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Importance of the field: Among many nanostructural shapes, filamentous
shapes can have unique advantages over the others, including longer persis-
tence in the bloodstream. With the advent of nanotechnology in recent years,
a variety of shape-controlled nanostructures has been fabricated. As a wide
variety of building blocks can self-assemble into filamentous nanostructures,
there are many options available for biomaterial developments with filamen-
tous nanostructures. Similarly to conventional spherical micelles, most fila-
mentous nanostructures have hydrophobic cores where hydrophobic guest
molecules can be encapsulated, which enable them to be used in drug delivery
applications. Moreover, on suitable molecular design and self-assembly pro-
cess control, filamentous nanostructures can also be made to deliver nucleic
acids or even both drugs and nucleic acids simultaneously.

Areas covered in this review: This review describes the self-assembly process,
current developments, and prospects of filamentous nanostructures in drug
and gene delivery applications.

What the reader will gain: This review should be helpful in gaining insight
into the self-assembly process and nanostructural shape control, the advan-
tages of constructing filamentous nanostructures, and the design of more
advanced nanobiomaterials.

Take home message: At present, the development of multifunctional nano-
structures is one of the main focuses in nanobiomaterial developments. In this
regard, filamentous nanostructures can be good initial targets for tailor-made
nanostructure developments because they have more structural variables, as
compared with spherical micelles.
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nanotechnology, self-assembly
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1. Introduction

Nanometer-sized structures/materials have recently gained intensive research interest
owing to their unique and valuable properties, as compared with conventional bulk
materials. Nanomaterials can be used in various applications, including biomaterial
development. Numerous advantages accompany biomaterials on the nano scale,
which typically ranges from tens to hundreds of nanometers. For example, with
respect to 7 vivo delivery, some nanometer-sized materials show enhanced perme-
ability and retention (EPR) effect, which may be useful for the selective delivery of
nanomaterials to a tumor site [1,2]. Coating nanomaterials with multiple bioactive
ligands can be used to take advantage of the multivalent effect, whereby the binding
affinity and specificity of biomolecular interactions can be increased dramati-
cally (3-51. Nanomaterials are in fact similar in size to subcellular organelles
(endosomes, lysosomes, mitochondria), biomacromolecules (proteins, ribosomes,
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Article highlights.

» Nanostructures, depending on their physical parameters
such as shape and size, can display remarkably different
biological activities and cytotoxicity profiles.
Self-assembly is a force balance process in which the most
important driving force underlying self-assembly is
non-covalent interactions or weak covalent bonds.
Potential advantages of filamentous structures in
biotechnology including their applications in drug and
gene delivery.

Filamentous nanostructures have been shown to be more
persistent than spherical ones under in vivo flow
conditions.

With recent advances in nanostructural control, trial and
error with many different types of nanostructure will
provide unprecedented opportunity to develop an ideal
drug/gene delivery vehicle.

This box summarises key points contained in the article.

DNAs) and microorganisms (viruses). Although these biolog-
ical nanostructures can be referred to as ‘natural bionano-
structures’, elaborately designed ‘synthetic bionanostructures’
can substitute the function of the natural bionanostructures,
and can even have enhanced properties or have functions that
are unprecedented in nature. One of the most fascinating
aspects of the synthetic bionanostructure development is that
their numerous advantageous properties can be combined
and incorporated into a single nanomaterial to create a
multifunctional bionanomaterial.

Nanomaterials can be prepared in two different ways,
namely, a top-down approach or a bottom-up approach. In
the top-down approach, the final nanostructure is carved from
a larger block of matter into the desired shape and order,
consequently without atomic-level control. By contrast, in the
bottom-up approach, the desired nanostructures can be built
from molecular building blocks that self-assemble or self-
organize by means of principles of molecular recognition.
Indeed, by manipulating the structure of the molecular build-
ing blocks, atomic and/or molecular-level control of self-
assembled nanostructures is possible. As such, the formation
of most natural bionanostructures is driven by a bottom-up
self-assembly process, examples of which are found in protein
folding, self-assembly of phospholipids into cellular mem-
branes, and the formation of DNA double helices and viral
coat proteins.

Many types of synthetic molecule are now being used as
building blocks for self-assembly. Block copolymers are one of
the most representative examples [6-10]. Self-assembled nanos-
tructures of block copolymers have been used in a variety of
applications, including biomaterials developments, nanolitho-
graphy and photonics. Other examples of building blocks
include peptides [4,11-17), DNA [18-22], rod-coils [23-26], folda-
mers [27-29], dendrimers [30,31], and other types of amphiphilic
molecule. Furthermore, hybrid nanostructures composed of
the organic soft materials described above and inorganic hard

materials have been developed and show new and/or superior
properties, as compared with their pure counterparts [32,33].

Nanostructures, depending on their physical parameters
such as shape and size, can display remarkably different
biological activities. For example, it has been shown that
gold nanoparticles of different sizes can elicit size-dependent
cellular responses [34]. Likewise, functionalized nanoparticles
of different shapes (spherical or cylindrical) have been shown
to have distinct cell internalization efficiencies [35,36]. Carbon
nanotubes (CNTs) have size-dependent cellular uptake effi-
ciency, in which shorter CNTs are more readily internalized
through an energy-independent pathway (37]. It has also been
reported that ligand-coated nanostructures have size and
shape-dependent binding modes when they interact with their
binding partner in a multivalent manner. Such behavior has
been demonstrated clearly in carbohydrate—bacterial cell and
carbohydrate—virus multivalent interaction systems [38-41].

Apart from their biological activity, nanostructures can
display size and shape-dependent cytotoxicity profiles. Recent
toxicological studies have shown that the degree of accumu-
lation of rigid multi-walled carbon nanotubes (MWCNT)
longer than 20 pm is significantly higher, compared with low-
aspect ratio (ratio of length to width) CNTs and tangled
nanotube aggregates [42.43]. It has also been suggested that,
whereas macrophages can engulf MWCNTs with a low aspect
ratio before their clearance by draining lymph vessels,
MWCNTs with a high aspect ratio cannot be cleared and
accumulate in tissues, where they may promote carcinogenesis.
Although gold nanoparticles are known to be fairly non-toxic,
it has been reported that gold nanoparticles of very small size
show relatively high toxicity [44-47. In addition, cellular
responses to gold nanoparticles appear to be size-dependent.

Together, the evidence described above suggests that the
control of physical properties of nanostructures is highly
important for their successful utilization in biological systems.
In other words, nanostructures designed to have specific
shapes and sizes are likely to have advantageous properties,
as compared with those that are not, in specific bio-
applications. In this review, the benefits of using filamentous
nanostructures, such as cylindrical micelles, nanotubes, nano-
ribbons, nanohelices and nanobelts, in drug and gene delivery
applications are introduced. First the basics of self-assembly
and nanostructure control are described, then the current
status of the field and future prospects of filamentous
bionanostructures (Figure 1).

2. Control of physical properties in
self-assembled nanostructures

2.1 Driving forces for self-assembly: non-covalent
interactions

Self-assembly is an autonomous formation of well-defined
structures or patterns from building blocks without human
intervention. Self-assembly is a force balance process between
three classes of force: a driving force that brings self-assembly
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Figure 1. Various types of filamentous nanostructure.
Reproduced with permission from [86].

units together, an opposing force that balances with the
driving force, and a functional force that determines the
directionality and functionality of self-assembled aggre-
gates [48]. The most important driving force underlying
self-assembly is non-covalent interactions or weak covalent
bonds, such as van der Waals interactions, the hydrophobic
effect, electrostatic interactions, hydrogen bonding and co-
ordination bonding. Non-covalent interactions are weaker
and longer than covalent bonds but collectively have a
very significant influence on the detailed structures of self-
assembled nanostructures. Thus, a full understanding of non-
covalent interactions can provide us with the ability to control
the physical properties of self-assembled nanostructures such
as size and shape.

2.1.1 van der Waals interaction

Van der Waals interactions are the attractive or repulsive forces
between molecules other than those due to covalent bonds or
to the electrostatic interaction of ions. The van der Waals
interaction is a dispersion force, of which there are three
different types, namely, dipole—dipole, dipole-induced
dipole, and induced dipole—induced dipole interactions
(London dispersion force). Depending on conditions, van
der Waals interactions can be either attractive or repulsive.

Therefore, it is important to understand the nature of
van der Waals interactions both at the molecular level and
in relation to objects ranging from supramolecular to
macroscopic in size.

2.1.2 Hydrophobic effect

Most of the synthetic building blocks for self-assembly are
amphiphiles. For the aggregation of amphiphiles in aqueous
solution, hydrophobic interactions are the most important
determinants. Many biomolecules such as proteins and lipids
are also amphiphilic because they contain both polar and
nonpolar regions. The self-assembly of amphiphiles is directed
by microphase separation of two dissimilar blocks. When the
selective solvent (which is to say a good solvent for one region
and a poor solvent for the other region) is water, the nonpolar
regions of the amphiphile cluster together to expose the
smallest possible hydrophobic area to the aqueous solvent,
whereas the polar regions arrange to maximize their inter-
action with the solvent. The forces that hold the nonpolar
regions of the molecules together are called hydrophobic
interactions. Hydrophobic interactions are not due to any
intrinsic attraction between nonpolar regions, but rather are
the result of the system’s tendency to achieve the greatest
thermodynamic stability by minimizing the number of
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ordered water molecules required to surround hydrophobic
portions of the amphiphilic molecules.

2.1.3 Electrostatic interaction

Forces that originate from electrostatic interactions are
another example of common forces that have a strong effect
on many self-assembly processes. The electrostatic interaction,
which can be either an attractive or a repulsive force, occurs
between two charged atoms, ions, or molecules, leading to
Coulomb interaction. The Coulomb interaction is a strong
(500 — 1000 kJ/mol) and long-range force (up to ~ 50 nm).
Perhaps one of the most popular examples of synthetic
nanoparticles in which electrostatic interactions play a signif-
icant role is that of the cationic molecule-DNA complex
system [49-52]. Specifically, when cationic molecules such as
cationic polymers or lipids are mixed with negatively charged
DNA (or RNA), they form multiple intermolecular electro-
static interactions, resulting in the formation of condensed
nanoparticles. When addressing the interactions between
charged particles in a liquid medium, it is necessary to
consider the total force acting on colloidal objects rather
than the simple Coulomb force. In such cases, the famous
DLVO (Derjaguin-Landau-Verwey-Overbeek) theory can be
used to understand the stability and phase behavior of
colloidal dispersions.

In addition to the non-covalent forces described above,
other types of non-covalent interaction, such as hydrogen
bonding, -7 staking interactions, steric and depletion forces,
and solvation and hydration forces can work in concert to
control the self-assembly process. Readers interested in more
in-depth treatments of these issues are referred to several recent
reviews and books [4,26,48,53-59].

2.2 Self-assembly into filamentous nanostructures

Filamentous nanostructures include cylindrical micelles (60,611,
nanotubes [62-64], nanoribbons [57,65-68] and nanobelts [69,70].
These nanostructures can be classified into more broad term
‘nanofibers’ or ‘filamentous nanostructures’. To fabricate
filamentous nanostructures, it is necessary to control finely
the molecular structure of a constituent building block. This
section describes the characteristics of the building blocks
mostly widely used for filamentous nanostructure formation.

2.2.1 Filamentous nanostructures from amphiphilic
building blocks

Perhaps one of the best-known examples of amphiphilic
building blocks in a biological system is that of phospholipid
molecules. Phospholipids are self-assembled largely by hydro-
phobic interactions to form the cellular membranes. In the
context of synthetic molecules, amphiphilic building blocks
include block copolymers [6-10], rod-coil molecules [23-26],
Gemini surfactants [71] and peptide amphiphiles [60.72,73].
Such amphiphilic molecules contain a region that is polar
(and/or charged) and a region that is nonpolar. When
amphiphilic building blocks are mixed with water, the polar,

hydrophilic regions interact favorably and tend to dissolve in
the solvent, whereas the nonpolar, hydrophobic region tends
to avoid contact with water. Therefore, the nonpolar regions
of the molecules cluster together to minimize exposure of the
hydrophobic area to the aqueous solvent, whereas the polar
regions arrange to maximize their interaction with the solvent.

In general, one of the most critical factors in determining
the morphology or shape of self-assembled nanostructures is
the relative volume fraction between the hydrophobic and the
hydrophilic segments (packing parameter). A quantitative
description of the packing parameter was proposed by Israe-
lachvili by using surfactant molecules as models [74. The
packing parameter can be defined as P = v/agl., where v is
the volume of the hydrocarbon chain of the surfactant mono-
mer in the micelle, 4, is the area occupied by the head group
on the micelle surface and / is the apparent length of the
hydrocarbon chain of the surfactant monomer in the micelle
(Figure 2). The packing parameter rule is derived from the
picture of the force balance between the attractive driving
force between the hydrophobic segments and the repulsive
opposition force between the head groups. This concept has
had a tremendous impact on the quantitative understanding of
the formation and change of surfactant and amphiphilic
polymer micelles. According to the packing parameter con-
cept, the typical evolution of morphology by the surfactant
self-assembly is as follows: spherical micelle — cylindrical
micelle — vesicle — planar bilayer.

2.2.2 Filamentous nanostructures from B-sheet
peptides

B-Sheet peptides are of such building block with a high
propensity to form fibrous nanostructures. In designing
B-sheet peptides, a great deal of inspiration can derive from
the structures of natural proteins and B-amyloid fibers (75,76].
Polypeptide chains are nearly fully extended in B-sheet struc-
ture in which regular hydrogen bonds form between the
peptide backbone amide protons and carbonyl oxygen groups
of adjacent chains. The adjacent B-strands can lie either a
parallel or antiparallel fashion. In both types of B-sheet, the
B-strands have conformations pointing alternating amino acid
side chains to opposite sides of the sheet. Contributions from
electrostatic and hydrophobic forces between amino acid side
chains on the same face of the sheet can also stabilize
the sheets.

When sheets are composed of two layers of B-strands, it is
called as B-sandwich motif in natural proteins [77]. The layers
in the sandwich can be aligned either with respect to each
other or orthogonally. Conformations of B-strands in artificial
[B-sheet nanoribbons are similar to those in the B-sandwich.
The P-sheet nanoribbons are organized such that each
B-strand runs perpendicular to the one-dimensional nano-
ribbon axis, called a cross-f3 structure. The design principle for
nanoribbons is alternating placement of charged (or polar) and
hydrophobic amino acids in B-sheet peptides. This type of

arrangement promotes proper [-sheet hydrogen bonding
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Figure 2. The relationship between the packing parameter and the self-assembled morphology. p <1/3, spherical micelles;
1/3 <p < 1/2, cylindrical micelles; 1/2 <p <1, vesicles; p = 1, planar bilayers; p > 1, reverse micelles.

arrangement between hydrogen donors and acceptors. When
one face of the one-dimensional B-sheet consists predomi-
nantly of hydrophobic side chains, the tendency to remove
hydrophobic side chains from contact with water drives two
one-dimensional sheets to associate into a nanoribbon bilayer
structure (Figure 3).

In addition to the cylindrical micelles and nanoribbons,
other types of filamentous nanostructure such as nanotubes,
nanobelts, collagen-type fibers and nanofibers of o-helix
bundles can be fabricated with appropriately designed
building blocks. An in-depth description of these structures
is the beyond the scope of this review, and interested
readers are advised to consult related articles on these
subjects [62-64,69,70,78-80].

3. Filamentous (rodlike or fibrous)
nanostructures for drug and gene delivery

Careful molecular manipulation of supramolecular building
blocks can render the shape of nanostructures controllable.
Given the abillity to control the nanostructural morphology, it
is necessary to consider the potential advantages of filamentous
structures in biological applications. Indeed, considering
several viruses such as tobacco mosaic virus (TMV), Ebola
and influenza A (H5N1), being filamentous in shape probably
has some intrinsic merit.

Geng and co-workers recently reported that cylindrical
micelles of amphiphilic diblock copolymers, which they
termed filomicelles, persist ~ 10 times longer than
their spherical counterparts of similar chemistry in the
bloodstream [81,82). To investigate the iz wvivo circulation

behavior of such filaments for comparison with spheres of
a very similar surface chemistry, they prepared block copoly-
mers possessing the hydrophilic chain of polyethyleneglycol
(PEG) and the hydrophobic chain of polyethylethylene or
biodegradable polycaprolactone. As blood in circulation is in a
state of rapid flow and is constantly sheared, vehicles in vivo
interact with phagocytic cells under fluid dynamics rather than
static conditions. Such 7 vivo effects were directly assessed
in vitro by steady flow of nanostructures past phagocytes.
When small spherical micelles and vesicles contact cells, they
adhere and appear to be taken up; however, hydrodynamic
shear forces tend to flow-align cylindrical filomicelles and pull
them off phagocytes as they come into contact (Figure 3).
Thus, although a nanofragment of a filomicelle might break
off and be taken up by a cell, the strong hydrodynamic force of
these long and flexible structures appears easily to overwhelm
the cells responsible for filtration and clearance in the body,
thereby accounting for the long circulation time of filomi-
celles. In vivo studies have shown that intravenous injection of
filomicelles loaded with paclitaxel nearly doubles the maxi-
mum tolerated dose of paclitaxel in normal mice compared
with paclitaxel-loaded spherical micelles. In tumor-bearing
mice, the higher dose of paclitaxel produces greater and more
sustained tumor shrinkage and tumor cell apoptosis. Real-
time biodistribution studies have revealed that filomicelles are
shown to persist in the blood circulation for at least 24 h and
to delay the rapid clearance by the mononuclear phagocytic
system (MPS) of the liver and spleen that is typical
of nanoparticles.

The packing parameter theory has been applied in

constructing controlled peptide nanostructures [72]. As peptides
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Figure 3. Interaction between filomicelles and phagocytes in flow condition. A. Filomicelles self-assembled from amphiphilic
diblock copolymers. Yellow/green in cross-section indicates the hydrophobic segment and orange/blue is the hydrophilic segment. B. In a
flow chamber with immobilized phagocytes, long filomicelles (right) flow past the cells, and occasionally leave a fragment, but smaller

micelles and vesicles are captured (left) by one bite.
Reproduced with permission from [81].

have numerous biological functions, shape-controlled peptide
nanostructures, if combined with multiple coatings of bio-
active peptides, may provides ample opportunities to explore
the myriads of biological events mediated by peptides. To
study systematically the effect of the relative volume fraction
of hydrophobic blocks in cell-penetrating peptide (CPP) Tat-
based amphiphilic peptides, the number and length of fatty
acid chains attached to the N terminus of Tat-CPP were
dendritically increased from one to eight. Using this strategy,
construction of spherical micelles, short and long cylindrical
micelles, all decorated multivalently with Tat-CPP, has been
successfully demonstrated. Further investigation of the nano-
structural properties of the above-mentioned micelles revealed
that it is possible not only to control the shape of the peptide-
coated nanostructures, but also to control stability by this a
molecular manipulation approach. It is notable that the shape
of such nanostructures does not follow the packing parameter
theory exactly. Therefore, it is likely that the self-assembly

behavior of amphiphilic building blocks containing a highly
charged hydrophilic segment such as Tat-CPP does not follow
the packing parameter theory or the classical volume fraction
theory exactly [17]. Indeed, an intracellular delivery experiment
following encapsulation of hydrophobic guest molecules
showed that cell delivery was highly efficient and cytotoxicity
was minimal when nanostructural properties such as shape
and stability were appropriately controlled. In the experiment
described above, the cargo molecules were delivered to both
the nucleus as well as the cytoplasmic compartment. Consid-
ering that Tat-CPP has nucleus localization activity [83-85], this
result implies the potential to fabricate tailor-made bioactive
nanostructures in which their biological activity is dependent
on the properties of decorated bioactive peptides.

Recently, Lim et al. reported the construction of
CPP-decorated nanoribbons for drug delivery (s6]. The supra-
molecular building block, TP, is a diblock copolypeptide
consisting of a CPP Tat [85] (a hydrophilic segment) and a
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Figure 4. Filamentous artificial virus. A. The filamentous artificial virus encapsulated both with siRNAs and hydrophobic guest
molecules. B. Transmission electron microscopy image of the filamentous artificial viruses. Scale bar: 100 nm. C. Intracellular distribution of

filamentous artificial viruses. Scale bar: 50 pm.
Reproduced with permission from [89].

B-sheet-forming peptide (a self-assembling segment). It was
found that the diblock copolypeptide formed a filamentous
nanoribbon structure in which B-sheet interaction was the
main driving force for the self-assembly. The nanoribbons,
similar to conventional amphiphilic diblock copolymer
micelles, were able to encapsulate hydrophobic guest
molecules such as pyrene or Nile red within the hydrophobic

space between two [-sheets, thereby demonstrating the
feasibility of their use in hydrophobic drug delivery appli-
cations. It was also found that the cell penetration and
intracellular delivery efficiency of the nanoribbon was much
higher than that of unimolecular Tat-CPP, indicating that the
multivalent coating of CPPs is advantageous in increasing
cellular uptake efficiency.
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To explore the possibility of developing a filamentous
delivery carrier specific for certain cell types, a P-sheet
peptide-based building block was synthesized to contain a
cyclic RGD motif as a hydrophilic segment ((RGD-FKE) [s7].
The RGD peptide can specifically bind to o,B; integrin
receptor, expressed only on proliferating endothelial cells
such as those present in growing tumors [88]. An intracellular
delivery experiment revealed that cRGD-FKE filamentous
nanoribbon can specifically deliver encapsulated hydrophobic
guest molecules to cancer cells. This result suggests that a
[B-sheet peptide filamentous nanoribbon can be functionalized
to become a selective intracellular nanocarrier.

Recently, Lim ez al. reported the development of a fila-
mentous artificial virus (Figure 4) [89]. The building block
(Glu-KW) structure was characterized by a B-sheet-forming
self-assembly segment, two flexible linker segments, an RNA-
binding segment and a carbohydrate glucose segment. The
artificial virus was developed as a highly stable circulating gene
delivery carrier in vivo in order to overcome the problems
associated with current gene delivery carriers, which tend to
form uncontrollable nanoaggregates [49,50,90-94]. The filamen-
tous artificial virus was highly efficient in simultaneously
delivering both siRNA and hydrophobic guest molecules.
This capability was attributed to its controlled shape, minimal
interaction with serum proteins owing to its charge-neutral
surface and enhancement in cell interactions by multivalent
decoration of carbohydrate ligands. Considering the
current ability to control the morphology of self-assembled
nanostructures, this type of approach provides a general
means to construct various repertoires of shape-controlled
artificial viruses.

4. Conclusions

Filamentous nanostructures have been shown to be more
persistent than spherical ones under actual flow conditions.
This is a remarkable advantage because most biomedical
nanostructures are intended for use 77 vivo. As with the EPR
effect, spherical nanostructures of certain sizes have specific
preferences for tumor tissue accumulation, as compared with
normal tissues. In addition, filamentous nanostructures have
more variables than spherical nanostructures. Specifically, the
only variable of a spherical nanostructure is its spherical radius.
Conversely for filamentous nanostructures, length is the second
variable in addition to fiber thickness. As such, transitioning
from simple spherical nanostructures to more complex fila-
mentous nanostructures will be complicated, especially under
in vivo conditions. Therefore, it will not be surprising if
more interesting properties of filamentous nanostructures are
discovered beyond their high persistence in flow conditions.

5. Expert opinion

As the field of self-assembling nanostructures is becoming
more advanced, more complex, elaborate and functional

nanostructures are being developed. In terms of nanostruc-
tural shapes, there is now a diverse array of different shapes
such as spheres, filaments, vesicle, sheets (layers), tubes, rings
(toroids), onions, supramolecular helices and various inter-
mediary structures. Depending on the molecular architecture
of the building blocks and preparation protocols, even more
complex and unique nanostructures such as undulated multi-
compartment cylinders [9596] and porous capsules [97] can
also be prepared. One of the most exciting self-assembled
nanostructures is that of highly controlled DNA nanostruc-
tures [98,99]. In addition, hybrid nanostructures of organic and
inorganic molecules also show promising potential [100]. Given
the variety of choices available for developing self-assembling
nanostructures, it is important to identify the best-fic self-
assembled nanostructures for specific bioapplications. Nano-
sized self-assembled materials are significantly different from
ordinary molecules. Indeed, when considering biological use
of self-assembled nanomaterials, numerous parameters such as
surface functionality, stability, size, shape, stiffness, building
block biocompatibility and stimuli responsiveness should be
controlled in order to meet the specific requirements of their
respective applications.

Ever since the 1966 Hollywood movie ‘Fantastic Voyage’ in
which shrunken doctors in a micro- or nano-sized submarine
travelled through the bloodstream of a dying patient, scientists
and doctors have dreamed of a real-life Fantastic Voyage. In
this vein of thought, the ideal medicine would be a nano-sized
medical vehicle small enough to travel through blood vessels
with the capacity to fix faulty cells in the body. Viruses have
come close to achieving such functionality through evolution.
However, most artificial viruses developed so far for drug/gene
delivery are far from ideal, producing many problems when
injected into the bloodstream. Therefore, in order to develop
effective and safe drug/gene vehicles, a quantum leap in the
field of self-assembling nanostructures will be necessary.

Traditionally, spherical nanostructures have been the main
focus of research for developing intracellular delivery agents.
With recent advances in nanostructural control, trial and error
with many different types of nanostructure will provide
unprecedented opportunity to develop an ideal drug/gene
delivery vehicle. At present, we have only limited information
with respect to the influence of nanostructural properties on
the cell and the body. Filamentous nanostructures, which
constitute a large proportion of current nanomaterials, are also
a good initial target for developing better versions of delivery
agents. As we gain more control over the self-assembly process
and acquire new knowledge with respect to nanostructural
property/bioactivity relationships, we approach a ‘dream
delivery nanomachine’.
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