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Hollow polymer particles: a review

Herein, the basic principles, such as the definitions, classifications, and properties, of hollow polymer particles
(HPPs) are critically investigated. HPP preparation methods, such as template, self-assembly, and acid/alkali
swelling methods, have been briefly introduced. Moreover, advanced methods to prepare HPPs have been

highlighted. In addition, recent studies and applications of HPPs have been briefly described. HPPs are

Received 18th September 2017
Accepted 2nd November 2017

polymeric spheres with size in the range from nanometer to micron and a single pore inside the particles.

This review is focused on the classification of HPPs based on the core—shell, single particles, and stimuli-
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1. Introduction

Hollow polymer particles (HPPs) are polymeric spheres with
size in the range from nanometer to micron (1-1000 nm) and
a single pore inside the particle; on the other hand, polymers
with many pores are called porous polymers."* Interest in HPPs
has increased steadily over the past few decades because HPPs
can readily be used to upload drugs and active species and can
efficiently sequester specific target molecules into the hollow
interiors by chemical modification.®* Furthermore, they have
a variety of applications, such as they are used as coatings,***
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responsiveness. A single pore structure is the most desirable characteristic that allows this class of
polymers to encapsulate large guest molecules and thus to be used as a drug delivery system.

drug delivery systems,"*” catalysts,"®*>" and photonic crys-
tals,> in chemistry, biotechnology, and materials science.*”
Core-shell HPPs are the most widely studied polymer particles
in this class of polymers. The combination of inorganic-organic
materials holds great promise for novel core-shell hybrid
micro- and nanostructured HPPs.>*

HPPs are usually prepared in a spherical form using different
methods to obtain the hollow part. HPPs can be synthesized in
a liquid or solid form in the range of tens of nanometers to
several millimeters.”**” A variety of monomers, including methyl
methacrylate (MMA), butyl acrylate (BA), butyl methacrylate
(BMA), and vinyl acetate (VAc), have been used to synthesize
HPPs. Moreover, one of the earliest processes for making hollow
polymer particles was developed by Kowalski and co-workers in
1984 at Rohm and Haas company using an acid/alkali swelling
method.”®*** The common methods that are used to form hollow
structures of HPPs are template,"** self-assembly,**** and acid/
alkali swelling,* with different synthesis techniques such as
suspension, dispersion, emulsion, and precipitation polymeri-
zation. Advanced methods for the preparation of hollow poly-
mers that have been reported recently include urea treatment,*®
an in situ reduction method,*”?® inverse mini-emulsion
periphery RAFT polymerization (IMEPP),* and coaxial electro-
hydrodynamic and atomization (CEHDA).* Different types of
materials, such as monomers,* block copolymers,** copoly-
mers,* and inorganic nanoparticles,** have been used to
synthesize HPPs. Advanced techniques, such as scanning elec-
tron microscopy, transmission electron microscopy, atomic
force microscopy, and dynamic light scattering have been used
to study the morphology system of HPPs.

2. Classifications

Hollow polymer particles (HPPs) can be classified depending on
their morphology into core-shell and single-particles; in addi-
tion, depending on their state phenomenon, they can be
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classified into stimuli-responsive, dispersion, and non-
dispersion. Moreover, core-shell HPPs can be classified into
solid shell and porous shell, as shown in Fig. 1. This section of
this study emphasizes on core-shell, single-particle, and
stimuli-responsive HPPs.

2.1 Core-shell HPPs

Core-shell HPPs can be divided into solid shell and porous shell
HPPs. The hollow part can be the core or in the shell of the
particles. Hollow spheres with complex core-shell structures
have attracted significant interest due to their superior prop-
erties such as tunable diameter, cavity size, large surface area,
low density, and precise functionality.**> Efforts have been
made to fabricate core-shell and hollow particles in the past 10-
15 years.*® The simplest method to fabricate core-shell HPPs is
to coat a sacrificial core particle with a shell, followed by
removal of the sacrificial core.>*”** The core can be removed by
dissolution, thermolysis, or chemical etching to create a hollow
interior.**

2.1.1  Solid-shell HPPs. Solid-shell HPPs can be divided into
single shell, multiple shell, and single hole in the shell HPPs.
Solid-single shell HPPs are widely prepared as compared to
other types. However, considering the complexity of some
applications, solid-multiple shell HPPs have been developed to
meet the increasing application requirements, e.g. carriers for
multiple drug delivery with controlled release profiles or
promising cellular organelle mimics.****** The solid-single hole
in the shells of HPPs provided new opportunities in applica-
tions involved in the uptake of target species and in the
encapsulation of drugs.* Solid-shell HPPs are typically prepared
by acid/alkali swelling methods wusing a multistep
approach.'**>**"* During the entire polymerization process, the
feeding rate of the monomer mixture, the emulsifier content,
the cross-linking agent content, and the ratio of the monomers
during the core and shell polymer preparation are the main
factors that affect the formation of specific morphology and
dispersity of the HPPs.>

Yuan and co-workers prepared HPPs using seeded emulsion
polymerization and alkali swelling methods. MMA-MAA-DVB
was prepared as core particles, and styrene, acrylonitrile, and

Solid shell

Core-shell |:
— Morphology Porous shell

Single particles
Hollow polymer
particles (HPPs)
Stimuli-responsive

State Dispersion

Non-dispersion

Fig.1 Classification of hollow polymer particles (HPPs) depending on
different parameters.
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divinylbenzene (DVB) were then synthesized onto the cores,
followed by alkalization treatment to obtain hollow particles.
They prepared hollow particles at different shell thicknesses
with different weight ratios of the core monomers to shell
monomers. The shell thickness increased with a decrease in the
core/shell ratio. When the core/shell ratio was 1 : 8, the hollow
emulsion particles obtained were monodispersed and main-
tained a more preferable balance between the rigidity of the
shell polymers and the hollow percentages.*” Tan et al. devel-
oped novel core-double-shell particles with poly(methyl meth-
acrylate-co-butyl acrylate) P(MMA-co-BA) as the core,
poly(methyl methacrylate-co-butyl acrylate-co-methacrylic acid)
P(MMA-co-BA-co-MAA) as the inner shells, and poly(styrene-co-
methyl methacrylate) P(St-co-MMA) as the outer shells via
a soap-free emulsion polymerization and acid-alkali osmotic
swelling process.”> Mandal et al. prepared HPPs by surface-
confined living radical polymerization on silica templates.
Using a silica microsphere as a sacrificial core, hollow poly-
(benzyl methacrylate) (PBzMA) microspheres were produced by
core dissolution. Shell thicknesses were measured from the
scanning electron microscopy (SEM) images, which are
provided in Table 1. The data reveal that the shell thickness
increases with the increasing polymerization time.*®

Xu and Asher prepared 150-700 nm HPP particles with 100-
500 nm hollow cores via dispersion polymerization and HF
etching. Monodisperse HPPs with outside diameters between
200 and 700 nm and shell thicknesses between 20 and 90 nm
were synthesized by varying the silica core size, while main-
taining the monomesr/silica weight ratio at 0.9 and keeping all
the other conditions constant.”> Minami et al. prepared HPPs
with a single hole in the shell by the self-assembling of phase-
separated polymer (SaPSeP) method. The formation of the
hole in the shell is due to the emulsifier adsorbed at the inter-
face of the droplet that affects the self-assembly of PDVB
molecules at the interface. Fig. 2 shows the SEM images of PS/
PDVB particles in the absence (a and c) and presence (b and d)
of sodium dodecyl sulfate (SDS) and transmission electron
microscopy (TEM) (c and d) images of their ultrathin cross-
sections. A single hole was observed in the shell of the hollow
polymer particles prepared in the presence of SDS (Fig. 2b).”

Guan et al. prepared HPPs through direct polymerization
and cross-linking reactions occurring on the surface of carboxyl-
capping polystyrene (PS) colloids. The formation mechanism of
holes that is based on the concomitant microphase separation
and symmetrical volume shrinkage of shell materials provides

Table 1 Shell thickness and molecular weight of the hollow poly-
(benzyl methacrylate) microspheres prepared by varying the poly-
merization time. Reproduced from ref. 56 with permission from the
American Chemical Society

Polymerization Shell Molecular

time (h) thickness (nm) weight (M,,) PDI (M,,/M,,)
3.5 175-225 9150 1.56

6.5 350-400 13 450 1.37

14.0 550-600 26 500 1.26
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Fig.2 SEMimages (a) and (b) of PS/PDVB particles and TEM images (c)
and (d) of ultrathin cross-sections of PS/PDVB particles prepared by
seeded polymerizations in the absence (a) and (c) and presence (b) and
(d) of SDS. Reproduced from ref. 57 with permission from the Amer-
ican Chemical Society.

areproducible approach for creating holes in polymer shells. To
obtain a better understanding of the formation mechanism of
the hole, they obtained the reaction products at different poly-
merization stages. Core-shell microspheres with a single hole
covered with a layer of an ultrathin film were observed after
12 h, and core-shell microspheres with open holes were
observed after 20 h.* Fig. 3 shows the schematic for the
formation process of holes in the shells of PS involving: (1) the
formation of a prepolymer layer, (2) the microphase separation
of two polymer shell layers, (3) the development of a small
interior void in the shell, (4) formation of a film-covered hole,
and (5) formation of an open hole in the polymer shells.

prepolymer layer

Polymerization
phase separation

interior void

cross linking
shrinking

cross linking
shrinking
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2.1.2 Porous-shell HPPs. HPPs with pores in their shells
have received significant attention owing to their low density
and high specific surface area; these materials are very useful in
surface-related applications such as in sensors® electro-
rheological applications,* solar cells,* mimicking photosyn-
thesis,”* catalysts,’> and optical applications.®® The porous
hollow structure also plays an important role in the superhigh
capacity of drugs.** A single Au nanoparticle encapsulated in the
porous shell of HPPs remarkably improved the catalytic effi-
ciency and recyclability for high performance heterogeneous
catalysts.® Template synthesis is one of the most used strategies
for the preparation of porous-shell HPPs.®** This method
usually involves tedious treatment, such as rinsing, calcination,
or chemical etching, to remove the surfactants or templates,
where the structure of the shell may be damaged.” Accordingly,
several novel methods have been introduced such as the self-
assembly of emulsion particles at the monomer droplet inter-
face,” Pickering emulsion polymerization,” and a facile
swelling-evaporation process.®®> Nanoparticles, such as ferric
oxide (Fe30,4) NPs, can be added to the porous shells to trans-
form HPPs to magnetic hollow porous molecularly imprinted
polymers (HPMIPs).”

He et al prepared HPPs with a porous shell by self-
assembling of sulfonated polystyrene (PS) emulsion particles
at the monomer droplets interface. The swelling of the PS
emulsion particles by the oil phase provided a driving force to
develop the hollow core. The increase in the polymerization rate
led to a thicker shell formation. After polymerization, the self-
disengagement of the adsorbed PS particles from the poly-
meric shell resulted in the porous shell. Fig. 4 shows the SEM
(A) and TEM (B) images of PVAc. The TEM images show that the
microspheres have hollow core/porous-shell structures, and the
pores are distributed compactly and evenly in the shell, which
can be seen from the contrast in the bright and dark fields. The
porous shell was very thin, with an approximately 35-172 nm
thickness for all the system.”

Chen et al. prepared poly(acrylic acid) (PAA) nanogels with
a hollow core-porous shell structure by the direct polymeriza-
tion of an acrylic acid monomer in the presence of hydrox-
ypropyl cellulose (HPC) and a cross-linking agent, N,N-

open hole

film-covering hole

cross linking
shrinking

Fig. 3 Schematic for the formation process of holes in the shells of polystyrene (PS). Reproduced from ref. 3 with permission from John Wiley

and Sons.
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7.51um

Fig.4 SEM (A) and TEM (B) images of the hollow core/porous shell of
PVAc. Reproduced from ref. 73 with permission from John Wiley and
Sons.

methylenebisacrylamide (MBAAm), followed by removal of HPC
at a medium pH (pH > 6.0) from the generated HPC-PAA
nanoparticles.®* Guan et al. prepared HPPs with a mesoporous
shell by Pickering emulsion polymerization as a potential
colloidal collector for organic contaminants in water. Isopentyl
acetate (PEA) was included to generate a hydrophobic core that
could be easily removed during the drying process, resulting in
hollow particles. The hollow microspheres were reinforced with
silica nanoparticles; this resulted in an amphiphilic surface and
nanotunnels in the shell.”” Han et al. developed HPPs with
a single Aurum (Au) nanoparticle encapsulated in the porous
shell with superior catalytic efficiency and recyclability. At first,
a Au-poly(o-methoxyaniline) (POMA) core-shell hybrid was
synthesized, followed by swelling treatment in a suitable
swelling solvent. Finally, evaporation of the swollen Au-POMA
core-shell hybrids resulted in a hollow nanostructure
formation.*

2.2 Single-particle HPPs

All the aforementioned HPPs have a closed-shell structure; this
means that the encapsulated materials need to diffuse through
the shell to reach the interior, which is a slow and ineffective
process. Accordingly, single-particle HPPs with one hole on the
surface were developed to easily and quickly load a variety of
functional materials (including molecular species, proteins,

View Article Online
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and nanoparticles) into the interiors. The size of the hollow
spheres and holes can be controlled by the temperature,
amount of solvent, and the initiator to monomer ratio. The
special characteristic of single-particle HPPs is that the hole can
be closed via a thermal or solvent-induced annealing process
after loading the materials.”*”® This class of HPPs exhibits
promising applications in drug encapsulation and controlled
release systems.

Jeong et al. prepared hollow particles with engineered holes
on their surfaces (microscale fish bowls) using two different
routes. The first route required the use of pre-synthesized latex
beads and was mainly limited to a few amorphous polymers
such as PS and PMMA. The second route involved the use of an
emulsion derived from a polymer solution. This route was more
generic and could be directly applied to both amorphous and
semicrystalline polymers such as polycaprolactone (PCL) and
poly (r-lactide) (PLLA).”* Fig. 5 shows the SEM images of
microscale fish bowls prepared from both routes.

Im et al. prepared another class of macroporous capsule-
polymer shells with controllable holes on their surfaces. The
existence of holes (224 nm in radius) on the surfaces of the PS
hollow particles allowed for direct loading of the functional
materials. After loading, the holes could be closed by annealing
the system at a temperature slightly above the glass-transition
temperature (Ty) of PS. Fig. 6 shows an SEM image demon-
strating the possibility to load the bowl-shaped PS particles with
solid PS beads of 260 nm diameter.”

Han et al. prepared HPPs of poly(o-toluidine) (POT) in an
aqueous solution by a droplet template without surfactant
stabilization. By simply changing the concentration of
o-toluidine, the size of the resulting hollow spheres ranged
from nanometers to micrometers. Temperature was found to
have a significant effect on the size of the hollow spheres. The
size of the hole on the surface of each hollow microsphere
could be controlled by changing the molar ratio of the initi-
ator to monomer. The droplets formed by the monomer in an
aqueous solution were proposed to act as a template during
the polymerization process. Fig. 7 shows the TEM images of
the POT synthesized at different initiator to monomer ratios
(a and b) and at different temperatures (c and d). The results
show that the size of the hole on the surface of each hollow

Fig. 5

(A) SEM images of microscale fish bowls derived from PS bead swelling by styrene and (B) fish bowls prepared from PMMA emulsions

containing different amounts of toluene. Reproduced from ref. 74 with permission from the American Chemical Society.
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Fig. 6 Demonstration of the possibility to load bowl-shaped PS
particles with solid PS beads of 260 nm diameter. Reproduced from
ref. 75 with permission from the Nature Publishing Group.

microsphere increased with the decreasing [APS]/[o-toluidine]
ratio. Temperature is another important factor that
influences the sizes of the POT hollow microspheres. When
the polymerization reaction temperature was maintained
above 15 °C, irregular nanoparticles as well as the hollow
microspheres were observed. If the temperature is between
0 and 10 °C, the size of the hollow spheres slightly changes,
whereas the size decreases significantly at lower temperatures
(<O oc)-76
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2.3 Stimuli-responsive HPPs

Stimuli-responsive HPPs are smart materials that are capable of
responding to environmental stimuli such as temperature, pH,
light, and magnetic field, which allows for the controlled release
and site-specific targeting of the loaded drugs modulated by
environmental stimuli.”””® The best technique to prepare stimuli-
responsive HPPs is polymerization from templates. This tech-
nique allows the employment of a variety of functional mono-
mers, which contributes to Dbetter stimuli-responsive
performance than other techniques.” The functionality of
stimuli-responsive HPPs can be increased by introducing more
than one shell layer and the addition of inorganic/magnetic
particles, such as silica, aurum, and ferric oxide, to the parti-
cles. The magnetic-targeting stimuli-responsive HPPs show
unique performance as intelligent carriers for the site-specific
controlled delivery of drugs or genes. The most used monomer
to prepare stimuli-responsive HPPs is N-isopropylacrylamide
(NIPAM), which exhibits a volume-phase transition temperature
(VPTT) close to the temperature of the human body.** Upon
a slight change of temperature, poly(N-isopropylacrylamide)
(PNIPAM) chains undergo macromolecular transition from
a hydrophilic to a hydrophobic structure.®*

Li et al. prepared silica-polymer double-shell HPPs with
independent pH and temperature sensitivity via a sol-gel
process. The poly(methacrylic acid) (PMAA) inner shell and the
PNIPAM outer shell could respond independently to pH and
temperature of the environment, respectively. Monodispersed
double-walled hollow PMAA-PNIPAM microspheres were ob-
tained by selective removal of the inorganic silica core and
interlayer by HF treatment for 48 h.*> Du et al. designed double-
shell HPPs with independent pH-responsive cross-linked PMAA

Fig.7 SEM images of poly(o-toluidine) (POT) hollow microspheres synthesized at different [APS]/[o-toluidine] ratios of: (a) 0.8 : 1and (b) 0.6 : 1.
(c) and (d) SEM images of POT hollow microspheres synthesized at different temperatures: (c) 25 °C and (d) —10 °C. The insets show the
corresponding TEMs image of the POT hollow structures. Reproduced from ref. 76 with permission from John Wiley and Sons.
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Fig. 8 Schematic of the synthesis process for doubly temperature-responsive core—double-shell microgels and hollow spheres. Reproduced

from ref. 51 with permission from John Wiley and Sons.

inner shells, temperature-responsive cross-linked PNIPAM
outer shells, and movable superparamagnetic cores from Fe;0,/
SiO,/PMAA/SiO,/PNIPAM penta-layer onion-shaped core-shell
microspheres based on polymerization on template
approaches.” Pan et al. synthesized magnetic/hollow double-
shell-imprinted polymers (MH-MIPs) by Pickering emulsion
polymerization. In this preparation process, ATP particles were
used as stabilizers for oil-in-water Pickering emulsions, and
a few hydrophilic Fe;0, nanoparticles in the water phase were
used as magnetic separation carriers. Then, the interfacial
imprinted shells of double-shelled MIPs were fabricated in the
oil phase, and ATP particles were attached to the surfaces of the
interfacial imprinted shells to form permeable outer shells.*
Mackova et al. designed hollow particles with a triple func-
tionality by inverse emulsion polymerization. These hybrid
particles have potential in magnetic and biomedical applica-
tions for temperature-driven preparative separations of biolog-
ical media.** Dubbert et al. prepared hollow double-shell
microgels consisting of two thermoresponsive polymer shells
made of PNIPAM and poly(N-isopropylmethacrylamide) (PNIP-
MAM). The hollow particles were derived from silica-PNIPAM-
PNIPMAM core-shell-shell (CSS) particles by dissolution of the
silica core. In the first synthesis step, the PNIPAM shell was
attached to a functionalized silica core; this resulted in particles
with a single shell. In the second step, a shell made of PNIP-
MAM was added. This led to the formation of doubly
temperature-sensitive CSS particles, as shown in Fig. 8.5

3. Preparation methods of HPPs

Hollow polymer particles (HPPs) are typically prepared by
template, self-assembly, and acid/alkali swelling using different
synthesis techniques such as suspension, dispersion, emulsion,
and precipitation polymerization. One of the earliest processes
for making hollow emulsion particles was developed by Rohm
and Haas. Their process involved emulsion polymerization and
alkali swelling methods.>® Among the various approaches

This journal is © The Royal Society of Chemistry 2017

reported, template-directed synthesis is the most widely used
method for the formation of polymer hollow particles.”"#>%¢
However, solid-shell HPPs are mostly prepared by acid/alkali
swelling method."?**>* Table 2 lists the advantages and
disadvantages of methods used for the preparation of hollow
polymer particles (HPPs).

3.1 Template method

The template method is known to be one of the most effective
approaches to achieve hollow nanostructures.?” The method
can be divided into four categories: (1) conventional hard-
templating synthesis, (2) sacrificial-templating synthesis, (3)
soft-templating synthesis, and (4) template-free methods. The
most commonly employed hard templates are monodisperse
silica particles and polymer latex colloids. The sacrificial
template is the template itself, which is involved as a reactant in
the synthetic process of the shell material (or its intermediate).
The most commonly used soft (liquid or gaseous) templates are
emulsion droplets, surfactants and other supramolecular
micelles, polymer aggregates/vesicles, and gas bubbles.*® The
template-free method/self-templated method is based on novel
mechanisms, such as Ostwald ripening (a spontaneous process,
first described by Wilhelm Ostwald in 1896).* Templates are
selected, and their diameters can be controlled easily to
predetermine the sizes of HPPs;* to ensure that the hollow
particles retain integrity after the template synthesis, a cross-
linking strategy is employed.’* Polymer nanoparticles, such as
emulsion and polymeric micelles, have been increasingly used
to fabricate HPPs because it is easy to control the size,
morphology, and surface functionality of these nanoparticles.
Emulsion particles are employed to fabricate hollow particles
with larger diameters in the range from the submicron to
micrometer, whereas polymeric micelles are used for smaller
hollow particles with diameters less than 100 nm.***
MAH/VAc (maleic anhydride/vinyl acetate) (PMV) particles
have been used as hard templates for the synthesis of maleic
anhydride/divinylbenzene (MAH/DVB) hollow polymer particles.

RSC Adv., 2017, 7, 52632-52650 | 52637
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Table 2 Advantages and disadvantages of methods used for the preparation of hollow polymer particles (HPPs)

Method

Advantages

Disadvantages

(A) Template method

Hard-templates

Soft-templates

Self-templates

Void size and shape of the particles are determined by the size
and shape of the template

Hard-templating method in principle can be used to prepare
any kind of HPPs and therefore is considered as the most
popular method

Easy to control size, morphology, and surface functionality of
the HPPs

In most soft-templating approaches, only the coating process
is needed, because it is unnecessary to remove the soft
templates

Self-templating strategy is preferred in practical applications
because of the significantly reduced production cost,
simplified synthesis procedures, and the ease of scaling up

The templates are removed completely without any
contribution to the composition of the final products
In some cases, toxic etchants or solvents are required to
remove the template core, which seriously limits its
application

Coating process usually requires an additional surface
modification procedure, which could potentially cause low
reproducibility and high cost

Self-templating is only suitable for the synthesis of hollow
structures with specific compositions, limiting its application
field

(B) Self-assembly
particles

(C) Acid/alkali

swelling (particles containing one central hollow)

The approaches consist of three major steps, as shown in Fig. 9:
the synthesis of template particles based on MAH/VAc; the
formation of core/shell particles via precipitation polymerization
using MAH/DVB as comonomers and PMV as templates; and the
removal of the core by dissolving it with an organic solvent, i.e., n-
butyl acetate. The shell thickness of the hollow spheres and the
volume of their hollow core could be controlled simply by varying
the size of the template, the monomer concentration, and the
ratio of the monomer to template.**

In another study reported by Li et al., poly(divinylbenzene-co-
acrylic acid) (P(DVB-co-AA)) microspheres were used as
templates to synthesize hollow microspheres with movable
P(DVB-co-AA) cores. Tri-layered-structure microspheres were
prepared by three-stage distillation precipitation polymeriza-
tion. The hollow P(DVB-co-AA) microspheres with a 48 nm shell
thickness were formed by selective dissolution of the noncross-
linked PAA segment.®® In another study, polypyrrole-chitosan
(PPy-CS) hollow nanospheres with movable Ag nanoparticles
(Ag@PPy-CS) cores were prepared using a photoreduction
method. This method does not require the preparation of
polymer layers as compared to the template-assisted approach.
In this method, hollow nanospheres were prepared first before
the introduction of the core material.*

Boyer et al. prepared hollow polymer nanocapsules of styrene
(St) and maleic anhydride (MAH), (St-al/t-MAH), exploiting gold

52638 | RSC Adv., 2017, 7, 52632-52650

Produces HPPs in nanometer scale with high spherical

Formation of hollow particles with a definite morphology

Practical application of the soft-templating method has been
mainly limited by the size and uniformity because it produces
materials mainly in the micrometer range with high

polydispersity

Shell cross-linking must be conducted at very low
concentration of micelles solution; this restricts the self-
assembly method for industrial application

Electrostatic interaction as a driving force is only suitable for
layer-by-layer (LbL) assembly of polymer electrolytes

Micelle formation of block copolymer involves UV cross-
linking of the shell-layer and subsequent tedious ozonolysis of
the core

Compositions and structures of the block copolymers are very
important for the preparations of polymer vesicles as seen in
the limited successful examples

Complicated process controlled by a number of
thermodynamic and kinetic factors

nanoparticles (GNP) as sacrificial templates for polymers ob-
tained by RAFT polymerization, as illustrated in Fig. 10. Block
polymers (made by RAFT polymerization) were assembled onto
the GNP surfaces using a grafting process. The polymers were
then cross-linked using a small diamine molecule. Finally, the
gold cores were removed using aqua regia; this resulted in the
formation of a stable, biocompatible, low cytotoxic, and anti-
fouling hollow polymer.®®

McKelvey and co-workers reported a catanionic equilibrium
vesicles templating method for producing hollow polymeric
spheres of styrene and divinylbenzene. The catanionic equilib-
rium vesicles were formed by cetyltrimethylammonium tosylate
(CTAT) and sodium dodecylbenzenesulfonate (SDBS) or cetyl-
trimethylammonium bromide (CTAB) and sodium octyl sulfate
(SOS). The hydrophobic monomers were added to swell the
bilayers of a vesicle solution and subsequently polymerized. The
goal was to capture or template the vesicle structure to form
hollow polymer spheres. The particles had an average radius of
ca. 60 nm and a membrane shell less than 10 nm thick.”” In
another study, a surfactant bilayer of dimethyldioctadecy-
lammonium chloride (DODAC) was used as a vesicle template to
allow the preparation of poly(butyl methacrylate) (PBMA)
hollow spheres with dimensions ranging from several nano-
meters up to several hundred micrometers. After extraction of
the surfactant matrix, the polymer particles contracted

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Schematic of the strategy employed in the preparation of hollow spheres. Reproduced from ref. 94 with permission from the American

Chemical Society.

considerably; thus, this led to the formation of hollow spheres.*®
Wang et al. prepared hollow ferrocenyl coordination polymer
microspheres with micropores in the shells by Ostwald
ripening. The formation of hollow microspheres with micro-
porous shells resulted from the mass transfer and crystalliza-
tion of small crystallites from the Ostwald ripening process. The
detailed formation mechanism of hollow microspheres is
depicted in Fig. 11 involving: (a) dissolution of the small
particles; (b) diffusion and redeposition of the dissolved
species; and (c) dissolution and outmigration of the inner
crystallites.®®

Gao et al. prepared polymer nanocapsules embedded with
noble metal nanoparticles by a template-free method, as shown
in Fig. 12. Compared with other methods for fabricating
nanocapsules, this method is performed in an aqueous solution
without any organic solvent or template core. By this technique,

it is not necessary to prepare any uniform spherical templates,
regular amphiphilic polymers, complex dendrimers, or hyper-
branched polymers, and repeated absorption and washing
processes are also not required.*

3.2 Self-assembly

The self-assembly approach involves a careful selection of the
experimental parameters, such as the copolymer composition,
block length, ionic content, solvent, and polymer concentra-
tion, to control the morphology.'* HPPs have been prepared via
the self-assembly of amphiphilic block copolymers, rod-coil
block copolymers, polymer pairs, and polymer-peptide conju-
gates.”® Owing to their amphiphilic nature and molecular
geometry, lipid molecules can aggregate in a dilute aqueous
solution into spherically closed bilayer structures, the so-called
vesicles or liposomes. It is quite reasonable that the hollow

¥

Fig.10 Synthesis of nanocapsules using gold nanoparticles as sacrificial templates: (1) nanoparticle assembly; (2) cross-linking; and (3) GNP core
removal. Reproduced from ref. 96 with permission from John Wiley and Sons.
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sphere morphology of these aggregates should render them
suitable as precursors for the preparation of more stable
nanocapsules. This can be realized using different concepts.®
Amphiphilic diblock copolymers possess similar properties as
surfactants. They can undergo a self-assembly process to obtain
diverse morphologies.*® The self-assembly method produces
HPPs in the nanometer scale with high spherical particles. This
method involves shell cross-linking reactions and then removal
of their core to form stable HPPs. The shell cross-linking must
be conducted at a very low concentration of micelle solution to
prevent the polymer micelles from aggregating; this restricts the
use of the self-assembly method in industrial applications.**

1) Noble Metal lons £ /

Polymer aggregates exhibit a higher stability and durability as
compared to small-molecule aggregates due to their mechanical
and physical properties. Therefore, polymer self-assembly has
attracted significant attention because of its potential applica-
tions in many fields, such as biomedicine, biomaterials, and
microelectronics, and in the synthesis of photoelectric mate-
rials, catalysts, etc.'*

Jang and Ha reported the preparation of P(MMA)/cross-linked
PS core/shell nanospheres via emulsion polymerization. The
self-assembly of the triblock copolymers poly(oxyethylene)-
poly(oxypropylene)-poly(oxyethylene) was used to form hollow
polystyrene nanospheres. PS hollow nanospheres were obtained

//V
’-

N

Fig. 12 Proposed schematic for the formation of nanocapsules. Reproduced from ref. 99 with permission from the Royal Society of Chemistry.

52640 | RSC Adv., 2017, 7, 52632-52650

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10358a

Open Access Article. Published on 14 November 2017. Downloaded on 3/13/2026 1:12:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

by a polymer-core etching technique using methylene chloride.
Fig. 13 shows the schematic of polystyrene hollow nanosphere
fabrication.*

In another study reported by He and co-workers, cage-like
polymer microspheres with hollow core/porous-shell structures
were prepared by the self-assembly of PS particles at the emulsion
droplet interface. The swelling of the PS particles by the oil phase
provides a driving force to develop hollow cores. The PS particles
also serve as a porogen that will disengage automatically during
polymerization, leaving behind a uniform porous shell.”>'** In
another contribution, He and co-workers prepared a polystyrene/
melamine-formaldehyde (PS/MF) hollow polymer based on
a similar approach. The reserving time of emulsion after the
addition of the MF prepolymer will affect the morphology of the
polymer layer. It was found that many pores appeared on the
particle surface with the shortening of the reserving time and
finally formed a porous structure.”

3.3 Acid/alkali swelling

Acid/alkali swelling/osmotic swelling is the earliest method and
dominant for obtaining submicron-sized HPPs. This method
was invented by Kowalski and colleagues and commercialized
by Rohm & Haas Company.'® The typical concept is to prepare
a core/shell polymer with a soft carboxyl core and rigid shell,
followed by neutralizing the carboxyl group to generate a poly-
electrolyte inside and then expanding the core by an osmotic
swelling mechanism.>® This method was subsequently
improved by Vanderhoff and co-workers'® and other
researchers.’®'*® The advantage of these methods comprises
the formation of hollow particles with a definite morphology
(particles containing one central hollow) as compared to other
techniques that provide particles containing several hollows
separated by polymer walls.”® A large number of emulsion
polymerization techniques are available to produce hollow
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particles by acid/alkali swelling. The unsaturated acid monomer
plays an important role in the formation of the hollow struc-
ture.” At first, seed latex with carboxylic acid groups is
prepared; then, a hard permeable polymer shell is formed on
the outer surfaces of the carboxylic core polymer particles; after
this, at around the glass-transition temperature (T,) of the shell,
particles containing water and polyelectrolyte are prepared by
neutralizing the carboxylic acid groups of the core polymer
particles using a volatile alkali.***

Yuan and co-workers prepared monodispersed HPPs with
a core/shell monomer ratio of 1 : 8 and 1% DVB cross-linker in
the shell. At first, MMA-BA-MAA copolymer emulsions were
prepared as seeds; after this, the seed emulsion polymerization
of MMA-MAA-DVB was carried out to prepare carboxylated core
particles. Then, the hydrophobic shell of St-ACN-DVB was
synthesized onto the core. Finally, the HPP particles were ob-
tained by alkalization treatment of the core-shell latex particles
using NaOH.** Based on a similar approach, Zhang and co-
workers prepared HPPs with an MAA/BA/MMA core and BA/St
shell, followed by a stepwise alkalization treatment with
ammonia (NH,OH). The results showed that the optimum
content of the cross-linker diallyl maleate (DAM) in the shell
was 0.5-1.0 wt%. Monodispersed HPPs were obtained at a core/
shell monomer ratio of 1 : 7.3 This concept was utilized by Lee
and co-workers to produce P(NIPAM-co-MAA)/Fe;0, thermo-
sensitive magnetic HPPs.>*'%”

3.4 Advanced techniques to prepare hollow polymer
particles

Various physical and chemical methods have been reported for
the preparation of HPPs. Preparation of HPPs by emulsion
polymerization via the encapsulation of a hydrocarbon non-
solvent is a complicated process controlled by a number of
thermodynamic and kinetic factors.'”® Electrostatic interaction,

add MMA g~ add Styrene
§' S
U "
Micelle formation Synthesis of Synthesis of
PMMA Core PS Shell
Etching of
P\/IMA Core
Surfactant
removal
PS hollow nanosphere PMMA Dissolution

Fig. 13 Schematic for polystyrene hollow nanosphere fabrication. Reproduced from ref. 33 with permission from the American Chemical

Society.
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as a driving force, is only suitable for the layer-by-layer (LbL)
assembly of polymer electrolytes. Micelle formation of a block
copolymer involved UV cross-linking of the shell layer and
a subsequent tedious ozonolysis of the core.'” However,
although the abovementioned pioneering works are very inter-
esting, the preparation processes seem to be time-consuming;
for example, multistep processes are needed for the synthesis
of core-shell composite particles, and then, removal of the core
particles by selective dissolution or by calcination is required.
Therefore, development of facile and feasible methods to
prepare HPPs continues to be a great challenge to material
scientists. The fabrication of monodisperse HPPs with size in
the range from the micrometers to nanometers and a tailored
structural shape and surface properties remains a great chal-
lenge in material science.'® Accordingly, in this review,
advanced techniques such as electrohydrodynamic atomization
(CEHDA), inverse mini-emulsion periphery RAFT polymeriza-
tion (IMEPP) process, urea treatment, and a four-step approach
for the preparation of HPPs have been reported.

Chang et al. prepared a hollow microsphere with a single
hole in its shell by a CEHDA technique. Fig. 14 shows the
experimental setup of the CEHDA technique consisting of
a pair of concentric needles. The inner stainless steel needles
with diameters in the range between 300 and 150 pm were
supplied with liquid perfluorohexane (PFH), and outer nee-
dles with diameters in the range between 1100 and 685 pm
were supplied with a polymethylsilsesquioxane (PMSQ) solu-
tion. The mean diameter of the hollow microsphere could be
varied in the range from 310 to 1000 nm by adjusting the flow
rate, polymer concentration, or applied voltage. The shell
thickness could be controlled by the polymer concentration.
Compared with other methods, this strategy has two advan-
tages. First, it enables the preparation of microspheres with
a single surface hole at ambient temperature and pressure.
Second, this green process does not require the use of
surfactants or other additives and does not entail a template
removal step.*®***

syringe pump 1

syringe pump 2

inner needle

i outer needle
monitor

recorder camera | ]

ring electrode | = _~
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Utama et al. synthesized HPPs with a hydrophilic liquid core
using a one-pot approach via a novel IMEPP process. An inverse
mini-emulsion was obtained by dissolving the stabilizer,
monomer, cross-linker, and initiator in the organic phase and
the lipophobe in the aqueous phase. The combined mixture was
then ultrasonicated, followed by polymerization in sealed glass
ampoules under vacuum at 60 °C. The size and stability of the
droplets (prior to polymerization) were monitored using varying
amounts of dispersed phase, stabilizer, lipophobe, and the
ultrasonication period."** Further developments by Utama et al.
showed that the shell thickness could be conveniently tuned by
adjusting the stoichiometry and monomer conversion.** Wang
et al. prepared porous and hollow polymer particles by urea
treatment. In this study, core/shell particles were synthesized by
multistep seed polymerization using methyl methacrylate
(MMA), acrylic acid (AA), divinylbenzene (DVB), and styrene (St),
and then, a certain amount of ethanol and urea were added to
the particles. The advantage of this approach as compared to
that of the conventional methods is the creation of polymers
with mesoporous shells. Fig. 15 shows the morphology of the
particles (A) without urea treatment, and the particle has
a smooth surface, and (B) after urea treatment, the particle
displays a rough surface. The porous shells were created by
carbon dioxide produced by the decomposition of urea and was
released out from the particles.*®

Shi et al. reported a novel route to prepare HPPs decorated
with gold nanoparticles (AuNPs) in the shell. The approach
needed no additional reducing agent in the formation process
of the AuNPs. As shown in Fig. 16, the method mainly involves
four steps: (1) pretreatment of the surface of silica particles with
polyvinylpyrrolidone (PVP), and PVP-treated silica particles are
labeled as SiO,/PVP; (2) seeded polymerization of ethylene
glycol dimethacrylate (EGDMA) and methacrylic acid (MAA) on
the SiO,/PVP particles, and the resultant particles are labeled as
SiO,/PVP/PEM, where PEM represents the poly(EGDMA-co-
MAA) copolymer; (3) selective etching of SiO, from SiO,/PVP/
PEM particles using an aqueous HF solution to generate PVP/
PEM hollow particles; and (4) AuNP formation in the shell of

power supply

Fig. 14 Experimental setup for the electrohydrodynamic atomization (CEHDA) technique, consisting of a pair of concentric needles. Repro-
duced from ref. 111 with permission from the American Chemical Society.
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Fig. 15 TEM images of the multistage polymer particle (A) without and (B) with urea treatment. Reproduced from ref. 36 with permission from

Springer.
EGDMA+VIAA HAuC 14 3H,0
lleatmg Polymcruauon Elchmé, l-kalmg
Si0, Si0,/PVP Si0,/PVP/PEM PVP/PEM PVP/PEM-Au

Fig. 16 Schematic for the synthesis process of PVP/PEM-Au hybrid hollow particles. Reproduced from ref. 38 with permission from Springer.

the PVP/PEM hollow particles to yield PVP/PEM-Au hybrid
hollow particles.*®

4. Properties

The features, such as encapsulation property, surface func-
tionality, low density, high specific area, good flow ability,
optical properties, surface permeability, and opacity,’>*°t13114
of HPPs have been actively investigated due to their possible
role in technological applications in various areas. The func-
tionalization of HPPs could be achieved by encapsulating guest
species into the hollow core, which endowed them with diverse
properties.'**> Consequently, incorporation of functional groups
(e.g., -COOH) comprising biological units by surface modifica-
tion could specifically deliver the loaded guest molecules to
target areas and ideally suited for in vivo applications."*® Shi
et al. developed a charged hollow core/shell lipid—polymer-lipid
hybrid nanostructure constructed with three functional
features. An outer PEG-lipid layer was incorporated into the
system and could enable the particles to escape immunological
recognition, and improve the particle stability during circula-
tion and slow polymer degradation and drug release. The
middle poly(lactic-co-glycolic acid) (PLGA) forms a barrier
through the sustained release of encapsulated small interfering
RNA (siRNA) and additionally serves to carry water-insoluble
drugs. Moreover, the inner positively charged hollow core,
composed of cationic lipids, could encapsulate siRNA much
more efficiently than PLGA alone.

Nanoparticles, such as tin, gold, Fe;O,, or silica NPs, could
be incorporated into the interior and exterior of HPPs.* The
inclusion of stimuli-responsive properties into these micro-

117

structures has allowed their unique application in biomaterials,
such as in anticancer drug delivery systems, because of their

This journal is © The Royal Society of Chemistry 2017

increased functionality in comparison with that of conventional
inert structures.'® Kim et al. prepared monodispersed HPPs
embedded with magnetic Fe;0, nanoparticles. The resultant
magnetic hollow polymer showed excellent colloidal stability.
The interior void size could be controlled by adjusting the
particle size of the core polymer, and the shell thickness could
be adjusted by varying the weight ratio of the iron oxide nano-
particles to the styrene monomer. These magnetic polystyrene
microspheres were superparamagnetic and highly magnetized
as much as 4.69 emu g ' microsphere."® Shi et al. prepared
HPPs decorated with gold nanoparticles in the shell. By intro-
ducing the PVP polymer into the shell of the hollow particles,
AuNPs were easily formed within the polymer shell just in the
presence of a gold precursor under heating. This method will
open up the possibility for the generation of a series of HPPS
that can incorporate various noble metal nanoparticles (Au, Ag,
Pt, etc.) into the shell.*® Lee et al. synthesized P(NIPAM-MAA)/
Fe;0, thermosensitive magnetic HPPs. They found that an
increase in the amount of Fe;O, particles would increase the
saturation magnetic flux density of the magnetic HPPs.>*
Opacity or the hiding power is an important optical property
of white paint coating and results from the multiple scattering
of incident light due to interactions with pigment particles.**
HPPs with excellent optical properties, such as opacity and
whiteness, are utilized as an opacifying agent or a white
pigment for industrial coatings. The needed structure and
properties of this type of HPPs can be obtained by changing the
composition of the shell, the size of particles, and the holes or
kinds of internal substances.®® Huang et al. prepared novel
HPPs with both opaque and self-film forming properties. The
HPPs of four-layered polymers consisted of a high carboxyl-
containing soft core, a transition layer, a rigid supporting
layer, and an outermost film-forming layer. The optimized
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recipe with a BA/St mass ratio of 2/1, DVB content of 1 wt%, and
core/film forming layer mass ratio of 1/6 was utilized in the film
forming layer preparation, and the self-film forming hollow
latex with the best opaque property was obtained. Accordingly,
this kind of hollow polymers might have prospective applica-
tions in various fields such as in waterborne coatings, inks,
paints, and biomedicine. Borthakur et al. prepared a series of
core-shell particles containing a copolymer of P(n-BA-co-MAA-
c0-EGDMA) as the core and a copolymer of P(St-co-MMA) as the
shell. In their studies, newly synthesized core-shell particles
were used as a pigment in the emulsion paint along with tita-
nium dioxide (TiO,). Particles with a St : MMA ratio of 60 : 40 by
percentage showed the best result in these studies. It was found
that the optical properties of the paint did not change with an
up to 17% reduction of TiO, in the pigment volume. The gloss,
rock hardness, and washability of the emulsion paint also
remained unchanged.®

Furthermore, creation of a single hole in polymer shells offers
a large number of binding sites generated in the proximity of the
interior surface. The target species can easily diffuse into the
interior sites of hollow spheres through the open holes; this leads
to a higher capacity and faster kinetics for the uptake of target
species. Hollow core-porous-shells have promising application
as high-loading drug carriers. This is due to the large cavity inside
the HPPs and the numerous mesopores present in the shell.** A
permeable shell can allow small molecules to penetrate the core
for effective catalytic reactions and drug-loading capacity.***
Several interesting materials have been reported such as inor-
ganic silica, in which both macropores and micro- or mesopores
are incorporated into the structure.”* Guan et al. reported HPPs
with a mesoporous shell containing small silica particles on the
surface. The surface roughness of the hollow particles has tech-
nical importance in controlling the surface-associated adsorption
process. The resultant hollow particle had a hydrophobic cavity
and an amphiphilic surface, thus serving as a good colloidal
collector (high loading) for hydrophobic contaminants in water.
The particles were also found to be good particle emulsifiers
probably because of the amphiphilicity of the silicate and poly-
meric moieties on the surface.”

5. Recent study on hollow polymer
particles

Hollow polymer particles (HPPs) have attracted wide research
interest from fundamental science to prospective applications.
The unique properties of HPPs have attracted attention from
scientists, who are re-investigating the older systems to develop
a new system using advanced techniques and methods. To
simplify the complex processes of fabrication of HPPs, a one-
step method was proposed by Yang et al' Other facile
methods to prepare HPPs have been developed by a number of
researchers recently.””"** In this section, the recent studies
have been reviewed.

Nakamura et al. prepared poly(ionic liquid) (PIL) particles
with a single-hollow structure by suspension polymerization
from monomer droplets. The obtained PIL hollow particle
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shells had switchable properties, which could be changed from
hydrophobic to hydrophilic by anion exchange using a LiBr/
ethanol solution. These properties are useful for preserving
encapsulated materials in the hollow part by changing the
hydrophobicity of the shell particle."”® Qin et al. designed and
synthesized a novel type of ammonium-functionalized HPPs
(HPP-NH;"). Due to the presence of dual functional groups
(ammonium and carboxyl groups), HPP-NH;" showed a signif-
icant pH-dependent equilibrium adsorption capacity, which
increased dramatically from 59 mg g~ to 449 mg g~ as the
solution pH was decreased from 9 to 2. Because of its high
adsorption capacity, pH-sensitivity, easy regeneration, and good
reusability, the HPP-NH;" has great potential for application in
the field of water treatment, controlled drug release, and pH-
responsive delivery.'*® Kitayama et al. studied an efficient
pathway for the preparation of HPPs. In this approach, site-
specific a posteriori photocrosslinking of homogeneous spher-
ical polymer particles and subsequent removal of the particle
core - the self-templating strategy — has been developed as an
efficient pathway for hollow particle formation. This facile route
via a self-templating strategy has great potential to be used as an
alternative route because this route has high mass productivity
and high simplicity as a result of the non-use of additional
sacrificial template particles and highly toxic solvents.”* Zhang
et al. prepared a novel amphiphilic diblock copolymer, PHE-
MAPOSS-b-P(DMAEMA-co-CMA), via reversible addition-frag-
mentation chain transfer (RAFT) polymerization. The hollow
polymeric capsules were obtained via etching the POSS core in
the solution of hydrofluoric acid (HF). The tetraphenylpor-
phyrin tetrasulfonic acid hydrate (TPPS)-loaded polymeric
capsules demonstrated efficient photodynamic therapy (PDT)
efficacy and a low dark toxicity towards the MCF-7 cells. Thus,
the TPPS-loaded polymeric capsules presented potential appli-
cation in PDT." Nakayama et al. fabricated HPPs from the
solvent treatment of aqueous bubble-stabilized polystyrene (PS)
emulsion particles. The aqueous bubbles stabilized with PS
particles could be transformed into polymeric hollow micro-
spheres containing air by exposure to a solvent. The polymeric
hollow microspheres maintained their shapes even after
complete water evaporation; this confirmed that a rigid poly-
meric film was successfully formed."® Wichaita et al. prepared
natural rubber (NR)-based hollow latex (HL) particles by
a seeded emulsion polymerization of methyl methacrylate/
divinyl benzene/acrylic acid (MMA/DVB/AA) monomers on the
NR seed. A void was subsequently formed at an MMA/DVB
molar ratio of 2.7/1 without the necessity of any residual core
removal. The void cavity was enlarged when the monomer to
seed (M/S) weight ratio was increased to 4/1. The large void
cavity (155 + 37 nm) of these NR-based HL particles makes
them particularly suited as delivery vehicle systems.” Yang
et al. developed an innovative one-step synthesis of hollow
polymer particles by microsuspension polymerization of styrene
(St) and methyl acrylate (MMA) with Mg(OH), as the dispersant.
Due to difference in the reactive activity of St and MMA, hollow
polymer particles were generated at an appropriate pH and
polymerization temperature.**® Okubo et al. proposed an inno-
vative easy method to synthesize hydrophobic hollow PS

This journal is © The Royal Society of Chemistry 2017
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particles by emulsion polymerization with an polyoxyethylene
nonylphenyl ether nonionic emulsifier (Emulgen 910).
The vol% (relative to the particles) of water was increased to
46% by heat treatment at 90 °C for 24 h, which was based on
further water absorption and resulted in spherical hollow
particles.”® Other contributions relating to HPPs have been
described by a number of researchers.*>*3*

6. Applications

Hollow polymer particles (HPPs) have attracted extensive
attention in recent years due to their potential applications in
the fields of coating, papermaking, and cosmetics because of
their excellent characteristics of light scattering and low
density;"*® moreover, they have potential applications in catal-
ysis, biochemistry, and biomedicine due to their capacity of
accommodating objects in their hollow structure.®>'*° The
application of HPPs as fillers that decrease the density of poly-
meric composites is a well-known technique. Another and more
complicated area of HPPs is their use as white pigments in
coatings and paint materials. This approach almost eliminates
the possibility for using many of the conventional micro-
spheres.”'**  Stimuli-responsive HPPs are very promising
candidates as drug delivery systems because of their high
stability for prolonged circulation in the blood stream and their
ability to encapsulate bioactive drugs."** In particular, their
application provides an interesting opportunity for drug
delivery in which the delivery system becomes an active
participant, rather than a passive carrier, in the optimization of
disease therapy.'*® When used as drug carriers, stimuli-
responsive HPPs have shown a much larger drug-loading
capacity than ordinary HPPs as stimuli-responsive HPPs are
easier to load with drugs, particularly biomacromolecular
drugs, or to release the entrapped drugs on demand at the
desired target because the pores of their shells can be gated
upon phase transition triggered by external stimuli.*** However,
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porous-shell HPPs are also well known for a superhigh capacity
of drugs due to their porous shell structures.

Yang et al. prepared monodisperse pH-sensitive hollow
P(MBAAm-co-MAA)microspheres with a diameter below 200 nm
and a shell thickness in the range of 8-26 nm. The in vitro
loading and release behavior studied demonstrated that the
hollow P(MBAAm-co-MAA) microspheres toward the DOX drug
possessed a good loading capacity (as high as 357 mg mg ™)
with a high encapsulation efficiency (as high as 83%). The
loading and release behavior of DOX drug with P(MBAAm-co-
MAA) HPPS as a reservoir was highly dependent on the pH
values in the environment, which could be well interpreted by
the difference in strength of the hydrogen-bonding interaction
between the host P(MBAAm-co-MAA) HPPs and the guest DOX
drug under different pH conditions. Furthermore, these HPPs
were improved to enhance the effect of targeted delivery by
adding Fe;O, nanoparticles to P(MBAAm-co-MAA) HPPs. These
results imply that P(MBAAm-co-MAA) hollow microspheres may
have potential application as a reservoir for controlled release.
The drug loading of the dual-targeting hollow P(MBAAm-co-
MAA) microspheres toward the DOX drug possessed a good
loading capacity (as high as 176 mg mg™') and a high encap-
sulation efficiency (as high as 61%) in the case of an initial DOX
concentration of 230 mg mL ™", whereas the releasing behavior
with dual-targeting hollow microspheres as reservoirs was
highly dependent on the pH values in the environment. All
these results may offer a suitable way for the preparation of
multi-functionalized drug carriers for tumor combination
therapy.'*® Chiang et al. prepared polymeric hollow nanogels
designed as carriers for intracellular triggered drug release.***
Another contribution reported by Chiang et al. involved the use
of superparamagnetic hollow nanogels as a potential guidable
vehicle system for stimuli-mediated magnetic resonance
imaging (MRI) and multiple cancer therapeutics. The system
works by magnetic transport guidance toward the target and
subsequent exposure to an alternating magnetic field. Then, the
system exhibited accelerated drug release in response to both

At pH 7.4 and 37°C
Blood circulation

Fig.17 Schematic hollow nanogels serving as a multifunctional anticancer theranostic platform. Reproduced from ref. 145 with permission from

the American Chemical Society.

This journal is © The Royal Society of Chemistry 2017
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PpH reduction and temperature increase as a result of a disrup-
tion of the interactions between the drug molecules and
nanogels structures. Fig. 17 shows a schematic of the hollow
nanogels serving as a multifunctional anticancer theranostic

platform."*

Ke et al. reported a novel smart system based on PLGA hollow
microspheres (HMs) that could deliver an anticancer drug into
tumor cells and quickly release the drug in an acidic organelle

View Article Online

Review

particles functionalized with chitosan for the removal of form-
aldehyde from indoor air. Chitosan and polyethyleneimine
(PET)-functionalized HL particles were conveniently fabricated
by coating (P(MMA/DVB/AA)) HPPs with 5 wt% chitosan or

14 wt% PEIL Besides providing opacity and whiteness, the

such as a lysosome.**® Nuasen et al. prepared hollow latex (HL)

Table 3 Polymers that form HPPs and classification, techniques, and the methods

multilayer HL-chitosan particles could effectively remove
indoor air pollutants, i.e., formaldehyde gas, and, hence, would
be useful in special coating applications.*®

Preparation
Polymer Classification Technique Method Ref.
MMA/MAA/DVB core, St/ACN/DVB shell Solid-shell Seeded emulsion Acid/alkali swelling 52
P(St-co-MMA-co-BA-co-MAA) Solid-shell Soap-free emulsion Acid/alkali swelling 55
PBzMA Solid-shell LRP Core dissolution 56
PS Solid-shell Dispersion HF etching 21
PS/DVB Solid-shell Seeded dispersion SaPSeP 57
P(AA-EGDMA) Solid-shell 2-Steps polymerization Core dissolution 3
PVAc, PMMA, PBA, PBMA Porous-shell Emulsion Self-assembly 73 and 102
PAA Porous-shell Suspension Core-removal 64
PEA core, silica shell Porous-shell Pickering emulsion Solvent evaporation 70
Au-POMA Porous-shell Precipitation Solvent evaporation 65
PS, PMMA Single particles Pre-synthesis, emulsion Solvent evaporation 74
PS Single particles 3-Steps approach Solvent evaporation 75
POT Single particles Chemical polymerization Droplet template 76
PMAA-PNIPAM Stimuli responsive Sol-gel process Core removal/HF treatment 82
Fe30,/Si0,/PMAA/SiO,/PNIPAM Stimuli responsive Precipitation Template 79
MH-MIPs Stimuli responsive Pickering emulsion Soft-templates 83
P(NIPAAmM-co-MBAAmM-c0-GA) Stimuli responsive Inverse emulsion Phase separation 84
Silica-PNIPAM-PNIPMAM Stimuli responsive 2-Steps approach Core dissolution 51
P(MAH/DVB) Solid-shell Distillation precipitation Hard templates 94
P(DVB-c0-AA) Solid-shell Precipitation Hard templates 95
PPy-CS Solid-shell Photoreduction Sacrificial templates 4
St-alt-MA Solid-shell RAFT Sacrificial templates 96
St, DVB Solid-shell Vesicle polymerization Vesicle templates 97 and 98
Fe-Fc-HCPS Porous-shell Ostwald ripening Self-templates 66
AG-VP Single-particles FRP Template-free 99
PS Solid-shell Emulsion Self-assembly/Core etching 33
PS Porous-shell Emulsion Self-assembly/Emulsion droplet 73 and 102
PS/MF Porous-shell Emulsion Self-assembly/Emulsion droplet 71
MMA-MAA-DVB Solid-shell Emulsion Acid/alkali swelling 52
MAA/BA/MMA core, BA/St shell Solid-shell Emulsion Acid/alkali swelling 53
P(NIPAAmM-MAA)/Fe;0, Solid-shell Emulsion Acid/alkali swelling 54 and 107
PMSQ Solid-shell CEHDA 40 and 111
PMMA Single particles Inverse mini-emulsion IMEPP 39 and 112
P(MMA/AA/St) Porous-shell Emulsion Urea treatment 36
PVP/PEM-Au Solid-shell Emulsion HF etching 38
Lipid-polymer-lipid Solid-shell Emulsion Self-assembly 117
PS-Fe;0, Solid-shell Emulsion Acid/alkali swelling 119
St/BA Solid-shell Emulsion Acid/alkali swelling 35
P(BA-co-MAA-co-EGDMA) core, Solid-shell Emulsion Acid/alkali swelling 9
P(St-co-MMA) shell
PIL Solid-shell Suspension SaPSeP 125
PHEMA-b-P(DMAEMA-co-CMA) Solid-shell RAFT polymerization HF etching 127
PS Single particles Emulsion Phase separated 128
NR-based P(MMA/DVB/AA) Solid-shell Emulsion Core removal 129
St/MMA Single particles Microsuspension Phase separation 130
P(MBAAmM-co-MAA) Solid-shell Distillation precipitation Dissolution of core 140
P(NIPAM-co-AA) Stimuli responsive FRP Dissolution of core 144
P(MMA/DVB/AA)/CS@PEI Solid-shell Emulsion Phase separated 10
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7. Conclusions and outlook

This review presents a general overview of hollow polymer
particles (HPPs). The formation of single pore structures in the
particles endows a high potential to encapsulate large guest
molecules. Core-shell polymer particles with hollow core
structures are the most developed HPPs due to their interesting
morphologies, which lead to them achieve superior properties.
These advanced morphologies have accelerated their explora-
tion in a growing list of applications such as in drug delivery,
cosmetics, inks, pigments, chemical reagents, the protection of
biologically active species, and the removal of pollutants. The
highest loading capacity of functional materials can be achieved
by porous-shell structures, and the fastest loading capacity can
be achieved by creating a single hole on the polymer particle
surface. Magnetic-targeting stimuli-responsive HPPs have
received significant attention from scientists due to their
capability to work as intelligent carriers. Template-directed
synthesis is the most widely used method for the formation of
HPPs. However, with solid-shell HPPs, the acid/alkali swelling
method is mostly used to obtain the hollow core. Pioneering
works show that the preparation processes is time-consuming;
therefore, development of a facile method with high-quality
(e.g., nonagglomerated, uniform, controlled size) HPPs is still
a great challenge to material scientists. The developed methods
also need to be environmentally friendly, clean, and versatile to
meet the demands of modern technologies. The best example is
the opaque polymers developed by Rohm and Haas (bought by
Dow chemical in 2009) for filler and coating applications.
However, the development of opaque polymers took 30 years
before they could be commercialized. For applications, espe-
cially biomedical applications, careful studies should be con-
ducted to reveal the toxicity of the HPPs to the human body.

A number of interesting developments have been focused in
principle; however, more studies are necessary to optimize the
experiments, to improve results reproducibility, and to
demonstrate applications testing. Scaling-up this product to
produce industrial-scale quantities for applications is expected
to face critical challenges, such as uniformity, size, stability,
synthesis scale, and production cost. To meet the requirements
for industrial applications, future research needs to overcome
the critical challenges. These aspects of HPPs synthesis are still
in an early stage; this offers exciting opportunities for
newcomers to this area. Table 3 summarizes the polymers that
form HPPs and classifications and the preparation methods of
HPPs.
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AA Acrylic acid
AAm Acrylamide
ACN Acrylonitrile

This journal is © The Royal Society of Chemistry 2017

Ag

AG

Au

4-AP
4-NP

VP

BA
BMA
CMA

CS

CSS
CTAB
CTAT
CEHDA
DAM
DMAEMA
DODAC
DOX
DVB
EGDMA
EHDA
Fc

Fe
Fe;0,4
FRP

GA
GNP
HCPS
HEMAPOSS
HF
HFMF
HMs
HPC
HP
HPMIPs
HPPs
IMEPP

LBL
LiBr
LRP
MAA
MAH
MBAAmM
MC
MCF-7
MIP

MA
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Argentum

Alginic acid

Aurum

4-Aminophenol

4-Nitrophenol

4-Vinyl pyridine

Butyl acrylate

Butyl methacrylate

Coumarin methacrylate

Chitosan

Core-shell-shell
Cetyltrimethylammonium bromide
Cetyltrimethylammonium tosylate
Coaxial electrohydrodynamic atomization
Diallyl maleate
2-(Dimethylamino)ethyl methacrylate
Dimethyldioctadecylammonium chloride
Doxorubicin

Divinylbenzene

Ethyleneglycol dimethacrylate
Electrohydrodynamic atomization
Ferrocenyl

Ferum

Ferric oxide

Free radical polymerization

Glycidyl acrylate

Gold nanoparticles

Hollow coordination polymer microspheres
Polyhedral oligomeric silsesquioxane
Hydrofluoric acid

High-frequency magnetic field
Hollow microspheres

Hydroxypropyl cellulose

Hollow polymer

Hollow porous molecularly imprinted polymers
Hollow polymer particles

Inverse mini-emulsion periphery RAFT
polymerization

Layer-by-layer

Lithium bromide

Living radical polymerization
Methacrylic acid

Maleic anhydride
N,N-methylenebisacrylamide
Methylene chloride

Michigan Cancer Foundation-7
Molecularly imprinted polymers
Methyl methacrylate
Melamine-formaldehyde
Magnesium hydroxide

Number average molecular weight
Weight average molecular weight
Magnetic resonance imaging
Sodium borohydride

Sodium hydroxide

Ammonium

N-isopropylacrylamide

Nanoparticles

Poly(butyl acrylate)
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PBMA Poly(butyl methacrylate)

PBzMA Poly(benzyl methacrylate)

PCL Polycaprolactone

PDT Photodynamic therapy

PEA Isopentyl acetate

PEG Polyethylene glycol

PEI Polyethyleneimine

PEM P(EGDMA-co-MAA)

PFH Liquid perfluorohexane

PIL Poly(ionic liquid)

PLGA Poly(lactic-co-glycolic acid)

PLLA Poly (r-lactide)

PMMA Poly(methyl methacrylate)

PMSQ Polymethylsilsesquioxane
PNIPAM Poly(N-isopropylacrylamide)
PNIPMAM  Poly(N-isopropylmethacrylamide)
POT Poly(o-toluidine)

POMA Poly(o-methoxyaniline)

PMV MAH/VAc particles

PPy Polypyrrole

PS Poly(styrene)

Pt Platinum

PVA Poly(vinyl acetate)

PVP Polyvinylpyrrolidone

RAFT Reversible addition-fragmentation chain transfer
SaPSeP Self-assembling of phase-separated polymer
SDBS Sodium dodecylbenzenesulfonate
SDS Sodium dodecyl sulfate

SEM Scanning electron microscope
Sio, Silicone dioxide

SsiRNA Small interfering RNA

St Styrene

SOs Sodium octyl sulfate

TEM Transmission electron microscope

TiO, Titanium dioxide

TPPS Tetraphenylporphyrin tetrasulfonic acid hydrate
TPM 3-(Trimethoxysilyl)propyl methacrylate

Ty Glass-transition temperature
VAc Vinyl acetate
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