy (TEM) microgels was investigated PMAA@void@PNIPAM 50
Au-Fe;0,@void @PNIPAM 80
Si0,-Fe;0,@void@P(BIS-co-MAA) 71

from hydrophilic to hydrophobic. This will result in a decrease
in the hydrodynamic radius (Ry,) of the polymeric network. Wu
et al.’” documented the fabrication of Au-PNIPAM yolk-shell
hybrid microgels and studied their catalytic activity towards the

Table 3 Properties of yolk—shell microgels on the basis of their polymeric network and characterization

reduction of 4-NP and nitrobenzene in response to changes in
the temperature of the medium. The conversion of 4-nitro-
phenol (being hydrophilic in nature) is favored below VPTT
because the Au-PNIPAM yolk-shell hybrid microgels system is

S. No.

System

Polymeric network

Property Characterization

Ref.

8422 | RSC Adv, 2024, 14, 8409-8433

Gold@void@poly(N-

PNIPAM

isopropylacrylamide)
[Au@void @PNIPAM]

Poly(acrylic acid)@void@poly(2-

PHEMA

hydroxyethylmethacrylate)
[PAA@vOid@PHEMA]

Silica-magnetite@void@poly(N,N'-

MAA

methylenebisacrylamide-co-methacrylic
acid) [SiO,-Fe;0,@void@P(BIS-co-MAA)]

Poly(e-caprolactone)@void@poly(e-

PCL/Fe;04

caprolactone)/magnetite
[PCL@VOid@PCL/Fe;0,]

Poly(methacrylic acid-co-ethyleneglycol

PNIPAM

dimethacrylate)@void@poly(N-
isopropylacrylamide) [P(MAA-co-EGDMA)

@void@PNIPAM]

Thermal response DLS, UV-Vis, TEM

Thermo-sensitivity FT-IR, FE-SEM and TEM
PH sensitivity TEM, FT-IR, DLS
Magnetic

XRD, SEM, FT-IR

Thermal response DLS, TEM, FT-IR

46

53

71

82

49
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Fig. 12 Thermoresponsive behavior of PAA@void@PHEMA yolk—shell microgels; below VPTT, the outer shell is in a swollen state and inter-
molecular H-bonding dominates in PHEMA, while above VPTT, intramolecular H-bonding dominates and the polymeric system is in a deswollen

state.

in the hydrophilic state. When the temperature is increased
from the VPTT, Au-PNIPAM yolk-shell hybrid microgels system
becomes hydrophobic with the loss of water and goes to
a shrunken state, which favors the reduction of nitrobenzene
(being hydrophobic in nature).

Nikravan et al® have explored poly(acrylic acid)
@void@poly(2-hydroxyethyl ~ methacrylate) (PAA@void@-
PHEMA) yolk-shell polymeric system with the thermores-
ponsive PHEMA shell in terms of variation of absorbance with

35
3 = ==
25
5 2
g: 1.5
g
1 sk
e PMAA@void@PMAA’ yolk shell
’ microgels
0 T T T T T T T
3 4 5 6 7 8 9 10

pH

Fig. 13 The pH-responsive behavior of the PMAA@void@PMAA
polymeric system; with an increase in the pH of the medium, the size
of the polymeric system is also increased. The hydrodynamic volume
also increases with an increase in the pH of the medium.

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

temperature. The thermosensitive behavior of PHEMA arises
owing to competition between intermolecular and intra-
molecular hydrogen bonding at different temperatures. Below
VPTT, there is an intermolecular hydrogen bonding between the
carbonyl and hydroxyl groups of PHEMA with water (H,0) and
microgel is in the swollen state, i.e., hydrophilic. When the
temperature is increased above VPTT, intramolecular hydrogen
bonding between the carbonyl functionalities and the hydroxyl
group of PHEMA dominates. This results in the deswelling of
the polymeric network and imparts hydrophobic properties to
the microgel. The process is shown in Fig. 12. However, further
investigation is still needed to prove the thermosensitive
behavior of the PAA@void@PHEMA yolk-shell polymeric
system in terms of the measurement of the change in the
hydrodynamic diameter with temperature using DLS because
PHEMA is generally supposed to be insensitive to temperature.

Wau et al.*> documented the growth of Au yolk (15 nm, 67 nm,
and 95 nm) in Au@PNIPAM yolk-shell microgels and studied
the effect of temperature on the hydrodynamic diameter of
these cross-linked yolk-shell polymeric systems. They noticed
that there was a gradual decrease in the Dy, values of all these
yolk-shell microgels with the variation in the temperature of the
medium.

5.1.2 pH-responsive yolk-shell microgels and their
hybrids. The polymeric network, ie., the shell of the yolk-shell
microgels may have some functionalities which can ionize, for
example, the presence of some basic or acidic groups in them.

RSC Adv, 2024, 14, 8409-8433 | 8423


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00035h

Open Access Article. Published on 12 March 2024. Downloaded on 1/23/2026 6:34:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Owing to the presence of these functionalities, the yolk-shell
microgels can respond to changes in the pH of the medium.> This
property of yolk-shell microgels is called pH sensitivity.

Liu et al** have reported the pH-sensitive poly(N,N'-methyl-
enebisacrylamide-co-methacrylic acid) [P(BIS-co-MAA)] hollow
polymeric microspheres with moveable magnetic/silica core and
investigated their pH-sensitivity using DLS measurements. The
hydrodynamic radius (Ry,) of P(BIS-co-MAA) was 577 nm at pH = 3.
With an increase in pH from 3 to 7, R}, increased to 640 nm.
Further increase in the pH to 11 again increased the R;, to 742 nm.
This increase in Ry, was observed owing to the partial ionization of
COOH functional groups of poly(methacrylic acid) [PMAA]. The
repulsion in carboxylate (COO™) ions and hydrophilic nature at
higher pH values resulted in an increase in the Ry, value.

Li et al** investigated the pH sensitivity of multilayered
hybrid yolk-shell polymeric system with different cross-linking
density of PMAA. The hydrodynamic diameter (D) of
PMAA@void@PMAA polymeric system was determined by DLS
measurement and compared with single shell PMAA hollow
microspheres. Both types of polymeric systems show a consid-
erable increase in Dy, with an increase in the pH of the medium.
At higher pH, the COOH groups of PMAA are deprotonated and
are in a swollen state. This size transition is reversible with
variation in the pH of the medium. The PMAA shell with higher
cross-linking density shows resistance to size variation. The

View Article Online

Review

swelling ratio ((Rn/Rn,4)°, Rn4 = hydrodynamic radius at pH = 4)
of PMAA (with lower cross-linking density) is increased by
a factor of 3.9 when the pH is raised from 4 to 8, while PMAA
(with higher cross-linking density) shows only an increase by 2.9
factor when the pH of the medium is raised from 4 to 8. The
transition in the size of the prepared PMAA@void@PMAA
polymeric system due to the variation in the pH of the medium
is shown in Fig. 13.

5.1.3 Ionic strength responsive yolk-shell microgels and
their hybrids. The polymeric shell of yolk-shell microgels may
have ionizable functionalities. Such kind of yolk-shell micro-
gels show size dependency on the ionic concentration in the
medium. Li et al.*® have reported silver@void@poly(methacrylic
acid) [Ag@void@PMAA] hybrid nanorattles and investigated the
effect of ionic strength on their size, as shown in Fig. 14. The
outer shell of the prepared microgel is PMAA and it is pH
sensitive. At a higher pH value, PMAA is completely ionized and
exists in a swollen state. At this stage, it is highly sensitive to the
ionic strength of the medium. There is a significant reduction in
the size of the microgel when the concentration of sodium
chloride (NaCl) in the medium is raised from 0.1 to 1.0 M. At
a pH of 9.2, the COOH groups of PMAA are completely ionized.
There is an electrostatic force of repulsion between the COO™
groups, which allows the shell to adopt a swollen state. When
the concentration of salt (NaCl) is increased from 0.1 to 1.0 M,

0

+
Nig
0. e H,C

CI,

0 Ni

CI,
H,C HiC

C Y

H, &

o 2 L
L

NaCl=0.1 M, pH =9.2

NaCl=1M, pH =9.2

Silver@void@poly(methacrylic acid) yolk-shell hybrid microgels

Fig. 14 Effect of increasing salt concentration on the size of the polymeric network. With an increase in the salt concentration, the size
decreases due to the presence of oppositely charged ions to counter the repulsive effect.
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Table 4 Characteristics of yolk—shell microgels on the basis of the nature of the yolk and their characterization

S. No. System Yolk

Property Characterization Ref.

1 Poly(methacrylic acid-co-ethyleneglycol
dimethacrylate)@void@poly(N-
isopropylacrylamide-co-methacrylic acid)
[P(MAA-co-EDGMA)@void @P(NIPAM-co-
MAA)]

2 Polymethacrylic acid@void@poly(N-
isopropylacrylamide)

[PMAA@void @PNIPAM]

3 Polyacrylic acid@void@poly(2-
hydroxyethyl methacrylate)
[PAA@void@PHEMA]

4 Silver@void@microporous polymer Ag
nanoparticles [Ag@void @MPNPs]

5 Magnetite@void@polymethyl
methacrylate [Fe;0,@void@PMMA]

6 Magnetite/silica@void@poly(N,N'-
methylenebisacrylamide-co-methacrylic
acid) [Fe;0,/SiO,@void @P(BIS-co-MAA)]

7 Magnetite@void@poly(acrylic acid-co-
ethylene glycol dimethacrylate)
[Fe;0,@air@P(AA-EGDMA)]

8 Magnetite@void@poly[(ethyleneglycol
dimethacrylate)-co-(N-vinylcarbazole)]
[Fe;0,@void@P(EGDMA-co-NVCz)]
microspheres

PMAA

PAA

Fe;0,

Fe;0,/Si0,

Fe;0,4

Fe;0,4

more sodium ions (Na") are available to counter the charge on
carboxylate ions. This shielding of charge reduces the osmotic
pressure and internal repulsion in the shell, leading the PMAA
shell to a de-swollen state.

5.2 On the basis of yolk

Various properties of yolk-shell microgels and their hybrids
depend upon the type of the yolk present in yolk-shell poly-
meric system, such as pH sensitivity, antibacterial, magnetic
and optical properties. The yolk® of the yolk-shell microgels
may have few ionizable moieties like carboxyl (COOH) groups
and amine functionalities, which get protonated or de-
protonated by a variation in the pH of medium, gives pH
sensitivity to yolk-shell microgels. Du et al.*® have documented
poly(methacrylic acid-co-ethyleneglycol dimethacrylate)
@void@poly(N-isopropylacrylamide) [P(MAA-co-EDGMA)
@void@PNIPAM] yolk-shell microspheres and discussed their
pH-sensitive behavior. DLS was employed to determine the
effect of media pH on the D, value of P(MAA-co-EDGMA) the
yolk of yolk-shell microgels. They observed that at 25 °C, when
the pH of medium was varied from pH = 3 to pH = 11, D
increased gradually from 150 nm to 224 nm. This increase in
hydrodynamic diameter results owing to electrostatic repulsion
present between the carboxyl anions of poly(methacrylic acid)
[PMAA] component of the P(MAA-co-EDGMA) yolk of yolk-shell
microgels. As the pH or alkalinity of the solution increases,
carboxyl functionalities ionize into carboxyl anions, resulting in
more hydrophilic and extended chains of PMAA.

Wau et al.*” have elaborated gold-poly(N-isopropylacrylamide)
[(Au-PNIPAM)] yolk-shell microgel particles and discussed the

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

P(MAA-co-EDGMA)

PH sensitivity TGA, TEM FT-IR 48

PH sensitivity FT-IR, TEM FE-SEM 55

PH sensitivity FT-IR, FE-SEM TEM 65

Antibacterial activity XRD, UV-Vis, DLS 83

Magnetic behavior VSM, SEM, TEM, XRD, TGA 78

Magnetic behavior TEM, FT-IR, VSM, DLS 71

Magnetic behavior TEM, TGA, FT-IR, XRD 84

Magnetic behavior FT-IR, TEM, VSM, UV-Vis, 85

florescence spectroscopy

optical properties of the yolk-shell microgel system that arises
due to the presence of the Au yolk. One of the most captivating
features of Au-PNIPAM yolk-shell composites is surface plas-
mon resonance wavelength (Aspr) that can be tuned by varying
the temperature of the medium. For Au-PNIPAM yolk-shell
composites, the value of Aspg was found to be 547 nm at 15 °C in
aqueous medium and is shifted to increased wavelength (Aspr =
557 nm) when the temperature is increased up to 50 °C. This
increment in value of Agpg With an increase in the temperature
of the medium is caused by an increase in the local refractive
index around the Au yolk nanoparticles as a result of volume
phase transition (VPT) of Au-PNIPAM yolk-shell composite
system. On account of this variation in Agpg With a variation in
temperature, optical temperature sensors can be developed.
Table 4 shows the properties of yolk-shell microgels on the
basis of the nature of the yolk and their characterization.

6. Applications
6.1 Catalytic applications

Catalysts provide an accelerated path toward the desired
product with lower activation energy. The most widely used
catalysts are MNPs with higher surface area and
recyclability.®**® One of the major challenges linked with the
utilization of bare metal nanoparticles as catalysts is their
aggregation owing to the high surface energy they possess. This
reduces the surface area for catalysis and hence the produc-
tivity. To avoid this problem, yolk-shell nanostructures have
been reported as stable and effective catalysts because of their
structure-based novel properties.*** Although the introduction
of a shell prevents aggregation and provides stability to the

RSC Adv, 2024, 14, 8409-8433 | 8425
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Au@void@P(BIS)
yolk-shell hybrid
microgel

HO

Au@void@PNIPAM yolk-shell hybrid polymeric
system

(A) The mechanism of reduction of 4-NP to 4-AP using the Au@void@P(BIS) hybrid polymeric system. The reduction of 4-NP follows the

Langmuir—Hinshelwood mechanism. (B) The thermo-responsive selectivity of Au@void@PNIPAM yolk—shell hybrid microgels. Below VPTT, the
reduction of 4-NP is favorable due to the hydrophilic nature of the polymeric network and above VPTT, the reduction of NB is favorable because

of the hydrophobic nature of the polymeric network.

nanoparticles (NPs), it delays the encounter of the reactant
molecules with the NPs because of the thick shell and reduces
the catalytic activity.

Thus, to address the previously mentioned issues and
enhance both stability and efficiency of NPs-based catalysts, the
outer shell around catalytically active metallic core should be
porous, and there should be free space like the yolk system of an
egg between the metallic core and the outer porous shell that
will provide room to reactants for reaction. If the outer shell is
a cross-linked polymeric network, then the system is called
a yolk-shell hybrid microgel. Yolk-shell hybrid microgels with
efficient and stable catalytic activities are widely reported in the
literature.>>?#3%3>%> Lju et al.*® have explored the fabrication of
Au-poly(N,N'-methylenebisacrylamide) [Au-P(BIS)] yolk-shell
system with movable Au yolk and investigated its catalytic
activity using a model reaction of transformation of 4-nitro-
phenol (4-NP) to 4-aminophenol (4-AP) in the presence of an
excess of sodium borohydride (NaBH,). To investigate the
catalytic applications, a yellow-colored solution of 4-NP and
NaBH, having UV-Vis absorption at 400 nm (4. associated

8426 | RSC Adv, 2024, 14, 8409-8433

with 4-nitrophenolate ions) was taken in a cuvette to monitor
the variation in the absorbance value at 400 nm. No significant
shift in the value of absorbance at 400 nm was noticed. Then,
the Au@void@P(BIS) yolk-shell microgel was added to the
solution, the yellow color of the solution started to disappear
and a new peak at 300 nm (A linked with 4-AP) in UV-Vis
spectra appeared, confirming the conversion of 4-NP to 4-AP.
In the absence of Au@void@P(BIS), BH, does not possess
enough energy to reduce 4-NP. When Au@void@P(BIS) is added
to the solution, BH, and 4-nitrophenolate ions diffuse into the
polymeric system, and a reaction is initiated by the shifting of
the electron from BH, to 4-nitrophenolate ion on the surface of
the Au core. The product 4-AP then desorbs from the surface of
Au and diffuses out of the P(BIS) shell, as shown in Fig. 15(A).
The value of the apparent rate constant (k,,,) was predicted by
applying pseudo first order kinetic model as given in the
equation below.

dc,

T3 = kapp @

& (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CH,(CH,),5(CH,);N* + AuCl,-

HO

(0]

+ AuCl-CTA

HO.
HO OH

Ascorbic acid

Radical + AuCl;-CTA ————

———————— CH,(CH,),5(CH,);N-AuCl,

AuCl,-CTA + HCI1 + Dehydroascorbic acid

Fast

AuCl,-CTA

\

+ AuCl,-CTA + HCI

QCIZ-CTA + Ascorbic acid

Au® + radical + HCI + cma/

Scheme 1 The mechanism of reduction of Au(i) with ascorbic acid for the growth of Au yolk of Au@void@PNIPAM in the presence of CTAB.

Here, C, is the concentration of 4-NP at any time ¢, and kpp, is
the apparent rate constant that can be determined from the

C .
slope of lnc—t versus time plot.
0

The yolk-shell hybrid polymeric system with stimuli tunable
selectivity of catalytic activity has also been reported in the
literature.*® Wu et al.’’ have explained Au@void@PNIPAM
yolk-shell microgels with temperature-dependent tunable
selectivity for catalysis. PNIPAM has a VPT temperature of 32 °C
in aqueous medium. Below this value of temperature, PNIPAM
has a hydrophilic nature and exists in a swollen state. Hence,
below VPTT, 4-NP molecules, being hydrophilic in nature, can
diffuse into the shell and get reduced to 4-AP in the presence of
an excess of NaBH,. When the temperature is increased from
VPTT, the polymeric shell obtains a hydrophobic nature and
acquires a de-swollen state. Under these conditions, 4-NP
cannot penetrate into the polymeric system, but the reduction
of hydrophobic nitrobenzene (NB) to aminobenzene (AB) is

o
H,C, ®
\/U\(m

s AA B

Polymerization

Yolk-shell polymeric
system

favored. Thus, at a temperature lower than VPTT, 4-NP is
reduced faster, and at a temperature higher than VPTT, NB is
reduced faster in aqueous medium. The reduction of 4-NP and
NB at different temperatures is shown in Fig. 15(B).

Jia et al®® have reported Au@void@PS and Pt@void@PS
nanocapsules and studied their catalytic activity for multiple
reactions. Au@void@PS nannocapsules were used for the
oxidation of benzaldehyde and benzyl alcohol while the
Pt@void@PS nanocapsules were employed for the hydrogena-
tion of cyclohexene. The catalytic activity of Au@void@PS and
Pt@void@PS nanocapsules was compared with bare Au NPs
and Pt NPs. The yolk-shell structured nanocapsules showed
efficient catalytic activity.

6.2 Nanoreactors

Yolk-shell microgels and their hybrids can be employed as
nanoreactors for the preparation and stabilization of

PAA

Polymerization of AA inside the
yolk-shell polymeric system

Fig. 16 The fabrication of acrylic acid inside the polymeric yolk—shell microgels by thermal polymerization in the presence of Zn* as a physical

cross-linker.
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nanoparticles. Wu et al.** have discussed the fabrication of
Au@void@PNIPAM yolk-shell microgels having movable yolk
and used this system as a nanoreactor for the further growth of
Au nano yolk. The movable yolk of the prepared polymeric
system is used as a seed for the further growth of Au NPs by the
reduction of tetrachloroauric acid (HAuCl,) using ascorbic acid
(AA) as a reductant in the presence of cetyltrimethyl ammonium
bromide (CTAB). CTAB provides stability and prevents
secondary nucleation in the solution. AA, being a mild reduc-
tant, reduces Au(m) to Au(i) oxidation state in the presence of
CTAB. The use of already prepared Au yolk as the seed favors the
catalytic reduction of Au(1) particles to Au® NPs on the surface of
the yolk, as shown in Scheme 1. The increase in the size of Au
yolk was proved by TEM investigation of the hybrid system.

Guo et al.® have discussed the fabrication of poly(acrylic
Acid) (PAA) gels in aqueous void space between the yolk and
polymeric shell of the yolk-shell polymeric system. The water-
soluble monomer acrylic acid (AA) units have a small size and
can easily diffuse into the polymeric shell. The thermal poly-
merization of AA produces anionic polyelectrolyte (PAA), which
cannot diffuse out of the polymeric shell. PAA polymerizes
inside and outside of the polymeric network producing a hard-
boiled yolk-shell morphology when the buffer containing
divalent zinc ions is added, which acts as a physical cross-linker
to form PAA hydrogel in the void of the yolk-shell system, as
shown in Fig. 16. These results confirmed the ability of the yolk-
shell polymeric systems to carry out chemical reactions within
the yolk-shell microgel system to produce a new useful poly-
meric system.

6.3 Antibacterial activity

Du et al.** have reported a yolk-shell polymeric network with
silver (Ag) yolk and studied their antibacterial activity against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
using bacterial inhibition ring test. Antibacterial tests were
conducted over 10 to 60 hours of bacterial culturing. Two
samples were tested for antibacterial activity, one was blank and
the other with the yolk-shell polymeric network. Bacteria
continuously grew around blank sample, but no growth around
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the Ag-yolk based polymeric network was observed over 60
hours of time. Most of the antibacterial agents possessed anti-
bacterial activity for 24 hours. But this system sustained activity
for 60 hours with good efficiency.

The mechanism of antibacterial activity of Ag NPs is built on
the release of Ag" ions by the oxidation of Ag® in acidic medium.
The yolk-shell polymeric system sustains the release of Ag"*. As
the bacterial membrane is acidic in nature and possesses an
oxidizing environment, thus, this accelerates the conversion of
Ag NPs to Ag" (Fig. 17). A higher concentration of Ag" disrupts
the outer membrane of the bacteria and leads to a reduction in
the cell viability, ultimately killing the bacteria. The driving
force behind the penetration of Ag" ions into the cell wall is
a strong interaction between Ag' ions and thiol groups of
cysteine proteins in the cell wall of the bacteria. The collection
of Ag” ions in the cell wall causes the formation of pits in the cell
wall and ultimately destroys the bacterial cell wall. The rate of
bacterial killing is linked to the rate of change of mass of Ag
yolk, which ultimately depends upon the concentration of
oxygen, hydrogen ions, Ag content and temperature of medium,
as shown in Fig. 17.

6.4 Drug delivery

Microgels possess three-dimensional cross-linked polymeric
network and have the ability to hold a large amount of solvent,
mostly water. This property of the microgels makes them
biocompatible and a potential member for drug delivery
systems (DDS). One of the main issues associated with these
systems and other conventional systems is that they cannot
distinguish between affected and unaffected cells and have
detrimental effects. For example, most of the cancerous cells
have pH value in the range of 6.0 to 7.0, while blood and normal
tissues have a pH of 7.4.°* Owing to this pH change, smart
polymeric networks have gained wide attention in stimulus-
responsive tunable controlled drug delivery.®>** Recently, the
yolk-shell polymeric networks attracted the attention devising
modern DDS with more control over drug uptake and release
and higher efficiency.?%*»%1,5%63659 Dy et ql.** have discussed the
fabrication of multi-responsive yolk-shell polymeric DDS. The

Kinetics
1
249 5) + 5 02(aq) + 2H" & 249, + H20(
dm S
()49 = k[AgNP][02])2[H7]
_Ea
k = Ae(RT

dm -k, 1
(gp)ag = k= AT [AgNP[0, ]2 [H* |2

Fig. 17 Pictorial view of the antibacterial activity of Ag-based yolk—shell polymeric systems and the kinetics of oxidation of Ag NPs to Ag* ions,

the actual warriors.
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pH=8.0&T=25C

pH=50&T=37C

P(MAA-co-EGDMA)@void@P(NIPAM-co-MAA) yolk-shell polymeric
system

Fig. 18 The drug loading and drug releasing of the yolk—shell polymeric network P(MAA-co-EGDMA)@void@P(NIPAM-co-MAA) at different pH

values and temperatures.

prepared yolk-shell polymeric network [P(MAA-co-EGDMA)
@void@P(NIPAM-co-MAA)] was tested for drug delivery appli-
cations using 4-substituted-2,5-dimethoxyamphetamines (DOX)
(an anticancer drug) as a model drug to be delivered. The yolk of
this polymeric system is pH-responsive; with an increase in the
pH of the medium, the drug uptake capacity also increases.
When the pH increases from 5.0 to 10.0, the drug loading
capacity (DLC) (calculated using eqn (2)) is increased from
2.91 wt% to 27.03 wt%. The drug loading capacity reaches its
peak value at pH = 8.0, while decreasing the pH value to 5.0
lowered the drug loading capacity because of the unavailable
electrostatic interaction between the carboxyl functionalities of
the polymeric yolk and positively-charged DOX. The effect of
electrostatic interactions is negligible; in fact, DOX loading is
a physical process and follows the adsorption mechanism. At
high pH, the yolk is in a swollen state and has large meshes;
thus, DOX can easily penetrate into it. The release phenomenon
is inverse to this: with a decrease in pH, the polymeric yolk
deswells and the drug is forced to move out. At 37 °C, with
a decrease in pH from 7.4 to 5.0, the percentage increase in drug

Table 5 The adsorption of metal ions at different pH values

release from 27.1% to 67% is observed in 47.5 hours. The
presence of an outer polymeric shell hinders the drug release.
But in the current scenario, the outer polymeric shell is
P(NIPAM-co-MAA), which is temperature-responsive and has
a VPPT of 32 °C, which is lower than the body temperature, i.e.,
37 °C. At this temperature, the outer polymeric shell also
shrinks and helps to increase the drug release efficiency.
Moreover, by increasing the cross-linking density of the poly-
meric yolk, the drug release capacity also increases. The drug
loading and releasing of the yolk-shell polymeric system is
shown in Fig. 18.

weight of drug loaded in yolk (mg)

100
total weight of yolk (mg) x

DLC = (2)

6.5 Lithium-sulfur batteries

Rechargeable batteries have gained the attention of modern-day
studies because of their wide usage from daily life to industries.
Different types of rechargeable batteries have been reported.

pH of the medium

Amount of metal ions adsorbed [g.

(mmol g~ )] for different metals 2 3 4 5 6 7

cu* 0.74 1.0 2.38 3.72 3.3 2.11
Pb** 0.40 0.7 1.21 2.35 2.48 1.82
cr’t 0.37 0.61 1.17 1.61 2.41 1.78
cd** 0.28 0.43 0.76 0.81 1.2 0.74

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Among these, lithium-sulfur (Li-S) batteries are considered as
a suitable candidate to hold the position of modern-day energy
storage systems owing to their large theoretical energy density
of 2600 W h kg ' (ref. 95) and environment-friendly nature,
abundance and cost-effectiveness of sulfur.”® The yolk-shell
structures have been reported in the literature for energy
storage applications.”” The protection of the yolk of the yolk-
shell structures by the shell and the empty space between the
shell and yolk make them suitable for energy storage applica-
tions. However, the main problem with sulfur-based storage
batteries is the low loading of sulfur on the yolk-shell system.
To counter this problem, Zhang et al.** have reported sulfur@-
void@polypyrrole [S@void@PPy| hydrogels and used them as
storage material for Li-S batteries. A coil cell system was used to
measure the electrochemical performance of the prepared yolk-
shell composites. A mixture of the yolk-shell composite, poly-
vinylidene fluoride (adhesive) and carbon black was formed.
Then, N-methyl-2-pyrrolidone (NMP) was mixed to this mixture
and agitated. A slurry was formed and transferred on Al foil and
heated in a vacuum at 60 °C for 12 hours. A glove box filled with
pure argon was used to assemble the cells. The counter elec-
trode and separator were made of Li foil and polyethylene film,
respectively. The electrolyte [LiN(CF3SO,),(LiTFSI) in a mixture
of 1,3-dioxolane and 1,2-dimethoxyethane] was added to the
cells. Electrochemical studies proved the good reproducibility
and efficient stability of the yolk-shell composites. The cyclic
charging and discharging performance were measured and
compared with other systems (S@PPy composites).
S@void@PPy showed better cyclic performance because of the
void between sulfur and the PPy shell. The details of charging
and discharging phenomenon and interpretation of the elec-
trochemical parameters of the Li-S batteries are beyond the
scope of this review.

These novel S@void@PPy hydrogels served as the best
candidate for Li-S batteries because of the following reasons.

(i) They contained sulfur as the core with a high percentage
about 98.4%.

(ii) The volume-change of sulfur during the cycling process is
facilitated by the voids between the yolk and shell of the
composite.

(iii) The shuttle effect is minimized as polysulfides were
absorbed by PPy.

6.6 Adsorption of metal ions

The concentration of heavy metal ions in the environment is
increasing day-by-day. These metal ions are indestructible and
get accumulated in living organisms, causing serious health
issues. Researchers apply various methods like ultra-filtration,*®
ion-exchange,” phyto-extraction,'® reverse osmosis,'** electro-
dialysis'** and precipitation'® for the elimination of metal ions
from aqueous medium. Yolk-shell microgel systems can also be
used for the extraction of heavy metal ions from aqueous
medium. For example, Zhao et al.*® reported a pH-responsive
yolk-shell Fe;O,@void@PMAA hybrid polymeric system for
the adsorption of metal ions. Because PMAA has a large amount
of COOH groups, the hydrophilic permeable shell, void space in

8430 | RSC Adv, 2024, 14, 8409-8433
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yolk-shell system and cost effectiveness make Fe;0,@-
void@PMAA hybrid polymeric system a suitable candidate for
the adsorption of metal ions. The adsorption of copper(u) ions
(Cu®"), lead(n) ions (Pb**), chromium(u) ions (Cr**), and cad-
mium(n) ions (Cd**) on Fe;0,@void@PMAA hybrid polymeric
system were studied at various pH values of the medium, as
shown in Table 5. When the pH is increased from 2 to 5, there is
an increase in the adsorption concentration, but when the pH
reached 7, the adsorption decreases. The optimum pH for
adsorption was between 5.0 and 6.0. When the pH was lower
than 3.0, the PMAA shell is in protonated form and hinders the
adsorption of metal ions on the polymeric network. With an
increase in pH to 5.0, PMAA molecules were deprotonated with
a swollen network and there was an electrostatic force of
attraction between metal ions and COO~ groups; hence,
adsorption was optimum. A further increase in the pH reduces
the adsorption of metal ions because of the formation of metal
hydroxide. This adsorbent system was compared with other
microgel systems used for the adsorption of metal ions and was
proved to be the best one among them.

The amount of metal ions adsorbed on the yolk shell hybrid
system was calculated by the following equation.

(Co—C)x V

= e — 3
q 7 = 4 (3)

where Cy, and C. are the initial and equilibrium amounts of
metal ions (mg L"), respectively, V corresponds to the volume
of metal ion solution (L), A denotes relative atomic weight of
metal ions (mg mmol ') and W stands for the weight of the
adsorbent (g).

7. Conclusion and future directions

Yolk-shell microgels have hollow solvent layer between the core
and shell materials due to which the interference of the core
and shell material in volume transitions can be avoided effi-
ciently; this is why the yolk-shell microgels show independent
multi-responsive property. During drug loading, the presence of
a hollow layer between the core and shell materials in yolk-shell
microgels allows ample room for the expansion of core mate-
rials. Thus, the yolk-shell microgels are best known for high
drug loading capacity. Moreover, yolk-shell microgels and their
hybrids are being used in the field of catalysis, lithium-ion
batteries, anti-bacterial activity, for the adsorption of heavy
metal ions and many more. This review briefly describes the
synthesis of yolk-shell microgels and their hybrids, their
peculiar properties, reactivity to diverse environmental stimuli
and their utilization across multiple domains. For the synthesis
of yolk-shell microgels, a readily detachable middle layer is
required that can be etched employing the reagent known as the
etching agent under optimized conditions. New researchers
who are working in the area of cross-linked polymeric systems
may find this article helpful as it gives a review of research
advancement in the area of yolk-shell microgels. New tech-
niques for the synthesis of yolk-shell microgels with desirable
characteristics could be expanded upon in subsequent studies.
A lot of literature on thermo-responsive yolk-shell microgels

© 2024 The Author(s). Published by the Royal Society of Chemistry
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deals with NIPAM. Future studies may involve the utilization of
the monomer apart from NIPAM for the synthesis of thermo-
sensitive yolk-shell microgel systems. Very few reports are dis-
cussed on the synthesis of Ag> and Pd*® nanoparticles as the
yolk of yolk-shell microgels. The fabrication of nanoparticles of
other noble metals like Rh and Ni to be used as the yolk of yolk-
shell microgels may be executed subsequently. The catalytic
efficiency of Ni and Rh nanoparticles-based the yolk of the yolk-
shell microgels may be investigated. Different organic conver-
sions may occur in the availability of Ni and Rh nanoparticles-
based yolk of yolk-shell microgels to get fine chemicals. Bime-
tallic nanoparticles may also be used as the yolk of yolk-shell
microgels in the future. The polymeric network of yolk-shell
microgels causes hindrance in the inward and outward move-
ment of reactant for catalytic activity; thus, a probable solution
for this problem can also be addressed in the future. A detailed
investigation of the optical characteristics of plasmonic nano-
particles as the yolk of yolk-shell microgels may spark interest
in forthcoming studies.

Abbreviations and symbols

AA Ascorbic acid

AB Aminobenzene

AIBN 2,2'-Azobisisobutyronitrile

Ag Silver

AN Acetonitrile

APM 3-Aminopropyl trimethosysilane

APTES 3-Aminopropyl triethylsilane

APS Ammonium persulfate

Au Gold

BIS N,N'-Methylenebisacrylamide

CLSM Confocal laser scanning microscopy
CMAA Cross-linked poly(methacrylic acid)
COO™ Carboxylate ion

COOH Carboxylic acid

CPNIPAM  Cross-linked poly(N-isopropylacrylamide)
CTAB Cetyltrimethyl ammonium bromide

cd> Cadmium(u) ion

cr* Chromium(ui) ion

cu”* Copper(n) ion

DDS Drug delivery systems

DEG Diethylene glycol

DLC Drug loading capacity

DLS Dynamic light scattering

DOX 4-Substituted-2,5-dimethoxyamphetamines
DVB Divinyl benzene

d-PMAA Disulfide cross-linked poly(methacrylic acid)
EDGMA Ethylene glycol dimethacrylate

EDS Energy dispersive spectrometer

EDX Energy dispersive X-ray

EG Ethylene glycol

EtOH Ethanol

E. coli Escherichia coli

FeCl;-6H,0 Iron(m) chloride hexahydrate

Fe;0, Magnetite

FESEM Field emission scanning electron microscopy
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FT-IR
HAuCl,
HD
HEMA
HF
H,0
ICP
KPS
LIBs
MAA
MNPs
MPNPs
MPS
NaBH,
NacCl
NaOH
NB
NIPAM
NPs
NH,
NH,OAc
Na*
O/W
PAA
PBzMA
PCL

Pd
PGA
PISR

PMAA
PNIPAM
PPy
PVDMA
PVP
P(BIS)
P(CMSt)
P(DVB)
P4VP-TC

Pb2+

RAFT

Ry
RS-CPMAA

SDS
SEM
Sio,

SS

St

S. aureus
TEM
TEOS
TGA
UV-Vis
u-PMAA
VPT
VPTT
VSM
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Fourier transform infrared spectroscopy
Tetrachloroauric acid

Hexadecane

2-Hydroxyethyl methacrylate
Hydrofluoric acid

Water

Inductively coupled plasma

Potassium persulfate

Lithium-ion batteries

Methacrylic acid

Metal nanoparticles

Microporous polymers nanoparticles
3-(Methacryloxy)propyl trimethoxysilane
Sodium borohydride

Sodium chloride

Sodium hydroxide

Nitrobenzene

N-Isopropylacrylamide

Nanoparticles

Ammonia

Ammonium acetate

Sodium ion

Oil-in-water

Poly(acrylic acid)

Poly(benzyl methacrylate)
Poly(e-caprolactone)

Palladium

Poly(y-glutamic acid)
Polymerization-induced self-assembly and
reorganization

Poly(methacrylic acid)
Poly(N-isopropylacrylamide)

Polypyrrole

Poly(2-vinyl-4,4-dimethyl azlactone)
Poly(vinylpyrrolidone)
Poly(N,N'-methylenebisacrylamide)
Poly(4-vinylbenzylchloride)
Poly(divinylbenzene)
S-1-dodecyl-S-(a,o/-dimethyl-a”-acetic acid)-
trithiocarbonate-terminated poly(4-vinylpyridine)
Lead(u) ion

Reversible addition-fragmentation chain transfer
Hydrodynamic radius

Raspberry-shaped cross-linked poly(methacrylic
acid)

Sodium dodecyl sulfate

Scanning electron microscope

Silica

Sodium silicate

Styrene

Staphylococcus aureus

Transmission electron microscopy
Tetraethyl orthosilicate
Thermogravimetric analysis
Ultraviolet-visible

Uncross-linked poly(methacrylic acid)
Volume phase transition

Volume phase transition temperature
Vibrating sample magnetometer
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XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

YSMs Yolk-shell microspheres

Zn** Zinc(u) ion

4-AP 4-Aminophenol

4-NP 4-Nitrophenol
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