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We highlight recent advances in the synthesis of nanocarriers and nanoreactors from synthetic and

biological building blocks with emphasis on the stimulus-responsive regulation of their function.

Introduction

A long-pursued goal in nanoscience is to capture the essence of
structures and functions of complex biological systems, as epi-
tomised by cells, by creating artificial nanostructures in a rational
manner. In the case of cells, compartmentalisation and
communication between compartments are essential to regulate
biological function such as replication, metabolism, and signal
transduction." Compartmentalisation and confinement of
cellular components enable cells to control the sequential manner
of biochemical reactions to maximise their precision and effi-
ciency.? The cellular lipid bilayer membrane encloses the complex
machinery required to achieve this, and is responsible for
transport of ions, water, and other molecular necessities for
metabolism and replication, recognition and transduction of
chemical signals. Membrane permeability is governed for a large
part by the presence of channel proteins, which are regulated by
external stimuli. This allows controlled mass transport and signal
transduction required for the metabolic functioning of cells.>*
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Artificial nanocages are the mimics of the biocompartments
exhibited by Nature.® Synthetic routes to these nanostructures
have been vastly expanded by bottom-up approaches using
simple building blocks to construct complex nanoarchitectures
via self-assembly. From the materials point of view, the building
blocks span a wide range of compounds including well-defined
small molecules, polymers, inorganic materials and, recently, to
biological macromolecules such as proteins and nucleic acids.
Inorganic nanostructures such as mesoporous silica particles
have also been utilised as cargo-carrying vehicles and nano-
reactors. Recent convergence of molecular biology and materials
science has enabled the direct use of biological building blocks
and their assemblies as nanocages. Although numerous examples
have demonstrated our ability to create such structures based on
organic, biological, and inorganic materials in a wide variety of
size regimes, and have shown a successful adoption of Nature’s
basic design principles, artificial nanostructures are still lacking
the interactive properties to respond and communicate with their
surroundings as is exhibited by the protein machinery in the cell
membranes. This explains the current intense interest in
responsive and intelligent materials that show a change in
physical and chemical properties in response to external stimuli.
When properly designed and assembled into nanostructures
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having an inner compartment that can be used for storage of
guests, these smart materials may mimic the regulation behav-
iour exhibited by membrane proteins in cells.

In this review, we highlight recent advances in the design and
construction of nanocarriers and nanoreactors with an emphasis
on stimuli-responsive regulation of function. We limit our scope
to three main classes of materials that are widely used for
creating these architectures. In the first part, we cover block
copolymers and their self-assembled structures, including poly-
mer vesicles and micelles that exhibit stimuli-responsive behav-
iour. Subsequently organic-inorganic hybrid architectures
functionalised with ‘gatekeepers’ or ‘nanovalves’ to regulate their
release properties will be discussed. Finally, we highlight the
recent developments in research in which cage-like protein
assemblies and virus capsids are utilised as well-defined
containers and reactors.

Polymer vesicles and micelles
Stimuli-responsive polymer vesicles

Polymer vesicles (polymersomes) have attracted increased
attention in recent years due to their similarity to liposomes and
cells.* Compared to lipid vesicles that are composed of low
molecular weight phospholipids or surfactants, polymersomes —
based on high molecular weight amphiphilic block copolymers —
consist of a bilayer membrane exhibiting superior physical and
chemical stability.” This robustness is beneficial for many appli-
cations such as cargo-storage vehicles for therapeutics and
cosmetics.® Also, the chemical structure of the amphiphilic block
copolymers can easily be modified, which provides polymer-
somes with properties required for specific applications. For
example, PEGylation of the polymersome surface leads to

stealth-like behaviour to avoid immune responses when these
capsules are used for in vivo applications. Furthermore, capsules
with cell targeting properties can be created by immobilising
specific peptides or proteins on the polymersome periphery,
which enables the recognition of specific receptors.® However,
the main drawback of a physically robust polymersome
membrane is the drastic decrease of its permeability for mole-
cules both inside and outside the polymersome. For applications
such as drug delivery, the controlled release of cargo molecules
from the inner aqueous compartment is a crucial factor. Stimuli-
responsive behaviour of polymersomes leading to trans-
membrane diffusion of small molecules is therefore of prime
importance for the development of nanoreactors and nanocages
that can be applied as controlled and targeted release vehicles.'®

Amphiphilic block copolymers with a degradable hydrophobic
part are attractive building blocks to create polymersomes with
a time-dependent release behaviour." Degradation of the
hydrophobic block leads to changes in the architecture of the
block copolymer, which causes a rearrangement of the vesicular
membrane leading to cylindrical or spherical micelles.'? This
degradation induces perforation of the vesicular membrane and
guest molecules entrapped within the aqueous compartment and
the membrane get released. Ahmed et al. performed an in-depth
study on the hydrolytically cleavable amphiphiles PEG-b-(poly-
lactic acid, PLA) and PEG-b-(polycaprolactone, PCL).'>!* Pol-
ymersomes based on a mixture of PEG-h-PLA and PEG-b-PBD
were used for systematic delivery of two anticancer drugs; the
hydrophilic compound doxorubicin (DOX) was positioned in the
lumen, whereas the hydrophobic drug paclitaxel (TAX) was
encapsulated in the bilayer. In vitro experiments at neutral pH
and 37 °C showed that 80% of DOX and 60% of TAX were
released from the polymersomes via perforation of the membrane
after only one day. In vivo studies on human breast tumours
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established in nude mice showed that an increase of the deliver-
able maximum tolerated dose was obtained for (DOX and
TAX)-loaded polymersomes compared to the free drug cocktail.
As a result, the immobilised drugs caused more effective and
sustainable tumour shrinkage.

Polymeric vesicular structures can also be disrupted through
other chemical changes of the block copolymer, such as chemical
oxidation and pH-sensitive conformational changes of the
hydrophobic block.™ Stimuli-responsive polymers that are
sensitive to pH and light can be introduced into the membrane to
create polymersomes possessing a self-regulating property.**>¢ Li
and co-workers reported a strategy to remotely trigger instan-
taneous polymersome bursting by using a UV-sensitive liquid-
crystalline (LC) copolymer with azobenzene-containing meso-
genic moieties (PAzo) in the hydrophobic block (Fig. 1A)."7
Upon exposure to UV-radiation, the azobenzene moieties
underwent frans-to-cis isomerisation, which subsequently
induced a linear-to-coil transformation in the secondary polymer
structure. First, asymmetric polymersomes were designed con-
taining an internal leaflet based upon the inert PEG-5-PBD block
copolymer and an external leaflet of PEG-b-PAzo. Upon UV-
radiation, the vesicles’ morphology was completely destructed in
less than a second (Fig. 1B,C). When polymersomes were
composed of a PEG-b-PAzo inner leaflet and a PEG-5-PBD
outer leaflet, the change of the curvature of the UV-responsive
polymer layer upon irradiation generated an outward curling
rim.

Block copolymers responding to changes in pH of the medium
are also of interest.’® A notable recent example of multi-
compartment polymersomes that are pH-responsive was repor-
ted by Chiu et al.'® They prepared polymersomes via the double
emulsion technique in a water—oil-water environment with pol-
y(acrylic acid) polymers partially modified with hydrophobic
distearin groups. Large polymersomes encapsulating small pol-
ymersomes were created by this method. During membrane
formation, the acrylic acid-rich domain of the polymer phase
separated within the hydrophobic membrane and formed pH-
sensitive channels.

The design of reversible pH-responsive polymersomes, the so-
called “breathing vesicles”, was reported by the group of Eisen-
berg.’ Their nano-sized polymersomes consisted of the triblock
copolymer PEG-b-PS-b-(poly(2-diethylaminoethyl methacry-
late), PDEAMA), which was synthesised using ATRP. After self-
assembly of the PEG-b-PS-b-PDEAMA amphiphiles at pH 10.4
into polymersomes, a decrease in pH induced an impressive
change in vesicle size. This was a result of the fact that the
initially hydrophobic PDEAMA domain became protonated and
therefore turned into a hydrophilic structure, attracting water.
The concurrent phase separation between PS and protonated
PDEAMA yielded a rigid PS layer in between the PDEAMA and
PEG domains, keeping the self-assembled structure together
(Fig. 2). At even lower pH, the progressive swelling of the pH-
responsive PDEAMA block was found to crack the two PS-
layers after which an even bigger increase in vesicle size was
observed since the swelling of the PDEAMA was now less
restrained. Remarkably, the vesicles adapted their original size
within a short time when the pH was brought to 10.4 again.

Electrostatic interaction between oppositely charged poly-
electrolytes has widely been used to construct polymeric vesicles,
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Fig. 1 Bilayer composition and polymersome bursting. (A) Molecular
structures of the PEG-b-PAzo and PEG-b-PBD block copolymers. (B) A
cartoon of the asymmetric bilayer composition with PEG-b-PAzo as the
outer leaflet that coils upon UV-radiation. (C) UV-radiation induces
bursting of the polymersome with PEG-b-PBD in the inner leaflet and
PEG-b-PAzo as the outer leaflet. (Reprinted with permission from ref. 16).

or microcapsules, by templated layer-by-layer self-assembly.?®
Vancso and co-workers recently reported on microcapsules built
from the layer-by-layer assembly of redox-sensitive poly(-
ferrocenylsilane) (PFS) polyelectrolytes. The membrane of these
microcapsules swells upon oxidation of the Fe(ir) centres of the
PFS due to the increasing repulsion between the oxidised Fe(mn)*
in the membrane.*!

Polymersomes with a semi-permeable vesicular membrane can
be used as a nano-scaled reactor when catalytically active guests
are encapsulated within their inner compartment.>** The semi-
permeable polymer membrane should here only allow trans-
membrane diffusion of small reagents and products while
keeping the large catalysts, such as enzymes, inside. These
membrane designs are greatly beneficial towards biological and
conventional chemical transformations as they protect the
catalytic activity from harmful environmental effects and confine
the location of chemical transformation within the nanospace.
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Kataoka and coworkers developed polymersomes based
on block copolypeptide polyelectrolytes (PICsome).>* The
membrane of the PICsome was composed of two block copoly-
peptides comprising oppositely charged polypeptide blocks. The
polyelectrolyte membrane of the PICsome allowed diffusion of
small molecules as was shown by O,-binding of myoglobin
encapsulated in the inner compartment of the PICsome. In
another line of research, polymersomes were built from amphi-
philic coil-helix block copolymers, polystyrene-b-poly(3-(iso-
cyano-l-alanyl-amino-ethyl)-thiophene) (PS-5-PIAT).>* The PS-
b-PIAT polymersomes were found to possess a semi-permeable
membrane, presumably due to the robust, helical conformation
of the hydrophilic PIAT block and the relatively low molecular
weight PS block. Site-specific encapsulation of enzymes within
the inner aqueous compartment and the hydrophobic membrane
was successfully achieved, and created a bioreactor for enzymatic
polymerisation and cascade enzymatic reactions (Fig. 3).*°

Meier and co-workers developed semi-permeable polymer-
somes by implementing channel proteins within the membrane of
polymer vesicles.”® The presence of channel proteins enables
transmembrane diffusion of small substrates for the enzymes
encapsulated in the inner compartment of the polymersomes. A
recent example of Meier and co-workers showed that enzyme-
loaded polymersomes can function as an artificial organelle
within cells.?® The polymeric vesicles were functionalised on the
outside with oligonucleotide polyguanylic acid (polyG),
a substrate for macrophage scavenger receptors, to achieve
target-specific cellular uptake by macrophages.®® These poly-
mersomes exhibited a specific uptake by the cell and remained
stable for 48 h within the cellular matrix. The polymersomes were
subsequently loaded with the protease trypsin to give the “arti-
ficial organelles” a bio-functionality. The selected trypsin
substrate bis-(CBZ-Ile-Pro-Arg)-rhodaminel10 (BZiPAR) was

Fig. 2 Reversible change of the PEG-b-PS-h-PDEAMA membrane
upon pH change. (A) Cryo-TEM images of the vesicle wall structure at
several pH values. (B) Schematic illustration of the presumed membrane

structure at corresponding pH values. (Reprinted with permission from
ref. 19).

able to autonomously cross the membranes of both cells and the
membrane of the polymersome owing to its hydrophobicity.
After sequential incubation of the macrophages with trypsin-
loaded polyG-polymersomes and BZiPAR, strong fluorescence
was observed in the cytoplasm. This result suggested that the
substrate entered and was processed inside the polymeric
vesicles.

As is also shown in the previous example, surface modification
of polymersomes can readily be realised by conjugation of
functional groups on the end of the hydrophilic block of a block
copolymer. Bioconjugation of a cell-targeting protein or a mono-
clonal antibody on the amphiphilic block copolymer has enabled
the development of vesicular carriers which recognise specific
target proteins and cells.*® This ‘polymer modification’ approach,
however, may have an adverse effect on the self-assembly of
block copolymers; the molecular architecture of amphiphiles is
a crucial factor in directing the morphology of self-assembled
structures. A change in block copolymer architecture especially
occurs when the conjugated biomolecules are large, such as
enzymes. To solve this problem, amphiphiles with a functional
group on the hydrophilic block as an anchoring site have been
synthesised and assembled together with the matrix polymer in
the membrane of polymersomes.?® The anchoring sites on the
surface of the polymersomes were subsequently modified with
large biomolecules via copper(1) catalysed click chemistry. Using
this approach, active enzymes were immobilised such as Candida
antarctica Lipase B (CalB) and horseradish peroxidase (HRP) on
the surface of the polymersome. In a follow-up experiment, three
different enzymes, CalB, glucose oxidase (GOx) and HRP were
respectively encapsulated in the membrane, the lumen and
immobilised on the PS-6-PIAT polymersome surface. It was
demonstrated that these three enzymes cooperated in a cascade
reaction.?’

Stimuli-responsive regulation of the permeability of vesicular
polymer membranes can greatly enhance the development of
controlled drug-releasing vehicles and nanoreactors with regu-
lated reactivity. Recently a method was reported to introduce in
a controllable fashion permeability in polymersomes based on
PEG-b-PS block copolymers.?' The key concept lies in the use of
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Fig.3 Schematic representation of the multistep reaction taking place in
the three-enzyme PS-H-PIAT polymersome system with GOx in the
lumen, HRP in the membrane and CalB in the surrounding medium.
(Reprinted with permission from ref. 25a).
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stimuli-responsible amphiphilic polymers containing boronic
acid moieties in the hydrophobic block that, upon increase of pH
and concentration of monosaccharides such as Dbp-glucose,
become soluble in an aqueous environment.3* As shown in Fig. 4,
PEG-b-poly(styrene boronic acid (PEG-b-PSBA) block copoly-
mers were embedded within the inert PEG-A-PS matrix. Upon
increase of pH and monosaccharide concentration, the PEG-b-
PSBA domains became soluble in the aqueous polymersome
medium, thereby creating pores in the vesicular membrane. The
permeability of the polymersome membrane could be controlled
by adjusting the weight fraction of PEG-b-PSBA compared to
the matrix forming PEG-b-PS. Moreover, the enzymatic activity
of encapsulated enzyme (CalB) showed to increase in a parallel
fashion with larger amounts of initially incorporated PEG-b-
PSBA.*!

Stimuli-responsive polymer micelles

Micelles assembled from amphiphilic block copolymers exhibit,
in correspondence with polymer vesicles, greater thermodynamic
and kinetic stability than their phospholipid or surfactant based
analogues.* When applied as a drug delivery system (DDS), this
stability is of prime importance since polymer micelles retain
their loaded drug for a longer period under the much diluted
conditions experienced in vivo compared to low molecular weight
micelles.>* In addition, amphiphilic block copolymers can easily
be modified using a wide variety of chemical tools to construct
intelligent nanodevices that are stimuli-responsive or have
certain targeting abilities. In combination with encapsulation of
(bio)molecules, micelles can be deployed as, for example, thera-
peutic gene delivery devices or nanoreactors.

Block copolymers based on poly(n-isopropylacrylamide)
(PNIPAAm)** are commonly employed thermo-responsive
building blocks for micelles.*® Above the lower critical solution
temperature (LCST), PNIPAAm undergoes a reversible phase
transition from hydrophilic to hydrophobic in water due to the
entropy-driven dehydration of the polymer chain. A recent
example of PNIPAAm block copolymer based micelles for

N —
PEG-b-PSBA OH-, sugar

@

GALB PEG-b-PS

Fig. 4 Polymersome with a controllable permeability based on a selec-
tive dissolution of sugar-responsive boronic acid block copolymers.
(Reprinted with permission from ref. 31).

controlled drug release is reported by Cao and coworkers.?” The
end group of PNIPAAm was functionalised with the hydro-
phobic oligomer oligo(methyl methacrylate) (OMMA) to
encapsulate the hydrophobic allergy suppressor prednisolone in
a high initial efficiency. Upon heating the aqueous medium of the
drug-loaded PNIPAAm-5-OMMA micelles above the LCST, the
PNIPAAm became water-insoluble and destabilised the self-
assembly leading to prednisolone release.

Micelles built from stimuli-responsive block copolymers that
are sensitive to the pH change in the medium are also of
interest.*® Polymers having a pK, value between 3 and 10 can be
adopted as a pH-responsive segment.’® Bae and coworkers
reported on polymeric micelles of poly(r-lactic acid) (PLA)-b-
PEG-b-poly(L-histidine) as potential tumour pH-specific anti-
cancer drug carrier.* The co-presence of the pH-nonresponsive
lipophilic PLA block in the core prevented the micelles from
disintegration. Extensive pH-dependent swelling was observed as
the size of the micelle increased to 580 nm at pH 6.6 compared to
80 nm at only a slightly higher pH of 7.4. An example in which
micelles respond to a larger difference in pH is reported by Xue
et al.** The hydrophobic drug prednisone acetate was incorpo-
rated in micelles constructed from poly(acrylic acid) (PAAc)-b-
poly(pL-lactide) (PDLLA) block copolymers. In vitro pH
experiments showed only a small drug release at a pH of 1.4,
while at pH 7.4 most of the prednisone acetate had diffused into
the surrounding solution after 10 h.

Polymeric micelles can act as nanoreactors when enzymes and/
or transition metal catalysts are incorporated in the micellar
structure.** Chemical transformations within confined space can
be beneficial in terms of enhanced efficiency and higher reaction
rate compared to reactions in a bulk environment.*®

Enzyme immobilisation in reversed micelles permits enzymatic
reactions to occur in organic media, as the hydrophilic core of the
micelle provides a favourable aqueous environment for the
enzymes while the hydrophobic part solubilises the amphiphatic
colloid in an organic solvent.** Chen et al. immobilised the lipase
from Candida rugosa in reversed micelles based on PNIPAAm-
co-AA polymers.*> Compared to experiments with the free
enzyme in the same organic solution, superior activity towards
esterification of lauric acid and 1-propanol was found for the
micellar system. Interestingly, the choice of thermo-responsive
PNIPAAm entailed the ability to stop the reaction by increasing
the temperature above the LCST as the enzyme-holding aggre-
gates precipitated from the reaction mixture.

Transition metal catalysts can be encapsulated inside the core
of micelles built from amphiphilic block copolymers with ligand-
containing hydrophobic blocks.* Persigehl and co-workers
covalently incorporated triphenylphosphine ligands in the
hydrophobic segment of block copolymers, which upon self-
assembly into micelles yielded a ligand-rich core.*” Elias and co-
workers reported a system in which polypeptides were used as the
hydrophobic block. To each of the amino acid residues a palla-
dium diphosphine complex was attached.*® Using this system,
organic molecules were hydrogenated with high yields under
mild conditions via diffusion of reagents through a swollen PEG
corona.

Polymer micelles can also stabilise catalytically-active transi-
tion metal nanoparticles by encapsulating the nanoparticles
within the micellar core.** The access of these embedded
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nanoparticles for external reagents can be regulated by stimuli-
responsive behaviour of the micellar corona. Wang et al. repor-
ted on the design of catalytically-active and thermo-responsive
micelle-supported gold nanoparticles.® Reductive gold particles
were loaded into PNIPAAm-b-poly(4-vinyl pyridine)
(PNIPAAm-b-P4VP)-based micelles. The activity of the
metallomicelles could be reversibly switched on and off by
modulation of the reaction temperature (Fig. 5). The PNIPAAm
chains were swollen below the LCST so reactants and products
were able to easily diffuse in and out of the micelle to reach the
catalytic core. At temperatures exceeding the LCST, the diffu-
sion of reagents to the Au particles in the micelle core was
hampered because of a collapse of the PNIPAAm corona.

Organic-inorganic hybrid nanocages
Mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSNs) are highly interesting
materials due to the presence of numerous nanochannels, which
are a result of the construction of these silica structures around
micellar templates.®® The 2-D hexagonal ordering of the chan-
nels, which reflects the lyotropic arrangement of the micelles,
provides MSNss with an exceptionally high surface area (>900 m?
g~ ') and large pore volume (>0.9 cm?® g~'), which can be used as
a reservoir for small molecules.’>** The diameter of an individual
channel (typically 2-10 nm) can be tuned by using surfactants
with varying sizes.>* Hydroxyl groups on the surface of MSNs
can easily be modified by simple chemical reactions with various
silanes having additional functional groups.> The site-specific
modification of the inner walls of the nanochannels can also be
achieved by using organic silanes which have a selective solubility
in the hydrophobic domain of the templating micelles.*® These
modified mesoporous silica particles have been used as a solid
support for anchoring heterogeneous catalysts within the nano-
channels.’” For example, Aida and coworkers reported that
mesoporous silica particles having titanocene catalysts
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Fig. 5 Thermoresponsive polymer micelles encapsulating Au nano-
particles in the core. Thermoresponsive PNIPAAm corona controls the
access of small reagents into the nanoparticles residing in the core of the
micelle. (Reprinted with permission from ref. 49).

:P4VP + :Au nanoparticle

covalently held within the nanopores performed polymerisation
of ethylene.’® Polyethylene (PE) was extruded out of the 5 nm
wide channels as polymerisation proceeded because the diameter
of the pore (27 A) was much smaller than the dimension of an
ordinary PE crystal (~100 A). Nanofibers of highly crystalline
PE with an ultrahigh molecular weight were obtained in this way.

MSNs of varying sizes (50-300 nm) have been shown to be
biocompatible, and were taken up by cells without invoking
acute immune responses.>® MSNs have been used as containers
for hydrophobic drug molecules, which could be released in
a sustained fashion. Drug molecules which were contained in the
nanopores solely by electrostatic or hydrophobic interactions,
however, were released through the open pores, which typically
generates a ‘premature release’ problem. This premature release
is a phenomenon also observed for drug delivery vehicles based
on simple micelles and liposomes with relatively soft diffusion
barriers.

Recently, the concept of ‘gatekeeping’ or ‘nanovalves’ has
therefore emerged. Based on facile site-specific chemistry around
MSN:ss, stimuli-sensitive ‘smart’ functionality was introduced on
the orifices of the open pores or on the inner walls of the nano-
channels.®® These stimuli-responsive functionalities physically
block free diffusion of encapsulated small molecules out of the
nanopores of MSNs (gatekeeping). Such gatekeepers are
mounted by labile chemical bonds or non-covalent interactions,
which are subject to dissociation by applied stimuli, such as pH,
ionic strength, temperature, electromagnetic waves, enzyme-
catalysed reactions, and non-covalent interactions.®*** Stimuli-
responsive motifs that have long been developed for organic
molecules and polymers can readily be adopted as gatekeeper
moieties. This nanovalve-like function realises a controlled
release of encapsulated guest molecules from MSNs at a specific
time and location. Fujiwara and coworkers first demonstrated
this concept by introducing coumarin moieties on the orifices of
nanopores of MCM-41, which photo-dimerise upon irradiation
by UV light (Fig. 6).°° The photodimerised coumarin works as
the gatekeeper to block unwanted release of guest molecules
from the nanopores because the dimer of coumarin (~3.8 nm) is
large enough to cover the open pore of MCM-41 (2.7 nm). This
gatekeeper, upon irradiation by shorter wavelength UV

Fig. 6 Gatekeeping of nanochannels by photo-dimerization of couma-
rins attached to the surface of mesoporous silica materials. (Reprinted
with permission from ref. 51).
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(250 nm), dissociates into monomeric coumarin, which opens the
gate of the nanopores. This photo-dimerisation and dissociation
is reversible, and, thus, the accessibility of nanopores of MCM-
41 is regulated by irradiation.

Lin and coworkers introduced disulfide linkers with a terminal
amine on the surface of the inner channel of MSNs, which were
subsequently reacted with CdS nanoparticles with carboxylic
acid moieties on their surface.®® These covalently-bound CdS
nanoparticles blocked the open channel of MSNs and prevented
unwanted leakage of encapsulated guest molecules. CdS nano-
particles were released by reducing the disulfide bonds in the
linker with a chemical reducing agent (Fig. 7). This allowed
a controlled release of guests from the inner channel triggered by
a specific external signal. Magnetic nanoparticles such as iron
oxide®® and PAMAM dendrimers®” have also been used as
gatekeepers, regulating the release property of MSNs. The
cellular uptake of MSNs was achieved by modifying the surface
with triethylene glycol.®® These MSNs could deliver both inte-
rior-loaded drugs and plasmid DNA anchored on the surface to
plant cells, which was confirmed by the expression of the green
fluorescent protein (GFP) gene.

Lin and coworkers recently developed boronic acid-function-
alised MSNs which encapsulated cyclic adenosine mono-
phosphate (cCAMP) within nanochannels by capping the boronic

Disulfide
Cleavage

Fig.7 CdS gatekeepers held covalently in nanochannels of mesoporous
silica nanoparticles. CdS gatekeepers are released by oxidation of disul-
fide linkers by dithiothreitol (DTT). (Reprinted with permission from
ref. 60).

acid functionalities with glutamic acid-modified insulin (G-
Ins).®® The reversible covalent bonds between boronic acid and
the hydroxyl groups of G-Ins readily dissociated when cyclic
vicinal diols such as monosaccharides were introduced, because
of the higher binding affinity of monosaccharides toward
boronic acid. When G-Ins was removed from the MSNs, the
entrapped guest molecule, CAMP was released.

Photocleavable linkages between MSNs and gatekeeping
moieties were also used to regulate the release property of MSNs.
Kim et al. employed a UV-cleavable nitrophenyl ester spacer
between MSNs and the bulky B-cyclodextrin (B-CD) to block the
open channels of MSNs.** Upon irradiation with UV light, the
nitrophenyl ester linkage was cleaved and, thus, the encapsulated
molecules were released through the open channels. B-CD gate-
keeping groups on MSNs were further used as a host to
accommodate hydrophobic guest molecules. B-CD decorated
MSNs were mixed with six-arm PEG star polymers which were
end-functionalised with hydrophobic dodecyl chains. The
specific incorporation of the dodecyl chain in the hydrophobic
cavity of B-CD induced a reversible gelation process in the
aqueous phase.

A non-covalent nanovalve was developed by Kim and
coworkers who applied the pH-dependent threading of 3-CD on
PEG as a gatekeeper.®' In an alternative approach Stoddart and
Zink introduced cucurbit[6]uril-diaminoalkyl moieties as pH-
responsive nanovalves for MSNs.” The same group also intro-
duced a B-CD-azobenzene pseudorotaxane as a light-actuated
nanovalve.” The B-CD remained threaded when the azobenzene
functional post was in a trans-conformation. Upon irradiation
and subsequent isomerisation to the cis conformation, the -CD
lock was released.

Enzyme-mediated cleavage of the linker group between gate-
keeper and MSNs was also demonstrated.” Azide-tagged tri-
ethylene glycol (TEG) posts were introduced on the surface of
MSNs, which were subsequently threaded by B-CD. The azide
tag of the complex was subsequently capped with an alkyne-
functional adamantyl group by click chemistry. The resulting
rotaxane was selectively cleaved and disassembled by porcine
liver esterase (PLE), which hydrolysed the ester linkage holding
the bulky adamantyl group. Upon hydrolysis and removal of -
CD, the encapsulated guest molecule, congo red, was released.

Recently Stoddart, Zink and coworkers reported on the use of
mesoporous silica particles as smart containers that can regulate
their release properties by using mechanised nanovalves.”>7*
Utilising site-specific chemistry, they introduced mechanically
bistable functional groups (pseudorotaxane and rotaxane) as
nanovalves near the orifices of the particle. As shown in Fig. 8,
the 2-D mesoporous silica structures were pre-filled with a fluo-
rescent Ir(ppy); (~1 nm diameter) dye, and a 1,5-dioxynaph-
thalene derivative (DNPD) was immobilised on the silica surface.
Upon addition of the cyclobis-(paraquat-p-phenylene)
(CBPQT*") ring a pseudorotaxane [DNPD < CBPQT]*" was
formed, which worked as a closed valve. When the CBPQT*" ring
was reduced with a chemical reducing agent, the interaction
between CBPQT and DNPD weakened, and subsequently the
CBPQT ring flipped away from the DNPD gatepost. This
mechanical move opened the nanochannels of mesoporous silica,
and entrapped guest molecules were released. Once demon-
strated on a 2-D surface, the authors expanded this concept to

850 | Nanoscale, 2010, 2, 844-858

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/b9nr00409b

Downloaded on 11 July 2011
Published on 12 May 2010 on http://pubs.rsc.org | doi:10.1039/BONR00409B

View Online

Fig. 8 Psuedorotaxane nanovalves responsive upon chemical reduction
of CBPQT ring that causes dethreading of the ring from the post and
releasing of entrapped guest molecules from nanochannels of meso-
porous silica. (Reprinted with permission from ref. 73a).

3-D silica nanoparticles (Fig. 9). Another concept to mechan-
ically trigger release was demonstrated by tethering photo-
responsive azobenzene moieties on the inner walls of the
nanochannels of silica particles.” cis—trans isomerisation of
azobenzene within these nanochannels drove the encapsulated
molecules mechanically out of the channel, similar to impellers
within the barrel. Recently, pH-responsive nanovalves and nano-
impellers were combined in mesoporous silica nanoparticles,
which only showed the release of entrapped guests when both
light-actuated azobenzene groups within the nanochannels and
pH-responsive cucurbit[6]uril (CB[6])-diaminoalkyl pseudor-
otaxane valves were activated.” This ‘dual-controlled” MSNs
exhibited a behaviour as an ‘AND’ logic device, which is a basic
device widely used in electronic circuitry.

Step 1

Loading or
Recharging

Release
t of
Step Guest
4 Molecules

Open
Valve

Step 3

Fig. 9 Reversible rotaxane nanovalves anchored to the surface meso-
porous silica nanoparticles. (Reprinted with permission from ref. 73b).

Inorganic nanocages

Caged nanostructures constructed from inorganic and organo-
metallic building blocks are also emerging as a way to achieve
nanocontainers with unique functions arising from electro-optic
and magnetic properties of inorganic materials. Foster and
coworkers recently devised a self-assembly strategy of amphi-
philic semiconductor nanoparticles based on the well-established
packing factor theory developed for amphiphiles.”” They treated
CdSe/CdS nanoparticles (NPs) which were covered on the
surface with hydrophobic trioctylphosphine/trioctylphosphine
oxide (TOP/TOPO) ligands with poly(ethylene glycol) with
a terminal amino ligand. The terminal amino groups of PEG
replaced the weak TOP/TOPO binding ligands, and induced an
amphiphilic character to the nanoparticles. By adjusting the ratio
between the number of introduced PEG chains and the nano-
particles, they could control the volume ratio between hydro-
philic PEG chains and the residual hydrophobic TOP/TOPO
ligands. The resulting amphiphilic semiconductor nanoparticles
self-assembled into nanostructures with different morphologies
such as spheres, cylinders, and vesicles, as often observed from
the self-assembly of amphiphilic block copolymers with varying
ratio between the volumes of hydrophobic and hydrophilic
blocks (Fig. 10). Upon aggregation, PEG and TOP/TOPO
ligands presumably rearrange throughout the surface of nano-
particles, which increases the density of hydrophilic ligands on
the water-contacting particle area and of hydrophobic ligands
between NP-NP contacting areas. The amount of PEG ligands
replacing TOP/TOPO ligands and the rearrangement of PEG
ligands at the interface between water and the nanoparticle are
crucial factors to decide the morphology of self-assembled
structures of these amphiphilic nanoparticles.

Wang and coworkers synthesised nanocages of a Prussian blue
(PB)-based cyanometallate polymer, by polymerising
a precursor, pentacyano(4-(dimethylamino)pyridine)ferrate
(EPE-Fe), on the surface of oil droplets prepared by a mini-
emulsion technique.” This mini-emulsion periphery polymerisa-
tion (MEEP) was performed using a telechelic triblock copolymer
(PEG-b-PPG-b-PEG) with polymerisable EPE-Fe precursors at
the PEG chain ends. The use of a spherical oil droplet template
resulted in the formation of a thin crust of polymerised PB (~2 nm
thickness). The diameter of PB nanocages could be controlled by
changing the conditions for the miniemulsion polymerisation,
such as the ratio of water and organic solvents.
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Fig. 10 (A) Self-assembling amphiphilic nanoparticles caused by reor-
ganization of surface-bound hydrophilic polymer chains. (B and C)
Vesicles from the self-assembly of amphiphilic CdSe/CdS nanoparticles.
The diameter of nanoparticles is 2.6 nm for B and 3.1 nm for C.
(Reprinted with permission from ref. 77).
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Cage-like protein assemblies

Nanostructures that are constructed from well-defined biological
building blocks, such as proteins and DNAs, are receiving
increased attention in recent years.” The well-defined 3-D
structure of these biological building blocks allows the self-
assembly processes to be designed and controlled in precision.
The resulting discrete nano objects not only possess structural
robustness but also can exhibit biological activity. This topic has
been well-covered in previous reviews;”® herein, we specifically
focus on protein-based cage-like nanostructures which show
promise in applications such as drug delivery vehicles and
nanoreactors.

Protein assemblies often exist as nanocages in their native
forms in vivo. A well-studied example is ferritin, a 450 kDa
protein assembly of 24 subunits.®" Ferritin, ubiquitous in cells
and in extracellular matrices, is a cage-like protein having an
inner space of 8 nm in diameter (Fig. 11). The inner space of
ferritin allows storage of up to 4500 Fe atoms as ferric oxy-
hydroxide clusters, which serves as a reservoir providing Fe
atoms for metabolic use.®> The protein cage has 8 hydrophilic
channels (~4 A) located at the intersections of three subunits,
which enables transfer of Fe atoms and molecules through the
protein coat. The Fe clusters within the ferritin cage can be
removed leaving only a protein cage (apo-ferritin). Due to the
presence of the pores in the protein coat, apo-ferritin has been
used as a scaffold for the synthesis of inorganic nanoparticles
within the inner space.

This possibility was first demonstrated by Mann and
coworkers who used the ferritin cage as a scaffold for the growth
of non-natural metal oxides.®* The ferrihydrite (5Fe;O5-9H,0)
core of ferritin was transformed into FeS nanoparticles by
reacting native ferritin with H,S or Na,S in an aqueous buffer.
They also showed that the reconstitution of subunits of apo-
ferritin in the presence of Mn** ions led to the synthesis of
manganese oxide within the cage.®* Based on these approaches,
various inorganic nanoparticles such as quantum dots, metal
oxides, transition metals, and metal alloys have been synthesised
within apo-ferritin cages.®>*® Native ferritin has its limitations.
Due to the diameter of the channels (~4 /OX) of the ferritin cage,
large precursors other than transition metal salts can not be
easily encapsulated by pre-constructed ferritin and apo-ferritin.
Dominguez-Vera and Colacio therefore reconstituted subunits of
ferritin in the presence of hexacyanoferrate (II1) ([FeCNg]*") to
encapsulate bulky [FeCNg]*~ monomers for the synthesis of
Prussian blue nanoparticles within the ferritin cages.® After self-
assembly, ferritin cages filled with cyanoferrate precursors were
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Fig. 11 Sturctures of L-ferritin (PDB 1DAT). (A) 24 subunit assembled
cage. (B) The inner cavity (8 nm diameter). (C) 3-fold axis hydrophilic
channel. (Reprinted with permission from ref. 91).

treated with Fe(i) to turn the precursors into Prussian blue
nanoparticles. The smaller Fe(i1) reagents could easily access the
inner space of the ferritin cages and induce the Prussian blue
formation process within the cage.

The open pores of the apo-ferritin cage allow small molecules
to access nanoparticles residing in the inner space. Watanabe
et al. used these bio-inorganic hybrids as nanoreactors by
introducing transition metal nanoparticles within the ferritin
cages.®® Pd(0) nanoparticles were synthesised in the cavity by
reduction of encased Pd** with NaBH, (Fig. 12). Next, this
hybrid metal catalyst was used for the hydrogenation of a series
of olefins. The Pd(0)-apo-ferritin nanocomposites remained
stable during and after hydrogenation without aggregation. The
turnover frequency of these hybrid reactors was comparable to
Pd(0) nanoparticles encapsulated within dendrimers. Since the
pores present in the ferritin cages are anionically charged, the
effect of substrate charge on catalytic efficiency was investigated.
For this purpose a series of acrylic acid substrates modified with
different functional groups on the carboxylic acid site were
tested. A high turnover frequency only was observed when the
acrylic acid substrate was modified with a cationic functionality
(acrylamide) or small neutral alkyl chains (isopropyl and tert-
butyl acrylamides). When the substrate possessed an anionic
functionality (acrylic acid) or more bulky substituents (acrylic
acid glycine methylester and alanine methylester), only low
turnover frequencies were observed. These results indicate that
anionic substrates may not penetrate the anionic channels of
ferritin cages due to electrostatic repulsion, and the size-selective
inclusion through 4 A channels prevents bulky substrates to
reach the inside of the ferritin cage.

Catalytic transition metal complexes can also be incorporated
within ferritin cages by site-specific coordination of transition
metal complexes to the unit proteins. Watanabe et al. coordi-
nated a dinuclear Pd complex ([Pd"(allyl)Cl,],) to the apo-
ferritin cage.” The crystal structures of the Pd-ferritin complex
revealed that the binding sites for the Pd complexes were located
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Fig. 12 Pd nanoparticles grown in the cavity of apoferritin. (A) A
scheme for encapsulation of Pd** and subsequent reduction with NaBH,.
(B) A negatively stained TEM picture of Pd-ferritin after reduction (scale
bar 50 nm). (C) A histogram of diameters of Pd nanoparticles. (Reprinted
with permission from ref. 87a).
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at the 3-fold axis channel and the internal accumulation center of
each coat protein. Therefore, the apo-ferritin cage can coordinate
to 48 complexes and 96 Pd atoms. The resulting Pd-ferritin
complex was able to show catalytic activity toward Suzuki cross-
coupling of 4-iodoaniline and phenylboronic acid to 4-phenyl-
aniline. Based on a comparison between the catalytic activities of
complexes built from wild-type and engineered ferritin cages, of
which the internal accumulation center was modified to be
incapable of binding, it was concluded that both Pd complexes
bound inside the cage and near the channel involved in the
coupling reaction. The idea of coordinating transition metal
complexes within the ferritin cage was also applied to Rh(i)
complexes, which were used as a nanoreactor for the polymeri-
sation of phenylacetylene.® The confinement of this reaction
within the cage was found to affect the polymerisation behav-
iour, which produced a polymer with a narrower molecular
weight distribution than that of polyphenylacetylene poly-
merised with the same Rh complex without the ferritin cages in
solution. About two polymer chains of molecular weight of 13 kg
mol~! could be contained within the ferritin cage, which indicates
that polymerisation is limited by the available space within the
nanoreactor.

Barrel-shaped protein assemblies have also been used as
a host to accommodate nanoparticles. For example, GroEL is
a protein assembly (800 kDa) of 14 identical subunits (57 kDa)
which stack into rings, yielding a barrel-shape structure with
a cavity of 4.5 nm in diameter.®> GroEL is a molecular chap-
eronin which binds denatured proteins and helps their refolding
within its cavity. After refolding, the folded proteins are
released from GroEL by a conformational change of the
chaperonin to the open form, which takes place upon binding
with ATP.?* Aida and coworkers used chaperonin proteins with
barrel-like structures as a host for encapsulating nanoparticles
(Fig. 13).°* When barrel-shaped chaperonin GroEL and T.th
cpn proteins were mixed with CdS nanoparticles (2-4 nm), the
encapsulation of CdS particles within the barrel of chaperonin
proteins occured in ~75% yield, as observed by TEM. Pristine
CdS nanoparticles were prone to lose fluorescence upon contact
with a quenching agent (methylviologen, MV?*). However, CdS
nanoparticles encapsulated within chaperonin proteins did not
suffer from fluorescence quenching due to the protective protein
cage surrounding the particles. The encapsulated particle could
be ejected from the chaperonin cage by using the ATP-induced
conformational change of the chaperonin proteins to the open
form.

The same authors recently reported that genetically modified
GroEL with 6 cysteine residues on the rim of the barrel could be
linearly assembled into micrometre long fibers by the interaction
of cysteines with the photochromic molecule spiropyran, in the
presence of divalent cations such as Mg>*.*s Spiropyran sponta-
neously undergoes isomerisation to merocyanine in aqueous
buffers. The isomerisation of spiropyran to merocyanine seemed
an important parameter to induce this self-assembly, as evi-
denced by the fact that the self-assembly of GroELsp/mc was
rendered to be less effective when GroELsp/mc was irradiated by
visible light (>400 nm), which induces the reverse isomerisation
of merocyanine to spiropyran. Notably, GroELsp/mc¢ which had
denatured a-lactalbumin as a guest within its cavity could also
self-assemble into nanofibers, showing promise as a guest

T.thcpn

4.5 nm
4.6 nm

14.6 nm

[GroEL-CdS nanoparticle],,.

Fig. 13 (A) Structures of chaperonin proteins GroEL and 7k cpn. (B)
A schematic illustration of encapsulation of CdS nanoparticles within
a chaperonin protein and ATP mediated release of nanoparticles.
(Reprinted with permission from ref. 94).

releasing system with possibly better pharmacokinetics and effi-
ciency in vivo (Fig. 14).

The heat shock protein, Hsp60, which is 17 nm in diameter,
has also been used as a container, hosting Au and CdSe nano-
particles.®® By genetic engineering, the pore diameter of Hsp60
could be expanded from 3 nm to 9 nm. This genetically modified
Hsp60 was used as a template for the synthesis of Ni-Pd alloy
nanoparticles. Hsp60 with nanoparticles readily assembled into
2-D hexagonal crystalline lattices.

Another small heat shock protein (MjHsp) forms a spherical
assembly (diameter of 12 nm) composed of 24 protein subunits.
The assembly of MjHsp has large pores (~3 nm), which allow the
diffusion of small molecules to the interior of the protein
assembly. Young, Douglas and coworkers showed that the
protein subunit of MjHsp could be modified to have specific
functional groups on the interior and exterior by replacing amino
acid residues at the required locations by genetic engineering.*”*°
The interior of MjHsp assembly was modified with a cysteine
residue. Due to the large pores of MjHsp assembly, these func-
tional groups could readily react with reactive guest molecules
such as fluorophores and drug molecules such as doxorubicin.
Transition metals, iron oxide, and alloy nanoparticles were
trapped and synthesised within the cavity of MjHsp assembly.
The exterior of MjHsp also could be modified by implementing
a cancer cell recognising peptide, RGD-C4 at the dangling C-
terminus of the subunit protein via genetic engineering. Selective
uptake of modified MjHsp assembly by cancer cells (C32 Mela-
noma cell) was observed.

Virus capsids

Virus capsids (empty protein cages of viruses) have recently
turned into one of the most extensively studied biostructures in
materials science.’® Due to their well-defined architectures
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Fig. 14 (A) Merocyanine-modified GroEL and Mg** mediated self-
assembly of modified GroEL with guest proteins into 1-D turular
aggregates. (B) Preparation of spiropyran/merocyanine modified GroEL
from genetically modified GroEL. (C) A TEM micrograph of Mg
triggered self-assembled structures of modified GroEL. (Reprinted with
permission from ref. 95).

formed by assembly of simple subunit proteins and their readily
accessible genetic information they offer potentially unlimited
possibilities for structural modification by genetic engineering
and post-modification of coat proteins. Virus capsids have
extensively been studied as scaffolds for biomineralisation and
for the templated synthesis of inorganic and metallic nano-
structures.’ The internal space of viral capsids, normally
reserved for their genome, can be used as a nanoscaled reservoir
for external guests, which opens new possibilities to use them as
nanocages for storage and chemical reactions.

The cowpea chlorotic mottle virus (CCMV) is an icosahedral
virus composed of 180 identical coat proteins.'? The viral capsid
has a 28 nm outer diameter and an inner diameter of 18 nm. The
coat proteins can self-assemble into a cage structure without the
viral RNA chain, making the CCMV capsid an attractive object
for use as a nanocontainer. The viral capsid undergoes a pH-
dependent reversible swelling behavior (Fig. 15). The capsid
increases its dimensions about 10% compared to the non-swollen
form when the pH of the medium is ca. 6.5, which provides 60
open pores (~2 nm) in the viral capsid. Therefore, a CCMV
capsid in its swollen state allows small external guest molecules to
diffuse into the internal space.

Douglas and Young pioneered the approach of using viral
capsids as nanoscaled reaction vessels by demonstrating

swollen
(high pH)

unswollen
(low pH)

Fig. 15 (A) Unswollen and swollen forms of cowpea chlorotic mosaic
virus. The swollen form demonstrates 60 copies of pores in the viral coat
proteins. (B) TEM images of CCMYV capsids with crystallized minerals in
the cavity. The comparison of images obtained without staining (a) and
with negative staining (b) shows that the viral capisd surrounds nano-
particles and stays intact. (Reprinted with permission from ref. 103).

crystallisation of minerals within the CCMV capsids.’®® The
capsid without an RNA chain was incubated in its swollen form
with inorganic precursors such as aqueous molecular tungstate
(WO,4?"). The inner wall of the CCMYV capsid is highly positively
charged because the N-termini of the protein subunits residing
inside the capsid have 9 basic amino acid residues. This highly
charged interior allowed the anionic molecular precursor to be
accumulated within the capsid. After incubation, the capsid was
reverted to the pristine form by lowering the pH of the medium,
and, subsequently, the inorganic precursors crystallised into
highly crystalline minerals having ~15 nm diameter. Under the
same conditions, the tungstate precursors did not crystallise
without CCMV capsids, indicating that the local confinement
and the cationic nature of the inner wall of the capsid are
important factors for the mineralisation to be successful. In
a similar approach native CCMV capsids were used as a nano-
reactor to synthesise magnetic Prussian blue nanoparticles.'®*
The cationically charged interior of CCMYV attracted and accu-
mulated the precursors, [FeECNg]*~ and [Fe(C,04)3]*~ within the
cavity, which subsequently were polymerised by a photo-initi-
ated stepwise reaction. Well-defined Prussian blue nanoparticles
(~18 nm) were formed within the CCMV cage. By genetic
engineering, the amino acid residues of the N-termini of the coat
proteins of CCMV were replaced by glutamates (Glu), which
provided anionic charge to the inner wall of the CCMYV capsid.
This modification did not appreciably alter the self-assembly of
the coat protein into the icosahedral capsid. This modified
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CCMV capsid was used as a nanoreactor for the synthesis of
Fe(11) oxide nanoparticles.'®®

The interior of the CCMYV capsid provides a unique oppor-
tunity for studying the effect of confinement on chemical reac-
tions. Due to the pH-responsive swelling of the capsid and the
resulting change in the pore diameter of the capsid, CCMV is an
ideal platform to study chemical reactions of site-isolated cata-
lysts with controllable diffusion rates of reactants and products
through the barrier. Nolte and coworkers first demonstrated
a single-enzyme nanoreactor based on a CCMV capsid.'* A
single enzyme was encapsulated by assembling the subunit
proteins of CCMV capsid in the presence of horseradish perox-
idase (HRP). The pores of the CCMYV capsid allowed diffusion of
the fluorogenic substrate, dihydrorhodamine 6G through the
protein coat. The enzymatic activity of encapsulated HRP was
monitored by confocal fluorescence microscopy. A diffusion
controlled enzymatic reaction of HRP was observed, which
differed from the reaction of non-encapsulated HRP enzyme.
The measured diffusion rate of the product out of the CCMV
capsid clearly showed a discontinuity at pH = 5.7, which
corresponds to the sudden increase of the pore diameter of the
CCMYV capsid at the corresponding pH (Fig. 16).

Another icosahedral virus capsid, MS2 was studied by Francis
and coworkers.'” The MS2 bacteriophage capsid is an assembly
of 180 identical protein units of 27 nm diameter. The RNA
genome can be removed from the capsid by hydrolysis of the
RNA chain at high pH conditions. The capsid possesses 32 pores
(~1.8 nm), which allow diffusion of small molecules into and out

A

Fig. 16 (A) Encapsulation of enzymes in the CCMV capsid by assem-
bling coat proteins in the presence of enzyme molecules. (B) Diffusion
time (tp) of fluorescent products produced by enzymes residing in the
virus capsid at varying pH. (Reprinted with permission from ref. 106).

of the interior of the capsid. Francis and coworkers developed an
efficient procedure to functionalise tyrosine residues on the inner
wall of the capsid based on diazo-transfer and hetero Diels—
Alder reactions (Fig. 17).1% The site-specific chemical modifica-
tion of the interior surface of the MS2 capsid enabled molecular
cargos such as Gd**-binding ligands to be confined within the
capsid. The MS2 capsid with internally confined Gd**-ligand
complexes outperformed as an MRI contrasting agent the capsid
having Gd**-ligand complex on the exterior.'® Site-selective
functionalisation of both the interior and the exterior of the MS2
capsid was used to prepare biomolecular drug delivery systems
which specifically bind to the target proteins and cells. A capsid,
covalently attached cargo molecules on the inside, was modified
on the exterior with aptamers (protein-binding DNA fragments)
to direct uptake of the capsid drug carrier by specific cells
(Fig. 18).1°

Most virus capsids require the genetic polymer as a prerequi-
site for self-assembly and structural integrity. Cowpea mosaic
virus (CPMYV) has been used as a nanosized platform to bind
various surface functional groups or compounds such as Au
nanoparticles, polymers, and carbohydrates at reactive sites
introduced by mutagenesis of the protein subunits.’'® The coat
protein of red clover necrotic mosaic virus (RNCMYV) recognises
a viral RNA sequence, the origin of assembly (OAS), which

Capsid Interior

A Capsid Exterlor

Capsid Exterior

Capsid Interior

Fig. 17 (A) Exterior and interior of the MS2 capsid. (B) A dimer of unit
proteins showing the locations of tyrosine residues. (C) Reaction scheme
used for the modification of tyrosine by diazo-transfer and a hetero
Diels—Alder reaction. For details, see ref. 107 (Reprinted with permission
from ref. 107).
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Fig. 18 Covalent loading of functional cargos within the interior of MS2 capsid and exterior decoration of the capsid with cell specific aptamer.

(Reprinted with permission from ref. 109).

initiates the self-assembly of the coat proteins into the cage
structure. Franzen et al. encapsulated Au nanoparticles within
the RCNMYV capsid by hybridising a viral RNA with Au
nanoparticles that have DNA strands, with a complementary
sequence of the viral RNA, on the surface.'! This RNA-DNA
Au nanoparticle complex initiated the self-assembly of coat
proteins of RCNMYV, yielding the encapsulation of one Au
nanoparticle per capsid.

Concluding remarks

In this review many different examples of smart nanocages have
been described. These architectures can be prepared from
organic or inorganic building blocks which are preferentially self-
assembled into the final functional structure.

Smart behaviour is, in most of the approaches, coupled to
stimulus responsiveness: the accessibility of the nanocage can be
modulated by varying external conditions such as pH or
temperature, or by using irradiation. In some cases, such as with
the viral capsids, the exploration of the possibilities of these self-
assembled protein structures has just begun and many new
opportunities lie ahead and still have to be discovered. In other
cases, in particular with mesoporous silica nanoparticles and
polymeric vesicles switching behaviour has reached a high level
of sophistication and applications such as controlled drug
releasing vehicles and bioreactors have come within reach.

Although the field that we have highlighted in this review has
shown remarkable progress, particularly with respect to the
construction of synthetic nanocages possessing regulated
permeation, still a number of challenges have to be met in order
to realise the full potential of these nanostructures. Reversibility
of gating as exhibited by membrane proteins has been realised by
designing stimuli-responsive moieties based on conformational
changes rather than applying chemical degradation or solubili-
zation of the molecules. Nevertheless, synthetic polymers and
gatekeeping groups showing reversible conformational changes
upon stimuli have to be explored further and in more detail.
Also, stabilization of nanostructures such as micelles and poly-
mersomes may become more beneficial when the stimuli-
responsive conformational changes of the constituting polymers
is better utilised. For constructing nanoreactors, encapsulation
of catalysts such as transition metal nanoparticles and enzymes
has been limited to statistical entrapment during cage formation.

Immobilisation of catalysts on block copolymers and protein
building blocks may help to develop nanoreactors that show
better catalytic activities.'* In conclusion, smart nanocages built
from polymers, inorganic materials, and proteins become avail-
able now displaying the properties and function of natural cells.
This highly exciting field can be expected to flourish greatly in the
coming years as our ability to create smart materials advances.
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