
 

 

Introduction 
 
In nanotechnology, submicroscopic particles 
ranging from 1 to 100 nm in diameter are usu-
ally referred to as nanoparticles. In recent years 
there has been a great deal of development of 
nanoparticles of different size, chemical nature 
and structure. These characteristics influence 
the properties of nanoparticles, which have 
been investigated in order to tackle significant 
problems in different fields of application such 
as material science, separation and purification 
chemistry, electronics, sensors, communica-
tions, optics and many aspects of applied biol-
ogy. 
 
Nanoparticles can be developed from inorganic 
as well as organic compounds, or can be based 
on naturally occurring biomolecules. Biological 
nanoparticles mainly derive from the assembly 
of one or more protein subunits in defined mac-
romolecular structures, although RNA based 
nanoparticles have also been described and 

investigated for the delivery of therapeutic mole-
cules [1]. Although proteins such as ferritin and 
the small heat-shock protein, which are both 
individually able to self-assemble 24 subunits 
into spherical cages of 12 nm in diameter, have 
received particular attention [2, 3], virus and 
virus derived nanoparticles (VNPs) are consid-
ered the most promising protein cages. Viruses 
are designed by nature in great varieties; they 
are able to shield and transfer biomolecules 
throughout very different environments and to 
release their content under particular condi-
tions.  
 
Intact virus particles (VPs), able to replicate and 
infect their natural host system, have been ex-
tensively used especially as nano-scaffolds for 
the display of biomolecules, such as short pep-
tides [4], entire proteins [5], nucleic acids [6], 
carbohydrates [7] and for capsid mediated drug 
delivery [8]. Genetic modifications of simple 
virions, consisting in many cases of one or just a 
few subunits, have led to the development of 
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chimeric virus particles (CVPs) with new biologi-
cal properties, involved in immunogenicity, co-
operative affinity, specificity and tropism (Table 
1). 
 
After purification, VPs can be subjected to in 
vitro chemical modifications for conjugation of 
small compounds as well as large biomolecules. 
Albeit with significant differences, according to 
the type of host system used, VPs can be eco-
nomically produced in large quantities.  
 
Many viral structural proteins, individually ex-
pressed from the relative coding sequences out 
of the context of their viral genome, are still able 
to self-assemble into organized macromolecular 
structures identical or similar to the cognate 
virion. These “empty shells”, known as virus like 
particles (VLPs), lack viral nucleic acid and are 
therefore noninfectious. Recombinant gene ex-
pression has allowed the production of VLPs in 
different heterologous expression systems such 
as bacteria, yeast, mammalian and insect cells, 
whole plants and plant derived suspension cul-
tures. Moreover, the possibility of synthetic 
gene design and construction has greatly ex-
panded the utilization of VLPs that can be pro-
duced without the need of dealing with the na-
tive infectious agent. In fact, the structural pro-
tein coding sequence can be directly inserted in 
a particular expression cassette and moved to 
the desired biological production system.  
 
As in the case of VPs, VLPs have also been sub-
jected to genetic mutational approach and to 
chemical conjugation. Additionally, thanks to 
their empty inner core and to the possibility of 
ex vivo total or partial disassembly/reassembly, 
VLPs can be loaded to encapsulate molecules 
of different nature (Table 1). 
 
VNPs engineering 
 
Genetic modifications 
 
Modification by design is a straightforward proc-
ess due to the ease of manipulation of entire 
viral genomes or single coding sequences of 
viral structural proteins. Viruses used in VNP 
development are very well known in their ge-
nomic organization, sequence, expression 
strategies and virion structure. The understand-
ing of the structural features of VNPs is very 
important to locate the precise position of the N
- and C-termini of their subunits  with respect  to 

the particle organization and also to identify 
possible internal protein domains capable of 
sustaining genetic insertions. Depending on the 
goal, terminal or internal protein fusions can be 
utilized to introduce heterologous peptides, and 
in a few cases entire proteins, on the surface or 
inside the VNPs. 
 
With regard to genetic modification, the hepati-
tis B core (HBc) VLPs are probably the best char-
acterized. HBc is a 21 kDa protein that self-
assembles into subviral nucleocapsid particles, 
which package the viral polymerase and prege-
nomic RNA during hepatitis B virus (HBV) infec-
tion. HBc monomers assemble into VLPs of 30 
and 34 nm in diameter, composed of 180 or 
240 subunits arranged with T = 3 or T = 4 icosa-
hedral symmetry, respectively. Recombinant 
HBc or HBc fusions can be produced in virtually 
all known heterologous expression systems, 
including yeast [9], mammalian cell cultures 
[10], plants [11], Xenopus laevis oocytes [12] 
and bacteria such as Escherichia coli [13], Ba-
cillus subtilis [14] and Salmonella typhimurium 
[15]. Structural studies of the HBc particles, 
reveled by electron cryomicroscopy and re-
solved by X-ray crystallography, together with 
computer predictions and empirical studies, led 
to the identification of three major sites for for-
eign insertions: the N- and C-termini of the pro-
tein and the internal major immunodominant 
region (MIR), which is located at the tip of the 
protruding spikes characteristic of the HBc 
VLPs. Structural data reveal that these regions 
do not participate in the intra and intermolecu-
lar interactions crucial for VLP assembly. N-
terminus and MIR insertions have been em-
ployed for the display of foreign sequences on 
the outside of the particle. The N-terminus inser-
tion site was the first to be investigated; it al-
lows for a good level of antibody response 
against various inserted epitopes that can ex-
ceed 50 amino acids [16]. On the other hand, 
the MIR insertion site, spanning amino acid 76-
81 of the HBc protein, is considered the inser-
tion site of choice for foreign peptide display on 
the outer surface of VLPs. It can accommodate 
extraordinarily long insertions, as demonstrated 
by the fusion of the entire GFP (238 amino ac-
ids) and of 120 amino acid long immunogenic 
region of a hantavirus nucleocapsid protein [17, 
18]. The precise structure of the basic C-
terminus is not known, but it is expected from 
its nucleic acid binding function to face the in-
side of the particle [19, 20]. Interestingly, 
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 Table 1. Examples of viral nanoparticles used for biomedical applications 

VNP Structural Informations Type Cited in Paragraph Refs 

Adenovirus Spherical shape, 60-90 nm in diameter 
Several structural proteins, icosahedral 
symmetry 

VP Cancer treatment 
Nucleic acid delivery 

[86] 
[83, 92-95] 

Bacteriophage 
M13 

Rod shape, 900 nm in length and 7 nm in 
diameter 
Several structural proteins, helical symmetry 

VP Non-covalent modifications 
Cancer treatment 
 Nucleic acid delivery 

[48] 
[8] 
[96] 

Bacteriophage 
MS2 

Spherical shape, 25 nm in diameter 
Single structural protein, 180 copies in ico-
sahedral T=3 symmetry 

VLP Chemical conjugation 
Imaging 
Nucleic acid delivery 

[44, 45] 
[90] 
[82, 84, 97] 

Bacteriophage 
Qbeta 

Spherical shape, 30 nm in diameter 
Single structural protein, 180 copies in ico-
sahedral T=3 symmetry 

VLP Immune stimulation 
Cancer treatment 

[75] 
[7] 

Canine parvovi-
rus (CPV) 

Spherical shape, 26,4 nm in diameter 
Single structural protein, 60 copies in icosa-
hedral T=1 symmetry 

VLP Cancer treatment  [63] 

Cowpea 
chlorotic mottle 
virus (CCMV) 

Spherical shape, 28 nm in diameter 
Single structural protein, 180 copies in ico-
sahedral T=3 symmetry 

VP Encapsidation 
Imaging 

[56] 
[89] 

Cowpea mosaic 
virus (CPMV) 

Spherical shape, 28 nm in diameter 
Two structural proteins, 60 copies each in 
icosahedral pseudo T=3 symmetry 

VP Chemical conjugation 
  
Immune stimulation 
Imaging 

[6, 37, 40-43, 
46] 
[85] 
[36] 

Hepatitis B virus 
core (HBc) 

Spherical shape, 30 and 34 nm in diameter 
Single structural protein, 180 or 240 copies 
in icosahedral T=3 and T=4 symmetry 

VLP Genetic modifications 
  
Immune stimulation 

[9, 11, 15-18, 
21] 
[75] 

Hepatitis B virus 
L 

Spherical shape, 50-500 nm in diameter 
Single structural protein, 110 copies embed-
ded in a yeast ER derived vesicle 

VLP Immune stimulation 
Nucleic acid delivery 

[77] 
[64] 

Hibiscus 
chlorotic rings-
pot virus 
(HCRSV) 

Spherical shape, 30 nm in diameter 
Single structural protein, 180 copies in ico-
sahedral T=3 symmetry 

VLP Cancer treatment  [88] 

Human papillo-
mavirus (HPV) 
L1 

Spherical shape, 55 nm in diameter 
Single structural protein, 360 copies in ico-
sahedral T=7 symmetry 

VLP Encapsidation  [54, 55] 

Norwalk virus 
(NV) 

Spherical shape, 38 nm in diameter 
Single structural protein, 180 copies in ico-
sahedral T=3 symmetry 

VLP Immune stimulation  [78] 

Polyomavirus Spherical shape,  46 nm in diameter 
Single structural protein, 360 copies in ico-
sahedral T=7 symmetry 

VLP Genetic modifications 
Non-covalent modifications 
Encapsidation 

[22, 23] 
[50, 51] 
[52] 

Potato virus X 
(PVX) 

Filamentous shape, 470-580 nm in length, 
13 nm in diameter 
Single structural protein, 1300 copies in 
helical symmetry 

VP Genetic modifications 
Chemical conjugation 
Immune stimulation 

[5, 27] 
[39] 
[80] 

Red clover ne-
crotic mosaic 
virus (RCNMV) 

Spherical shape, 30 nm in diameter 
Single structural protein, 180 copies in ico-
sahedral T=3 symmetry 

VLP Imaging  [91] 

Sulfolobus is-
landicus rod-
shaped virus 2 
(SIRV2) 

Rod shape, 900 nm in length and 23 nm in 
diameter 
Single structural protein in helical symmetry 

VP Chemical conjugation  [47] 

Tobacco mosaic 
virus (TMV) 

Rod shape, 300 nm in length and 18 nm in 
diameter 
Single structural protein, 2130 copies in 
helical symmetry 

VP Genetic modifications 
Chemical conjugation 
Non-covalent modification 
Immune stimulation 

[28, 31-33] 
[38] 
[49] 
[81] 

VNP, viral nanoparticle; VLP, virus like particle; VP, virus particle. 
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Beterams and colleagues [21] demonstrated 
that genetic substitution of the C-terminus of 
HBc can be employed to enclose an entire pro-
tein, the 17-kD nuclease of Staphylococcus 
aureus, inside the particle. This strategy allowed 
the packaging of up to 240 subunits of the en-
zyme that retained, at least partially, its original 
biological activity. 
 
Another remarkable example of the use of ge-
netic modification for the packaging of VNPs is 
given by the use of polyoma VLP. The virion of 
polyomavirus is composed of an outer shell, 
derived from the assembly of the major capsid 
protein VP1, and an inner core made of two mi-
nor structural proteins, VP2 and VP3. Polyoma 
VLPs can be obtained by single expression of 
VP1 [22]. Interestingly, the ability of VP2 to bind 
tightly and in precise positions in the inside of 
VP1 derived VLPs has been exploited. A con-
served stretch of 47 amino acids of VP2 has 
been fused with GFP. The purified chimeric pro-
tein was able to assemble in vitro together with 
VP1, generating VLPs that enclose the foreign 
protein (Figure 1a). The amount of heterologous 
protein that can be encapsulated using this 
strategy is reproducible due to the fixed ratio of 
VP2 binding sites per VP1 VLPs. In addition, GFP 
fluorescence was employed for monitoring en-
capsulation efficiency, cellular uptake and inter-
cellular distribution [23]. 
 
Strict general rules concerning genetic engi-
neering strategies cannot be established; but 
different approaches need to be addressed on a 
case by case basis, often empirically, according 
to the particular VNP,  the nature of the inser-
tion sequence and  the resulting position of the 
fusion peptide. However, some important issues 
can be preventively evaluated. Potential altera-
tion of VNP surface charge and insert-
dependent steric hindrance are indeed critical 
factors.  
 
Variation of the surface charge of VPs could 
interfere with virion assembly, virus spread, par-
ticle aggregation, stability and biodistribution. 
Studies related to the modification of the sur-
face charge of VNPs have been conducted  
mostly using VPs such as adenovirus (Ad) [24], 
bacteriophages [25], Cowpea mosaic virus 
(CPMV) [26], Potato virus X (PVX) [27] and 
Tobacco mosaic virus (TMV) [28]. In the case of 
PVX, a filamentous plant virus extensively used 
for CVP development in vaccinology, Lico and 

coauthors [27] have utilized a PVX mutant 
truncated at the N-terminus of the coat protein 
(CP). Although the mutant virus was able to 
produce infections indistinguishable from those 
induced by the wild type virus, it was shown that 
the fusion of heterologous peptides, of varying 
length and amino acidic composition, to the 
truncated N-terminus, did not always result in 
systemic infection, thus weakening its use from 
a production point of view. The effect of a vast 
plethora of peptides was investigated.  They 
concluded that the pI value of the inserted 
peptide has a clear impact in the systemic 
movement of the virus. In fact, fused peptides 
with a pI value outside an experimentally de-
fined range (from 5.24 to 9.18) significantly 
affected CVPs systemic movement; evidence 
also confirmed the fact that chimeras were in-
fectivity restored, which brought back the pep-
tide pI within the previously established permis-
sive values. Surface charge can also play a cru-
cial role for in vivo applications. The administra-
tion of engineered VNPs to animal model sys-
tems has revealed that, for example, modifica-
tions altering the surface charge of bacterio-
phage Qbeta particles have an influence in 
plasma clearance and tissue biodistribution 
[25]. Moreover, it has also been demonstrated 
that surface charge of CPMV has an important 
role in interaction and uptake processes of tar-
get cells [26]. 
 
Steric hindrance, originating from foreign se-
quence insertion, is another factor that should 
be taken into account, since it could prevent 
monomer self-assembly and, consequently, 
VNPs formation. A possible solution is the devel-
opment of mosaic VNPs that are composed by 
wild type and genetically engineered CPs [5]. In 
the case of VLPs, they are typically generated by 
the co-expression of two proteins,  for example 
the HBc and phage Qbeta derived mosaic VLPs 
[29, 30]. Nevertheless, especially considering 
CVPs, also other molecular approaches aimed 
to partially display heterologous sequences are 
available. One strategy is to modify the C-
terminus of the CP gene so that the CP stop 
codon would function in a leaky fashion. This 
would cause most of the CP produced to be un-
fused, while a small portion would be fused to 
the peptide displayed on the surface [31-33]. 
Another strategy consists in employing the 2A 
peptide of the foot and mouth disease virus 
(FMDV). This sequence, inserted between the 
heterologous peptide coding sequence and the 
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Figure 1. Schematic representation of selected VNPs modification strategies. (a) Genetic modification and selective 
encapsidation for preferential entrapping of proteic payload [23]; (b) Genetic and non-covalent modifications for 
outer surface display of antibodies [50]; (c) Chemical conjugation and encapsidation for outer surface display and 
entrapping of small molecules [88]; (d) Chemical conjugation for outer surface display of fluorophores [36]; (e) 
Chemical conjugation and selective encapsidation for outer surface display of antibodies and selective entrapping of 
nucleic acids [82]. VNP, viral nanoparticle; VP2, minor coat protein of polyomavirus; TR, translational operator of bac-
teriophage MS2. 
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CP gene, is able to produce, in different hosts 
and expression systems, a ribosomal skip dur-
ing the translational procedure [34, 35]. The 
result is that only a small portion of the transla-
tional products will be a fusion between the 
heterologous sequence and the CP, while the 
majority will consist of the native CP, primary 
component of the mosaic particle, and the un-
fused foreign peptide that will not be part of the 
resulting VNPs. 
 
Chemical conjugation 
 
Functional groups contained in the side chain of 
native or genetically introduced amino acids of 
structural proteins forming the VNPs can be 
used for chemical conjugation. It has been 
shown that amines, thiol groups, carboxylic ac-
ids and side chains of tyrosines can react with 
activated conjugates. This strategy has been 
extensively adopted to covalently couple differ-
ent molecules on specific positions of a variety 
of structurally diverse VNPs. As previously dis-
cussed for genetic VNP modification, particular 
attention is focused on the evaluation of the 
chemical characteristics of the binding mole-
cule, since changes can have a remarkable ef-
fect on the overall resulting physicochemical 
and pharmacokinetical properties, generating 
particles different in size and surface charge.  
 
The amine functional group lysine is a common 
target for conjugation. For example, CPMV con-
tains 300 naturally occurring lysines that are 
solvent accessible on the surface of the virion. 
Of those, 150 are reactive and addressable as 
binding sites to display molecules very different 
in chemical nature such as fluorophores, pep-
tides and nucleic acids [6, 36, 37]. Lysines have 
also been introduced by design, as in the case 
of TMV. Smith and coauthors employed a ran-
domized library approach to introduce peptides 
having a reactive lysine in different amino acidic 
contexts at the externally located amino termi-
nus of the TMV CP. An in vivo library screening 
allowed selection and isolation of a chimeric 
virus which showed impressive recoveries, ex-
ceeding 7 g/Kg of infected tissue and well de-
fined favorable purification properties. The intro-
duced lysine, displayed on each CP monomer 
forming the VNP was accessible for chemical 
modification as demonstrated by complete bio-
tinilation of the rod shaped particle [38]. N-
hydroxysuccinimide (NHS) ester based chemis-
try has also been successfully employed to bio-

tinilate lysine residues on the PVX and CPMV 
surface [39, 40]. In the latter case, each icosa-
hedral virion was capable of exposing 60 biotin 
molecules per particle. So much interest on 
biotin is explained by its natural affinity for 
streptavidin (SA). As it will be later described, 
this property opens the way for further non-
covalent modifications of the particles with 
molecules attached to avidin and hence using 
the biotin-avidin interaction as molecular bridge 
between the VNP and the molecule of interest. 
Lysine has also been the target of more sophis-
ticated conjugation strategies, such as the cop-
per catalyzed click chemistry, which have been 
successfully employed to conjugate a wide vari-
ety of compounds: from fluorophores up to large 
and complex biomolecules like carbohydrates 
and entire proteins [41, 42]. 
 
Thiol is the cysteine side chain, and is one of 
the most useful functional groups found in pro-
teins. It can react with a large variety of organic 
reagents;  for this reason it has been widely 
used for chemical derivatization [43, 44]. A no-
table example concerns the MS2 bacteriophage 
derived VLPs. MS2 CP contains two cysteines 
buried in the ternary structure of the CP and  
therefore  inaccessible and unreactive. For this 
reason, once again, a genetic modification ap-
proach has been employed to introduce acces-
sible cysteines on the surface of the VLPs. Sev-
eral mutants were created by site directed 
mutagenesis of specific native amino acids of 
the CP,  but just one substitution out of five was 
able to meet the required properties, demon-
strating that even a single amino acid substitu-
tion can disrupt protein folding and stability with 
a high frequency. The selected mutant CP, in 
which the threonine 15 is replaced by a cys-
teine, was able to properly self-assemble into 
VLPs. However, particles were subjected to ag-
gregation due to inter-particle formation of di-
sulfide bridges, resulting in insolubility in water 
after purification, as  shown by treatment with 
reducing agents. The accessibility of the new 
cysteine residues was addressed with different 
thiol specific chemical reagents. In particular, 
the use of fluorescein-5-maleimide resulted in 
green fluorescence of the mutant particles un-
der UV light illumination [44]. 
 
Tyrosine residues of the MS2 CP have also been 
efficiently targeted. The predicted position of 
tyrosine 85 provides 180 modification sites in 
the inner side of each particle, opening  the pos-
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sibility of covalently loading the particles with 
drug cargo. The bacteriophage MS2 capsid shell 
has 32 pores, 1.8 nm wide in diameter, which 
provide access to the interior of the VNPs with-
out the need for a complete disassembly. In this 
case, the particles were first emptied of their 
RNA by pH treatment. Subsequently, tyrosines 
were targeted with high efficiency and selectivity 
by a quick four-step procedure that introduced  
a highly reactive group for following bioconjuga-
tion [45].  
 
Modification of exposed carboxylates arising 
from aspartic and glutamic acids has been also 
demonstrated. Several carboxylate groups on 
the outer surface of CPMV are present on both 
the S and L subunits. These functional groups 
were successfully used to bind a carboxylate-
selective chemical dye. The derived conjugated 
VNPs were correctly assembled, monodis-
persed, showed no aggregation and were char-
acterized by a UV/visible absorption distinctive 
of the chosen dye. In addition, denaturing SDS 
PAGE demonstrated that carboxylic acid groups 
were correctly addressed on both protein sub-
units [46]. 
 
Although the use of the previously described 
amino acid side chains is the most common 
strategy, carbohydrates can also be used for 
conjugation. In fact, many VNPs are glycosy-
lated, displaying solvent exposed carbohydrates 
that, once oxidized, can react with a hydrazide 
resulting in a stable hydrazone linkage. In this 
way, biotin-hydrazide has been employed to 
covalently attach biotin on the surface of the 
archaeal Sulfolobus islandicus rod-shaped virus 
2 (SIRV2); the VNPs were able to resist the 
harsh reaction conditions and labeling efficiency 
was verified by TEM, using gold coupled anti-
biotin antibodies [47]. This strategy can offer a 
good alternative to more traditional methods. 
Obviously the conjugation density and the spa-
tial distribution of the conjugated molecules are 
strictly dependent on the glycosylation status 
and pattern, typical of each kind of VNP.  
 
Overall, chemical modifications offer a valid 
alternative to genetic engineering strategies for 
linking molecules, even very different in chemi-
cal nature, to viral nanoparticles. This approach 
can be used to functionalize the exterior as well 
as the interior surfaces, providing new anti-
genicity, specificity, tropism and physical proper-
ties, and allowing the contained delivery of 

therapeutics. For this reason, a large number of 
exploitations in all of the biomedical and phar-
macological applications later described have 
been found for bioconjugation. 
 
Non-covalent modifications 
 
Intermolecular associations based on electro-
static attractions, hydrophobic bonds and mo-
lecular recognition interactions can also be 
used to engineer VNPs. This strategy usually 
requires a previous chemical or genetic modifi-
cation of the particles to change their physico-
chemical properties or to provide a specific af-
finity to a molecule of interest. It has been used 
to associate large biomolecules on the outer 
and also inner side of VNPs. Electrostatic inter-
actions have been used, for example, to create 
biological/organic hybrid nanoparticles. In fact, 
recently Ngweniform et al. [48] have described 
a biomimetic approach to stabilize liposomes, 
via the self-assembly of zinc phthalocyanine 
(ZnPc)-loaded liposomes on a genetically engi-
neered M13 phage. ZnPc is a good candidate 
for photodynamic therapy, since illumination 
with the proper wavelength results in singlet 
oxygen formation. Genetic fusion of the coding 
sequence of a negatively charged peptide on 
the major CP allows multivalent electrostatic 
interactions with the cationic liposomes, leading 
to self-assembly and to immobilization of the 
liposomes on the phage particles. The authors 
report that the complex has an increased fluo-
rescence intensity of the ZnPc in the lipid bilayer 
and speculate on an enhanced stability of the 
complex and on the possibility to engineer the 
minor CP for specific targeting of tumor cells. 
 
As previously mentioned, one of the major ex-
ploitations of molecular recognition to decorate 
VNPs is based on the interaction between SA 
and biotin, which is one of the strongest non-
covalent interactions known in nature. This par-
ticular strategy has allowed the display of very 
large proteins on the surface of VNPs that would 
be otherwise very difficult to produce, due to 
steric hindrance affecting assembly, yield and 
monodispersion. In the case of infectious VPs, 
the viral genome enlarged by the presence of 
the exogenous genetic material inserted, could 
represent a problem for genome packaging and 
virus replication. The possibility to uncouple the 
expression of the structural monomers forming 
the VNPs and the desired protein to display, 
could offer a solution. In this way, biotinilated 
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TMV rods have been externally decorated with 
the entire GFP genetically fused to SA. TMV and 
GFP-SA have been produced separately in to-
bacco plants; GFP-SA was able to correctly form 
the typical homotetramer necessary for biotin 
binding. Following biotin conjugation, the rod 
shaped VNPs were incubated with the GFP-SA 
tetramers resulting in the specific formation of a 
TMV/GFP complex. As expected, the interaction 
between the biotinilated TMV and the GFP-SA 
was very stable. Treatment of the complex at 60 
°C in presence of SDS completely disassembled 
the particles, however, the biotin/SA bond re-
mained intact [38]. 
 
Also, the well known molecular interaction be-
tween protein A and the heavy chain Fc region 
of immunoglobulins was exploited for post as-
sembly, non-covalent decoration of VNPs. Again, 
the TMV was genetically modified, in this case 
to display a functional fragment of protein A as 
a C-terminal fusion to the CP on the surface. 
The CP-protein A fusion was expressed at a very 
high level in tobacco plant leaves (3 g/Kg) and 
was able to self-assemble into functional CVPs, 
which showed  efficient binding to a recombi-
nant monoclonal antibody, which was independ-
ently produced in tobacco leaves. It was esti-
mated that one IgG molecule was bound to 
every third to fifth subunit of the particle. Al-
though the proposed application of this engi-
neered VNP concerns their use as immunoad-
sorbent devices for antibody purification, the 
same approach could be envisioned for func-
tionalization of VNPs with immunoglobulins 
bearing different desired specificities of thera-
peutic interest [49]. In fact, a similar strategy 
was used to couple antibodies to polyoma VLPs. 
Protein Z, an engineered antibody binding do-
main derived from the protein A of Staphylococ-
cus aureus, was genetically inserted into an 
internal loop of the polyoma VP1 monomer and 
the resulting in vitro assembled VP1-Z derived 
VLPs were able to bind and therefore display 
antibodies on their surface (Figure 1b). Individ-
ual incubation of the genetically engineered 
VLPs with two humanized antibodies, the anti-
carcino embryogenic antigen and Herceptin, 
indicated that almost every protein Z displayed 
on the VNP could bind one antibody molecule 
[50]. 
 
Interestingly, molecular recognition has also 
been applied to modify the inner core of 
polyoma VLPs. In this case a WW domain from 

the mouse forming binding protein 11 (FBP11) 
was used as an N-terminal fusion of VP1. WW 
domains, named after two conserved trypto-
phan residues, bind prolin-rich ligands with a 
specific consensus motif (PPLP). They are par-
ticularly suited for this strategy since they are 
among the smallest known protein-protein inter-
action domains. The WW-VP1 fusion proteins 
retained their native structure and ability to as-
semble in vitro into VLPs. In this way, using a 
PPLP tagged GFP, it was possible to specifically 
and efficiently encapsidate 260 molecules of 
the fluorescent protein inside the VNPs [51]. 
 
Encapsidation 
 
The primary function of virions is to encapsi-
date, transport and release nucleic acids, and in 
some cases proteins, among different environ-
ments. Many aspects of viral assembly have 
been addressed and physicochemical condi-
tions for in vitro disassembly/reassembly and 
for the reversible opening of virion gated pores 
have been defined, setting the ground for load-
ing VNPs with  extra non viral cargo.  Two tech-
niques used for loading VNPs with nucleic acids, 
low molecular weight substances and proteins 
are the assembly in the presence of high con-
centrations of foreign molecules [52] and the 
application of pH shock [53].  
 
DNA entrapped by in vitro association has been 
achieved using different VNPs. An example con-
cerns the human papillomavirus (HPV). The vi-
rus capsid is primarily composed of a structural 
protein denoted L1, which alone is capable of 
self-assembly into VLPs when expressed in het-
erologous systems. Conditions for quantitative 
disassembly/reassembly are well defined; modi-
fication of the ionic strength and of the reducing 
conditions allows to selectively and reversibly 
establish the process in vitro [54]. Reassocia-
tion in the presence of DNA constructs leads to 
the packaging of foreign nucleic acids inside the 
particles. In fact, insect cells that produced HPV 
VLPs could be loaded with an expression plas-
mid vector carrying either a gene for the GFP or 
β-galactosidase during in vitro disassembly/
reassembly. Efficiency evaluation estimated 
that between 1/3 and 1/6 of the VNPs con-
tained the plamid DNA [55]. 
 
The inner core of icosahedral viruses can also 
be reached by switchable pH dependent gating. 
Dynamic structural transition, induced by de-
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fined chemical switches, occurs in many virions 
and has been used to manipulate different 
VNPs. In this respect, Cowpea chlorotic mottle 
virus (CCMV) is one of the mostly investigated. 
In a pivotal work, Douglas and colleagues [56] 
demonstrated that the CCMV capsid can un-
dergo a pH and metal ion dependent reversible 
structural transition that modifies the permis-
sive state of the 60 pores present on the cap-
sid. Under swollen conditions (pH > 6.5) the 
interior of the virus is exposed and free molecu-
lar exchange is possible. At pH < 6.5 the VNP is 
in the unswollen state and no exchange of large 
molecules with the external environment is pos-
sible. The successful exploitation of this process 
led to the use of different icosahedral VNPs for 
mineralization and encapsidation of payload 
into the particle inner core. 
 
Future development of this approach will rely on 
other strategies. Modifications of the inner sur-
face can provide new affinity properties for spe-
cific capture of the foreign molecules, increas-
ing loading efficiency. 
 
VNPs applications 
 
Historically, the first and currently the most ad-
vanced application of VNPs concerns vaccine 
development. Several VLPs produced in het-
erologous systems have been tested for their 
ability to generate an immune response which 
can be used for prophylactic and therapeutic 
purposes. This kind of subunit recombinant vac-
cine is unable to be replicated, but still exhibits 
the same structural immunological determi-
nants of the virus they are derived from. For this 
reason they are considered a safer alternative 
compared to traditional vaccines based on 
killed or attenuated viruses, which still bear the 
theoretical risk of viral replication. Several pre-
clinical studies have underlined the ability of 
VLPs to generate a neutralizing protective re-
sponse against various infectious agents. Sev-
eral VLP based vaccines are now at different 
stages of clinical development and the only re-
combinant vaccines currently marketed are 
based on VLPs derived from HBV and HPV [57-
59]. In addition, VNPs have been used as scaf-
folds for the display of non-native epitopes on 
their surface, creating a general strategy for the 
development of vaccines independently of the 
specific immunological properties of the protein 
cage. 
 

Also, one of the highest expectations in the de-
velopment of new platforms for drug delivery is 
to combine the possibility to confine the thera-
peutic agent together with the delivery and re-
lease to specific organs or cellular subtypes. 
The peculiar features of VNPs, and the possibil-
ity to use in combination with different modifica-
tion strategies on the same structure, makes 
them an ideal candidate for this purpose. Tech-
nologies for multivalent display and cargo up-
load are well established and designing new 
specificity by surface display of ligands has 
been shown to be effective in redirecting the 
delivery of VNPs to target cell types. A growing 
number of peptidic molecules specific for target-
ing different tissues and cellular physiological 
conditions are available [60-62]. Small proteic 
ligands, full antibodies, single chain variable 
fragments and nanobodies can be linked on the 
surface of VNPs to specifically direct their ac-
tion. Moreover, many VNPs still retain their 
natural tropism and, for this reason, some ani-
mal  virus-derived VNPs have been successfully 
used for specific targeting in vivo [63, 64]. In 
this respect, the main applications concern the 
delivery of chemotherapeutic agents for cancer 
treatment, of nucleic acid constructs for gene 
therapy and antisense technology, and of vari-
ous compounds for molecular imaging. 
 
Multi-functionality, as a result of heterologous 
display, can be also beneficial in the clustering 
of different ligands on the surface of VNPs, 
opening the possibility of their employment in 
multiple binding of cooperative receptors, where 
affinity is increased by the collective ligand/
receptor interactions [65]. 
 
Although the advantages of VNPs, compared to 
other types of nanoparticles,  include biodegrad-
ability, biocompatibility and monodispertion, an 
evaluation of potential toxicity and biodistribu-
tion of targeted and non-targeted particles for in 
vivo application must be addressed. A deeper 
understanding of different VNP based platforms 
such as circulation, clearance rates, blood half 
life, stability, immunogenicity and organ distri-
bution is needed to get these novel molecular 
devices to the market. In this respect, Kaiser et 
al. [66] have tested the biodistribution and 
clearance of fluorescently labeled and radio-
labeled CCMVs upon intravenous (i.v.) injection 
into mice. The authors evaluated the quantita-
tive biodistribution and blood clearance at 1 
and 24 h from administration. Also, the immu-
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nogenicity and its role in subsequent admini-
strations was assessed. Their conclusions 
pointed out that CCMV was broadly distributed 
and able to move through tissues, VNPs were 
detected in circulatory and lymphatic endothe-
lium, in pulmonary epithelial surfaces, in the 
lung interstitium, in the splenic outer capsule 
and perilymphoid zones, in the liver sinusoids, 
in the convoluted tubules of the kidney and in 
draining lymphnodes. CCMV were almost com-
pletely eliminated from animals by 24 h post 
injection.  
 
Also CPMV particles have been investigated in 
this respect, both qualitatively and quantita-
tively. After i.v. injection in mice, 90% of the 
CPMV particles localized to the liver. Toxicity, 
evaluated by necropsy, hematology and tissue 
histopathology, was not observed in liver or 
other tissues. Even when very high dosage was 
used, no visible adverse clinical signs were ob-
served. CPMV particles were rapidly cleared 
from blood circulation within 30 minutes with an 
average half-life of 4–7 minutes in plasma [67, 
68]. 
 
Immune stimulation 
 
VNPs hold a great potential in prophylactic and 
therapeutic vaccines as well as in immune-drug 
development. A wide variety of VNPs have 
shown promising results in animal models and, 
in some cases, in clinical studies. They have 
been successful in the establishment of a pro-
tective immunity against infectious agents and 
also in the induction of autoantibodies for the 
neutralization of proteins related to non-
communicable chronic diseases [69, 70]. The 
size of VNPs has been shown to be favorable for 
their uptake by antigen presenting cells (APCs); 
their ordered, dense and repetitive structures 
are able to activate innate immunity through 
pattern recognition and stimulate a potent hu-
moral immunity; their propensity for being up-
taken by dendritic cells (DCs) with the subse-
quent transport to lymph nodes is the base for a 
proper T-cell response development. In addition, 
DCs were reported to be able to cross-present 
VNP derived peptides on molecules of both ma-
jor hystocompatibility complex (MHCs) mole-
cules [71, 72].  
 
VLPs are commonly developed to stimulate an 
immune response against the cognate virus 
they are derived from, often with the aim of elic-

iting both humoral and cell mediated immunity. 
However, VNPs have been also extensively used 
as platforms for the presentation of foreign epi-
topes (chimeric VLPs and CVPs), uncoupling the 
specific immune determinants from the molecu-
lar display scaffold. As their organic counter-
parts, a VNPs also offer the possibility of co-
delivery of immunopotentiators  to direct and 
tune the desired immune response [73-75]. All 
these properties make VLPs a superb immuno-
gen that, in some cases, does not appear to 
require the use of adjuvants to achieve an effec-
tive immune stimulation, virtually combining the 
advantages distinctive of recombinant subunit 
and whole virus vaccines into one system. 
 
Although VNP vaccine production is usually less 
expensive compared to live attenuated and 
killed vaccine, manufacturing costs are still in 
some cases too high, undermining their utiliza-
tion, especially when vaccination aimed  toward 
developing countries and mass immunization 
programs are considered. In this respect, plant 
based production systems could play a crucial 
role. The production of correctly assembled 
VLPs in different plant systems has been widely 
reported (see [76] for a review on the topic). 
Different plant-produced VLPs  have been 
shown to retain antigenicity and immunogenicity 
and, for example in the case of HBV surface 
antigen (HBsAg) VLPs, their oral administration 
to humans has shown a specific IgG production 
that could be correlated to protection levels 
[77]. Plants have proven to be an excellent pro-
duction platform for Norwalk virus (NV) derived 
VLPs, which were produced in tobacco leaves, 
potato tubers and tomato fruits. The use of a 
transient viral-based expression system showed 
that the expression of the NV VLPs in Nicotiana 
benthamiana was at considerable levels (0.86 
mg/g of leaf fresh weight). In this case, immu-
nogenicity of the plant-purified VLPs was tested 
in mice upon oral administration, and a clear 
specific humoral and mucosal antibody re-
sponse in the gut, as well as at distant mucosal 
surfaces, was detected. The amplitude of the 
immune response was dose-dependent and NV 
VLPs were immunogenic even without the use 
of the cholera toxin (CT) adjuvant, although the 
groups dosed with equal amounts of antigen co-
administered with CT showed significantly 
stronger responses than those lacking the adju-
vant [78]. 
 
Many plant viruses have been used as epitope 
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display platforms. They can be produced very 
efficiently in terms of speed and quantity, up to 
levels of g per Kg of leaf fresh weight in a one 
week time period. Although different from VLPs, 
CVPs still enclose their genome, they are unable 
to replicate in vertebrates and, interestingly, 
there is increasing evidence that suggests the 
viral genome could play an additional role in 
stimulating the immune response. In fact, al-
most the totality of plant VPs used as epitope 
display systems harbor a single stranded RNA 
genome that may interact with the intracellular 
toll-like receptors (TLRs) 7/8, activating down-
stream pathways important for DC maturation 
[79]. Specific T cell response elicited by pep-
tides delivered by CVPs has been reported. For 
example, recently, PVX-based CVPs were de-
signed to display, on their surface, a MHC class 
I restricted nonapeptide derived from the influ-
enza A virus nucleoprotein as gene fusion to the 
virus CP coding sequence. CVPs were adminis-
tered subcutaneously to mice at different dos-
ages with and without the incomplete Freund's 
adjuvant (IFA) to evaluate their ability to induce 
the activation of MHC class I-restricted epitope-
specific immune responses. Detection and enu-
meration of antigen specific T cells ex vivo by 
IFN-γ ELIspot assay determined a clear and du-
rable induction of IFN-γ-producing CD8+ T cells. 
Moreover, at low doses, the activation was suc-
cessful without the need of an adjuvant, high-
lighting the intrinsic adjuvancy of CVPs [80]. A 
strong T-cell activation was also achieved using 
a TMV based system exposing two well charac-
terized T cell epitopes, known to provide protec-
tion against tumor challenge in mice: the p15e 
melanoma epitope and the Ova epitope. Both 
peptides were exposed on the surface of the 
VNPs by means of genetic modification and 
chemical conjugation. Cellular immune re-
sponse activation was demonstrated by IFN-γ 
secretion. Notably, in vivo T cell function was  
shown via protection in  respective tumor chal-
lenge survival mice models [81].  
 
Cancer treatment 
 
Therapeutic advantages regarding drug contain-
ment, characteristic of such molecular devices, 
are particularly obvious in cancer treatment. 
Conventional small chemotherapeutic agents, 
which are commonly nonspecifically adminis-
tered, affect pathological and normal cells with 
consequences concerning general toxicity and 
therapeutic potential of the drug. Several strate-

gies have been investigated using different 
nanoparticles that exploit passive targeting, 
derived from the enhanced permeability and 
retention effect of the vasculature surrounding 
tumors, and more interestingly also by active 
targeting due to specific interaction to cellular 
receptors. The combination of drug containment 
and active targeting using VNPs can offer a very 
promising approach to prolong drug systemic 
circulation lifetime, decrease dosage, enhance 
drug uptake, co-delivery of chemo-sensitizing 
agents with major beneficial outcomes such as 
decreased toxicity, reduced chemoresistance 
and enhanced therapeutic index. 
 
Several ligands including antibodies [82] , anti-
body derivatives [83], transferrin (Tf) [84], folic 
acid (FA) [85], oligopeptides [86] and  oligosac-
charides [7] can be displayed in a biologically 
functional form on VNPs surface in order to 
achieve tumor cells specific targeting. Interest-
ingly, some VNPs can naturally target cancer 
cells. For example, the canine parvovirus (CPV) 
binds the Tf receptor (TfR), and this specific 
binding is able to mediate the virus internaliza-
tion into the intracellular environment. The cir-
culatory iron carrier Tf is greatly demanded dur-
ing proliferation and the surface cellular recep-
tor TfR is significantly upregulated in cancer 
cells [87]. CPV derived VLPs, produced in insect 
cells, retain TfR binding properties. Chemical 
modification, consisting in derivatization of lysi-
nes exposed on the surface of the CPV based 
VNPs, was used to fluorescently label the parti-
cles to demonstrate the capability of in vitro 
binding and internalization. Fluorescence confo-
cal microscopy revealed that CPV VNPs were 
internalized by endocytosis following TfR inter-
action into HeLa, HT-29 and MDA-MB231 tumor 
cell lines, which are known to over-express TfR, 
while no internalization was detected in TfR low 
expressing cells [63]. 
 
FA, involved in cell division and DNA synthesis, 
plays a crucial role in cellular metabolism.  Its 
uptake is mediated by its specific interaction 
with a cell surface receptor, the folate receptor 
(FR). FR expression on cells is upregulated dur-
ing cellular activation and proliferation and  is 
thus particularly high on cells of several human 
tumors. In a notable work, Ren et al. [88] used 
this evidence to direct Hibiscus chlorotic ring 
spot virus (HCRSV) VNPs, loaded with the che-
motherapy agent doxorubicin, to the ovarian 
cancer derived cells OVCAR-3. Doxorubicin is an 
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anthracycline antibiotic used to treat different 
kinds of cancer, including ovarian cancer. Drug 
entrapment was performed in the presence of 
doxorubicin by in vitro assembly of purified CPs. 
Subsequently, drug loaded VNPs were chemi-
cally conjugated to FA using NHS ester chemis-
try (Figure 1c). Cellular uptake and cytotoxicity 
was tested on OVCAR-3 cells, which overexpress 
FR. VNPs displaying FA mediated a significantly 
higher uptake of doxorubicin, which resulted in 
higher cytotoxicity compared to doxorubicin 
loaded particles not exposing FA and to free 
doxorubicin. 
 
Recently, chemical, genetic and non-covalent 
modifications were employed to achieve tumor 
targeted, capsid mediated drug delivery. Hygro-
mycin was successfully conjugated on the sur-
face of functionalized filamentous M13 phage 
derived VNPs using the carboxyl side chain of 
amino acids present on the g8p major CP. In 
addition, the g3p minor cp gene was genetically 
modified by the insertion of the protein A de-
rived Z domain coding sequence, in order to 
provide IgG binding capability by molecular rec-
ognition. The chimeric phage, conjugated with 
hygromycin, was complexed with the chFRP5 
mAb in vitro for targeted delivery to ErbB2 over-
expressing human breast adenocarcinoma 
SKBR3 cells. By using a cell killing assay,  an 
impressive potency improvement by the use of 
these VNPs was shown, resulting in more than 
1000 folds over free hygromycin administration 
[8]. 
 
Imaging 
 
The same principle of multifunctionality, consist-
ing  of the specific delivery of desired com-
pounds, can be exploited for diagnostic pur-
poses such as in vivo and in vitro imaging. Non-
invasive imaging has a huge potential for the 
early detection and subsequent timely treat-
ment of diseases. It is also able to retrieve im-
portant information on anatomopathological 
structures, inflammation, angiogenic progres-
sion and diffusion. New nano-materials are rap-
idly evolving to identify and image molecular 
events in the body in real time and to recognize 
diseases at cellular level. Although much  atten-
tion has been focused on non-biological 
nanoparticles, VNPs are gaining interest in the 
delivery of contrast agents, due to their poten-
tial in overcoming problems related to stability, 
bioavailability, toxicity, engineering flexibility and 

production cost. In particular, VNPs have been 
used to generate: (i) new paramagnetic materi-
als, typically based on gadolinium ions (Gd3+) 
and iron oxides for MRI contrast detection [89, 
90], (ii) contrast devices based on heavy met-
als, such as gold and bismuth for computed 
tomography detection [91] and (iii) nano-
fluorescent probes that can be visualized by 
excitation with an appropriate light source cou-
pled to capture emitted photons by optical de-
tectors [36].  
 
Paramagnetic nanoparticles have been suc-
cessfully generated using CCMV and MS2 VNPs. 
Divalent metal ions such as Ca2+ play an impor-
tant role in the in vitro assembly of CCMV. 180 
metal binding sites are present on the VNPs at 
the interface between subunits, and their re-
moval at neutral pH promotes the phenomenon 
of viral particle gating. This property has been 
used to successfully incorporate Gd3+ and, the 
resulting VNPs of 28 nm in diameter, formed a 
monodispersed preparation with a binding ca-
pacity of 140 Gd3+ per VNP, making the com-
plex an excellent potential candidate for MRI 
detection. However, in vivo, local high concen-
tration of Ca2+ could compete with Gd3+  for 
VNPs binding, destabilizing the Gd3+ CCMV as-
sociation with repercussions on toxicity due to 
the release of free Gd3+ [89]. This problem 
could be potentially overcome using Magnevist, 
a strong chelate of gadolinium, most commonly 
used as an MRI contrast agent. Activated Mag-
nevist was conjugated on MS2 VNPs using sur-
face exposed lysines, resulting in the incorpora-
tion of 500 gadolinium chelates per VNP [90]. 
 
A remarkable example of intravital vascular im-
aging is the use of fluorophore-conjugated 
CPMV VNPs. Commercial fluorescent dyes have 
been successfully conjugated to the VNPs up to 
a density of 120 dyes per particle, providing a 
fluorescence intensity significantly higher than 
conventional vascular imaging (Figure 1d). The 
monodispersed preparation was injected in 
adult mice and, in living chick and mouse em-
bryos. VNPs were distributed in all organs exam-
ined and in particular enabled the visualization 
of vasculature, intravitally and in fixed tissues. 
Detection was possible in the smallest capillar-
ies, overcoming inadequate tissue penetration 
seen from common fluorescent agents and thus 
allowing resolution of vascular structures in sev-
eral organs such as kidney, heart and liver for at 
least 72h with no visible deleterious effects. As 
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demonstrated by injection and detection in 
chick embryos, the labeled CPMVs were inter-
nalized by vascular endothelial cells through 
active endocytosis and were not detected out-
side the endothelial layer. This property is par-
ticularly beneficial to map areas involved in ne-
ovascularization. In fact, upon injection with dye
-labeled CPMV, it was possible to visualize ves-
sels entering and exiting the tumor in a well-
established chick angiogenesis model [36]. 
 
Nucleic acid delivery 
 
The possibility of delivering gene expression 
constructs directly to patients to replace the 
activity of a nonfunctional or disfunctional pro-
tein, holds a great potential in the battle against 
genetic diseases and cancer. On the other 
hand, there is a necessity to down-regulate the 
production of specific proteins believed to be 
involved in the development of a pathologic 
state, in its progression and/or resistance to 
therapy. Antisense technology is a field currently 
being explored, with the purpose to design spe-
cific nucleic acids that inhibit their expression 
upon hybridization to the corresponding mRNA 
sequence.  
 
In the last thirty years, the development of viral 
based vectors for nucleic acid delivery has 
played a crucial role in the improvement of this 
approach. The fundamental challenge origi-
nates from the charged chemical nature of nu-
cleic acids which makes naked molecules very 
unstable in physiologic environments and ex-
tremely inefficient in crossing biological barriers 
(such as cell membranes). Non-targeted viral-
based systems have been employed, taking 
advantage of different natural circulatory and 
targeting properties specific of viruses. More 
recently, engineered VNPs have been developed 
to specifically deliver constructs to particular 
cell types. 
The ideal gene therapy vector system should be 
administered by a noninvasive route, target only 
the desired cells and express a therapeutic 
amount of transgene products for a defined 
period of time. In the history of gene delivery, 
adenoviral vectors represent one of the first and 
the most used platforms, due to specific fea-
tures such as low pathogenicity in humans, rela-
tive broad range of tissues able to transduce 
and the abilities to infect both dividing and 
nondividing cells [92-95].  
 

Viral natural tropism has been exploited using 
HBV derived L nanoparticles. When heterolo-
gously expressed in yeast, 110 L protein mono-
mers, embedded in the endoplasmic reticulum 
membrane, form organized and monodispersed 
vesicles of 80 nm in diameter. This singular 
feature has allowed the development of a novel 
loading strategy based on simple electropora-
tion of DNA plasmids. The N-terminal amino 
acid residues of the L protein is displayed on 
the surface of L particles and functions as a 
specific ligand for receptor binding on human 
hepatocytes. Studies using a GFP reporter gene 
construct in vivo and ex vivo confirmed the high 
transfection efficiency and specificity of the sys-
tem. Also, the human F9 gene, coding for the 
clotting factor IX (hFIX), was inserted in the con-
text of an expression cassette and incorporated 
into the VNPs. A mouse xenograft model of he-
patic tumor was employed to test the functional-
ity of the VNPs. Plasma hFIX levels were ob-
served initially on the seventh day after i.v. in-
jection and regularly detected for at least 1 
month after administration. Plasmatic concen-
tration of hFIX obtained in vivo were estimated 
be sufficient to convert severe hemophilia to 
moderate hemophilia in humans [64]. 
 
More commonly, the delivery of nucleic acids 
using VLPs employs the encapsidation of exoge-
nous gene constructs, as an alternative to VP- 
based strategies that generally make use of 
insertion in the vector genomic context. In this 
perspective, preferential entrapping and conse-
quently enriched encapsidation is beneficial to 
the efficiency of the whole process. Specthrie 
and coauthors [96] used the packaging signal 
of the filamentous phage M13 for this purpose. 
The exogenous DNA material was designed to 
contain selected elements of the M13 inter-
genic region, indispensable for binding the viral 
structural proteins and naturally used by the 
phage to pack its genome inside the virions. 
Specific encapsidation during VNPs assembly in 
the host cell system was successful, as re-
vealed by sequence analysis of the genetic ma-
terial extracted from the purified particles. 
 
Another example of preferential packaging of 
nucleic acids is offered by the MS2 VNPs. 
Proper self-assembly of MS2 bacteriophage CP 
in icosahedral particles has been long investi-
gated, as well as its sequence specific interac-
tion with the genomic RNA during capsid forma-
tion. A 19 nt long translational operator (TR) 
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RNA stem loop sequence contained in the MS2 
genome mediates its encapsidation during 
virion assembly by binding CP dimers. This spe-
cific interaction has been used to direct selec-
tive loading of exogenous material, in particular 
to exploit antisense technology against acute 
myelogenous leukemia. In fact, antisense oli-
gonucleotides (ODNs), designed on the p120 
nucleolar gene and fused to the TR RNA se-
quence, have been loaded inside MS2 VLPs, 
subsequently conjugated on the outer surface 
with Tf. The resulting particles carrying the DNA/
RNA hybrid oligonucleotides were used to treat 
a promyelocytic leukemia cell line. The short 
fragments of single-stranded DNA induced a 
specific down-regulation of gene expression by 
interaction with complementary cellular mRNAs, 
resulting in apoptosis and tumor killing. In addi-
tion, to examine whether encapsidation within 
the MS2 shell was able to improve cell delivery, 
the uptake of radiolabeled ODNs was monitored 
and compared with the administration of free 
radio oligonucleotides. At all concentrations the 
MS2 particles containing the TR-ODN and ex-
posing Tf resulted in greater internalization of 
the label [84].  
 
Another successful application of MS2 VLPs has 
been the development of the antisense RNA 
delivery system. Packaging of therapeutic nu-
cleic acid was obtained by simple coexpression 
of two plasmids in E.coli: one encoding the CP 
and the other for an antisense RNA, containing 
the modified TR stem-loop sequence of the MS2 
genome. After isolation, the particles were 
chemically conjugated to the human immunode-
ficiency virus-1 (HIV-1) Tat protein transduction 
domain (PTD) and tested for their ability to enter 
the plasma membrane when applied extracellu-
larly. Cells of the human hepatoma cell line Huh
-7, containing the hepatitis C virus (HCV) 
luciferase reporter system, were used to ana-
lyze the cellular uptake of the MS2 VLPs and 
the correlated therapeutic effects. The an-
tisense RNAs, designed on the 5'-untranslated 
region (UTR) and on the internal ribosome entry 
site (IRES) of the HCV genome, were delivered 
into the cell by the MS2 based VNPs. Interest-
ingly, reporter luciferase activity showed a clear 
dose dependent inhibition of HCV expression 
[97].  
 
In addition to gene function replacement and 
antisense therapy, nucleic acid delivery can also 
be used for chemotherapeutic aims. The nucleo-

tide analogue 5-fluorouridine (5fU) has been 
often chosen for this purpose due to its well-
known features. The incorporation of 5-fluoro-2’-
deoxy-uridine (5fdU) as 5’ and 3’ extension of 
the 19 nt long TR RNA stem loop sequence 
combined the possibility to mediate its specific 
loading into empty MS2 particles with the ex-
ploitation of this nucleotide analogue toxic na-
ture. Furthermore, VNPs were decorated by co-
valent attachment of monoclonal antibodies 
directed against a cell surface antigen, which is 
associated with human breast tumors (Figure 
1e). The cytotoxicity of such 'smart bombs' was 
tested on ZR-75-1 breast carcinoma cells, which 
express the DF3 surface antigen at high levels, 
and on Caov-3 cells as a negative control. At  
lower concentrations, results showed a  higher 
toxicity of the targeted VNPs compared to naked 
5fdU containing oligonucleotides. Very little dif-
ference was detected when VNPs packaged 
with the oligonucleotide, but not exposing the 
mAb, were tested on Caov-3 cells. Both observa-
tions support the idea that the engineered parti-
cles enhanced the toxicity of the oligonucleotide 
by protecting it from degradation and by in-
creasing the level of specificity and uptake [82]. 
 
Conclusions 
 
The immense potential of VNP technology is just 
beginning to be fully understood and developed. 
A vast plethora of VNPs different in size, shape 
and structural properties are available and the 
number of academic and industrial research 
groups committed to a truly multidisciplinary 
approach for the improvement of this technol-
ogy is steadily growing. In addition, the enor-
mous flexibility of VNPs concerning structural/
functional molecular engineering, their ease of 
production/purification and the numerous pos-
sibilities of application in different fields make 
them one of the most promising tools of syn-
thetic biology for biomedical applications. A 
much wider exploitation of their potential of 
combining the ability to functionalize the exte-
rior surface with the capacity to encapsulate a 
bioactive molecule or a contrast agent will be 
crucial to develop successful and affordable 
new methods for prevention, treatment and 
diagnosis of diseases. Future directions will also 
need to focus on a deeper understanding of the 
in vivo behavior of VNPs. Assessment of biodis-
tribution, plasma stability, pharmacodynamics 
and toxicity will be necessary in order to achieve 
safe, effective and marketable products. 
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