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Hollow Polymer Nanocapsules: Synthesis, Properties, and 

Applications  

Kyle C. Bentz
a,b

 and Daniel A. Savin
b* 

Hollow polymer nanocapsules (HPNs) have gained tremendous interest in recent years due to their numerous desirable 

properties compared to their solid counterparts. Dramatically increased surface area, extremely low densities, and myriad 

tailorable functionalities make HPNs a target of numerous research efforts. Herein, this review focuses specifically on 

organic, polymeric-based, hollow particles on the nanometer size scale. This review aims to cover the diverse array of 

synthetic techniques for the fabrication of HPNs, the unique properties displayed by these particles, and the fascinating 

applications being envisioned and realized by these materials, with particular focus on work conducted in the past three 

years.

Introduction 

 Hollow polymer nanocapsules (HPNs) are an exciting class 

of materials which are of significant interest for a variety of 

applications ranging from high efficiency targeted therapeutics 

to ultra-sensitive sensing devices. Because of the hollow 

nature of these materials, they display exceptionally high 

surface areas, are capable of highly efficient loading and 

encapsulation, and from the wide variety of routes for their 

design, can be synthesized with myriad structural and 

functional motifs. Herein, we define HPNs as materials which 

consist of covalently linked or otherwise disassemblable 

polymer material, which in dilute conditions display the 

absence of chain exchange, consist primarily of a hollow void 

and thin polymeric shell, and most importantly are on the 

nanometer size scale (i.e. 1-1000 nm). 

 The topic of hollow materials is quite broad,
1
 and several 

excellent reviews have been published concerning non-

polymer hollow structures, such as silica,
2,3

 carbon,
4
 platinum,

5
 

and metal sulfides.
6
 Methods for the synthesis of these various 

hollow structures have been reviewed, including through self-

assembly,
7
 templating,

8
 and precipitation polymerization.

9
  

Several reviews have focused specifically on the potential of 

hollow nano- and microcapsules as catalytic 
10,11

 and  

biomedical materials.
8,12

 The focus of this review concerns 

polymer-based HPNs, on the nanometer size scale, and 

primarily discusses work from the last three years (i.e. 2017-

2015), and serves as an update to a similar review published in 

2011.
13

 With the ever expanding abilities of synthetic chemists 

to create a vast array of polymer architectures of myriad 

compositions coupled with advances in polymer 

Figure 1. Summary of the various synthetic methods towards hollow 

polymer nanocapsules (HPN). 

characterization, the field of HPNs is rich with recent examples 

demonstrating the elegance of the modern polymer chemist, 

as shown in Figure 1. These examples are highlighted here, 

where we begin with a thorough discussion of the variety of 

synthetic protocols for the production of HPNs including 

inorganic nanoparticle templating, emulsion polymerization 

techniques, and other unique strategies. The hollow nature 

and the properties this imbues on HPNs are highlighted in the 
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proceeding section, including surface area and swelling. 

Applications of HPNs are then introduced which demonstrate 

the incredible potential of HPNs as next-generation materials 

in a multitude of arenas, such as biomedical, energy, and 

membranes. Finally, we close with a brief outlook of the future 

directions of hollow polymer nanocapsules. 

Synthesis 

Inorganic nanoparticle templating 

Inorganic nanoparticles are an ideal template from which 

to construct a variety of polymer architectures, due to the 

extremely diverse functionalities that can be imparted onto 

the surface, ease of synthesis and processing, and controllable 

size.
14–18

 Furthermore, core removal is typically quite 

straightforward with cores such as silica being easily etched 

with hydrofluoric acid, and many metal nanoparticles etched 

with hydrochloric acid or other acidic media. The groundwork 

for synthesizing HPNs from inorganic nanoparticles began with 

layer-by-layer grafting of polymers onto inorganic substrates. 

Much of the pioneering work in this field was conducted by 

Mohwald and Kotov who demonstrated the ability to create 

discreate polymeric capsules using this methodology.
19–22

 This 

work was proceeded by some of the first examples of the 

ability to covalently graft polymeric material to nanoparticle 

substrates by Prucker and Rühe in the late 1990s.
23,24

 This 

work coincided with the development of controlled radical 

polymerizations, which naturally led to the merger of these 

fields in the early 2000s, with Pyun, Patten, Benicewicz, and 

others using atom transfer radical polymerization (ATRP) and 

reversible addition-fragmentation chain-transfer (RAFT) 

polymerization on solid surfaces to grow well defined 

polymers.
25–29

 One of the first examples to demonstrate using 

inorganic nanoparticles to create HPNs was carried out by 

Blomberg and coworkers.
30

 Using a nitroxide-mediated 

polymerization technique of styrene and a activated ester or 

benzocyclobutene functionalized monomer from silica 

nanoparticle (SiNP) surfaces, followed by either chemical or 

thermal crosslinking of these respective blocks led to a 

crosslinked polymer shell around the surface of the 

nanoparticle. Treatment with hydrofluoric acid gave well 

defined hollow crosslinked nanoparticles. Contemporaneously, 

Kamata synthesized hollow polymer nanocapsules containing a 

gold nanoparticle in the core using ATRP techniques to control 

polymer growth from the surface of silica covered gold 

nanoparticles followed by treatment with HF.
31

 The field has 

expanded significantly since then, and the recent advances in 

the field are discussed below. 

In a recent example of using inorganic nanoparticle 

templates to synthesize well-defined HPNs, Bentz and 

coworkers used SiNPs as sacrificial templates for the synthesis 

of poly(caprolactone-b-ethylene glycol) (PCL-b-PEG) HPNs.
32

 

Using hydroxy-functionalized SiNPs,
33

 crosslinked PCL was 

grafted-from the surface, followed by conjugation of PEG using 

carbodiimide coupling chemistry. Core removal was 

accomplished using hydrofluoric acid. This reaction sequence 

is shown in Figure 2. It was shown that the hydrodynamic 

radius of the polymer modified SiNP increased from 70 nm to 

125 nm after growing crosslinked PCL on the surface. 

Subsequent addition of PEG onto the surface and digestion of 

the silica core yielded an HPN with a size that varied from 50 

nm in water to 219 nm in THF. In these studies, the aqueous 

HPN size was less than the original SiNP, while the large size in 

THF was a result of releasing constraint on surface-tethered 

chains.   

Figure 2. Schematic of hollow amphiphilic nanocapsules synthesized from 

sacrificial silica nanoparticle templates. Particle hydrodynamic radii are 

shown for each part of the synthesis. Reproduced from Ref. 32 with 

permission from the Royal Society of Chemistry. [DOUBLE COLUMN] 

SiNP templates have been used to construct HPNs from 

polyacetylene by Lin and coworkers.
34

 After first synthesizing 

SiNPs and functionalizing with acetylene groups, a seeded 

emulsion polymerization was conducted with a crosslinking 

molecule and either a chiral substituted acetylene or 

phenylacetylene in the presences of PEG t-octylphenyl ether 

surfactant and (nbd)Rh
+
(C6H5)4 as the catalyst. Subsequent 

treatment with HF gave polyacetylene HPNs.  

Li and coworkers produced double-shelled HPNs from silica 

nanoparticle templates by first synthesizing particles with vinyl 

functional groups.
35

 Following synthesis of the nanoparticles, 

polymer was grafted from the nanoparticle surface using 

traditional radical polymerization with propargyl methacrylate, 

methacrylic acid, and ethylene glycol methacrylate. 

Subsequent addition of thiol-functional PEG using thiol-alkyne 

click chemistry, followed by treatment with hydrofluoric acid 

gave hollow double-shelled HPNs. Zhou and coworkers 

synthesized double-shelled HPNs from SiNP templates with an 

inner layer of tin dioxide and outer layer of poly(ethyleneglycol 

dimethacrylate-co-methacrylic acid) (P(EGDMA-co-MAA).
36

 

SnO was first deposited onto the SiNP surface using a 

hydrothermal technique,
37

 followed by copolymerization of 

ethylene glycol dimethacrylate and methacrylate acid to give 

crosslinked polymer shells via a distillation precipitation 

process. Following removal of the SiNP core (160 nm), the 

resulting double-shell HPNs were measured to have a 

diameter of 220 nm via TEM measurements. However, in 

aqueous conditions, the hydrodynamic size was determined to 

be 418 nm, indicating that the polymer shell was highly 

swollen, as expected from the release of surface tethered 

chains and osmotic swelling. 

Polydopamine copolymer HPNs containing an indazole 

ligand were constructed by Fan and coworkers using sacrificial 

SiNP templates.
38

 Using oxidative polymerization of dopamine 

and an indazole-containing monomer, 5,6-dihydroxy-1H-

indazole in the presence of silica nanoparticles, crosslinked 

polydopamine copolymer was grafted to the particle surface. 

Following core removal in using hydrofluoric acid, copolymer 
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polydopamine particles were obtained, as shown in Figure 3. 

These particles were shown to have enhanced binding of 

copper(II) in solution, as well as negligible cytotoxicity. 

 

 

Figure 3. Synthesis of polydopamine copolymer HPNs containing an indazole 

ligand via oxidatative polymerization and sacrificial silica nanoparticle 

templates. Reproduced from Ref. 38 with permission from the Royal Society 

of Chemistry. 

Using a unique reactive interface-guided co-assembly 

methodology, Liang and coworkers synthesized mesoporous 

HPNs from resol, a type of phenolic resin, and Pluronic F127.
39

 

Resol and F127 were found to form micellar assemblies in 

solution, which when introduced to suspensions of 

functionalized SiNPs reacted to form phenolic networks on the 

nanoparticle periphery with micelles of F127 located 

throughout. Removal of F127 and subsequent etching of the 

silica core afforded HPNs with periodic pores with diameters of 

about 5 nm. The methodology was extended to include 

Au@SiNP templates, which gave hollow, yolk-shell 

architectures. 

Thermoresponsive polymers are attractive materials from 

which to construct HPNs, as they have been shown to be 

useful in a variety of applications such as drug delivery and 

smart materials.
40

 Temperature responsive hollow double-

shell HPNs were synthesized by Dubbert and coworkers
41

 using 

silica nanoparticle templates. After surface functionalization 

with methacryloyl groups, a layer of poly(N-

isopropylacrylamide) (PNIPAM) crosslinked with bis-acrylamide 

was grown from the surface, followed by a second layer of 

poly(N-isopropylmethacrylamide) (PNIPMAM) crosslinked with 

bis-acrylamide. Core dissolution using sodium hydroxide gave 

discrete nanogel HPNs with hydrodynamic radii of 387 nm at 

20 °C. At 40 °C, above the LCST of PNIPAM but below the LCST 

of PNIPMAM, the nanogel HPNs had hydrodynamic radii of 269 

nm, and at 50 °C, above both LCSTs, the hydrodynamic radius 

was 179 nm, consistent with chain collapse of each block 

above its corresponding transition temperature. In a separate 

study,
42

 neutron scattering experiments fit to a core-shell-shell 

model showed similar particle radii at the corresponding 

temperatures. The study also coupled molecular dynamics 

(MD) simulations to show how cycling between LCST of each 

block in the presence of guest molecules provides an 

extremely efficient loading and release mechanism. Li and 

coworkers synthesized photo- and themo-responsive, 

molecularly imprinted HPNs from SiNP templates.
43

 Following 

a modified Stöber synthesis to impart the SiNPs with ATRP 

initiators, crosslinking was performed via the polymerization of 

a small shell of ethylene glycol dimethacrylate in the presence 

of 4-((4-methacryloyloxy)phenylazo)pyridine and 2,4-

dichlorophenoxyacetic acid. The template and residual copper 

and ligand were removed and successive polymerizations of N-

isopropylacrylamide and hydroxyethyl methacrylate were 

carried out, and the silica core was subsequently removed with 

HF to yield photo- and thermo-responsive HPNs. 

In a unique form of inorganic nanoparticle templating, 

Xiang and coworkers used a zeolitic imidazole-based metal-

organic framework (MOF), ZIF-8,
44,45

 as a template on which to 

construct HPNs of polydopamine.
46

 To form the MOF, 2-

methylimidazole and Zn
2+

 ions were mixed, along with PVP 

surfactant-functionalized gold nanorods which were included 

to impart photothermal properties to the resulting HPNs. After 

formation of ZIF-8, dopamine was introduced and 

subsequently polymerized in a chelation competition induced 

polymerization (CCIP) method, resulting in polydopamine 

HPNs. Because of the affinity of dopamine for Zn
2+

, 

competitive binding between dopamine and the MOF results, 

which disintegrates the surface of the MOF while 

simultaneously causing polymerization of dopamine at the 

MOF surface. The process of CCIP for polydopamine-based 

HPNs is outlined schematically in Figure 4. 

 

 

Figure 4. Schematic of formation of polydopamine HPNs from a chelation 

competition induced polymerization (CCIP) methodology. Reproduced from 

Ref. 46 with permission from The Royal Society of Chemistry. 

 Sonogashira coupling of tetrakis(4-ethynylphenyl)methane 

and 1,4-diiodobenzen in the presence of SiNPs gave 

nanoporous polymer shells around the nanoparticle in a form 

of a precipitation polymerization templating.
47

 Following core 

removal with HF, the aromatic rings were sulfonated by 

treatment with chlorosulfonic acid, as shown in Figure 5. 
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Figure 5. Schematic of formation of nanoporous HPNs from sonogashira 

polymerization and subsequent removal of sacrificial silica nanoparticle 

cores. Inset: TEM image of nanoporous HPN (S-HMPO). Reproduced from 

Ref. 47 with permission from The Royal Society of Chemistry. 

Emulsion templating 

Emulsion polymerization is one of the oldest techniques 

used to create polymer nanoparticles, and is as such is very 

well-studied and highly versatile.
48

 Recently, the field of 

emulsion polymerization has expanded to include unique types 

of techniques such as nano-emulsions and non-aqueous.
49–51

 

The use of emulsions as soft templates for the formation of 

hollow polymer nanocapsules has been used extensively, 

especially for the synthesis of micron-sized HPNs.
52–57

 This 

method offers numerous advantages such as the ability to 

synthesize hydrophobic monomers/polymers in primarily 

aqueous media, highly spherical particle morphologies, and 

mild reaction conditions. This method does, however, suffer 

from difficulty in controlling particle size dispersity as well as 

synthesizing particles less than 100 nm in diameter, even at 

high surfactant concentration.
58

 This is often a direct result of 

partitioning of the emulsifier into the particle interior, leading 

to a reduction of active stabilizer, resulting in higher particle 

sizes.
59

 Despite these disadvantages emulsion templating is 

one of the more commonly employed methods for the 

synthesis of HPNs. For a general review regarding hollow latex 

particles, the reader is directed elsewhere.
60

 

Redox-responsive monodisperse polyvinylcaprolactam 

(PVCL) HPNs were prepared by Bian and coworkers using an 

emulsion droplet-mediated precipitation polymerization 

method.
61

 Emulsion templates of dimethyldiethoxysilane were 

first synthesized using a base-catalyzed hydrolysis and 

condensation, followed by functionalization with 

(trimethoxysilyl)propyl methacrylate. Polymerization of 

vinylcaprolactam, with and without methacrylic acid, and 

disulfide-containing crosslinker N,N’-bis-(acryloyl)cystamine in 

the presence of emulsion templates, followed by core removal 

yielded HPNs of PVCL, as shown in Figure 6. The authors 

demonstrated that the HPNs were readily degraded in the 

presence of 10 mM glutathione, and that doxorubicin loaded 

HPNs caused significant cell death in HeLa cells, but non-drug 

loaded particles displayed negligible cytotoxicity.  

Anisotropy in colloidal particles is a highly sought-after 

property in materials chemistry.
62–67

 Early work in the 

development of anisotropic colloidal particles was originally 

carried out by Kim and coworkers using crosslinked 

polystyrene latex seeds, but the resulting Janus particles had 

dimensions on the micron size scale.
68

 To reduce the 

dimensions of these particles to the nanometer size scale, Park 

and coworkers,
69

 used non-crosslinked polystyrene cores 

synthesized from conventional emulsion polymerization, 

followed by sequential addition of styrene and 3-

(trimethoxysilyl) propyl methacrylate, to give core-shell 

structures. The particles were then swollen with additional 

styrene, which during heating and polymerization collapses to 

form a lobe on the core-shell particle surface, endowing the 

particles with anisotropic character.  

 

Figure 6. Synthesis of redox-responsive polyvinylcaprolactam HPNs using an 

emulsion droplet-mediated precipitation polymerization method. Reprinted 

with permission from Chem. Mater. 2015, 27, 1262–1268. Copyright 2015 

American Chemical Society. 

Extending these examples to the focus of hollow particles, 

crosslinked PNIPAM-based Janus HPNs were synthesized by 

Chu and coworkers using similar conditions as described 

above, but with the addition of  a crosslinked PNIPAM 

shell.
70,71

  Treatment with THF remove to PS core gave the 

Janus particles hollow character, as confirmed by cryo-TEM, 

scanning force microscopy, and dynamic light scattering. 

Additionally, depolarized dynamic light scattering (DDLS) 

showed high intensity scattering, indicative of anisotropic 

particles. Because of the thermoresponsive character of 

PNIPAM, the particles showed not only distinct temperature 

dependent behavior on their size, but also their aspect ratio, 

owing to their anisotropy. At 10 °C the hydrodynamic radii of 

the particles were approximately 250 nm, but when the 

temperature was increased to 50 °C the hydrodynamic radii of 

the particles dropped below 150 nm. Furthermore, the aspect 

ratio (given as the ratio of the center-to-center distance of 

each sphere component in the Janus particles to the overall 

diameter of the HPNs)  of the particles increased from 0.21 to 

0.38 over the same temperature span. 
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Casein-based HPNs were synthesized by Zhang and 

coworkers
72,73

 using an emulsion polymerization method in 

which caprolactam-modified casein was used at the 

emulsifying agent. Methacrylic acid (MMA), butyl acrylate, and 

methyl methacrylate were then introduced, along with 

ammonium persulfate initiator to yield polyacrylate-casein 

core-shell particles. To obtain hollow core structures, the 

nanoparticles were subjected to slightly basic, aqueous 

conditions (pH ~ 10) causing a migration of hydrophilic chains 

to the particle periphery and creating a hollow void in the 

particle interior. By varying the quantity of MAA during particle 

synthesis, visible-light transmittance was tuned in resulting 

particle films. Hollow, natural rubber-based HPNs were 

synthesized in a similar manner by Wichaita and coworkers.
74

 

First, natural rubber latex particles were swollen with 

divinylbenzene monomer and tetraethylene pentaamine and t-

butyl hydroperoxide redox initiators. Subsequently methyl 

methacrylate and acrylic acid monomers were added and the 

polymerization was continued. While polymerization occurred 

predominately on the NR latex surface, appreciable amount of 

polymer was formed in the NR core, which induced a phase-

separation phenomenon to occur between the rubber and 

synthesized polymer, leading to the formation of a hollow 

interior. The hollow void size was increased with increasing 

mass ratio of monomer to NR latex core, with a void of 155 nm 

being formed in a 298 nm particle at a 4:1 ratio.  

Shen and coworkers
75

 combined emulsion polymerization 

with post-polymerization acid-base treatment to synthesize 

HPNs of poly(styrene-s-N,N’-dimethylaminoethyl 

methacrylate). After traditional emulsion polymerization with 

styrene and N-N’-dimethylaminoethyl methacrylate, the latex 

particles were treated with acid, which induced swelling of the 

particles due to protonation of amino groups. Base was then 

introduced, which deprotonated the amino groups, and 

increased the interfacial tension between polymer and water, 

maintaining the swollen size. In order to minimize free energy, 

the interfacial area was reduced by forming pools of water in 

the particle interior, giving rise to HPNs. 

The Shirasu porous glass (SPG) membrane emulsification 

technique
76,77

 has been utilized for the formation of hollow 

polymer nanocapsules. This method utilizes glass membranes 

of highly uniform pore sizes on the order or 0.1 to 20 μm in 

diameter, through which emulsions are pushed using nitrogen 

gas pressure to produce very monodisperse droplets. An 

example synthesis by Zhai and coworkers
78

 utilized the SPG 

method to form hollow nanocapsules of polydopamine. 

Emulsions of toluene, hexadecane, and sodium dodecyl sulfate 

(SDS) were formed using SPG membranes with average pore 

sizes of 300, 800, and 1,500 nm. Following emulsion formation, 

dopamine and tris(hydroxymethyl)aminomethane (tris) were 

introduced to the emulsion and allowed to react, forming 

polydopamine in an oxidative polymerization method. Dialysis 

yielded monodisperse hollow polydopamine nanocapsules. 

Shin and coworkers have also used the SPG membrane-

method for the synthesis of hollow spheres of polystyrene-b-

polybutadiene.
79

 Monodisperse HPNs were obtained when the 

operating pressure was between 1.3 and 2.3 times greater 

than the critical pressure required for emulsion formation. 

Furthermore, unique internal morphologies of the block 

polymers comprising the HPNs were observed when internal 

solvent was evaporated, including onion-like, or even coiled 

cylinders when homopolymers were added. 

Polydopamine HPNs were synthesized by Zhai and 

coworkers using a mini emulsion technique in which toluene 

droplets acted as a soft template for the polymerization of 

dopamine.
80

 Both core and shell size were tuned by either 

adjusting the size of the initial toluene droplets, or initial 

quantity of dopamine, respectively. 

Sudjaipraparat and coworkers
81

 demonstrated the 

synthesis of non-spherical HPNs using a seeded emulsion 

polymerization technique in a one-pot manner. Either 

additional styrene or methyl methacrylate monomer were 

introduced after the synthesis of crosslinked latex particles of 

poly(styrene-s-divinylbenzene-s-acrylic acid). The additional 

monomer caused non-spherical swelling of the particles, which 

following polymerization, gave rise to particles with a hollow 

core. The non-spherical nature was understood by a negative 

spreading coefficient, SM, which is related to the interfacial 

tension between particle-water, particle-monomer, and 

monomer-water. 

Polystyrene HPNs containing a hole in the capsule were 

first were synthesized by Im and coworkers, using standard 

emulsion polymerization of styrene followed by swelling with 

solvent, freezing, and thawing,
82

 and similarly by Hyun and 

coworkers.
83,84

 Similar particles were constructed in a facile 

manner by Kano and coworkers
85

 using a standard emulsion 

polymerization with styrene and SDS with a fluorocarbon oil, 

perfluoro-n-octane (PFO). During emulsion formation, due to 

the immiscibility of PFO and styrene, the PFO component 

segregated to a droplet on the styrene droplets. Following 

polymerization of styrene and workup of the particles, the PFO 

droplet was removed to give hollow cup-type HPNs, where 

both hole size and particle size could be tuned by 

polymerization time. Several other polymers have been 

formed into hole-containing HPNs using similar methodologies 

such as poly(3,4-ethylenedioxythiophene),
86

 poly(acrylamide-

ethylene glycol dimethacrylate),
87

 and 

poly(methylsilsesquioxane).
88

   

An elegant and simple method designated as the 

supersaturated gas-cored instant polymerization (SGCIP) 

method by Matsubayashi and coworkers exploited the 

formation of nanobubbles created when mixing water and 

acetone to form polycyanoacrylate HPNs.
89

 When water and 

acetone are mixed, the gas solubility of the mixture is less than 

the sum of the pure liquids, which results in supersaturation of 

the mixture and ultimately formation of bubbles on the 

nanometer size scale. When ethyl cyanocacrylate (ECA) was 

dissolved in acetone and water was introduced, phase 

separation of ECA to the gas/solution interface was induced 

with the ethyl group directed towards the gas phase and the 

relatively polar cyano group directed towards the solution 

phase. Because polymerization of cyanoacrylates occurs 

extremely quickly and is initiated spontaneously upon 

exposure to even small amounts of water, polymerization is 
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induced immediately upon addition of water. The authors 

demonstrated that the size of the HPNs could be easily tuned 

by varying the water content in the mixture, with sizes ranging 

from 13 to 1830 nm, as shown in Figure 7. 

 

 

Figure 7. Particle sizes of polycyanoacrylate HPNs using super-

saturated gas-cored instant polymerization (SGCIP) method; inset 

shows optical photographs of resulting HPNs synthesized at varying 

percentages of water. Reproduced from Ref. 89 with permission from The 

Royal Society of Chemistry. 

Polymersomes and vesicle templating 

The field of polymersomes is rich with examples of 

amphiphilic polymers that undergo self-assembly to form 

hollow vesicle-type architectures in close analogy to biological 

liposomes. Early examples demonstrated the broad utility of  

synthetic polymers to mimic nature and form well-defined 

morphologies, specifically hollow vesicles.
90,91

 Inspired by 

these early efforts, researchers began to more fully 

understand the balance between hydrophilic and hydrophobic 

balance in synthetic polymers to create even more well-

defined and predictable structures.
92

  As the field advanced, 

polymersomes have been used for a wide variety of 

applications, especially in the biomedical field.
93

  

The crosslinking of polymersomes gives rise to HPNs in the 

context discussed in this review, where dilution will not cause 

disassembly of the particles. A common approache towards 

the crosslinking of polymersomes is through UV photo-

crosslinking. Such an example is the photo crosslinkable group 

poly(3,4-dimethyl imidobutyl methacrylate), as demonstrated 

by the Voit and Appelhans groups.
94,95

 By systematically 

varying the content of hydrophobic poly(n-butyl methacrylate) 

and hydrophilic poly(2-(diethylamino)ethyl methacylate), 

followed by photocrosslinking, pH responsive crosslinked 

vesicles were obtained. Importantly, a sharp transition 

between swollen and collapsed vesicles as a function of pH 

was shown, with highly tunable pH depending on block 

composition, as shown in Figure 8. Recently, Deng and 

coworkers designed polymersomes, which upon exposure to 

intracellular H2O2 underwent a cascade reaction to cause 

crosslinking of the vesicle bilayer.
96

 This was achieved through 

oxidative self-immolation of boronic ester polymer side chains 

to reveal primary amines which caused bilayer crosslinking 

through interchain amidation reactions. Additionally, this 

cascade reaction lead to a switch in the bilayer hydrophilicity, 

and ultimately highly stable intracellular polymersome HPNs. A 

major issue commonly encountered with crosslinked vesicles is 

decreased membrane permeability.
97,98

 Significant strides have 

been taken towards the synthesis of crosslinked 

polymersomes with controlled membrane permability. In 

crosslinked polymersomes containing poly(2-

(diethylamino)ethyl methacylate), synthesized by Iyisan and 

coworkers, changes in pH were able to significantly change the 

membrane thickness, with a membrane thickness of 19 nm at 

pH 9 and 27 nm at pH 5.
99

 

 

Figure 8. Hydrodynamic diameters of crosslinked PEG-b-poly(2-

(diethylamino)ethyl methacylate)-co-poly(n-butyl methacrylate)-b-poly(3,4-

dimethyl imidobutyl methacrylate) polymersomes. A sharp and tunable pH 

responsive transition in swelling state is achieved by varying the ratios of 

poly(2-(diethylamino)ethyl methacylate)-co-poly(n-butyl methacrylate) in 

the copoltner. Reproduced from Ref. 94 with permission from The Royal 

Society of Chemistry. 

Other approaches towards hollow vesicle-type HPNs have 

involved the use of templates onto which polymer structures 

are attached or grown. This approach has several advantages 

in that the amphiphiles from which the HPNs are constructed 

typically are very well-studied and can form vesicles of very 

well-defined and predictable sizes. Sui and coworkers
100

 used 

vesicles of cetyltrimethylammonium bromide (CTAB) and 

dodecylbenzenesulfate (SDBS), to serve as templates for the 

polymerization of 3,4-ethylenedioxythiophene, which upon 

surfactant removal resulted in hollow nanospheres of PEDOT 

ranging in size from 50 to 950 nm. Kim and coworkers
101

 

prepared acrylic and styrenic hollow nanocapsules starting 

with the coassembly of SDBS, cetyltrimethylammonium 

(CTAT), peroxide initiator, and the requisite monomers (t-

butylmethacrylate, butylmethacrylate, and ethylene glycol 

dimethacrylate or t-butylstyrene and divinylbenzene). After 

assembly into bilayer-membrane vesicles, thermal initiation 

caused polymerization of monomer located in the vesicle 

bilayer resulting in hollow polymer nanocapsules, as shown in 

Figure 9. 
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Figure 9. Synthesis of hollow acrylic and styrenic nanocapsules from vesicle-

templated synthesis. Reprinted with permission from Langmuir, 2015, 31, 

2561–2568. Copyright 2015 American Chemical Society. 

 Strong interactions of β-cyclodextrin and various guest 

molecules have been used to synthesize a variety of HPNs. 

Samanta and coworkers exploited the host-guest interactions 

between cyclodextrin and adamantane to create highly stable 

HPNs which were capable of encapsulating small hydrophilic 

monomers.
102

 Vesicles of amphiphilic β-cyclodextrin were 

prepared by extrusion in buffer, with resulting hydrodynamic 

diameter of 128 nm. Separately, adamantine end-capped 

poly(acrylic acid) of DP = 81 was introduced to the vesicles, 

increasing the size to 142 nm through the host-guest grafting 

reaction. Crosslinking was accomplished through carbodiimide-

mediated coupling of the PAA acid groups and 2,2’-

(ethylenedioxy)bis(ethyleneamine), which resulted in a modest 

increase in hydrodynamic diameter to 150 nm, indicating that 

negligible particle-particle crosslinking occurred. Finally, the 

vesicle template was removed through treatment with Triton 

X-100 surfactant and dialysis. The reaction pathway towards 

these particles is shown schematically in Figure 10. In another 

example involving β-cyclodextrin hosts, Zhang and coworkers 

used   azobenzene guest molecules as a route towards photo-

responsive HPNs.
103

 They first synthesized β-cyclodextrin 

terminated poly(2-(diethylamino)ethyl methacrylate) and a 

azobenzene terminated block polymer which contained a 

thermoresponsive block and crosslinkable block, 

poly((itaconoyloxy)ethyl methacrylate)-b-poly(N-isopropyl 

acrylamide). Following the host-guest interaction between the 

two end-capped polymers, self-assembly was induced to form 

swollen spherical assemblies at slightly basic pH and collapsed 

assemblies in slightly acidic conditions. Crosslinking of the 

itaconoyl groups was accomplished via radical-mediated 

coupling and polymerization through the pendant groups. 

Finally, the core was removed to yield HPNs by irradiation with 

365 nm UV light to induce photoisomerization of the azo 

compound, which is known to dissociate the interaction.
104

  

 

 

Figure 10. Synthesis of HPNs using β-cyclodextrin/adamantane host-guest 

interactions and subsequent amide crosslinking. Adapted with permission 

from J. Am. Chem. Soc. 2015, 137, 1967–1971. Copyright 2015 American 

Chemical Society. [DOUBLE COLUMN] 

 

Template-free 

Template-free methodology  is a highly convenient route 

towards HPNs as fewer synthetic steps are typically required, 

and less waste is generated. While there are fewer examples 

demonstrating this method, some early examples of this 

technique were demonstrated with various metal-oxides,
105,106

 

as well as polymers.
107

 Recently, Fan and coworkers
108

 

demonstrated the template- and additive-free synthesis of 

polystyrene hollow nanospheres using γ-ray irradiation-

assisted self-assembly. By simply dispersing styrene into 

deionized water and irradiating with 
60

Co γ-rays, hollow 

nanospheres with average diameter of 300 nm were formed in 

15 hours. Because initiation of styrene is induced by either 

hydrogen or hydroxyl radicals, the polystyrene chain ends 

contain hydrophilic residues that induce self-assembly into 

vesicles in solution. Continued polymerization forms the 

nanospheres which are stable and dispersible in water, 

ethanol, DMSO, toluene, and DMF. 

In a single-step utilizing an inside-out Ostwald ripening 

process, Kandambeth and coworkers synthesized HPNs from 

covalent organic frameworks (COFs) of 2,5-

dihydroxyterephthalaldehyde (Dha) and 1,3,5-tris(4-

aminophenyl)benzene (Tab), as shown schematically in Figure 

11.
109

 In the early stages of the network formation, π-π 

stacking interactions begin assembling the networks into rod-

like structures, which in turn bundle into aggregates of aligned 

fibers, as shown in Figure 11b, 12 and 24 hours. Following fiber 

formation, spherical assemblies result, and the early stages of 

this process are evident in the TEM images in Figure 9b, 24 

hours. After assembly into spheres, inside-out Ostwald 

ripening causes the spheres to develop into hollow particles 

after about 72 hours. While this phenomenon has been 

observed in inorganic metal oxide particles, examples with 

organic, polymeric material are exceedingly rare.
110,111

  

 

Figure 11. Synthesis of covalent-organic framework HPNs. a) Proposed 

mechanism of HPN formation from inside-out Ostwald ripening; b, c) TEM 

and AFM images, respectively, at various reaction times of HPN synthesis. 

Scale bars, (b) 12 h (200 nm, 100 nm), 24h (100 nm, 50nm), 36 h (200 nm, 

50nm), 72 h (200nm, 20nm) and (c) 12 h (500 nm), 24h (500 nm), 36 h (100 

nm), 72 h (100 nm). Used from Ref. 109 with permission from Macmillan 

Publishers Limited. 

Polyaniline HPNs were synthesized using a self-assembly 

process in which a polyacid, poly(2-acrylamido-2-

methylpropane sulfonic acid) (PAMPS), and aniline assembled 
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into hollow micelles, followed by introduction of ammonium 

persulfate to oxidize and polymerize the aniline.
112

 Depending 

on the quantity of PAMPS used, morphologies ranging from 

short nanofibers, to hollow spheres ranging in size from 350 to 

430 nm could be obtained. 

Using a plasma-enhanced chemical vapor deposition 

process, Lo Porto and coworkers synthesized polyethylene 

HPNs in a one-step process.
113

 Depending on the method of 

plasma activation, either continually applied or pulsed, 

particles in the size range of 400-600 nm or 150-500 nm, 

respectively. Furthermore, during the aerosolization process 

used in the plasma reactor, the HPNs were filled with either 

vancomycin or fluorescein when aqueous solutions were 

introduced in the synthesis. 

 

Unique morphologies 

Anisotropy in colloidal particles is particularly attractive for 

a variety of applications.
62–67

 The hollow nature of HPNs make 

these materials especially suited for advanced applications due 

to their high surface areas and ease of functionalization. 

Towards the development of anisotropic HPNs, Li and 

coworkers used rod-like SiNPs
114

 as a sacrificial template for 

the synthesis of crosslinked polystyrene HPNs.
115

 Using 

standard emulsion polymerization techniques of styrene and 

divinylbenzene in the presence of the rod-like SiNPs gave 

crosslinked polystyrene shells. An additional hypercrosslinking 

step was performed using Friedel-Crafts conditions to give 

nanoporous, highly crosslinked PS shells. Finally, the SiNP core 

was removed to give rod-like PS HPNs. 

Sun and coworkers
116

 prepared hollow nanotubes from 

self-assembled copolypeptoid tiles consisting of block 

polymers of hydrophobic poly-N-decylglycine and hydrophilic 

poly-N-2-(2-(2-methoxyethoxy)ethoxy)ethylglycine. Because 

the block polymers had monodisperse molecular weight (Ɖ = 

1) nanotubes of uniform diameter were formed, and 

furthermore because of the structural motifs present on the 

block polymers, no hydrophobic core was formed during the 

assembly, as shown in Figure 12. At equal weight percent of 

hydrophobic/hydrophilic blocks (i.e. ~50 wt% each block) but 

with increasing overall molecular weight, the latitudinal 

periodicity remained constant at 2.4 nm as measured by both 

wide-angle X-ray scattering and electron microscopy, but the 

longitudinal stripe periodicity increased from 5.7 nm to 11.1 

nm as the molecular weight increased from 3.6 kg/mol to 7.3 

kg/mol. 

 

 

Figure 12. Hollow nanotubes from self-assembled copolypeptoid tiles. 

Copyright 2016 National Academy of Sciences, Proc. Natl. Acad. Sci. 2016, 

113 (15), 3954–3959. 

In a particularly elegant example of the synthesis of 

anisotropic hollow particles, Qiu and coworkers
117

 prepared 

hollow rectangular platelet micelles from cylindrical micelle 

seeds. Utilizing a living crystallization-driven self-assembly 

(CDSA) technique, cylindrical micelles of 

poly(ferrocenyldimethylsilane)-b-poly(dimethylsiloxane) (PFS-

b-PDMS) were mixed with block polymers of PFS-b-poly(2-vinyl 

pyridine) (PFS-b-P2VP) and homopolymers of PFS. In order to 

overcome previous challenges of poor colloidal stability and 

irregular edges of resulting assemblies,
118

 long corona chains 

of PDMS were used in the cylindrical micelle seeds. Upon 

mixing of the three components, the PFS blocks rapidly 

underwent CDSA to afford highly uniform platelet micelles in 

about five minutes, and the use of P2VP in the block polymer 

gave a polar corona. Corona crosslinking was then achieved by 

the addition of small (~2 nm) platinum nanoparticles which 

coordinated to the P2VP blocks. Finally, hollow platelets were 

obtained upon exposure to THF, which selectively solvates 

both blocks of the initial cylindrical micelle seed, removing it 

from the assembly. Further demonstrating the modularity of 

this approach towards hollow particles, the authors added the 

original cylindrical micelle forming polymer (PFS-b-PDMS) to 

pre-assembled platelet micelles prior to crosslinking, 

expanding the platelet micelles and imparting them with 

functionality similar to the starting cylindrical micelle seed (i.e. 

PFS core and PDMS corona). Subsequent addition of PFS-b-

PDMS and PFS unimers, platinum nanoparticle-induced 

crosslinking, and exposure to THF gave both hollow, 

rectangular micelles, and the parent hollow platelet micelles.  

Properties of HPNs 

High surface area 

High surface area materials are highly sought after in a 

wide variety of applications, such as catalysis, separation, and 

storage materials.
119,120

 By definition, HPNs contain a hollow 

interior, so it follows that these materials have high surface 

areas compared to solid-core materials. An example 

highlighting this is demonstrated by Park and coworkers in 

HPNs of poly(tetrakis(4-ethynylphenyl)methane-alt-1,4-

diiodobenzne).
47

 They used 83 nm diameter silica particles, 

which have a surface area of roughly 50 m
2
g

-1
.
121

 Following 

polymerization and core removal, the surface area was found 

to be 733 m
2
g

-1
, a greater than 14-fold increase, despite a 

polymer shell thickness of only 8.9 nm. Hollow lignin 

nanocapsules were synthesized by Xiong and coworkers
122

 

using a self-assembly technique, and they were shown to have 

dramatically increased surface areas following core removal. 

To synthesize the nanocapsules, enzymatic hydrolysis lignin 

was dissolved in THF, then upon slow addition of water, lignin 

nanospheres about 400 nm in diameter were formed. Particle 

diameter could be controlled by either stirring rate, rate of 

water addition, or pH value, where increasing any of these 
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parameters resulted in decreased diameter. Furthermore, the 

lignin surface area was increased by up to 30-fold after 

formation into nanospheres. Synthesis and surface 

measurements using nitrogen absorption isotherms of 

hypercrosslinked rod-like polystyrene HPNs were carried out 

by Li and coworkers.
115

 The templating SiNP core and 

subsequent layer of poly(styrene-co-divinylbenzene) showed 

surface areas of 12 and 15 m
2
g

-1
, respectively. Upon 

hypercrosslinking and SiNP core removal, the surface areas 

increased dramatically to 527 and 704 m
2
g

-1
, respectively. In 

another example, covalent organic framework hollow particles 

of 1,3,5-triformylphloroglucinol and p-phenylenediamine  

templated from ZnO nanorods showed dramatically increased 

surface areas before and after core removal.
123

 The bare ZnO 

nanorods displayed a surface area of 31 m
2
g

-1
 and increased to 

180 m
2
g

-1
 after templating the COF onto the particle. Following 

core removal, the measured surface area increased to 447 

m
2
g

-1
. Examples of extremely high surface areas in HPNs have 

been reported, such as triphenylbenzene HPNs with surface 

areas of 933 m
2
g

-1
,
124

 and close to 1,500 m
2
g

-1
 have been 

observed in covalent-organic framework HPNs.
109

 

It is important to frame the properties of HPNs with other 

materials to gain a broader perspective of these materials and 

the areas for improvement and further research. A natural 

comparison of HPNs to other high surface area materials are 

metal-organic frameworks (MOFs), covalent-organic 

frameworks (COFs), and porous polymers. As described above, 

fully polymeric HPNs can be synthesized with surface areas 

approaching 1,000 m
2
g

-1 
and up to 1,500 m

2
g

-1
 has been 

reported in COF-based HPNs. Perhaps the most extreme 

example of high surface area materials are MOFs, which can 

approach surface areas of 10,000 m
2
g

-1
.
125–127

 While traditional 

MOFs are highly crystalline and consist of small molecule 

organic linkers with inorganic building block clusters, 

significant progress has been made on forming polymer-based 

MOFs, which has tremendous upside for the field of high 

surface area hollow polymers.
128,129

 In COFs and porous 

polymers, which contain no inorganic component as a main 

structural unit, surface areas are lower than many MOFs, but 

still show very high potential for use in HPN materials, with 

surface areas over 2,000 and 1,500 m
2
g

-1
 reported, 

respectively.
130,131

 

 

Loading capacity 

The ability to load material in high capacity is vital for the 

certain applications such as drug delivery and energy storage. 

Early work towards polymeric materials with high loading 

capacity included polymer dendrimers,
132–135

 and has since 

expanded to more controlled morphologies and materials, 

such as micelles and vesicles, as well as solid materials such as 

graphene oxide.
136–138

 In addition to unique functions of HPNs, 

their hollow nature allows for high capacity loading of a variety 

of payloads. Bazylinska and coworkers synthesized PLA and 

PCL nanospheres and HPNs and compared their encapsulation 

capacity of a cyanine-type photosensitizer.
139

 It was shown 

that in virtually all conditions tested, the encapsulation 

efficiency increased going from nanosphere to corresponding 

HPN, where in some cases the encapsulation efficiency was 

greater than 90%. Zhang and coworkers
124

 used ZnO 

nanoparticles as templates for the formation of hollow porous 

organic polymers composed of tetraphenyl porphyrin (TPP), 

tetrabiphenyl porphyrin (TBPP), or triphenylbenzene (TPB). 

These particles showed both high loading capacities for 

hydrophobic dyes, as well as high surfaces areas. In particular, 

TBPP hollow nanospheres displayed excellent loading of 

Rhodamine B dye (460 mg/g after 500 minutes). 

 

Controlled aggregation of Metal Nanoparticles in HPNs 

One of the most desirable properties for colloidal materials 

to possess is high colloidal stability, i.e. exist in solution 

aggregation-free. However, it is often desirable to control the 

aggregation state of nature of colloids, to create hierarchical 

structure,
140,141

 impart new functionality,
142

 create or act as 

constrast agents in MRI,
143

 to name a few examples.The ability 

to form small clusters of gold nanoparticles is desirable from a 

biomedical standpoint, as this permits facile clearance from 

the body with high wavelengths of light absorption.
144–146

 

Aggregate size of gold nanoparticles was controlled by the 

quantity loaded into vesicle-templated hollow nanoparticles, 

as demonstrated by Dergunov and coworkers.
147

 With 

controlled quantities of gold nanoparticles loaded into the 

HPNs, the wavelength of absorption was significantly 

redshifted upon addition of acid. Gold nanospheres grafted 

with thermoresponsive polymer, poly(oligoethyleneglycol 

methacrylate-co-2-(2-methoxyethoxy)ethyl methacrylate) 

showed temperature dependent aggregation behavior.
148

 

Above the LCST of the polymer, although the individual 

particle diameters decreased, the apparent hydrodynamic 

diameters increased due to particle aggregation.  

 

Swelling 

An interesting feature of HPNs is the ability to reversibly 

swell and contract in response to various stimuli such as 

temperature, light, or solvent conditions. Controlled swelling 

and deswelling is highly desirable for drug delivery applications 

as well as for mechanical modulation in a variety of 

materials.
149–152

 Because many HPNs consist of only a thin 

polymer layer or loosely crosslinked networks, steric and 

excluded volume chain packing effects are significantly 

diminished compared to traditional polymer assemblies. 

Furthermore, HPNs synthesized from sacrificial templates can 

show a significant expansion in size upon core removal due to 

relief of tethered chain ends. This was shown by Bentz and 

coworkers in PCL-b-PEG HPNs constructed from SiNP 

templates (hydrodynamic radii = 70 nm).
32

 After grafting of 

amphiphilic block polymers, the hydrodynamic radii of the 

particles increased to 129 nm when suspended in a good 

solvent for both blocks (THF). However, when suspended in 

water, a poor solvent for the PCL block, the hydrodynamic radii 

decreased to 81 nm. Upon removal of the silica core and 

release of tethered chain end constrains, the hydrodynamic 

radii in good solvent increased to 219 nm. Finally, when the 
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PCL-b-PEG HPNs were suspended in water, the HPNs collapsed 

to hydrodynamic radii of 50 nm, a size lower than the initial 

SiNP core, illustrating the dynamic swelling character of HPNs. 

An example of pH responsive swelling was demonstrated by 

Wang and Sukhisvili.
153

 Poly(acrylic acid) HPNs were prepared 

via carbodiimide-mediated crosslinking of PAA with adipic acid 

dihydrazide on PEO-PPO-PEO micellar templates, followed by 

core removal using dialysis. The resulting PAA HPNs displayed 

tunable degrees of swelling in response to pH changes with 

varying crosslink density, as shown in Figure 13. Particles with 

low quantities of crosslinks swelled to over twice their initial 

size when pH was increased from 2 to 7, due to deprotonation 

of the PAA side groups and resultant electrostatic repulsion. 

When the crosslink density was increased, the degree of 

swelling was very limited due to covalent chain constrains, 

precluding the ability of the polymer cages to swell, even with 

very high amount of electrostatic repulsion. Zhang and 

coworkers used temperature to reversibly swell PNIPAM-

containing HPNs.
103

 At 31 °C the HPNs had a hydrodynamic 

diameter of about 210 nm, but as temperature was increased 

to 39 °C, the diameter dropped to about 110 nm. Additionally, 

the particle could be returned to its original size upon cooling 

with very little hysteresis, and could be cycled many times. 

Similar behavior was observed in crosslinked polymersomes 

containing  poly(2-(diethylamino)ethyl methacylate), where 

cycling between pH 5 and pH 10 caused a swelling of 1.5 fold 

to occur in acidic conditions due to the protonated amine side 

chains.
99

 Furthermore, this process was shown to be highly 

reversible, which negligible loss in swelling or deswelling ability 

after 5 cycles. 

 

Figure 13. Crosslink density dependent swelling of poly(acrylic acid) 

HPNs, with hydrodynamic radii given as a function of solution pH. Low, 

medium, and high CR refers to low, medium, and high crosslink 

density, respectively. Reproduced from Ref. 153 with permission from The 

Royal Society of Chemistry. 

 Liu and coworkers exploited the controllable swelling of 

HPNs to tune the release kinetics of NO in S-nitrosothiol-

containing hollow particles of poly((ethylene glycol 

dimethylacrylate)-co-(hydroxyethyl methacrylate)).
154

 In the 

dry state, as measured by TEM analysis, the hollow particles 

had an average diameter of 169 nm. However, in real bovine 

serum the measured size as determined by dynamic light 

scattering was 420 nm. The swelling of the particles was even 

more enhanced in PBS buffer where the hydrodynamic size 

was 1794 nm.  

Applications 

Biomimetic HPNs 

As hollow polymer materials with highly tunable size, 

functionality, and high storage capacity, HPNs are excellent 

materials for a variety of biomedical applications.
155

 Given the 

hollow nature of HPNs, their ability to be efficiently loaded 

with cargo, and highly tunable surface properties, these 

materials are obvious choices for biomedical, drug delivery, 

and biomimetic applications The hollow nature of polymer 

capsules offers tremendous opportunity to begin creating cell 

mimicking devices. Significant progress has been made 

towards synthetic cellular systems in both polymer and 

inorganic material designs.
156–158

 In order to create synthetic 

cells, however, communication between intraparticle and 

extraparticle environment is essential. Dergunov and 

coworkers have synthesized HPNs with porous walls which 

allow for communication between dye molecules inside and 

outside of the shell, which when interacting, create rotaxane-

like structures.
159

 Located inside the particle was 1,3,5-tri(4-

acetylphenyl)isocyanurate which could undergo a Mannich 

reaction with a derivatized fluorescein molecule containing a 

variable length alkyl spacer with terminal amine. When the 

isocyanurate-containing particles were mixed with ethyl linker 

fluorescein and subsequently washed no change in 

fluorescence was observed compared to the pure 

isocyanurate-containing HPNs. However, when hexyl and decyl 

linkers were used, a significant wavelength shift in 

fluorescence maxima was observed, as shown in Figure 14. An 

example  by Tamate and coworkers used crosslinked 

polymersome HPNs to create self-oscillating synthetic cells.
160

 

A block polymer consisting of PEG, and a thermo-responsive 

Ru(bpy)3-containing block was effectively assembled into 

vesicle morphologies and crosslinked. Following this, changes 

in temperature and redox state of the Ru could effectively 

alter the size of the resulting HPNs. Finally, the oscillatory 

Belousov-Zhabot chemical reaction was used to give rise to 

HPNs with autonomous swelling and deswelling behavior, 

much like natural cellular systems. These results highlight  

important steps toward mechanisms by which synthetic cells 

may become viable.  

While siRNA has emerged as a promising candidate for 

therapeutic applications such as gene suppression and 

treatment of a variety of genetic disorders, actual delivery of 

the nucleic acid to the target site remains a significant 

challenge.
161–163

 An elegant example of such was 

demonstrated by Zou and coworkers who synthesized virus-

mimetic chimaeric polymersomes composed of reversibly 
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crosslinked PEG-b-poly(trimethylene carbonate-co-dithiolane 

trimethylene carbonate)-b-polyethyleneimine, and loaded 

with siRNA.
164

 To impart the cell targeting ability of natural 

viruses to these particles, the cyclic peptide cNGQ, which 

shows high affinity for α3β1-integrin-overexpressing tumor 

cells, was end-functionalized to a fraction of the assembling 

polymers, such that it was expressed on the particle surface. 

Additionally, This copolymer was found to effectively assemble 

into spherical vesicles with a radius of gyration of 49 nm. 

When loaded with varying amounts of siRNA, the Rg increased 

up to 175 nm. Finally, in vivo studies with mice bearig A549 

human lung tumors demonstrated the highly effective nature 

of these particles to undergo receptor-mediated endocytosis, 

efficient payload release, and ultimately boost survival time of 

this mice significantly. Additionally, Kumar and coworkers used 

mesoporous polycaprolactone-based HPNs to load and 

effectively deliver siRNA to HepG2 cancer cells.
165

 The HPNs 

were capable of loading 400 ng of siRNA per 1 mg of HPN, with 

delivery efficiencies up to 93%. 

 

 

 

Figure 14. a) Schematic of porous HPNs with rotaxane-like 

fluorescent moieties threaded through the polymer shell. b) Schematic 

of various samples of rotaxne-linked HPNs and corresponding optical 

photograph under UV light. From left-to-right, HPNs with no internal 

isocyanurate; isocyanurate-containing HPNs treated with 6-amino 

fluorescein followed by washing; treatment with ethyl, hexyl, and 

decyl spacer amino-fluorescein, respectively. c) 1,3,5-tri(3-

acetylphenyl)isocyanurate (green wedge) and fluorescein with alkyl 

spacer (pink wedge with yellow rod). Modified from Ref 159 with 

permission from John Wiley and Sons.. [DOUBLE COLUMN] 

 

Drug delivery 

Drug delivery is an extremely important application in the 

scientific community in general, and especially in the field of 

HPNs. While the field of drug delivery is far too broad to cover 

in detail, several excellent general reviews exist, and the 

reader is directed to those for a more general overview.
166–168

 

With regards to HPN drug delivery vehicles, Liu and 

coworkers
169,170

 used hollow double-layer nanoparticles 

decorated with boronic acid and S-nitrosothiol groups to 

effectively target over-expressed sialic acid groups on tumor 

cells and release nitric oxide (NO) upon decomposition with 

intracellular glutathione. In the presence of low pH or low 

glucose concentration, the hollow double-layer nanoparticles 

selectively bound to human hepatocellular carcinoma cells 

(HepG2). It was demonstrated that the HPNs had highly 

tunable release kinetics of NO dependent on both solution 

tempertaute, and pH, as shown in Figure 15.  Prolonged 

release of NO using hollow nanoparticles was demonstrated by 

Yamala and coworkers
171

 by encapsulating sodium 

nitroprusside inside 100 to 150 nm hollow spheres of poly(N-

acryloyl l-phenylalanine methyl ester). In addition to prolonged 

release of NO, immunomodulatory and adjuvant action in 

murine macrophages was also facilitated. The pH-responsive 

release of doxorubicin by crosslinked polymersome HPNs was 

demonstrated by Liu and coworkers.
172

 Following self-

assembly of fumarate-di-2,4,6-trimethoxybenzylidene-1,1,1-

tris(hydroxymethyl) ethane end-capped PEG into vesicle 

morphologies in the presence of doxorubicin, crosslinking of 

the membrane was performed by redox reaction with 

ammonium persulfate and tetramethylethylenediamine. In 

acidic conditions the hydrophobic trimethoxybenzylidene 

moieties were cleaved, rendering the crosslinked HPN entirely 

hydrophilic, thus reducing the unfavorable interactions of 

doxorubicin with the HPN membrane.  

 

 

Figure 15. Release kinetics of NO from double-shelled N-diazeniumdiolated HPNs 

as a function of a) temperature and b) pH. Reproduced from Ref. 170 with 

permission from the Royal Society of Chemistry. 

 

Through inclusion complexation and host-guest 

interactions, Li and coworkers,
173

 prepared hollow spheres 
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from sodium alginate-g-poly(N-isopropylacrylamide) (ALG-g-

PNIPAM) and β-cyclodextrin (β-CD) for controlled release of 

cancer therapeutic 5-fluorouracil. Upon complexation of the 

isopropyl pendant groups of PNIPAM and β-CD, rod-like 

segments formed on the sodium alginate backbone coil. Self-

assembly after complexation led to hollow spheres which 

displayed drug entrapment efficiencies of 25% to about 50% as 

the molar ratio of ALG-g-PNIPAM:β-CD increased from 1:1 to 

1:5. The authors hypothesized that the loading efficiency 

increased with decreasing β-CD content due to spatial 

constraints in the particle interior with additional β-CD 

present. Drug release kinetics were considerably enhanced 

both above the LCST of PNIPAM (40 °C vs. 25 °C) and at slightly 

acidic conditions (pH = 5.2 vs. 7.0). 

 

 

Energy and conductive materials 

Research towards more efficient energy storage materials 

and batteries is becoming increasingly more important. 

Nanomaterials, especially HPNs which exemplify the high 

surface-to-volume ratio desired in nanomaterials, are 

extremely promising materials in energy applications.
174–177

 

Mesoporous HPNs formed from micelle-templated, Suzuki 

coupling polymerization of tris(4-bromophenyl)amine and 

benzene-diboronic acid were shown by Zhou and coworkers to 

be highly effective replacements for traditional                                                                                                                                                       

oxide fillers used in solid-state lithium ion batteries.
178

 The 

porous and hollow nature of the HPNs allowed for scavenging 

of impurities which are otherwise present with traditional 

oxide-containing batteries, thus lowering the impedance 

compared to cells containing Al2O3.  

Hollow, ring-shaped assemblies of block polymer blends 

were used by Park and coworkers to improve performance in 

phase-change memory (PCM) materials.
179

 While PCM is a 

promising candidate for high density memory storage, a major 

drawback is the high switching current required in many 

modern materials. By using coassemblies of PDMS-b-PS 

(cylinder formers) and PS-b-PFS (sphere formers) on PCM 

wafers followed by solvent annealing and reactive ion etching, 

the desired dot-in-hole morphology was obtained, and an 

extremely small switching current of 2-3 μA was measured.  

Hollow metal nanospheres are of considerable interest due 

to their excellent conducting properties, combined with their 

relatively low density compared to their solid counterparts. 

These materials are especially attractive as conductive 

coatings formed both from spray-coating and ink-jet printing. 

A major drawback that limits the commercial viability of such 

materials is the need for stabilizers before or during the 

sintering process, as these stabilizers often act is resistive 

materials. To overcome this, Mir and Ochiai
180

 formed hollow 

Ag nanoparticles with a conducting polymer shell of poly(N-

vinylcarbazole-co-maleic anhydride)-g-[poly(propylene oxide)-

co-poly(ethylene oxide)]. These nanocapsules were able to be 

ink-jet printed and give conductivities of 8.5 x 10
5
 S/m without 

the need for thermal annealing. 

 

 

Separation and membranes 

Polymeric materials are widely used as separation 

membranes in a variety of applications, such as food 

packaging, water filtration, and gas separation. While many 

polymer materials demonstrate high selectivity and tunable 

permeability,
181–183

 HPNs make ideal candidates for next-

generation gas separation membranes due to their 

exceptionally high surface areas and low densities. Progress 

towards these materials was realized in the form of highly 

porous liquids developed by Zhang and coworkers, who 

templated PEG-sulfonate to hollow porous silica 

particles.
184,185

 Because the hollow silica particles were 

functionalized with quaternary ammonium functionalized 

organosilanes, the polymer conjugation was accomplished via 

strong ionic interactions between the polymer head group and 

silica surface. The dynamic nature of the ion pair, combined 

with the relatively low molecular weight of the PEG (~1,000 

g/mol) resulted in a liquid material. These materials were 

highly effective at separating CO2/N2 gas mixtures, due to 

Lewis acid/base interactions between the PEG and CO2,
186

 

allowing the CO2 to enter the particles where the hollow cavity 

allows for unimpeded flow. 

Qin and coworkers used HPNs with high densities of amine 

and carboxy groups as pH sensitive absorbents for acidic 

dyes.
187

 Precipitation copolymerization of styrene and maleic 

anhydride gave nanoparticle templates, from which a second 

layer of divinylbenzene and maleic anhydride was polymerized 

to give a crosslinked corona. Acetone wash, followed by 

reaction with diethylenetriamine gave high densities of both 

primary and secondary amines, as well as carboxy groups. At 

high pH, when the carboxy groups were deprotonated, low 

binding affinity of the dye was observed, with loading levels of 

59 mg/g. However, when the pH was lowered, protonating 

both the carboxy groups and amine groups, loading increased 

dramatically to 406 mg/g, as shown in Figure 16. 

 

Figure 16. pH modulated absorption of amine and carboxy-functional HPNs. 

Adapted with permission from ACS Appl. Mater. Interfaces 2016, 8, 16690–

16698. Copyright 2016 American Chemical Society. 

Xie and coworkers used hollow molecularly imprinted 

polymer nanotubes for the selective recognition and 
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separation of chloramphenicol, an antibiotic used in the 

aquaculture industry that is being found in increasingly high 

levels in the food chain and drinking water.
188

  

Proton exchange membranes (PEM) are an important 

component in direct methanol fuel cells, and are commonly 

constructed from sulfonated poly(ether ether ketone) 

(SPEEK).
189,190

 Zhang and coworkers found that conductivity 

was nearly doubled in SPEEK membranes containing HPNs of 

sulfonated polystyrene brushes compared to native 

membranes in the absence of HPNs.
191

 Additionally, proton 

conductivity was measured in SPEEK membranes containing 

HPNs only consisting of a thin layer of sulfonate-functional 

groups compared to long brushes of sulfonated polystyrene. 

The brush-containing membranes not only exhibited higher 

proton conductivity compared to the thin sulfonated HPNs, 

but also displayed slightly higher tensile strength and Young’s 

modulus, due to higher compatibility of the HPNs in the SPEEK 

matrix. 

 

Catalysis 

Catalysis using HPNs is one of the most promising 

applications of these materials. Because of the highly tunable 

membrane characteristics, ease of functionalization, and high 

surface area, endowing HPNs with catalytic function is 

extremely facile. Henderson and coworkers demonstrated the 

utility of crosslinked polymersome HPNs containing Pt(0) 

crosslinks to catalyze the hydrosilylation of alkenes.
192

 

Additionally, the Pt(0) crosslinked HPNs were resistant to 

disassembly from surfactant, but could be readily degraded in 

the presence of phosphines. Gräfe and coworkers used 

enzyme loaded, crosslinked polymersome HPNs consisting of 

poly(3,4-dimethyl imidobutyl methacrylate)-b- poly(2-

(diethylamino)ethyl methacylate to carry out the enzymatic 

reactions of horse radish peroxidase, myoglobin, and glucose 

oxidase.
193

 By simply changing the pH from 6 to 8, the 

reactions could be switched on or off due to the increased 

permeability of the protonated amine membrane in acidic 

conditions. Polymersomes containing the enzyme CalB have 

also been shown to be effective at catalyzing reactions at the 

water/oil interface, and show the potential for applications 

such as environmental remediation.
194

 

 Incorporation of metal nanoparticles in HPNs has been a 

desirable method to create nanoreactors for a variety of 

reactions. Hairy hollow nanocapsules containing platinum 

nanoparticles for the catalytic reduction of 4-nitrophenol (4-

NP) were prepared by Li and coworkers.
195

 Alkyne-functional 

silica nanoparticles were grown around platinum nanoparticle 

clusters and functionalized with azide-functional β-CD. Finally, 

HPNs with grafted temperature responsive adamantyl-

terminated poly(N-vinylcaprolactam) were prepared by β-CD 

inclusion complexation followed by HF etching. The platinum 

containing HPNs displayed the expected pseudo-first-order 

kinetics for the reduction of 4-NP, and no reduction of 4-NP in 

the absence of the HPNs. Furthermore, the rate of reduction 

was increased with increasing temperature from 10 °C to 25 

°C, after which a 4-fold reduction in rate was observed when 

the temperature was reduced to 35 °C above the LCST of the 

polymer. Most importantly, however, was the ability to easily 

recover the platinum-containing HPNs and demonstrate their 

ability to catalyze with virtually no loss in efficiency after 

multiple collection cycles. Similar behavior was observed in 

gold nanoparticle containing HPNs of poly(ionic liquid) and 

thermo-responsive poly(2-(dimethylamino)ethyl 

methacrylate).
196

 The particles were shown to effectively 

catalyze the reduction of 4-NP, where the rate of reduction 

increased linearly with temperature until the LCST was 

reached, at which point the rate was significantly reduced. 

Zhang and coworkers used HPNs of graphitic carbon nitride 

polymer (g-C3N4) for the photocatalytic splitting of water.
197

 In 

addition to the synthesis of hollow g-C3N4 capsules, the 

authors also incorporated varying amounts of 2-

aminothiophene-3-carbonitrile into the polymerization, 

resulting in nearly three times greater hydrogen output.  

 

Sensing 

Owing to their high surface area and tailorable surface 

functionalities, HPNs are ideal candidates for highly sensitive 

sensors. Early examples of using hollow structures for sensing 

applications include polypyrrole hollow spheres for pressure 

sening,
198

 hollow polymer microneedles for transdermal 

electrochemical sensing,
199

 and polypyrrole coated SnO2 

hollow spheres for ammonia sensing.
199

 Recently, Gong and 

coworkers
200

 designed photoresponsive, molecularly imprinted 

HPNs for the detection of trace levels of triamterene, a 

potassium-saving diuretic banned by the Medical Commission 

of the International Olympic Committee and World Anti-

Doping Agency. To achieve this, a novel azobenzene derivative, 

4-[(4-methacryloyloxy)phenylazo]-3,5-dimethyl 

benzenesulfonic acid (MAPADSA), was copolymerized with 

N,N,N’,N’’,N’’-pentamenthyldiethylenetriamine from the 

surface of ATRP initiator-functional silica nanoparticles, in the 

presence of MAPADSA, followed by removal of MAPADSA and 

silica core with hydrofluoric acid. MAPADSA was shown to be a 

specific and highly sensitive agent for the binding of 

triamterene, where the rate of cis-trans isomerization is 

slowed when bound. By exploiting this binding efficiency, the 

molecularly imprinted hollow nanoparticles were able to 

detect triamterene at levels less than 0.2 ppm, below the 

threshold limit as defined by the IOC and WADA. 

Prasad and Singh
201

 have also used hollow molecularly 

imprinted polymers for high sensitivity detection of anti-HIV 

drugs Lamivudine (3TC) and Azidothymidine (AZT). Accurate 

determination of the levels of these drugs in patients is crucial 

for clinicians to prescribe proper dosages of these drugs. A 

sensing molecule with polymerizable vinyl groups, 2,4,6-

trisacrylamido-1,3,5-triazine (TAT), was anchored to silica 

nanoparticle surfaces, followed by polymerization of ethylene 

glycol dimethylacrylate, core removal using hydrofluoric acid, 

and deposition on pencil graphite electrodes. The molecularly 

imprinted HPNs were able to detect 3TC and AZT down to 2.45 

and 1.88 ng/mL, respectively, in blood serum samples, and 
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were 1.5 times more sensitive than their core-intact 

counterparts.   

Hollow molecularly imprinted polymers have been used for 

the detection of the pyrethroid λ-cyhalothrin in environmental 

water.
202

 Silica nanoparticles functionalized with fluorescein 

isothiocyanate (FITC), followed by polymerization of 

divinylbenzene in the presence of λ-cyhalothrin, and 

subsequent core removal resulted in hollow molecularly 

imprinted polymers which showed significant fluorescence 

quenching in the presence of various pyrethroids and allowed 

for detection of λ-cyhalotrin at nanomolar levels. 

Conclusions and Future Outlooks 

Hollow polymer nanocapsules are an exciting class of 

material with extremely high potential in a variety of 

applications such as materials science, biomedicine, and 

energy. The breadth of the applications for which HPNs may 

be suitable stems directly from the huge variety of synthetic 

methods and polymers from which they can be constructed. 

As shown above, each synthetic method has its unique 

advantages and disadvantages. Inorganic nanoparticle 

templating, for example, allows for the precise tuning of the 

HPN hollow core size, and through judicious choice of core 

material, the degradation conditions can be tailored for the 

given application. However, with this method, an additional 

step is required in the synthetic route towards the desired 

material, and typically, the core material is unrecovered and is 

not an atom-efficient process or green process, often requiring 

harsh, toxic reagents. Emulsion templated methods, 

conversely, typically require much milder conditions for core 

removal, often simply water. From this standpoint, the 

emulsion templated methods can be viewed as a much more 

green approach towards HPNs. Emulsion templated cores are 

typically simple surfactants and could be easily recovered if so 

desired. However, like inorganic templating, an additional step 

is required in the synthetic route to the final hollow material. 

Unlike inorganic templates, which have precisely 

predetermined size, which is often quite narrowly dispersed, 

emulsions can be quite disperse in size and are more difficult 

to control. Towards even more efficient routes to HPNs are 

vesicle-templated and polymersome-based HPNs. In these 

systems, there is no need for core removal, which eliminates a 

step in the synthesis. Additionally, because no core material is 

lost in the synthesis, this is a much more environmentally 

friendly technique. Finally, template-free and unique 

morphologies are rarer examples of the synthesis of HPNs, but 

seek to combine the advantages of the aforementioned 

techniques. As progress in supramolecular chemistry and 

controlled synthetic techniques advance, we expect to see the 

field of template-free and direct access to highly controlled 

HPNs in few synthetic steps blossom.   

In addition to the versatility of the synthetic routes 

towards HPNs, their unique properties allow for improvement 

in a wide variety of applications. Because of the exceptionally 

high surface areas of HPNs, they make ideal candidates as 

sensing materials and catalytic devices. Furthermore, their 

hollow nature makes HPNs ideal candidates as nanoreactors 

and in biomedical applications for their ultra-high storage 

capacity. As materials and polymer chemistry advances, we 

expect interest in HPNs to grow accordingly. Progress in 

imaging techniques and spectroscopy will give researchers in 

the field improved insights into the mechanisms of formation 

for HPNs and ultimately lead to improved material design. As 

synthetic strategies improve, and efficiency increases, the real-

world utilization of HPNs dawns. Next-generation biomaterials 

and membranes, including synthetic cellular nanomachines 

and molecular separation, are at the forefront of material 

design for hollow polymer nanocapsules.  

Conflicts of interest 

There are no conflicts to declare. 

Acknowledgements 

K.C.B was funded in part through a grant from the National 

Science Foundation (DMR-1709784). The authors thank Dr. 

Michael Bell and Craig Machado for useful discussions.  

Notes and references 

(1)  Wang, X.; Feng, J.; Bai, Y.; Zhang, Q.; Yin, Y. Synthesis, 

Properties, and Applications of Hollow Micro-

/Nanostructures. Chem. Rev. 2016, 116 (18), 10983–11060. 

(2)  Zhang, Y.; Hsu, B. Y. W.; Ren, C.; Li, X.; Wang, J. Silica-Based 

Nanocapsules: Synthesis, Structure Control and Biomedical 

Applications. Chem. Soc. Rev. 2015, 44 (1), 315–335. 

(3)  Chen, Y.; Chen, H. R.; Shi, J. L. Construction of 

Homogenous/heterogeneous Hollow Mesoporous Silica 

Nanostructures by Silica-Etching Chemistry: Principles, 

Synthesis, and Applications. Acc. Chem. Res. 2014, 47 (1), 

125–137. 

(4)  Li, S.; Pasc, A.; Fierro, V.; Celzard, A. Hollow Carbon 

Spheres, Synthesis and Applications – a Review. J. Mater. 

Chem. A 2016, 4 (33), 12686–12713. 

(5)  Zhou, X.; Gan, Y.; Du, J.; Tian, D.; Zhang, R.; Yang, C.; Dai, Z. 

A Review of Hollow Pt-Based Nanocatalysts Applied in 

Proton Exchange Membrane Fuel Cells. J. Power Sources 

2013, 232, 310–322. 

(6)  Yu, X. Y.; Yu, L.; Lou, X. W. Metal Sulfide Hollow 

Nanostructures for Electrochemical Energy Storage. Adv. 

Energy Mater. 2016, 6 (3), 1–14. 

(7)  Baek, K.; Hwang, I.; Roy, I.; Shetty, D.; Kim, K. Self-Assembly 

of Nanostructured Materials through Irreversible Covalent 

Bond Formation. Acc. Chem. Res. 2015, 48 (8), 2221–2229. 

(8)  Cui, J.; Richardson, J. J.; Bj??rnmalm, M.; Faria, M.; Caruso, 

F. Nanoengineered Templated Polymer Particles: 

Navigating the Biological Realm. Acc. Chem. Res. 2016, 49 

(6), 1139–1148. 

(9)  Li, G. L.; Möhwald, H.; Shchukin, D. G. Precipitation 

Polymerization for Fabrication of Complex Core-Shell 

Hybrid Particles and Hollow Structures. Chem. Soc. Rev. 

Page 14 of 22Polymer Chemistry



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15  

Please do not adjust margins 

Please do not adjust margins 

2013, 42 (8), 3628–3646. 

(10)  Gaitzsch, J.; Huang, X.; Voit, B. Engineering Functional 

Polymer Capsules toward Smart Nanoreactors. Chem. Rev. 

2016, 116 (3), 1053–1093. 

(11)  Prieto, G.; Tüysüz, H.; Duyckaerts, N.; Knossalla, J.; Wang, 

G. H.; Schüth, F. Hollow Nano- and Microstructures as 

Catalysts. Chem. Rev. 2016, 116 (22), 14056–14119. 

(12)  Elsabahy, M.; Heo, G. S.; Lim, S. M.; Sun, G.; Wooley, K. L. 

Polymeric Nanostructures for Imaging and Therapy. Chem. 

Rev. 2015, 115 (19), 10967–11011. 

(13)  Fu, G. D.; Li, G. L.; Neoh, K. G.; Kang, E. T. Hollow Polymeric 

Nanostructures - Synthesis, Morphology and Function. 

Prog. Polym. Sci. 2011, 36 (1), 127–167. 

(14)  Mamaeva, V.; Sahlgren, C.; Lindén, M. Mesoporous Silica 

Nanoparticles in Medicine-Recent Advances. Adv. Drug 

Deliv. Rev. 2013, 65 (5), 689–702. 

(15)  Torney, F.; Trewyn, B. G.; Lin, V. S. Y.; Wang, K. 

Mesoporous Silica Nanoparticles Deliver DNA and 

Chemicals into Plants. Nat. Nanotechnol. 2007, 2 (5), 295–

300. 

(16)  Bentz, K. C.; Savin, D. A. Chain Dispersity Effects on Brush 

Properties of Surface-Grafted Polycaprolactone-Modified 

Silica Nanoparticles: Unique Scaling Behavior in the 

Concentrated Polymer Brush Regime. Macromolecules 

2017, 50 (14), 5565–5573. 

(17)  Radhakrishnan, B.; Ranjan, R.; Brittain, W. J. Surface 

Initiated Polymerizations from Silica Nanoparticles. Soft 

Matter 2006, 2 (5), 386. 

(18)  Liu, Y.; Goebl, J.; Yin, Y. Templated Synthesis of 

Nanostructured Materials. Chem. Soc. Rev. 2013, 42 (7), 

2610–2653. 

(19)  Caruso, F. Nanoengineering of Inorganic and Hybrid Hollow 

Spheres by Colloidal Templating. Science (80-. ). 1998, 282 

(5391), 1111–1114. 

(20)  Tang, Z.; Wang, Y.; Podsiadlo, P.; Kotov, N. A. Biomedical 

Applications of Layer-by-Layer Assembly: From 

Biomimetics to Tissue Engineering. Adv. Mater. 2006, 18 

(24), 3203–3224. 

(21)  Kotov, N. A.; Dekany, I.; Fendler, J. H. Layer-by-Layer Self-

Assembly of Polyelectrolyte-Semiconductor Nanoparticle 

Composite Films. J. Phys. Chem. 1995, 99 (35), 13065–

13069. 

(22)  Lvov, Y.; Decher, G.; Mohwald, M. Assembly, Structural 

Characterization, and Thermal Behavior of Layer-by-Layer 

Deposited Ultrathin Films of Poly(vinyl Sulfate) and 

Poly(allylamine). Langmuir 1993, 9 (2), 481–486. 

(23)  Prucker, O.; Rühe, J. Mechanism of Radical Chain 

Polymerizations Initiated by Azo Compounds Covalently 

Bound to the Surface of Spherical Particles. 

Macromolecules 1998, 31 (3), 602–613. 

(24)  Prucker, O.; Rühe, J. Synthesis of Poly(styrene) Monolayers 

Attached to High Surface Area Silica Gels through Self-

Assembled Monolayers of Azo Initiators. Macromolecules 

1998, 31 (3), 592–601. 

(25)  Pyun, J.; Jia, S.; Kowalewski, T.; Patterson, G. D.; 

Matyjaszewski, K. Synthesis and Characterization of 

Organic/inorganic Hybrid Nanoparticles: Kinetics of 

Surface-Initiated Atom Transfer Radical Polymerization and 

Morphology of Hybrid Nanoparticle Ultrathin Films. 

Macromolecules 2003, 36 (14), 5094–5104. 

(26)  Ohno, K.; Morinaga, T.; Koh, K.; Tsujii, Y.; Fukuda, T. 

Synthesis of Monodisperse Silica Particles Coated with 

Well-Defined, High-Density Polymer Brushes by Surface-

Initiated Atom Transfer Radical Polymerization. 

Macromolecules 2005, 38 (6), 2137–2142. 

(27)  Li, C.; Han, J.; Ryu, C. Y.; Benicewicz, B. C. A Versatile 

Method to Prepare RAFT Agent Anchored Substrates and 

the Preparation of PMMA Grafted Nanoparticles. 

Macromolecules 2006, 39 (9), 3175–3183. 

(28)  Pyun, J.; Matyjaszewski, K. Synthesis of Nanocomposite 

Organic/inorganic Hybrid Materials Using 

Controlled/“living” radical Polymerization. Chem. Mater. 

2001, 13 (10), 3436–3448. 

(29)  Von Werne, T.; Patten, T. E. Preparation of Structurally 

Well-Defined Polymer-Nanoparticle Hybrids with 

Controlled/living Radical Polymerizations [3]. J. Am. Chem. 

Soc. 1999, 121 (32), 7409–7410. 

(30)  Blomberg, S.; Ostberg, S.; Harth, E.; Bosman, A. W.; Van 

Horn, B.; Hawker, C. J. Production of Crosslinked, Hollow 

Nanoparticles by Surface-Initiated Living Free-Radical 

Polymerization. J. Polym. Sci. Part A Polym. Chem. 2002, 40 

(9), 1309–1320. 

(31)  Kamata, K.; Lu, Y.; Xia, Y. Synthesis and Characterization of 

Monodispersed Core-Shell Spherical Colloids with Movable 

Cores. J. Am. Chem. Soc. 2003, 125 (9), 2384–2385. 

(32)  Bentz, K. C.; Ejaz, M.; Arencibia, S.; Sultan, N.; Grayson, S. 

M.; Savin, D. A. Hollow Amphiphilic Crosslinked 

Nanocapsules from Sacrificial Silica Nanoparticle Templates 

and Their Application as Dispersants for Oil Spill 

Remediation. Polym. Chem. 2017, 8 (34), 5129–5138. 

(33)  Ejaz, M.; Alb, A. M.; Grayson, S. M. Amphiphilic 

Hyperbranched Polyglycerol-Block-Polycaprolactone 

Copolymer-Grafted Nanoparticles with Improved 

Encapsulation Properties. React. Funct. Polym. 2016, 102, 

39–46. 

(34)  Lin, J.; Huang, H.; Wang, M.; Deng, J. Optically Active 

Hollow Nanoparticles Constructed by Chirally Helical 

Substituted Polyacetylene. Polym. Chem. 2016, 7 (8), 

1675–1681. 

(35)  Li, G. L.; Yu, R.; Qi, T.; Möhwald, H.; Shchukin, D. G. Double-

Shelled Polymer Nanocontainers Decorated with 

Poly(ethylene Glycol) Brushes by Combined Distillation 

Precipitation Polymerization and Thiol-Yne Surface 

Chemistry. Macromolecules 2016, 49 (3), 1127–1134. 

(36)  Zhou, M.; Liu, Y.; Chen, J.; Yang, X. Double Shelled Hollow 

SnO 2 /polymer Microsphere as a High-Capacity Anode 

Material for Superior Reversible Lithium Ion Storage. J. 

Mater. Chem. A 2015, 3 (3), 1068–1076. 

(37)  Lou, X. W.; Yuan, C.; Archer, L. A. Shell-by-Shell Synthesis of 

Tin Oxide Hollow Colloids with Nanoarchitectured Walls: 

Cavity Size Tuning and Functionalization. Small 2007, 3 (2), 

261–265. 

(38)  Fan, K. W.; Roberts, J. J.; Martens, P. J.; Stenzel, M. H.; 

Granville, A. M. Copolymerization of an Indazole Ligand 

Page 15 of 22 Polymer Chemistry



ARTICLE Journal Name 

16 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

into the Self-Polymerization of Dopamine for Enhanced 

Binding with Metal Ions. J. Mater. Chem. B 2015, 3 (37), 

7457–7465. 

(39)  Liang, Y.; Mai, W.; Huang, J.; Huang, Z.; Fu, R.; Zhang, M.; 

Wu, D.; Matyjaszewski, K. Novel Hollow and Yolk–shell 

Structured Periodic Mesoporous Polymer Nanoparticles. 

Chem. Commun. 2016, 52, 2489–2492. 

(40)  Roy, D.; Brooks, W. L. A.; Sumerlin, B. S. New Directions in 

Thermoresponsive Polymers. Chem. Soc. Rev. 2013, 42 

(17), 7214. 

(41)  Dubbert, J.; Nothdurft, K.; Karg, M.; Richtering, W. Core-

Shell-Shell and Hollow Double-Shell Microgels with 

Advanced Temperature Responsiveness. Macromol. Rapid 

Commun. 2015, 36 (2), 159–164. 

(42)  Schmid, A. J.; Dubbert, J.; Rudov, A. A.; Pedersen, J. S.; 

Lindner, P.; Karg, M.; Potemkin, I. I.; Richtering, W. Multi-

Shell Hollow Nanogels with Responsive Shell Permeability. 

Sci. Rep. 2016, 6 (1), 22736. 

(43)  Li, C.; Ma, Y.; Niu, H.; Zhang, H. Hydrophilic Hollow 

Molecularly Imprinted Polymer Microparticles with Photo- 

and Thermoresponsive Template Binding and Release 

Properties in Aqueous Media. ACS Appl. Mater. Interfaces 

2015, 7 (49), 27340–27350. 

(44)  Pan, Y.; Liu, Y.; Zeng, G.; Zhao, L.; Lai, Z. Rapid Synthesis of 

Zeolitic Imidazolate Framework-8 (ZIF-8) Nanocrystals in an 

Aqueous System. Chem. Commun. 2011, 47 (7), 2071. 

(45)  Fairen-Jimenez, D.; Moggach, S. A.; Wharmby, M. T.; 

Wright, P. A.; Parsons, S.; Düren, T. Opening the Gate: 

Framework Flexibility in ZIF-8 Explored by Experiments and 

Simulations. J. Am. Chem. Soc. 2011, 133 (23), 8900–8902. 

(46)  Xiang, S.; Wang, D.; Zhang, K.; Liu, W.; Wu, C.; Meng, Q.; 

Sun, H.; Yang, B. Chelation Competition Induced 

Polymerization (CCIP): Construction of Integrated Hollow 

Polydopamine Nanocontainers with Tailorable 

Functionalities. Chem. Commun. 2016, 52 (66), 10155–

10158. 

(47)  Park, N.; Kang, D.; Ahn, M. C.; Kang, S.; Lee, S. M.; Ahn, T. 

K.; Jaung, J. Y.; Shin, H.-W.; Son, S. U. Hollow and 

Sulfonated Microporous Organic Polymers: Versatile 

Platforms for Non-Covalent Fixation of Molecular 

Photocatalysts. RSC Adv. 2015, 5 (58), 47270–47274. 

(48)  Rao, J. P.; Geckeler, K. E. Polymer Nanoparticles: 

Preparation Techniques and Size-Control Parameters. Prog. 

Polym. Sci. 2011, 36 (7), 887–913. 

(49)  Müller, K.; Klapper, M.; Müllen, K. Synthesis of Conjugated 

Polymer Nanoparticles in Non-Aqueous Emulsions. 

Macromol. Rapid Commun. 2006, 27 (8), 586–593. 

(50)  Solans, C.; Izquierdo, P.; Nolla, J.; Azemar, N.; Garcia-

Celma, M. J. Nano-Emulsions. Curr. Opin. Colloid Interface 

Sci. 2005, 10 (3–4), 102–110. 

(51)  Klapper, M.; Nenov, S.; Haschick, R.; Müller, K.; Müllen, K. 

Oil-in-Oil Emulsions: A Unique Tool for the Formation of 

Polymer Nanoparticles. Acc. Chem. Res. 2008, 41 (9), 1190–

1201. 

(52)  Utada, A. S. Monodisperse Double Emulsions Generated 

from a Microcapillary Device. Science (80-. ). 2005, 308 

(5721), 537–541. 

(53)  Cai, P. J.; Tang, Y. J.; Wang, Y. T.; Cao, Y. J. Fabrication of 

Polystyrene Hollow Spheres in W/O/W Multiple Emulsions. 

Mater. Chem. Phys. 2010, 124 (1), 10–12. 

(54)  Liang, S.-S.; Chen, S.-L.; Chen, S.-H. Diverse Macroporous 

Spheres Synthesized by Multiple Emulsion Polymerization 

for Protein Analyses. Chem. Commun. (Camb). 2011, 47 

(29), 8385–8387. 

(55)  Deng, W.; Guo, H.; Zhang, W. Fabrication and Morphology 

Control of Hollow Polymer Particles by Altering Core 

Particle Size. 2014, 2687–2694. 

(56)  Mangeney, C.; Connan, C.; Bernard, S.; Chehimi, M. M. 

Latex and Hollow Particles of Reactive Polypyrrole : 

Preparation , Properties , and Decoration by Gold 

Nanospheres. 2006, No. 4, 10163–10169. 

(57)  Rahman, M. .; Elaissari, A. A Versatile Method for the 

Preparation of Rigid Submicron Hollow Capsules 

Containing a Temperature Responsive Shell. J. Mater. 

Chem. 2012, 22, 1173–1179. 

(58)  Okubo, M.; Kobayashi, H.; Huang, C.; Miyanaga, E.; Suzuki, 

T. Water Absorption Behavior of Polystyrene Particles 

Prepared by Emulsion Polymerization with Nonionic 

Emulsifiers and Innovative Easy Synthesis of Hollow 

Parccles†. Langmuir 2017, 33 (14), 3468–3475. 

(59)  Matsusaka, N.; Suzuki, T.; Okubo, M. Effect of Partitioning 

of Monomer and Emulsifier in Aqueous Media on Particle 

Formation in Emulsion Homopolymerization of 

Hydrophobic and Hydrophilic Monomers with a Nonionic 

Emulsifier†. Polym. J. 2012, 45, 153. 

(60)  McDonald, C. J.; Devon, M. J. Hollow Latex Particles: 

Synthesis and Applications. Adv. Colloid Interface Sci. 2002, 

99 (3), 181–213. 

(61)  Bian, S.; Zheng, J.; Tang, X.; Yi, D.; Wang, Y.; Yang, W. One-

Pot Synthesis of Redox-Labile Polymer Capsules via 

Emulsion Droplet-Mediated Precipitation Polymerization. 

Chem. Mater. 2015, 27 (4), 1262–1268. 

(62)  Sacanna, S.; Korpics, M.; Rodriguez, K.; Colón-Meléndez, L.; 

Kim, S. H.; Pine, D. J.; Yi, G. R. Shaping Colloids for Self-

Assembly. Nat. Commun. 2013, 4, 2–7. 

(63)  Dugyala, V. R.; Daware, S. V.; Basavaraj, M. G. Shape 

Anisotropic Colloids: Synthesis, Packing Behavior, 

Evaporation Driven Assembly, and Their Application in 

Emulsion Stabilization. Soft Matter 2013, 9 (29), 6711. 

(64)  Van Ravensteijn, B. G. P.; Kamp, M.; Van Blaaderen, A.; 

Kegel, W. K. General Route toward Chemically Anisotropic 

Colloids. Chem. Mater. 2013, 25 (21), 4348–4353. 

(65)  Sacanna, S.; Pine, D. J. Shape-Anisotropic Colloids: Building 

Blocks for Complex Assemblies. Curr. Opin. Colloid 

Interface Sci. 2011, 16 (2), 96–105. 

(66)  Burrows, N. D.; Vartanian, A. M.; Abadeer, N. S.; Grzincic, E. 

M.; Jacob, L. M.; Lin, W.; Li, J.; Dennison, J. M.; Hinman, J. 

G.; Murphy, C. J. Anisotropic Nanoparticles and Anisotropic 

Surface Chemistry. J. Phys. Chem. Lett. 2016, 7 (4), 632–

641. 

(67)  Akcora, P.; Liu, H.; Kumar, S. K.; Moll, J.; Li, Y.; Benicewicz, 

B. C.; Schadler, L. S.; Acehan, D.; Panagiotopoulos, A. Z.; 

Pryamitsyn, V.; et al. Anisotropic Self-Assembly of Spherical 

Polymer-Grafted Nanoparticles. Nat Mater 2009, 8 (4), 

Page 16 of 22Polymer Chemistry



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 17  

Please do not adjust margins 

Please do not adjust margins 

354–359. 

(68)  Kim, J. W.; Larsen, R. J.; Weitz, D. A. Synthesis of 

Nonspherical Colloidal Particles with Anisotropic 

Properties. J. Am. Chem. Soc. 2006, 128 (44), 14374–14377. 

(69)  Park, J.-G.; Forster, J. D.; Dufresne, E. R. High-Yield 

Synthesis of Monodisperse Dumbbell-Shaped Polymer 

Nanoparticles. J. Am. Chem. Soc. 2010, 132 (17), 5960–

5961. 

(70)  Chu, F.; Polzer, F.; Severin, N.; Lu, Y.; Ott, A.; Rabe, J. P.; 

Ballauff, M. Thermosensitive Hollow Janus Dumbbells. 

Colloid Polym. Sci. 2014, 292 (8), 1785–1793. 

(71)  Chu, F.; Siebenbürger, M.; Polzer, F.; Stolze, C.; Kaiser, J.; 

Hoffmann, M.; Heptner, N.; Dzubiella, J.; Drechsler, M.; Lu, 

Y.; et al. Synthesis and Characterization of Monodisperse 

Thermosensitive Dumbbell-Shaped Microgels. Macromol. 

Rapid Commun. 2012, 33 (12), 1042–1048. 

(72)  Zhang, F.; Ma, J.; Xu, Q.; Zhou, J.; Simion, D.; Carmen, G.; 

Wang, J.; Li, Y. Hollow Casein-Based Polymeric 

Nanospheres for Opaque Coatings. ACS Appl. Mater. 

Interfaces 2016, 8 (18), 11739–11748. 

(73)  Zhang, F.; Ma, J.; Xu, Q.; Zhou, J.; Simion, D.; Carmen, G. A 

Facile Method for Fabricating Room-Temperature-Film-

Formable Casein-Based Hollow Nanospheres. Colloids 

Surfaces A Physicochem. Eng. Asp. 2015, 484, 329–335. 

(74)  Wichaita, W.; Polpanich, D.; Suteewong, T.; 

Tangboriboonrat, P. Hollow Core-Shell Particles via NR 

Latex Seeded Emulsion Polymerization. Polym. (United 

Kingdom) 2016, 99, 324–331. 

(75)  Shen, J.; Xu, J.; Hu, Y.; Li, J.; Kan, C. Fabrication of Amino-

Containing Hollow Polymer Latex and Its Composite with 

Inorganic Nanoparticles. Colloid Polym. Sci. 2017, 295 (4), 

679–688. 

(76)  Kishi, K.; Ishikawa, T. Formation Mechanisms of 

Monodispersed W/O Emulsions by SPG Filter 

Emulsification Method. Colloids and Surfaces 1991, 61, 

269–279. 

(77)  Kishi, K.; Ishikawa, T. Preparation of Monodispersed W / O 

Emulsions by Filter Emulsification Technique. Colloids and 

Surfaces 1991, 55, 73–78. 

(78)  Zhai, Y.; Ishizuka, F.; Stenzel, M. H.; Granville, A. M.; 

Zetterlund, P. B. Synthesis of Polydopamine Capsules via 

SPG Membrane Emulsion Templating: Tuning of Capsule 

Size. J. Polym. Sci. Part A Polym. Chem. 2017, 55 (3), 365–

370. 

(79)  Shin, J. M.; Kim, M. P.; Yang, H.; Ku, K. H.; Jang, S. G.; Youm, 

K. H.; Yi, G. R.; Kim, B. J. Monodipserse Nanostructured 

Spheres of Block Copolymers and Nanoparticles via Cross-

Flow Membrane Emulsification. Chem. Mater. 2015, 27 

(18), 6314–6321. 

(80)  Zhai, Y.; Whitten, J. J.; Zetterlund, P. B.; Granville, A. M. 

Synthesis of Hollow Polydopamine Nanoparticles Using 

Miniemulsion Templating. Polym. (United Kingdom) 2016, 

105, 276–283. 

(81)  Sudjaipraparat, N.; Kaewsaneha, C.; Nuasaen, S.; 

Tangboriboonrat, P. One-Pot Synthesis of Non-Spherical 

Hollow Latex Polymeric Particles via Seeded Emulsion 

Polymerization. Polym. (United Kingdom) 2017, 121, 165–

172. 

(82)  Hyuk Im, S.; Jeong, U.; Xia, Y. Polymer Hollow Particles with 

Controllable Holes in Their Surfaces. Nat. Mater. 2005, 4 

(9), 671–675. 

(83)  Hyun, D. C.; Lu, P.; Choi, S. Il; Jeong, U.; Xia, Y. Microscale 

Polymer Bottles Corked with a Phase-Change Material for 

Temperature-Controlled Release. Angew. Chemie - Int. Ed. 

2013, 52 (40), 10468–10471. 

(84)  Minami, H.; Kobayashi, H.; Okubo, M. Preparation of 

Hollow Polymer Particles with a Single Hole in the Shell by 

SaPSeP. Langmuir 2005, 21 (13), 5655–5658. 

(85)  Kano, M.; Yanagisawa, N.; Takahashi, Y.; Kondo, Y. 

Fabrication of Hollow Polymer Particles Using Emulsions of 

Hydrocarbon Oil/fluorocarbon Oil/aqueous Surfactant 

Solution. J. Fluor. Chem. 2017, 197, 34–41. 

(86)  Luo, S.-C.; Jiang, J.; Liour, S. S.; Gao, S.; Ying, J. Y.; Yu, H.-H. 

Magnetic PEDOT Hollow Capsules with Single Holes. Chem. 

Commun. (Camb). 2009, No. 19, 2664–2666. 

(87)  Guan, G.; Zhang, Z.; Wang, Z.; Liu, B.; Gao, D.; Xie, C. Single-

Hole Hollow Polymer Microspheres toward Specific High-

Capacity Uptake of Target Species. Adv. Mater. 2007, 19 

(17), 2370–2374. 

(88)  Chang, M.-W.; Stride, E.; Edirisinghe, M. A New Method for 

the Preparation of Monoporous Hollow Microspheres. 

Langmuir 2010, 26 (7), 5115–5121. 

(89)  Matsubayashi, T.; Tenjimbayashi, M.; Manabe, K.; Kyung, 

K.-H.; Ding, B.; Shiratori, S. A Facile Method of Synthesizing 

Size-Controlled Hollow Cyanoacrylate Nanoparticles for 

Transparent Superhydrophobic/oleophobic Surfaces. RSC 

Adv. 2016, 6 (19), 15877–15883. 

(90)  van Hest, J. C.; Delnoye, D. a; Baars, M. W.; van Genderen, 

M. H.; Meijer, E. W. Polystyrene-Dendrimer Amphiphilic 

Block Copolymers with a Generation-Dependent 

Aggregation. Science 1995, 268 (5217), 1592–1595. 

(91)  Zhang, L.; Eisenberg, A. Multiple Morphologies of “ Crew-

Cut ” Aggregates of Polystyrene-B-Poly ( Acrylic Acid ) Block 

Copolymers Author ( S ): Lifeng Zhang and Adi Eisenberg 

Published by : American Association for the Advancement 

of Science Stable URL : Http://www.jstor.org/stab. Science 

(80-. ). 1995, 268, 1728–1731. 

(92)  Discher, Dennis E., Eisenberg, A. Polymer Vesicles. Science 

(80-. ). 2002, 297 (17), 967–973. 

(93)  Hu, X.; Zhang, Y.; Xie, Z.; Jing, X.; Bellotti, A.; Gu, Z. Stimuli-

Responsive Polymersomes for Biomedical Applications. 

Biomacromolecules 2017, 18 (3), 649–673. 

(94)  Gumz, H.; Lai, T. H.; Voit, B.; Appelhans, D. Fine-Tuning the 

pH Response of Polymersomes for Mimicking and 

Controlling the Cell Membrane Functionality. Polym. Chem. 

2017, 8 (19), 2904–2908. 

(95)  Gaitzsch, J.; Appelhans, D.; Janke, A.; Strempel, M.; 

Schwille, P.; Voit, B. Cross-Linked and pH Sensitive 

Supported Polymer Bilayers from Polymersomes – Studies 

Concerning Thickness, Rigidity and Fluidity. Soft Matter 

2014, 10 (1), 75–82. 

(96)  Deng, Z.; Qian, Y.; Yu, Y.; Liu, G.; Hu, J.; Zhang, G.; Liu, S. 

Engineering Intracellular Delivery Nanocarriers and 

Nanoreactors from Oxidation-Responsive Polymersomes 

Page 17 of 22 Polymer Chemistry



ARTICLE Journal Name 

18 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

via Synchronized Bilayer Cross-Linking and Permeabilizing 

Inside Live Cells. J. Am. Chem. Soc. 2016, 138 (33), 10452–

10466. 

(97)  O’Reilly, R. K.; Hawker, C. J.; Wooley, K. L. Cross-Linked 

Block Copolymer Micelles: Functional Nanostructures of 

Great Potential and Versatility. Chem. Soc. Rev. 2006, 35 

(11), 1068. 

(98)  Discher, B. M.; Bermudez, H.; Hammer, D. A.; Discher, D. E.; 

Won, Y. yeon; Bates, F. S. Cross-Linked Polymersome 

Membranes: Vesicles with Broadly Adjustable Properties. J. 

Phys. Chem. B 2002, 106 (11), 2848–2854. 

(99)  Iyisan, B.; Kluge, J.; Formanek, P.; Voit, B.; Appelhans, D. 

Multifunctional and Dual-Responsive Polymersomes as 

Robust Nanocontainers: Design, Formation by Sequential 

Post-Conjugations, and pH-Controlled Drug Release. Chem. 

Mater. 2016, 28 (5), 1513–1525. 

(100)  Sui, J.; Li, W.; Pan, Q. Vesicle-Templating Poly (3,4-

Ethylenedioxythiophene) Hollow Microspheres with 

Enhanced Electrocatalytic Activity toward Ascorbic Acid 

Oxidation. Int. J. Polym. Mater. Polym. Biomater. 2017, 66 

(5), 258–264. 

(101)  Kim, M. D.; Dergunov, S. A.; Pinkhassik, E. Directed 

Assembly of Vesicle-Templated Polymer Nanocapsules 

under near-Physiological Conditions. Langmuir 2015, 31 

(8), 2561–2568. 

(102)  Samanta, A.; Tesch, M.; Keller, U.; Klingauf, J.; Studer, A.; 

Ravoo, B. J. Fabrication of Hydrophilic Polymer 

Nanocontainers by Use of Supramolecular Templates. J. 

Am. Chem. Soc. 2015, 137 (5), 1967–1971. 

(103)  Zhang, H.; Tian, W.; Suo, R.; Yue, Y.; Fan, X.; Yang, Z.; Li, H.; 

Zhang, W.; Bai, Y. Photo-Controlled Host–guest Interaction 

as a New Strategy to Improve the Preparation of 

“breathing” Hollow Polymer Nanospheres for Controlled 

Drug Delivery. J. Mater. Chem. B 2015, 3 (43), 8528–8536. 

(104)  Wang, S.; Shen, Q.; Nawaz, M. H.; Zhang, W. 

Photocontrolled Reversible Supramolecular Assemblies of 

a Diblock Azo-Copolymer Based on β-cyclodextrin–Azo 

Host–guest Inclusion Complexation. Polym. Chem. 2013, 4 

(6), 2151. 

(105)  Yu, H.; Yu, J.; Liu, S.; Mann, S. Template-Free Hydrothermal 

Synthesis of CuO/Cu2O Composite Hollow Microspheres. 

Chem. Mater. 2007, 19 (17), 4327–4334. 

(106)  Li, L.; Chu, Y.; Liu, Y.; Dong, L. Template-Free Synthesis and 

Photocatalytic Properties of Novel Fe 2 O 3 Hollow Spheres. 

J. Phys. Chem. C 2007, 111 (5), 2123–2127. 

(107)  Gao, Y.; Ding, X.; Zheng, Z.; Cheng, X.; Peng, Y. Template-

Free Method to Prepare Polymer Nanocapsules Embedded 

with Noble Metal Nanoparticles. Chem. Commun. 2007, 

No. 36, 3720. 

(108)  Fan, W.; Li, Q.; Hu, L.; Yan, S.; Wen, W.; Chai, Z.; Liu, H. 

Polystyrene-Based Hollow Microsphere Synthesized by γ-

Ray Irradiation-Assisted Polymerization and Self-Assembly 

and Its Application in Detection of Ionizing Radiation. Sci. 

Rep. 2017, 7 (October 2016), 41876. 

(109)  Kandambeth, S.; Venkatesh, V.; Shinde, D. B.; Kumari, S.; 

Halder, A.; Verma, S.; Banerjee, R. Self-Templated 

Chemically Stable Hollow Spherical Covalent Organic 

Framework. Nat. Commun. 2015, 6, 6786. 

(110)  Li, J.; Zeng, H. C. Hollowing Sn-Doped TiO 2 Nanospheres 

via Ostwald Ripening. J. Am. Chem. Soc. 2007, 129 (51), 

15839–15847. 

(111)  Ghosh, S.; Reches, M.; Gazit, E.; Verma, S. Bioinspired 

Design of Nanocages by Self-Assembling Triskelion Peptide 

Elements. Angew. Chemie - Int. Ed. 2007, 46 (12), 2002–

2004. 

(112)  Li, Y.; Li, Z.; Zheng, F. Polyaniline Hollow Microspheres 

Synthesized via Self-Assembly Method in a Polymer Acid 

Aqueous Solution. Mater. Lett. 2015, 148, 34–36. 

(113)  Lo Porto, C.; Palumbo, F.; Palazzo, G.; Favia, P. Direct 

Plasma Synthesis of Nano-Capsules Loaded with 

Antibiotics. Polym. Chem. 2017, 8 (11), 1746–1749. 

(114)  Kuijk, A.; Van Blaaderen, A.; Imhof, A. Synthesis of 

Monodisperse, Rodlike Silica Colloids with Tunable Aspect 

Ratio. J. Am. Chem. Soc. 2011, 133 (8), 2346–2349. 

(115)  Li, Q.; Jin, S.; Tan, B. Template-Mediated Synthesis of 

Hollow Microporous Organic Nanorods with Tunable 

Aspect Ratio. Sci. Rep. 2016, 6 (August), 1–8. 

(116)  Sun, J.; Jiang, X.; Lund, R.; Downing, K. H.; Balsara, N. P.; 

Zuckermann, R. N. Self-Assembly of Crystalline Nanotubes 

from Monodisperse Amphiphilic Diblock Copolypeptoid 

Tiles. Proc. Natl. Acad. Sci. 2016, 113 (15), 3954–3959. 

(117)  Qui, H.; Gao, Y.; Boott, C.; Gould, O.; Harniman, R.; Miles, 

M.; Webb, S.; Winnik, M.; Manners, I. Uniform Patchy and 

Hollow Rectangular Platelet Micelles from Crystallizable 

Polymer Blends. Science (80-. ). 2016, 352 (6286), 697–702. 

(118)  Hudson, Z. M.; Boott, C. E.; Robinson, M. E.; Rupar, P. A.; 

Winnik, M. A.; Manners, I. Tailored Hierarchical Micelle 

Architectures Using Living Crystallization-Driven Self-

Assembly in Two Dimensions. Nat. Chem. 2014, 6 (10), 

893–898. 

(119)  Farha, O. K.; Yazaydin, A. Ö.; Eryazici, I.; Malliakas, C. D.; 

Hauser, B. G.; Kanatzidis, M. G.; Nguyen, S. T.; Snurr, R. Q.; 

Hupp, J. T. De Novo Synthesis of a Metal-Organic 

Framework Material Featuring Ultrahigh Surface Area and 

Gas Storage Capacities. Nat. Chem. 2010, 2 (11), 944–948. 

(120)  Chae, H.; Kim, J.; Go, Y. A Route to High Surface Area, 

Porosity and Inclusion of Large Molecules in Crystals. 

Nature 2004, 427 (February), 523–527. 

(121)  Lin, W.; Huang, Y.; Zhou, X.-D.; Ma, Y. In Vitro Toxicity of 

Silica Nanoparticles in Human Lung Cancer Cells. Toxicol. 

Appl. Pharmacol. 2006, 217 (3), 252–259. 

(122)  Xiong, F.; Han, Y.; Wang, S.; Li, G.; Qin, T.; Chen, Y.; Chu, F. 

Preparation and Formation Mechanism of Renewable 

Lignin Hollow Nanospheres with a Single Hole by Self-

Assembly. ACS Sustain. Chem. Eng. 2017, 5 (3), 2273–2281. 

(123)  Pachfule, P.; Kandmabeth, S.; Mallick, A.; Banerjee, R. 

Hollow Tubular Porous Covalent Organic Framework (COF) 

Nanostructures. Chem. Commun. 2015, 51 (58), 11717–

11720. 

(124)  Zhang, H.-J.; Wang, J.-H.; Zhang, Y.-H.; Hu, T.-L. Hollow 

Porous Organic Polymer: High-Performance Adsorption for 

Organic Dye in Aqueous Solution. J. Polym. Sci. Part A 

Polym. Chem. 2017, 55 (8), 1329–1337. 

(125)  Yaghi, O. M.; O’Keeffe, M.; Ockwig, N. W.; Chae, H. K.; 

Page 18 of 22Polymer Chemistry



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 19  

Please do not adjust margins 

Please do not adjust margins 

Eddaoudi, M.; Kim, J. Reticular Synthesis and the Design of 

New Materials. Nature 2003, 423 (6941), 705–714. 

(126)  Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M. 

The Chemistry and Applications of Metal-Organic 

Frameworks. Science (80-. ). 2013, 341 (6149), 1230444–

1230444. 

(127)  Cohen, S. M. The Postsynthetic Renaissance in Porous 

Solids. J. Am. Chem. Soc. 2017, 139 (8), 2855–2863. 

(128)  Ayala, S.; Zhang, Z.; Cohen, S. M. Hierarchical Structure and 

Porosity in UiO-66 polyMOFs. Chem. Commun. 2017, 53 

(21), 3058–3061. 

(129)  Schukraft, G. E. M.; Ayala, S.; Dick, B. L.; Cohen, S. M. 

Isoreticular Expansion of polyMOFs Achieves High Surface 

Area Materials. Chem. Commun. 2017, 53, 10684–10687. 

(130)  Huang, N.; Wang, P.; Jiang, D. Covalent Organic 

Frameworks: A Materials Platform for Structural and 

Functional Designs. Nat. Rev. Mater. 2016, 1 (10). 

(131)  Sun, Q.; Dai, Z.; Meng, X.; Xiao, F.-S. Porous Polymer 

Catalysts with Hierarchical Structures. Chem. Soc. Rev. 

2015, 44 (17), 6018–6034. 

(132)  Saad, M.; Garbuzenko, O. B.; Ber, E.; Chandna, P.; 

Khandare, J. J.; Pozharov, V. P.; Minko, T. Receptor 

Targeted Polymers, Dendrimers, Liposomes: Which 

Nanocarrier Is the Most Efficient for Tumor-Specific 

Treatment and Imaging? J. Control. Release 2008, 130 (2), 

107–114. 

(133)  Patri, A. K.; Majoros, I. J.; Baker, J. R. Dendritic Polymer 

Macromolecular Carriers for Drug Delivery. Curr. Opin. 

Chem. Biol. 2002, 6 (4), 466–471. 

(134)  Tomalia, D. A. Birth of a New Macromolecular 

Architecture: Dendrimers as Quantized Building Blocks for 

Nanoscale Synthetic Polymer Chemistry. Prog. Polym. Sci. 

2005, 30 (3–4), 294–324. 

(135)  Haag, R. Dendrimers and Hyperbranched Polymers as High-

Loading Supports for Organic Synthesis. Chem. - A Eur. J. 

2001, 7 (2), 327–335. 

(136)  Xiaoying Yang Zunfeng Liu, Yanfeng Ma, Yi Huang,and, X. 

Z.; Chen, Y. High-Efficiency Loading and Controlled Release 

of Doxorubicin Hydrochloride on\rGraphene Oxide. J Phys 

Chem C 2008, 112, 17554. 

(137)  Huh, K. M.; Lee, S. C.; Cho, Y. W.; Lee, J.; Jeong, J. H.; Park, 

K. Hydrotropic Polymer Micelle System for Delivery of 

Paclitaxel. J. Control. Release 2005, 101 (1–3 SPEC. ISS.), 

59–68. 

(138)  Yang, J.; Sudik, A.; Wolverton, C.; Siegel, D. J. High Capacity 

Hydrogenstorage Materials: Attributes for Automotive 

Applications and Techniques for Materials Discovery. 

Chem. Soc. Rev. 2010, 39 (2), 656–675. 

(139)  Bazylińska, U.; Lewińska, A.; Lamch, Ł.; Wilk, K. A. 

Polymeric Nanocapsules and Nanospheres for 

Encapsulation and Long Sustained Release of Hydrophobic 

Cyanine-Type Photosensitizer. Colloids Surfaces A 

Physicochem. Eng. Asp. 2014, 442, 42–49. 

(140)  Hussain, I.; Wang, Z.; Cooper, A. I.; Brust, M. Formation of 

Spherical Nanostructures by the Controlled Aggregation of 

Gold Colloids. Langmuir 2006, 22 (7), 2938–2941. 

(141)  Röder, H.; Hahn, E.; Brune, H.; Bucher, J.-P.; Kern, K. 

Building One- and Two-Dimensional Nanostructures by 

Diffusion-Controlled Aggregation at Surfaces. Nature 1993, 

366 (6451), 141–143. 

(142)  Keng, P. Y.; Kim, B. Y.; Shim, I.; Sahoo, R.; Veneman, P. E.; 

Armstrong, N. R.; Yoo, H.; Pemberton, J. E.; Bull, M. M.; 

Griebel, J. J.; et al. Colloidal Polymerization of Polymer- 

into Cobalt Oxide Nanowires. ACS Nano 2009, 3 (10), 3143–

3157. 

(143)  Wu, Y.; Li, Z.; Ma, W.; Huang, Y.; Huo, L.; Guo, X.; Zhang, 

M.; Ade, H.; Hou, J. PDT-S-T: A New Polymer with 

Optimized Molecular Conformation for Controlled 

Aggregation and π-π Stacking and Its Application in 

Efficient Photovoltaic Devices. Adv. Mater. 2013, 25 (25), 

3449–3455. 

(144)  Berezin, M. Y.; Achilefu, S. Fluorescence Lifetime 

Measurements and Biological Imaging. Chem. Rev. 2010, 

110 (5), 2641–2684. 

(145)  Han, S. G.; Lee, J. S.; Ahn, K.; Kim, Y. S.; Kim, J. K.; Lee, J. H.; 

Shin, J. H.; Jeon, K. S.; Cho, W. S.; Song, N. W.; et al. Size-

Dependent Clearance of Gold Nanoparticles from Lungs of 

Sprague–Dawley Rats after Short-Term Inhalation 

Exposure. Arch. Toxicol. 2015, 89 (7), 1083–1094. 

(146)  Huang, X.; El-Sayed, M. A. Gold Nanoparticles: Optical 

Properties and Implementations in Cancer Diagnosis and 

Photothermal Therapy. J. Adv. Res. 2010, 1 (1), 13–28. 

(147)  Dergunov, S. A.; Kim, M. D.; Shmakov, S. N.; Richter, A. G.; 

Weigand, S.; Pinkhassik, E. Tuning Optical Properties of 

Encapsulated Clusters of Gold Nanoparticles through 

Stimuli-Triggered Controlled Aggregation. Chem. - A Eur. J. 

2016, 22 (23), 7702–7705. 

(148)  Deng, X.; Chen, Y.; Cheng, Z.; Deng, K.; Ma, P.; Hou, Z.; Liu, 

B.; Huang, S.; Jin, D.; Lin, J. Rational Design of a 

Comprehensive Cancer Therapy Platform Using 

Temperature-Sensitive Polymer Grafted Hollow Gold 

Nanospheres: Simultaneous 

Chemo/photothermal/photodynamic Therapy Triggered by 

a 650 Nm Laser with Enhanced Anti-Tumor Efficacy. 

Nanoscale 2016, 8 (12), 6837–6850. 

(149)  Gupta, P.; Vermani, K.; Garg, S. Hydrogels: From Controlled 

Release to pH-Responsive Drug Delivery. Drug Discov. 

Today 2002, 7 (10), 569–579. 

(150)  Fernández-Nieves, A.; Fernández-Barbero, A.; Vincent, B.; 

De Las Nieves, F. J. Charge Controlled Swelling of Microgel 

Particles. Macromolecules 2000, 33 (6), 2114–2118. 

(151)  Schmidt, D. J.; C, F.; Kalcioglu, Z. I.; Wyman, S. G.; Ortiz, C. 

Electrochemically Controlled Swelling Nanocomposite. ACS 

Nano 2009, 3 (8), 2207–2216. 

(152)  Kwon, I. C.; Bae, Y. H.; Kim, S. W. Electrically Erodible 

Polymer Gel for Controlled Release of Drugs. Nature 1991, 

354 (6351), 291–293. 

(153)  Wang, Y.; Sukhishvili, S. A. Hydrogen-Bonded Polymer 

Complexes and Nanocages of Weak Polyacids Templated 

by a Pluronic® Block Copolymer. Soft Matter 2016, 12 (42), 

8744–8754. 

(154)  Liu, T.; Zhang, W.; Yang, X.; Li, C. Hollow Polymer 

Nanoparticles with S-Nitrosothiols as Scaffolds for Nitric 

Oxide Release. J. Colloid Interface Sci. 2015, 459, 115–122. 

Page 19 of 22 Polymer Chemistry



ARTICLE Journal Name 

20 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

(155)  Si, Y.; Chen, M.; Wu, L. Syntheses and Biomedical 

Applications of Hollow Micro-/nano-Spheres with Large-

through-Holes. Chem. Soc. Rev. 2016, 45 (3), 690–714. 

(156)  Björnmalm, M.; Cui, J.; Bertleff-Zieschang, N.; Song, D.; 

Faria, M.; Arifur Rahim, M.; Caruso, F. Nanoengineering 

Particles through Template Assembly. Chem. Mater. 2017, 

29 (1), 289–306. 

(157)  Riccò, R.; Liang, W.; Li, S.; Gassensmith, J. J.; Caruso, F.; 

Doonan, C.; Falcaro, P. Metal–Organic Frameworks for Cell 

and Virus Biology: A Perspective. ACS Nano 2018, 

acsnano.7b08056. 

(158)  Caruso, F.; Trau, D.; Möhwald, H.; Renneberg, R. Enzyme 

Encapsulation in Layer-by-Layer Engineered Polymer 

Multilayer Capsules. Langmuir 2000, 16 (4), 1485–1488. 

(159)  Dergunov, S. A.; Ehterami, N.; Pinkhassik, E. Rotaxane-Like 

Structures Threaded through the Pores of Hollow Porous 

Nanocapusles. Chem. - A Eur. J. 2016, 22 (40), 14137–

14140. 

(160)  Tamate, R.; Ueki, T.; Yoshida, R. Self-Beating Artificial Cells: 

Design of Cross-Linked Polymersomes Showing Self-

Oscillating Motion. Adv. Mater. 2015, 27 (5), 837–842. 

(161)  Fire, A.; Xu, S.; Montgomery, M. K.; Kostas, S. A.; Driver, S. 

E.; Mello, C. C. Potent and Specific Genetic Interference by 

Double-Stranded RNA in Caenorhabditis Elegans. Nature 

1998, 391 (6669), 806–811. 

(162)  Hamilton, A. J.; Baulcombe, D. C. A Species of Small 

Antisense RNA in Posttranscriptional Gene Silencing in 

Plants. Science (80-. ). 1999, 286 (5441), 950–952. 

(163)  Kanasty, R.; Dorkin, J. R.; Vegas, A.; Anderson, D. Delivery 

Materials for siRNA Therapeutics. Nat. Mater. 2013, 12 

(11), 967–977. 

(164)  Zou, Y.; Zheng, M.; Yang, W.; Meng, F.; Miyata, K.; Kim, H. 

J.; Kataoka, K.; Zhong, Z. Virus-Mimicking Chimaeric 

Polymersomes Boost Targeted Cancer siRNA Therapy In 

Vivo. Adv. Mater. 2017, 29 (42), 1–8. 

(165)  Kumar, V. B.; Medhi, H.; Yong, Z.; Paik, P. Designing 

Idiosyncratic hmPCL-siRNA Nanoformulated Capsules for 

Silencing and Cancer Therapy. Nanomedicine 

Nanotechnology, Biol. Med. 2016, 12 (3), 579–588. 

(166)  Blanco, E.; Shen, H.; Ferrari, M. Principles of Nanoparticle 

Design for Overcoming Biological Barriers to Drug Delivery. 

Nat. Biotechnol. 2015, 33 (9), 941–951. 

(167)  Tibbitt, M. W.; Dahlman, J. E.; Langer, R. Emerging 

Frontiers in Drug Delivery. J. Am. Chem. Soc. 2016, 138 (3), 

704–717. 

(168)  Pattni, B. S.; Chupin, V. V; Torchilin, V. P. New 

Developments in Liposomal Drug Delivery. Chem. Rev. 

2015, 115 (19), 10938–10966. 

(169)  Liu, T.; Hu, J.; Ma, X.; Kong, B.; Wang, J.; Zhang, Z.; Guo, D.-

S.; Yang, X. Hollow Double-Layered Polymer Nanoparticles 

with S-Nitrosothiols for Tumor Targeted Therapy. J. Mater. 

Chem. B 2017. 

(170)  Liu, T.; Zhang, W.; Song, T.; Yang, X.; Li, C. Hollow Double-

Layered Polymer Microspheres with pH and Thermo-

Responsive Properties as Nitric Oxide-Releasing Reservoirs. 

Polym. Chem. 2015, 6 (17), 3305–3314. 

(171)  Yamala, A. K.; Nadella, V.; Mastai, Y.; Prakash, H.; Paik, P. 

Poly N-Acryloyl-(L-Phenylalanine Methyl Ester) Hollow Core 

Nanocapsules Facilitate Sustained Delivery of 

Immunomodulatory Drugs and Exhibit Adjuvant Properties. 

Nanoscale 2017. 

(172)  Liu, X.; Yaszemski, M. J.; Lu, L. Expansile Crosslinked 

Polymersomes for pH Sensitive Delivery of Doxorubicin. 

Biomater. Sci. 2016, 4 (2), 245–249. 

(173)  Li, G.; Yu, N.; Gao, Y.; Tao, Q.; Liu, X. Polymeric Hollow 

Spheres Assembled from ALG-G-PNIPAM and β-

Cyclodextrin for Controlled Drug Release. Int. J. Biol. 

Macromol. 2016, 82, 381–386. 

(174)  Gogotsi, Y. What Nano Can Do for Energy Storage. ACS 

Nano 2014, 8 (6), 5369–5371. 

(175)  Zhao, G.; Wen, T.; Chen, C.; Wang, X. Synthesis of 

Graphene-Based Nanomaterials and Their Application in 

Energy-Related and Environmental-Related Areas. RSC Adv. 

2012, 2 (25), 9286. 

(176)  Fisher, R. a.; Watt, M. R.; Jud Ready, W.; Cho, S. Il; Lee, S. 

B.; Snook, G. a.; Kao, P.; Best, A. S.; Lota, G.; Fic, K.; et al. 

Recent Advances in Polyaniline Composites with Metals, 

Metalloids and Nonmetals. Energy Environ. Sci. 2013, 3 (6), 

4889–4899. 

(177)  Wei, Q.; Xiong, F.; Tan, S.; Huang, L.; Lan, E. H.; Dunn, B.; 

Mai, L. Porous One-Dimensional Nanomaterials: Design, 

Fabrication and Applications in Electrochemical Energy 

Storage. Adv. Mater. 2017, 29 (20). 

(178)  Paramelle, D.; Gorelik, S.; Liu, Y.; Kumar, J. N. 

Photothermally Responsive Gold Nanoparticles Conjugated 

Polymer-Grafted Porous Hollow Silica Nanocapsules. Chem. 

Commun. 2016, 52, 9897–9900. 

(179)  Park, W. I.; Kim, J. M.; Jeong, J. W.; Hur, Y. H.; Choi, Y. J.; 

Kwon, S. H.; Hong, S.; Yin, Y.; Jung, Y. S.; Kim, K. H. 

Hierarchically Self-Assembled Block Copolymer Blends for 

Templating Hollow Phase-Change Nanostructures with an 

Extremely Low Switching Current. Chem. Mater. 2015, 27 

(7), 2673–2677. 

(180)  Mir, S. H.; Ochiai, B. One-Pot Fabrication of Hollow 

Polymer@Ag Nanospheres for Printable Translucent 

Conductive Coatings. Adv. Mater. Interfaces 2017, 4 (14), 

1601198. 

(181)  Freeman, B. D. Basis of Permeability/selectivity Tradeoff 

Relations in Polymeric Gas Separation Membranes. 

Macromolecules 1999, 32 (2), 375–380. 

(182)  Budd, P. M.; Msayib, K. J.; Tattershall, C. E.; Ghanem, B. S.; 

Reynolds, K. J.; McKeown, N. B.; Fritsch, D. Gas Separation 

Membranes from Polymers of Intrinsic Microporosity. J. 

Memb. Sci. 2005, 251 (1–2), 263–269. 

(183)  Gin, D. L.; Noble, R. D. Designing the Next Generation of 

Chemical Separation Membranes. Science (80-. ). 2011, 332 

(May), 674–676. 

(184)  Zhang, J.; Chai, S. H.; Qiao, Z. A.; Mahurin, S. M.; Chen, J.; 

Fang, Y.; Wan, S.; Nelson, K.; Zhang, P.; Dai, S. Porous 

Liquids: A Promising Class of Media for Gas Separation. 

Angew. Chemie - Int. Ed. 2015, 54 (3), 932–936. 

(185)  Qiao, Z. A.; Zhang, P.; Chai, S. H.; Chi, M.; Veith, G. M.; 

Gallego, N. C.; Kidder, M.; Dai, S. Lab-in-a-Shell: 

Encapsulating Metal Clusters for Size Sieving Catalysis. J. 

Page 20 of 22Polymer Chemistry



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 21  

Please do not adjust margins 

Please do not adjust margins 

Am. Chem. Soc. 2014, 136 (32), 11260–11263. 

(186)  Lin, K. Y. A.; Petit, C.; Park, A. H. A. Effect of SO2 on CO2 

Capture Using Liquid-like Nanoparticle Organic Hybrid 

Materials. Energy and Fuels 2013, 27 (8), 4167–4174. 

(187)  Qin, Y.; Wang, L.; Zhao, C.; Chen, D.; Ma, Y.; Yang, W. 

Ammonium-Functionalized Hollow Polymer Particles As a 

pH-Responsive Adsorbent for Selective Removal of Acid 

Dye. ACS Appl. Mater. Interfaces 2016, 8 (26), 16690–

16698. 

(188)  Xie, A.; Dai, J.; Chen, X.; Zou, T.; He, J.; Chang, Z.; Li, C.; Yan, 

Y. Hollow Imprinted Polymer Nanorods with a Tunable 

Shell Using Halloysite Nanotubes as a Sacrificial Template 

for Selective Recognition and Separation of 

Chloramphenicol. RSC Adv. 2016, 6 (56), 51014–51023. 

(189)  Campagne, B.; David, G.; Améduri, B.; Jones, D. J.; Rozière, 

J.; Roche, I. Novel Blend Membranes of Partially 

Fluorinated Copolymers Bearing Azole Functions with 

Sulfonated PEEK for PEMFC Operating at Low Relative 

Humidity: Influence of the Nature of the N-Heterocycle. 

Macromolecules 2013, 46 (8), 3046–3057. 

(190)  Gebel, G. Structure of Membranes for Fuel Cells: SANS and 

SAXS Analyses of Sulfonated PEEK Membranes and 

Solutions. Macromolecules 2013, 46 (15), 6057–6066. 

(191)  Zhang, W.; Zhang, B.; He, G.; Liu, B.; Jiang, Z.; Yang, X.; Li, C. 

Enhanced Water Retention and Proton Conductivity of 

Proton Exchange Membranes by Incorporating Hollow 

Polymer Microspheres Grafted with Sulfonated 

Polystyrene Brushes. Rsc Adv. 2015, 5 (7), 5343–5356. 

(192)  Henderson, I. M.; Quintana, H. A.; Martinez, J. A.; Paxton, 

W. F. Capable Cross-Links: Polymersomes Reinforced with 

Catalytically Active Metal-Ligand Bonds. Chem. Mater. 

2015, 27 (13), 4808–4813. 

(193)  Gräfe, D.; Gaitzsch, J.; Appelhans, D.; Voit, B. Cross-Linked 

Polymersomes as Nanoreactors for Controlled and 

Stabilized Single and Cascade Enzymatic Reactions. 

Nanoscale 2014, 6 (18), 10752–10761. 

(194)  Wang, Z.; Van Oers, M. C. M.; Rutjes, F. P. J. T.; Van Hest, J. 

C. M. Polymersome Colloidosomes for Enzyme Catalysis in 

a Biphasic System. Angew. Chemie - Int. Ed. 2012, 51 (43), 

10746–10750. 

(195)  Li, X.; Cai, T.; Kang, E. T. Hairy Hybrid Nanorattles of 

Platinum Nanoclusters with Dual-Responsive Polymer 

Shells for Confined Nanocatalysis. Macromolecules 2016, 

49 (15), 5649–5659. 

(196)  He, X.; Liu, Z.; Fan, F.; Qiang, S.; Cheng, L.; Yang, W. 

Poly(ionic Liquids) Hollow Nanospheres with PDMAEMA as 

Joint Support of Highly Dispersed Gold Nanoparticles for 

Thermally Adjustable Catalysis. J. Nanoparticle Res. 2015, 

17 (2), 1–10. 

(197)  Zheng, D.; Pang, C.; Liu, Y.; Wang, X. Shell-Engineering of 

Hollow G-C 3 N 4 Nanospheres via Copolymerization for 

Photocatalytic Hydrogen Evolution. Chem. Commun. 2015, 

51 (47), 9706–9709. 

(198)  Pan, L.; Chortos, A.; Yu, G.; Wang, Y.; Isaacson, S.; Allen, R.; 

Shi, Y.; Dauskardt, R.; Bao, Z. An Ultra-Sensitive Resistive 

Pressure Sensor Based on Hollow-Sphere Microstructure 

Induced Elasticity in Conducting Polymer Film. Nat. 

Commun. 2014, 5, 3002. 

(199)  Miller, P. R.; Gittard, S. D.; Edwards, T. L.; Lopez, D. A. M.; 

Xiao, X.; Wheeler, D. R.; Monteiro-Riviere, N. A.; Brozik, S. 

M.; Polsky, R.; Narayan, R. J. Integrated Carbon Fiber 

Electrodes within Hollow Polymer Microneedles for 

Transdermal Electrochemical Sensing. Biomicrofluidics 

2011, 5 (1). 

(200)  Gong, C.-B.; Wei, Y.-B.; Liu, L.-T.; Zheng, A.-X.; Yang, Y.-H.; 

Chow, C.; Tang, Q. Photoresponsive Hollow Molecularly 

Imprinted Polymer for Trace Triamterene in Biological 

Samples. Mater. Sci. Eng. C 2017, 76, 568–578. 

(201)  Prasad, B. B.; Singh, K. Molecularly Imprinted Polymer-

Based Core-Shells (Solid vs Hollow) @ Pencil Graphite 

Electrode for Electrochemical Sensing of Certain Anti-HIV 

Drugs. Sensors Actuators, B Chem. 2017, 244, 167–174. 

(202)  Wang, J.; Qiu, H.; Shen, H.; Pan, J.; Dai, X.; Yan, Y.; Pan, G.; 

Sellergren, B. Molecularly Imprinted Fluorescent Hollow 

Nanoparticles as Sensors for Rapid and Efficient Detection 

λ-Cyhalothrin in Environmental Water. Biosens. 

Bioelectron. 2016, 85, 387–394. 

 
 

Page 21 of 22 Polymer Chemistry



  

 

 

 

 

338x190mm (96 x 96 DPI)  

 

 

Page 22 of 22Polymer Chemistry


