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Abstract Biomolecules are vitally important elements in
nanoscale science and also in future nanotechnology.
Their shape and their chemical and physical functionality
can give them a big advantage over inorganic and organic
substances. While this becomes most obvious in proteins
and peptides, with their complicated, but easily controlled
chemistry, other biomolecular substances such as DNA,
lipids and carbohydrates can also be important. In this
review, the emphasis is on one-dimensional molecules
and on molecules that self-assemble into linear structures,
and on their potential applications. An important aspect is
that biomolecules can act as templates, i.e. their shape and
chemical properties can be employed to arrange inorganic
substances — such as metals or metal compounds — on the
nanometre scale. In particular, rod- and tube-like nanos-
tructures can show physical properties that are different
from those of the bulk material, and thus these structures
are likely to be a basis for new technology.

Introduction

When one, two and three dimensions in a sample of a
material are restricted to the nanometre scale, the result-
ing object is a nanolayer or nanoslab (two-dimensional,
2D), a nanorod or nanotube (1D), and a nanodot (0D),
respectively; and it can play a role as a building block in
nanoscale science and nanotechnology. While nanoscale
objects such as pigment particles have been produced for
many decades, and in some cases have been known for
centuries (José-Yacamdn et al. 1996), a relatively new
aspect is the controlled fabrication and integration into
devices — both with nanometre precision — as proposed by
Feynman in 1959 (Feynman 1960). An example for such
a device would be an artificial nanoscale motor, in anal-
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ogy to biological motor proteins such as kinesin, myosin
and ATPase. Building such nanodevices, i.e. nanoscale
structures whose function is based on nanoscale effects, as
nature does it, namely from atoms and small molecules, is
now becoming possible for relatively simple systems, e.g.
mechanical DNA “tweezers” (Yurke et al. 2000) or car-
bon nanotube transistors (Keren et al. 2003). It is still
impossible to create any desired nanostructure (or ar-
rangement of atoms or “molecule”), even if it is stable,
since the tools are not yet developed or are too slow. If
this goal is reached, the enormous diversity of the struc-
tures will allow the building of a nanodevice with various,
even multiple, functions and physical properties, which
can be integrated into a micro- or macro-scale device.

Over the past decades, new instrumental develop-
ments, such as the scanning probe methods, have allowed
for synthesis and/or analysis on ever decreasing length
scales. Surface science and its analysis methods have
played a key role: with the help of atom-by-atom as-
sembly, nano-objects can be created, usually on well-
defined, atomically smooth surfaces. It is obvious that
functional devices are more complex and thus call for a
more elegant strategy, i.e. for “parallel fabrication” such
as in organic synthesis and biochemistry. In this way,
chemistry is entering the field of nanoscale science, which
was originally physics-oriented; a good example is the use
of metal nanoclusters, in most cases synthesized by wet
chemistry. The devices created in this way should not
only be demonstrated merely to work; a future “nan-
otechnology” in the strict sense requires that they are
available in large quantities. This criterion is currently
fulfilled for the (mechanical) tip of the atomic force mi-
croscope (AFM) and the (magnetic) layers in reading
heads, for example.

Today, the driving force to create new and more
complex nanostructures is on the one hand technology,
e.g. a scaling-down of computing, memory storage and
sensor devices; on the other hand, nano-objects exhibit
physical properties that are different from those of the
bulk material, such as quantization of electrical conduc-
tance, (dis)appearance of ferromagnetic coupling, or
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changes in light absorption and emission. In this respect,
inorganic structures (e.g. metals, metal compounds and
ionic crystals) and organic/inorganic composites are often
more attractive than organic molecules. Although bio-
chemical synthesis provides a huge toolbox for molecular
assembly, more complex structures such as the compos-
ites require new strategies. At this point, biomolecules
enter the stage: even very simple life forms are built on a
whole range of complex functional nanostructures, of
which 1D structures such as microtubuli and actin fibres
are of special importance. Hence a future nanotechnology
could be built very elegantly on a combination of biology
with chemistry and nanoscale physics (Drexler 1981;
Martin and Kohli 2002; Niemeyer 2001; Rietman 2001),
maybe with the aim of constructing nanodevices from
small molecules.

Here 1D (linear) biomolecules (and also some exam-
ples of OD and 2D) are reviewed as building blocks and as
templates for (in)organic nanostructures. The importance
of this subtopic of nanoscale science and nanotechnology
is that these structures can help to tackle some of today’s
most pressing issues such as placing a nano-object with
nanometre precision, and the transition from assembly on
surfaces to assembly in three dimensions. Both are re-
quired to build the above-mentioned devices, the funda-
mental test for a “true nanotechnology” (as opposed to
mere fabrication of sub-um structures). A good example
for the use of biomolecules is a nanomechanical device
for which a biological motor protein was assembled on a
surface, and its moving part combined with an artificial
structure (Soong et al. 2000). Similar inorganic devices
cannot yet be made this small, but electron or ion beams
will soon access feature sizes that correspond to a single
protein. This should trigger an exciting competition be-
tween sequential “top-down” structuring and parallel
“bottom-up” self-assembly: the conventional scaling
down of devices as known from microelectronics can only
work sequentially, i.e. slowly, on the sub-10 nm scale,
while molecular recognition and self-assembly build
complex molecules and nanostructures very quickly from
smaller units, which assemble in a well-defined way.

It is hoped that nanoscale science (inspired by physics
and chemistry) will not only be combined with biology
(nature), but will also result in a conceptually new
“nanobiotechnology” (not covered in this review). In

addition to the new physical properties, biological func-
tions and chemical reactions can be also exploited on the
nanoscale. For example, an enzymatic reaction or
biomolecular recognition can change the physical prop-
erties of a single biomolecule (such as size and lumi-
nescence), which are measured and yield a signal. On the
road to this new technology, the use of different ap-
proaches and languages in the various scientific disci-
plines can be an obstacle. A typical example is the lack of
overlap between chemical (molecular) concepts and solid-
state physics, such as chemical valency of the atoms vs.
physical conductivity of the molecule, or molecular self-
assembly vs. biological recognition. In this review, the
problem is addressed from a chemical viewpoint, which is
anticipated to open up several new perspectives.

Outline

A sample of artificial nanostructures exhibits in most
cases a size distribution, i.e. not all objects in a sample are
of the same size, while biomolecules (in a purified sam-
ple) have identical size, (complex) shape, and chemical
groups (see Fig. 1), which will be the focus of Section 1.
This is especially important for 1D objects, where inho-
mogeneities in diameter are typical of inorganic struc-
tures. The potential for nanotechnology lies in the large
variety of their functionality and in the availability of the
biomolecules: complex artificial molecules have to be
synthesized stepwise, which is often more difficult than
the isolation and purification of biomolecules. From a
chemist’s perspective, the chemistry of proteins appears
very attractive: proteins are the prime example of highly
complex and extremely variable nanostructures, although
they are built on a simple construction principle. In ad-
dition, the construction is programmable in DNA, which
makes protein synthesis by expression in bacteria or
yeasts far simpler than organic synthesis. However, one
has to admit that it is still impossible — for chemistry and
biochemistry alike — to predict all the properties of a
nanosized molecule; despite highly developed modelling
procedures, this task is hard for even the chemically
simplest nanostructures, clusters with several hundred
identical atoms. Note that the functionality and the
chemical complexity of biomolecules are ingeniously

Fig. 1 Typical samples of in-
organic or organic nanostruc-
tures/particles (left) and of bio-
molecules (right). Each colour
refers to chemical group, and
each shape to a conformation
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Fig. 2 Device with 1D-biostructure (or composite) (green). The
structure is anchored by antibody linkages (red) to contacts (black)
on a solid surface (blue) and could e.g. function as sensor for
molecules in a fluid phase or as antenna for electromagnetic waves

used by nature in self-assembly to even more complex
nano- and microstructures; this method is increasingly
used also for building artificial nanostructures. As yet
only simple examples for large artificial molecules exist —
at least when comparing organic chemistry to nature,
which is completely based on self-assembly, as is obvious
for viruses. This is of special significance for 1D as-
semblies, since practically all of them are constructed
from a large number of small units. Section 2 deals with
viruses, prime examples for this principle. However, the
viruses are in most cases modified with inorganic com-
pounds, for several reasons.

A nano-object can act as a transducer when contacted
or addressed in some way, for example, direct chemical
sensing by highly selective binding to an analyte, thereby
producing a physical signal (see Fig. 2). All physical
properties of the object show effects of reduced dimen-
sionality, and all are potentially exploitable: optical (e.g.
anisotropic and energy-shifted luminescence), magnetic
(e.g. loss of ferromagnetic coupling), electronic (e.g.
change of conductivity) and mechanical (change of
shape) (see Table 1). Note that these properties are rarely
unique on their own — they can be found in macroscopic
structures or in nonbiological nanostructures — but are
nearly always unique in their combination. However,
properties such as the conduction of electrical current or
magnetism are usually associated with inorganic
(nano)objects, which is a disadvantage of using biomo-
lecules in nanoscale science. This means that biomole-
cules are often not interesting as such, but merely as
templates for other (inorganic and organic) nanostruc-
tures. A bio-(in)organic ‘“nanocomposite” is formed, in
which the biomolecule determines the arrangement (dis-
tribution) of an organic or inorganic substance that is
synthesized at the biological surface(s). In this case,
mainly the properties of the inorganic and organic

Fig. 3 Highly complex nanodevice, connected at the left to a mi-
crostructure. Each shape refers to a biomolecule that can either
self-assemble or connect to other molecules, each colour reflects a
special physical property (e.g. electrical conduction) which is co-
operative, i.e. depending on the properties of neighbouring mole-
cules. Electromagnetic interactions can reach further; the wavy
arrow could correspond to excitation by an external light source,
the concentric circles to a static magnetic field

nanostructures are searched for. The biomolecules simply
provide their shape as a mould or mask for the structures,
and they can be removed (and recycled) after the process.
Section 3 provides details on several synthetic methods
that take account of these requirements.

The future may also again favour pure organic mo-
lecules or biomolecules: a single molecule can — in
analogy with composites — exhibit electrical conductivi-
ty, an interesting electronic structure, and defined me-
chanical behaviour. Indeed, recent measurements prove
that relatively small molecules (2 nm length), preferably
with pi-electron systems, show conductivity and even
non-Ohmic behaviour (Reichert et al. 2002). The Per-
spectives section presents some other possibilities to be
explored. The ultimate goal can be formulated as the self-
assembly-based formation of a 2D (or 3D) network (FEi-
chen et al. 1998) in which each molecule is multifunc-
tional and cooperates with at least its neighbours (Fig. 3).
Such a network requires electrical or optical or me-
chanical contact only at few input and output points. In
the case of not only tens, but thousands of molecules, the
network can perform virtually any desired task. A first
step has been demonstrated recently (nanoscale field ef-
fect transistor assembled with recombinant DNA; see
Keren et al. 2003).

Table 1 Examples for artificial, biological and composite 1D nanostructures with mechanical, electrical/electronic, magnetic and optical

properties

Nanostructures Biological Artificial Composites

Mechanical Actin, microtubules Carbon nanotube actuators DNA “tweezers”

Electrical/electronic Ion channels InP nanowires Peptide nanotubes with Ag nanowires
Magnetic Magnetosomes Ni nanowires Phages with CoPt particles

Optical Retinal rod cells CdS nanowires Microtubules with fluorescent markers

See Lee et al. 2003; Zhou et al. 2001 (biological); Pradhan et al. 1999 (artificial); Yurke et al. 2000; Reches and Gazit 2003; Reiss et al.

2004; Lee et al. 2003 (composites)
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Section 1: Biomolecules in nanoscale science

Two big problems in the synthesis of nanostructures are
size and shape control. These properties are of utmost
importance since they determine to what extent effects of
the reduced dimensionality come into play; they also
determine presence, intensity and anisotropy of optical,
magnetic, mechanical and electronic effects. Size and
shape distributions mean that different nano-objects in a
sample behave more or less differently — the narrower the
distributions, the closer the physical properties of the
objects. Near-ideal 2D nanostructures (ultrathin layers)
can extend over macroscopic distances; membranes be-
long to this field of nanoscale science, and especially the
bacterial outer membrane proteins (Koebnig et al. 2000)
are very valuable for nanoscale science. 1D and OD
shapes are both found for many biomolecules, and they
are of special interest: spheres (0D structures) since they
can exhibit isotropic properties, and highly anisotropic 1D
structures such as rods (“wires”) and fubes (Martin and
Kohli 2002), since they can provide a connection between
nanostructures and the macroscopic world, for instance as
electrical contacts (see Fig. 2), and maybe also as an-
tennae for electromagnetic waves. This concept was only
recently demonstrated: a carbon nanotube was biochem-
ically coupled to an ssDNA/nucleoprotein filament that
was bound to a specific location on a long dsDNA;
metallization produced a nanoscale field effect transistor
(Keren et al. 2003). For an electrical connection, all 0D
nano-objects require a 1D connection. Ideally, one would
wish to control the orientation of the 1D object to facil-
itate making contacts (see Fig. 4; in comparison with
Fig. 3 the scenario is more realistic, since errors occur and
unwanted byproducts are produced). Note that with cur-
rent technology such assembly tasks require in nearly all
cases a supporting flat substrate and careful control of this
surface’s chemistry. In this context one has to note that
multiple interactions between large molecules (biomole-
cules of >1 kDa) and flat surfaces are still not well studied
on the atomic scale (with respect to which group in which
conformation and chemical state interacts with the sur-
face), while interactions between small molecules and flat
solid surfaces are a very active field of research (surface
science) (Kasemo 1998).

When the template function is invoked, a “nanocom-
posite” of biomolecule and inorganic (or organic) matter
is synthesized. For rods and tubes it becomes possible to
arrange the substance in a 1D fashion on the nanoscale
(Fig. 5). Here the advantage of biomolecules becomes
obvious: Few nanotemplates are available in organic and
inorganic chemistry, and their shape, size and chemistry
are in most cases neither well defined nor easily varied.
Surfaces of biomolecules offer excellent control of ar-
rangement and orientation of covalently linked and ad-
sorbed substances. However, more and better-defined
inorganic nanostructures are becoming available, and
hence biomolecular templates may not be the sole solu-
tion to nano-object synthesis.

Possible uses of nanosized biomolecules or composites
are in magnetic recording (when combined with magnetic
nanoclusters; Mayes et al. 2003), molecular-scale spin-
tronics (magnetic switches) (Ruben et al. 2003), coupling
of nanodevices with optical signals [already shown for
virions (Dragnea et al. 2003; Islam et al. 1997)], and
molecular-scale electronic switches (Keren et al. 2003).
For extreme cases, quantum mechanics plays a huge role,
e.g. for single electron transfer, electron tunnelling, and
single photon emission. However, quantum effects are not
automatically the basis for a nanodevice, for instance,
electrical currents can flow without quantum effects in
metal wires of down to 2 nm diameter. For possible ap-
plications it is important that biomolecules can be very
neatly arranged and oriented on a large variety of sub-
strates. Figure 4 shows an as yet not realized scenario
where 1D nanostructures bind to microscopic contacts,
self-assemble into a long wire, and are chemically mod-
ified with extremely high specificity by inorganic and
organic substances. This can be the first step towards a
multifunctional cross-linked network (see Fig. 3).

Important requirements for nanotechnological appli-
cations of biomolecules are that they should be mechan-
ically stable, chemically resistant against solvents or
gases, and ideally also stable at elevated temperatures for
building up a nanodevice (and in some cases also for
operating it). These arguments at first glance prohibit
such an application; however, they merely mean that part
of the very large family of biomolecules does not qualify.
Indeed biomolecules such as DNA, some plant viruses,
membrane proteins of archaea, prions and prion-related
peptides, and also carbohydrates show a thermal and
chemical stability that could be acceptable for building
and operating stable devices. Moreover, any potential
nanodevice might be prepared under biocompatible con-
ditions; already present-day copper interconnects in
computer chips are fabricated electrochemically, i.e. at
ambient pressure and temperature. Note that all men-
tioned molecules, except the carbohydrates, can be
modified by recombinant DNA techniques; all of them,
including the carbohydrates (Gabius 2000), can carry a
code since they contain a sequence of coding elements
(base pairs, amino acids or sugars, the basis for the
structures in Figs. 1, 2, 3, 4 and 5) — a feature unknown in
nonbiological molecules.

In the following, biochemically “active” molecules
(e.g. enzymes) will be distinguished from “passive” ones
(e.g. membrane-building molecules). This classification is
not strict and depends on the desired application: DNA
can be addressed as active, especially when coding, rep-
lication and recognition are possible; or as passive, when
solely the chemical groups are to be used. Artificial
nanostructures with passive biomolecules might be ap-
plied in a future nanotechnology as functional building
blocks (Bashir 2001), while biologically active structures
are assumed to be the basis for nanobiotechnology
(Niemeyer 2001). On first sight, active molecules appear
much more interesting: they can replicate (e.g. for DNA
computing; Liu et al. 2000), they can synthesize nanos-



Fig. 4 Assembly of a complex
1D biostructure on a solid sub-
strate; its length can be 1,000 or
only 10 nm. Hence the image
can be 10 or 0.1 um wide, re-
ferring to assembling a large
nanostructure in a given mi-
crostructure or a tiny nanos-
tructure in nanoscale connec-
tors. a The 1D object (red) at-
taches chemically to a contact
(grey); b self-assembly leads to
local ordering (wire); ¢ chemi-
cal modification with two re-
agents (organic or inorganic)
yields the desired complex
functionality; d other biomole-
cules form a second, specifi-
cally attached self-assembling
wire; e disassembly and recy-
cling of the original structure.
Some byproducts are immobi-
lized, but are not functional

tructures or molecules and thereby create chemical sig-
nals as a basis for sensitive detectors (indirect sensing),
and they can work as motors (Lee et al. 2003) for ex-
ample, ATPase coupled to a nickel nanopropeller (Soong
et al. 2000) and DNA-fuelled DNA machines (Yurke et
al. 2000). It must be stressed that passive molecules, too,
are functional by virtue of their chemical functional
groups or their shape, especially when they are (quasi)
one-dimensional.

Materials

In the following, several passive biomolecules and bio-
materials (Mann 1996) that are used for nanoscale science
are presented, especially 1D structures. Note that a
complete overview is not attempted; i.e. not all materials
and not all publications are cited, and rarely employed
structures are not included. By far the most commonly
used substance is DNA, for instance as nanowire (Bashir
2001), as template for nanowires (Braun et al. 1998;
Harnack et al. 2002; Keren et al. 2003; Park et al. 2002),
and for chain-like arrangements of metal (Deng and Mao
2003; Kumar et al. 2001; Nakao et al. 2003b; Warner and
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Fig. 5 General 1D biostructure, e.g. a filamentous plant virus. The
left tube forms via self-assembly from proteins (here stacks; they
may also be helically arranged). The right one is modified (by
mutagenesis) to a composite with two different chemical groups or
quantum dots (red triangles and purple dots), offering a unique
nanoscale architecture that is only available with biomolecules. The
inner channel (white) also can be accessible for molecular species
or clusters

Hutchison 2003) and semiconductor (Torimoto et al.
1999) clusters. While these clusters were spaced ran-
domly, control of gold cluster spacing on DNA was re-
cently demonstrated (Woehrle et al. 2004). DNA can even
be used as template for a wire with the smallest possible
diameter, namely linearly arranged ions (Tanaka et al.
2003). Binding fluorescent labels, especially intercalators,
is a standard technique in biology — this can be addressed
as linear nanoscale arrangement of stacked molecules.
More complex geometries are also feasible: DNA plas-
mids can align semiconductor particles in a circle (Coffer
et al. 1996), while “double-crossover” DNA with sticky
ends can form 2D crystals (Ding et al. 2004; Winfree et
al. 1998). Recombinant techniques (“self-assembly” from
a chemical viewpoint) can be used to bind clusters (Park
et al. 2002), and maybe even to bind several different
clusters in a well-defined sequence — the coding proper-
ties of DNA would then be employed to their full extent.
Note that RNA, too, can be modified in a similar way, e.g.
decorated with gold clusters (Medalia et al. 1999).

Of the proteins, many 0D nanocomposites are known.
A heat shock protein can self-assemble into a cage and be
filled with iron oxide nanoparticles (Flenniken et al.
2003). The naturally occurring analogue, ferritin, is not
only interesting due its cage-like shape, it is also a na-
noscale antiferromagnet. It can be demineralized to apo-
ferritin, which in turn can be filled with a whole range of
binary compounds, even with ferrimagnetic iron oxide
(Mann 1996) and with the technologically relevant CoPt,
which shows a high intrinsic magnetic moment (Mayes et
al. 2003). The latter example shows that metallization of
biotemplates can yield nanoclusters with a narrow size
distribution which are otherwise hard to synthesize;
moreover, self-assembly into a 2D nanoscale grid was
demonstrated, resulting in exactly the structure that is
needed for ultimate-density magnetic recording media
(highly magnetic bits, combined with the absence of
magnetic coupling, translate into bit sizes in the 10 nm
range and similar bit-to-bit distances). Other 0D objects,
too, can be arranged in 2D. Bacterial S layers are very
useful because they form very regular and stable grids;

they are used as templates for cluster synthesis and ar-
rangement (Mertig et al. 2001; Shenton et al. 1997; Sleytr
et al. 2001).

The natural formation of fibres and tubes from proteins
is best known for actin and microtubules (Lee et al. 2003).
Short peptides or lipids, too, can assemble into 1D
structures, templates for clusters in a wire-like arrange-
ment (Djalali et al. 2002; Scheibel et al. 2003) or for silica
layers (Meegan et al. 2004). When tubes form, they may
be used as templates for nanowires [peptide tubes (Reches
and Gazit 2003), microtubules (Fritzsche et al. 1999) or
lipid tubules (Archibald and Mann 1993; Markowitz et al.
1993)]; but usually the exterior surface is coated (e.g.
FeOOH on microtubules; Boal et al. 2004). Bolaam-
phiphiles are not biomolecules, but based on sugars,
peptides or nucleobases, they, too, can assemble into 1D
nanostructures (Shimizu 2002).

Plant viruses (see Section 2) and phages often exhibit
high-aspect ratio 1D structures. They are employed as
templates for cluster and wire synthesis (Demir and
Stowell 2002; Douglas and Young 1998, 1999; Dujardin
et al. 2003; Flynn et al. 2003; Fowler et al. 2001; Fu-
jikawa and Kunitake 2003; Knez et al. 2002, 2003; Mao
et al. 2003, 2004; Reiss et al. 2004; Wall 1999). Metal
clusters were bound to the tobacco mosaic virus (TMV) as
early as 1940 (Kausche 1940; Ruska 1947), and inspired
from this and other pioneering work on electron micros-
copy of biological samples, staining methods with metal
clusters were developed. Gold and platinum clusters
(Powell et al. 1999) and even gold cluster-tagged anti-
bodies (Bendahmane et al. 1999; Van Regenmortel 1999)
are well established as markers — from a chemical view-
point, the resulting conjugates would be addressed as
nanocomposites. Modified phages can form circles (Nam
et al. 2004), and modified TMV can bind proteins (Demir
and Stowell 2002) and antibodies (Bendahmane et al.
1999; Van Regenmortel 1999). An exciting new concept
is to use a living plant as alignment tool for metal clusters
(Gardea-Torresdey et al. 2003), comparable to chains of
clusters in magnetotatic bacteria (Niemeyer 2001).

Problems and challenges

Biomolecules have a very narrow size distribution, but
their composites with inorganic materials do not. The
template function cannot always yield perfectly defined
products. In fact, most reported composites cannot be
called “well defined” in a biological or organic chemistry
context. However, in view of technological applications, a
perfectly defined composite mass might not be as im-
portant as the well-defined shape and size; in other words,
it often suffices that only one property is well controlled
(e.g. length or diameter or magnetism).

The plethora of chemical groups on biomolecules is an
enormous advantage over inorganic and even over or-
ganic polymer structures, but it can also be a disadvan-
tage. Indeed, chemical reactions with passive biomole-
cules are only in some cases site-specific, and a spatially



selective binding or synthesis of inorganic materials is
usually not achieved, although antibodies can be engi-
neered to bind with extreme specificity (e.g. exclusively
to the end of a tubular plant virion; Van Regenmortel
1999).

Spatial selectivity down to the atomic level — as known
from organic chemistry — is very difficult to obtain; it was
shown for gold clusters that bind selectively to the cys-
teine groups on an icosahedral plant virus capsid (Wang
et al. 2002). The problem of immobilization is closely
related: also in this case, a connection to a solid surface is
easily achieved, but it is only rarely specific down to the
atomic level. Current research in surface science is aimed
at this problem by investigating (as yet) relatively small
molecules on flat crystalline surfaces under vacuum
conditions (Kasemo 1998; Kiihnle et al. 2002). Problems
such as the synthesis of networks from organic molecules
and single metal atoms (Dmitriev et al. 2003) could
benefit from introducing more complex biomolecules; on
the other hand, large size and charge mean that the usual
evaporation strategy in surface science meets its limit.

Connecting nanostructures to microstructures (or
larger ones; see Fig. 4) is a very hard task, but possible for
nearly all cases. Typical alternatives to self-assembling
connections are antibody/antigen and (strept)avidin/biotin
linking (Mann et al. 2000). When not self-assembly but
structuring is required, microcontact printing (lithography
with a surface-structured polymer stamp) is an extremely
promising technique that can be employed to build (sub-
)micrometre-sized patterns from a large range of — if not
all — biomolecules. Even single proteins (Renault et al.
2003) can be arranged in a predefined pattern on a solid
surface. Alternatively, lateral forces during adsorption are
a simple means to orient 1D molecules or 1D nanocom-
posites (Deng and Mao 2003; Nakao et al. 2003a). The
possibility of orienting the nanocomposites is crucial:
only then can defined electrical connections be built
(Keren et al. 2002, 2003), only then can photons interact
with the structures directionally, and so on. Obviously, in
this case 1D structures have advantages over others. A
basic question for future applications is whether special
properties of single nanostructures are to be exploited
(Fig. 5) — here nanostructures or nanodevices must be
embedded in microstructures — or whether a not yet
constructed complete network of nanostructures is re-
quired (see Eichen et al. 1998; Figs. 3 and 4); a first step
would be crossed DNA-templated wires (Deng and Mao
2003). In the latter case, passive nanostructures must be
interconnected with nano-objects; the relationship with
(active) biological structures is obvious. However, it is —
at least today — obviously impossible to approach the
extreme functional complexity of biological systems. The
smallest technical devices perform simple tasks on the
scale of tens of nanometres (e.g. transistors, wires or
scanning probe tips), while biological structures of this
size reach such a level of complexity that their function is
not known in complete detail (e.g. the ribosome).

Using self-assembly is probably the most elegant and
also efficient way to built complex structures. However,
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Fig. 6 Potato virus X (PVX, green, slightly bent) and tobacco
mosaic virus (TMV, red, linear aggregates of more than 1 pm
length) adsorbed on mica. The AFM image is height-coloured, and
TMV with its larger diameter (18 nm, collapsed to 14 nm due to the
adsorption) is clearly distinguishable from PVX. In addition, PVX
is more flexible and thus most virions are slightly bent

self-assembly implies also self-disassembly, the rate of
which is tightly controlled in biological systems like the
cell. The lack of control, especially in passive structures,
means that a certain fraction of nanostructures will dis-
integrate. Remedies could be posttreatments such as co-
valent linkages after the self-assembly. On the other hand,
disassembly could even be beneficial through the recy-
cling of valuable biomolecules (Fig. 4).

Flexibility is crucial for 1D structures, as shown by
elasticity measurements on single biomolecules (micro-
tubules) (Kis et al. 2002). Usually a stiff structure is
needed (see Fig. 5; for an example see also Fig. 6), es-
pecially after immobilization. On the other hand, building
up nanostructures sometimes requires flexibility, e.g. pH-
induced opening of virus capsids (Douglas and Young
1998) and temperature-induced denaturing of DNA. Here
a posttreatment is usually not helpful; since 1D nanos-
tructures can contact a surface while they change their
conformation, they will be immobilized as curved struc-
tures. The same applies when a 1D nanostructure contacts
inorganic reagents in solution. To alleviate the problem,
highly specific chemical modifications are often impos-
sible, as discussed above. However, for some protein-
based structures, mutations can be of help. For example,
the Glu50 — GIn50 mutation of the TMV coat protein
increases interprotein interactions and results in higher
stability of the virion (Lu et al. 1996).

Section 2: Virus nanostructures

Viruses were investigated on the nanoscale already with
the first transmission electron microscopes (Kausche et al.
1939; Ruska 1943). Virions consist of a nucleic acid
strand and a protein cage or tube that is made up from a
large number of identical proteins. The proteins can also
be glyco- or lipoproteins; they are most commonly ar-
ranged in a near-spherical (e.g. icosahedral) or helically
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wound (tubular) exterior shell, the capsid. Viruses are
usually specialized for certain hosts — the tobacco mosaic
virus does not infect mammals (Schwarz et al. 1966) —
hence phages and plant viruses (Fig. 6) can be handled
with simple safety measures. Note that an infection with
plant viruses requires living organisms or lesions of plant
tissues (or direct uptake by the root system), and that the
mechanical infection paths usually rely on a certain
chemical and mechanical stability of the virions — a great
advantage for use in nanoscale science. The simple
structure of the virions, too, is very important since it
allows us to understand and to explore their chemical
behaviour. Virions are (today) used as passive molecules,
especially as templates for inorganic nanostructures.

An example is the tobacco mosaic virus (TMV)
(Kausche et al. 1939), which is the ideal model substance
for self-assembly processes, and at the same time the
perfect model for viruses in general, especially for fila-
mentous plant viruses. Its genome is completely charac-
terized for a range of strains: 2,130 protein molecules are
helically arranged with 16.3 units building up one turn
(cf. Fig. 5). A helical RNA strand (8 nm diameter) is
deeply buried inside the protein structure without being
exposed to the central channel of 4 nm diameter. The
protein loop that forms the wall of the central channel
shows less conformational stability than the bulk protein
structure, which is based on the rigid barrel type with four
alpha helices. The particle length is 300 nm with 18 nm
exterior diameter (Henrick and Thornton 1998; Klug
1999; Namba et al. 1989; Pattanayek and Stubbs 1992;
Stubbs 1999), but linear head-to-tail alignment is fre-
quently found. Similarly, the pure protein can self-as-
semble into long, 18-nm-wide tubular structures, which
are of course non-infective (Schramm 1943). TMV tol-
erates ethanol, aqueous dimethyl sulphoxide and tem-
peratures up to 90°C. TMV is not affected by pH values
from 3.5 up to about 9 for at least several hours — some
virions in a sample remain active even at pH 1.5 (Kausche
1938b) — and it retains its infectivity also in dried leaves
in cigarettes (Wetter 1975). Site-directed mutations such
as Glu50 — GIn50 can enhance the stability; conse-
quently the infectivity diminishes (Lu et al. 1996).

In addition to the discussed “bottom-up” self-assem-
bly, one can ask whether it is possible to arrange this
biomolecule in a defined way with a “top-down” method.
Recent research points to a positive answer: many elegant
methods have been developed for a spatially selective and
orienting immobilization, for example of DNA (Deng and
Mao 2003; Nakao et al. 2003b; Winfree et al. 1998).
TMV can easily be bound to surfaces, even technically
important ones like silicon wafers or glass (see Fig. 7a).
For the binding in this case the hydrophilic and charged
nature of both virion and substrate is decisive: the exterior
TMV surface provides Ser and Thr as well as the C-
terminus of the coat protein, and it is negatively charged
when the pH in a suspension is higher than the pI value of
3.5. Immobilization is fast and strong when the pH value
of a TMV suspension is in the range 3.5-7, and when the
substrate contains hydrophilic or positively charged

Fig. 7 a Atomic force microscopy (AFM, in contact mode) of to-
bacco mosaic viruses (TMVs) adsorbed on glass. b AFM image
(noncontact mode) of TMVs aligned by a stream of argon during
adsorption on an oxide-covered silicon wafer. ¢ Microcontact
printing of TMVs on mica. TMVs arrange randomly, but only in-
side the square-shaped contact areas. The random orientation of the
mid-right, mid-left and lower left parts might be translated as
“change” (huay), “must” (biy) and “fire” (huosz) in Chinese

groups. Even covalent linkages to a surface are possible
(Knez et al. 2004b). Consequently the binding on hy-
drophobic, uncharged graphite is slow and weak. One
could assume that such conditions allow for surface dif-
fusion, and finally for arrangement towards 2D crystals.
However, a typical property of 1D molecules is that they
crystallize neither in 3D nor in 2D, but form oriented
fibres or liquid crystals. This is well known for TMV
(Kausche 1939), and only very small 2D domains are
found on a solid substrate (Nedoluzhko and Douglas
2001). Hence ordered adsorption might be impossible on
macroscale surfaces. However, forces that arise during
normal sample handling, namely suction of a droplet and
blowing dry with a gas stream, can orient single 1D
macromolecules in parallel, as demonstrated in Fig. 7b.
An example for microcontact printing (a “top-down”
technique) of virions is presented in Fig. 7c. In combi-
nation with the above-mentioned orienting methods
(“bottom-up”), the aim is to place biomolecules on a
predefined location in a defined orientation, without de-
struction of their chemical and physical properties. Re-
cently, an AFM lithography approach was demonstrated
for plant viruses (Cheung et al. 2004). The interest in
dielectrophoretic capture of nano-objects, also of virions
(Akin and Bashir 2004), is growing fast.

Of the plant viruses, TMV (Demir and Stowell 2002;
Douglas and Young 1999; Dujardin et al. 2003; Fujikawa



and Kunitake 2003; Knez et al. 2004a, 2004b; Shenton et
al. 1999), the cowpea mosaic virus (decorated with gold
clusters; Wang et al. 2002) and the brome mosaic virus
(Dragnea et al. 2003) have been used in nanoscale sci-
ence; and several other near-spherical viruses can also
form 2D layers (Kuznetsov et al. 2001). In fact, a range of
interesting alternatives with nanometre diameter and
various chemical behaviour is available for 1D applica-
tions, for instance filamentous viruses, such as potato
virus X, with its special surface features (Parker et al.
2002). The M13 phage, well known from the phage dis-
play technique, can easily be handled and modified, and
has been employed in nanoscale science for some years
(Flynn et al. 2003).

Section 3: Synthetic methods

Binding of inorganic nanostructure precursors
to biomolecular templates

Binding organic molecules, and especially biomolecules,
to a biomolecule [here: to the (passive) template] are the
best-known chemical modifications of a nano-object and
rely on classic biochemistry. (Strept)avidin—biotin and
Ni(Il)-His interactions are widely used in nanoscale sci-
ence. Other examples are TMV, where dyes (Kausche
1938a) and avidin (Demir and Stowell 2002) can bind to
the exterior surface, and DNA, to which polymers can
bind (Eichen et al. 1998). In contrast, binding inorganic
structures is often not straightforward, but more and more
recipes are currently being developed (Niemeyer 2001). A
templating action requires as first step some chemical
interaction of the template with the precursor molecules,
which later react to produce the nanostructure. In vacuum,
the precursors may be atoms, as demonstrated by the
standard method of metal shadowing for electron mi-
croscopy, which most probably destroys the chemical
functionality, and by the creation of metal nanoparticle
grids on archaea S layers (Mertig et al. 2001). In order to
preserve the chemical structure, binding molecules or
metal cations (or complexes) from aqueous solutions is
preferable. Examples for all possible interactions between
template and metal ions exist: covalent linking by
chemical reactions (Au-S binding for cluster immobili-
zation; Wang et al. 2002), complex formation, ion-pair
(electrostatic) binding (Au and CdS particles on DNA;
Kumar et al. 2001; Torimoto et al. 1999; Warner and
Hutchison 2003; Woehrle et al. 2004), CdS and ZnS on
phages (Mao et al. 2003), hydrogen bridges on DNA
(Nakao et al. 2003b) and Van der Waals interactions.
However, a closer look shows that a direct proof for the
presence of such an interaction is extremely difficult, due
to the complicated chemistry of proteins. Indeed strate-
gies or recipes for site-specific binding of metal ions or
complexes exist only in rare cases (Mann 1996), although
the basic concepts of inorganic complex chemistry can be
applied (Berthon 1995). For future work, theoretical
studies of the selective binding to amino acid sites (Ru-
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lisek and Havlas 2003) may be helpful. Strategies are
better developed for a special case of ion binding, the
isomorphic heavy atom substitutions in protein crystals.
To improve the situation, mutations can be employed to
create a certain number of reactive groups at preselected
sites of a protein or of a protein assembly (e.g. a virion;
Wang et al. 2002). One of the most advanced methods is
the combinatorial synthesis (by mutation) and optimiza-
tion of random amino acid sequences via phage display
(Flynn et al. 2003). From such results, one can derive
sequences that bind a certain metal cation strongly. Un-
fortunately, even in this case a generalization is not pos-
sible.

In conclusion, the understanding of biomolecular sur-
faces is — although highly developed — still insufficient to
predict metal ion-binding properties (with the possible
exception of the Ni(II)-His interaction which has become
a standard linking method). A possibility to circumvent
this — at least for relatively large nanostructures — is to
employ “biosurface binding” via antibodies (e.g. immu-
nostaining with gold clusters bound to antibodies), anti-
gens or coenzymes. As yet, no strategy exists to place
inorganic structures well aligned (this is of special interest
for 1D biomolecules) or well ordered on a biomolecule. A
first step is the recently reported control of interparticle
spacing of gold nanoclusters on DNA (Woehrle et al.
2004).

Electroless deposition: a method for the synthesis
of biomolecule/metal nanocomposites

As already discussed, the first step in the nanocomposite
synthesis is the binding of metal cations to the biotem-
plate. In the following step, anions can react with the
bound metal ions to yield salts or other binary compounds
(followed by more cations and anions to create clusters),
which constitutes a “biomineralization on the nanoscale”.
Alternatively, a metallization can be achieved via reduc-
tion to the zerovalent state.

The tubular shape of TMV and also its high aspect
ratio makes it an interesting passive nano-object, espe-
cially as a template, as demonstrated by the crystallization
(“biomineralization”) of inorganic materials (Shenton et
al. 1999), and by attaching metal clusters to its surfaces
(metallization, see Fig. 8a) (Bendahmane et al. 1999;
Demir and Stowell 2002; Dujardin et al. 2003; Kausche
1940; Knez et al. 2002; Ruska 1947). The coat protein
contains no His and no Met, and only a single non-ac-
cessible Cys (in the rigid barrel inside the protein); hence
naturally occurring TMV lacks the most effective metal
binding sites. A huge drawback of the reduction method
for the creation of metal nanostructures is that only those
metal ions that are already bound to the biomolecule can
be reduced, which results ultimately in small nanoclus-
ters, similar to binding very small prefabricated clusters —
no complex structures are attainable, and the clusters re-
main isolated. Such clusters have been formed on the
exterior TMV surface, but also inside its channel (Du-
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100 nm

Fig. 8 Transmission electron micrographs of tobacco mosaic
viruses (TMVs). a Treated with a 3 nm diameter gold sol; the scale
bars are 0.5 ym and 1 um long (from Kausche 1940). b TMV coated
with clusters of electrolessly deposited nickel that coalesced to a
metallic coating. The TMV is still clearly visible; it fills an 18-nm-
wide hole inside the metal structure. ¢ 3-nm-wide nickel wire de-
posited inside the interior channel of TMV (see text)

jardin et al. 2003; Knez et al. 2002, 2004a), which auto-
matically means alignment. In particular, the physical
properties can be further exploited, when the clusters — in
their linear or helical arrangement — are separated by
defined distances. This aim is very hard to achieve on any
biotemplate — the first examples might be gold clusters on
the cowpea mosaic virus (Wang et al. 2002) and on DNA
(Woehrle et al. 2004) — the reason being the still insuf-
ficient understanding of protein chemistry, combined with
the complexity of the biochemical manipulations (most
unsuccessful experiments are unlikely to be published).

When clusters grow sufficiently fast on a biomolecular
surface, they can coalesce, as shown in Fig. 8b. Similar
arguments apply also for “biomineralizations”, e.g. of
TiO, on TMV (Fujikawa and Kunitake 2003) or of CdS
on a phage (Mao et al. 2004). Hence for wire-like metal
structures, a two-step electroless deposition (comparable
to the “enhancement” of latent photographic patterns) is
useful. A solution with the metal ions, complexants and a
reductant (e.g. Ag*, NH; and glucose) is contacted with a
biomolecular surface that has been pretreated with noble
metal complexes such as Pt(I), Pd(IT) or Au(l). It is quite
likely that the metal ions are in part already reduced
during binding to biomolecules; the pretreatment alters
the biomolecular surface. Since only extremely small
clusters at a low coverage are formed (Knez et al. 2003),
the biomolecule is preserved much better than with other
methods. The details of this pretreatment (first step), the
so-called “activation” or “sensitation”, are not yet known,
although some theoretical studies exist (Mertig et al.
2002; Nakai et al. 2001). After exchanging the solution to
the electroless deposition bath, the deposition starts
(second step). It is catalysed by the noble metal
nanoparticles. The crucial point is that the deposited metal
also catalyses its own reductive deposition; hence the
metal particles can continue to grow. Obviously, such an
autocatalytic process is hard to control. However, some
technical processes like photography or staining of bio-
logical samples (including SDS-PAGE gels) show that
sufficient control is achievable. The importance in the
context of nanotechnology is that electroless deposition
does work on the whole length scale that is relevant for
materials and biological structures, i.e. from metres down
to nanometres. Generally, electroless deposition is ad-
vantageous for high-aspect ratio structures (hence for
tubes) since they can be filled or decorated without
clogging up or closing an orifice.

Recently, true nanowires [as opposed to wire-like as-
semblies of (aligned) clusters, discussed above] were
synthesized in the inner channel of tubular biomolecules
with electroless deposition (Knez et al. 2003; Reches and
Gazit 2003). In the case of TMV, a suspension was pre-
treated (‘“sensitized”) with PtCl42_, washed and contacted
with an electroless nickel bath with a borane compound
reductant, yielding a nickel wire of only 3 nm diameter
(see Fig. 8c). Exciting physical properties such as elec-
trical conduction (already shown for 30-nm-thick wires in
microtubules; Reches and Gazit 2003) and magnetism are
expected. In the presence of phosphate traces, a preferable
adsorption of Pt(II) on the exterior viral surface is in-
duced. The resulting Pt clusters are too small to be de-
tected even with transmission electron microscopy, but
after electroless deposition of nickel, large (but still na-
noscale) clusters coalesce. The produced structure is a
nickel tube with a well-defined tubular hole of 18 nm
diameter (Fig. 8b). The coalescence leads to relatively
large (>10 nm) structures, a problem encountered with all
biological rods and tubes (e.g. for nickel on microtubules;
Kirsch et al. 1997), and especially well known for DNA
(Braun et al. 1998; Deng and Mao 2003; Harnack et al.



2002; Kumar et al. 2001; Mertig et al. 2002; Nakao et al.
2003b; Warner and Hutchison 2003) and TMV (Demir
and Stowell 2002; Dujardin et al. 2003; Kausche 1940;
Kausche and Ruska 1939; Knez et al. 2002, 2004a; Ruska
1947). Improvement of the bath should allow to control
the deposition much better, and very thin nickel “skins” of
the virion should be attainable, as known for TiO, (Fu-
jikawa and Kunitake 2003) and SiO, (Fowler et al. 2001)
crystallizations. The strength of the protein (virion) tem-
plate is that site-directed mutations allow to express
chemical groups selectively on the exterior surface, as
shown for Lys on TMV (Demir and Stowell 2002) and for
the M13 phage (Mao et al. 2004) and thereby to bind the
metal ions with higher rate and coverage.

Confinement templating

As far as uniformity and shape control are concerned,
using confinement inside templates is the most successful
route towards nanocomposites. When a biomolecule is
used as template, its inner surfaces have to be attacked
selectively. Again, understanding the chemistry of such a
surface has not been achieved, although several impres-
sive experiments have been conducted: for 0D, inorganic
nanoparticles inside apoferritin (Mann 1996; Mayes et al.
2003), inside the cowpea chlorotic mottle virions (Dou-
glas and Young 1998), inside the brome mosaic virion
(Dragnea et al. 2003), and inside a heat shock protein
cage (Flenniken et al. 2003); for 1D, metal and inorganic
nanoclusters inside TMV (Dujardin et al. 2003; Knez et
al. 2002, 2003, 2004a) and silver inside peptide fibres
(Reches and Gazit 2003). Some basic considerations
concerning local charges and possible complexation sites
have been formulated for TMV (Dujardin et al. 2003;
Knez et al. 2004a). The smallest yet obtained 1D struc-
ture, with only 3 nm diameter, is shown in Fig. 8c. In this
case electroless deposition was able to deliver a rather
large flow of ions and reductant inside the central chan-
nel. While in other cases a biomolecular shell might be
penetrated or cages may open and close again (Douglas
and Young 1998), both are impossible for TMV. The
example proves the ability of electroless deposition to
access extremely small cavities. Evaporation of metal in
vacuum, the standard metallization method in nanoscale
science, would have closed the channel before filling it.

Now a rather unexpected advantage becomes clear:
carbon nanostructures (e.g. nanotubes) feature hydro-
phobic cavities which cannot be wetted by aqueous so-
lutions, and even molten metals do not enter easily (Ni
wires of 4 nm diameter can be grown by vapour deposi-
tion of nickelocene; Pradhan et al. 1999). In contrast,
many biomolecules have accessible hydrophilic cavities.
One can estimate roughly whether ions or complexes can
reach the interior surface of a nanotube. The average
diffusion distance is (2D7)"* where 7 is the time and D
(the diffusion coefficient) is of the order of 10~ m?/s. The
fact that 300 nm distance requires merely tens of mi-
croseconds means that the complete inner channel of
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TMYV is fully accessible in typical experimental times
(seconds to minutes). These considerations cannot be
valid when the pore approaches the size of a single water
molecule, ~0.3 nm. Such cases, namely pore proteins and
ion pumps in membranes, have been intensively studied
from a biochemical and structural biology point of view;
experiments on ion movement through water pores (Mu-
rata et al. 2000) and ion pores (Zhou et al. 2001) were
awarded the 2003 Nobel prize in chemistry. The water
movement through the passage, including reorientation,
has been modelled (Groot and Grubmiiller 2001), and
even the translocation of extremely long molecules
(DNA) through very narrow pores (hemolysin) is well
documented (Meller et al. 2001). An exciting transition
from passive structures (discussed above) to active ones
like gated pore proteins can thus become feasible in na-
noscale science.

The ideal nanostructure, a single atom-wide chain,
should be attainable by confinement. The first example is
probably a chain of Cu(Il) ions inside modified DNA
(Tanaka et al. 2003). Such structures show extraordinary
physical phenomena: the electrical conduction must be
quantized, and ferromagnetic coupling becomes possible
in non-magnetic metals. For larger structures, a size
control is possible simply by choosing a template with
very high symmetry. In the OD case this is ideally a
sphere, and for a virion e.g. an icosahedron as approxi-
mation. Fine tuning can be achieved by mutagenesis as
shown for the cowpea mosaic virus (Wang et al. 2002)
and for a protein cage (Flenniken et al. 2003). Similar
arguments apply to 1D structures. However, until now a
nanoscale control of the length has not been demonstra-
ted. This problem is very obvious with protein fibres,
whose length cannot be selected (the same problem exists
for carbon nanotubes). Filamentous plant viruses and
linear phages with their well-defined length offer an el-
egant solution. Moreover, when coat proteins and nucleic
acids are reconstituted to a virion, an artificial nucleic
acid could be used to tune the length of the template (as
done in the plant cell with the natural nucleic acid).

Perspectives

Biomolecules which are not yet common in nanotech-
nology include carbohydrates (e.g. saccharides), viroids
(pure RNA loops which are highly infective for certain
plants), cells (which may be too complex and not suffi-
ciently stable) and larger parts of cells (e.g. organelles),
while viruses and protein and lipid fibres (or tubules) are
already widely used. They all offer chemical and struc-
tural functionalities that are as yet largely unexploited for
nanoscale science, let alone nanotechnology; this also
applies to the widely used single molecules and self-as-
sembled molecular structures. In other cases, biomole-
cules are already being investigated in detail for possible
applications; for example, actin and myosin should be
promising elements for artificial linear motors, and
hemolysine could form tunable molecular pores or
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channels. Another less common topic is a biomolecule/
organic composite as “passive” nanostructure: although
the attachment of organic molecules to biomolecules is
very well studied (e.g. antigen—antibody) and will most
likely form the basis for new biosensors, and although
fluorescence from attached markers is a standard analyt-
ical technique, physical properties that emanate directly
from the attachment (e.g. changes in the molecular con-
ductivity) have not yet been investigated.
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