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Abstract
Viral nanotechnology is an emerging and highly interdisciplinary field in which viral nanoparticles
(VNPs) are applied in diverse areas such as electronics, energy and next-generation medical
devices. VNPs have been developed as candidates for novel materials, and are often described as
“programmable” because they can be modified and functionalized using a number of techniques.
In this review, we discuss the concepts and methods that allow VNPs to be engineered, including
(i) bioconjugation chemistries, (ii) encapsulation techniques, (iii) mineralization strategies, and
(iv) film and hydrogel development. With all these techniques in hand, the potential applications
of VNPs are limited only by the imagination.
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1. Viral Nanoparticles: From Pathogens to Nanomaterials
Viruses are infectious pathogens that are ubiquitous in nature. Viral diseases have been
studied for more than 100 years, beginning with the discovery of the plant pathogen
Tobacco mosaic virus,1 and more than 5000 viruses are known to exist today. More recently,
a transition has occurred. Scientists from various disciplines have discovered that viruses
can be useful tools for numerous applications. In the 1950s, bacteriophages were developed
as cloning vectors, as expression platforms, and as the basis for bacteriophage therapy.2,3

Starting in the 1970s, efforts focused on the production of virus-like particles (VLPs) as
vaccines against viral diseases.4–6 A VLP is a particle composed of the virus capsid but
lacking the genome, making them replication-deficient and noninfectious. (VLPs are
therefore regarded as a subclass of VNPs.) For example, the Human papilloma virus (HPV)
vaccine Gardasil is based on HPV VLPs. In the 1980s, researchers began exploiting plant
viruses as expression vectors to produce pharmaceutical proteins in plants and plant cells.
The advantages of expressing such proteins in planta using viral vectors include the absence
of contamination with animal products, the low production costs and the high yields.7–11

Approximately 10 years ago, viruses were first defined as viral nanoparticles (VNPs). Virus
structures are now regarded as nanocontainers and are used to encapsulate synthetic
nanomaterials.12 Viruses are used as scaffolds or templates to fabricate metalized
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nanoparticles and nanotube structures using mineralization techniques.13 Attention has
focused on these techniques recently, leading to the development of mineralized nanotubes
and nanowires for use in batteries and data storage devices.14–16

Finally, bioconjugation chemistries have been combined with VNPs to enable
functionalization. Early proof-of-concept studies showed that small chemical modifiers such
as organic dyes and nanogold particles could be covalently attached to VNPs and that the
process could be controlled with atomic precision.17 Since then, further chemistries have
been developed, ranging from standard techniques using commercially available reagents to
more complex and advanced reactions. This has been fundamental in the diversification of
viral nanotechnology because it allows functional components such as drugs, targeting
reagents and imaging molecules to be attached to the VNP surface, allowing the
development of “smart” devices for medical applications such as targeted drug-delivery and
diagnostic imaging in vivo.

With regard to potential applications, the VNP field can be divided into several key areas: (i)
the development of films and arrays for applications ranging from electronics to tissue
engineering, (ii) the design of data storage and other electronic devices, (iii) the engineering
of “smart” targeted devices for tissue-specific imaging and therapy, and (iv) vaccine
development. In the latter case, for example, Tomato bushy stunt virus (TBSV) VLPs have
been genetically engineered to display antigenic peptide sequences from Human
immunodeficiency virus-1 (HIV-1), and have been shown to induce specific immune
responses.18 The use of VNPs or VLPs as vaccines has been widely reviewed.4–6,19

From a materials science point of view, VNPs are interesting because they can easily be
produced in milligram quantities in the laboratory. The resulting particles are nanometer-
sized, and are generally symmetrical, polyvalent and monodisperse. Viral capsids can be
icosahedral or rod-shaped. Icosahedral particles range in size from 18 to 500 nm, whereas
rod-shaped or filamentous VNPs can reach up to 2 µm in length. VNPs are exceptionally
robust. The primary function of the capsid is to enclose and protect the nucleic acids,
increasing their resistance to temperature and pH extremes. VNPs also remain stable in a
range of solvent: buffer mixtures, which is essential for chemical modification. The VNP
platforms that have been developed are summarized in Figure 1, and their pharmacological
properties and applications in drug delivery and imaging have been reviewed.20–2627,28 The
goal of this review is to highlight the methodologies and strategies used to engineer VNPs
for medical applications.

2. Viral Nanoparticles in a Chemist’s World: Chemical Engineering of VNPs
2.1. The Art of Bioconjugation

2.1.1. Conjugation to Natural Amino Acids—Because viral capsids are proteinaceous,
standard bioconjugation protocols that address chemically reactive amino acid side chains
can be used as with other proteins. The most common reactions used to modify viruses
involve the reactive side chains of lysine, cysteine and aspartic/glutamic acid residues,
which are accessible to N-hydroxysuccinimidyl (NHS) chemistry, Michael addition to
maleimides, and carbodiimide activation, respectively (Figure 2A). These powerful
bioconjugation chemistries have been used to attach nucleic acids, polymers and small
molecules to the internal and external surfaces of viral capsids, but they are only mentioned
briefly in this article because they have been reviewed extensively elsewhere.20,21,28,29 The
remainder of this section will focus on nonstandard bioconjugation methods.

One powerful new approach is the most common example of so-called “click chemistry”,
the copper-catalyzed azide–alkyne cycloaddition (CuAAC). The CuAAC reaction takes
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place between azide and alkyne moieties in the presence of a CuI source and an appropriate
ligand, to form a 1,4-substituted triazole (Figure 2B). The CuAAC reaction is suitable for
bioconjugation because it is bioorthogonal and proceeds more quickly and with a much
higher fidelity than corresponding NHS or maleimide reactions. The Finn group carried out
the pioneering research on this reaction and used it to modify Cowpea mosaic virus
(CPMV), Hepatitis B virus (HBV) and bacteriophage Qβ.30–32

The Finn group uses the CuAAC reaction when the conjugation of high-value payloads is
required and a large excess of reagents is cost-prohibitive. In the following two-step
protocol, high rates and yields are paramount, while bioorthogonality is not a concern. The
VNP is first decorated with an azide (or an alkyne) using standard NHS chemistry to modify
available lysine residues. The cargo, bearing an alkyne (or an azide, whichever has opposite
functionality to the linker), is then reacted with the VNP under high-fidelity conditions in
which a ligand-bound copper complex accelerates the CuAAC reaction.33 This approach has
been applied to a range of precious cargos, including sugars,34 small molecules,32

fullerenes31 and proteins,35 and these have been conjugated to both Qβ and CPMV for
diverse applications ranging from vaccine development to the synthesis of novel magnetic
resonance imaging (MRI) contrast agents. Recently, a highly optimized ligand-accelerated
CuAAC protocol was reported, which allows the conjugation of proteins, small molecules
and even notoriously fragile RNA with no degradation of the RNA species.36 The
experimental setup for successful bioconjugation using CuAAC has been described in
detail.36

Diazonium coupling or azo coupling is bioconjugation between an activated aniline and a
tyrosine side chain. The highly electron-deficient diazonium salt of p-nitroaniline is
prepared in situ and directly coupled to the phenolic side chain. Coupling results in the
installation of an azo linkage in the ortho position of the phenol group of the tyrosine chain
(Figure 2C). Francis and co-workers have developed this coupling strategy for MS2 and
TMV.37,38 A functional group is introduced onto the VNP by activating an aniline-
containing derivative of the molecule of interest to form the corresponding diazonium salt.37

Functionalized aniline precursors, much less their diazonium salts, are generally not
available commercially and must be chemically synthesized. When preparing diazo
compounds, bifunctional diazonium salts can be introduced when the free end of the
molecule contains a more traditional handle for bioconjugation, such as an NHS-ester or
maleimide, or when the payload of interest can be attached directly to the diazo compound.
Azo coupling has also been used to introduce aldehyde functionalities onto VNP scaffolds,
where they serve as a target for oxime condensation reactions (Figure 2D).37–41 The Wang
group uses this type of chemistry in conjunction with CuAAC to modify surface-exposed
tyrosine residues on TMV.42 The dual methodology allows them to site-selectively label
tyrosine residues with a large excess of the diazonium reagent to ensure complete
conversion of all accessible residues. The subsequent use of CuAAC chemistry means that
all modified side chains are labeled rapidly and with high fidelity in the presence of only
modest excesses of valuable reagents.

Bioorthogonal condensation reactions between aldehyde and hydrazide groups, or aldehyde
and alkoxyamine groups, are also selective and efficient. These result in hydrazone and
oxime linkages, respectively, and the reactions have been adapted for VNPs based on MS2,
CPMV and TMV.37–42 In order to perform these reactions, an aldehyde is introduced onto
the VNP scaffold using either an aldehyde-containing NHS derivative coupled to lysine side
chains, or an aldehyde-containing diazonium salt of p-aniline coupled to tyrosine side chains
(Figure 2D1). In the subsequent step, a hydrazide or alkoxyamine derivative of the cargo is
covalently attached through the formation of a hydrazone or oxime bond (Figure 2D2). For
example, polyethylene glycol (PEG) chains and chelated gadolinium complexes have been
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attached to MS2 and TMV using this coupling strategy.37–40 A high-yielding ligation
approach has been developed that uses aniline as a catalyst to activate aromatic aldehydes,
allowing reactions with amine nucleophiles.43 Additionally, using hydrazone ligation
strategies, CPMV VNPs have been designed that target vascular endothelial growth
receptor-1, and tumor homing has been demonstrated in a preclinical mouse model.44

2.1.2. Bioconjugation to VNPs Using Unnatural Amino Acids—A second strategy
for the modification of VNPs relies on the incorporation of unnatural amino acids into
protein scaffolds. The Finn group has also pioneered efforts in this arena, in collaboration
with the Tirrell group, by genetically incorporating azide or alkyne side chains into the
capsids of Qβ and HBV.30 In this approach, methionine residues are replaced with either
homopropargyl glycine (HPG) or azidohomoalanine (AHA), inserting a “clickable” group in
place of the natural thioether. This is done by starving a methionine-auxotroph Escherichia
coli strain of methionine and replacing it with the desired unnatural amino acid, which then
becomes incorporated in its place.42 The method is only suitable for proteins produced in E.
coli and those where a methionine residue can be introduced or substituted, but where these
caveats do not hinder the downstream application, this is an extremely powerful tool. The
unnatural amino acids AHA and HPG were incorporated into both Qβ and HBV with >95%
efficiency. Once incorporated, they proved to be accessible to click protocols for the
conjugation of small-molecule dyes, MRI agents, the protein transferrin, and biotin. CuAAC
with these molecules resulted in nearly quantitative derivatization of the available unnatural
amino acids.30

Another method for unnatural amino acid incorporation was developed by the Schultz
group,45 and has been implemented by Francis and co-workers to introduce an alternative
bioorthogonal amino acid into MS2 for site-selective bioconjugation. The conjugation
technique is regarded as an advanced conjugation chemistry, but it is useful if the
modification of natural amino acids would be functionally detrimental or if the Tirrell
methodology is not feasible. The approach involves the use of amber stop suppression to
introduce the unnatural amino acid p-aminophenylalanine (pAF) into the MS2 capsid,46 thus
presenting an aniline group that allows site-selective bioconjugation at low cargo
concentrations.47 Sodium periodate-mediated oxidative coupling is used to join the
unnatural amino acid to a phenylene diamine group (and later N,N-dimethylanisidines)
containing the cargo of interest (Figure 2E). The oxidative coupling chemistry can then been
used either to couple a traditional linker (such as an NHS ester or an aldehyde for oxime
ligation) or to link a cargo directly to the VNP. This combined genetic and chemical
methodology has been used elegantly for the site-selective addition of several molecules
onto the surface of MS2, including nucleic acid aptamers, peptides and porphyrins.46,48,49

The marriage of molecular biology and bioconjugation chemistry is where the future
development of complex VNPs lies, particularly the ability to access both natural and
unnatural amino acid side chains for modification in the same VNP as this will allow the
incorporation of multiple functional modalities such as targeting ligands, therapeutic
moieties and imaging molecules. The examples discussed above indicate that medical
applications involving multi-functionalized VNP therapeutics and imaging reagents are
already on the horizon, and these are considered further in a recent review.29

2.2. Encapsulation of Artificial Cargos within VNPs
Viral capsids have many functions, one of which is to form a shell or tube to protect the
virus genome (which can be considered a natural cargo), and another is to deliver that cargo
to cells, fulfilling the virus replication cycle. Researchers developing VNPs seek to adapt the
natural properties of virus coat proteins to maintain their ability to self-assemble into shells
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and tubes, but at the same time to allow the encapsulation of artificial cargos such as
synthetic polymers, drugs, imaging reagents, other proteins and inorganic nanoparticles.

VNPs can be purified from their natural hosts or from heterologous expression systems
either as intact particles containing nucleic acids, or as VLPs that are devoid of genetic
material. Several methods have been developed that allow VNPs to be disassembled into
coat protein monomers in vitro and mixed with an artificial cargo, so that hybrid VNPs
encapsulating the cargo can be reassembled (section 2.2.1). VNPs can also be exploited as
constrained reaction vessels for the spatially restricted synthesis of materials inside the
capsid (section 2.3). Finally, pores in the capsid structure allow small molecules to diffuse
between the external medium and the capsid interior. Retention of the molecules within the
capsid can be accomplished by (i) covalent attachment (section 2.1), (ii) interaction with the
encapsidated nucleic acids (section 2.2.2), or (iii) trapping within the capsid by exploiting
swelling mechanisms dependent on pH and metal ions (section 2.2.2).

2.2.1. Encapsulation of Materials during Particle Self-Assembly
2.2.1.1. Artificial Polymers: VNPs self-assemble naturally from coat protein monomers
and encapsulate negatively charged nucleic acids, so this property can be exploited to trap
artificial nucleic acids and other polyanions. When purified coat proteins are mixed with
negatively charged polymers, hybrid VNPs assemble with a polymer cargo, as shown when
using coat proteins from Cowpea chlorotic mottle virus (CCMV)12,50 and Hibiscus chlorotic
ringspot virus (HCRSV).51–53 This approach has been used to encapsulate complexes of
negatively charged polymers and cytotoxic drugs such as doxorubicin, allowing VNPs to be
used for targeted drug-delivery (Figure 3A).54

2.2.1.2. Enzymes: In biological systems, enzymes are present in confined chemical
microenvironments. The encapsulation of enzymes within VLPs can mimic such
environments, and VNPs containing single enzyme molecules would also provide a model
system to study enzymes on an individual level. The Cornellisen group has recently mixed
CCMV coat proteins with the enzyme horseradish peroxidase (HRP) under stoichiometric
conditions that favor the incorporation of either one HRP molecule per assembled VLP or
no cargo at all.55

2.2.1.3. Metallic, Magnetic and Semiconductor Nanoparticles: Synthetic nanoparticles
such as fluorescent quantum dots and other metallic structures are useful for imaging
applications, and the encapsulation of these synthetic nanoparticles inside VNPs ensures
biocompatibility, prevents aggregation, and allows the bioconjugation of functional ligands
such as targeting molecules to achieve tissue-specificity. Two basic principles have been
established that allow the in vitro self-assembly of VLPs and the encapsulation of synthetic
nanoparticles: OAS-templating and polymertemplating.

OAS-templating can be achieved by decorating a nanoparticle core with a so-called origin-
of-assembly site (OAS) that initiates coat protein monomer binding and promotes self-
assembly. This technology was developed by the Lommel and Franzen group using Red
clover necrotic mottle virus (RCNMV). Assembly is initiated and stabilized by an internal
protein/RNA cage, which forms when a coat protein recognizes a viral RNA sequence, the
OAS.56 Artificial OAS sequences have been introduced on gold nanoparticles, magnetic
nanoparticles and quantum dots, and when mixed with RCNMV coat protein monomers in
vitro, this led to the self-assembly of RCNMV VLPs around the templated cores (Figure
3B).57,58 Particles <17 nm in width, the interior diameter of RCNMV, were successfully
encapsulated, whereas it was not possible to self-assemble VLPs around larger cores.59
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Polymer-templating was developed by the Dragnea group using Brome mosaic virus
(BMV). In this approach, the synthetic nanoparticle core is coated with negatively charged
polymers to mimic the negative charge of the natural cargo, i.e. RNA. A range of templates
have been tested, including citrate, carboxylate-terminated PEG, lipid micelles, DNA and
dihydrophilic acids.60–64 The group achieved the efficient encapsulation of gold
nanoparticles, magnetic iron oxide (MIO) nanoparticles and CdSe/ZnS quantum dots into
BMV VLPs using DNA and carboxylate-terminated PEG,60,62–64 the latter yielding 95 ± 5%
core-containing VLPs (Figure 3C).60 The negative charge of the carboxylate groups mimics
nucleic acids effectively, and the hydrophilic PEG polymers provide a scaffold resistant to
nonspecific biomolecular interactions.

Different core particle sizes result in the formation of VLPs with different sizes and distinct
symmetries. VLPs assembled from smaller nanoparticle cores are smaller than those
assembled from larger gold cores.64 A detailed analysis of BMV VLPs encapsulating
different-sized gold cores by transmission electron microscopy (TEM) and 3D image
reconstruction revealed that VLPs with 6 nm cores showed T = 1 symmetry, those with 9 nm
cores resembled pseudo T = 2 symmetry, and those with 12 nm cores showed T = 3
symmetry (Figure 3D). These experiments illustrate the flexibility of VNPs and their coat
proteins: despite their apparent rigidity, it is clear that templating allows many different-
sized hybrid structures to be assembled.

2.2.2. Infusion of Small Molecules into Assembled VNPs: Imaging Molecules
and Therapeutics—Small molecules such as the lanthanide ions Gd3+ and Tb3+ can be
infused into CPMV particles and trapped by making use of the encapsidated nucleic acids,
e.g. 80 ± 20 Gd3+ and Tb3+ ions can be stably bound and trapped inside CPMV through
interactions with RNA.65,66 Lanthanides can also be bound at the interface of CCMV coat
protein subunits by exploiting the 180 intrinsic metal ion binding sites that are present.
Under physiological conditions, Ca2+ binds at these sites but it can be replaced with Gd3+ or
Tb3+ resulting in the binding of 180 lanthanides.67,68 Both the CPMV and CCMV particles
exhibited extraordinary relaxivities in vitro, but because the binding affinity between Gd3+

and the coat proteins is low, VNPs with infused Gd3+ probably would not be used for in vivo
imaging due to the risk of toxic Gd3+ ions diffusing in the body. From a practical point of
view, a better approach would be the covalent decoration of VNPs with Gd–DOTA
complexes69 using the bioconjugation strategies discussed in section 2.1. Such VNP–
lanthanide complexes would be excellent MRI contrast reagents although they have yet to be
evaluated in vivo.

Fluorescent dyes and small molecule drugs (doxorubicin) have been infused into RCNMV
particles,70 which feature a reversible gating mechanism sensitive to pH and the
concentration of metal ions. In an acidic environment the particles adopt a compact
conformation, but as the pH increases a structural transition occurs causing swelling and
pore-opening.59 In the latter conformation and in the presence of RNA, small positively
charged molecules can diffuse freely into the interior cavity of the particles, where they form
electrostatic interactions with the RNA. Lowering of the pH causes the particles to contract
again, trapping the infused cargo within. This gating mechanism can also be used to trap
negatively charged polymers within VNPs.12

The Stockley group has demonstrated that chemically modified structural elements of VNPs
can also be used to encapsulate cargo molecules. For example, MS2 phages contain a
translational repression (TR) operator that binds to a TR RNA stem loop. TR operator
proteins can be chemically engineered allowing small drug molecules to be covalently
attached. When intact MS2 particles are exposed to such TR operators, the proteins diffuse
inside the VNPs and bind stably to the 90 RNA stem loops. Therapeutic molecules such as
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the ricin A chain and 5-fluorouridine have been successfully incorporated into MS2 using
these principles. In vitro studies using receptor-targeted drug-containing MS2 VLPs
confirmed cell-specific drug targeting and cytotoxicity.71,72

2.3. Viral Scaffolds as Templates for Materials Synthesis
Biological scaffolds such as protein cages (heat shock proteins and ferritins23,73) and VNPs
have been used for biotemplating, a process that mimics biomineralization, i.e. the formation
of inorganic structures orchestrated and governed by proteins.74 The biotemplate, here a
VNP, is exposed to metallic or other inorganic precursors, and interactions with capsid
amino acids result in the nucleation of material on the external or internal surface. Rod-
shaped TMV particles and filamentous M13 phages have been used extensively as templates
for the synthesis of semiconducting tubes and wires for potential applications in next-
generation electronics such as data storage devices75 or battery electrodes (section
2.3.1).14–16 The potential also exists to use such mineralized structures in medical devices.

Methods that allow the metalization or mineralization of VNPs were pioneered by the Mann
group, but have been advanced by the Belcher group by combining genetic engineering,
biological selection and chemistry, through the development of a library of M13 mutants
selective for specific materials. The Douglas and Young groups use icosahedral particles for
the spatially controlled nucleation of monodisperse nanocrystals trapped inside the
biological protein scaffold, which could be used in imaging applications (Section 2.3.2) with
the synthetic core facilitating detection and the biological shell conferring biocompatibility
and providing a scaffold for functionalization via bioconjugation (Section 2.1). VNPs with
MIO cores, for example, could be used for MRI, whereas those with fluorescent cores could
be used in fluorescence spectroscopy. Most of the data reported thus far concern materials
synthesis and biophysical/biochemical characterization, with in vivo testing the next
developmental step.

2.3.1. Deposition of Materials on the External and Internal Surfaces of Viral
Rods and Filaments
2.3.1.1. Mineralization of the TMV Scaffold: TMV is a highly versatile scaffold because
both the external surface and the 4 nm diameter interior channel can be mineralized, and
spatially controlled materials synthesis can take place because each surface has a distinct
amino acid composition. Under physiological conditions, the lysine/arginine-rich exterior is
positively charged, whereas the aspartate/glutamate-rich lumen is negatively charged.76

A broad range of materials have been deposited on TMV using different methods:

• Semiconductor nanocrystals such as PbS, CdS, and iron oxide can be nucleated
under benign conditions by exposure to precursor salts.13

• SiO2 layers can be formed using sol–gel condensation methods.13

• Noble metal coatings such as gold, silver, platinum, palladium, nickel, cobalt and
copper can be achieved by electroless deposition (ELD), in which the VNPs are
exposed to a metalization bath containing metal ions and a reductant (Figure
4A).77–82

• Atomic layer deposition (ALD) has been applied to yield aluminum oxide and
titanium oxide hybrid structures. In ALD the VNP is placed in an ALD chamber
and dried onto a solid support, then exposed in subsequent steps to two gasphase
precursors. The procedure can be repeated until the desired layer thickness is
achieved.83
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• Conventional silica mineralization strategies can also be applied using silica-coated
TMV particles as a starting material. The deposition of metals such as silver, gold,
palladium and platinum can be accomplished using mercaptopropyltrimethylsilanes
(MPS) as heterobivalent linker molecules to bridge the silica (silane group of MPS)
and the metal (sulfur group of MPS) (Figure 4B).84

2.3.1.2. Biotemplating Using Genetically Engineered M13 Phages: Phage display
screening technologies have been used to select peptide sequences that promote the
nucleation of specific inorganic materials with a high level of selectivity and control. Such
peptides can be genetically engineered into M13 phages or other VNPs, and the mutants can
be used to nucleate a variety of synthetic hybrid structures, most of which find potential
applications in electronics. Table 1 lists these peptide sequences and the materials they
select.85–87 Heterostructures can be synthesized by incorporating several peptides into the
M13 scaffold.87 Furthermore, different peptides can be introduced into virus body and
termini by engineering different coat proteins: for example, M13 constructs expressing a
gold-binding peptide as a pVIII fusion (virus body) and an antistreptavidin peptide as a pIII
fusion (end structures) facilitated the self-organization of gold-coated M13 particles, end-to-
end or as tripods, through interactions with streptavidin-coated gold nanoparticles (Figure
4C).88 Metalized composites can also be assembled into higher-order structures such as
films and arrays.86,89

2.3.2. Size-Constrained Synthesis of Inorganic Materials Using Icosahedral
VNPs—VNPs and other protein cages can be used as size-constrained reaction vessels to
synthesize monodisperse nanoparticles protected by the protein shell. Extensive research has
been carried out with CCMV particles, which as stated above undergo reversible structural
transitions based on pH and metal ion concentrations. At neutral pH the particles increase
10% in size, and 2 nm pores open in the shell, allowing free molecular exchange between
the cavity and the surrounding medium.90,91 These pH-dependent structural transitions can
be coupled to mineralization reactions. If precursor salts are added while the VNP is
swollen, nucleation occurs on the positively charged interior surface driven by electrostatic
attraction. Lowering the pH then traps these materials inside the VNP cage. Negatively
charged precursor materials such as paratungstate (Figure 4D) and decavanadate,12 titanium
oxide,92 and Prussian Blue nanoparticles93 can be nucleated and mineralized within the
CCMV without modification. Nucleation of positively charged materials is also possible if
the interior surface charge is reversed by genetically replacing basic amino acids with acidic
ones.94 Using this approach, MIO nanoparticles have been synthesized using mutant CCMV
cages.95 Particles encapsulating MIO could be useful MRI contrasting reagents.

These methods can also be applied to other VNPs as long as empty scaffolds are available.
Phage T7 was used as nanocontainer and could be filled with a fluorescent europium
complex96 or metallic cobalt.97 Similarly, the Lomonossoff and Evans groups recently
established that empty CPMV particles could be internally mineralized with iron oxide and
cobalt.98 A few studies have been reported in which inorganic materials have been nucleated
on the external surface of icosahedral VNPs. Genetically engineered CPMV particles
externally displaying 60 peptides selective for either SiO2 or FePt have been used for the
synthesis of silica and amorphous FePt nanoparticles.99,100

2.4. VNPs as Scaffolds for Tissue Engineering
2.4.1. Wild-Type and Chemically Modified VNPs—For many years, the design and
synthesis of materials for tissue engineering was dominated by polymer chemists and
materials scientists, but the advent of VNPs has brought the combined skills and expertise of
molecular biologists, biochemists and cell biologists into the field. Much of the pioneering
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work has been carried out by the Wang group, using both bacteriophage and plant viruses as
engineering platforms. Initial research focused on the deposition of unmodified VNPs such
as CPMV ontoglass surfaces by nonspecific adsorption, followed by an assessment of their
ability to promote cellular growth compared to nontreated control slides.105

These experiments showed that CPMV biofilms significantly enhanced cellular adhesion
and proliferation, and further experiments were therefore designed to see if further
enhancement could be achieved by coupling relevant ligands to VNPs using a two-step
conjugation process: diazonium coupling of an alkyne to TMV followed by CuAAC to
introduce the RGD peptide ligand.106 When deposited onto glass slides, TMV displaying
RGD peptides was able to promote the adherence of NIH-3T3 cells more effectively than
wild-type TMV or TMV derivatized with a long-chain PEG polymer. Similar work was
carried out in which the plant viruses were replaced by RGD-modified M13 particles
deposited onto glass surfaces using a “slow dragging” method that caused them to align
along the long axis of the VNP (Figure 5).107 When NIH-3T3 and CHO cells were deposited
onto the film, they grew along the axis of VNP orientation, leaving the researchers
optimistic that this approach could begeneralized for multiple cell-types and/or ligand
presentation.

The above techniques have been developed to encourage the differentiation of stem cells
from progenitor to adult cells, specifically in the case of osteogenesis. Glass slides coated
with either the rod-shaped TMV or the icosahedral Turnip yellow mosaic virus (TYMV)
encouraged bone marrow stromal cells (BMSCs) to undergo osteogenic differentiation at
significantly enhanced rates compared to cells grown under standard conditions.108,109 The
addressable TMV platform was then used to introduce chemical cues for differentiation, to
complement the natural biogenic properties of VNPs.42 A two-step “diazo-click” reaction
(diazonium coupling of alkynes followed by CuAAC) allowed TMV particles to be
decorated densely with phosphate groups. The TMV-Phos biofilm attracted calcium ions
onto the tissue culture surface and increased calcium uptake by BMSCs, promoting
differentiation into osteoblasts as shown by the upregulation of several relevant markers
including osteocalcin, osteopontin and runx2. Titanium substrates were prepared with a
TMV-Phos coating and assayed in a similar manner. As expected, these surfaces also
encouraged osteogenic differentiation. The results of this study were remarkable considering
the chemical simplicity of the film relative to the biological outcome, suggesting that simple
cues displayed on a biocompatible surface can be used to reprogram tissues.

2.4.2. Genetically Modified VNPs—The use of chemical ligands for tissue engineering
can be complemented by the genetic engineering of virus coat proteins to generate VNPs
displaying specific peptides. Pasqualini and co-workers first reported the incorporation of
peptide-displaying M13 VNPs into self-supporting hydrogels comprising filamentous phage
particles and gold nanoparticles.110 “Soft” materials such as these have gained attention in
the tissue engineering community because they are often injectable three-dimensional
matrices for cellular proliferation and/or differentiation, a significant advance since most
tissue engineering applications require growth in three dimensions. These materials can self-
assemble and are potentially useful for minimally invasive implantation. M13 hydrogels
benefit from the natural positive charge of M13 filamentous phage particles, promoting
binding to negatively charged gold nanoparticles (Figure 6A). Simple titration of the
nanoscale components allows the optimal concentrations and ratios to be determined for the
creation of self-supporting hydrogels. The incorporation of genetically modified M13
particles displaying integrin-binding RGD peptides within the hydrogel promotes the
selective uptake of RGD phage particles into cells.

Pokorski and Steinmetz Page 9

Mol Pharm. Author manuscript; available in PMC 2011 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



This technology has been brought forward for tissue engineering purposes by incorporating
nontoxic magnetic nanoparticles such as MIO within the M13 hydrogel in order to create a
system of cellular levitation whereby cells can be grown in three dimensions through the
application of a magnetic field (Figure 6B,C).111 When glioblastoma cells were grown in
such a matrix, the MIO particles were internalized nonspecifically or became closely
associated with the plasma membranes, and when a magnetic field was applied above the
cultured cells they spontaneously levitated to the air–water interface forming a spherical
bolus of cells. Cells growing in the three-dimensional matrix expanded much more rapidly
than controls growing on flat surfaces, and underwent exponential proliferation in contrast to
the control cells where proliferation was linear. In the context of tissue engineering
applications, the main benefit of this approach is that different spatial arrangements of cells
could be formed simply by changing the shape or positions of the magnets. Furthermore,
multiple cell types could be positioned in close proximity to each other by magnetically
levitating and arranging different populations of cells.

An alternative method to program spatial orientation and differentiation in cellular
environments is the oriented deposition of genetically modified filamentous phage particles
onto surfaces. Filamentous phages such as M13 are particularly advantageous in this regard
because they can be aligned along their long axis in ordered films, and can also display
peptides that project from the surface, allowing films to be developed with densely packed,
ordered, functional peptides projecting into the medium. The Lee group exploited these two
properties to create a new scaffold for oriented cell-growth and differentiation (Figure 7).112

They displayed the extensively studied RGD and IKVAV peptide sequences on the surface
of M13 particles deposited in parallel arrays on solid supports, and were able to promote the
directional proliferation of neural progenitor cells.112 Further methods were developed in
which a shear force was applied during the creation of RGD-M13 thin films to create highly
ordered and aligned liquid crystalline coatings for tissue culture. These surfaces were shown
to be excellent platforms for the control of neural progenitor cell differentiation and neurite
outgrowth (Figure 8).113 The RGD phage films enhanced cell proliferation significantly and
aligned neurite outgrowth along the axis of the M13 filaments while neurite outgrowth on
wild-type and RGE control particles was disordered.

The recent proliferation of articles reporting VNP-based tissue engineering emphasizes the
immense promise offered by VNP biogenic materials. Tissue regeneration and engineering
is still in its infancy, but it is clear that VNPs have the potential to play a significant role in
its maturation. The presentation of multiple growth factors will be necessary to mimic the
extracellular matrix accurately and activate stem cell differentiation, but because VNPs can
be modified in many ways both chemically and genetically, such nanoscale platforms may
in the future offer a unique template to control tissue differentiation. It is likely that, as the
field blossoms, biocompatible VNPs will play a crucial role in the development of novel
materials for tissue engineering.

3. Summary and Outlook
Viral nanotechnology is an interdisciplinary field sitting at the interface of virology,
chemistry, materials science and medicine, and has therefore facilitated the extensive cross-
fertilization of ideas and techniques between these disciplines. A wide variety of protocols
and strategies has been developed and implemented to modify VNPs for biomedical
applications. Bioconjugation chemistries allow the site-selective conjugation of ligands for
tissue-targeting, medical imaging, or drug-delivery. Further methods such as encapsulation
and mineralization then allow the tuning and design of VNPs so they can be tailored for any
imaginable application. VNPs can self-assemble into discrete structures and can also self-
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organize into films and arrays, producing VNP hydrogels that can be used in tissue
engineering.

A new era in viral nanotechnology has therefore begun in which the pathogens can be
modified into tailor-made nanoscale building materials. As additional chemistries and VNP
platforms become available, progress in this area is limited only by the imagination. Current
developments in medicine include the engineering of VNPs as diagnostics, vaccines,
imaging modalities and targeted therapeutic devices. This research shows great promise, and
because viral engineering methods are well understood, the field will move rapidly into the
in vivo stage with preclinical models and clinical trials. Viral nanotechnology is an inspiring
and fast-paced field, and one that holds great promise for the development of next-
generation devices and therapeutics.
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Figure 1.
An overview of the viral nanoparticles (VNPs) that have been developed for materials
science and medicine. Icosahedral plant viruses: Brome mosaic virus (BMV), Cowpea
cholorotic mottle virus (CCMV), Cowpea mosaic virus (CPMV), Hibiscus cholorotic
ringspot virus (HCRSV), Red clover necrotic mottle virus (RCNMV), Turnip yellow mosaic
virus (TYMV). Icosahedral bacteriophages: T7, MS2, and Qβ. Note that T7 is a head–tail
phage, but only the head is shown. Rod-shaped and filamentous viruses: Tobacco mosaic
virus (TMV) and phage M13. Images of the following VNPs were reproduced with
permission from the VIPER database (www.viperdb.scripps.edu; Carrillo-Tripp, M.;
Shepherd, C. M.; Borelli, I. A.; Venkataraman, S.; Lander, G.; Natarajan, P.; Johnson, J. E.;
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Brooks, C. L., III; Reddy, V. S. VIPERdb2: an enhanced and web API enabled relational
database for structural virology. Nucleic Acids Res. 2009, 37, D436–D442. DOI: 10.1093/
nar/gkn840): BMV, CCMV, CPMV, RCNMV, TYMV, MS2, Qβ. The structure of HCRSV
was reproduced with permission from Doan, D. N., et al. J. Struct. Biol. 2003, 144 (3), 253–
261. Copyright 2003 Elsevier. The T7 structure was reproduced with permission from
Agirrezabala, X., et al. Structure 2007, 15, 461–472. Copyright 2007 Elsevier. TMV was
reproduced with permission from ref 28. Copyright 2008 Annual Reviews. M13 was
reproduced with permission from ref 104. Copyright 2007 National Academy of Sciences.

Pokorski and Steinmetz Page 18

Mol Pharm. Author manuscript; available in PMC 2011 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Bioconjugation methods for VNPs. (A) An overview of the three most common
bioconjugation chemistries, typically addressing the most reactive amino acid residues and
often carried out using commercially available reagents. (B) The copper-catalyzed azide
alkyne cycloaddition reaction is a high-fidelity bioorthogonal reaction that can be carried out
at low reagent concentrations. (C) Diazonium coupling chemistry is a more specialized and
labor-intensive coupling process. Experienced chemists, however, should find this a
versatile method for the introduction of new functional groups onto VNPs if standard
bioconjugation protocols are inappropriate. (D) Condensation reactions to form oximes and
hydrazones. (1) Two strategies for the introduction of aldehydes into proteins. (2)
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Bioorthogonal condensation reaction. (E) Oxidative coupling to the unnatural amino acid p-
aminophenylalanine, a specific reaction that allows labeling of the unnatural amino acid in
the presence of reactive side chains.
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Figure 3.
(A) Artificial polymers. Schematic illustration of the preparation of a doxorubicin-loaded
HCSRV protein cage with and without folic acid conjugation (fPC-Dox, PC-Dox). Steps A1
and B2 indicate the removal of viral RNA from the plant virus and purification of coat
proteins. Steps A2 and B3 involve the encapsulation of polyacid and doxorubicin during the
reassembly of the protein cage. Step B1 refers to the conjugation of folic acid onto the viral
coat protein. Reproduced with permission from ref 54. Copyright 2007 American Chemical
Society. (B) OAS-templated assembly. Top panel shows the assembly of RCNMV VLPs
around a gold nanoparticles by OAS templating. (i) Conjugation of nanoparticle with
DNA-2; (ii) addition of RNA-1 interacts with DNA-2 to form the functional OAS; (iii) the
artificial OAS then templates the assembly of coat protein; and (iv) formation of VLP with
enclosed nanoparticle. Bottom panel shows negatively stained transmission electron
microscopy images of VLP encapsulating (v) 4 nm CoFe2O4, (vi) 10 nm CoFe2O4, and (vii)
15 nm CoFe2O4 nanoparticles after purification. Reproduced with permission from ref 58.

Pokorski and Steinmetz Page 21

Mol Pharm. Author manuscript; available in PMC 2011 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Copyright 2007 American Chemical Society. (C) Polymer-templated assembly. (i) Proposed
mechanism of VLP assembly from coat proteins (CP). First, electrostatic interaction leads to
the formation of disordered protein-gold nanoparticle complexes. The second step is a
crystallization phase in which the protein–protein interactions lead to the formation of a
regular capsid. Schematic depiction of the encapsidated nanoparticle functionalized with
carboxyl-terminated tri(ethylene glycol) monomethyl ether (TEG) chains. Right panel:
Cryo-electron micrograph of a single VLP. The regular arrangement of the protein structure
coating the 12 nm diameter gold nanoparticle (black disk) is evident. The averages have
been obtained by superposition of 10 individual images, in each case. Reproduced with
permission from ref 60. Copyright 2006 American Chemical Society. (D) Size-dependence.
Left panel: Negatively stained electron micrographs, Fourier transforms (insets), and
corresponding Fourier projection maps. (i) BMV 2D crystal. The lattice constant is 26 nm
(one unit cell is shown), and the arrangement of the densities suggests a T = 3 structure. (ii)
VLPs containing 12 nm gold cores arranged in a 2D lattice. The lattice constant is 25 nm.
Right panel: 3D reconstructions of BMV and VLP using negative stain data. (iii) T = 1, 2,
and 3 models of BMV capsids. The T = 1 and pseudo T = 2 structures were obtained from
the Virus Particle ExplorR (VIPER) database. The T = 3 structure is the reconstructed image
of BMV in this work (scale bar, 21 nm.) (iv) VLPs containing 6 nm gold cores are
characterized by the absence of electron density at the 3-fold symmetry axes. The structure
and diameter is close to a T = 1 capsid. (v) The VLPs containing 9 nm gold cores are
reminiscent of a pseudo T = 2 structure. The presence of electron density at the 3-fold axes
distinguishes it from the VLP structure with 6 nm cores. (vi) The shape of the VLPs
containing 12 nm gold cores resembles the spherical shape of BMV although it still lacks
clear evidence of hexameric capsomers. Concentric layering is a characteristic of all VLPs.
Reproduced with permission from ref 64. Copyright 2007 National Academy of Sciences.
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Figure 4.
(A) Electroless deposition. Transmission electron micrographs of metalized TMV particles
produced by electroless deposition. (i) TMV after Pd(II) activation, followed by electroless
deposition of Ni. TMV is filled with a nickel wire with a ca. 3 nm diameter. Reproduced
with permission from ref 80. Copyright 2003 American Chemical Society. (ii) TMV
metalized with nickel on the external surface. Reproduced with permission from ref 82.
Copyright 2004 Wiley. (B) Silica-templated mineralization. Transmission electron
micrographs and accompanying energy dispersive X-ray spectra of (i) Au on thick-shell
silica-coated TMV template, (ii) Ag on thick-shell silica-coated TMV template, (iii) Pt on
thick-shell silica-coated TMV template, and (iv) Pd on thick-shell silica-coated TMV
template. Al, Fe, and Cu peaks in the energy dispersive spectroscopy spectra are due to
background effects. Scale bar = 100 nm. Reproduced with permission from 84. Copyright
2009 Elsevier. (C) M13 heterostructures. (i–v) Transmission electron micrographs of
various nanoarchitectures templated by M13. Gold nanoparticles (~5 nm) bind to genetically
engineered pVIII proteins along the virus axis and form 1D arrays, while a second peptide
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motif on pIII protein simultaneously binds to streptavidin-coated nanoparticles. Arrows
highlight the streptavidin-conjugated gold nanoparticles (~15 nm) and CdSe quantum dots
bound on pIII proteins. The insets show the assembly schemes of observed structures. White
represents the virus structure, yellow dots represent gold nanoparticles, the green dot
represents a CdSe quantum dot, and red represents the streptavidin coating around gold or
CdSe particles. (C, inset) The enlarged image of the CdSe quantum dot attached to the end
of the virus. Reproduced with permission from ref 88. Copyright 2005 American Chemical
Society. (D) Spatially constrained synthesis. Transmission electron micrographs of
paratungstate-mineralized CCMV particles after isolation by centrifugation on a sucrose
gradient. (i) An unstained sample showing discrete electron dense cores; (ii) a negatively
stained sample of A showing the mineral core surrounded by the intact virus protein cage.
Reproduced with permission from ref 12. Copyright 1998 Nature Publishing Group.
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Figure 5.
Strategy for aligned deposition of M13. (A) Aligned thin films of modified M13 particles
were deposited onto glass surfaces by slowly dragging the meniscus of a high concentration
solution across the surface. The shear force generated in the process caused the particles to
align in the direction of the applied shear force. (B) Optical and fluorescent confocal
micrographs of CHO cells cultured on aligned M13-RGD thin films. Reproduced with
permission from ref 107. Copyright 2008 Royal Society of Chemistry.
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Figure 6.
(A) Scheme of electrostatic interactions between magnetic iron oxide (MIO; brown spheres)
and gold nanoparticles (yellow spheres) with phage (elongated structures; pIII and pVIII
indicate surface capsid proteins). Nanoparticles are not drawn to scale. (B) Human
glioblastoma cells (lower arrow) treated with MIO-containing hydrogel held at the air-
medium interface by a magnet. The image was captured after 48 h in culture and depicts a
~1 mm spheroid. Scale bar = 5 mm. (C) (i) Hydrogel is dispersed over cells and the mixture
is incubated. (ii) Washing steps remove non-interacting hydrogel fragments. Fractions of
phage, gold and MIO nanoparticles enter cells or remain membrane-bound. (iii) An external
magnet causes cells to rise to the air-medium interface. (iv) After 12 h of levitation,
characteristic multicellular structures form (a single structure is shown here). Reproduced
with permission from ref 111. Copyright 2010 Nature Publishing Group.
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Figure 7.
Schematic diagram of the M13 phage tissue engineering process used by the Lee group,
showing phage engineering, cell response characterization, and the fabrication of an aligned
fiber matrix. Reproduced with permission from ref 112. Copyright 2009 American Chemical
Society.
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Figure 8.
Growth of neuroprogenitor cells (NPCs) and fibroblasts on aligned M13 thin films. (A)
Aligned RGD-phage film (day 1) in proliferation medium. (B) Aligned RGD-phage film
(day 1) in differentiation medium. (C) Bright-field optical micrograph of NPCs on the
aligned RGD-phage film at day 4. (D) Composite fluorescence images of NIH-3T3
fibroblasts grown on the aligned RGD-phage (12 h). Actin fibers and nuclei were stained
with phalloidin and DAPI, respectively. Scale bars = 100 µm. Reproduced with permission
from ref 113. Copyright 2010 American Chemical Society.
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Table 1

Overview of the Inorganic Materials Synthesized on VNPs

material peptide sequence (single letter code) references

silica (SiO2) YSDQPTQSSQRP 100

FePt HNKHLPSTQPLA 99, 101, 102

ZnS CNNPMHQNC or VISNHAESSRRL 86, 87, 101

CdS SLTPLTTSHLRS 87, 101

CoPt CNAGDHANC 101, 102

Co2+ EPGHDAVP 89

gold VSGSSPDS 15, 88, 103, 104

silver EEEE 16

Co3O4 EEEE 15, 16, 104

FePO4 EEEE 14

Mol Pharm. Author manuscript; available in PMC 2011 August 16.


