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Based on fundamental chemistry, bio-
technology and materials science have
developed over the past three decades
into today’s powerful disciplines which
allow the engineering of advanced
technical devices and the industrial
production of active substances for
pharmaceutical and biomedical appli-
cations. This review is focused on
current approaches emerging at the
intersection of materials research,
nanosciences, and molecular biotech-

nology. This novel and highly interdis-
ciplinary field of chemistry is closely
associated with both the physical and
chemical properties of organic and
inorganic nanoparticles, as well as to
the various aspects of molecular clon-
ing, recombinant DNA and protein
technology, and immunology. Evolu-
tionary optimized biomolecules such
as nucleic acids, proteins, and supra-
molecular complexes of these compo-
nents, are utilized in the production of

nanostructured and mesoscopic archi-
tectures from organic and inorganic
materials. The highly developed instru-
ments and techniques of today’s mate-
rials research are used for basic and
applied studies of fundamental biolog-
ical processes.
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1. Introduction

“The essence of chemical science finds its full expression in
the words of that epitome of the artist—scientist Leonardo
da Vinci: ‘Where Nature finishes producing its own species,
man begins, using natural things and with the help of this
nature, to create an infinity of species.” Nobel laureate Jean-
Marie Lehn used these words to give an outlook on the future
and perspectives of supramolecular chemistry.!!! In a highly
interdisciplinary effort, the pioneering work of Pedersen,
Cram, and Lehn on supramolecular aggregates held together
by weak noncovalent interactions has developed over the past
30 years into a well-established discipline. Supramolecular
chemistry concerns the investigation of nature’s principles to
produce fascinating complex and functional molecular assem-
blies, as well as the utilization of these principles to generate
novel devices and materials, potentially useful for sensing,
catalysis, transport, and other applications in medicinal or
engineering science.l'3l Another example of modern technical
achievements concerns the development of advanced, func-
tional, and even ”smart” materials for applications in highly
integrated mechanical, optical, and electronic devices, sen-
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sors, or catalysts. The enormous advance attained in this area
so far is illustrated impressively by comparing materials used
in last centuries electrical devices such as millimeter-sized
copper wires to today’s (sub)micrometer-sized optical and
electronical parts, comprised of modern conducting and
electroluminescent organic polymers.™

Similar advances have been made in the biological sciences.
Natural evolution has led to highly functional assemblies of
proteins, nucleic acids, and other (macro)molecules which
perform complicated tasks that are still daunting for us to try
to emulate. As an example, the 20 nm ribosome particle is an
effective supramolecular machine which spontaneously self-
assembles from more than 50 individual protein and nucleic
acid building blocks, thereby impressively demonstrating the
power of biologically programmed molecular recognition.
Starting with the discovery of the double helix structure of
DNA, biology has grown from a purely descriptive and
phenomenological discipline to a molecular science. Re-
combinant DNA technology brought insights into the basic
principles of many biochemical processes, and it has also
opened the door to modern biotechnology. Today we are able
to genetically engineer relatively simple bacterial cells, and we
are on our way towards tailoring complex organisms. In view
of such revolutionary developments, it seems particularly
challenging to fuse biotechnology with materials science
(Figure 1). Merging these disciplines will allow us to take
advantage of the improved evolutionary biological compo-
nents to generate new smart materials and, conversely, to
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Figure 1. Chemistry is the central science for the development of applied disciplines such as materials research and biotechnology. Materials science, which is
based on classic chemical research fields and engineering technologies, has led to enormous advances in tailoring advanced modern materials.

apply today’s advanced materials and physicochemical tech-
niques to solve biological problems.

Both biotechnology and materials science meet at the same
length scale (Figure2). On the one hand, biomolecular
components have typical size dimensions in the range of
about 5 to 200 nm. To exploit and to utilize the concepts
administered in natural nanometer-scale systems, the devel-
opment of nanochemistry is crucial.®! On the other hand,
commercial requirements to produce increasingly miniatur-
ized microelectronic devices strongly motivate the elabora-

tion of nanoscale systems. The structural dimensions of
computer microprocessors are currently in the range of about
200 nm. They are only just available by conventional top-
down processes (miniaturization processes) such as photo-
lithography, but for the foreseeable future, such technologies
hardly allow the large-scale production of parts that are
significantly smaller than 100 nanometers. “There is plenty of
room at the bottom,” as Nobel physicist Richard Feynman
pointed out more than 40 years ago,”’ and thus today’s
nanotechnology research puts a great emphasis on the
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nanocrystals, which can be used as building
blocks for the assembly of larger two- and
three-dimensional structures.*’!

A number of outstanding monographs
and reviews already deal with the rapidly
increasing area of fundamental and applied
nanoparticle research.’1 This article is
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Figure 2. A gap currently exists in the engineering of small-scale devices. Whereas conventional
top-down processes hardly allow the production of structures smaller than about 200 - 100 nm, the
limits of regular bottom-up processes are in the range of about 2—5 nm. As a result of their own
dimensions, two different types of compounds appear to be suited for addressing that gap:
1) biomolecular components, such as proteins and nucleic acids, and 2) colloidal nanoparticles

comprised of metal and semiconductor materials.

development of bottom-up strategies (enlargement strat-
egies), which concern the self-assembly of (macro)molecular
and colloidal building blocks to create larger, functional
devices.®l The individual components to be employed in self-
assembling processes should fulfill some basic requirements.
First, distinct intrinsic functionality, such as steric, optical,
electronic, or catalytic properties are desired to allow the
particular applications envisaged. Second, the modules need
to be programmable through their specific constitution,
configuration, conformation, and dynamic properties to
enable specific recognition for self-assembly. Third, the
building blocks should have an appropriate size to bridge
the gap between the submicrometer dimensions that are
reachable by classical top-down engineering and the dimen-
sions that are addressable by classical bottom-up approaches,
such as chemical synthesis and supramolecular self-assembly
(Figure 2).

Inorganic nanoparticles are particularly attractive building
blocks for the generation of larger superstructures.”'%! Such
nanoparticles can be prepared readily in large quantities from
various materials by relatively simple methods. The dimen-
sions of the nanoparticles can be controlled from one to about
several hundred nanometers, with a fairly narrow size
distribution. Most often, the particles are comprised of
metals, metal oxides, and semiconductor materials, such as
Ag,S, CdS, CdSe, and TiO,. The nanoparticles have highly
interesting optical, electronic, and catalytic properties, which
are very different from those of the corresponding bulk
materials and which often depend strongly on the particle’s
size in a highly predictable way. Examples include the
wavelength of the light emitted from semiconductor nano-
crystals which can be utilized for biolabelling!'>'¥! or in
lasers,['”l as well as the external magnetic field required to
switch a magnetized particle, which is highly relevant in
magnetotactic bacteria®! and in hard disk drives.?/ More-
over, certain types of nanoparticles can be considered as
“artificial atoms”[*? since they are obtainable as highly perfect
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intended to summarize approaches which
go beyond the questions of pure materials
science. These approaches currently
emerge at the intersection of materials
science and molecular biotechnology.?*2¢]
This novel field of research is closely
associated with the surface chemistry and
the physical properties of inorganic nano-
particles, the topics of bioorganic and bio-
inorganic chemistry, and the various aspects
of molecular biology, recombinant DNA
technology, recombinant protein expres-
sion, and immunology. In particular, this
article describes the utilization of nucleic
acids and proteins as programmable recog-
nition units to modify and improve the nanoparticle’s
assembly capabilities, and thus, to allow for nanostructured
and mesoscopic supramolecular hybrid architecture. More-
over, recent efforts to utilize nanoparticles as tools for
fundamental and applied studies on biomolecular interaction
are summarized.

2. Coupling of Nanoparticles and Biomolecules

Bioorganic and bioinorganic chemistry are the interdisci-
plinary fields which provide the basis for joining biotechnol-
ogy with materials science. For instance, bioorganic model
systems have long been elaborated to provide tools for
probing the mechanisms of biological principles, as well as to
develop chemical means for the handling and manipulating
biological components.?” 2! Analogously to the interactions
that are abundant in many reaction centers of enzymes
between the amino acid side chains and the metal centers, the
interaction between organic ligands and the surface of an
inorganic nanoparticle paves the way for the coupling of
biomolecular recognition systems to generate novel materials.
Although inorganic nanoparticles can be prepared from
various materials by several methods,” % 3-5] the coupling
and functionalization with biological components has only
been carried out with a limited number of chemical methods.
Some examples are summarized in Table 1.

Typically, the wet-chemical preparation of the nanoparti-
cles is carried out in the presence of stabilizing agents (often
citrate, phosphanes, or thiols) which bind to the atoms
exposed at the surface of the nanoparticles. This capping
leads to a stabilization and prevents uncontrolled growth and
aggregation of the nanoparticles. In the case of a labile
capping layer such as citrate, biomolecules can be linked
directly with the metal particle by exchange reactions with
stronger binding ligands (Figure 3). This method is usually
applied in the coating of colloidal gold with thiol-containing
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Table 1. Coupling of inorganic nanoparticles and biomolecules.

Particle Linker FG Biomolecule Reference
Au - HS-Cys immunoglobulins, serum albumins (34, 152]
Au citrate H,N-Lysl® proteins (136,217]
Au streptavidin biotin-(CH,)- immunoglobulins, serum albumins 18]
Au 3 immunoglobulin, streptavidin 2]

Au streptavidin biotin-(CH,),- DNA [148e, 219]
Au - HS-(CH,)e- DNA 77,82
Au - (HS-PO;R,)s- DNA Bo.31)
Au 2 DNA 331

Au 4 HOOC-Glu proteins 431

Au 5 HS-Cys proteins (158]
Ag citrate H,N-Lysl?l heme proteins, immunoglobulins (35, 36. 166]
ZnS HS-Cys gluthathione 7]
CdS HS-Cys peptides (4]
cds Cd?*, HS-(CH,),-OHH DNA 0. 411
CdSe/ZnS! HS-(CH,),- DNA 9]
CdSe/CdS/SiO, ! 6 NHS - biotin streptavidin (7
CdSe/ZnS! HS-(CH,)-COOH H,N-Lys immunoglobulin, transferrin (sl
CdSe/ZnSP! 1 H,N-Lysl® leucine zipper fusion proteins (321
Sn0,, TiO, HOOC-(CH,),-NH, HOOC-Glu proteins!!

GaAs, InP phosphoramide ¢-NH, HOOC-Glu proteinsl®! (2201

Examples of chemical interactions used for the coupling of nanoparticles with biological macromolecules (FG = functional coupling group, see Figure 3).
[a] Adsorption through Coulombic interactions. [b] Core/shell nanoparticles. [c] Proposed from related studies of nanoparticle binding to analogously

modified solid substrates.
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Figure 3. General schematic representation of methods to couple inor-
ganic nanoparticles and biomolecules (FG = functional coupling group).
Representative structures of typical linkers are listed beneath (see also
Table 1).
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proteins, for example, immunoglobulins (IgG) and serum
albumins, which have cysteine residues that are accessible for
the heterogeneous interphase coupling. If no such residues are
available in the native proteins, thiol groups can be incorpo-
rated by chemical means (e.g. with Traut’s reagent (2-
iminothiolane))® or by genetic engineering. Similarly,
DNA molecules can be synthesized with alkylthiol groups at
the 3'- or 5-ends by using appropriate phosphoramidite
precursors in a solid-phase synthesis. The n-alkylthiolated
DNA has been used extensively in the preparation of DNA-
functionalized gold and semiconductor nanoparticles (Ta-
ble 1). As an interesting alternative, DNA oligonucleotides
that contain several adenosyl phosphothioate residues at their
ends have been used to interact directly with the metal surface
of nanoparticles.?” 311 The use of cyclic disulfide linkers such
as 107 and 203 (Figure 3) leads to nanoparticle cappings,
which are more stable towards ligand exchange than the
corresponding conjugates prepared with the conventional
reagents that contain a single thiol group or acyclic disulfide
units. The greater stability is likely a result of the anchoring of
the ligands to the nanoparticles through two sulfur atoms.3

In the case of nanoparticles that are stabilized by anionic
ligands such as citrate or lipoic acid (1), the biomolecules are
often coupled through noncovalent electrostatic interactions.
For instance, gold and silver nanoparticles, which are pro-
duced by the citrate method, have been functionalized with
IgG molecules at high pH values that are slightly above the
isoelectric point of the citrate ligand.’¥ This allows an
effective binding between the positively charged amino acid
side chains of the protein and the negatively charged citrate
groups of the colloids. The optimal coupling ratio can be
determined by means of a flocculation assay. The addition of
electrolytes to gold and silver nanoparticles causes floccula-
tion as a result of the shielding of the repulsive double-layer
charges which normally stabilize them. The aggregation can
be conveniently monitored photometrically by the decrease
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and/or red shift of the plasmon absorption
band at about 520 nm.**! Protein adsorption
stabilizes the metal particle and the steric
repulsion of the particles prevents floccu-
lation. The amount of stabilizer needed to
prevent flocculation is determined by in-
creasing the concentration of electrolyte in
various nanoparticle preparations, previ-
ously coated with distinct amounts of pro-
teins. The amount often corresponds to a
single monolayer of proteins attached to the
surface of the nanoparticle. Other examples
of protein coating through electrostatic
interactions include the directed adsorption
of heme-containing redox enzymes at
citrate-stabilized silver nanoparticles,*¢-38!
and the binding of basic leucine zipper
proteins to semiconductor particles that are
stabilized with lipoic acid (1).? Similarly,
the adsorption of DNA molecules to pos-
itive or neutral CdS nanoparticles has been
studied in detail.#1 A different approach,
which takes advantage of a combination of
various noncovalent interactions, employs
specific receptor—ligand binding for the
coupling of nanoparticles and biomolecules.
For instance, chemisorption of disulfide 3
(Figure 3) to colloidal gold particles pro-
vides ligands that are specifically recognized and bound by the
complementary receptors (strept)avidin and antibodies that
are directed against the biotin moiety.*?!

Another approach is based on thiols or disulfides, and
phosphane ligands (1, 4, and 5; Figure 3), which contain
terminal carboxy, amino, or maleimide groups. These can be
used for the coupling of biological components by means of
carbodiimide-mediated esterification and amidation, or reac-
tion with thiol groups. To prepare gold conjugates as probes
for histological applications, this strategy is routinely used in
the coupling of proteins with well-defined 0.8-nm undecagold
nanoclusters, stabilized with arylphosphanes and ligand 5
(Figure 4).3 Furthermore, the monomaleimido gold clusters
have been coupled with thiolated DNA oligomers to synthe-
size probes for homogeneous nucleic acid analyses*! and to
prepare nanocrystal molecules (Section 3.2.2).11

Various syntheses of semiconductor colloids in the presence
of thiol ligands,> %l and in special cases the biosynthesis of
cysteine- or gluthathione-protected CdS and ZnS col-
loids,* 471 or the efficient gram-quantity colloid production
of water-soluble ZnS nanocrystal powders*! have been
reported. Mercaptoaceticl*l acid stabilized CdTe nanoparti-
cles have been coupled with the e-amino groups of the biotin-
binding protein streptavidin through covalent amide bond-
ing.™ In the case of silica-coated Cd/chalcogen nanoparticles,
the hydroxy groups at the surface can be used for the covalent
coupling of biomolecules by using a variety of commercially
available silanes such as 6 and 7 (Figure 3). This method is

”

[*] In this review, the commonly used prefix “mercapto-” is used rather

than the IUPAC-recommended “sulfanyl-".
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o= Ay
X=Cl
Ar = CgHaCONHCH3

ArgP ’

Figure 4. Molecular structure of an undecagold cluster, which is stabilized with phosphane ligands.
A single maleimido group is attached per gold cluster to allow chemical coupling of thiolated
components. Reproduced from http://www.nanoprobes.com.

commonly applied in the biofunctionalization of larger, SiO,-
based microspheres and has been used to couple SiO,-coated
core (CdSe)/shell (CdS) particles to biomolecules.'”l When
the inorganic nanoparticles are covered with a bioorganic
matrix, such as the polypeptide core in remineralized ferritin
(Section 4.3), the entire spectrum of protein-modification
chemistry can be applied for further functionalization and
coupling steps.

The above examples demonstrate that some chemical
means have already been explored for the physical linkage
of inorganic and biological materials. However, there is still a
great demand for alternative methods to allow for compen-
sation of typical problems that arise in the biofunctionaliza-
tion of inorganic nanoparticles. In particular, harsh reaction
conditions often lead to the degradation and inactivation of
sensitive biological compounds, and ligand-exchange reac-
tions that occur at the colloid surface often hinder the
formation of stable bioconjugates. Moreover, the synthesis of
stoichiometrically defined nanoparticle —biomolecule com-
plexes is a great challenge, and is particularly important from
a molecular engineering point of view to generate well-
defined nanoarchitectures.

3. Biomolecule-Directed Nanoparticle
Organization

Many approaches have been described for the formation of
two- and three-dimensional arrays of metal and semiconduc-
tor nanoparticles,''!3 11 for example, random inclusion of the
particles into gel and glassy matrices, deposition of the
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particles on structured surfaces, or chemical coupling in
solution by means of bivalent crosslinker molecules. An
example of the latter is the alkyldithiol-directed aggregation
of gold colloids,”! which leads to extended networks of cross-
linked nanoparticles. Similarly, biomolecules can also be used
as cross-linkers (Figure 5). Initially, the two sets of nano-

QOA{

Figure 5. Solution-phase chemical coupling with biomolecular recognition
elements. A) Two sets of nanoparticles are functionalized with individual
recognition groups that are complementary to each other. B) The particle-
bound recognition groups are not complementary to each other, but can be
bridged through a bispecific linker molecule. C) A bivalent linker that
directly recognizes the surfaces of the nanoparticles is used for aggregation.

particles are functionalized with individual recognition groups
that are either directly complementary to each other, or else
are complementary to a molecular linker (Figures 5 A and B,
respectively). Driven by the biospecific interaction, the two
particle batches assemble to form extended nanoparticle
networks, which in some cases can grow to the size of
macroscopic materials. Rather than just exploring novel,
unconventional coupling systems, the major motivation for
this approach is based on the unique properties of biomolec-
ular linkers, which promise new applications such as tunable
and/or switchable materials. In particular, the tremendous
recognition capabilities of biomolecules, and their potential to
be addressed and manipulated through biochemical proce-
dures that use designed tools such as enzymes, should provide
the basis for entirely novel routes to construct advanced
materials rationally.

3.1. Protein-Based Recognition Systems

The coupling approaches depicted in Figure 5 have been
experimentally realized by using protein-based recognition

4134

systems. One of the first examples took advantage of the
specific interaction between antibodies and low molecular
weight organic compounds, the so-called hapten groups.l**l
The latter can be used to cross-link nanoparticles, which are
previously coated with antibody molecules that specifically
recognize the hapten group (Figure 6). Shenton et al. func-
tionalized gold and silver nanoparticles with immunoglobu-
lins of class G and E (IgG and IgE, respectively), which had a
specificity directed against either the D-biotin or the dinitro-
phenyl (DNP) group.?* To allow the cross-linking of the IgG-
functionalized nanoparticles, bivalent linkers that contained
two terminal hapten groups were synthesized. The monospe-
cific linker 8, which is comprised of two DNP moieties, and
the bispecific linker 9 were used (Figure 6) to induce the
directed assembly of homo-oligomeric or heterodimeric
aggregates, respectively. The precipitate formed was charac-
terized by transmission electron microscopy (TEM) and large
disordered 3D networks of discrete nanoparticles were found.
In the case of the bimetallic Ag— Au networks, however, the
degree of integration was not as high as expected for an
oligomerization process that is regulated by highly specific
biomolecular recognition. This suggests that further progress
will require a more sophisticated engineering of the anti-
body —antigen interface.*!

Other approaches to using protein-based recognition
systems to organize inorganic nanoparticles made use of the
unique interaction between the biotin-binding protein strep-
tavidin (STV) and its low molecular weight ligand D-
biotin.*> > The remarkable biomolecular recognition of the
water-soluble biotin (vitamin H) by the homotetrameric
protein STV is characterized by the extraordinary affinity
constant of the STV-biotin interaction of about
10 dm’mol~!, which makes it the strongest ligand —receptor
interaction currently known.? Another great advantage of
STV is its extreme chemical and thermal stability. Biotinyl-
ated materials are often commercially available or can be
prepared by using a variety of mild biotinylation procedures,
and thus biotin—STV conjugates form the basis of many
diagnostic and analytical tests.’>’!

Connolly and Fitzmaurice have used the STV -biotin
interaction to organize gold colloids that were functionalized
by chemisorptive coupling to the disulfide biotin analogue
3.4 According to the generalized principle depicted in
Figure 5B, the subsequent cross-linking was achieved by the
addition of STV as a linker. The immediate change of the sol
from red to blue was indicative of the formation of oligomeric
networks. This process was also monitored by dynamic light
scattering (DLS), which showed that the average hydro-
dynamic radius of all particles in solution rapidly increased
upon STV-directed assembly (Figure 7A). TEM images
revealed networks with an average of 20 interconnected
particles that were separated by about 5 nm, which correlates
with the diameter of an STV molecule. Since the deposition of
the colloid aggregates on the graphite substrate used for TEM
characterization might affect aggregation or alteration of
existing structures, small angle X-ray scattering (SAXS) was
employed to probe the solution structure of the networks
(Figure 7B). The angular dependence of the intensity of the
scattered X-ray radiation is quantitatively related to the size
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Figure 6. Cross-linking of Ag and Au nanoparticles functionalized with IgG
molecules. Bivalent linkers with two terminal hapten groups, either monospecific 8
or bispecific 9, allow the directed assembly of homo-oligomeric (A) or heterodimeric
(B) aggregates, respectively. The TEM images (C) were obtained from colloidal Au/
antibody aggregates before (left) and after (right) the addition of linker 8.

(Reproduced, with permission, from ref. [34].)

and shape of the assemblies measured. Thus the pair—dis-
tance distribution function (PDDF), which describes the
number of pairs of scattering centers as a function of their
separation, can be calculated. SAXS of nonaggregated
samples showed a single maximum in the PDDF which is
indicative of dispersed particles. In the case of STV-coupled
nanoparticles, however, SAXS indicated the presence of
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trimers of 16-nm-diameter hard spheres (the gold
colloids), separated by a minimum distance of 4 nm.[*?!

In agreement with earlier studiesP!! the above
findings suggest that the STV-biotin system is
versatile for developing novel strategies for assem-
bling nanoparticles in solution or on a substrate. The
applicability of the STV —biotin system for generating
supramolecular aggregates is enhanced by the avail-
ability of various biotin analoguest*>] and recombi-
nant STV mutants.”*61 A wide range of rate and
equilibrium constants can be used to allow the fine-
tuning of the dynamic and structural properties of
colloidal hybrid materials. It was suggested that
extensive use of protein-based assembly could lead
to a “factory of the future”, in which the nano-
production of spatially defined aggregates takes place
by means of the bottom-up assembly of nanoparticles,
directed by multiple highly specific biomolecular
recognition elements.”! Such a scenario would dra-
matically benefit from the advances in modern bio-
technology, providing us with the technical skills for
tailoring novel protein components by means of
directed evolution strategies. Recombinant DNA
technology has already led to the development of
high-affinity artificial linker systems, such as anti-
bodies that are specific against digoxigenin and
fluorescein haptens,/® ® or short peptides, such as the
9-mer FLAG-sequence.[®>%] These coupling systems
have proven their applicability in various diagnostic
assays, and it seems likely that they are also convenient
for generating inorganic nanoparticle networks.

The power of today’s biotechnological methods was
recently applied to generate de novo protein linker
units that directly recognize distinct surfaces of semi-
conductor materials, thereby avoiding the necessity of
previous chemical functionalization of the particles
(Figure 5C). Belcher and co-workers used phage-
display techniques to select 12-mer peptides with a
binding specificity for distinct semiconductor surfa-
ces.l] Based on a combinatorial library of about 10°
random 12-mer peptides, phage clones were selected
for their specific binding capabilities to one of five
different single-crystal semiconductors: GaAs(100),
GaAs(111)A, GaAs(111)B, InP(100), and Si(100).
These substrates were chosen to allow the systematic
evaluation of peptide —substrate interactions. Specific
peptide binding was found that is selective for the
crystal composition (for example, binding to GaAs,
but not to Si) and crystal face (for example, binding to
GaAs(100), but not to GaAs(111)B). As shown in
Figure 8, the clone G12-3 specifically binds to a GaAs
pattern, but not to the SiO, regions on the same
substrate. This clone was even capable of differentiating
between two zinc-blend crystal structures, GaAs and AlAs,
which have almost identical lattice constants of 5.66 A and
5.65A, respectively. Binding occurred specifically to the
GaAs substrate.

The basis for this selectivity, whether it is chemical,
structural, or electronic, is still under investigation. The
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Figure 7. Characterization of streptavidin-mediated cross-linking of Au nanoparticles functionalized with
disulfide 3. A) DLS measurement to determine the average hydrodynamic radius (r;) of all particles in
solution. The rapid increase upon the addition of STV is indicative of the aggregation of particles modified
with 3 (squares). The control reaction (circles) with unmodified nanoparticles confirms that the increase in r;
is a result of the proposed specific biotin— STV interactions. B) Small-angle X-ray scattering (SAXS) allows
the solution structure of the networks to be probed. Shown are the pair—distance distribution functions
(PDDF) under three different conditions. A single maximum is obtained for dispersed Au colloids
(continuous line). For STV-induced aggregation (dotted line), the maxima correspond to 16-nm gold
spheres separated by 4 nm (consistent with the diameter of STV), whereas for salt aggregation (dashed line)
the maxima correspond to touching spheres (data reproduced, with permission, from ref. [42]).

Gahs Si0, Gahs

Figure 8. Recognition of an inorganic semiconductor surface by a bacteriophage, selected by phage display
of a combinatorial pool of polypeptides. The diagram in the middle depicts the specific binding of the phage
to the 1-um lines of GaAs separated by 4-um SiO, spacers. The phage binding was visualized with a
fluorophor-labeled antibody, leading to fluorescent illumination of the GaAs lines (left). In the control
experiment, no phage was present, but staining reactions were carried out (right) (adapted from ref. [67],
with permission).

various substrates offer individual chemical reactivities and
thus the phage selectivity is not particularly surprising. Even
in the case of different GaAs surfaces, the composition of
surface oxide layers is expected to be different, which in turn
might also influence the peptide-surface interaction. How-
ever, the sequence analysis of various clones has revealed the
presence of an average of about 40 % polar functional groups
and about 50 % Lewis base functional groups. The statistical
abundance of the latter is only 34 %, which suggests that the
interactions between peptide Lewis bases and Lewis acid sites
on the substrates are important for specific recognition.[®* The
evolved peptides may be applied to the generation of
bispecific linker molecules with the ability to bind to two
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different semiconductor or metal
surfaces (Figure 5C), thereby pav-
ing the way for novel bottom-up
approaches for producing complex
nanoparticle  heterostructures.[%”]
Furthermore, this work also has
implications for the understanding
of the fundamental processes of
biomineralization, in which protein
components control the formation
of materials by specifically interact-
ing with growing crystallites (Sec-
tion 5.4.2).

Mechanical hybrid elements
comprised of nanostructured inor-
ganic components and biomolecu-
lar devices were constructed from
DNAI®! and recently from motor
proteins.® The latter was produced
from a recombinant F,-ATPase mo-
tor protein, immobilized on 80-nm
diameter Ni columns and coupled
with a nanopropeller of approxi-
mately 1000 nm length. The AT-
Pase molecule, which is capable of
producing about 100 pNnm of ro-
tary torque by the hydrolysis of
ATP/"! rotates the propeller with a
velocity of about 5 rps.

3.2. DNA-Based Nanoparticle
Aggregates

The use of biomolecules for de-
veloping nanotechnology devices
was already envisioned by early
researchers, who suggested the use
of biological macromolecules as
components of nanostructured sys-
tems.">74 DNA is particularly suit-
able to serve as a construction
material in nanosciences.> 7% De-
spite its simplicity, the enormous
specificity of the adenine —thymine
(A-T) and guanine —cytosine (G-

C) Watson-Crick hydrogen bonding allows the convenient
programming of artificial DNA receptors. The power of DNA
as a molecular tool is enhanced by our ability to synthesize
virtually any DNA sequence by automated methods, and to
amplify any DNA sequence from microscopic to macroscopic
quantities by means of polymerase chain reaction (PCR).
Another very attractive feature of DNA is the great mechan-
ical rigidity of short double helices, so that they behave
effectively as a rigid rod spacer between two tethered
functional molecular components on both ends. Moreover,
DNA displays a relatively high physicochemical stability.
Finally, nature provides a complete toolbox of highly specific
biomolecular reagents, such as endonucleases, ligases, and
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other DNA-modifying enzymes, which allow for the process-
ing of DNA material with atomic precision and accuracy on
the Angstrém level. No other (polymeric) material offers
these advantages, which are ideal for molecular constructions
in the range of about Snm up to a few micrometers. The
following section (3.2.1) will focus on the use of DNA as a
construction material for the production of nanoparticle
assemblies.

3.2.1. DNA-Directed Oligomerization of Nanoparticles

Mirkin and co-workers have used DNA hybridization to
generate repetitive nanocluster materials (Figure 9). Follow-
ing the generalized scheme in Figure 5B, two noncomple-
mentary oligonucleotides were coupled in separate reactions

A)
A
DMA-Linker
Al B
—_—
B)

0.030

DMNA/AU

0.025 (aggregated)
A 0.020
0.015
0.010
1 L] T L] T l L] T L] T 1 T T Ll T
450 500 550
Afnm—=

C)

Figure 9. Assembly of gold colloids by using DNA hybridization. A) Two
batches of gold particles are derivatized with noncomplementary oligonu-
cleotides, either through 5- or 3'-thiol groups. The nanoparticles are
oligomerized by using a single-stranded nucleic acid linker molecule.
Network formation leads to a characteristic change in the plasmon
absorption (B). The color change can be used to macroscopically detect
DNA hybridization by using an assay in which DNA/Au conjugates and a
sample with potential target DNA is spotted on a hydrophobic membrane
(C). Red spots indicate the absence of fully matched DNA, whereas blue
spots are indicative of complementary target DNA. (Data in C are
reproduced, with permission, from ref. [89]. Copyright 1999 American
Chemical Society.)
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with 13-nm gold particles by means of thiol adsorption.””l A
DNA duplex molecule that contains a double stranded region
and two cohesive single-stranded ends, which are comple-
mentary to the particle-bound DNA, was used as a linker. The
addition of the linker duplex to a mixture of the two
oligonucleotide-modified colloids led to the aggregation and
slow precipitation of a macroscopic DNA-colloid material.
The reversibility of this process was demonstrated by the
temperature-dependent changes of the UV/VIS spectroscopic
properties. Since the colloids contained multiple DNA
molecules, the oligomerized aggregates were well-ordered
and three-dimensionally linked, as deduced from the TEM
analysis. Images of two-dimensional, single-layer aggregates
revealed close-packed assemblies of the colloids with uniform
particle separations of about 6 nm, which corresponds to the
length of the DNA linker duplex.[””!

More recent work by the Mirkin group concerns the
generation of binary networks. For example, two types of gold
clusters of either 40- or 5-nm diameter were modified with
individual 12-mer oligonucleotides, and were assembled by
using a complementary 24-mer oligonucleotide linker.[™ As a
result of the specificity of Watson— Crick base-pairing, only
heterodimeric A —B composites with alternating particle sizes
are formed (Figure 9). In the case of an excess of one particle,
satellite-like aggregate structures were generated and char-
acterized by means of TEM. In a similar approach, oligonu-
cleotide-functionalized CdSe/ZnS quantum dots and gold
nanoparticles were incorporated into binary nanoparticle
networks.”) TEM analysis revealed that the hybrid metal/
semiconductor assemblies adopted the expected A —B-struc-
ture, and fluorescence and electronic absorption spectroscopy
indicated cooperative optical and electronic phenomena
within the network materials. The oligomerization of DNA-
coated gold nanoparticles depicted in Figure 9 can also be
mediated by conjugates comprised of oligonucleotides and
the STV protein. Interestingly, the thermodynamically most
stable oligomeric networks are only formed upon heating the
kinetically controlled adducts produced initially.!

Further studies of DNA-linked gold nanoparticle assem-
blies concerned the influence of the DNA spacer length on the
optical®! and electricall® properties of the networks. The
experiments provided evidence that the linker length kineti-
cally controls the size of the aggregates, and that the optical
properties of the nanoparticle assemblies are governed by the
size of the aggregate.®! In contrast, it was found that the
electrical properties of dried DNA —nanoparticle aggregates
are not influenced by the length of the linker. Although SAXS
clearly indicated that distances between particles in solution
are related to the length of the linker, the networks collapse
upon drying, thereby forming bulk materials comprised of
nanoparticles covered with an insulating film of DNA. These
materials show semiconductor properties that are not influ-
enced by the linker lengths.®

Despite these advances, very little is known about the
manipulation and tailoring of such nanoparticle networks, for
instance, on ways to influence the structure and topography of
the DNA hybrid materials subsequent to their formation by
self-assembly. Within the context of fundamental studies on
DNA-linked nanoparticle networks, the oligomeric aggre-
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30 nm 30 nm 250 nm

Figure 10. Synthesis of nanoparticle networks by using dsDNA as spacer groups. The dsDNA
fragments contain two binding sites (b) attached to the two 5'-ends of the dsDNA. The binding sites are
either biotinyl groups that allow cross-linking of the biotin-binding protein streptavidin as a model
nanoparticle (A —C), or thiol groups that allow the connection of 5-nm gold colloids (D). Adapted in

part from reference [86], with permission.

gates generated from bioorganic streptavidin (STV) particles
and bisbiotinylated dsDNA are suitable model systems to gain
insight into the properties of complex particle networks
(Figure 10). The STV functions as a 5-nm model particle that
can undergo a limited number of interconnections to other
particles within the network. Either one, two, three, or four
biotinylated DNA fragments can be conjugated with STV by
means of the high-affinity STV -biotin interaction. This
simplifies the complexity of the supramolecular particle
networks, and thus allows the convenient analysis of effects
that occur from variations, for example, in the immobilization
parameters. Furthermore, the size of the dsDNA linker
fragments, which are typically about 30 to 170 nm in length,
allow convenient direct observation by means of scanning
force microscopy (SFM; Figure 10).5-%¢ These findings are
convenient for both disciplines involved: the use of SFM
allows insight into biomolecular structure and assembly
dynamics; in turn, the well-defined and clearly distinguishable
DNA -STV nanostructures can be used as calibration stan-
dards for soft materials in the detailed study of tip-convolu-
tion effects and of the influence of measuring parameters in
SFM analyses. 5" 88

3.2.2. Individual Nanoscaled Particle Assemblies

The work of Mirkin and co-workers described above leads
to novel hybrid materials with promising electronic and
optical properties, potentially useful for applications in
materials science,?* 8% %! and the results also have a tremen-
dous impact on immediate diagnostic applications, in partic-
ular, DNA microarray-based nucleic acid analyses (Sec-
tion 5.2.2). As a result of the enormous potential of these

4138

novel compounds, it is partiuclarly im-

portant to overcome limitations which

may result from the lack of stoichiomet-
4T ric control during the assembly process.
To control the architecture of nanoma-
terials, spatially defined arrangements of
molecular devices are required. For
example, to organize metal and semi-
conductor nanocrystals into ultra-small
electronic devices one may consider a
linear aggregate of several individual
components (Figure 11 A). Similarly, as
initially demonstrated for proteins,®"
gold nanoclusters that contain a single
nucleic acid moiety,[*> %] have been ra-
tionally assembled into stoichiometrical-
ly defined nanoscale aggregates (Fig-
ure 11B).

To control the stoichiometry and ar-
chitecture of nanomaterials, Alivisatos
and co-workers synthesized well-defined
monoadducts from commercially avail-
able 1.4-nm gold clusters that contain a
single reactive maleimido group and
thiolated 18-mer oligonucleotides.*>
Subsequent to purification, these conju-
gates allowed the rational construction
of well-defined nanocrystalline molecules by means of DNA-
directed assembly with a single-stranded template that con-
tains the complementary sequence stretches (Figure 11B).

500 nm
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10b 10d

Figure 11. A) DNA-directed assembly of four different nanoscaled build-
ing blocks to form a stoichiometrically and spatially defined supramolec-
ular aggregate. B) Self-assembly of nanocrystal molecules by means of
DNA hybridization.®”! Conjugates from gold particles (shaded spheres)
and 3'- or 5'-thiolated oligonucleotides allowed the formation of head-to-
head (10a) or head-to-tail (10b) homodimers. A template that contains the
complementary sequence in triplicate effects the formation of the trimer
10c¢. The concept described by A) has also been used in the DNA-directed
assembly of proteins,’!l -galactosyl carbohydrates,?" and organometallic
compounds.?'®]
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Depending on the template, the DNA-nanocluster conjugates
were assembled to generate the head-to-head (10a) and head-
to-tail (10b) homodimeric target molecules in approximately
70 % purity, as determined by TEM analysis. Consistent with
model calculations, the center-to-center distances observed in
the two isomers were about 3—10 nm and 2—6 nm in 10a and
10b, respectively. TEM images also confirmed the structure of
trimeric molecules 10¢. More recently, multiple gold nano-
crystal aggregates were generated by DNA-directed assem-
bly.[”2l The preparations, which contain up to three nano-
clusters of different sizes organized in several ways, were then
purified by electrophoresis. TEM characterization indicated
that the nanocrystal molecules have a high flexibility when the
DNA backbone is nicked (e.g. 10¢), whereas an unnicked
double helix (e.g. 10d) significantly lowers the flexibility. UV/
VIS absorbance measurements indicated changes in the
spectral properties of the nanoparticles as a consequence of
the supramolecular organization.*?]

The concept of using DNA as a framework for the precise
spatial arrangement of molecular components was carried out
originally with the covalent conjugates of single-stranded
DNA oligomers and STV protein.’ The STV-DNA con-
jugates 11 were used as model systems for a variety of
important fundamental studies on the DNA-directed assem-
bly of macromolecules.® In addition to their model charac-
ter, the covalent DNA —STV conjugates are also convenient
as versatile molecular adapters in the nanoproduction of
supramolecular assemblies. The covalently attached oligonu-
cleotide moiety supplements the four native biotin-binding
sites of STV with a specific recognition domain for a
complementary nucleic acid sequence. This bispecificity
allows the use of the DNA -STV conjugates as adapters for
the assembly of basically any biotinylated compound along a
nucleic acid template.[ As an example, the strong biotin -
STV interaction and the specific hybridization capabilities of
the DNA-STV conjugates 11 were used to organize gold
nanoclusters (Figure 12).5 In this work, 1.4-nm gold clusters
that contain a single amino substituent were derivatized with a
biotin group, and the biotin moiety was used subsequently to
organize the nanoclusters into the tetrahedral superstruc-
ture, defined by the geometry of the biotin-binding sites of the
STV. Subsequently, the nanocluster-loaded proteins self-
assemble in the presence of a complementary single-stranded
nucleic acid carrier molecule, thereby generating novel
biometallic nanostructures such as 12 (Figure 12). Since the
DNA -STV conjugates can be used as a molecular construc-
tion kit, this approach even allows the combined assembly of
inorganic and biological components to produce functional
biometallic aggregates such as 13, which contain an immuno-
globulin molecule (Figure 12). Aggregate 13 was produced
from STV conjugates 11a—11e as well as from conjugates of
11f and biotinylated antibodies, which were previously
coupled in separate reactions. The functionality of the anti-
body in this aggregate allows the targeting of the biometallic
nanostructures to specific tissues, substrates, or other surfaces.
This approach impressively demonstrates the applicability of
protein—ligand interaction and DNA hybridization for the
nanoconstruction of novel inorganic/bioorganic hybrid sys-
tems.P!
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Figure 12. A) DNA-directed assembly of biotinylated gold (Bio-—Au)
nanoclusters with DNA-STV conjugates 11 as molecular adapters.
Specific nucleic acid hybridization leads to biometallic aggregates 12.
TEM images of B) the biometallic aggregate 12[acf] (the letters in brackets
indicate the protein components bound to the carrier) and C) an antibody-
containing biometallic construct 13. Data from reference [51], with
permission.

3.3. Biomimetic Systems

Analogously to the biomolecule-based oligomerization of
nanoparticles (Figure 5), reversible abiotic recognition sys-
tems have been applied to the supramolecular organization of
nanoparticles. For example, Fitzmaurice and co-workers have
reported the heterosupramolecular generation of novel
inorganic materials.”® Semiconducting titanium dioxide par-
ticles (22 nm) were stabilized with a modified pyridine
substituent, which can specifically recognize a uracil deriva-
tive that is covalently linked with the electron-acceptor
viologen. Hydrogen bonding of the uracil —viologen conju-
gate to the nanoparticles led to the formation of a hetero-
supramolecular inorganic —organic hybrid. Band —gap excita-
tion of the self-assembled donor-—acceptor system induces
electron transfer from the donor (TiO, nanocrystallite) to the
acceptor (viologen).[3] More recently, gold® and silver®
nanoparticles, stabilized with a monolayer comprised of w-
undecylthiol and an alkane thiol 14 that contains a dibenzo-
18[crown]-8 moiety, were aggregated by pseudorotaxane
assembly. Bis(dibenzylammonium) cations 15 were used as
linker units (Figure 13). As indicated from NMR spectro-
scopic and DLS measurements, the extent of nanocrystal
aggregation can be controlled by the relative amount of linker
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Figure 13. Silver nanocrystals stabilized with a monolayer of an alkyl thiol
and 14, aggregated through pseudorotaxane formation in the presence of
bis-dibenzylammonium cations 15 as linker units. Reproduced in part from
ref. [95], with permission. Copyright 2000 American Chemical Society.

15, or by the addition of inhibitors such as free dibenzo-
18[crown]-8.1%!

In general, the above self-assembled monolayer (SAM)
functionalized gold colloids (SAM-colloids)® provide a
versatile platform for the production of multivalent receptors.
In these systems, the number of functional ligands can be
controlled during particle formation or displacement reac-
tions,I*®! and the mobility of thiol ligands on the surface of the
gold colloids can be utilized to create environmentally
responsive systems.”® To this end, gold nanoparticles were
coated with a mercaptooctanol SAM that contained two
receptor groups: diacyldiaminopyridine 16 and pyrene 17
(Figure 14). The exposure of flavin 18 to the doubly function-
alized colloids induced a guest-templated surface rearrange-
ment of the two receptor groups, thereby forming a self-
optimized, bivalent binding site for the flavin. Although the
imprinted formation of binding sites on two-dimensional
planar gold surfaces has previously been reported,’” the
nanoparticle-based receptors open novel ways to generate
diffusible probes for the recognition of biomolecular protein
and cell surfaces.’™ Moreover, this approach should be
expandable to catalytically and optically active chemical
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Figure 14. Supramolecular template formation of a polyvalent binding site
on SAM-stabilized gold colloids that contain the receptor groups 16 and 17.
Adapted from ref. [96d], with permission. Copyright 2000 American
Chemical Society.

groups,”®! as well as to SAM-bound biomolecules, such as
enzymes, receptors, and antibodies,” thereby providing novel
tools for immunoassays, biosensors, and model systems for the
study of membrane diffusion processes.

4. Biotemplating

The electrostatic and topographic properties of biological
macromolecules and their derived supramolecular complexes
can be used for the synthesis and assembly of organic and
inorganic components. In this biological templating approach,
regular two-dimensional lattices of bacterial cell surface
proteins, nano- and micrometer-sized nucleic acid compo-
nents, as well as hollow biomolecular compartments such as
virus particles, have already been exploited for the generation
of nanoparticles and supramolecular architecture.

Angew. Chem. Int. Ed. 2001, 40, 4128 -4158



Nanobiotechnology

REVIEW

4.1. Bacterial Surface Layers

Crystalline cell surface layers, S-layers, are the most
abundant structures in procaryotic organisms. S-layers consist
of multiple copies of a single polypeptide, which spontane-
ously forms highly regular nanoporous superlattices of vary-
ing symmetry (Figure 15). As a result of their extraordinary
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Figure 15. Bacterial surface layers (S layers). A) Different types of
S layers with a diagonal (pl, p2), square (p4), or hexagonal (p3, p6)
symmetry. B) TEM image of a gold superlattice prepared by using a square
Slayer lattice mounted on a substrate. Data from ref. [100], with
permission.

regularity, S-layers are unique systems to study structure,
genetics, and dynamic self-assembly processes of biomolecu-
lar components. Furthermore, isolated native and chemically
or genetically engineered S-layers offer a broad range of
applications ranging from biotechnology, diagnostics, and
vaccines to molecular nanotechnology.'®! The regular pores
within the two-dimensional protein crystals of S-layers have
been used as templates for the generation of nanoparticle
arrays. Shenton et al. described the synthesis of CdS super-
lattices by using recrystallized S-layers from Bacillus stear-
othermophilus on electron microscope slides.'’"!! The immo-
bilized S-layer was mineralized by incubation in a CdCl,
solution, and subsequent treatment with H,S. TEM analyses
showed that the monodisperse 5-nm CdS nanocrystals grown
were organized in a regular array, located within the nano-
pores of the protein matrix.

Dieluweit et al. produced a square superlattice of uniform
4 -5 nm gold particles with a repeat distance of about 13 nm,
by using an S-layer lattice of Bacillus sphaericus that was
chemically modified to contain thiol groups within the
individual protein building blocks.'"”) For this purpose, a
solution of tetrachloroauric(I1I) acid was used to generate a
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thin gold coating of the S-layer. Electron irradiation during
TEM investigation of the samples led to the formation of the
S-nm gold particles (Figure 15). Mertig et al. prepared a
highly oriented 2-nm platinum nanocluster array by means of
biomolecular templating with an S-layer of Sporosarcina
ureae.'” In contrast to the above approaches, the cluster
array was prepared in homogenous solution by treating a
suspension of the S-layer with a solution of K,PtCl, and
subsequent reduction using NaNj;. As indicated by TEM
analysis, the Pt clusters have clear metallic character, and the
lateral p4-symmetric cluster arrangement is defined by the
underlying protein crystal.l'%3]

Recently, Hall etal. reported the precipitation of pre-
formed gold colloids by using a hexagonally packed inter-
mediate (HPI) S-layer of D. radiourans."® The HPI layer has
a periodic structure of hexameric units and each forms a
hollow cone-shaped protrusion with a positively charged
cavity with a width of about 2 nm. Exposure of surface-
mounted HPI layers to an aqueous solution of citrate-
stabilized 5- and 10-nm gold colloids led to the formation of
micrometer-sized arrays of regularly spaced nanoparticles,
hexagonally organized with center-to-center spacings of about
18 nm, which are have the same pattern as the underlying
S-layer lattice. In competition experiments with a 1:1 mixture
of the 5- and 10-nm particles, the HPI layer exhibited
exclusive binding of the 5-nm colloids. The binding of the
10-nm particles led to a preferential adsorption of particles
with an average diameter of 8.0+ 1.3 nm, which is signifi-
cantly smaller than the mean particle diameter of 9.7+
22nm. No long-range periodicity was observed for the
adsorption of 20-nm particles or of positively charged 5-nm
particles. These results demonstrate that the shape and
electrostatic properties of a biotemplate can be used to
control the spatial arrangement of micrometer-sized arrays of
inorganic nanoparticles. Future developments of this ap-
proach are particularly promising since the engineering of
only a single gene is required for tailoring the topographical
and chemical properties of the S-layer.!%]

4.2. DNA-Templated Assembly

The electrostatic and topographic properties of the DNA
molecule can also be used for the templated synthesis of
supramolecular aggregates of inorganic and organic building
blocks. An early example of this approach was reported by
Gibbs et al. [l who demonstrated that porphyrin derivatives
that contain cationic side chains (e.g. 19), form long-range
structures on a DNA template. These supramolecular por-
phyrin assemblies have the same helical sense as the nucleic
acid template. Further studies gave more insight into the
kinetic and thermodynamic properties of the DNA —por-
phyrin assemblies.!'” 1] The use of DNA as a nanotemplate
for the spontaneous assembly of cationic cyanine dye 20 to
form supramolecular aggregates was reported by Armitage
and co-workers.'’” 1% Dye 20 dimerizes in the presence of
dsDNA that contains alternating A/T residues. Strikingly, the
dimer binding is highly cooperative. The binding of the first
dimer greatly facilitates the binding of a second dimer, leading
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to the formation of an extended helical cyanine dye aggregate
in the case of longer DNA templates. Thus, the DNA structure
precisely controls the spatial dimensions of the supramolec-
ular aggregate.

Tour and co-workers have used DNA to congregate
macromolecular Cgq fullerene molecules 21, which were
modified with an N,N-dimethylpyrrolidinium iodide substitu-
ent.''l The electrostatic binding of 21 to the phosphate
backbone of DNA could be directly imaged by TEM without
the need for heavy metal shadowing or other staining
techniques. TEM analysis of the DNA fullerene hybrid
materials revealed that the complexation had significantly
altered the structure of the DNA. In the case of circular
plasmid DNA templates, it was found that the diameter of the
hybrid complexes were condensed about fivefold, whereas the
thickness of the double helix ranged between 15 and 30 nm,
instead of 2 nm for native DNA. This condensation (short-
ening and thickening) of the dsDNA is probably a conse-
quence of extensive hydrophobic interactions between the
fullerene moieties attached to the DNA. Similar condensation
effects are well know from polyamines, such as spermine and
spermidine, which induce a significant packing of DNA
structures. The dynamics of such DNA condensates at the
solid - liquid interface have been studied recently by SFM.[12]
The spermine-induced packing of DNA to generate calibrated
bioorganic particles of nanometer-sized dimensions was
reported by Blessing et al.l'’®l They used the polymerizable
cation 22, which can bind to the minor groove of B-DNA. The
air-induced thiol/disulfide oligomerization of 22 in the pres-
ence of a plasmid DNA led to the physical collapse of the
DNA, together with the formation of 50 £ 15 nm particles.
Such nanometric monomolecular DNA particles are poten-
tially useful for gene delivery.[''4]

Pioneering work on the DNA-templated generation of
metal and semiconductor nanoparticle arrays was carried out
by Coffer and coworkers.''>"18] They used the negatively
charged phosphate backbone of the DNA double helix to
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accumulate Cd?>* ions, which
were subsequently treated with
Na,S to form CdS nanoparticles.
For this, solutions of calf thymus
DNA and Cd** ions were
mixed, and subsequently, molar
amounts of Na,S initiated the
formation of CdS nanoparticles.
TEM analysis indicated that the
particles were fairly monodis-
perse with an average diameter
of about 5.6 nm."! Since the
actual role of the DNA was
vague from this study, later ex-
periments investigated the po-
tential influence of the sequence
of the DNA template on the
particle binding.["'®! The adenine
content of the DNA particularly
affects the size of the nanoparti-
cles, thereby providing indirect
evidence for the suggested tem-
plate mechanism. Subsequent studies concerned the synthesis
of surface-bound mesoscopic nanoparticle aggregates.!'!” 118l
For this purpose, the 3455 base pair circular plasmid DNA
pUCLeu4 was used as a template, forming a circle with a
diameter of about 375 nm. The DNA was mixed with Cd**
ions in solution, and subsequently, the Cd**-loaded DNA was
adsorbed on an amino-modified glass substrate. CdS nano-
structures were formed by treatment with H,S.'"” TEM
analysis revealed that CdS particles with a diameter of about
5nm had developed, which were assembled close to the
circular DNA backbone. A measurement of its circumference
indicated the intactness of some of the DNA molecules.
However, various other aggregates with irregular shapes were
also observed.

In addition to its use as a nanotemplate, DNA can also be
employed to produce micrometer-scaled elements, which are
potentially useful in microelectronics. Braun et al. described
an example in which a 16-um A-DNA molecule, which
contained two cohesive ends, was used to bridge the ~12—-
16 um distance between two gold microelectrodes, prepared
by standard photolithography (Figure 16)."] Subsequent to
the functionalization of the electrodes with individual capture
oligonucleotides, the DNA fragment was allowed to hybrid-
ize. Successful interconnection of the electrodes was con-
firmed by optical microscopy of the fluorescent labeled A-
DNA. Next, the sodium ions bound to the phosphate back-
bone of the 2-DNA were exchanged with Ag" ions, and the
latter were chemically reduced by hydroquinone. The small
silver aggregates formed along the DNA backbone were then
used as catalysts for further reductive deposition of silver,
eventually leading to the formation of a silver nanowire. This
micrometer-sized element with a typical width of 100 nm had
a granular morphology, as determined by SFM (Figure 16).
Two terminal electrical measurements of the Ag nanowire
revealed non-linear, history-dependent /- V curves, possibly a
result of polarization or corrosion of the individual 30—50 nm
Ag grains that comprised the wires.'""]

NH5*
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Figure 16. DNA-templated synthesis of a conducting silver wire. SFM images revealed the granular structure of the wire. Reproduced from ref. [119], with

permission.

Richter et al. reported the use of A-DNA for the templated
growth of Pd clusters.l'?” This was achieved by activation of
the DNA with palladium acetate and subsequent reduction of
the DNA-bound Pd ions with a sodium citrate/lactic acid/
dimethylamine borane solution. This led to the formation of
DNA-associated one- and two-dimensional arrays of well-
separated 3-5nm Pd clusters.'”! Subsequent work has
focused on the preparation of highly conductive nanowires
by using DNA templates!'?!l as well as on the mechanism of
the initial nucleation of the metal clusters.'”? The DNA-
templated production of mesoscale structures from pre-
formed, positively charged 3-nm CdS particles with a thiocho-
line-modified surface was reported by Torimoto et al.'?l As a
result of the electrostatic interaction between positively
charged nanoparticle surfaces and the phosphate groups of
DNA, the particles were found to be assembled into chains, as
determined by TEM analysis. The CdS nanoparticles were
arranged in a quasi-one-dimensional dense packing, which
revealed interparticle distances of about 3.5 nm, correlating
with the height of one helical turn of the DNA double
strand.l'?®l The electrostatic assembly of lysine-stabilized gold
particles on DNA was also reported.[?¥

The examples described above give initial impressions of
how DNA can be utilized as a template in the synthesis of
nanometric and mesoscopic aggregates. However, the studies
emphasize the importance of fundamental research on how
the interaction between DNA and the various binders, such as
metal and organic cations, influences the structure and
topology of the nucleic acid components involved. Potential
applications include the use of DNA strands!''”! and net-
works['?] to prepare microelectronic devices, or the use of
DNA circlesl3 1261301 to produce nanoscaled Aharonov—
Bohm rings.!'3!
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4.3. Bio-Nanoreactors

Nature has developed a variety of protein components that
function as carriers or storage devices for metal components.
Of these systems, the iron-storage protein ferritin is probably
the most intensively studied and best understood.!'* Ferritin
consists of a central core of hydrated iron(iioxide encapsu-
lated with a multisubunit protein shell. During formation, the
protein shell self-assembles in the first step to form a hollow
cage of about 8 nm in diameter. As a consequence, subse-
quent inorganic mineralization leads to spatially confined
nanoparticles of an antiferromagnetic iron oxide similar to the
mineral ferrihydrite.*¥) Because of the pores within the
polypeptide shell, the mineral can be removed by reductive
dissolution, leading to the formation of a demetallated
protein, termed apoferritin.*¥ It has long been known that
apoferritin can be remineralized by chemical procedures,!'>]
and the reconstitution of the ferrihydrite core in ferritin has
served to investigate the catalytic properties of the apoferritin
with respect to iron(i1) oxidation and nucleation of ferrihydrite
within the protein compartment.[3¢!

In the early 1990’s, Mann and co-workers began to explore
the use of ferritin as a nanometer-sized bioreactor for
producing metal particles other than the natural ferrihydrite
(Figure 17). Horse spleen apoferritin was used as a nano-
meter-sized reaction vessel to generate manganese oxide and
uranyl oxyhydroxide crystals.[®”] As an example, nanoparti-
cles were synthesized by basic hydrolytic polymerization of
uranyl acetate, leading to the formation of uniform 6-nm
uranyl oxyhydroxide particles within the spatially confined
supramolecular protein cages. Later work concerned the
production of magnetic proteins by reconstituting apoferritin
with the ferrimagnetic minerals magnetite (Fe;O,)!'*! and
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Figure 17. A) Hollow protein cages used as spatially confined bioreactors
for the growth of inorganic nanoparticles (FG = functional group, which
acts as a nucleation site for biomineralization). B) Synthesis of nanotube
composites by using TMV templates. (TEOS = tetraethoxysilane). Repro-
duced from ref. [144], with permission.

magnetite/maghemite (Fe;O,/y-Fe,05). As a result of the
inner diameter of the nanoreactors, about 67 nm diameter
crystaline inorganic particles were formed, as determined by
TEM. The magnetite/maghemite particles were generated by
oxidation of apoferritin with trimethylamino-N-oxide, which
was loaded with various amounts of iron(i1) ions. The magnetic
properties were studied by using SQUID magnetometry, and
an approximately linear dependence of the superparamag-
netic blocking temperature on iron loading was found.['*! The
monodisperse magnetic proteins might be utilized in bio-
medical imaging, cell labeling, and separation procedures
(Section 5.3). Moreover, the coupling of biotin recognition
groups to the ferritin allowed the assembly of the bioinorganic
particles with streptavidin connectors (see Section 3.1) to
form oligomerized superstructures.!4]

In a recent contribution, 15-nm lumazine synthase capsid
particles, comprised 60 polypeptide subunits in the form of an
~8-nm hollow cage, were used as a nanobioreactor to
produce iron oxide nanoparticles.'!! Virus particles are
another type of biological structure that can be applied as a
template for biomineralization. Virus particles typically con-
sist of several hundred to thousands of protein molecules that
assemble in the form of a hollow compartment, which holds
the viral nucleic acid. The self-assembly of the tobacco mosaic
virus (TMV) is the most comprehensively understood system
of biological self-assembly.['*> 1431 TMV is a stable virion and
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can withstand temperatures of up to 60°C and pH values
between 2 and 10. It is made up of 2130 identical protein
building blocks, arranged in a helical motif around the viral
RNA to form a hollow tube of 300 x 18 nm in size with a
central channel with a diameter of 4 nm. The internal and
external surfaces of the supramolecular protein assembly
consists of a repeated pattern of charged amino acid residues
such as glutamate, aspartate, arginine, and lysine, which
should offer a variety of nucleation sites for surface-controlled
biomineralization. This assumption led Shenton et al. to use
TMYV nparticles as a template to generate inorganic —organic
nanotube composites by means of template mineralization.['4]
As indicated in Figure 17 B, several routes were explored for
the synthesis of nanotube composites that use TMV tem-
plates. The sol-gel condensation of TEOS led to the
formation of electron-absorbing SiO, rods, which were
identified as TMV particles covered with a uniform 3-nm
silica shell. Coprecipitation of TMV and CdCl, or Pb(NOs),
and H,S led to the production of hybrid materials in which
disordered aggregates of CdS (5 nm) or PbS (30 nm) nano-
particles, respectively, were adsorbed on the external surface
of the TMV template. Similar CdS nanoparticles had pre-
viously been synthesized by using a ferritin nanoreactor.!']
The TMV particles were also subjected to iron oxide
mineralization by adding NaOH to an acidic dispersion of
iron(t1)/iron(i1n) that contained the virions. This led to a poorly
crystalline ferrihydrite deposition on the external surface of
the protein template. In contrast, slow aerial oxidation of
TMYV in anaerobic iron(i1) solution yielded virions covered
with an even 2 nm thick iron oxide film.['*]

Spherical virus protein cages were used for the host—guest
encapsulation of inorganic and organic materials. Douglas
and Young used well-defined cowpea chlorotic mottle virus
(CCMV) particles, obtained from in vitro assembly of purified
viral-coat protein subunits (Figure 18).04¢ 471 Each protein

pH <65 {_’

Figure 18. Cryoelectron microscopy and image reconstitution of the CCM
virus. The structure in an unswollen condition at low pH values (left) and in
a swollen condition at high pH values (right). Swelling results in the
formation of 60 pores with a diameter of 2 nm. Reproduced from ref. [146],
with permission.

pH =65

building block has nine basic amino acid residues (arginine or
lysine), which point into the interior of the ~18-nm cavity.
Thus, the positively charged inner compartment of the
~28-nm diameter CCMV particles provides a suitable inter-
face for inorganic crystal nucleation, such as the growth of
polyoxometalate species, paratungstate and decavanadate.
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For this purpose, a pH-dependent gating mechanism of the
CCMV virions was used. At pH values greater than 6.5,
CCMV particles swell up by about 10%. This leads to the
formation of 60 separate 2-nm pores, which allow free
molecule exchange between the cavity and the bulk medium.
In contrast, no exchange of large molecules occurs at pH
values lower than 6.5. Therefore, empty virions were incu-
bated with inorganic molecular tungstate (WO,**) at pH 6.5,
concentrated and subsequently washed at pH 5, at which
point the pores in the protein shell close and the tungstate ions
oligomerize. The latter process is a crystallization that yields
uniform 6.7-nm diameter nanocrystals. Besides the polyoxo-
metalate species, organic polymer nanobeads have also been
produced within the spatially constrained virions. The pH-
dependent encapsulation of an anionic polymer (poly-
anetholsulfonic acid) was carried out at pH 75, and the
subsequent lowering of the pH to 4.5 resulted in the formation
of polymer-loaded virus particles of uniform size distribution,
as determined by TEM analysis.['4°]

The above examples demonstrate that biomolecular com-
partments are suitable in applications for the formation of
nanophase materials as well as for supramolecular encapsu-
lation strategies. It is safe to assume that future developments
will focus on the generation of altered protein building blocks
for the self-assembly of novel improved biological reaction
compartments using today’s powerful techniques of molecular
biology. Based on the native proteins, rational or random
mutagenesis will allow us to design recombinant proteins that
have optimized recognition capabilities for the assembly of
distinctively shaped superstructures and possess appropriate
amino acid residues for the effective nucleation of organic and
inorganic nanomaterials.

5. Applications

From a biotechnological point of view, the term application
is strictly associated with commercial products that (at least
potentially) address significant markets. With respect to this
stringent definition, real applications of the bioinorganic
hybrid materials described above are rare at the present time.
However, the fusion of biotechnology with materials science
has great potential for generating advanced materials, and in
turn, today’s advanced materials and devices, as well as
modern physicochemical techniques can be applied to solve
biological problems. Thus, bioanalytical applications are
currently the most practical outcome of the interdisciplinary
work. Biological sciences greatly benefit from the refinement
of analytical techniques, originally developed for material and
physicochemical sciences.

5.1. Physicochemical Techiques

The most prominent physical characterization method for
biological systems is scanning force microscopy (SFM). SFM
has become a tremendously useful tool to map biological
surfaces with high spatial resolution. In particular, the
application of functionalized tips enables biospecific chemical
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force microscopy.'*¥l Moreover, SFM allows biomolecules to
be stretched, and thus brings novel insight into the exploration
of nucleic acid conformation and protein folding.['*)

Surface plasmon resonance (SPR) spectroscopy is another
advancing technique which contributes to the comprehensive
understanding of biomolecular structure and dynamics.['>]
The surface-sensitive optical technique of SPR imaging is
used to characterize ultrathin organic and biopolymer films at
metal interfaces in a spatially resolved manner, for example,
at the boundary between a gold layer and a liquid phase.
Because of its high surface sensitivity and its ability to
measure in real time the interaction of unlabeled biological
molecules with arrays of surface-bound species, SPR imaging
has been successfully implemented in the characterization and
monitoring of biomolecular interactions, such as heteroge-
neous antibody —antigen binding at surfaces, and the study of
solid-phase DNA hybridization.

The extensive studies of interfacial processes between
biomolecules and metal surfaces have also led to the refine-
ment of distinguished spectroscopic methods, in particular,
surface-enhanced Raman scattering (SERS). In SERS, mol-
ecules adsorbed on roughened gold or silver surfaces exhibit
vibrational spectral intensities that are enhanced up to
100000-fold.>Y Since the SERS method only detects princi-
pally the first monolayer adsorbed on the enhancing substrate,
this technique allows the elucidation of specific interactions
that occur between solid substrates and adsorbed biomole-
cules. For example, citrate-reduced silver colloids demon-
strate excellent SERS enhancements and good biocompati-
bility. Thus, this substrate has been used for detailed studies of
adsorbed proteins, which indicated that several enzymes such
as chlorocatechol dioxygenase,* cytochrome ¢ (Cc),?” and
several cytochromes P450,! retain their activity while adsor-
bed on this type of metal surface. However, since colloidal Ag
preparations are often obtained as a heterogeneous popula-
tion of different particle sizes and shapes, this leads to poorly
reproducible optical properties and protein aggregation
characteristics. On the other hand, although methods for
preparing monodisperse protein-coated gold nanoparticles
are well developed,'™ Au colloids unfortunately reveal
significantly lower SERS enhancement factors with visible
excitation, and thus SERS intensities of biomolecule/Au
colloid conjugates are relatively weak.

Natan and co-workers reported a solution to this problem:
the small heme-containing redox enzyme Cc can be used as a
model system which adsorbs to citrate-stabilized gold surfaces
in an oriented fashion through its lysine-rich heme pocket.?’!
Au nanoparticles with a diameter of 12 nm were coated with
Cc, and the resulting conjugates were used to deliver the
protein to colloidal Ag for SERS measurements (Figure 19).
SERS spectra of the Ag/Cc/Au sandwich aggregates indicated
that the protein retains its native conformation. The advan-
tage of this approach is that the Ag/Cc/Au sandwich can be
made at the well-defined concentration of the Au carrier
particles, and the SERS measurement can be made at another
concentration of the Ag colloids (which may be less defined).
Moreover, this approach allows one to overcome the normal
dependence of SERS intensity on increasing distance from the
Ag substrate by positioning the analyte between two metal
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Figure 19. Formation of a metal — Cytochrom ¢ (Cc) metal sandwich for SERS. The heme-containing
redox enzyme Cc adsorbs to citrate-stabilized gold particles in an oriented fashion through its lysine-
rich heme pocket. The resulting conjugates are used to deliver the protein to colloidal Ag for SERS

measurement. Adapted from ref. [35].

surfaces.’>) Tt was observed that the metal/protein/metal
sandwich conjugates revealed significantly higher electro-
magnetic fields between the particles.'®] The strong inter-
particle electromagnetic coupling was deduced from the
wavelength-dependent SERS enhancement ratios, and the
presence of wavelength-shifted single-particle surface-plas-
mon bands. Thus, such studies are important for experimental
verification of theoretically predicted electromagnetic effects
between closely spaced metal nanoparticles.'>3l In addition to
basic studies, the SERS technique also has the potential for
the development of analytical methods, for example, as a
structure-specific detection method for capillary electropho-
resis,I™ or for quantifying dsDNA in bioanalytical assays.['>]

5.2. Nanoparticles as Biolabels

5.2.1. Protein-Coated Particles

Gold nanoparticles that are functionalized with proteins
have long been used tools in the biosciences.'*! For instance,
antibody molecules adsorbed on colloidal gold (10-40 nm)
are routinely used in histology, thus allowing the biospecific
labeling of distinguished regions of tissue samples and
subsequent TEM analysis. More advanced small gold clusters
with a diameter of 0.8 or 1.4nm can be used for the
site-specific labeling of biological macromolecules (Fig-
ure 4).[43 1571581 These labels have a number of advantages
over colloidal probes, including better resolution, stability,
and uniformity. Moreover, their small size improves the
penetration and more quantitative labeling of antigenic sites.
The 1.4-nm particles are the smallest gold clusters that can be
seen directly under a conventional electron microscope,
allowing a spatial resolution of about 7 nm when covalently
attached to antibody fragments. The visibility of the clusters
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can be improved by a wet-chemical
silver enhancement step for use in
electron or light microscopy for histo-
logical purposes, or to detect picogram
amounts of antigens in immuno-
blots.[1>]

The silver enhancement can also be
applied for the electrical sensing of
biological binding events, for instance,
through the short circuiting of micro-
electrodes (Figure 20). Gold nanopar-
ticles are immobilized in the gaps of
microelectrodes through biospecific

Cec- Au Conjugate

-
s

interactions such as immunosorption
of antibodies.'®] The colloids serve as
T catalytic cores for the reductive depo-
-t sition of a conducting layer of silver,
which short circuits the two electrodes.
The resulting decrease in ohmic resis-
tance is used as a positive signal for the
sensing of the biospecific interaction to
be detected. Other approaches used
electrode-immobilized layers of gold
colloids for the adsorption of the redox
enzyme horse-radish peroxidase to prepare biosensors for the
electrocatalytic detection of hydrogen peroxide.['*"-1¢3] Gold
nanoparticles can also be applied to enhance detection limits
in SPR-based real-time biospecific interaction analysis (Fig-
ure 21).1164 161 The dramatic enhancement of SPR biosensing
with colloidal Au was initially observed in a sandwich
immunoassay in which Au nanoparticles were coupled to a
secondary antibody. The latter was used to detect a primary
antibody bound through specific immunosorption to the
antigen immobilized on the gold sensor surface. The immu-
nosorptive binding of the colloidal gold to the sensor surface
led to a large shift in plasmon angle, a broadened plasmon
resonance, and an increase in minimum reflectance, thereby
allowing picomolar detection of the antigen.'* Similarly, an
improvement in sensitivity by about 1000-fold was obtained in
nucleic acid hybridization analysis, when a colloidal gold/
oligonucleotide conjugate was used as a probe (Figure 21).['%%]
These results suggest that the detection limit of SPRI now
begins to approach that of traditional fluorescence-based
DNA hybridization detection.

The use of colloidal silver plasmon-resonant particles
(PRPs) as optical reporters in biological assays has recently
been described.l'! PRPs can readily be observed individually
with a microscope configured for dark-field microscopy, with
standard white-light illumination. The use of PRPs, whose
surfaces are coated with bioactive ligands, was illustrated in a
model sandwich immunoassay for goat anti-biotin antibody.
Because PRP labels are nonbleaching and bright enough to be
identified and counted rapidly, they might soon be applicable
in ultrasensitive assay formats based on single-target molecule
detection. [

Semiconductor nanoparticles are also powerful fluorescent
probes, which can be used for the labeling of biological
components.['”18 32167l The quantum dots have several advan-
tages over conventional fluorescent dyes. Their fluorescence
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Figure 20. Electrical detection of biorecognition processes. Receptor
groups such as antibodies or DNA oligomers are immobilized in the gap
between two microelectrodes and used as a capture agent to bind
complementary target molecules specifically. In a sandwich-type assay,
the captured analyte is tagged with colloidal gold by a second biological
recognition unit. Subsequent reductive deposition of silver leads to the
formation of a conducting metal layer which short-circuits the two
electrodes.

absorption and emission are conveniently tunable by their
size and material composition, and the emission peaks have a
narrow spectral linewidth (Figure 22). Typically, emission
widths are 20-30 nm (full-width at half-maximum, FWHM),
which is only one third of the emission linewidth of a
conventional organic dye. The high quantum yields often
range from 35-50% for core (CdSe)—shell (ZnS) nanopar-
ticles. Moreover, quantum dots are about 100 times as stable
against photobleaching as organic dyes, and they often reveal
a long fluorescence lifetime of several hundred nanoseconds.
This allows time-delayed fluorescence measurements, which
can be used to suppress the autofluorescence of biological
matrices.['%®]
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Figure 21. Sensing of DNA hybridization by means of SPR. A gold
sensorchip functionalized with capture oligonucleotides S1 (A), is used to
bind complementary target DNA S2 specifically (B). Introduction of a
colloidal gold-oligonucleotide conjugate S3 allows the detection of the
surface-immobilized complementary target (C). The corresponding SPR
curves (reflectance p as a function of the SPR angle w) show the large
increase in w in the transition from B to C, compared to that from A to B.
Data from ref. [165], with permission. Copyright 2000 American Chemical
Society.

Bruchez, Jr. et al. used core (CdSe)—shell (CdS) nanopar-
ticles that were coated with an additional layer of silica for
biolabeling.'l The silica layer makes the nanoparticles water
soluble and also allows covalent coupling of functional groups
by means of organosilane chemistry. To demonstrate this
principle, mouse fibroblast cells were labeled with two
different sizes of nanocrystals. Green, 2-nm particles that
were coated with methoxysilylpropyl urea and acetate groups
were found to bind specifically to the cell nucleus by
electrostatic interactions. Red, 4-nm biotinylated nanocrystals
were used to label F-actin filaments, owing to the biotin—STV
interaction. The surface of the nanocrystal was covalently
modified with biotin groups, and the biotinylated nano-
particles were used for the specific staining of the actin
filaments, previously labeled with phalloidin—biotin conju-
gate and STV. The dual labeled fibroblast were imaged with a
conventional wide-field confocal fluorescence microscope,
using a mercury lamp as a light source with a fluorescein
isothiocyanate excitation filter and a single long-pass detec-
tion filter. Despite this simple setup, both colors were clearly
visible simultaneously, and the green and red labels could be
distinguished with the naked eye (Figure 22).0'"]

Chan et al. used 4.2-nm ZnS-protected CdSe quantum dots,
stabilized with a layer of mercaptoacetic acid.'¥! The latter
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Mattoussi et al. recently described a novel
approach to the coupling of biomolecules with
semiconductor quantum dots.’?l They prepared a
recombinant protein linker that contained a basic
leucine zipper motif, which induces a net positive
charge, thereby allowing electrostatic binding to
negatively charged semiconductor quantum dots
(Figure 23). Functional proteins, such as bioactive
enzymes or binding proteins can be attached to the
leucine zipper motif through the flexible linker
chain by means of genetic engineering. The use of
a model fusion protein which consists of the
maltose binding protein (MBP) allowed the prep-
aration of biofunctionalized 4-nm CdSe/ZnS quan-
tum dots that containing about 19 protein mole-

Figure 22. A) Fluorescence emission spectra of semiconductor quantum dots; B) cross-
section through dual-labeled mouse fibroblasts. The actin fibers are stained red. The
nonspecific labeling of the nuclear membrane by both the red and the green probes results
in a yellow color. Reproduced from ref. [17], with permission. Copyright 1998 American

Association for the Advancement of Science.

improved the water solubility of the nanoparticles, and the
carboxy groups also allowed the covalent coupling to various
biomolecules by cross-linking to reactive amino groups. The
quantum dots were coupled with transferrin, a protein that
induces receptor-mediated endocytosis.'®) A HeLa cell
culture was incubated with the resulting nanoparticle — pro-
tein conjugates, and confocal microscopy revealed that the
conjugates were transported into the cell. (HeLa cells are
epithelial cells; they were isolated from a cervix carcinoma of
a patient, Henrietta Lacks, and were the first human cells
from which a permanent cell culture was established.) In
another example, the suitability of the nanocrystals for
sensitive immunoassays was investigated. Conjugates with
IgG molecules were prepared and subjected to immunopre-
cipitation by using a complementary antibody with a binding
specificity for the particle-bound proteins. The extensive
aggregation observed in this simple experiment clearly
indicated that the attachment of nanocrystals does not harm
the functionality of the biomolecule.!"¥! In a recent continu-
ation of this work, micrometer-sized polymer particles were
tagged with various quantum dots to achieve an optical
“barcode” for biomolecules.'”"]
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1 cules per nanoparticle. The conjugates had the full
biological functionality of the MBP as well as the
undisturbed photoluminescent properties of the
quantum dots. Moreover, it was observed that the
binding of the leucine zipper is beneficial to the
stability of the nanoparticle stability in aqueous
solutions.[?! Stable, water-soluble oligonucleotide
conjugates were recently prepared from hydroxy-
capped quantum dots.'”!l These nanoparticles can
be used as labels in FISH (fluorescence in situ
hybridization).

Besides problems of solubility, physicochemical
stability, and quantum efficiency of the semicon-
ductor nanocrystals, which still remain to be
solved, the routine application of such nanoparti-
cles as biolabels is still controversial, particularly
because of general environmental concerns re-
garding the use of highly toxic cadmium com-
pounds in biomedical diagnostics. As a result of
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Figure 23. Recombinant protein linker which contains a functional protein
moiety, MBP, and a basic leucine zipper motif. The primary amino acid
sequence indicates the flexible peptide linker (boxed with dashed lines),
the cysteine residue for covalent interchain linking (double boxed), and the
lysine residues, which contribute to the net positive charge of the leucine
zipper (single boxed). Reproduced from ref. [32], with permission. Copy-
right 2000 American Chemical Society.
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their lower toxicity, colloids made up of other materials such
as the chemically stable, highly luminescent, and less toxic
LaPO,:Ce,Tb nanocrystals!'’? might provide a solution to this
problem.

5.2.2. Nucleic Acid Coated Particles

Whereas protein-coated gold colloids have long been used
in bioanalytical techniques, applications of DNA-functional-
ized Au particles were only introduced five years ago by
Mirkin and co-workers.”” 31 The DNA-directed nanoparticle
aggregation depicted in Figure 9 can be used for simple and
economically viable sensors in biomedical diagnostics, for
example, for the detection of nucleic acids from pathogenic
organisms. Although detailed studies of the optical phenom-
ena associated with the supramolecular colloid assembly are
still in progress,®l several analytical applications that allow
the detection of nucleic acids in homogenous solutions have
already been reported.[* 8% 173 Furthermore, the use of DNA-
functionalized nanoparticles in the heterogeneous nucleic
acid hybridization with capture oligonucleotides attached to
solid supports have recently attracted much attention. Mirkin
and co-workers!'7 as well as other groups[!’>1# have reported
the DNA-directed immobilization of gold nanoparticles to
form supramolecular surface architecture. The specific nucleic
acid mediated immobilization of gold nanoparticles can be
utilized for the topographic labeling of surface-bound DNA
targets. This readily allows the highly sensitive scanometric
detection of nucleic acids in DNA chip analyses.['®!] The latter
approach is based on the reduction of silver ions in the
presence of gold particles (Figure 24) and allows a 100-fold
increase in sensitivity over conventional fluorescent DNA
detection.'®?! The size-selective light scattering of Au nano-
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particles with diameters of 50 and 100 nm has been used for
the two-color labeling of oligonucleotide arrays.['s?!

The use of colloidal gold nanoparticles also allows a signal
enhancement in the DNA hybridization detection by means
of a quartz crystal microbalance,? 8151 angle-dependent
light scattering,l'] and surface-plasmon resonance (Fig-
ure 21).1'] Willner and co-workers recently reported the use
of DNA-functionalized 2.6-nm CdS nanoparticles for the
photoelectrochemical detection of nucleic acid hybridization.
An array of quantum dots was assembled at the surface of an
electrode by using the specific hybridization of complemen-
tary DNA fragments. Upon irradiation, a photocurrent is
generated which is proportional to the amount of target
DNA.[188]

DNA-tagged proteins can also be readily immobilized on
DNA-coated gold nanoparticles.” This approach has several
advantages over the conventional methods to adsorb proteins
on colloidal gold. Not only do the biofunctionalized nano-
particles retain the undisturbed recognition properties of the
proteins immobilized, but they also reveal an extraordinary
stability that even allows the regeneration of the DNA/Au
particles. The bioinorganic hybrid components have been
used as reagents in a sandwich immunoassay for the detection
of proteins. A silver development technique promoted by gold
particles was used to analyze fmol-amounts of antigens, and
can also be used in the spatially-addressable detection of chip-
immobilized antigens.[*’)

5.3. Therapeutic Applications

Gold particles are well-established carriers for the delivery
of dsDNA in the so-called gene-gun technology.' In this
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Figure 24. Scanometric detection of nucleic acids in DNA chip analyses. Capture oligonucleotides are immobilized on glass slides and used for the specific
binding of target nucleic acids. Oligonucleotide-functionalized gold nanoparticles are employed as probes in solid-phase DNA hybridization detection.
Subsequent to a silver enhancement step, the immobilization of the colloidal gold probe is detected by scanning the glass substrate with a conventional flat-
bed scanner. The extraordinary sharp melting point of the immobilized DNA —nanoparticle networks (see melting curves on the right) allows single-
mismatches to be detect by means of this method. Reproduced from ref. [181], with permission. Copyright 2000 American Association for the Advancement

of Science.
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method, plasmid DNA with a typical length of several 1000
base pairs is adsorbed on Au or tungsten colloids with a
typical size of about 500 nm to several micrometers. The
DNA- or RNA-coated particles are loaded into a gun-like
device in which a low pressure helium pulse delivers the
particles into virtually any target cell or tissue. An advantage
of this technique is that cells do not have to be removed from
the tissue to transform cells. The particles penetrate the cells
and release the DNA, which is diffused into the nucleus and,
for example, incorporated into the chromosomes of the
organism. Since its development in the mid-1980s, the gene
gun technology has led to numerous examples of the
tremendous potential of this method for “biolistic” trans-
fection of organisms!'*®’] as well as for DNA immunization.['""]
The latter technique, also known as DNA vaccination, or
genetic immunization, is a vaccine technology that can be
used to stimulate protective immunity against many infectious
pathogens, malignancies, and autoimmune disorders in animal
models. Plasmid DNA, which encodes a polypeptide antigen,
is introduced into the host cell (e.g. by means of gene gun
particle bombardment), where it serves as a template for the
highly efficient translation of its antigen. This leads to an
immune response that is mediated by the cellular and/or
humoral immune system and is specific for the plasmid-
encoded antigen.[""]

Paramagnetic nanoparticles are currently being investigat-
ed for biomedical applications in the treatment of cancer.'"!]
Biocompatible dextran- or silane- coated superparamagnetic
magnetite nanoparticles can be incorporated into malignant
cells by means of endocytosis. The intracellular magnetic
fluids are excited with alternating magnetic fields, thus
leading to an increase in the local temperature, thereby
inducing hyperthermia. It has been demonstrated that mag-
netic fluid hyperthermia (MFH) affects mammary carcinoma
cells in vitro and in vivo.l"!l

5.4. Nanoparticles as Model Systems

Two general aspects of metal and semiconductor nano-
particles make them suitable model systems for the study of
fundamental biological phenomena. On the one hand, their
size matches the macromolecular components employed in
living systems. Proteins, nucleic acid fragments and their
supramolecular complexes such as the nucleosome, the
various complexes involved in DNA replication and
transcription, and the ribosome, have typical dimensions in
the range of 2-200 nm. On the other hand, nanoparticles of
inorganic materials are essential building blocks in biominer-
alization, a fundamental biological process in which nature
chemically generates morphology by means of genetic
instructions. It is thus not surprising that the current advances
in the study of metal and semiconductor nanoparticles has led
to their consideration as model systems for the study of the
interactions between proteins and nucleic acids and also for
the understanding of the fundamental principles of biominer-
alization.

4150

5.4.1. DNA - Protein Interaction

Besides using semiconductor and metal nanoparticles for
tagging antibody and oligonucleotide probes, the nanoparti-
cles themselves can also be used as probes for studying
biological processes. They have an appropriate size similar to
that of proteins and their ligand sphere can be adjusted readily
with a variety of chemical groups. Thus, they can be
considered as inorganic model proteins to investigate non-
specific DNA - protein interactions.®>*!1 The protein-induced
bending and wrapping of DNA by proteins is particularly
important on the scale of a few base pairs up to about 150 base
pairs, which corresponds to lengths of about 1—50 nm.['"?l The
most prominent example of sequence-independent binding
and bending of DNA by proteins is the wrapping of about 150
base pairs of DNA around the nucleosome particle (diameter
~11 nm), which consists of eight basic histone proteins
(Figure 25).1 Recent studies suggest that the histones, which

DNA

-“““7 Histone core

11 nm

Histone H1

Figure 25. Model of the nucleosome particle: eight basic proteins make up
the histon core, which serves as a carrier to bind 165 base pairs of dsDNA,
which is wrapped around the protein core in 1.8 turns of a left-handed DNA
superhelix. An additional histone molecule H1 locks the nucleosome, thus
leading to a particle with a diameter of about 11 nm.

for a long time have been considered as passive structural
substrates for DNA binding, might indeed influence gene
expression by competing with transcription factors for DNA
binding.['™ Thus, a detailed understanding of the nonspecific
DNA -protein interactions and protein-induced DNA bend-
ing is important for the elucidation of the fundamental
biological processes of DNA storage and processing.
Murphy and co-workers developed an unconventional way
to study the adsorption of DNA onto protein-sized quantum
dots.#1 The nanoparticle mimics a protein-like surface in
terms of size and surface groups with the additional benefit of
a spectroscopic probe to monitor DNA —nanoparticle inter-
actions. As an example, if a particular sequence of DNA leads
to an unusual shape or flexibility of the molecule, it is likely
that these properties affect its binding to the protein-sized
nanoparticle. The latter process can be conveniently moni-
tored by photoluminescence quenching titration of the semi-
conductor nanoparticles. This strategy allows the adsorption
of a kinked DNA molecule to 4 nm CdS nanocrystals to be
compared with that of a straight DNA molecule (Figure 26).
In particular, the self-complementary DNA sequence 5'-
GGTCATGGCCATGACC-3', which has a crystallographic
kink of 23° at the central GGCC in the presence of magnesium
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Figure 26. Semiconductor nanoparticles can mimic a protein-like surface.
A) Unusual shapes of DNA molecules can affect its binding to protein-
sized particles. B) The interaction between a straight and a kinked DNA
molecule and a nanoparticle was monitored by photoluminescence
quenching titration of 4-nm CdS nanoparticles capped with mercaptoetha-
nol. The concentration-dependent quenching is more efficient for the
kinked DNA molecule. Data from ref. [40], with permission. Copyright
1996 American Chemical Society.

ions, 1> 1%l is adsorbed on the CdS quantum dots much more
readily than the straight 5-GGGTCCTCAGCTTGCC-3' and
the bent 5-GGTCCAAAAAATTGCC-3 oligomer.B” Stud-
ies with neutralized mercaptoethanol-capped CdS particles
indicated that magnesium is not essential for the preferred
binding of the kinked DNA, whereas the other DNA
molecules do not adsorb without a magnesium-enriched
surface (Figure 26 B).1*)

Recent studies on the temperature- and salt-dependent
binding of long calf thymus DNA to 4.5-nm CdS quantum dots
by photoluminescence spectroscopy suggest that the adsorp-
tion of the DNA is driven by entropy, whereas the enthalpy
contribution to the DNA —surface binding is slightly unfav-
orable. In agreement with the mechanism of nonspecific
DNA - protein interactions, the increase in entropy is likely to
be a result of the release of solvent and counterions from the
interface.*!l These studies demonstrate that semiconductor
nanoparticles can be utilized in biological model studies
owing to their size, adjustable chemical functionality of the
ligand sphere, and their intrinsic fluorescence. Instead of using
quantum-dot-based fluorescence-quenching analysis, gold or
silver particles may also serve for similar spectroscopic studies
with SERS.[7)

5.4.2. Biomineralization

The formation of the biological minerals that make up
bones, teeth, or shells, is one of the most intriguing examples
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of Nature’s unique capabilities to program the genesis of
macroscopic forms genetically.'”® The power of the process
by which nanometer-sized building blocks of mineral crystals
are deposited in an organized fashion in the cellular or
extracellular matrix of living organisms to build a macroscopic
structure is impressively illustrated by the various genera of
diatoms, each of which has an individual phenotype (Fig-
ure 27).11 Recent studies suggest that the group-specific
morphology of the nanostructured silica diatom cell walls is
related to species-specific sets of polycationic peptides,
termed silaffins, which have been isolated from diatom cell
walls. Silaffins contain covalently modified lysines that bear
polyamines consisting of N-methylpropylamine units, and é-
N,N-dimethyllysine groups.?® The chemical structure of
long-chain polyamines, which represent the main organic
constituent of the biosilicates, were found to induce silica
precipitation rapidly in vitro. Different morphologies of
precipitating silica were generated from polyamines of differ-
ent chain lengths.!

Although fundamental research into biomineralization
over the past 25 years has brought insight into the mechanisms
that control these processes, many questions still persist, in
particular, in terms of vertebrate mineralization. For example,
the biomineralization of the dental enamel matrix with a
carbonated hydroxyapatite mineral is a well-studied sys-
tem.!'%<] Nevertheless, the chemical nature of the first mineral
crystals formed in bone and dentin, the factors that lead to the
initial deposition of these crystals, and the functions of
macromolecules associated with these crystals are not under-
stood. Recent studies on the molecular biology of the
ameloblast gene products revealed the primary structures of
some principal proteins involved in this extracellular miner-
alizing system. However, details of the secondary, tertiary, and
quaternary structures of amelogenins, tuftelins, ameloblastins,
enamelins, and proteinases involved in dental enamel matrix
mineralization, their interactions with other matrix and cell
surface proteins, and their distinct functions are still largely
unknown. However, our current knowledge of these mole-
cules, the probable molecular structure of the enamel matrix,
and the functional role of the extracellular matrix proteins is
constantly increasing,[°*< which suggests that further research
might provide opportunities for the therapeutic manipulation
of diseases in which biomineralization is impaired.

Biological antifreezes provide another impressive example
of macromolecules with specific recognition capabilities for
inorganic structures. The antifreeze proteins (AFPs) and the
antifreeze glycoproteins (AFGPs) are a diverse class of
proteins which have the ability to inhibit the growth of ice.
Antifreezes are consequently found in organisms that live in
environments in which sub-zero temperatures are routinely
encountered, for instance, in Arctic fish, amphibians, insects,
and plants.?? Although still under active investigation, the
molecular basis of the ice growth inhibition mechanism is in
principle understood. AFPs have the ability to specifically
adsorb to ice, thereby inhibiting its growth. The ice-binding
mechanism of the linear alpha-helical type I AFPs has been
attributed to their regularly spaced polar residues, which
match the ice lattice along a pyramidal plane. As an example,
the AFP of winter flounder binds to a specific set of pyramidal
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Figure 27. Genera (A) and species (B) of diatoms. Reproduced from: http://www.calacademy.org/

research/diatoms/.

surface planes. Four groups of Asp, Asn, and Thr residues in
the AFP can interact with the ice surface simultaneously
through both hydrogen bonding and van der Waals interac-
tions.??¢l Globular antifreeze proteins such as type III AFP,
which lack repeating ice-binding residues, bind to ice with a
remarkably flat amphipathic ice-binding site where hydrogen-
bonding atoms match two ranks of oxygen atoms on the
distinct planes of the ice prism plane.?®l While some insight
into the molecular basis of AFP-mediated ice growth
inhibition has already been gained, more studies are required
for a comprehensive understanding of the antifreeze action.
One of goals is the rational construction of novel antifreezes,
which have great potential for commercial applications as
food additives to prevent cellular damage and to improve the
texture and taste of frozen foods.[20%!

Biomineralization is also important in bacteria. Magneto-
tactic bacteria, which orient themselves and migrate along
geomagnetic field lines, produce intracellular magnetic nano-
particles, the magnetosomes.?”! These comprise nanometer-
sized monodisperse crystals of magnetic iron mineral, most
often magnetite Fe;O,, coated with a magnetosome mem-
brane, which prevents agglomeration (Figure 28). Depending
on the bacterial species, the size of the magnetosomes range
from 35 to 120 nm, and thus the particles represent a single
magnetic domain. The formation of magnetosomes is
achieved by means of a biological mechanism that controls
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the accumulation of iron and the biomi-
neralization of the magnetic crystals with
a characteristic size and morphology
within membrane vesicles, which consist
Wil % of protein-containing lipid bilayers. The
molecular biology of magnetosome for-
mation is under active investigation, and
more than ten different proteins have
already been identified to be part of the
magnetosome membrane. Bacterial mag-
netosomes have significant biotechno-
logical potential since they posses advan-
tages over conventional synthetic mag-
netic particles, in particular their
structural perfection and uniformity. Pos-
sible applications include the coupling of
bioactive compounds, such as nucleic
acids, enzymes, and antibodies, which
would allows the magnetic manipulation
of biocomponents. Moreover, purified
and receptor-functionalized magneto-
somes have already been used as con-
trasting agents in the detection of tumors
by magnetoresonance tomography.2%!
Early biotechnological applications of
bacterial biomineralization processes
were described by Dameron et al., who
discovered that the yeast Candida glab-
rata produces CdS nanoparticles when
cultured in the presence of cadmium
salts, which results in the sequestration
and detoxification of intracellular cad-
mium ions.*¢-204205] The crystallites are
peptide-coated, and the coating peptide varies with the
nutrient conditions of the growth medium. When cultured in
rich nutrient broth, the yeast forms intracellular CdS particles
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Figure 28. TEM images of magnetosomes obtained from various magneto-
tactic bacteria. The scale bar corresponds to 100 nm. Reproduced from
ref. [203a], with permission.
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that are coated with a mixture of glutathione and a y-
glutamylcysteine dipeptide. Cultures in synthetic minimal
medium yield particles coated with polymerized peptides of
the general structure (y-Glu-Cys),-Gly. The biologically
produced peptide-coated particles exhibited properties anal-
ogous to those of the semiconductor quantum dots, in
particular, size-dependent optical properties, photolumines-
cence, and photoreduction. More recently, a related approach
allowed the biological production of ceramic—metal compo-
sites, cermets.?®! The silver-accumulating bacterial strain
Pseudomonas stutzeri, which was originally isolated from a
silver mine, was used to produce silver—carbon composite
materials, which have the potential to produce optical thin-
film coatings.

Besides immediate biotechnological applications, funda-
mental studies of bacterial nanoparticle formation and the
interactions that occur between the organism and the
inorganic surfaces”! are also relevant for a comprehensive
understanding of the fundamental material properties of
artificial nanoparticles. For example, natural iron oxyhy-
droxide biomineralization products have recently provided
strong evidence for aggregation-based crystal growth and
microstructure development.?®! Since it is convenient to
prepare perfect nanocrystals in large amounts, the question of
whether small nanocrystals can be assembled into pure
extended solid structures is of tremendous importance for
the development of new optical and electronic materials.[*’!
For a long time, it seemed that aggregation of preformed
nanocrystals assemble to form disordered solids. Recent
findings by Banfield et al. suggest that some natural minerals
grow by means of an oriented attachment mechanism, which
means that a nanoparticle docks to the next in such a way that
the two crystals are perfectly aligned.?®! Although there is a
strong thermodynamic driving force for aligned attachment
since the interface elimination leads to a reduced surface
energy, it is still surprising that two crystals fuse together
perfectly without getting stuck in any of the almost innumer-
able misoriented arrangements.?!

In view of the intriguing power of biological mineralization
processes, researchers have started to apply modern advances
in molecular biology and biotechnology towards the develop-
ment of artificial biomineralization approaches. The protein-
based recognition of organic and inorganic surfaces has been
studied by Addadi and co-workers.?® They have isolated IgG
molecules from animals immunized with crystals of mono-
sodium urate monohydrate, or magnesium urate octahydrate.
The antibodies revealed a high specificity and could distin-
guish between nuclei of crystals with similar molecular and
structural characteristics, which suggests that the antibodies
bear an imprint of the crystal surface structure in their binding
sites. Such antibodies can act as nucleating templates that
accelerate crystal formation in vitro.?*! The generality of this
approach was proven by the production of monoclonal
antibodies against crystals of 1,4-dinitrobenzene (DNB).
The reactivity of the antibodies was specifically directed
against the DNB crystals, and they did not interact with
molecular DNB conjugated to carrier proteins. Thus, these
antibodies are not specific to the DNB molecule but rather to
a repetitive motif of molecular moieties exposed at the crystal
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surfaces.’®! Similarly, several antibodies were generated
which specifically interact with distinct faces of cholesterol
monohydrate crystals.?® These antibodies, which were
raised against the three-dimensional supramolecular antigens,
also bind specifically to the two-dimensional geometrically
reduced forms of the antigen, such as fluid membranes of
cholesterol.20%-<]

The above results indicate that the binding sites of the
antibody recognize a number of molecular moieties that are
exposed at the surface in a specific structural organization.
Besides serving as a model for the study of antibody
recognition and related applications regarding the use of
antibodies for targeting defined supramolecular structures in
biological systems, the antibody —crystal surface interactions
may also pave the way for the development of tailored
(semi)synthetic binding proteins for the biomineralization of
novel materials. In this context, recombinant DNA technol-
ogy is a powerful tool for the biological production of novel
protein compounds, and the phage-display technique has
already allowed the in vitro evolution of protein linkers that
directly recognize the surfaces of semiconductor materials
(Figure 8).1 Further research might lead to the development
of procedures that enable the genetically coded biological
growth of artificial inorganic materials.

6. Conclusions and Perspectives

This article summarizes a young and rapidly increasing
research field located at the crossroads of materials research,
nanosciences, and molecular biotechnology. An important
point concerns the functionalization of inorganic nanoparti-
cles by means of evolutionary optimized biological compo-
nents. Since the nanoparticles and biomolecules typically
meet at the same nanometer length scale, this interdiscipli-
nary approach will contribute to the establishment of a novel
field, descriptively termed biomolecular nanotechnology or
nanobiotechnology.!”!

Although biomolecules and inorganic materials can be
chemically coupled by means of various methods (Section 2),
there is still a great demand for mild and selective coupling
techniques that allow the preparation of thermodynamically
stable, kinetically inert, and stoichiometrically well-defined
bioconjugate hybrid nanoparticles. Examples in Nature
suggest that enzymatic procedures combined with modern
methods of bioorganic syntheses?'! will open novel routes for
the generation of well-defined inorganic/biomolecular com-
ponents, which are useful as building blocks for the bottom-up
assembly of sophisticated nanostructured architecture. The
first steps in this direction have already been taken by using
protein- or nucleic acid based recognition elements (Sec-
tion 3). In both systems, a large number of complementary
binding pairs with a wide variety of free energies of
association is available. It therefore remains to be seen
whether protein-based conjugation might offer advantages
over nucleic acid based assembly.[®l One should expect that
nucleic acids are superior for the functionalization of nano-
particles, since the physicochemical properties of a single 20-
mer oligonucleotide represents 4% (=10'?) different recog-
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nition elements. The binding strength can be conveniently
adjusted by varying the lengths and GC contents of native
DNA, or else by using non-natural DNA analogues with
altered backbone properties and/or base-pairing specificity.
Furthermore, directed evolution, already applied to tailor
protein linkers, [l should also be applicable in the generation
of novel nucleic acid based linkers. It seems safe to predict
that the tremendous advances in the development of artificial
nucleic acid receptors will soon lead to the use of aptamers,
which specifically recognize any target structure,?'!l in the de
novo generation of nucleic acid receptors that are capable of
recognizing inorganic surfaces. Consequently, combinations
of the two fundamental biological systems, nucleic acids and
proteins, are very promising to synergistically cooperate and
thus allow novel functions and applications.®!

Another crossover of biotechnology and materials science
concerns the utilization of the chemical and topographical
properties of biological components for templating the spatial
assembly of organic and inorganic components to form
nanometer- and micrometer-sized elements (Section 4). There
is still a tremendous need for systematic fundamental research
into the interaction between biomolecules and the abiotic
components; future perspectives should address these and
should also concern the tailoring of the shape and physico-
chemical properties of the biocomponent by means of genetic
engineering and bioconjugate chemistry. Although commer-
cial applications are currently rare, the interdisciplinary work
has a great potential for generating advanced materials, which
might lead to novel devices for sensing, signal transduction,
catalysis, as well as for new biocompatible materials and
interfaces, currently being developed for biomedical sciences
and tissue engineering.??! In addition to long term perspec-
tives, today’s advanced materials as well as the modern
physicochemical techniques originally developed for materi-
als research and physics, are already used in bioanalytical
applications or as model systems to solve biological problems
(Section 5).

The future development of the joint venture between
biotechnology and materials science will profit from the rapid
current advances in chemistry as a central science. In addition,
the current genome and proteome research will also be
beneficial for this field, since it provides data that will allow us
to produce even more suitable biocomponents. This might
open the door to nanosensors, catalytic and light-harvesting
devices, ultrafast molecular switches and transistors, supra-
molecular mediators between electrical and living systems,
and other bio- and optoelectronic parts. Clearly, we are still
far from the fabled autonomous nanomachines that heal
wounds and perform surgery in a living organism. However, at
the beginning of this new century one should remember the
dramatic development that total organic synthesis has under-
gone from the early 1900s to the race for “molecular summits”
in the late 1990s.2'32141 A similar rate of progress in supra-
molecular sciences at the interface of biotechnology and
materials research promises plenty of excitement from future
developments.?!]
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