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1. Introduction

The controlled assembly of highly ordered structures, architec-
tures and systems, using simple molecular building blocks has
been of growing interest for applications in nanotechnology,
synthetic biology and material science.[1–13] At the interfaces
between chemistry, biology and engineering, proteins and
other biomolecules that can reversibly assemble have been
shown to be extremely useful for controlling the self-assembly
and self-organization of molecules on the nanometer scale. A
classic example is that of protein cages, such as virus-
es, bacteriophages, bacterial microcompartments, fer-
ritins and heat shock proteins, which are highly abun-
dant in nature and play crucial roles in cargo delivery,
molecular storage and catalysis.[14–22] Virus capsids
and bacteriophages in particular have been of great
interest owing to their unique mechanical and physi-
cal properties in nature: they must be sufficiently
stable to protect their genome in the extracellular
environment, yet sufficiently unstable in order to re-
lease their genome into host cells. For example, bac-
teriophages such as f29 and l, which encapsulate
highly packed DNA genomes, are capable of with-
standing internal pressures of up to tens of atmos-
pheres without rupturing. This remarkable feature
has sparked a significant amount of research into the
mechanism of genome release, driving developments
particularly in the fields of atomic force microscopy
nanoindentation, which has since proven to be
a highly powerful technique to study the mechanical
properties of protein cages and viruses. For their ap-
plications in nanotechnology, the outer and inner
surface of protein cages can be modified, either

chemically or genetically, and the internal cavity can be used
to template, store and arrange molecular cargo within a de-
fined space (Figure 1). Importantly, because many viruses and
bacteriophages are composed of multiple copies of identical
proteins that assemble into highly symmetrical structures,
functionalization at a single amino acid position of the mono-
mer is translated over the entire assembly, (i.e. for a triangula-
tion number T = 3 virus capsid, one mutation of the monomer

leads to 180 identical mutations that are positioned symmetri-
cally over the entire icosahedron). This can be highly advanta-
geous for applications, particularly in cell recognition and mo-
lecular targeting, because a single modification can introduce
multivalency effects. Although the library of assemblies is
highly diverse, spanning a range of size and length dimensions
of 14–880 nm, we provide here an overview of the most

Proteins and protein-based assemblies represent the most
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Protein cages, viruses and bacterial microcompartments are
highly organized structures that are composed primarily of
protein building blocks and play important roles in molecular
ion storage, nucleic acid packaging and catalysis. The outer
and inner surface of protein cages can be modified, either
chemically or genetically, and the internal cavity can be used

to template, store and arrange molecular cargo within a de-
fined space. Owing to their structural, morphological, chemical
and thermal diversity, protein cages have been investigated ex-
tensively for applications in nanotechnology, nanomedicine
and materials science. Here we provide a concise overview of
the most common icosahedral viral and nonviral assemblies,
their role in nature, and why they are highly attractive scaffolds
for the encapsulation of functional materials.

Figure 1. Protein cages as versatile platforms. The exterior can be functionalized with
small molecules, ligands, or peptides, whereas the interior can be used for the encapsula-
tion of molecular cargo. In some cases, the protein cage can be disassembled and used
as controlled self-assembling building blocks.
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common icosahedral protein cages, with a particular focus on
viruses and encapsulins. We discuss their self-assembly proper-
ties and their potential applications in material science. Note:
Here, we define self-assembling protein cages as naturally oc-
curring cages that spontaneously assemble into highly sym-
metrical, monodisperse particle-like structures, without the as-
sistance of additional helper proteins or peptides. In many
cases, assembly is driven by changes in pH and/or ionic
strength.

2. Bacteriophages and Viruses

Bacteriophages are viruses that specifically target and infect
bacterial cells, and one of the most abundant types of organ-
isms found in nature. Inherently programmed to infect bacte-

ria, bacteriophages exist in various shapes and morphologies
and typically have one of two different life cycles: the active
lytic cycle in which bacteriophages infect and kill their host
cells, or the dormant lysogenic cycle during which bacterio-
phages are integrated and co-exist in their host genome until
activated.[16] The so-called tailed bacteriophages are the most
common class found and are composed of a head that con-
tains genetic material and a tail that plays an important role
during host invasion. In comparison, isometric bacteriophages
lack the tail component and are highly reminiscent of icosahe-
dral viruses (Figure 2). Due to their ability to target specific re-
ceptors on the surface of bacteria, bacteriophages have been
investigated extensively as molecular vectors for gene transfer,
as diagnostic tools and as novel therapeutic agents.[24–28] In
nanotechnology, the outer protein shell of bacteriophages
have served as highly versatile building blocks, and have
found application in peptide (phage) display and as scaffolds
for the fabrication of nanowires, electronic and photochemical
devices.[25, 29, 30]

Icosahedral viruses and bacteriophages are assembled ac-
cording to the Caspar–Klug quasi-equivalence theory in which
60 N subunits (where N is defined as the triangulation T num-
ber) are symmetrically arranged as pentamers and hexamers to
form the closed icosahedron shell. The smallest assembly is
composed of 60 protein subunits arranged as 12 pentamers to
form a T = 1 capsid, however many other viruses also exist in
nature with T = 3, 4, 7, 12, and 13.[23] Non-enveloped plant and
bacterial viruses are two-component systems composed of an
outer protein shell (capsid) that surrounds its genomic material
(RNA/DNA). In some cases, the capsid can be disassembled in
vitro and the genomic RNA/DNA cargo can be precipitated
and removed. The capsid proteins can often be reassembled
by changing the pH and/or ionic strength to form empty ico-
sahedral structures that resemble the morphology of native vi-
ruses.[31] Devoid of their native RNA material, foreign cargo can
be effectively encapsulated inside virus capsids during self-as-
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Figure 2. Size and morphology of the most commonly used protein cages in
nanotechnology (protein cages are not drawn to scale).
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sembly, resulting in filled virus-like hybrid assemblies, the mor-
phology of which resembles those of native viruses.[32] This
ability to reversibly assemble and disassemble protein capsules
serves as a powerful approach for the encapsulation of poly-
mers, inorganic templates, small molecules and dyes, proteins
and enzymes for all applications in nanotechnology, nanomedi-
cine and materials science (Figure 3).[22, 33–37] This versatile ap-
proach of cargo loading is of particular interest in the field of
chemical physics because the physical and mechanical proper-

ties of the protein assemblies are manipulated and tuned by
the hardness of the encapsulated cargo (e.g. quantum dots/
nanoparticles vs. DNA).

2.1. Bacteriophages

MS2 is a small enteric RNA bacteriophage that belongs to the
Leviviridae family.[38] The native icosahedral MS2 virion is com-
posed of three components: the virus coat protein, a single
copy of the maturation protein (protein A) and single-stranded
RNA. Interestingly, the MS2 capsid can be reassembled in vitro
using a sequence-specific RNA stem loop and acid-disassem-
bled capsid dimers to form 27 nm capsids that are extremely
resilient to various solvents, pH values 3–10 and temperatures
up to 55 8C, making them highly versatile building blocks for
self-assembly.[26, 33, 35, 39–41] Another enteric RNA bacteriophage
that also infects Escherichia coli is the Qb bacteriophage, which
assembles 90 dimers around a 4.2 kb single strand of RNA to
form icosahedral virus capsids of 25 nm in diameter.[42, 43] Unlike
MS2, which requires the stem-loop structure for assembly, Qb

incorporates helper proteins—the A1 protein and a maturation
protein A2—for the formation of infectious virus particles.[42, 43]

Unlike other viruses and bacteriophages, the assembly of the
Qb bacteriophage depends on the formation of disulfide
bonds, which are crucial for covalently linking the monomeric
Qb protein subunits.

Unlike MS2 and Qb bacteriophages, which encapsulate
single-stranded RNA, the P22 bacteriophage encapsulates
double-stranded DNA. Procapsid assembly is dependent on
the presence of scaffolding proteins, which are co-assembled
with monomeric virus coat proteins to form the final T = 7 ico-
sahedron, consisting of 420 coat proteins and approximately

300 scaffolding proteins. Unlike other bacteriophages, the P22
procapsid exhibits irreversible morphological changes upon
heating. Upon heating at 65 8C, the procapsid shell expands
from 58 to 64 nm to form the so-called expanded mature
capsid. Expansion of the shell causes the simultaneous release
of the scaffold proteins from the capsid interior. By further
heating to 75 8C, 12 pentamers of the protein shell are irrever-
sibly released, creating 10 nm holes in the so-called “wiffle-
ball” capsid assembly.[18, 44, 45]

2.2. Icosahedral Viruses

Cowpea chlorotic mottle virus (CCMV) is a single-
stranded RNA plant virus from the Bromoviridae
family. The capsid is assembled from 90 dimeric coat
protein subunits to form T = 3 icosahedral capsids
with an outer diameter of 28 nm.[19, 20, 23] The C termi-
nus (residues 186–190) is essential for capsid assem-
bly and forms noncovalent interactions between indi-
vidual virus protein monomers. The N terminus (resi-
dues 1–26) contains nine arginine residues and one
lysine residue, and serves as a positively charged
template that interacts with the negatively charged
viral RNA.[19, 23, 46] CCMV exhibits well-studied in vitro
pH- and salt-driven assembly and disassembly path-

ways that are similar to those of other icosahedral viruses,
such as the brome mosaic virus (BMV) and cowpea mosaic
virus (CPMV).[23, 47, 48] The structures of the native and swollen
forms of CCMV have been determined to 3.2 æ resolution and
provide a detailed insight into the disassembly and reassembly
process.[20] At pH 5.0, the native CCMV is highly stable. Upon
raising the pH to greater than 6.5, the native CCMV capsid
swells, leading to the formation of 60 pores that are approxi-
mately 2 nm in size. At pH 7.5, the stabilizing interactions are
disrupted and the CCMV capsid disassembles into 90 dimers
and the single-stranded RNA cargo is released. Devoid of its
RNA cargo, CCMV is able to form empty virus-like particles at
pH 5.0. CCMV has been studied extensively for the encapsula-
tion of various functional materials, such as enzymes, nanopar-
ticles, proteins and polymers, as the size of its assembly could
be tuned to form either T = 1, 2 or 3 assemblies depending on
the length and flexibility of the cargo.[3, 10, 12, 31, 33, 49–53]

3. Nonviral Assemblies

Compared to virus-based assemblies, nonviral protein cages
exhibit a relatively narrow distribution of sizes. The most
common class of nonviral protein cages are ferritins and ferri-
tin-like proteins; other examples include chaperones, heat
shock proteins, lumazine synthases, and more recently, bacteri-
al encapsulins.[10, 13, 33, 34] Despite their similarity in size and mor-
phology, nonviral assemblies are highly abundant in nature
and play crucial roles in molecular storage, catalysis and in
confining metabolic pathways. In the following section, we
focus on ferritins and bacterial encapsulins.

Figure 3. Viruses and bacteriophages for applications in A) materials science for the fabri-
cation of electronic devices, B) biomedicine as cargo delivery vehicles and C) nanotech-
nology for higher-order assemblies.
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3.1. Ferritins

Iron is an essential trace element that has a crucial role in cel-
lular oxygen transport and electron transfer.[14] However excess
iron is also intrinsically toxic due to its ability to catalyze hy-
droxyl radical formation by Fenton redox chemistry, which
leads to cellular oxidative stress. For these reasons, ferritins
and the related Dps (DNA-binding proteins from starved cells)
play an important role in maintaining intracellular iron levels,
by regulating iron storage and release in almost all living or-
ganisms.[15, 54] Ferritins are a superfamily of spherical protein
cages composed of either 12 (mini-ferritins) or 24 protein sub-
units (maxi-ferritins) ; the biochemical and structural properties
of all ferritins are highly conserved (Figure 4 A). Although ferri-

tins contain an insufficient number of subunits to follow the
60 N Caspar–Klug quasi-equivalence theory, their structural fea-
tures are highly reminiscent of icosahedral viruses. Mini-ferri-
tins have an outer diameter of approximately 9 nm and have
a hollow cavity approximately 5 nm in diameter that can store
up to 500 Fe ions.[21, 55, 56] Maxi-ferritins have an outer diameter
of 12 nm, an inner diameter of 8 nm, and can store up to
4500 Fe ions.[57] Upon entry into the ferritin cage, Fe2 + is oxi-
dized to Fe3 + by reaction with either O2 or H2O2. Once the
inner cavity is filled, a core of hydrous ferric oxide mineral in
the central cavity is formed. The pH-driven in vitro disassembly
and reassembly of maxi-ferritin has been studied in detail : at
pH 6.7, the protein shell disassembles into dimers at ionic
strengths below 200 mm NaCl; it can be reassembled when
the ionic strength is raised above 600 mm NaCl.[58] Alternative-
ly, ferritins can be disassembled into its dimers by lowering the
pH to less than 2, and reassembled by increasing the pH to
7.5.[59]

3.2. Bacterial Encapsulins

Originally referred to as linocin-like proteins, bacterial encapsu-
lins have been identified in organisms including the hyperther-
mophilic bacterium Thermotoga maritima, which grows at an
optimal temperature of 80 8C, and Brevibacterium linens,
a gram-positive bacterium that is often used for the ripening
of cheese.[17, 60] The protein shell of encapsulins is composed of
60 monomers that self-assemble in vivo into highly stable 20–
24 nm icosahedral structures. In the case of B. linens, the inter-
nal cavity accommodates dye-decolorizing peroxidase (DyP),
whereas the encapsulin from T. maritima houses ferritin-like
protein (Flp).[60] Interestingly, a conserved peptide was identi-
fied on the C terminus of both DyP and Flp, and is thought to
be essential for directing enzyme encapsulation inside the pro-
tein shell during in vivo assembly (Figure 4 B).[17, 60, 61] Although
research involving encapsulins is only in its infancy, these pro-
teins are particularly fascinating as they exhibit several virus-
and bacteriophage-like properties: the outer shell assembles
into T = 1 particles according to the Caspar–Klug quasi-equiva-
lence theory, and cargo encapsulation is also similar to that of
viruses and bacteriophages (i.e. it is a template-driven process).
Interestingly, there is no significant sequence homology to
virus-based proteins, and no other genes of viral origin were
found in the vicinity of the encapsulin genes, suggesting that
they are actually nonviral entities.[60]

4. Template-Driven Self-Assembly

The ability to load viruses and bacteriophages with foreign
cargo is of significant interest, particularly for applications in
nanomedicine, such as cargo delivery vehicles for small drugs,
contrast agents and/or fluorescent dyes, and also for applica-
tions in nanoelectronics and optics through the use of mono-
disperse nanoparticles for enhanced surface plasmon reso-
nance effects.[26, 29, 49, 55, 59, 62–67] Pioneering work in this research
area initially focused on mineralization inside ferritins. In ferri-
tin, hydrophilic and hydrophobic channels provide the means
by which iron and other metal ions can diffuse and penetrate
into the ferritin core and accumulate. For example, in vitro
mineralization can be achieved at room temperature by incu-
bating the empty intact ferritin shell (apoferritin) with aqueous
Fe2 + solutions.[68, 69]

Following the success of in situ nanoparticle mineralization
in ferritins and protein cages, research in this area has extend-
ed towards directing other synthetic cargo to the interior. In
particular, the MS2 bacteriophage has proven to be a highly
versatile platform. During the assembly process, 32 pores 2 nm
in size are formed around the 27 nm capsid structure. By intro-
ducing site-specific cysteine mutations on the interior of the
capsid, small molecules such as taxol, Gd-based MRI contrast
agents, and fluorescent dyes could be attached.[28, 62, 66, 70]

Further advances have brought about the design of tem-
plates and linkers, such as DNA, peptides and scaffolding pro-
teins, that can tether and direct cargo to the interior of protein
cages. The advantage of these strategies is that the desired

Figure 4. Structural representation of nonviral protein-based assemblies.
A) Structure of the ubiquitous ferritin cage. Iron, as Fe2+ , enters the central
cavity where it is oxidized and then mineralized into a hydrous ferric oxide
core (brown). B) Structure of encapsulin from the bacterium Thermotoga
maritima. The protein cage is composed of 12 pentamers, whereby the mo-
nomer (blue) and one pentamer (red) are shown. The protein cargo (yellow)
occupies the internal cavity as a result of interactions with a conserved pep-
tide sequence (purple).
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cargo can be easily exchanged for another, offering
a much more modular encapsulation approach.

4.1. DNA/RNA-Driven Self-Assembly

Inspired by the natural loading of DNA and RNA in vi-
ruses and bacteriophages, the use of nucleic-acid-
based linkers and their mimics has become increas-
ingly popular to direct cargo loading to the interior
of self-assembled protein cages. For example, the use
of RNA and DNA aptamers has been shown to be
a powerful approach that allows a high degree of
control and selectivity over in vivo cargo loading into
Qb bacteriophages. Aptamers are molecules of RNA
or DNA with short sequences that are identified from
in vitro screening. Similar to phage display, RNA and
DNA aptamers are selected from random-sequence li-
braries and their sequences are optimized for high-af-
finity ligand binding. Aptamers are predominantly
unstructured in solution, however, upon association
with the target ligand, aptamers fold into well-or-
dered scaffold structures.[71] Using this “hook–bait”
approach, Fiedler et al. cleverly designed an RNA
hairpin aptamer that could be used as a baited hook
to direct the in vivo packaging of functional cargo
into Qb bacteriophages. In this strategy, the desired
cargo is engineered with an arginine-rich peptide (Rev) derived
from HIV-1.[43] Isopropyl b-d-thiogalactopyranoside induction
promotes the co-expression of the Qb coat protein, Rev-
tagged cargo enzyme, and bifunctional mRNA. The Rev tag
binds favorably to the 5’ end of the a-Rev RNA aptamer. At the
3’ end of the same RNA aptamer, the hairpin Qb genome acts
as an anchor, tethering itself to the interior of the Qb mono-
mers (Figure 5 A). This approach was used for the encapsula-
tion of aspartate dipeptidase peptidase E (PepE), firefly lucifer-
ase (Luc) and a thermostable mutant of Luc (tsLuc) inside bac-
teriophage Qb.[40]

Another approach involves functionalization of short, syn-
thetic DNA strands to desired cargo proteins for the in vitro
encapsulation into virus-like assemblies. In this case, the nega-
tively charged DNA serves as a template to promote protein
encapsulation inside CCMV during self-assembly (Figure 5 B).[72]

By designing complementary DNA strands, this strategy
proved to be a highly modular approach for the co-encapsula-
tion of a two-enzyme pathway into a single capsid. In this
study, a short DNA oligonucleotide was covalently coupled to
either the lysine or cysteine residues of one enzyme, and the
complementary oligonucleotide was coupled to the second
enzyme. DNA hybridization promoted heteromeric enzyme–
enzyme association and co-encapsulation. Encapsulation of
two-enzyme cascades has been of particular interest in recent
years for understanding how (bio)chemical reactions take
place in confined spaces (i.e. in cells) and how the “excluded
volume effect” influences enzyme kinetics. Note: Minton’s ex-
cluded volume effect predicted that compared to larger
volume in bulk system, the smaller volume occupied by bio-
molecules inside a cell greatly alters the activity of an enzyme,

whereby the smaller available volume due to confinement re-
sults in a higher effective concentration of biomolecules within
organelles, thereby influencing the thermodynamic activity
and kinetic of reactions.

4.2. Peptide-Driven Self-Assembly

In contrast to bacteriophages MS2 and Qb, the bacteriophage
P22 is slightly unusual in that it relies on a scaffold protein for
self-assembly. In the absence of a scaffolding protein, the bac-
teriophage subunits form aberrant structures.[73] In the case of
P22, a truncated version of the scaffold protein (amino acids
141–303) fused to a target protein was shown to be sufficient
to encapsulate fluorescent proteins and enzymes during
in vivo assembly.[44, 74–77] After the capsid is heated to the ex-
panded mature form, the scaffold proteins can be removed by
enzymatic digestion of the linker between the scaffold and the
cargo. This serves as a particularly attractive strategy for the
development of nanoreactors, as the cargo is free to diffuse
yet remains within the confines of a localized environment
(Figure 6 A). For example, the P22 bacteriophage has been
used to encapsulate enzymes, proteins and polymers to study
the effects of confinement on kinetics and for controlled poly-
merization, respectively.[44, 74–77]

“Coiled-coil” peptide motifs are often found in nature as
part of a DNA-binding domain in various transcription factors,
and have been implicated as key components in gene regula-
tion.[78] In CCMV, heterodimerizing E–K coiled-coil peptides[79]

were engineered by incorporating an extended, positively
charged, lysine-rich (K-coil) a-helix arm to the N terminus of
the CCMV capsid protein. Introduction of the complementary

Figure 5. Representation of two strategies used to direct proteins and/or enzymes to-
wards the interior of protein cages. A) RNA aptamer technology promotes a “hook and
bait” type interaction between the virus coat protein and the desired cargo. B) Short
DNA oligonucleotides can be covalently coupled to target enzymes. The DNA drives the
self-assembly of the virus into the capsid form, and simultaneously directs the encapsula-
tion of the cargo.
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negatively charged glutamic-acid-rich (E-coil) a helix to the
C terminus of EGFP and lipase B from Pseudozyma antarctica
(PalB) promoted the formation of a heterodimeric complex
(Figure 6 B). Upon lowering the pH to 5.0, encapsulation of the
desired fluorescent protein or enzyme cargo during CCMV as-
sembly could be effected. By varying the stoichiometric ratios,
it was shown that up to 15 EGFP molecules could be encapsu-
lated in CCMV. However it should be noted that despite the
success of coiled-coil peptides in directing EGFP cargo inside
CCMV, a detailed study revealed a complex assembly process,
which perturbed the loading efficiency. At pH 7.5, the EGFP–
CCMV heterodimeric complex is stable. However, during in vi-
tro assembly at pH 5.0, the E–K heterodimeric coiled-coil re-
portedly dissociates into E3 homotrimers and K mono-
mers.[80, 81] Recently, a more efficient approach was reported,
whereby the CCMV monomer was fused through a flexible
peptide linker to a GFP variant. Using this approach, stoichio-
metric loading of up to 20 GFP molecules could be accom-
plished.[52]

The native MS2 bacteriophage relies on a targeting RNA
hairpin for encapsulation of its genomic RNA. Tullman-Ercek
and co-workers reported the covalent attachment of either
1) a negatively charged polymer [DNA, RNA or poly(acrylic
acid)] , 2) a polyanionic peptide (16-mer) linker, or 3) a nega-
tively charged protein, to target non-native (foreign) cargo to
the interior of MS2 bacteriophage (Figure 6 C).[40] Such strat-
egies are somewhat reminiscent of those developed for CCMV,
although MS2 assembly was reported to be highly dependent
on the presence of a stabilizing osmolyte, trimethylamine N-
oxide (TMAO). TMAO was shown to reduce aggregation of the
capsid proteins during assembly, and was used successfully for
the encapsulation of a GFP derivative and E. coli alkaline phos-
phatase.

For the bacterial encapsulins, a conserved peptide was
found on the C terminus of the native DyP (B. linens) and Flp
(T. maritima) enzymes. This C-terminal extension was thought
to be essential for directing enzymes inside the protein shell
during in vivo assembly. Recently, we reported the use of the
C-terminal peptide to direct non-native cargo with high fidelity
and exceptional loading accuracy.[37] Although little is known
about the actual in vivo assembly process, cargo loading ap-
pears to be a highly efficient and concerted process.

5. Longer Range Ordering of Protein
Assemblies

The fabrication of 2D monolayer and/or 3D arrays
has been of growing interest for applications in elec-
tron and X-ray crystallography, nanoelectronics, mo-
lecular devices and as functional hybrid materi-
als.[26, 53, 82–88] Several examples using atoms, nanoparti-
cles, colloids and quantum dots are known,[82, 83, 89–93]

although there is still a significant lack of control
over the size, positioning and organization of molec-
ular components (particles), all of which play impor-
tant roles in the formation of 2D and 3D crystalline
arrays.[83] For example, strong covalent binding has
a tendency to promote dense but rather irregular as-

semblies, whereas weaker interactions fail to induce any clus-
tering or longer range ordering at all. In recent years, protein
cages have emerged as ideal molecular building blocks: firstly,
the internal cavity serves as an excellent template for the
in situ synthesis of highly monodisperse nanoparticles or quan-
tum dots. Secondly, the high degree of symmetry of the exteri-
or is ideal for controlling longer range ordering on surfa-
ces.[26, 85, 86] 2D protein arrays are of particular interest for
sensor, diagnostic and vaccine applications as they allow for
the high-density display of peptides and proteins on their ex-
terior surfaces. Similarly, 2D and 3D arrays also enable the peri-
odic organization and precise arrangement of (protein-based)
particles into semicrystalline superlattices for applications in
plasmonic, optoelectronic, magnetic, and semiconductor devi-
ces.

5.1. 2D Arrays

Similar to traditional atomic or colloid-based crystalline arrays,
2D protein cage arrays can be formed either by exploiting the
electrostatic interactions between the protein cage and surface
substrate,[83, 94, 95] or by tethering the protein to the substrate
using specific binding peptides.[95–98] Here, we focus on the use
of electrostatic interactions[99] and peptide binding strategies
for the formation of higher-order assemblies.

In an initial study, Douglas and co-workers reported a strat-
egy to impart directional monolayer formation of CCMV on
gold substrates by introducing a single cysteine point muta-
tion on the CCMV surface. However, owing to the high degree
of symmetry of CCMV, a single cysteine mutation per mono-
mer translates into 180 surface-exposed cysteine residues,
which can then lead to uncontrolled aggregation. Indeed, con-
trol experiments with CCMV bearing the cysteine mutation
demonstrated the formation of large irregular aggregates
when bound to the gold surface. To gain control over aggrega-
tion, CCMV was bound through the cysteine thiol to an activat-
ed thiol resin and the remaining surface-exposed cysteine resi-
dues were alkylated using iodoacetic acid. Removal of the
CCMV from the resin led to the formation of so-called “symme-
try broken” CCMV particles bearing one free cysteine residue,
which could then be used to form a discrete monolayer on
gold surfaces.

Figure 6. The three peptide-based strategies used to direct the encapsulation of biologi-
cal cargo into protein cages. A) Scaffold proteins, B) coiled-coil heterodimerizing pep-
tides, and C) polyanionic peptides that have been genetically engineered to the target
enzyme. In each case, specific interactions with the virus coat protein promote encapsu-
lation into the interior.
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Yamashita and his colleagues have reported impressive work
involving the use of ferritin- and Dps- (a DNA-binding protein
from nutrient starved cells) templated assemblies for the fabri-
cation of metal oxide semiconductors. In one example, a 2D
hexagonally close-packed (HCP) array of ferritin molecules was
assembled by displaying a carbonaceous-specific binding pep-
tide (DYFSSPYYEQLF) on the exterior surface of the ferritin
cage.[97] In subsequent work, the same authors reported
a novel technique for the controlled growth of crystalline ferri-
tin arrays using a three-phase (solid–liquid–gas) contact line,
which promoted crystal growth from a specific nucleation
point (an important factor for the formation of highly crystal-
line arrays).[83]

5.2. 3D Lattice Arrays

The development of 2D surface arrays continues to be of great
interest, and recently CCMV and ferritin have been investigated
as “atomic-like” particles to direct the self-assembly of 3D
binary superlattices.[100] The exterior surface of both CCMV and
ferritin carry a net negative charge that is localized in certain
so-called “electrostatically patchy” regions. Using the native
protein cages (i.e. CCMV filled with RNA, and ferritin cages
filled with iron oxide nanoparticles), two different superlattices
were assembled through electrostatic interactions with com-
plementary positively charged gold nanoparticles. The super-
lattices, composed of four CCMV assemblies and 32 gold nano-
particles, form an unprecedented crystalline structure of AB8
face-centered cubic (FCC) symmetry. Interestingly, 3D binary
superlattice structures could be assembled by tuning both the
Debye screening length and pH.

In subsequent work, CCMV was co-assembled with avidin to
form heterogeneous crystals.[96] Avidin is a tetrameric glycopro-
tein that binds biotin with high selectivity and affinity, and has
been used extensively to promote protein–protein interactions
for applications in chemical biology. In this example, CCMV
and avidin bearing oppositely charged surfaces were assem-
bled into binary crystal arrays by exploiting (patchy) electro-
static interactions. This approach allows crystal formation to
occur without the need to covalently modify the protein
cages. Because the interactions are driven by electrostatics, the
crystals were also responsive to external stimuli, such as
changes in pH and electrolyte, thereby demonstrating the po-
tential of these systems in 3D assemblies.

6. Conclusion

We have presented a brief overview of some of the most
common icosahedral protein cages, their self-assembly proper-
ties and their potential applications in material science. Nature
has designed, engineered and evolved a diverse toolbox of
viral and nonviral protein cages that have particular functions
in molecular storage, biological catalysis, gene delivery, detoxi-
fication and mineralization. These assemblies have much po-
tential for applications in nanotechnology as “smart” cargo car-
riers for targeted delivery, as “soft” nanoparticles for enhanced
imaging, mediating plasmon effects and/or as fluorescence

sensors. More recently, various techniques have been devel-
oped to enable the periodic organization and precise arrange-
ment of (protein-based) particles into 2D or 3D arrays. Howev-
er, creating protein-based assemblies with specific orientation
and chemical properties still remains highly challenging. With
some highly promising examples, in the coming years, it will
be possible to design protein arrays that reversibly assemble,
on command, into complex materials with unique mechanical
and physical properties.
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