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Abstract

The Tobacco Mosaic Virus (TMV) as Biological Template for

Nanostructuring

The Tobacco Mosaic Virus (TMV) is a very stable tubular complex of a helical
RNA strand and 2130 coat proteins. The special shape makes this virus an inter-
esting nanoobject, especially as template for reactions. In this thesis TMV is used
as a chemically functionalized template for binding metal ions, either electrostatically
or coordinatively. Chemical reduction or electroless metal deposition produces metal
clusters of several nm diameter that are attached to the virus without destroying its
structure. While gold clusters produced with an ascorbic acid bath bind to the outer
surface as well as to the central cavity of the hollow tube, silver clusters grow with a
formaldehyde protocol selectively on the outside. When TMYV is first activated with
Pd(II) or Pt(II), nickel and cobalt clusters and wires of up to 600 nm length and 3 nm
diameter can be deposited selectively in the internal cavity. When TMV is activated
with Au(I), nickel and cobalt can be deposited selectively on the outer surface.

The adsorption behavior and surface chemistry of the TMV on well-defined metal
and insulator surfaces is studied, too. TMV serves as supramolecular model system
with precisely known surface termination. The results show that if the surface chem-
istry of the substrate and the pH-dependent chemistry of the molecular surface match,
e.g. by hydrogen bonding, a strong adsorption occurs, and lateral movement is im-
peded. Due to the adsorption the virion can be imaged by Atomic Force Microscopy
(AFM) in contact mode. Self-assembled monolayers with an acyl chloride group are
used in order to induce covalent bonding via ester formation. Structured adsorption of

TMV on silicon wafer and mica surfaces is performed by soft-lithography.

Keywords: Tobacco Mosaic Virus, electroless deposition of metals, adsorption on

inorganic substrates, microcontact printing;
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Chapter 1
Introduction

In the past decades, especially since scanning probe microscopy was developed, an
interest in surface structuring with atoms, clusters, molecules or even larger entities
increased steadily [105, 34, 40, 41, 55]. Apart from small molecules like silanes or
thiol-terminated hydrocarbons [62, 63], biological molecules as large and functional
molecular systems with several nanometres in size play an important role in nanoscale
science [29, 99, 79, 81].

The use of biological molecules is advantageous from several points of view compared
to the use of other organic molecules: Biological molecules are in most cases well defined
in structure, easily reproducible in sufficient amounts and thus cheaper than organic
molecules with similar sizes. Moreover, structure and chemical functionality can often
be changed e.g. by altering the genetic code, if those molecules are reproduced in any
kind of life-form. This method is well developed and it is usually much simpler to apply
than selective organic chemistry in a small part of a complex organic molecule.

Apart from single amino acids, where conformational recognition on surfaces is an
important topic in current research [28, 67], larger biological molecules like nucleic
acids, protein tubes, viruses and even cells are often used as adsorbates or templates
for structuring on the nanoscale [29, 99, 79, 81]. A very interesting candidate for this
purpose is the tobacco mosaic virus (TMV), which is thoroughly characterized, since it
became the key to a new discipline, virology, in the beginning of the past century. The
size, physical and chemical stability, well-defined structure and easy reproducibility and
thus cheapness of the TMV makes it a very interesting object for nanoscale science,
especially since nearly all structural details are known [19, 125, 126].

TMV is a hollow tube with a length of 300 nm, an outer diameter of 18 nm and a
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diameter of the central channel of 4 nm, comprised of helically arranged proteins around
a single-strand RNA [65, 109, 125]. This special shape and the knowledge about the
chemical functional groups of the outer surface and the surface of the inner channel
of the virion increased the interest of scientists in TMV as a particle for structuring
surfaces as well as a particle to be decorated with metals or semiconductors [30, 32,
35, 85, 106].

Decoration of TMV with inorganic molecules or metals is reported in a few cases [32,
66, 85, 106]. The detailed knowledge of the virion s chemical structure and especially
the difference between electrostatic charges on its outer surface and the surface of the
inner channel at different pH values was advantageous: Simple wet chemical processes
could be applied. First experiments with attachment of silver and gold to the virion
were done already in the 1930s and 1940s [60, 94, 95]. In recent years decoration
of TMV was achieved with PbS, CdS, Fe oxides and silica [106]. (Apart from those
decorations of TMV from solution, decoration of TMV with Pt by evaporation was
reported, which was done in order to make it highly conductive for STM experiments
[52, 74, 108].)

TMV was adsorbed on inorganic surfaces (e.g. mica and graphite) in several cases
[30, 35, 81, 118, 117]. It has even been proposed as a calibration standard for atomic
force microscopes (AFMs) [113], which will be shown to be not feasible. Even scanning
tunnelling microscopy (STM) on TMV has been reported in few cases and, although
imaging of the pure TMV on a surface was very difficult, under certain circumstances
(high humidity) an electric conductance in the TMV can be induced [45, 48]. (However,
it is not yet clear whether this conductance is induced by ionic flow or water molecules
(since high humidity is necessary) or other effects, like electron hopping through the
backbone of the protein.)

The aim of this thesis is to employ TMV as a natural template or structure director
for metallization. The basic idea is to understand the adsorption of TMV under various
physicochemical conditions on various surfaces, applicable in nanoscale science and/or
technology on the one hand, and to use the shape of the TMV as a template for
production of metal wires and metal cluster arrangements on the other hand. Finding
a proper wet chemical metallization procedure should lead - due to the well-defined
template - to well-defined metal structures.

The first part of this project is focussing on the use of TMV as nanotemplate for

metallization (see chapter 5). Since the particle is very small and routine contacting



for electrodeposition on this scale is very difficult (and since evaporation of metal from
the gas phase onto the virion is not very selective), we decided to use the method of
electroless deposition of metals (ELD) (see chapter 3.4). This method was continuously
improved during the past 20-30 years. We show that this method, combined with the
detailed knowledge of the biochemical structure of TMV, can advantageously be used
for the metallization of TMV, resulting in arrays of metal clusters, linear chains and
wires.

In the second part of this project the focus is on the adsorption of TMV on inor-
ganic surfaces (see chapter 6). Although some experiments are already documented
[30, 35], many results are unclear and even contradictive. In addition to a detailed rein-
vestigation of the adsorption process on mica and highly oriented pyrolytic graphite
(HOPG), we explored the properties of adsorbed TMV on gold, silicon wafer and glass.
Based on these results, surfaces were structured with TMV by soft lithography, in this
particular case by micro contact printing (uCP) (see chapter 3.3).
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Chapter 2
Tobacco Mosaic Virus

At the end of the 19th century Mayer [76] and Beijerinck [9] found that the mosaic
desease of tobacco plants is caused by a non-bacterial pathogen. Investigations of
this pathogen lead to the discovery of the first virus and thus to the establishment of
virology as an essential topic in biology.

TMYV can be isolated from most tobacco plants, which grow in natural environment
(i.e. not in greenhouses), and thus it is present in almost every tobacco product which
can be bought. A plant which has no natural resistance against TMV and is infected
with the virion shows symptoms like a yellowish mosaic colour pattern at the leaves
and hindered growth [51]. The infectivity of plants with TMV is not specific to tobacco
plants: Tomato plants and others belonging to families like solanaceae or compositae
can be attacked, too [87]. However, it is a plant virus and does not harm mammals,
so it can easily be handled in a laboratory without precautions necessary for highly
infective and mammal-harming bacteria, viruses or prions (e.g. influenza viruses or
bovine spongiform encephalopathy (BSE) prions).

Ongoing research in the 20th century showed that the coat protein of TMV is coded
in its RNA and that the infectivity of the virion is independent of the presence of the
coat protein: The RNA alone can be used for infection [43]. But not only the coat
protein is encoded in the RNA of the TMV. The nucleic acid contains coding for other
proteins, too [124]. Today the genetic code of the coat protein is used for controlled
modification of TMV. Several strains of TMV are known, and they are further modified
in a very controlled way, mainly in order to understand the interactions between the
amino acids building the coat protein. TMYV is remarkably stable, and modifications

in the coat protein can be used in order to find those sites that are responsible for the
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stability. Specific exchanges of amino acids on those sites can then either stabilize or

destabilize the virion, depending on the needs [25, 119].

2.1 Structure of TMV

First detailed information about the structure of TMV was obtained by x-ray diffraction
[5]. In the following years the improvement in biological and biochemical analysis
methods as well as rising possibilities in microscopy lead to increasing knowledge of
the fine structure of TMV. The virus is a hollow tube with a length of 300 nm and
an outer diameter of 18 nm, built up by 2132 identical proteins [65, 109]. These are
arranged around a single strand RNA into a right-handed helix [120]. Each protein has
a molecular mass of 17.5 kDa [47, 36]. In the interior of the particle a channel with a
diameter of 4 nm was found by using the standard procedure of negative contrasting
of biological material in transmission electron microscopy (TEM) [125, 65, 109]. The
helix built by the RNA has a diameter of about 8 nm and is completely embedded
in the protein sheath; three nucleotides bind to one protein unit. The RNA of TMV
(vulgare strain) consists of 6395 nucleotides, which together with the 2132 proteins
results in 131 turns and 16% proteins per turn, with a pitch of 2.3 nm per turn [20] (see
figure 2.1).

The tertiary structure of TMV coat protein consists of four a-helices packed to-
gether in a barrel structure (see figure 2.2). Some hydrophobic side chains of the helices
are buried inside this bundle; they make up the tightly packed hydrophobic core of the
protein. The strand between the helices build a hairpin loop in order to be able to
pack the helices together [109]. This building princile operates in many other proteins,
too [17]. Calcium ions stabilize the loops in a protein by interaction with the carboxyl
side chains from aspartic acid and glutamic acid, some main chain carbonyl groups and
water molecules [38, 84]. The helices are arranged in an antiparallel fashion, where the
interior hydrophobic side chains of the protein stabilize the structure with hydrophobic
interactions, while most hydrophilic side chains are exposed to the outer surfaces of
the protein, which are hydrophilic. The free space inside the protein and between two
proteins after aggregation around the RNA is occupied by several water molecules,
which are firmly bound to the protein [84, 125]. The proteins are arranged around a
helical single strand RNA to build a helical hollow tube.

The effect of solvents on the structure of TMV might be important for the met-



2.1.

STRUCTURE OF TMV

Figure 2.1: Models of a TMV generated with MDL© Chime [23] from protein
database (pdb) files of TMV (vulgare strain) [125]. Upper left: The image shows
the front view of the virion with the inner channel, which has a diameter of ca. 4
nm. The orange- coloured part shows the position of the RNA, which is embedded
in the coat protein. One single turn consists of 16% coat proteins. Upper right: One
single coat protein of TMV (vulgare strain). The orange-coloured part shows the
position of the RNA. Bottom: Modelled part of TMV with ca. 45 loops (a complete
TMYV consists of 131 loops). The models are generated from a pdb-file, which does
not contain the last four amino acids in the sequence (155-158) [10] and thus the
models, especially at the terminal parts of the coat protein, are not exact. The

green circle marks the position of the missing four amino acids.

Figure 2.2: Model of the coat protein of TMV generated with MDL® Chime
[23] from the protein database (pdb) file of TMV (vulgare strain) [125]. The ribbon
model shows the four a-helices in a barrel structure and a hairpin loop (white arrow).
The white circle shows the position of the four amino acids missing in this model
(155-158) [10].



8 CHAPTER 2. TOBACCO MOSAIC VIRUS

allization reactions in solution. The known amino acid sequence was detected from a
1D-oriented state (fibre). X-ray diffraction studies showed water molecules attached to
the coat protein [38, 84]. Whether additional water induces changes to the structure
is not yet known. A possibility to find the "real” structure of the coat protein of TMV
(i.e. its structure in solution) would be the use of NMR spectroscopy as characterizing
tool in solution, but the virus is a very large molecule and thus NMR spectroscopy
becomes very difficult.

Another important point are electrostatic charges of the outer surface and the
surface of the inner channel. In the inner channel amino acids with pK, below 8
(aspartic acid and glutamic acid) are located, whereas the outer surface contains a
number of amino acids with pK, higher than 11 (Lys-53, Lys-68, Arg-61 and Arg-141).
The question of accessibility of lysine and arginine is very difficult. While Arg-61 is
located close to the outer viral surface, Lys-53 and Lys-68 are already deep inside the
coat protein. In those areas where the coat proteins attach to each other, the outward
extending gap between the proteins might make some additional amino acids accessible.
Especially arginine (Arg-61) might be accessible. In those cases the electrostatic charge
of the amino acid can play a role. The electrostatic charges of the outer surface and
the surface of the inner cavity are in some pH regions opposite. The isoelectric point
(pI) of TMV is around 3.5 [126]. Slightly below this point (pH around 3), the outer
surface of the virion is positively charged, since it is protonated, while the surface of

the inner channel is neutral [32].

2.2 Stability of TMV

The question of stability of TMV is crucial for any kind of manipulation of TMV. A
large variety of methods for either adsorption or metallization of TMV could principally
be applied, but many of them imply high basicity, acidity or temperature or even
organic solvents. Others need to be investigated before applying a specific method.
Some limitations of the stability are known, which will be discussed here.

TMYV is compared to other bioorganic particles very stable. Ideally TMV should
be handled at a pH value of 7-8.5. In this regime and at room temperature the virion
remains as single, undestroyed particle. An increase of pH leads to disassembly of the
particles and ends with a complete separation of RNA and proteins around pH 10.5 [24].

A decrease of pH to values lower than 7 makes the virion aggregate in both side-by-side
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and head-to-tail fashion. Further increase of acidity leads again to disassembly and to
complete separation of RNA and protein at pH 2.8-3 [20, 24]. Stability of biological
matter in such a large pH range is not usual. Among the most stable molecules are
DNA and prions (protein fibers), like BSE or scrapie. The scrapie prion for example
does not denaturate between pH 2 and 10 [2], which is very similar to the range of TMV.
Consequently, both DNA and prion-type proteins have been employed as templates or
structure directors for metallization [18, 72, 100, 101, 78, 79, 103].

At neutral conditions the particle is largely deprotonated and has an overall negative
charge. The isoelectric point of a TMV particle is around pH 3.5 [126]. Stronger
acidity leads to a positively charged particle due to protonation of the amino acids, in
particular their termini and side chains consisting of carboxylate groups and amines,
and, because of weaker interaction ability of the coat proteins with each other, to lower
stability. Within the coat protein, the protonation of amino acids like glutamic acid
and aspartic acid can decrease the stability of the protein to a large extent. The loss
of electrostatic charge of those amino acids weakens the interactions of the protein
strand with the calcium ions [38, 84], which contribute to the integral stability of the
coat protein. This leads to a rapid disaggregation of the virion if the pH is lower than
about 3 [20].

Another very important point is the thermal stability of TMV. The decomposition
or denaturation of the virion takes place at temperatures higher than 80-90°C. [126]
This is again very similar to other very stable biomolecules, like DNA. Depending on the
type of DNA, denaturation takes place between 80°C and 100°C [122]. Prions however
can resist even higher temperatures: Even at 360°C BSE prions are not completely
denaturated [2]. Handling of TMV at low temperatures is unproblematic. Infected
leaves can be frozen for a longer time. An extraction of such leaves, even after several
years, still yields virions intact in shape as well as intact biologically, since new plants
can be infected with them. TMYV itself can in dry form be stored at room temperature

for extremely long times (at least 40 years) [83].

Besides the thermal stability, there is the question about chemical stability, espe-
cially the stability against solvents. It is known that TMV can resist DMSO (dimethyl-
sulfoxide) dissolved in water up to a concentration of 70vol.% [86]. Higher concentra-
tions lead to structural decomposition. Furthermore it is known that ethanol can be
used to precipitate TMV from solution, but it does not affect the structure of the virion

[126]. Whether the chemical composition of the particle is affected is not known. Tests
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with TMV in combination with other chemical solvents have not yet been done and
are part of this work (see chapter 6.1.4).

Mechanical stability [35] is for this particular work of less importance but it might be
important for some future steps towards structuring of surfaces with TMV. In general
it could be interesting in order to complete the knowledge about the stability of TMV.
Therefore investigations on the mechanical stability of TMV will be part of the future
work in this project.

The last part, which certainly can partially be assigned to mechanical stability, is
the resistance against vacuum and high pressure. Most investigations on TMV have
been done with a transmission electron microscope (TEM), which works under high
vacuum conditions. Obviously the structural integrity of the virion is preserved under
those conditions. However, the water molecules, bound to the proteins [125], might
evaporate in high vacuum, which should lead to a structural decomposition due to
decreasing stability of the virion. A possible explanation for the structural integrity
is that the water is so tightly bound, that the vacuum conditions in a TEM do not
allow for evaporation. In order to obtain detailed information about the behaviour of
TMV in vacuum, experiments under vacuum conditions independent of TEM would be
required. However, such experiments have not yet been done. Investigations in high
pressure are generally of less interest for most biomaterials. Some work in this field
has been done and it is known that TMV undergoes little dissociation at pressures
up to 2.5 kbar. The combination of high pressure with low temperature increases the
degree of dissociation of RNA and protein but without significant denaturation, i.e. the
renaturation by reassembly of protein and RNA can take place if the conditions are
changed again to physiological conditions. Urea is known to denaturate most proteins.
With TMV the denaturation of the proteins with urea at room temperature is slow.
Incubation with urea in addition with high pressure and low temperature leads to
dissociation and denaturation of TMV [16].

2.3 Derivatization of TMV

Several approaches for obtaining derivatives of TMV | i.e. new chemical compounds, are
documented. Basically, nature offers already some derivatives of TMV with different
strains and mutants of TMV [124]. The differences in strains are limited to exchange of

several amino acids in the protein sequence (and of bases in the RNA). Apart from that



2.3. DERIVATIZATION OF TMV 11

some spontaneous mutations can be observed in nature, where at least one amino acid
is replaced by a different one. The reproducibility of such mutants depends strongly
on the stability of the mutant, i.e. on the amino acid exchanged. Such mutations can
also be effected with biological methods in a controlled way [4, 25]. The coat protein
of TMV is coded in the RNA, and thus it is very easy to replace parts of the code and

to clone the mutant. But those are not the only derivatives known.

Apart from biological derivatization several approaches to chemical derivatization
have been done. Already in 1960 Wittmann [124] has found that treatment of TMV
with nitrous acid leads to replacement of 9 amino acids. Kausche et al. did several
approaches to obtain chemically modified TMV in the 1930s [59, 61]. The basic idea
was to treat the virion with different chemicals, determine the amount of attached
molecules and then to calculate the number of molecules attached to a single virion
or protein in order to find the exact number of basic and acidic groups in a single
TMV. Among the chemicals used were dyes, like orange G or safranine T [61], diazo
methane, and basic or acidic chemicals like acetyl chloride, benzoyl chloride, phenyl
isocyanide etc [1]. Analyses were effected with accessible methods, like colorimetry
in the case of dyes [61]. Other investigations with chemicals were done in order to
examine the stabilization effects inside the virion. Nicolaieff et al. treated TMV with
dimethylsulfoxide (DMSO) and found that at concentrations close to 80 vol.% the coat
protein is partially separated (”stripped”) from the RNA [86]. Specific treatment like
amidination and maleylation of lysine (Lys-68) and nitration of tyrosine (Tyr-139) were
done in order to examine stabilization effects on the virion under alkaline conditions. In
those cases amidination showed some additional stability of TMV, whereas maleylation
and nitration destabilized the virion at pH 9-10 [123].

Other derivatizations of TMV are based on heavy metal compounds. Pfankuch
et al. treated TMV with iron citrate and silver nitrate and found after polarography
(iron) and potentiometry (silver) attachment of 20000 iron ions, respectively 3300 silver
ions, to a single virion [94, 95]. Furthermore mineralization of TMV has been achieved
with PbS, CdS, Fe(II) /Fe(III) and tetracthoxysilane (TEOS) [106] at the outer surface
of TMV, and by attachment of immunogold labels either to the outer surface of the
virion or to a specific end of the virion [114, 115].

Derivatization of TMV with mercury was done mainly in order to enhance the
resolution of X-ray diffraction studies of TMV. Methyl mercury nitrate was used for

attaching mercury to cysteine-27, which is located deep inside the coat protein [37].
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Further investigations in this directions lead to treatment of TMV with phenyl isoth-
iocyanate in order to react with lysine residues (position 53 and 63 in the U2 strain).

These modifications lead to more attached mercury [39].



Chapter 3

Methods

In order to examine the possibilities of adsorption and metallization of TMV, it is
necessary to take advantage of microscopy methods of different kinds. In this chapter
the microscopy methods applied in this project are shortly described, as well as the
methods for patterning the surfaces, and those for deposition of metal on the outer

surface and inside the inner channel of TMV.

3.1 Scanning probe microscopy

Adsorption experiments of TMV on surfaces require a microscopy method which offers
probing possibilities at high resolution (in the nm scale). Here two general methods
come into play, since they are highly developed and since their use became routine
during the last decade, namely the scanning or atomic force microscopy (AFM) [13]
and the scanning tunnelling microscopy (STM) [11, 12, 8]. In the following, their

principles and differences are shortly discussed.

3.1.1 Atomic force microscopy

The atomic force microscope was first developed in the 1980s [13] and was in the
following years in the focus of scientists, both as tool for investigation of surfaces and
as apparatus to be further developed. The principle mechanism is based on interactions
of a very small tip, mounted on a cantilever, with a substrate [58]. Interactions are
on the atomic scale and can be attractive and repulsive. An AFM tip consists usually

of Si or Si3N,, but can sometimes be coated with a metal, e.g. gold. The tip and

13
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Figure 3.1: Principle of operation of an Atomic Force Microscope (AFM).

cantilever are often fabricated by controlled etching of a silicon wafer, yielding a chip
(with mm sizes) with a small (um size) "finger” (cantilever). At the apex of the
cantilever the tip is mounted on the bottom side. In operational mode the chip is
mounted onto a holder which is driven by a piezo crystal controlling the vertical force
(or some related parameter) during scanning, approach to a surface or retraction from
a surface. The information about the topography of a substrate is collected using e.g.
a laser impinging on the top side of the cantilever. The reflection of the laser beam
is registered by a photosensitive diode, consisting of four separate quadrants. While
scanning a substrate, the tip follows the structure of the surface and the deflection of
the laser beam induced by up and down movement of the tip (and thus the cantilever)
is detected. A scan is done line by line, and the collected data is combined by the
acquisition software into an image of the scanned area, where a colour code usually
defines the differences in height.

However, this description is only valid for the so-called topography mode imaging. In
contrast to this, very often the error mode imaging is used. Here the image represents
a derivative of the topography in the scanning direction, where only the deflection
of the tip compared to a nominal position is reflected in the image (e.g. by colour
coding). In such images, irregularities on a surface compared to a nominal height
value are represented with a brighter area where the tip moves upwards and a darker
area for the opposite. The same objects, scanned in different directions, e.g. left-right

and right-left, appear in such images in opposite colours. Note that the colour coding
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contains no height information, but the images appear often more detailed.

While those modes extract the data from the vertical deflection direction, another
very often used imaging method, the lateral force mode (LFM), is based on the de-
flection signal of the laser beam in lateral direction, which is due to twisting of the
cantilever induced by friction forces. In this case additional information on the sub-
strate can be obtained, since the friction forces are different for different chemical
compounds [112]. High affinity of tip and sample and therefore high friction forces
result in stronger twisting of the cantilever and hence in higher contrast in the image.
The LFM mode imaging requires very sensitive detectors and careful settings of oper-
ational parameters. In most cases LFM is only applicable in contact mode imaging,
since the frictional forces in this case are high enough to twist the cantilever and thus to
be detected by the photosensitive diode. However, some AFM apparatus, e.g. the M5

M

from Thermomicroscopes’™ is capable of measuring LFM even in non-contact mode,

although with very poor resolution.

The resolution of an AFM is determined by several factors. In vertical direction
the limiting factor is the sensitivity of the photosensitive diode to light displacements,
which is as small as 1 nm. The ratio of the path length between the cantilever and
the detector to the length of the cantilever results in a mechanical amplification which
enhances the the vertical resolution of the AFM to the atomic scale. The lateral
resolution is mainly limited by the effective tip radius or the interaction area of tip
and surface. The interaction area is strongly dependent on the effective tip radius,
which can change during the scan, and on attached substances, either collected from
the surface while scanning, or attached by purpose. Commercially available tips made
of Si or SizN, nominally show a radius of curvature in the range of 10-50 nm, which
leads to a corresponding broadening of small features. Objects closer than few nm to
each other cannot be distinguished as individuals. Especially soft matter, like TMV,
cannot be highly resolved, because of the forces applied to the molecules by the tip and
because of the height of the molecules (> 10 nm). The fine structure, like the individual
turns in the helix (see chapter 2.1) is not detected, because the tip penetrates into the
virion and thus cannot "read” the information of the outer surface of the virion.

Generally the AFM imaging can be separated into two different methods, the so-
called contact mode and the non-contact mode. For each one both topography and error
mode imaging can be applied. The methods are completely different and require differ-

ent kinds of tips, and even the microscopes are frequently not capable of both of them.
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Figure 3.2: Principles of signal detection in contact mode AFM (C-AFM) and in
non-contact mode or intermittent contact mode AFM (NCM/ICM).

Contact mode AFM (C-AFM)

With this method the AFM tip is constantly in contact with the sample and follows
its topography during scanning. In this case one should be aware of strong (repulsive)
interactions between tip and sample, which can be increased by increasing nominal
force values (”set points”). This mode is used mainly with samples which are mechan-
ically not very sensitive. Due to the steady contact with the substrate and the strong
interactions, the tip can collect particles from the surface and/or can easily be flattened

by loosing tip material, which results in loss of resolution.

Non-contact mode AFM (NCM)

Here the tip is not necessarily in contact with the surface, at most for a short time
period (microseconds). The basic difference to contact mode AFM is that the tip is in
permanent oscillation. The frequency is usually chosen close to the resonance frequency
of the cantilever. A slightly higher frequency than the resonance frequency defines the
"real” non-contact mode, where the tip is never in contact with the surface, whereas
a slightly lower frequency defines the intermittent-contact mode (ICM), where tip and
sample are very shortly in contact at the lower turning point of the oscillation.

Two important settings have to be done in NCM, namely the set point, which here
is the nominal distance of the tip and the sample (at zero amplitude of the oscillation),
and the drive, which is the strength of the oscillating force applied to the cantilever.
Low set points as well as low drives lead to low interaction forces between tip and

substrate, which is important for extremely sensitive substrates like soft materials.
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3.1.2 Scanning tunnelling microscopy (STM)

Scanning tunnelling microscopy (STM) [11, 12] is in contrast to AFM dependent on
an electric current flowing between sample and tip and requires therefore a conducting
or at least semiconducting substrate. The basic principle is that the probability of an
electron in a tip moving to a substrate, if a bias between both is applied, is low, but not
zero. If a tip is brought sufficiently close enough to a surface and an appropriate bias is
applied (which depends on the nature of the tip and the substrate), a current flow can
be measured, the tunnelling current. The instruments nowadays are very sensitive and
can measure tunnelling currents in the pA range for biases in the 1 V range. The higher
the bias and the lower the tunnelling current, the larger the tip-surface distance. This
certainly depends on the chemistry of the substrate; indeed inhomogeneous surfaces
with varying local conductivity but flat topography can induce apparent height changes
in STM scans.

In the mainly used mode (constant current mode) the tunnelling current is fixed
to a certain value (nA to pA). While scanning, height variations of the surface induce
variations of the tunnelling current. In order to keep the tip-sample distance constant,
a piezo crystal, on which the tip is mounted, is contracted or expanded until the current
reaches the set point again. The data for contracting or expanding the piezo is recorded

and processed line by line into an image.

The vertical resolution of an STM is very high (less than 0.1 nm), at least on surfaces
with high conductivity. Even molecules on surfaces can be resolved, if electrons are
offered, which can be excited into a conducting energy state. Very often molecules
with m-electron systems are used for investigations with STM. This works only for
molecules with a low height. Since the probability of electrons to tunnel is a function
of the distance of tip and surface, with molecules higher than few nm the critical

distance is reached, where the tunnelling current is too low to be measured.

The lateral resolution, too, is very high (sub-nm range), if the surface is flat. Since
the tip is not in mechanical contact with the surface, the tip convolution has less
influence than in AFM. But still there is some influence, especially in those cases, where
large and conductive particles are imaged on the surface. The electrons can tunnel
between the side area of the tip and the particle. This leads again to a broadening of
the particle (as with AFM).
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3.2 Electron microscopy

Electron microscopy, in particular transmission electron microscopy (TEM) is used in
this project in order to examine the metallization results on the virion. Conventional
optical microscopy does not allow visualization of single TMV particles since its res-
olution is determined by the light source which is in this case usually in the visible
wavelength spectrum. Depending on the light source, the resolution can reach several
100 nm. Using an electron beam instead of visible light opens the capability of higher
resolution, even down to the A range, depending on the energy of the electron beam.
The basic principle of an optical microscope and a TEM are the same, just that the
beam is in the latter case not focussed with optical, but with electric and magnetic
lenses [116]. The electron beam is after proper adjustment guided through a substrate,
which in our case is a copper grid (200-400 mesh/inch), covered by a thin (few nm)
polymer film (Formvar or Pioloform) and a thin layer of carbon evaporated on the poly-
mer [107]. The particles to be examined are deposited on this film. Due to interactions
of the electron beam with the particles on the grid the electrons can be scattered or
diffracted. The higher the atomic mass, the stronger the interactions. After passing
through the sample, the electron beam is guided onto a fluorescent screen, where a
magnified projection of the sample can be seen. Areas on the sample, where particles
with higher atomic mass are deposited, appear darker, since more electrons can be
scattered or diffracted, and places with low atomic mass appear brighter (only valid
for standard, so-called bright field imaging). The opposite happens if the diffracted
part of the electron beam is directed onto the fluorescent screen. Here only diffracted
electrons are visible and appear bright, whereas all other areas appears dark (dark field
imaging). The projection can be photographed either on a conventional photo negative

or with an electronic camera, depending on the construction of the microscope.

Slightly different is the operation of a scanning transmission electron microscope
(STEM). The electron beam in this case is focussed to a small spot (in normal operation
0.8 nm, but it can reach 0.22 nm). The beam is not static but it passes the sample line
by line as in AFM or STM. Transmitted electrons produce an image which is recorded

with a CCD camera to yield an image of the scanned area [26].

In addition to TEM imaging, an energy dispersive X-ray fluorescence analysis
(EDX) can be done if the microscope offers the capability. In this method an elec-

tron beam is concentrated on the area to be examined in order to produce X-ray
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fluorescence. The excited X-ray waves pass the detector and are assigned to the ele-
ments. The method is not very specific, since the electron beam is too large (several
nm) for very small particles. The signal is therefore not only collected from the par-
ticle, but also from the surrounding area. In addition scattering of the electron beam
from other parts of the sample takes place, in particular if heavy metals are present.
Since the grids usually consist of copper, the EDX detector always shows copper in
high concentration, independent of the area measured.

Another more specific method to examine the nature of the particles is the method
of element mapping with energy-filtered TEM (EFTEM) [26] (see chapter 3.2.1).

Staining Methods for TEM

With biological samples standard TEM is routinely used. In order to visualize the
biomolecules, in most cases staining with metal or metal salts is necessary, since the
atomic weight of the building blocks of most biocompounds is very low [107] and thus
the z-contrast. Attached metal clusters or metal ions to bioorganic molecules increase
the z-contrast of those particular parts of the molecules and make them visible in the
TEM. Uranyl acetate is mainly used for staining, since it is well dispersed, can easily
be attached to biomolecules and has high atomic weight which offers a good contrast in
TEM. Two methods of staining have to be distinguished: positive staining and negative
staining. With negative staining, the molecules are incubated with uranyl acetate for
a short time period (approx. 30 sec.), which results in an attachment of uranyl acetate
at the contours of the biomolecule. This method offers only insight into the shape of
the biomolecule, which in most cases is desired. For positive staining the incubation
time is in the range of several minutes. The uranyl acetate in this case can penetrate
the molecule and bind to very specific sites. In some cases the difference of positive and
negative staining is not very obvious. For the case of TMV, positive staining enhances
the contrast of the RNA (and some other sites), while negative staining enhances the
contrast of the inner channel. Since the RNA is located close to the inner channel, the

difference in the results is here very small.

3.2.1 Energy-filtered TEM (EFTEM)

With this method images of a sample sensitive to a particular element can be done.

While passing the sample, the electron beam is inelastically scattered. The energy of
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the electron beam is detected as Eg-AE, where Eqy corresponds to 120 keV with the
microscope used in our case (Zeiss EM 912 Omega), and AE corresponds to the energy
of the excited core shell electrons into unoccupied states, an element-specific process.
In the resulting energy diagramme, the signal with the lowest energy loss (zero loss)
corresponds to the signal of the unscattered incident beam (120 keV). The region with
energy loss up to 100 eV (valence loss region) corresponds to the optical properties and
the electronic structure of the elements exposed to the electron beam. In the region
with higher energy loss (more than 100 eV, ”core-loss region”) the signals correspond
to the energy of the excited core shell electrons of the elements. The detection window
is limited to a narrow area around the element-specific signal ("edge”). The element-
specific edge is detected as well as signals at slightly higher energy, which are used for
subtraction of an average background intensity from the one at the element-specific
edge. As a result an image of the distribution of the selected element on the sample
can be obtained [26].

3.3 Micro contact printing

The method of micro contact printing (uCP) offers the possibility to pattern a substrate
with molecules in a simple way. The principle is as easy as stamping a document, but
operates on a smaller scale [63, 80]. First a master has to be produced. This is done by
patterning a silicon wafer with standard lithography methods. Here the pattern width
can reach the 100 nm scale, but the standard presently used has features in the range
of 300-400 nm. After careful cleaning of the master, a liquid polymer is poured on
top. The polymer used is usually poly(dimethylsiloxane) (PDMS), at least for pattern
widths down to 300-400 nm. Smaller features require polymers with different chemical
properties. After cross-linking, the rubber-like PDMS can be peeled off the master.
It contains the inverted pattern. This stamp can now be inked with a solution of the
molecules to be stamped, dried and then contacted with the substrate. Inking and
stamping procedure take place in a time range of seconds to minutes, depending on the
molecules to be stamped and the substrate to be stamped on. However, the diffusion of
the molecules on the stamp causes problems in some cases. Due to diffusion, especially
at the edges of the stamp, the pattern can be distorted. A possibility to avoid the
diffusion is to add one step in this procedure: The inked stamp is used to transfer the

pattern of molecules to another, flat stamp, which is then used to transfer the pattern
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Figure 3.3: Schematic overview of the single steps in standard microcontact print-

ing (uCP) procedure.

onto a substrate.

The polymers used, in particular PDMS, have a very hydrophobic nature. With
some solutions this entails problems, since the use of water or ethanol as solvent be-
comes difficult. A method to avoid these problems is to pretreat the stamp prior to
usage. A possibility is to use an oxygen plasma in order to oxidize the surface of the
stamp. By this treatment hydroxyl groups are produced on the surface; they offer an
affinity to hydrophilic solvents. Since the surface is mobile, the hydrophilized poly-
mer chains can diffuse into the bulk, so the plasma treatment should be done shortly

before use.

3.4 Electroless deposition of metals (ELD)

Electroless deposition of metals (ELD) is a simple method to metallize non-conductive
materials. Whereas electrodeposition works only on conductive substrates, and the
speed and amount of metal deposited on a substrate is controlled by applying a certain
current, in ELD the deposition is controlled by the chemical redox potential of metal
ions and the reducing agent [73, 91, 104]. The ELD differs from the method of first

binding metal ions to a substrate and afterwards reducing them. The separate processes
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can be written as follows (anodic stages for the case of alkaline media) [104]:

1. Dehydrogenation : RH — R + H,

2. Oxidation : R+OH™ — ROH + e, (3.1)
3. Recombination : H+H — Hy, ‘
4. Oxidation : H+OH™ — H,O +e™.

The cathodic stages in alkaline media can be written as:
5. Metal deposition : M™ +ne” — MY, (3.2)

6. Hydrogen evolution : 2H;0 + 2e~ — Hy +20H™.
In acid media the stages 4 and 6 differ from the alkaline reaction and can be written as:

4a. Oxidation : H—H" +e,

3.3
6a. Hydrogen evolution : 2HT + 2e~ — H,. (3:3)

The reactions show that during the ELD hydrogen evolution takes place, independent
of the acidity of the bath. Alkaline baths, however, often show faster reactions, which
is due to suppressed reaction 6. Increased concentration of OH™ is offered in alkaline
baths, which suppresses the hydrogen evolution and thus allows for increased metal
deposition rate (reaction 5).

Electroless deposition is done from a bath containing both the metal complex and
the reductant (one-step ELD). In some cases the substrate requires sensitation and is
therefore pretreated with a solution of a very noble metal, not necessarily containing
the reductant. If no reductant is offered, the reduction is done in the above mentioned
bath which contains the metal to be deposited and the reductant (step-wise ELD or
regular ELD) [91, 104].

In such cases the first step consists of attachment of noble metal ions from solution
(usually Pd(II), Pt(II), Au(III), Au(I) or Ag(I)) to specific sites of the substrate [73].
The reducing agent (or light, like in the case of silver) reduces complexed ions and leads
to growth of small metal clusters. High surface concentrations of metal can lead to
coalescence of growing clusters. Proper conditions for sensitation (pH, ionic strength,
temperature etc.) should produce metal clusters with sizes in the nm range or below.
For the deposition of less noble metals those small clusters are used as initiation centres
for further metallization.

The solution is replaced by a bath containing basically a metal complex of the metal

to be deposited (Ni, Co, Cu etc.), a reducing agent and chemicals capable of complexing



3.4. ELECTROLESS DEPOSITION OF METALS (ELD) 23
a) b
Pd* Pd* : Ni*
Ni2+ Red
| J%
P d2+ads Pd2+ads Pd2+ads Pdo Pd2+ads
C d
) NP )
NiZ* Red
\ / Ox Ni’ Ni’ Ni’ Ni’ Ni*
e ¥ 7~ Ni’Ni” Ni’ Ni’ Ni’
Pd’Pd’Pd’ Ni’Ni’ Pd° Pd’Pd’ Ni’ Ni’

Figure 3.4: Schematic overview of ELD. a) Pd(II) attaches to a substrate from a
Pd(II)-containing solution. b) The Pd(II)-activated sample is immersed in a Ni(II)-
and a reductant-containing metallization bath. The reductant reduces the Pd(II)
to Pd(0) and is oxidized. c) The reductant is oxidized at the Pd clusters, while
Ni(II) is reduced to Ni(0) at the surface of the palladium clusters. The electrons for
the redox-process are transferred through the palladium. d) The emersed sample

contains attached nickel clusters with a palladium core.

the metal ion, which is necessary in order to avoid a too fast reduction of the metal
ions or to provide solubility at high pH values. The speed of reduction can be directed
by choosing a complexing agent with either high affinity to the metal ion (leads to
slow reduction) or with a low affinity (leads to fast reduction). Of course the redox
potential of the reducing agent and the metal ion is important for the choice of the
complexing agents. Usually substances like dimethylamine-borane (DMAB), sodium
hypophosphite (NaH;PO,), ascorbic acid or sodium tetrahydroboranate (NaBH,) are
used, but there are many other possibilities [91, 104]. One very important issue is
the presence of an agent which can reduce the metal ions without interfering with
the structure of the substrate. After replacement of the activation solution with the
metallization bath the reducing agent is oxidized at the cluster surface and delivers

electrons that can be transferred through the cluster to reduce the metal ion at any



24 CHAPTER 3. METHODS

place of the cluster surface [63]. The mechanism might be more complex, e.g. involving
catalytic steps, but in any case a metal layer starts growing. The metal-ligand complex
can loose a part of the ligand sphere while colliding with the metal particle, which
makes the metal ion easier accessible for reduction. Therefore strong complexing agents
may slow down or even completely block the reduction, which can be observed in
experiments [33]. Another important point is the higher probability of a metal cation
and a reducing agent to encounter a comparatively large cluster than the probability
of them encountering in solution.

A running reaction is, compared to the case of electrodeposition, rather difficult to
stop, especially when particles in solution or suspension are to be metallized. While
in electrodeposition one can simply switch off the current, in ELD one needs to either
change the pH to a value where the metallization cannot take place, or to dilute the bath
in order to lower the probability for metal complex and reductant to encounter, which
effectively does not stop the metallization, but slows it down, or one has to remove
any essential component of the bath, e.g. the metal ions, by dialysis. One method
which allows for a fast stop of a running reaction is the change of pH. Here another
problem appears. The particles to be metallized need to be rather insensitive to large
pH changes, which for TMV is the case in a pH window between 2.8 and 10.5 [20, 24].
Addition of concentrated acids or bases may destroy the particles, while slower addition
of diluted acids or bases hinders an exact timing. In some cases adding substances
(additives) that can stabilize the metal ions against reduction, and/or passivate the

growing surface, slows down the reaction or even stops it completely [49, 70].
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Experimental Details

M

In all cases where water was used, it was purified from a Milipore’™ apparatus and

showed a resistivity of at least 18 MQcm.

4.1 Preparation of TMV

The preparation of TMV is done by infecting a tobacco plant, nicotiana tabacum cv.
samsun nn, using sand paper or carborund to produce scratches on the leaves and
afterwards treatment with a buffered TMV suspension. After 4 weeks the leaves show
symptoms of infection, i.e. yellow mosaic patterns and smaller leaves, and are har-
vested.

The purification methods are standard methods used in the biology departments
of the university of Hannover (CsCl method) and the university of Stuttgart (sucrose

method).

4.1.1 Extraction with a CsCl gradient

For isolation the leaves are chopped with 0.1 M 4°C cold EDTA solution at pH 8 and
afterwards pressed through gauze tissue in order to separate large particles from the
filtrate. The latter is centrifuged at 5300 g for 15 min to sediment particles which
passed the gauze. The supernatant liquid is removed and filtered through a 1 ¢m thick
celite layer. Here phenolic components and plant dyes are removed from suspension.
In the next step the suspension is incubated at 50°C for 90 min in order to denaturate

dissolved proteins. TMYV is stable at those conditions and will not be destroyed. To

25
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remove the dissolved, denaturated proteins, centrifugation at 5300 g for 15 min is ap-
plied. The supernatant is removed and centrifuged at 117000 g for 90 min at 4°C. TMV
sediments at these conditions, so the supernatant solution can be removed and the pel-
let containing the virion resuspended in buffer solution. Additional centrifugation for
10 min at 4800 g is applied in order to remove undissolved material after homogeniza-
tion. The sedimented material is removed. The suspension, containing TMV particles
as single particles, broken particles and aggregates, needs to be purified, ideally to a
suspension of single and undestroyed virion. Therefore a density gradient method, the
CsCl gradient method, is applied. The density of the suspension is adjusted by adding
CsCl. Proper choice (33% weight) of the salt concentration makes a sedimentation of
the virion after centrifugation possible; particles are distributed in the centrifugation
tube according to their density. The centrifugation takes place at 100000 g overnight.
A milky disc containing the particles can be removed from the tube using a syringe.
The liquid is dialyzed against sodium-potassium phosphate buffer adjusted to pH 7.2
overnight and stored at 4°C.

4.1.2 Extraction with a sucrose gradient

The procedure is similar to above, but the gradient purification step is different. In-
stead of adjusting the density with CsCl, a mixture of sucrose and tri(hydroxymethyl)-
methylamine (TRIS)-HCI buffer at pH 7.5 is prepared and frozen at -80°C. Before
use the solution is slowly melted whereby a sucrose gradient builds up. The TMV-
containing liquid is pipetted carefully on top and centrifuged at 25000 g and 10°C for
2.5 hours. In this procedure, the particles are separated according to their lengths
(not their density). The proper fraction is separated [126], dialyzed against sodium-
potassium phosphate buffer adjusted to pH 7.2, and stored at 4°C.

4.2 Adsorption of TMV

4.2.1 Apparatus

The AFM measurements of adsorbed TMV were performed using an Autoprobe M5
and Autoprobe CP by Thermomicroscopes (Atos, Germany; since 2002: Veeco) in
combination with Ultralever tips, contact (UL0.6) and non-contact (UL2.0) (Atos,
Germany), NTMDT tips, contact (CSC12) and non-contact (NSC11, NSC15) (Anfatec,
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Germany) and Nanosensor tips, contact (NCHR) and non-contact (CONTR). Typical
force constants for the mainly employed tips were 40 N/m for non-contact mode tips
(NSC15) and 0.95 N/m for contact mode tips (CSC12).

STM measurements were performed using a Picoscan by Molecular Imaging (Witec,
Germany; since 2003: L.O.T., Germany) with cut or etched tungsten tips. For in-situ
measurements etched tungsten tips were covered with Apiezon wax (W type, Plano,
Wetzlar) in order to reduce the electrochemical current, or commercially available wax-
coated Pt/Ir tips (Witec, Germany) were used.

Image processing was done with the shareware WsXM4.0 (Nanotec, Spain). El-
lipsometry was performed using an EL X-02C ellipsometer (DRE, Ratzeburg). The
ellipticity of the HeNe laser beam (633 nm) was minimized with a A /4 plate and the
incidence angle was 70°. Infrared spectra were acquired at 80° incidence with a Bruker
IF'S 66 spectrometer equipped with a nitrogen-cooled MCT detector. The reference

was gold, either flame-annealed or coated with a perdeuterothiolate.

4.2.2 Substrates

In almost all cases the TMV suspension was found to give reasonable coverage of the
surface at a concentration of 0.1 mg/ml; it was diluted with water from stock suspension
(10mg/ml) just before use. Stock suspensions were dialyzed against water for at least
15 min prior to dilution with ”slide-a-lyzer” caps (14000 MWCO, Pierce).

Mica was purchased from Provac AG (Germany), cut into 15x15mm squares with
a diamond saw and freshly cleaved with adhesive tape before use. In order to adsorb
TMV, the surface had to be pretreated with a 0.1-1 M MgCl, solution (p.a., Fluka) for
5-15 minutes [30]. After removal of the Mg?*-solution with an Ar stream, the surface
was covered with 100ul virus suspension, incubated for 15 minutes, and the suspension
was removed again with a weak Ar stream.

Silicon wafers (100 orientation, Crystal, Berlin) were cut into 10x10mm squares with
a wafer saw and pretreated by the standard RCA procedure to obtain a termination
by Si0O, with hydroxyl groups, i.e. 15 minutes immersion into a 70-80°C hot 1:1:5
(vol.) mixture of 25% NH,4OH (VLSI Selectipur, Merck), 30% HyO4 (VLSI Selectipur,
Merck) and water, followed by 15 minutes immersion into a 70-80°C hot 1:1:5 (vol.)
mixture of 37% HCI (Suprapur, Merck), 30% Hy0O5 and water. Until use the wafers

were stored in water. For adsorption the silicon was covered with 70ul virus suspension



28 CHAPTER 4. EXPERIMENTAL DETAILS
for 15 minutes and afterwards blown dry with a weak Ar stream.

Glass substrates were obtained by cutting glass slides for microscopy into squares
of approx. 10x10mm with a wafer saw, immersing them in Nochromix? (Godax
inc., USA)/conc. HaSOy solution for several hours and afterwards washing with water,
acetone (p.a., Rotipuran, Roth) and ethanol (puriss., Rotipuran, Roth). The glass was
covered with 70 ul virus suspension for 15 minutes and afterwards blown dry with a

weak Ar stream.

Highly oriented pyrolytic graphite (HOPG) was purchased from NTMDT (ZYA
quality, NTMDT, Moscow) and was freshly cleaved with adhesive tape before use.

Gold surfaces were either provided by evaporation of gold (300°C, 0.5 nm/s, 130 nm
thickness) on preheated (300°C) mica at 107% mbar [71], or by a (111)-oriented sin-
gle crystal (Mateck, Germany). The gold substrates were flame-annealed for several
minutes (nearly invisible red glow) with a butane flame before immersion. Adsorp-
tion on gold was achieved from virus suspensions with increased acidity. Solutions
were prepared using inorganic and organic acids, in particular HC1, H,SO,4, HC1O,4 and
CH3COOH of p.a. or Suprapur quality. The pH values of the virus suspensions were
in the range of 2.8-4.

Self-assembled monolayers (SAMs) were obtained by immersion of a gold sample
in an ethanolic solution of 16-mercapto-hexadecanoic acid (HS-(CH;);;COOH, 1mM)
for 12 hours. The sample was emersed, rinsed with ethanol and water and dried in an

Ar stream.

Chemically reactive SAMs were obtained by a chemical reaction at the solid-gas
interface between the thiol-covered gold surface and SOCl, gas [31, 6]. For this, SOCl,
(p.a., Fluka) was first purified by recondensation in an evacuated glass apparatus
(0.01 mbar) into a cooled flask (-196°C). The purified SOCly was heated again and
evaporated in such a way that the vapour passed a chamber containing the gold sam-
ple. The procedure was done twice; the sample was then removed in an Ar-flooded

chamber and immediately used.

Acid-catalyzed esterification was effected with an acidic TMV suspension (HCI,

pH 4) on a SAM-covered gold surface. The reaction time was 2-4 hours.
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4.3 Microcontact Printing of TMV

PDMS stamps (Sylgard 184, Dow Corning) were formed on patterned silicon wafer
masters (IBM Ziirich and Institut fiir Mikroelektronik Stuttgart, IMS). Before first
use each master was rendered hydrophobic with fluoroalkyl-trichlorosilane vapour [14].
After polymerization, the stamp was peeled off the master and treated with an oxygen
plasma at 1 mbar in several time scales between 2 and 30 sec in order to obtain different
stages of hydrophilicity. The stamp was incubated with a 0.1 mg/ml suspension of
TMYV for 30-60 sec and - after removal of the supernatant with Ar - placed on a sample

of mica or silicon wafer for several minutes.

4.4 Metallization of TMV

4.4.1 Apparatus

Metallized TMV was examinated using transmission electron microscopes (TEMs) of
following types: Zeiss EM10 operating at 60 kV, Philips CM200 operating at 200 kV,
JEOL FX-4000 (equipped with an Oxford EDX analyzer) operating at 400 kV, and
Zeiss EM912 Omega operating at 120 kV. For standard imaging mainly the Philips
CM200 was used whereas element mapping was done with the Zeiss EM912.

Copper or nickel grids with 200-400 mesh/inch were used as samples for the TEM
measurements. The grids were covered with a Pioloform or Formvar film and a thin
carbon layer evaporated on top. Prior to usage the grids were treated with 20 ul of
pure ethanol (Rotipuran, Roth) for 30 sec according to standard procedures in biology
[107]. Afterwards small amounts of virion suspension (20 ul) were placed on the grid
and kept there for 30-60 sec. The liquid was afterwards carefully removed with filter
paper, and the grid was washed with a droplet of water. In all experiments the optimal
concentration of TMV was found to be 0.1-0.2 mg/ml.

4.4.2 Metallization Baths

Adsorption of unstained and unmetallized virions was done from a dialyzed solution
(15 min) by placing a droplet on top of a TEM grid. No further treatment except
removing the remaining liquid by a filter paper was applied.

Staining of TMV with uranyl acetate was done with already adsorbed virions on
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a TEM grid by adding a droplet of a mixture of 2% uranyl acetate and 1mg/ml baci-
tracine solution in equal volumes on top of the grid and removal after 30 sec, according
to standard procedures [107].

In order to metallize TMV with silver, a standard protocol for staining SDS-PAGE
gels in biology was used. First a staining solution containing 4.1 ul 37% HCHO in
5 ml 0.2% AgNOj; was added to the TMV suspension (10 mg/ml) in 10-fold excess.
After 15 min the suspension was dialyzed against a mixture of 5 ml 6% NayCO3, 2.7 ul
37% HCHO and 100 ul 0.02% NayS,03 until a brown colour developed. For dialysis
"slide-a-lyzer” caps with (14000 MWCO, Pierce) were used. The suspension was now
dialyzed against water and afterwards against a mixture of 5 ml 99% methanol, 1 ml
99% acetic acid and 4 ml water. Aliquots for TEM imaging were taken and placed on a
TEM grid for 30 sec, removed and the grid afterwards washed with a droplet of water.

Treatment of TMV with palladium or platinum was done by adding an equal volume
of a 0.9 mM/1 solution of NayPdCly or KoPtCly (both p.a., Aldrich) in 1 M NaCl
(p.a., Fluka), adjusted to pH 5-6 with 0.1 M/1 HCI [77], to a dialyzed 0.1-0.2 mg/ml
suspension of TMV. After an incubation time of 10 min the suspension was centrifuged
at 14000 rpm for 10 min and the supernatant carefully removed. The pellet was
resuspended in water and centrifuged again for 10 min at 14000 rpm in order to remove
remaining palladium or platinum. This washing procedure was applied 2-3 times.

In the case of reduction of attached palladium using dimethylamine borane (DMAB),
the washed suspension of TMV was treated with a 30 mM solution of DMAB (p.a.,
Aldrich) in water until gas evolved. 20 pl of the suspension were placed on a TEM
grid for 30 sec and afterwards removed with filter paper. In the case of treatment with
hypophosphite, NaH,PO, (p.a., Fluka) was added to the palladium solution to obtain
30 mM. Here the suspension was not washed, but - immediately after gas evolution
started - placed on a grid for 30 sec. The liquid was removed and the grid washed with
a droplet of water.

For the deposition of gold a bath slightly modified from ref. [88] was used. The
bath was composed of 10 mM HAuCly (p.a., Aldrich), 0.1 mM NaSCN (p.a., Aldrich),
0.1 mM L-(+)-ascorbic acid (p.a., Fluka) and 60 mM NaySO3 (purum, Fluka). The
mixture was adjusted to pH 6 with 0.1 M NaOH. After addition of an equal volume
to the virus suspension, the reaction vessel was heated to 60°C until gas evolution was
observed. 20 ul were removed and placed on a TEM grid for 30 sec, afterwards removed

with filter paper. The grid was washed with a droplet of water.
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Nickel deposition with hypophosphite was performed from a bath containing 0.1 M
NiCly-6H50 (p.a., Fluka), 0.34 M NaH,PO,-Hy0O (p.a., Fluka), 0.3 M Nay;B,O7 (p.a.,
Aldrich) and 0.24 M glycine (purum, Aldrich) in water [97]. The pH was adjusted
to 9 with 1 M NaOH. After pretreatment with the palladium or gold solution and
washing, the virions were incubated in the nickel-containing bath until gas evolution
was observed. The reaction was stopped by 10-fold dilution of the mixture with water.
Aliquots of 20ul were removed and placed on TEM grids for 30 sec. After removal of
the liquid with filter paper the grids were washed with water.

The deposition of nickel from a DMAB-containing bath was done in the same way.
The difference was only the composition of the nickel bath. It was prepared from
0.18 M Ni(CH3COO)4-4H,0 (p.a., Fluka), 0.28 M lactic acid (85% in water, Fluka)
and 34 mM DMAB in water. The pH was adjusted to 6-7 with 1 M NaOH solution [77].

Deposition of cobalt was from a bath containing 0.16 M CoSO4-H,0O (p.a., Fluka),
0.15 M sodium succinate (p.a., Fluka) and 7 mM DMAB in water. The bath was
adjusted to pH 7-8 with 1 M NaOH [77]. The procedure was analoguous to the nickel
deposition procedure.

Ruthenium deposition did not necessitate pretreatment with palladium, platinum
or gold. The deposition bath contained 14 mM RuCl3-xH,O (p.a., Aldrich), 70 mM
ammonium oxalate (p.a., Fluka), 14 mM di-ammonium citrate (p.a., Fluka) and 0.27 M
DMAB [22, 98]. The pH was adjusted to 8-9 using 1 M NaOH solution. After mixing
equal volumes of the TMV and the ruthenium baths, the reaction vessel was heated to
70°C until gas evolution was observed. A sample of 20 ul was taken, placed on a TEM

grid for 30 sec, removed with filter paper, and the grid was washed with water.
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Chapter 5

Metallization of TMV

Using biological molecules as structure directors or templates for deposition or growth
of metals or semiconductors has become very popular in recent years. Approaches to
reasonable structures for possible applications in electronic devices focussed mainly
on linear biomolecules like DNA [72, 100, 101, 79, 18], microtubuli (protein tubes)
[77, 64, 99], bacteriophages (elongated virions that attack bacteria) [69], prions (protein
fibers) [103] or TMV [32, 106]. Those molecules already offer a defined structure in
1D (e.g. tubular structures or DNA), 2D (e.g. TMV crystallites) and 3D. In order
to use this "natural structure definition”, it is necessary to understand the chemistry
behind it, and to find a way to use it without destruction, or at least with controlled
destruction of the biological molecule.

In this part of the project the focus is on controlled metal deposition and on cluster
growth templated by TMV. Approaches to semiconductor growth have already been
successful [106], and metal attachment to TMV (especially gold and silver) was already
tested in the first half of the past century [94]. Silver is a metal routinely used in biology
for tagging specific sites of proteins. First approaches showed that indeed a specific
amount of silver can be attached to a virion. Since in this early stage of virology
microscopic methods were not developed very well, the results of the silver deposition
experiment were not visualized. Recent biomineralization experiments revived the
interest in metallization of TMV with silver by applying not only routine biological
methods but also modifying them, relying on the (in the meantime) large experience
with methods like electroless deposition of metals (see chapter 3.4) [66, 32].

Experiments with attachment of gold to TMV have already been performed in 1939
[60] and showed that gold can easily be attached on TMV, but the distribution and

33
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size of attached gold clusters is not uniform. (Some gold clusters grow without being
templated by the virion itself, but probably on detached proteins or other impurities

in the suspension.)

Another metal attachment method developed in biology, which promises to be useful
for this project, is the use of specific markers, in the case of TMV antibodies with
attached gold clusters. Those antibodies are very specific to the ends of the virion
or to some parts of the outer surface, and the gold clusters are very small (5-10 nm)
[114, 115]. The use of those clusters as catalysts for further metal deposition should
be straightforward and well controllable. The fact that the gold is attached to a very
specific part of the virion offers the possibility of a defined initiation area for metal
deposition. This particular idea is a future part of this project and will not be further

detailed in this work.

Apart from silver ions and gold clusters, biologists developed other methods to
attach metal ions to biomolecules. Basically these are metals with high atomic mass
and have the aim to contrast proteins for visualization in electron microscopy or en-
hancement of resolution in X-ray diffraction. This staining is usually done with salts of
uranium, tungsten or complexes of mercury [107], platinum or palladium. The redox
potentials for uranium and tungsten cations (to be reduced to metal) are very negative,
therefore the use of those salts as catalysts for electroless deposition or even just the
reduction of the cations in order to obtain metal needs very strong reductants [96]. But
the use of strong reductants results in a destruction of the virion, so the implementation
of uranium or tungsten staining methods in order to obtain metal growth templated
by TMV becomes impossible. Mercury, however, could easily be reduced. The attach-
ment of mercury to TMV is very specific with Cys-27, which is located deep inside the
coat protein [39, 68]. The effective size of many mercury complexes in solution is small
enough to allow for penetration of the coat protein. After attachment of mercury, it
is buried deep inside the virion and thus not accessible for the comparatively large
complexes of other metals, like nickel and cobalt, to act as an initiation centre for
metal growth. From a technological point of view, but also scientifically, metals like
uranium, tungsten or mercury anyway are of less interest in nanostructures, in contrast
to platinum, palladium and gold.

An interesting candidate for nanoscale structuring is silver, since its capabilities for
field enhancement promise a use as optical antenna, if silver can be grown in a linear

shape. Other very interesting metals in nanoscale science are nickel and cobalt. First,
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because the methods for electroless deposition of those metals are very well developed
and second, because in certain alloys (e.g. with small amounts of phosphorus or boron)
they show a quite large magnetic moment (depending on the second compound) [104,
91, 111]. The interesting point is here the magnetic behaviour of those compounds if
the size is reduced to the nanometre scale, since it is not necessarily the same as in the
bulk, or in the (sub-)micrometre scale [42].

The state of the art in electroless deposition methods is the growth of another metal
under "mild conditions”, i.e. in a pH and temperature range acceptable for TMV and
with reductants which are not destructive for the virion: This metal is ruthenium (with
only few reports in the literature) [22, 98]. Basically ruthenium is interesting because
of its catalyzing capability for chemical reactions. While this capability is not subject
of this project, a possibility for nanoscale structuring would be very interesting. In
addition to that, a lot is already known about the metal-organic chemistry of ruthenium
[75, 44]. This knowledge could be a big advantage in ruthenium deposition using TMV
as template.

Another very important metal from a technological view would be copper. Here
some problems occur if TMV should be used as template. Copper can easily be de-
posited applying the the method of electroless deposition and a lot of work has been
done in this research area, but all the deposition methods work in a very basic milieu
which is destructive for TMV. The mildest conditions for a copper deposition, which
can be found in literature, work at pH 8-9 [56], which is already at the stability limit
of TMV. A test of metallization with such metallization bath at lower pH would be
possible, but first experiments did not yield metallized virions. The metallization of

TMYV with copper is part of the future work.

5.1 Results and Discussion

The attachment of metal ions to proteins in general is a process difficult to understand
and to interpret. Already a combination of short peptides with metal ions that have
strong affinity both to oxygen- and nitrogen-containing groups of amino acids leads
very often to misinterpretations. The knowledge of the amino acid sequence of TMV
in its genetically unmodified shape [125] (vulgare strain, common strain or Ul) can
help to understand the process of metal deposition.

The loop of the coat protein inside the inner channel of the virion is to a certain
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extent flexible and thus offers enhanced accessibility of the amino acids situated not
only at the surface of the inner channel, but also deeper inside the protein [10]. The
amino acids in the protein loop and its vicinity offer a number of nitrogen-containing
functional groups like amines and primary amides (Arg-90, 92 and 112; Asn-91, 98 and
101; GIn-99), alcohol (Thr-89, 103, 104, 107 and 111) and carboxylic acids (Asp-88
and 109; Glu-95, 97 and 106) [125]. At the opposite part (i.e. the outer surface of the
virion) fewer amino acids are flexible [10]. The amino acid sequence of TMV (vulgare
strain) shows that on the outer surface of the virion oxygen is predominantly present in
form of carboxylic acid (or carboxylate) as terminus of the coat protein. In addition the
amount of oxygen is increased by the alcoholic functional groups of accessible amino
acids like threonine (Thr-153 and 158), serine (Ser-1, 3 and 154) and tyrosine (Tyr-2)
(see figures 5.1 and 5.2) [125, 10]. The TMV clone used in the major part of this project
contains an additional serine (Ser-155) in the coat protein, which replaces the glycine
(Gly-155) in the sequence of the wvulgare strain, else the amino acid sequence of both
strains is identical. Presumably only the last 4-6 amino acids (152-158) can rotate,
decreasing the amount of accessible polar groups [10]. The hydroxyl group of Tyr-2
is located inside the protein and is not accessible. The accessibility of the hydroxyl
groups of Ser-1 and Ser-3 depends on the flexibility of the amino acids 152-158, since
it is covered by them. In sum, the amino acids, positioned in the inner channel, offer
more amine and primary amide functional groups than those on the outer surface of
the virion (see figure 5.2).(Valid only for the vulgare strain.)

This is however only a glimpse into the chemistry of the viral coat protein. A very
important question is whether the metal ions can not only diffuse through the channel,
but also penetrate the viral coat, i.e. the integral arrangement of coat proteins. One
confirmation for this scenario would be that upon negative staining of TMV with uranyl
acetate the complete virion (the outer borders and the inner channel) is stained in a
very short time (less than 30 sec). In no case a partial staining, resulting in a partial
visualization of the inner channel by TEM, was observed. But the diffusion of the
uranyl ions through the inner channel might be that fast, that the initial stage cannot
be observed. A rough estimation of the diffusion time of a metal complex through the
inner channel of the virion in water can be made with a simple formula. Assuming no
interaction of the complex with the environment, e.g. interaction with the virion or

other molecules, the following equation is valid [3]:

V{a?) = V2D, (5.1)
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Figure 5.1: Left: Model of 49 helically arranged coat proteins of TMV (vulgare
strain), generated with MDL® Chime [23] from [125]. The orange colour shows
the RNA, the red colour the acidic amino acids and the blue colour the basic amino
acids. Right: One single coat protein of TMV (vulgare strain) with the same colour
coding as in the left image. The green circle shows the flexible loop of the coat
protein. The purple circle shows the area where the last 4 amino acids should
be found (Gly-155, Pro-156, Ala-157 and Thr-158 are missing in all the available
models). Both images show an enhanced concentration of acidic amino acids in the

central channel, while the outer surface shows acidic as well as basic amino acids.

Figure 5.2: Left: Model of 49 helically arranged coat proteins of TMV (vulgare
strain), generated with MDL® Chime [23] from [125]. The orange colour shows
the RNA and the red colour the polar amino acids. Right: One single coat protein
of TMV (vulgare strain). The orange colour shows the RNA. The blue colour
shows amino acids containing hydroxyl groups. The red colour shows amino acids
containing amine or primary amide groups. On the outer surface of the virion
mainly hydroxyl groups are accessible, while the inner channel contains in addition

amine and primary amide groups as well.
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the average diffusion path of the molecule, which in our case is the length of the viral
inner channel (300 nm). Diffusion coefficients in water for molecules of similar size and
charge like the metal complexes in our case range from 1-107° to 2-107° ecm?s~!. With
an average of 1.5-107° cm?s™! and the length of the virion (300 nm) the calculated
time for diffusion of the complex through the inner channel of the virion is 30 us. Of
course this is just a rough estimation, but it provides the time scale for the diffusion of
the complexes through the inner viral channel, hence it is not surprising that no initial
(incomplete) stage of staining with uranyl acetate can be observed. Another indication
for the diffusion of uranyl acetate through the channel and not through the coat protein
becomes obvious in a recent publication by Dujardin et al. [32], where discrete silver
particles were deposited inside the viral channel and the virions thereafter treated with
uranyl acetate. Staining of the interior channel was only possible up to a silver particle
and no further. The particle hinders a further diffusion of the uranyl ions through the

channel.

The sizes of the complexes obviously play an essential role in the question whether
a complex can diffuse through the channel or also penetrate the coat protein. But not
only the size of complexes is important. As mentioned above, the coat protein offers
flexible loops inside the channel [10], which leads to a locally varying effective radius
of the inner channel. Still the diffusion of complexes through the inner channel should
be practically always possible, since the diameter of the channel is 4 nm and thus large
enough even for diffusion of complexes with large ligand spheres. The penetration
of complexes into the coat protein is much more difficult. The complex needs to be
very small in order to be able to penetrate the coat protein, which is rarely the case.
The best example for this is the penetration of Hg(II) complexes into the protein [37].
Those complexes are small enough to penetrate the coat protein and reach the cystein
inside. In addition they can have unpolar ligands, which allows for easier penetration

of the coat protein in areas with higher concentration of unpolar amino acids.

For the diffusion of metal complexes into the channel as well as the diffusion through
the channel the electrostatic charge plays a big role. The electrostatic charges of
the outer surface of the virion and the surface of the inner channel may block the
deposition of metal if the added metal complexes and the pH are not chosen properly

(see chapter 2.1).

The following chapter will present the results of electroless deposition experiments

with silver, palladium, gold, nickel, cobalt and ruthenium and discuss the physics and
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100 nm

Figure 5.3: TEM (200 kV) micrograph of a single unstained TMV. The central
channel is not visible and the outer borders are blurred. The inner part of the virion

appears bright (i.e. like the background of the micrograph).

Figure 5.4: TEM (400 kV) micrograph of a single stained TMV with uranyl
acetate. The central channel is clearly visible, and the outer borders are clearer

than in the unstained case.

chemistry behind the attachment and growth of metal particles on or inside TMV. The
metal particles can easily be seen in electron micrographs as dark spots or areas. As
reference for those images, micrographs of unstained TMV, i.e. not pretreated at all,
and stained with uranyl acetate (as standard staining method in biology) were taken.
In the unstained case only a shade around a central bright line is visible, which can be
assigned to the shape of a virion. No details can be seen (see figure 5.3). The bright
inner part of the virion has a width of ca. 14 nm, while the distance of the outer
borders (dark lines) is ca. 18 nm. The width of 18 nm is in agreement with the data

from literature [126].

Treatment with uranyl acetate changes the appearance drastically. Here the borders
of the virion shape are sharp, visible as dark areas and the central channel of the virion
can be seen as a dark line (see figure 5.4). The closest distance of the dark lines is ca.
18 nm, while the distance of the outer borders of the lines is ca. 23 nm. The image

shows a negatively stained TMV, where the uranyl acetate on the outer surface of the
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virion does not penetrate the protein, but attaches to the surface of the virion.
In the following experiments no staining with uranyl acetate has been applied, in

order to be able to identify the deposited metal without misinterpretation.

5.1.1 Deposition of Silver

The deposition of silver was investigated only for the sake of completeness. The images
showed TMV with silver particles of very small sizes attached to the outer surface of the
virion (see figure 5.5) [66]. The clusters had diameters in the range of 3-5 nm. In most
cases clusters aggregated to larger cluster arrangements which grew perpendicularly
to the viral rod. The reproducibility was very poor, i.e. only one in five experiments
showed virions with attached silver. However, in these cases a coverage of the viral
outer surface with silver clusters of up to 20% was observed, but no continuous coating
of the outer viral surface. No silver clusters could be found in the inner channel of the
virion.

First experiments attaching Ag(I) to TMV have already been done in 1942/43 [94].
Pfankuch et.al. have shown that ca. 3300 silver ions can be attached to a single
TMV particle. With ca. 2300 coat proteins in one single TMV this means that only
about 1.5 silver ions can be attached per protein. The metallization of the outer
surface with silver (see chapter 5.1.1) could mean that Ag(I) has a special complexing
capability with the outer surface of the TMV. This is however in contrast to the known
coordination chemistry of silver [44]. While the outer surface of the virion offers mainly
oxygen-containing possible ligands, the inner channel with primary amines and primary
amides would be preferred by Ag(I). Therefore the chemical groups of the virion and
their coordination chemistry with silver cannot act explanatory for this phenomenon,
at least not in a simple way.

The virions used for the metallization with silver were not treated any further after
purification. That means that the suspension was not dialyzed against water. In this
case a small amount of sodium-potassium phosphate buffer was still present, due to
the low concentration unable to act as buffer. A metallization of such virions with Pd
activation and following Ni or Co metallization showed a metallization exclusively on
the outer surface, too (see chapter 5.1.4 and 5.1.5). Here an assumption can be made,
namely that the buffer plays an important role by complexing the metal ions. Indeed

Ag(I) precipitates with HoPO4~ as AgsPO, [44]. Dujardin et.al. [32] have proposed
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Figure 5.5: TEM (60 kV) micrograph of a single TMV metallized with silver.
The outer surface is covered with silver clusters, while inside the central channel
no silver particles are observed. The dark spots in the surrounding area are single

silver clusters grown in solution and attached to the membrane of the TEM grid.

that for a treatment of the virions with metal the charge difference of the protein
part inside the channel and on the outer surface cannot be neglected. At neutral
conditions, where the positive electrostatic charge of the outer surface is reduced, and
the negative electrostatic charge of the inner cavity is enhanced, they deposited several
(4-10) silver clusters from a Ag(I) solution inside the inner channel, not with the method
of electroless deposition, but with coordination of Ag(I) ions and subsequent reduction.
The differences in charge are due to differences in the pKa of the outer and the inner
part of the proteins. In the pH range (pH 4-7) this would mean that the inner channel
is negatively charged and the outer surface is positively charged. In this pH regime
the electrostatic attraction of the Ag(I) ions to the inner channel would be higher than
to the outer surface, which would result in silver cluster growth inside the channel.
However, the metallization bath used in our experiments shows significant differences
in composition, which can explain the different results of both metallizations. As
described (see chapter 4.4.2), our bath contained formaldehyde (HCHO) which diffuses
through the inner channel of the virion. Due to its polar nature, it binds to polar groups
and reacts with primary amines inside the inner channel, with the effect that on the one
hand possible binding sites of the amino acids are blocked for the Ag(I) ions, and that
on the other hand the electrostatic charge of the inner channel is even more negative.
On the outer surface of the virion phosphate ions, which are negatively charged, can
coordinate to the positively charged amino acids (e.g. lysine and arginine) and thus
decrease the amount of positive charges on the outer surface even before HCHO is

applied. An indication for this could be the fact that very small amounts of phosphate
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buffer are evidently sufficient to change the general behaviour during metallization. The
buffer concentration in the viral suspension is very low and during the metallization
procedure it is diluted even more. The virion concentration is in this case lowered as
well, so the ratio of the concentrations of the buffer and the virion remain the same.
As a result, silver coordinates to accessible binding sites on the outer surface, which
in this particular case are the coordinated phosphate ions, precipitates as AgzPO, and
initiates the particle growth after the Ag(I) is reduced to the zerovalent state. The
reduction of Ag(I) can be induced by three possible reductants: The formaldehyde in
the solution, light, since the reaction vessel is exposed to light, and the virion itself.
The resulting silver clusters are loosely bound to the outer surface, which can be
concluded from the resulting TEM images. The virion in the TEM image contains
silver clusters attached exclusively to the side parts, but none is visible on top. The
clusters can easily diffuse on the outer surface of the virion and are upon adsorption on
top of a TEM grid stabilized by the virion and the grid surface. Basically the results
show a negative staining of the TMV with rather large metal clusters, which are unable
to diffuse through the inner channel. Remarkable is the weak interaction of the silver
clusters with the virion. No silver clusters can be seen on top of the virion in the TEM
images, which indicates a very loose bonding. Nanometre-sized silver particles are,
like gold particles, commercially available. They are stabilized by a shell of organic
or inorganic molecules (e.g. phosphate). One would expect that a silver particle can
interact with the virion more strongly, but the results show that this is not the case.
More likely is the stabilization of the silver clusters by other molecules from solution.
The TEM image shows a narrow size distribution of the silver particles, which indicates
such a stabilization, since usually a coalescence of the particles would be expected [33].
The specific metallization with silver does not seem to be directly connected to the
coordination chemistry of Ag(I), but rather to secondary effects induced by additional

chemicals in the solution and to the acidity of the solution.

5.1.2 Deposition of Palladium

With attachment of Pd(II), usually for activation of the virion in a step-wise ELD
(see chapter 3.4), additional effects occur. The virion suspension was dialyzed against
water prior to usage, in order to remove the phosphate buffer. The solution consisted

only of Nay[PdCly] and excess NaCl. The latter is very important in order to avoid
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Figure 5.6: TEM (200 kV) micrograph of several head to tail-arranged TMVs
metallized with Pd(II) and reduced with NaHyPOg. The outer surface is densely
covered with palladium, while inside the central channel no palladium particles are

observed.

the creation of palladium-oxo and -hydroxo complexes in water [63]. Those can form
easily, especially if the pH is higher than 2 and the Cl~ concentration is low. The
difficulties do not arise from those complexes themselves, but rather from oligo- and
polycondensation to larger units. Depending on the pH, this process lasts hours (pH 5-
7) or even days (pH 2-4), so a fast processing would be possible. However, during
treatment with the bath several centrifugation steps need to be done, building up a
concentration gradient of the Pd(II) complexes in the reaction vessel. The probability
of oligomerization of those monomers becomes higher. Therefore the use of the native
solution is not preferred. Since working at very low pH values is not possible due to
instability of the virions [126], the other possibility to stabilize the monomers is used,
the shift of the equilibrium towards the [PdCl4]*~ by adding CI1~.

Palladium was deposited from an aqueous solution of PdCl4*~ (see chapter 4.4.2).
The timing of the cluster formation in the TMV suspension and the amount of clusters
depended on the reductant. Reduction of Pd(II) with hypophosphite in a single step
ELD (see chapter 3.4) resulted in a dense outside coverage of the viral tube after a
very slow reaction (more than 1 hr). Inside the channel no clusters could be observed
(see figure 5.6).

With DMAB as reductant, a separate reduction step (see chapter 3.4) after incu-
bation with Pd(II), yielded virions with a slightly darker colour than the unstained
virion and some clusters of sizes up to 8 nm in diameter, attached exclusively to the
outside of the virion (see figure 5.7). No clusters could be found in the inner channel.

The reaction with DMAB as reductant was (compared to the reaction with hypophos-
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Figure 5.7: TEM (200 kV) micrograph of two head to tail-arranged TMVs met-
allized with Pd(II) and reduced with DMAB. The outer surface shows attached
palladium clusters, while inside the central channel no palladium particles are ob-
served. The dark spots in the surrounding area are palladium clusters grown in

solution and adsorbed on the membrane of the TEM grid.

phite) very fast (5-10 min), which could be judged by the gas evolution (Hs in form of

bubbles) inside the reaction vessel (see chapter 3.4).

After treatment of TMV with palladium and DMAB, the results have shown that
the virion appears slightly darkened in the TEM, and that some larger clusters appear
at the outer surface of the virion (see figure 5.7). In clusters the density of Pd is
higher than in complexes or salts (some space is occupied by ligands or counter ions),
which leads to a stronger darkening of Pd clusters in the TEM compared to crystals
of e.g. Pd(II) salts or compounds containing unreduced Pd(II) complexes (compare
also staining with uranyl acetate). The channel of the virion cannot be seen. This
indicates that a very small amount of Pd(II) is complexed within the coat protein.
A further indication is that no EFTEM of palladium is possible (see chapter 5.1.4).
Palladium has a very high atomic mass (compared to the other elements building up
the coat protein). A higher concentration of palladium on the outer surface or in
the inner channel of the virion would result in a higher contrast of the sites where
Pd(II) is adsorbed. The image shows merely a few dark spots on the outer surface of
the viral coat. This can be explained as follows: In contrast to the single-step ELD
of palladium with hypophosphite as reductant, here TMV was exposed to a Pd(II)
containing solution, then washed and afterwards the Pd(II) was reduced with DMAB.
The effect of such a treatment is that the growth of Pd clusters is limited, since the
source, the Pd(II)-containing solution, is removed. Upon reduction some clusters can
grow, but the limiting factor for their size is the concentration of coordinated Pd(II)

and the capability of Pd atoms or small clusters to diffuse on the outer surface and on
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the surface of the inner channel of the virion upon reduction of Pd(II). A diffusion of
Pd(II) from solution to the outer surface and into the inner channel cannot take place,
since no additional Pd(II) is provided.

Before removal of excess Pd(II), the amount of Pd(II) is by far more than needed to
saturate the coordination sites of the coat protein. Although the affinity of Pd(II) to
nitrogen-containing ligands is very high [44], the other binding sites, containing oxygen,
can be saturated, too. Thermodynamically more stable are the complexes of Pd(II)
with nitrogen-containing ligands, but kinetic effects can play a big role. Complexes
of PA(IT) with oxygen-containing compounds are kinetically stable [44]. Since oxygen-
containing groups are easily accessible on the outer surface of TMV, complexes with
Pd(II) can form, too. During reduction from the ionic to the elemental state, Pd starts
diffusing on the outer surface and coalescing with other Pd clusters. The clusters
can grow until no more palladium is left. The palladium in the inner channel might
also contribute to the cluster growth by diffusion through the channel to the opening
of the virion. There the Pd atoms and small clusters can easily coalesce to larger,
thermodynamically more stable clusters [33]. The effect of this scenario would be a
few metallic clusters on the outside of the virion located close to the opening of the
central channel. This is exactly what can be observed.

A scenario where Pd(II) is electrostatically bound to the virion is possible as well.
The Pd(IT) complex is negatively charged ([PdCly]*>) and thus can be attracted by the
positively charged outer surface of the virion at pH 5-6 (see chapter 4.4.2) [32]. The
surface of the inner channel is in this pH regime predominantly negatively charged,
which acts repulsive on the Pd(II)-complex. The result is an attachment of Pd(II)
exclusively to the outer surface and thus, upon reduction to Pd, metallic clusters
positioned at the outer surface. This, however, does not explain the concentration of
metal clusters at the end of the virion, which was frequently observed. More likely
is that there is a contribution of the inner channel to the cluster growth, which in
this scenario is not the case. Most probably a mix of both scenarios (electrostatic
interactions and complexing) leads to the attachment of Pd(II).

In another experiment, the reduction of Pd(II) coordinated to the outer viral surface
was achieved with hypophosphite added to the Pd(II)-containing solution in a one-step
ELD. With this procedure, metal growth takes place on the outer surface of the viral
coat and continues until the major part of the viral surface is covered (see figure 5.6).

The difference in the results, i.e. discrete clusters on the one hand and almost
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complete coverage on the other hand, can be assigned to two differences in the reaction
vessel. First, different reductants were used. Second, the concentrations of the Pd(II)
complex and its ligand (C17) was different. While in the reaction with DMAB as
reductant the amount of Pd(II) was limited to the amount coordinated to the coat
protein, in the other case there was a continuous source. The differences in kinetics
in those two reactions cannot be compared, since the reactions are not comparable.
Basically the speed of an ELD depends on the mixed potential of the components and
on the induction period, which is the time needed for the reaction to reach the mixed
potential. The induction period is dependent on several factors, like temperature, pH,
ligand concentration and reductant type and concentration [91, 104]. In our case the
type of reductant as well as the concentration of the ligand and the pH were changed.
However, the reaction started faster and had to be stopped earlier, which corresponds
to a shorter induction period for the reaction with DMAB. Although the reactions are
not comparable, the faster reaction corresponds to a more negative redox potential of
DMAB as compared with hypophosphite, which indeed is the case [96]. The continuous
source of Pd(II) in the hypophosphite bath leads to a more dense and uniform coverage
of the viral outer surface. An analogous reaction with DMAB instead of hypophosphite
was tried, but the reduction of palladium took already place upon adding DMAB to
the Pd(II)-containing solution. In this case the mixed potential Pd(II) and DMAB
is reached faster (the oxidation potential of DMAB is more negative than that of
hypophosphite) [104], which decreases the induction period. In this particular case
the induction period was very short and did not allow for attachment of Pd(II) to the
virion, but the reduction of Pd(II) started already in solution. The reaction can be
slowed down by cooling of the reaction vessel, but those possibilities were not further
investigated, since attachment of Pd to the virion was basically done for activation

purposes for further metal deposition (e.g. Co and Ni).

5.1.3 Deposition of Gold

The deposition of gold on the outer surface or in the inner channel of TMV works in
a different way. The applied bath contains already the reductant, and also additives
needed for stabilization of the gold ions in solution (single-step ELD) [88].

A treatment of the TMV suspension with the gold bath (see chapter 4.4.2) showed

after a fast reaction (10-15 min) virions with no large clusters attached (like in the cases
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Figure 5.8: TEM (200 kV) micrograph of a single TMV metallized with gold
(Au(I) reduced with ascorbic acid). The central channel and the outer surface

appear stained.

mentioned above). But some structural details of the virions could be observed in the
microscope. The resulting images showed a stained virion, where the outer border of
the viral tube was clearly visible, and the inner channel as well. The images closely
resemble those of TMV stained with uranyl acetate, but are a little weaker in contrast
(see figure 5.8 compared with figure 5.4). The closest distance of the dark lines is ca.
15 nm, while the outer borders of the lines have a distance of ca. 20 nm. The closest
distance (15 nm) shows that this staining cannot be exclusively negative since in this
case the gold would attach to the outer surface of the virion and the distance would be
18 nm. The distance of the outer borders of the lines is 20 nm, and thus larger than
the diameter of the virion. An exclusive positive staining is here not the case, too.

Presumably the gold contributes to both, negative and positive staining.

The chemistry of the gold bath (containing HAuCly, NaSCN, NaySO3 and ascorbic
acid) is more complex and needs a closer look for better understanding. SO3%~ reduces
the Au(III) to Au(I) which is complexed by SCN~. The resulting Au(SCN),™~ is stable
in presence of excess SCN™ and can as such coordinate to amino acids and proteins [44].
In case of TMV it shows no large selectivity for certain sites. Once bound, Au(I) can
easily be reduced even by ascorbic acid due to the high redox potential of gold. It is even
likely that TMV itself can reduce Au(I). The rate of gold deposition can be increased
by disproportionation of Au(I) into Au and Au(III) [104]. This, however, depends on
the thermodynamic stability of the Au(I) complex. In order to increase the stability
of such gold baths, many investigations aimed at suppressing the disproportionation.
The Au(SCN),~ appears to be sufficiently stable.

By treatment of TMV with such a metallization bath it is very unlikely that the
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intermediate Au(SCN),~ binds coordinatively to a specific site of the coat protein since
this would require soft ligands which are not present in the amount needed. This is very
much in analogy to the silver deposition. Here, gold can attach electrostatically (in
analogy to uranyl acetate) to the TMV. The only possible attachment via complexation
would in case of metallization with gold be a coordination with sulphur-containing
amino acids. Indeed the coat protein contains such an amino acid, the cystein (Cys-
27), but it is located deep inside the coat protein and is thus not accessible for the
gold complex [125]. Methyl mercury nitrate, however, can obviously reach Cys-27, as
shown by X-ray diffraction studies (see chapter 2.3) [37]. Presumably the effective size
(i.e. the ligand sphere) of the complex plays an essential role. The mercury complex is
hydrophobic and small enough to penetrate the coat protein (i.e. not only the central
channel, but also the protein itself), while the gold complex is too large. The fact that
the gold complex cannot penetrate the protein is confirmed by the TEM images, since
no increased concentration of metal can be found between the central channel and the

outer surface of the virion.

The increased contrast of the outer surface and the inner channel of the TMV in
the TEM images confirms an attachment of gold in general. Such gold attachment
to proteins is well known from the immunogold labelling by gold clusters attached to
antibodies [114, 115]. The use of the applied gold bath is compared to the immunogold
labelling a much simpler method for attachment of gold clusters on TMV although its
selectivity for particular parts of the coat protein is lower. Concerning the cluster size,
the dark spots on the outer surface could not be resolved further. The gold clusters in
this case are smaller than 2 nm. Even longer metallization with gold did not enlarge
the clusters. It appears that by reaching a certain cluster size, the maximum stability
of the attached cluster is reached and further growth is stopped. Very small gold
clusters show increased stability with discrete numbers of atoms. For example Auss is
a stable cluster and can be commercially obtained (although with a stabilizing shell,
like citrate), while Ausy or Ausg are not available. A continuing growth of the clusters
would detach the gold from the protein, since the ratio of the surface area of the
cluster to the number of binding sites shared with the protein increases, and due to the
convection inside the reaction vessel increasing forces act on the cluster. Examination
of the solution in TEM showed loose gold particles in solution, which were by far larger
in size (several tens of nm) than the clusters attached to the coat protein. This is an

indirect proof of the scenario, i.e. unbound Au clusters can continue to grow.
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The inner channel of the TMV after gold deposition does not show distinct clusters,
but the channel itself is clearly visible. Here one can assume that those clusters are
even smaller than the ones deposited outside. The coalescence seems hindered, which
is probably either due to hindered diffusion of gold atoms on the surface of the inner
channel or due to lower stability of binding sites of this part of the protein with larger
gold clusters, which would suppress the cluster growth. The nature of this particular
stabilization effect is not yet known, so this particular chemistry cannot be described
in detail.

Fact is that this method of metal attachment can act as alternative to the standard
staining methods in biology, avoiding uranyl acetate. The staining should correspond
to negative staining, since the gold complex attaches electrostatically to the outer
surface and the surface of the inner channel of the virion [107]. If the binding was more
specific, e.g. to Cys-27, the staining would be positive. But gold ELD is also a simple
and effective way to synthesize metal/bioorganic composites, where the metal is in the

form of small clusters.

5.1.4 Deposition of Nickel

Nickel could not be deposited in a single step. An activation step prior to nickel
deposition was necessary in any case (step-wise ELD). The main difference to the metal
deposition methods discussed above is that the focus is no longer on the chemically
active sites of the virion, but on the accessibility for catalyst clusters of palladium,
platinum or gold, since the metal growth takes place exactly at those clusters [104, 63].
Therefore the places where nickel can grow are limited to those places, where a catalyst
for the growth can be attached.

The deposition of nickel was effected in several ways, therefore several cases need
to be clearly distinguished.

First the deposition of nickel was performed from a palladium-pretreated virion
suspension with hypophosphite as reductant (step-wise ELD, see chapter 3.4) [97]. The
reaction took place in 10-20 min. TMV treated in this way yielded virions containing
metal clusters with diameters of 3-4 nm in the interior channel (see figure 5.9 (b))
[66]. In some cases short rods with widths of 3-4 nm and lengths of 10-50 nm could
be seen in the direction of the viral tube (see figure 5.9 (a)). Clusters attached to

the outer surface of the virion could be observed only rarely. The yield of virions
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Figure 5.9: TEM micrographs of TMV activated with palladium and metallized
with nickel (Ni(II) reduced with NaHoPO32). (a) TEM (400 kV) image showing
short metal rods exclusively situated in the inner channel of two virions. The rods
have diameters of 3-4 nm and lengths of 10-50 nm. (b) TEM (200 kV) image
showing spherical clusters inside the viral channel of a single TMV. The clusters

have diameters of 3-4 nm.

containing metal clusters differed from experiment to experiment, and in no case the
amount was higher than 40%. The assumption that the clusters inside the virion start
growing on discrete places (due to some possible irregularities in the protein or RNA
structure) inside the channel could not been confirmed: The cluster distribution inside
the channels of different virions was random [110].

The nickel deposition was also performed with palladium-pretreated virions and
DMAB as reductant. Here the reaction was faster than with hypophosphite. Once
started (the initiation time was in the range of 1-2 min), the metallization took place
within seconds. The resulting images showed virions with their channels partially filled
with metal. The deposited metal had the shape of a wire. The diameter was 3-4 nm
and the lengths ranged from 50-600 nm (see figure 5.10). In some cases the metal was
deposited without gaps in channels of head to tail-aggregated virions, thus surpassing
300 nm length (see figure 5.10 (b)). In most cases the yield of virions containing metal
was 30-50%. Whether the linear features consist of aggregated clusters or show linearly
grown metal, could not be distinguished by TEM. The metal was not exclusively found

inside the virion: In some cases metal could be found on the outer surface. In very few
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Figure 5.10: TEM micrographs of TMV activated with palladium and metallized
with nickel (Ni(II) with DMAB as reductant). (a) TEM (200 kV) image showing
TMYV continuously metallized inside the channel. The length of the metallized part
reaches 350 nm with a diameter of 3-4 nm. (b) TEM (200 kV) image showing several
virions aligned head to tail and side by side with metallized channels (diameter 3-4

nm). The length of the metallized part of the channels can reach 600 nm.

cases metal both in the inner channel and on the outer surface was observed (see figure
5.11). The replacement of palladium with platinum gave very similar results, therefore
in the following palladium and platinum pretreatment are not discussed separately. In
order to proof that the obtained wire consists of nickel, EFTEM (see chapter 3.2.1) and
EDX (see chapter 3.2) were performed. The images confirmed that the wire consists
of nickel (see figure 5.12). A mapping of palladium was not effective. Presumably the
concentration of palladium was too small to be detected either by EFTEM or by EDX.

A replacement of palladium by gold (further procedures as above) (see chapter 4.4.2)
resulted in small metal clusters attached to the outer viral surface. A comparison with
the images of gold-pretreated TMV (fig 5.8) shows additional clusters of nickel on the
outer surface of the virion. The reaction was slightly slower than for the palladium
pretreatment and took 5-10 min. If the reaction was stopped in a very early stage, very
few small clusters could be observed on the outer surface of the TMV in addition to
the staining observed after gold treatment (see figure 5.13(a)). A stop of the reaction
in a later stage showed a continuing growth of nickel on the outer surface of the virion

covering additional surface, but also growing perpendicularly to the virion axis (see
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Figure 5.11: TEM (200 kV) micrograph of TMV metallized with nickel/DMAB
after activation with platinum. The virions show short metal rods inside the channel
and are metallized on the outer surface with nickel. Left: Original image of met-
allized TMV. Right: Same image with marked areas: White lines show the outer

borders of the virions, black lines show the metallized inner channel.

figure 5.13(b)). About 50-60% of the virions contained metal. A smooth coverage of
the viral surface could not be achieved.

Another approach to a coverage of the outer viral surface with metal was performed
again with the method of palladium or platinum pretreatment and deposition of nickel
from a DMAB-containing bath, but without dialyzing the TMV suspension before
usage. This suspension contained in a small amount sodium-potassium phosphate
buffer. In this case metal could not be found in the interior channel of the virion, but
exclusively on the outer surface (see figure 5.14). Different stages of metallization could
be observed. Once the outer viral surface was covered with metal, the growth continued
perpendicularly to the orientation of the virion. The yield of metal-containing virions
was very high (70-80%).

In the first case, palladium was chosen as catalyst and nickel was deposited from
a solution which contains hypophosphite as reductant. The results showed discrete
clusters in the central channel of the virion (see figure 5.9). TMV treated with pal-
ladium only, and afterwards reduced with hypophosphite, primarily showed opposite
results: Palladium was deposited on the outer surface of the virion (see figure 5.6).
Here a closer look at the growing clusters themselves is required. While on the outer
surface the growth of the clusters is not space-limited, in the channel it is. The growth

of attached clusters can only take place until a stability limit is reached, similar to
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Figure 5.12: TEM (120 kV) micrographs of TMV activated with palladium and
metallized with nickel (DMAB as reductant). Left: STEM (120 kV) image showing

the metal wire inside a viral channel. The virion itself is not visible due to lack of

contrast using this method. Right: Ni-selective EFTEM of the same region.

the growth of gold clusters. During the reaction hydrogen evolves (see chapter 3.4), in
particular at the surface of the growing clusters 3.4 [104]. The hydrogen forms bubbles,
which tend to move to the surface of the bath, since their density is lower than the
density of water. During the movement of the bubbles, forces act on the metal clusters,
pulling them away from the virion. A detachment of the cluster from the surface of
the virion becomes possible, because the forces acting on the cluster, induced by the
hydrogen bubbles, rise due to increased surface of the cluster, while the interactions
with the virion become comparatively weaker. This is in contrast to the scenario with
Au(I) sensitation, because gold interacts stronger with the proteins and therefore the
forces induced by hydrogen bubbles are not strong enough to detach the gold clusters.
Once the clusters are detached, the only remaining active sites for metal deposition,
i.e. palladium clusters, are in the central channel, since they are encapsuled by the sur-
rounding coat proteins. The detached clusters in solution can of course grow further,
too, but they have no influence on the metallization of the virion itself any more. In
this way it is possible to obtain TMV with discrete clusters inside the channel, which
are in some cases even elongated to short wires, without metal attached to the outer
surface. In a certain way, this is a selective metal deposition inside the virion, although
the growth itself is not selective.

Very similar results are obtained if DMAB is used instead of hypophosphite under
else same conditions, namely palladium or platinum as catalyst. The only visible dif-

ference is that longer wires inside the virion can be obtained (see figure 5.10). The
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Figure 5.13: TEM (200 kV) micrographs of TMV metallized with nickel/NaH2PO2
after activation with gold. (a) Metallization of TMV stopped in an early stage show-
ing few metal clusters attached to the outer surface of the virion. (b) Two virions

showing larger metal clusters on the outer surface after continued metallization.

200 nm

Figure 5.14: TEM (200 kV) micrographs of undialyzed TMV metallized with
nickel/ DMAB after activation with platinum. The surface of the virions is densely

covered with nickel.

largest difference in chemistry in comparing those two cases is the speed of the re-
action. As in the case with metallized palladium, the induction period for reaching
the mixed potential is shorter with DMAB than with hypophosphite [104]. Again the
reactions cannot be directly compared from a kinetic point of view, since the metal
complexes contain different ligands and the reductants are different and have different
concentrations (see chapter 4.4.2). Obviously the kinetics of our particular DMAB-
containing bath is faster than in our hypophosphite bath. The slower reaction needs
longer time, and thus thermodynamics plays a comparatively larger role. The growth
of already existing clusters, i.e. clusters in solution detached from the outer surface
of the virion, is forced due to higher thermodynamical stability. This effect can be
explained as follows: In a fast reaction, more nucleation centres (initial metal clusters)

are formed in solution in a shorter time. The probability of coalescence or coagulation
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of such clusters increases, since it is directly proportional to the concentration of the
clusters in solution. A larger number of coalescence or coagulation events in the same
time leads to a larger number of (smaller) clusters. For slower reactions the opposite
is the case [33]. Decreased concentration of small clusters, i.e. initial metal clusters,
forces the growth of larger clusters, since the probability of coalescence events of small

clusters with large clusters becomes higher.

In the experiments more clusters, which were larger in size, could be found in
solution, detached from the virion. The faster reaction (i.e. the reaction with DMAB
as reductant) forces the kinetic growth, i.e. the growth of initial clusters and the
growth of small clusters as well. Those are the clusters situated inside the channel,
which have only one possible direction to grow, namely the 1D direction along the
channel orientation. The mechanism of this metal growth is not yet clear, but TEM
snapshots from different time scales during growth suggest the following scenario: First
nickel starts growing around small palladium clusters, reduced by the DMAB in the
nickel solution. In the TEM image (figure 5.15) a pale gray channel becomes visible (see
black arrows in figure 5.15). A concerted growth and coalescence of clusters results in
closing the channel at a certain place. Images show that the pale gray colour does not
cover the whole length of the channel (see white arrows in figure 5.15), an indication
for the coalescence of the growing clusters. From then on the cluster can grow to both
sides, becoming a metal nanowire, except for the case when the viral channel is closed
on the other side by another cluster and the diffusion through the channel hindered.
In this case the growth is slowed down, since it can only take place in one direction.
In some cases virions with more than one cluster inside the channel were found and in

all such cases the particles were comparatively short.

Metallization of TMV on the outer surface is performed in two ways. First gold
instead of palladium (or platinum) was used as catalyst. Here the higher stability
of gold clusters attached to a protein comes into play 5.1.3. The larger clusters are
situated on the outer surface (see figure 5.13) and offer higher accessibility for the nickel
ions and the reductant as well as the opportunity to grow in 3D, which is preferable for
the cluster growth [33]. The effect is that large that no considerable metal growth in
the channel takes place. The further the reaction proceeds, the lower is the tendency for
the nickel to grow inside the channel. Remarkable is the stability of the attached metal
on the exterior surface. In contrast to the palladium (or platinum) activated ones,

they do not detach from the proteins. The stability of attached gold nanoparticles to
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Figure 5.15: TEM (200 kV) micrograph of TMV metallized with nickel after
palladium activation. The reductant was DMAB. The pale grey lines (black arrows)
indicate the starting of the growth of a wire. Some parts of the virion do not show
metal in the interior channel (white arrows). The image is done in the initial stage

of the metallization reaction.

organic molecules is well known from immunogold labels or Auss clusters stabilized
by phosphate or citrate, while such compounds with palladium or platinum are not
known [114, 115]. The continued growth of such nanoparticles leads to coalescence and
continued 3D growth [33].

The other method to decorate the outer surface of the virion with metal is to con-
tact palladium-pretreated TMV with Ni(II) and DMAB, but without dialysis prior to
the palladium treatment (see figure 5.14). Here some questions about the mechanism
appear. Since the metallization solutions are exactly the same in both cases (the met-
allization inside the channel and the metallization on the outer surface) the difference
can be assigned to the existence or concentration of the phosphate from the sodium-
potassium phosphate buffer. While on the one hand the buffer was almost completely
removed from the virion suspension by dialysis, on the other hand the suspension still
contained some phosphate. First of all the question arises, whether the centrifugation
and washing steps (see chapter 4.4.2) during the procedure can remove the phosphate
from the suspension. During dialysis the concentration difference of phosphate between
the virion suspension and the pure water forces the phosphate to diffuse through the
dialysis membrane until an equilibrium is reached. The larger the amount of water or
the number of dialysis steps, the lower is the concentration of phosphate in the virion
suspension. Of course time plays an important role. In order to remove the buffer (al-
most) completely, the dialysis was done for at least 15 min (see chapter 4.4.2). Hence

the equilibrium concentration was reached in both the viral suspension and the water.
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In contrast, the centrifugation steps do not remove significant amounts of phosphate
from the suspension. The phosphate, electrostatically attached to the outer surface of
the virion, concentrates together with the TMV during centrifugation. The question
in this context is, how the phosphate interferes with the metallization reaction.

The phosphate is present in the virion suspension and is electrostatically attached
mainly to the viral outer surface. In the pH regime to which the metallization baths are
adjusted, the phosphate is unlikely present as PO4~, but rather as coexistent HPO,2~
and HoPO,~ [44]. Since those are negatively charged, they can electrostatically interact
with the positively charged amino acids at the outer viral surface. In this pH regime this
is basically Arg-61 (see chapter 2.1). Addition of Pd(II)- or Pt(II)-containing solution
leads to a competition of negatively charged HPO,*~ or HyPO,~ with [PdCl4]*~ or
[PtCly]* for the positively charged binding sites at the viral surface. But the Pd(II)
or Pt(II) complexes may also bind coordinatively to the coat protein. As long as
the PA(II) or Pt(II) are in the native solution, i.e. in 1 M NaCl solution, the high

concentration of C1™ shifts the equilibrium
[PdC1]* + H,0O = [PdCls(H,0)]” + Cl™, (5.2)

towards [PdCl,)?>~, which is certainly only the first step in hydrolysis of the complex.
After centrifugation and washing, the excess Cl~ is removed, which shifts the above
mentioned equilibrium towards the right side [63]. The complexed water molecule can
now be replaced by a hydroxyl group from an accessible amino acid at the outer surface
of the virion, e.g. Ser-155 or Ser-154. Both the electrostatic and the coordinative at-
tachment of the Pd(II) or Pt(II) complex lead to a coexistence of Pd(II) and phosphate
at the outer surface of the virion. With these facts, still the exclusive metallization of
the outer surface of the virion cannot be explained.

If the metallization is forced by the phosphate, it is not due to the chemistry
of it with Pd(II) or Pt(II): Although a Pt(II) complex with phosphate as ligand
([PtCl3(PO4)]*") was proposed to exist in excess of PO4*", it was never proven [15,
92, 93]. Moreover, despite considerable interest in the preparation of Pt(II)-protein
compounds for X-ray diffraction of proteins in phosphate buffers, very little coordina-
tion chemistry of Pd(II) or Pt(II) with phosphates is known, most probably because
those compounds are unstable in aqueous solvents. Few complexes of Pt(II) or Pt(II)
with phosphates have been reported, but those are mainly binuclear pyrophosphate

complexes. The formation of those takes place photochemically or under harsher con-
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ditions (higher temperatures) than in the metallization experiments [21]. A possible
explanation would be a photochemical reaction of the coordinated Pd(II) or Pt(II) with
the attached phosphate, since the metallizations were done in daylight. However, if the
energy of the light, passing the reaction vessel, was high enough to induce a reaction
of phosphate with the Pd(II) or Pt(II), a certain amount of the metal ions would be
reduced to the metal and coalesce to small clusters. Such clusters would be visible with
TEM. Examination of TMV treated with Pd(II) in daylight did not give evidence of
such a reaction. A possible explanation for the forced metallization at the outer surface
of the virion, induced by phosphate, follows from the further experimental procedure:
The phosphate and Pd(II)- (or Pt(II)) containing TMYV is treated with the Ni(II)- or
Co(II)-containing metallization bath. We checked that Ni(II) and Co(II) precipitate
in presence of PO,3~ in aqueous solutions (the same nickel and cobalt baths as for the
metallization of TMV were used, and the pH was adjusted to similar values). Imme-
diately upon addition of phosphate (in form of dissolved NaoHPO,4 and KH,PO, in
water) precipitation of presumably Niz(POy)s-xHyO or Coz(POy)s-xHsO was visible.
A treatment of a virion, which contains attached phosphate on its outer surface, with
the nickel or cobalt bath would then lead to a analogous precipitation on the viral
outer surface. This leads to enhanced concentration of Ni(II) or Co(II) on the outer
surface and thus to forced metal deposition at this place. A proof of this model requires
additional experiments, especially on the coordination chemistry of Pd(II) and Pt(II)

with the virion, with and without presence of phosphate.

5.1.5 Deposition of Cobalt

The deposition of cobalt on the outer surface or inside the channel of the virion works in
the same way as the deposition of nickel except for one difference. It is not possible to
deposit cobalt on or inside TMV from a metallization bath containing hypophosphite
as reductant. The redox potential of hypophosphite is not low enough to reduce cobalt
in a reasonable time scale on small clusters of palladium, platinum or gold. Since
metal deposition of cobalt using hypophosphite is known from literature [111], the
only possible explanation is that the activity of the cobalt bath is too low in the pH
range applied. The case is very similar to copper. Metallization works only in a very
basic medium. If the pH is lower, the reduction of the metal ions slows down or even

stops [104]. In most cases, if metallization baths are applied which are too stable, and
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100 nm

Figure 5.16: TEM (200 kV) micrograph of TMV metallized with cobalt/DMAB
after activation with palladium. The metallized inner part reaches a length of 250

nm with a diameter of 3-4 nm.

if metallization does not start, the bath can be slightly destabilized by deaeration. In
this case dissolved oxygen, which is a stabilizer for the metallization bath, and carbon
dioxide, which is a (weak) destabilizer for the bath, can be removed from the solution
by bubbling with e.g. argon for several minutes [91]. In cases like metallization with
gold, the reaction after such a treatment runs out of control, whilst in the case of
cobalt there is no effect. Other cobalt baths from literature [111, 90] as well as a
mixed bath of cobalt and nickel were applied in order to force a cobalt deposition
with hypophosphite as reductant [54, 57|, but with none of them a metallization could
be observed. Deposition of cobalt could only be observed when DMAB was used as
reductant.

In analogy to nickel, the cobalt deposition was performed in a step-wise ELD with
palladium- or platinum-pretreated TMV (both yielded the same results). After treat-
ment of the activated virion suspension with a cobalt bath containing DMAB (see
chapter 4.4.2), metal deposition in the inner channel of the virion could be observed.
The results appear similar to those with nickel, but the length of the deposited metal
line was shorter. The lengths varied from 50 nm to a maximum of 250 nm (see figure
5.16). The amount of virions adsorbed on the TEM grid containing metal was, like
in the case of nickel, 50-60%. The metallization reaction was fast and took after an
initiation time of 1-2 min only seconds, after which metal deposition became obvious
in the reaction vessel.

A coverage of the virion on the outer surface was approached in the same way as with
nickel: Instead of a palladium or platinum pretreatment, gold was used for activation
(see chapter 4.4.2). Again the results were similar to the nickel deposition on the outer

surface of the TMV (see figure 5.17). A growth of cobalt could be observed on the outer
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100 nm

Figure 5.17: TEM (200 kV) micrograph of TMV metallized with cobalt/DMAB

after activation with gold. The virion is densely covered with cobalt.

100 nm

Figure 5.18: TEM (200 kV) micrograph of undialyzed TMV metallized with
cobalt/DMAB after activation with platinum. The virion is densely covered with

cobalt.

surface of the virion, extending perpendicularly to the virion axis. A smooth coverage
of the viral surface could again not be obtained. The amount of virion containing metal

was 50-60%. The metallization reaction took around 5 min.

The approach to deposit cobalt on the outer surface of a palladium- or platinum-
pretreated virion with a small amount of sodium-potassium phosphate buffer (i.e. not
dialyzed TMV) was done, too. Again the results could be compared to those where
nickel was deposited: Most of the virions (70-80%) were decorated with cobalt, and no

metal particles inside the channel could be observed (see figure 5.18).

A change to metallization baths containing DMAB yielded in all cases the same
results as with DMAB-containing nickel baths. The mechanisms of deposition in all

the different cases should be the same as with nickel.
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5.1.6 Deposition of Ruthenium

The last metal used for decoration of TMV was ruthenium. As Ru(II) or Ru(IIl) it
can coordinate to a large variety of organic ligands [75]. Since TMV offers several
different active groups, deposition of ruthenium was very promising both on the outer
surface and in the interior channel. The procedure known in literature is done at
slightly harsher conditions than allowed for the work with TMV, i.e. pH around 9 and
temperatures around 90°C [22, 98]. In order to avoid those conditions, the bath was
modified with DMAB as reductant and slightly lower basicity (pH 8) and temperatures
(75°C), below the critical ones for the stability of the virion. (A similar procedure will

be tried with the copper bath mentioned before (see chapter 5) [56].)

The employed ruthenium deposition is a single step procedure (substrates to be
metallized do not need to be activated with palladium, platinum or gold before (see
chapter 3.4). The TEM image (figure 5.19) shows a shading around the outer vi-
ral surface and inside the channel. No discrete clusters of metal could be observed.
Pretreatment of TMV with palladium and platinum before ruthenium deposition was

tried, but yielded identical results.

As seen in the TEM image, the virion is surrounded by a dark haze, and the
inner channel is darkened, too. The reaction gave macroscopically no evidence that
a reduction of the ruthenium ions did take place. Since the metal gives enhanced
contrast also in its ionic form in the TEM (like staining with uranyl acetate), it is
possible that no reduction took place at all, but that the enhanced contrast arises
from accumulated Ru(III) ions at the outer surface and the inner channel of the virion.
Ru(III) is not easily reduced; it shows a variety of different complexes which are very
stable. A reduction of Ru(III) to Ru(II) can be done e.g. with Ti*". But the bivalent
state is known as good oxidant. If a reductant is used, which is too weak, Ru(III)
might be reduced to Ru(Il) instead of Ru(0). Ru(II) can easily on air, but also in
water, be oxidized again to Ru(III) [50]. In order to obtain metal, presumably more
rigorous methods need to be applied, and since work with higher pH and/or higher
temperatures is not possible, the only way would be to try different reductants. Here
a problem with the structural integrity arises. While mineralization of TMV with
platinum, gold and silver, reduced with hydrazine, was reported, we observed in some
cases partial stripping of TMV after treatment with DMAB. The observations were

made with virions aged in water. Presumably our particular clone had a difference



62 CHAPTER 5. METALLIZATION OF TMV
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Figure 5.19: TEM (200 kV) micrograph of TMV treated with a self-activating
ruthenium bath. The inner channel of the virion as well as a shading of the outer

surface can be seen.

of one single amino acid in its amino acid sequence compared with the sequenced
clone which remained unaffected after treatment with DMAB, but the first was never
sequenced, so that the real amino acid sequence is not known. The difference of one
single amino acid is unlikely the reason for a destabilization of the virion to such extent.
The other destabilization possibility could arise from changes in the viral biochemistry
during aging. Whether one of those facts is responsible for the instability of the virion
is not yet known, but it is conceivable that small changes in the protein interactions,
possibly induced by contaminations of water (e.g. with RNAses), can have enormous
effects.

In the case of ruthenium deposition, future experiments will show whether different
reductants like hydrazine or even borohydrides are applicable without destroying the
viral integrity. If this is not possible, the shown results promise another good staining

method after the virion is washed in order to remove the dark haze around it.

5.2 Summary

The summary of the obtained results is given in table 5.1. The choice of metallization
bath, and thus the type of metal and the reductant, determined the metal deposition
rate, i.e. the length of the metal wire, deposited in the inner channel (summarized in
table 5.2), or the coverage of the outer surface of the virion with metal (summarized
in table 5.3) and the size of the metal particles deposited there.

The results in chapter 5.1 show, that metallization of TMV is possible inside the

inner channel as well as on the outer surface. Depending on the applied metallization
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deposited metal//activation//reductant | buffer in./out.
Ag//no//HCHO; light yes | clusters out. (staining)
Pd//no//NaHyPO, 1no clusters out.
Pd//no//DMAB 1no clusters out.
Au//no//ascorbic acid no | in. and out. (staining)
Ni//Pd(II); Pt(II)//NaHoPO, 1no clusters/wires in.
Ni//Pd(II); Pt(11)//DMAB no wires in.
Ni//Pd(II); Pt(11)//DMAB yes coating out.
Ni//Au(I11)//DMAB no coating out.
Co//Pd(II); Pt(1I)//NaH5POq 1no no metallization
Co//Pd(1I); Pt(1I)//DMAB no wires in.
Co//Pd(11); Pt(1I)//DMAB yes coating out.
Co//Au(III)//DMAB no coating out.
Ru//Pd(II); Pt(I1I)//NaHy,POy or DMAB no | in. and out. (staining)
Ru//no//NaHsPOy or DMAB no | in. and out. (staining)

Table 5.1: Tabular overview of the results of metallization of TMV. The applied
metallization baths contained chemicals as described in chapter 4.4.2. The column
"buffer” indicates, whether the virion suspension was dialyzed prior to metallization
(no buffer present) or not (buffer present). The column ”in./out.” indicates whether
the metal deposition took place inside the inner channel (in.) of the virion or at the

outer surface (out.) of the virion.

procedure and the deposited metal, the metallization is selectively inside the inner
channel or on the outer surface of the virion.

The electrostatic charge of the proteins of the TMV in various pH regimes as well
as the coordination chemistry of the metal ions or complexes with the proteins play
an essential role for a controlled metallization. Additives (e.g. buffers) can strongly
influence the metallization by directing it to specific parts of the protein, and altering

the deposition rate.
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deposited metal//activation//reductant

met. virions [%]

length [nm]

Au//no//ascorbic acid 100 | cont. (staining)
Ni//Pd(II); Pt(Il)//NaH,POs 40 50
Ni//Pd(II); Pt(II)//DMAB 50 600
Co//Pd(II); Pt(II)//DMAB 60 250
Ru//Pd(II); Pt(1I)//NaH3,POy or DMAB 100 | cont. (staining)
Ru//no//NaH,POy or DMAB no | cont. (staining)

Table 5.2: Tabular summary of the results of the metallization of the inner channel

of TMV. The applied metallization baths contained chemicals as described in chap-

ter 4.4.2. The column "met. virions [%]” indicates the max. percentage of virions

containing metal inside the inner channel. The column ”length [nm]” indicates the

maximum length of the deposited metal along its axis. ”cont. (staining)” indicates

that in those cases staining was achieved, which was continuous.

deposited metal//activation//reductant

met. virions [%]

coverage [%]

Ag//no//HCHO; light 20 | 20 (staining)
Pd//no//NaHyPO, 80 90

Pd//no/ /DMAB 80 <5
Au//no//ascorbic acid 100 | 100 (staining)
Ni//Pd(II); Pt(II)//DMAB 80 100
Ni//Au(IIl)//DMAB 60 100
Co//Pd(II); Pt(II)//DMAB 80 100
Co//Au(IIl)//DMAB 60 100
Ru//Pd(1I); Pt(1I)//NaH,POy or DMAB 100 | 100 (staining)

Ru//no//NaH,POy or DMAB

100

100 (staining)

Table 5.3: Tabular summary of the results of the metallization of the outer sur-

face of TMV. The applied metallization baths contained chemicals as described in

chapter 4.4.2. The column ”"met. virions [%]” indicates the max. percentage of

virions containing metal on the outer surface. The column ”coverage [%]” indicates

the approx. percentage of surface of a virion covered with metal.




Chapter 6

Adsorption of TMV

In order to structure a substrate with molecule it is important to understand which
interactions of the molecule with the surface play an important role. For structuring
of a surface with TMV,| first it is necessary to understand which forces act between the
virion and the substrate and in which way it is possible to improve those interactions.
Second it is necessary to examine whether the virion shows interactions with chemicals,
which need to be applied for additional technological steps like lithographic structuring.
Third the structuring or ordering of TMV on substrates needs to be done in a controlled
way. For this particular step soft lithography [80] appears to be the method of choice.
Only the understanding of those three challenges and the ability to use results emerging
from them can lead to a possible application by optimization of procedures. In this
work the focus is however not set on applications but on understanding the chemical
and physical processes (fundamental research).

As a basis for further tests, interactions of TMV with different substrates need to be
examined. Such substrates are ideally as defined as possible to be able to generalize the
bonding properties between those particular biomolecules and the substrate. As repre-
sentative substrates a number of different substrates, conductive and non-conductive,
technical and natural, crystalline and amorphous, were investigated. In particular
mica, glass, Si wafer, graphite and gold were chosen. The latter evaporated on mica
and as single crystal, bare and with a self-assembled thiol monolayer. This choice opens
different aspects in bonding properties, since the substrates represent a wide variety.
On the other hand investigations with different microscopy methods like atomic force
microscopy (AFM) and scanning tunnelling microscopy (STM) can be done, since -

apart from non-conductive substrates -, conductive substrates are employed, too. The
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results are classified in relation to the bonding strength of the virion with the substrate,

qualitatively measured using an AFM, which is capable of measuring in contact mode
(C-AFM) as well as in non-contact mode (NC-AFM).

6.1 Results and Discussion

Before the adsorption results can be an interpreted, a closer look into the capsid protein
of the virus [125] is required. First, we define an ”outermost surface” made up from
those amino acids, which are located at extreme distances from the inner channel of
the virion. Diffraction studies show that this outermost surface consists predominantly
of alkyl, hydroxyl, amide and carboxylate (C-termini) groups (-COO~, -COOH and
-OH groups on the outermost surface of the virion from the amino acids Thr-153,
Thr-158, Ser-154 and Ser-155 and the water molecules bound to the protein). The
surface accessible by molecules (e.g. water) is much larger and offers amines as well,
but it should not have large influence in the interactions during adsorption. Therefore
the focus for the major part of the interactions with the substrates can be on the
above-mentioned groups. In addition one should also include water: In biology, water
is the natural environment. Biomolecules are perfectly adapted to water and most of
them even contain water. TMV has some water molecules tightly bound to the coat
protein, and they can be detected with X-ray diffraction [37]. The water molecules
can even be seen as structural part of the coat protein. Water has a huge influence on
the stability of the virion and on the interaction capability of TMV with hydrophilic
molecules or surfaces, since hydrogen bridges, dipole-dipole interactions or induced
dipole-dipole interactions can be built [53]. The experiments have shown that TMV
can be adsorbed on a variety of substrates, which are either hydrophilic or hydrophobic.
The performed tests under various conditions should lead to an understanding of the
bonding properties and to new possibilities to improve the interactions between TMV
and a particular substrate.

The results of the adsorption experiments lead to a classification into three cate-
gories depending on the bonding strength between the virion and the substrate, namely
weak bonding, strong bonding and covalent bonding. Indications for the bonding types
can be obtained by estimation of the coverage of a substrate with virions and by ap-
plication of different forces to an AFM tip. The coverage of the substrate is only in

those cases an indicator for the bonding strength where kinetics do not play an essen-
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tial role [81, 82, 53]. The DLVO (Derjaguin, Landau, Verwey, Overbeek) force theory
describes the interaction forces of colloidal particles when they approach each other or
a substrate. Most biological molecules, and thus TMV, are charged in aqueous envi-
ronment, which results in a charge cloud around the particle (electrical double layer,
EDL). Counter ions from solution are attracted and they balance the charge. If two
charged clouds approach each other, the EDLs of both start to overlap. Depending on
the electrolyte concentration this overlap can result in repulsive forces at certain inter-
molecular distances (larger than ca. 1 nm). In order to overcome this repulsive regime
and to reach the attractive regime, the particles have to come closer than this value.
During adsorption of TMV from solution the virions have to reach virion-substrate
distances of less than 1 nm. If an energetic barrier in the DLVO potential is present
and sufficiently large, the virions prefer to remain suspended rather than to approach
the surface. In some cases this could block the adsorption of the virion, although the
adsorbed state would be the energetic minimum [81, 82, 53]. Thus, the higher the
coverage of a substrate, the higher is the bond strength between virion and substrate,

but only in absence of kinetic effects.

For estimation of the coverage of the substrate, it is necessary to compare samples
produced in the same way and to measure them with an AFM in a mode with the
lowest possible tip-substrate interaction. Of course this method strongly depends on tip
quality and on the interaction strengths virion-substrate and virion-tip. Since especially
the tip shapes and their quality vary, those measurements have only a qualitative
nature. Nevertheless, in absence of kinetic effects the density of virions on a substrate
is directly connected with the bonding strength and with the number of bonding sites,
with one exception: If the concentration of TMV in the used suspension is too high, the
substrates can be covered with a network of virions. The interactions between virions
are quite strong, and they can stabilize themselves on a substrate even in absence of
strong interactions with the substrate. Here the case of overlapping charge clouds from
DLVO interpretation due to increased concentration of virions is effected. The distance

between the virions is close and the repulsion turns into attraction.

By application of different forces to the AFM tip, some more reliable data for the
bonding strength can be obtained. On a surface on which one can easily observe
virions with an AFM, the set point of the tip (i.e. the tip-sample interaction strength)
can be varied. The set point can be increased in a controlled way, until the virus is

destroyed or removed from the sample [89, 35]. In this case even quantitative data can
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be obtained, but this requires an exact calibration of the apparatus and the reliability
to image one single and complete virion on a substrate. In the following experiments
no exact calibration of the set point has been done. In addition, due to the tip shape
one can never completely rely on the width and length information obtained from
an AFM measurement, since the tip convolution (see chapter 3.1.1) makes the virion
always wider and longer than it actually is. For this reason our measurements are of
qualitative nature.

Another important indication for the bonding strength can be obtained by measur-
ing the height of the particles on a substrate using AFM. Since the tip-virion interaction
strength differs from that between the tip and an inorganic substrate, the resulting ef-
fective heights in a measurement do not reflect the geometrical height of the particle.
In this particular case, the AFM tip can penetrate the virion, since proteins are, in
comparison to inorganic particles, rather soft matter. The higher the set point, the
deeper can the tip penetrate into the virion and thus deform it [102]. For this rea-
son the experiments where heights of the virion adsorbed on different substrates are
compared are done with the lowest possible interaction forces. Still an exact compar-
ison cannot be done, since the experiments were performed with different tips and on
different days (small differences in temperature, humidity etc. can play a role, too).
In order to keep the results comparable, the environmental conditions were controlled
to some extent (e.g. air-conditioned room, controlled humidity etc.); The tips for the
comparative studies were at least of the same type and manufacturer, operating at
similar oscillation frequencies (in the case of NCM measurements), if they were not
the same (measurements with the same tip were not always possible, since an AFM
tip has a certain lifetime for reasonable measurements until the the reliability is lost
due to increasing dullness of the tip). For those reasons, the obtained results are still

comparable, at least if a certain error is considered, which is presumably not higher

than 5%.

6.1.1 Weak bonding

A coverage of HOPG with TMV can be obtained by either covering the substrate with
a droplet of TMV suspension and drying, or by covering the substrate with a virion
suspension containing 40% dimethylsulfoxide (DMSO) [30, 35].

In the first case one obtains (depending on the concentration of virions in suspen-
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Figure 6.1: AFM (NCM) images of TMV adsorbed on HOPG (topography mode).
Left: Adsorption after drying of a droplet of TMV suspension, without DMSO.
Right: Adsorption from a suspension containing 40 vol.% DMSO in water.

sion) a surface covered with a large amount of virions as a network of rods, with strong
interparticle interactions (see figure 6.1). In this case a measurement with an AFM
even in contact mode (see chapter 3.1.1) is possible. Reduced virion concentration in
order to avoid aggregation of particles on the substrates does not yield the expected
result, since the interaction of the virions with the solvent is so strong that upon evap-
oration the particles concentrate in the shrinking droplet. The result is again a high
coverage, but in a smaller area of the sample.

Another possibility to adsorb TMV on graphite is to add DMSO in concentrations
up to 40vol.% to the suspension, in order to hinder the aggregation of TMV [30, 35].
The adsorption requires now at least 30 min. Good results are obtained after 1-2 hours
adsorption time. Due to the slow adsorption process, it is important to hinder the
evaporation of the solvent by keeping the substrate in a humid chamber. Afterwards
the solvent can be removed by soaking a piece of filter paper or with a very weak Ar
stream. Figure 6.1 (right image) shows TMV particles distributed on a graphite surface.
Several lines, where bright and dark areas meet, crossing the image from the upper
left to the lower right show multiatomic steps of graphite. Several linear aggregates of
TMYV (e.g. in the lower right of the image) can be seen, which exceed lengths of 1 pm.
Such aggregation is frequently observed in all adsorption experiments. Some particles
with lengths less than 300 nm (length of a single TMV) can be observed as well (upper
right of the image), which arise from broken or disassembled virion particles.

This procedure yields well-distributed TMV or linear TMV aggregates on a HOPG
surface with very little side-by-side aggregation. Single virions can be imaged by AFM,
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but the interactions with the substrate are so weak that imaging in contact mode
becomes impossible. Even the tip-substrate interactions in intermittent contact mode
(ICM) (see chapter 3.1.1) are too strong. In this case the virions can be imaged, but a
displacement, presumably induced by the tip, can occur, leading to a distorted image.
Only the non-contact mode (see chapter 3.1.1) results in nice images of TMV deposited
on the substrate. Of high importance are proper settings for the set point and/or drive
to obtain useful images. The settings with low tip-substrate interactions, i.e. low drive

and low set point, are preferred for obtaining undistorted images of TMV on HOPG.

The measured TMV show in these images an average height of 17 to 18 nm, which
is in good agreement with the width obtained by TEM (see figure 6.2). The AFM
width of the particles is by far too large; this is due to the tip convolution, which is
again strongly dependent on the tip quality. Commercially available tips made of Si or
Si3N, nominally show a radius of curvature in the range of 10-50 nm. In our line scan a
width of ca. 80 nm (full width at half maximum (FWHM)) indicates a tip convolution
of about 30-35 nm, which corresponds to the values of the tip manufacturers [113]. The
error in measured length of TMV induced by the tip convolution is lower due to the
length-to-width ratio of the virion, while the tip convolution remains the same. The
length of a single virion in such an AFM image is 370-380 nm and thus 70-80 nm too
large. In the image (6.2) again multiatomic steps of graphite can be seen, crossing the
image from the upper left to the lower right. The image shows a smaller scan area of
the image 6.1. Linear aggregates of TMV exceeding 1 pum as well as particles shorter
than 300 nm can be seen. In some cases small particles attached to a virion aggregate
can be seen, which look like a bent TMV. These particles are presumably smaller
protein aggregates attached to the tip and deposited at the virion during scanning.
Although this particular image shows an orientation of the TMV in vertical direction,
the virions are randomly oriented on the substrate, which can be seen in the overview
image (figure 6.1 (left image)).

The results of the adsorption experiments on HOPG show that this particular
substrate is quite difficult to employ. The interactions of the virion with the substrate
are very weak, and imaging with the AFM yields only good results in mon-contact
mode.

A freshly cleaved graphite surface offers no hydrophilic chemical groups. Existing
interactions can only be of hydrophobic nature, which are indeed very weak [82]. Such

interactions consist mainly of van-der-Waals forces and an enhanced mobility of TMV
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Figure 6.2: Left: AFM (NCM) image of TMV adsorbed on HOPG with 40 vol.%
DMSO in water (topography mode). Right: Height profile of TMV on HOPG
showing ca. 18 nm height and ca. 80 nm width (FWHM). The image shows a

smaller scan area of the image 6.1.

on such substrates could be expected. Van-der-Waals forces are dispersion forces be-
tween molecules. The molecules can be polar or unpolar, but in the latter case they
need to be polarizable. Interactions of such molecules can be based on dipole-dipole,
dipole-induced dipole or induced induced dipole-dipole interactions (here impossible
since the HOPG has an extremely small dipole moment). The van-der-Waals interac-

tion free energy can be estimated with the Hamaker summation method [53]:

AL
Eyaw = ———VR,
W 92Dk

where L is the length of the virion (300 nm), R is the radius of the virion (9 nm), D

(6.1)

is the contact surface of the virion with the substrate (0.3 nm?) and A is the Hamaker
constant (ca. 1.5-1071% J [82]). The resulting energy is 4-107!7 J. The thermal energy
can be calculated as:

Er = kT, (6.2)

where k is the Boltzmann constant and T is the temperature. With a temperature
of 300 K the thermal energy is 4-1072! J, which is three orders of magnitude lower
than E,gu-. The van-der-Waals free energy is high enough to overcome the thermal
energy at room temperatures and thus adsorption of TMV on graphite is expected in
this model when kinetic effects are absent (DLVO barrier). But AFM imaging of TMV
adsorbed on HOPG is difficult. Imaging has to be done with lowest possible tip-virion

interactions in order to obtain reasonable images.
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The difficulties in imaging of the virion with higher set points can be explained with
stronger interactions of the virion with the tip than with graphite. An AFM tip usually
consists of Si or SigN,. Storage in ambient conditions can oxidize the terminal surface,
yielding a hydrophilic surface of the tip [121]. Hydrophilic interactions are stronger
than dispersion forces. The kinetics in this case are of no importance, since the tip
moves towards the virion and the (sometimes) repulsive double-layer force (i.e. the
force resulting from the approaching charged surfaces when their charge clouds begin
to overlap) is overcome by the forced approach of the tip to the virion [82, 53]. The
hydrophilic interaction forces of the tip and the virion are stronger than the van-der-
Waals forces and may result in detachment of the virion, induced by the AFM tip. The
strength of those forces depends on the tip-virion distance. The lower the set-point,
i.e. the larger the tip-virion distance, the weaker are the hydrophilic interactions.
The distance between tip and virion can be controlled by optimizing the scanning
parameters. In contact mode imaging the tip is in permanent contact with the substrate
and thus with the adsorbed virion, resulting in strong interaction forces between tip

and virion.

But also the lateral forces acting on the virion are important [35]. A very rough
estimate of the surface diffusion barrier of TMV, which provides ”protection” against
lateral forces, is several 10 % of E qu (this is still well above Er, so no surface diffusion
should be observed) [7]. Since the AFM tip in contact mode does not oscillate as in non-
contact mode (see chapter 3.1.1), but is in permanent contact with the substrate, lateral
forces, induced by the tip, act on the virion, whenever the tip encounters a virion. This
leads to enhanced mobility of the virion (vertical forces acting on the virion, e.g. by the
AFM tip in non-contact mode or intermittent contact mode, do not enhance the lateral
mobility of the virion). Virions are moved out of the scanning area or simply remain
stuck to the tip. In such cases the result is an image of an apparently uncovered graphite
surface. In mon-contact mode AFM the tip is not in permanent contact with the
substrate. Due to the oscillation of the cantilever, the tip-virion distance varies and the
interaction time at the point with the closest distance is only microseconds. However,
the critical tip-substrate distance for developing interactions is not only limited to
the closest distance (lower turning point of the cantilever oscillation), but also shortly
before and after, depending on the nature of interactions (e.g. long-range interactions
like dipole-dipole interactions; see also chapter 3.1.1. Therefore it is necessary not

only to image in non-contact mode, but also to increase the nominal distance of tip
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and substrate by choosing a low set point and decreasing the oscillation amplitude by
applying a low drive. Such settings lead to lowest possible interactions of the tip and

the virion and thus to imaging of TMV adsorbed on graphite (see figure 6.1 and 6.2).

In such images the virion shows heights that are comparable with the diameters
obtained from TEM images. A TEM grid has properties similar to graphite, since its
surface consists of evaporated carbon. Adsorption of TMV on a TEM grid requires
a coverage of the grid with a thin layer of ethanol in advance. The interaction forces
of the virion and a TEM grid are indeed rather weak. Similar to graphite, tests with
imaging of TMV on a TEM grid yielded only results with non-contact mode AFM.
Due to weak interactions with the substrate, the morphology of the virion should be
preserved. Indeed the diameter of a TMV is in all publications declared as 18 nm,
which corresponds to the results from TEM and X-ray diffraction studies [37, 126, 68].
The undistorted shape of the virion, evident from the correct height in the AFM
image, confirms the weak interaction with the substrate. There is no driving force
for deformation of the virion in order to enhance the interaction with this particular

substrate.

The tendency of the particles towards aggregation on the substrate (see figure 6.2)
can again be assigned to the weak interactions with the substrate. The intermolecular
interactions are larger than the interactions with the substrate. A possibility for the
virions to diffuse (e.g. in water during the adsorption process) may lead to aggregation
already in the water droplet, since there are no interaction forces that are strong
enough to act instantaneously on the particle and fix it to the substrate. The repulsive
energy barrier is too high [81]. The use of DMSO in low concentrations offers the
possibility for adsorption of TMV on graphite [30, 35]. Presumably the aggregation of
the particles is hindered by attachment of DMSO molecules to the outer surface of the
virion with their oxygen atoms pointing towards hydrophilic groups of the coat protein,
and the methylene groups pointing away from the surface of the virion, resulting in
lower interaction forces between the particles. The interactions of TMV with HOPG are
in this case enhanced, since the accessible hydrophilic groups of the viral outer surface
are shielded by DMSO and the number of hydrophobic groups on the outer surface
becomes larger due to the methylene groups. The overlap of the EDLs becomes easier
(see chapter 6.1) [81].

Generally one could say, that the interactions of TMV with a hydrophobic substrate

are very weak and the adsorption of TMV on such substrates is not simple. Microscopy
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becomes difficult, even in non-contact mode AFM. A characterization of the bonding
type with AFM is only possible if DMSO is added to the virion suspension, which should
alter the virion to some extent since DMSO obviously interferes with the chemistry of
the virion [86, 30].

6.1.2 Hydrophilic bonding

Stronger bonding of TMV with a substrate is obtained with substrates which contain
hydrophilic groups [81, 118, 117]. As representatives of such substrates mica, glass,
silicon wafer (with natural oxide termination) and gold (covered by a thin water layer
from laboratory air) surfaces were used.

Adsorption of TMV on mica was achieved after pretreatment of the substrate with
MgCly solution for 5-15 min. and adsorption of the virions from a suspension [81].
The adsorption time was 15 min., resulting in a high coverage with TMV and good
dispersion of the virion at the substrate. In some cases aggregation was observed,
but not in extended areas, if the concentration of TMV was kept around 0.1 mg/ml.
Imaging was possible in both contact mode and non-contact mode. The imaged virion
particles show heights of 10-14 nm, independent of the measuring method (see figure
6.3). Similar to the images on graphite, linear aggregates in the um range and particles
smaller than 300 nm can be observed. Several virions with correct lengths (300-400 nm)
can be observed in the image (e.g. near the scale bar).

Adsorption of TMV on mica was also tried with acidic TMV suspension (pH 3,
adjusted with HCI) on a freshly cleaved mica surface, which was not pretreated with
MgCly. The adsorption time was 10 min. Imaging in contact mode was possible.
The virions on images both in contact mode and non-contact mode appear distorted,
which is an indication for a starting decomposition of TMV due to the treatment with
acids. In such images the TMV shows several protrusions along its axis, with height
differences of 3-4 nm. The width of the virion differs in the single line scans, which
indicates attachment of loose particles (e.g. protein aggregates) to the tip, which are
deposited again next to the virion [127].

Adsorption of TMV on a glass surface did not require a pretreatment with MgCls.
The adsorption time was only few minutes of from a neutral TMV suspension with a
concentration of 0.1 mg/ml. The coverage of the glass surface appeared similar to the

coverage of the MgCl,-pretreated mica surface. As on mica, imaging was possible in
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Figure 6.3: Left: AFM (NCM) image of TMV adsorbed on Mg(II)-pretreated
mica (topography mode). Right: Height profile of TMV on mica showing ca. 13
nm height and ca. 80 nm width (FWHM).
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Figure 6.4: Left: AFM (NCM) image of TMV adsorbed on glass (topography
mode). Right: Height profile of TMV on glass showing ca. 11 nm height and ca.
120 nm width (FWHM).

both contact mode and non-contact mode. A pretreatment of the substrate with MgCly
had no influence on the coverage of the substrate with the virions. The measured
height of the virions was 10-14 nm and was the same on glass, both pretreated and not
pretreated with MgCly (see figure 6.4). In the image several linear aggregates of TMV
as well as small particles can be seen. The latter are presumably protein aggregates
and broken or disassembled virions. The orientation of the virions in this case is
random, although this particular image shows some ordering. In several experiments
this ordering could not be reproduced.

A similar behaviour of the particles could be found on silicon wafers. Here again

adsorption was possible both with and without pretreatment of the substrate with
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Figure 6.5: Left: AFM (NCM) image of TMV adsorbed on silicon wafer (topog-
raphy mode). Right: Height profile of TMV on silicon wafer showing ca. 14 nm
height and ca. 70 nm width (FWHM).

MgCly. A pretreatment of the substrate with MgCl, yielded a slightly higher coverage
of the substrate with virions. The average height was again 10-14 nm and imaging was
possible in contact mode AFM (see figure 6.5). In the image linear aggregates of TMV
and smaller particles (protein aggregates and decomposed parts of TMV) can be seen.
The virion in the centre of the image is a single TMV, since the length (360 nm) fits to
the length of a single TMV with additional length contributed by the tip convolution.
TMV adsorbed on a MgCl,-pretreated substrate did not show differences in height and
shape in the AFM micrographs.

As a representative of conductive substrates, adsorption studies on gold (111) sur-
faces were done both on a single crystal and on gold evaporated on mica [71]. Ad-
sorption was performed from an acidic suspension of TMV, adjusted with HCIO, to
the pH values 1.1, 2.5, 4.0 and 4.4. Treatment with a variety of organic and min-
eral acids (acetic acid, sulphuric acid and hydrochloric acid) instead of perchloric acid
yielded identical results. For the sake of completeness, adsorption was tried from a
neutral suspension (pH 6.8) and a basic suspension (pH 8.8, adjusted with NaOH).
The adsorption time was 10 min. AFM imaging was performed in contact mode. The
images show that adsorption of TMV on gold was possible in a pH range between 2.5
and 4.0. From more acidic (pH 1.1) or more basic (pH 4.4, 6.8, 8.8) suspensions no
adsorption was observed (see figure 6.6). The images show in most cases bright spots,
which exceed the height of the virions. Those spots are partially due to large gold

grains, which grow during evaporation of gold onto mica [71]. Some of the spots are
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Figure 6.6: AFM (C-AFM) images of adsorption studies of TMV on gold at
different pH values (error mode). (a): TMV with HClIO4 adjusted to pH 1.1. (b)
TMV with HC1O4 adjusted to pH 2.45. (¢) TMV with HCIO4 adjusted to pH 4.0.
(d) TMV with HCIO4 adjusted to pH 4.36. (e) TMV in water with pH 6.8. (f)
TMV with NaOH adjusted to pH 8.8. The bright spots in the images are due

to dust deposited from laboratory air and gold grains from the gold deposition

procedure [71].

due to dust deposited from laboratory air. Contact mode AFM scans were performed
on such substrates, followed by non-contact mode scans of the same area and adjacent
areas. The images showed that some of those bright particles could be moved by the
tip in contact mode (dust particles). They were moved to the borders of the scanned
area. Other particles could not be moved (gold grains). None of those particles or
grains could be removed by rinsing with solvents (ethanol, methanol, toluene, acetone
etc.) or by flame annealing prior to adsorption of TMV.

The results show that stronger bonding is achieved after adsorption of TMV on
mica, glass, silicon wafer and gold surfaces. Here we can differentiate between ad-

sorption resulting from electrostatic interactions and adsorption resulting from hy-
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drophilic interactions [82, 53]. The electrostatic interactions are Coulomb interactions
between charged molecules or ions. Hydrophilic interactions are based on the polarity
of molecules. Such hydrophilic molecules tend to contact water molecules; however,
the molecules repel each other. The tendency to displace water molecules defines the

strength of the hydrophilic interactions.

In order to adsorb TMV on mica at neutral pH values it is necessary to pretreat
the surface with Mg(II) [81, 118, 117, 35]. The same procedure is possible with silicon
wafer and glass, too, but it is not necessary. The number of OH groups on a mica
surface is compared to glass and silicon wafer surfaces (after standard RCA treatment,
see chapter 4.2.2) low. The interactions in the case of mica can be, at least to a certain
extent, assigned to the charge of Mg(II) [81]. The solution species [Mg(H,0)g]*" can
form complexes at the surface, presumably with the hydroxyl termini of the mica
surface. Water molecules, forming the remaining half shell of ligands of the cation,
can now easily be substituted with the hydroxyl and carboxylate groups on the outer
surface or even with the water molecules tightly bound to the coat protein of the virion
[125]. In this case a kind of salt bridge between the virion and the mica, silicon or glass
surface is built. Here electrostatic interactions are proposed, since Mg(II) can replace
K(I) or Na(I) on the surface (in particular mica) and charge the surface positively
(freshly cleaved mica surfaces show negative surplus charge) [81]. Since the pl of TMV
is around 3.5 [126], in neutral conditions TMV is negatively charged (at least to a
certain extent) due to deprotonation of the protein. However, there are some factors
which are not considered in this scenario. First, the Mg(II) is added as MgCly to
the substrate. This solution contains the counterions (C17), which of course influence
the surface charge of the substrate. The surplus charge on the surface is not very
likely. Cl~ cannot attach to the mica surface due to the negative charge of the mica
surface, but it can build ion pairs with Mg(II). Second, the Mg(II) on the surface is
not available as Mg?", but as the corresponding aquo- and hydroxo-complexes [50].
The ligand sphere and counter ions in water shield the charge of the cation and thus
decrease the electrostatic attraction on objects approaching from solution. More likely
is however that a part of the ligand sphere of the Mg(II) is replaced by the previously
mentioned groups of the viral coat protein. Hence the interactions have an ion-dipole
character. In addition, hydrogen bridges between the hydrophilic groups on the outer
surface of the virion (and the water molecules bound to the protein) and hydrophilic

groups on the mica surface (in particular water, which is always present as a thin film)



6.1. RESULTS AND DISCUSSION 79

can increase in number, thereby increasing the bonding strength of the virion with the
substrate. The interaction forces are compared to those of the virion with HOPG very

strong, which is obvious from the resulting AFM images.

As a first result, it becomes possible to image the virions in contact mode AFM.
Here the interaction forces between the AFM tip and the virion are higher than in
non-contact mode AFM (as described in the previous chapter). Although AFM was
performed in contact mode, no movement of the particles was visible during the scans.
Another indication for higher interaction forces of the virion with the substrate is the
lower height, measured with AFM. While on HOPG the height of the virion fits very
well to the height obtained from TEM, AFM imaging with similar conditions in this
case results in lower heights of the virions (10-15 nm) (see figure 6.3). This can be
assigned to a deformation of the virion. Since TMV consists of proteins which are
up to a certain degree flexible [10], the tube, which under regular conditions has a
circular cross-section, can be flattened in order to present more interaction sites with
the substrate. Several other factors might also contribute to the difference in measured
height to the expected value of 18 nm. Additionally, the AFM tip can penetrate the
virion [102], since the matter is very soft. This depends on the forces and thus on the
set point. Since the conditions were similar to those used for imaging TMV on HOPG,
and the virion showed the correct height in this case (see figure 6.2), it is unlikely that

this particular contribution is very high.

However, there is another important point that cannot be neglected. The substrates
were in several steps of the experiment contacted with aqueous solutions. Even with-
out those steps, the substrates would be covered with a thin film of water molecules
from laboratory air, which is not removable, at least not in ambient conditions [27].
Depending on the type of substrate (hydrophilic or hydrophobic) this film can reach
several monolayers. On a freshly cleaved mica surface, or on the corresponding silicon
wafer or glass surfaces, especially after treatment with water, this film can reach 1 nm
(depending on the humidity of the environment). The forces acting here on an AFM tip
are different from those on a graphite surface (which is hydrophobic). Capillary forces
act between the hydrophilic AFM tip and the substrate [113, 27]. Such interactions
artificially modify the height information of an AFM scan. This leads to even lower
heights of the virions. The contribution of those capillary forces is difficult to estimate,
since it depends on several factors, like the hydrophilicity of the tip, the humidity

of the environment, the tip-substrate distance and the frequency of the oscillation (if
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measured in non-contact mode). Still one should be aware that the capillary forces are
contributing to the height information.

In our case all of those problems surely occur. Most probably there is a small
contribution of all three effects, resulting in the height difference of 3-8 nm as compared
to the measurements on graphite.

An adsorption of TMV on mica without pretreatment of the surface with Mg(II),
but from an acidic virion suspension, yielded adsorbed virions as well. Since the incu-
bation of TMV in an acidic solution for long times (more than 10 min.) destroys the
virions [20, 24], the shape of the adsorbed virions in the images is already distorted
(see figure 6.3). The fact that TMV can be adsorbed (although partially destroyed)
can be assigned to the protonation grade of the outer surface of the virion. Especially
the carboxylate termini of the coat protein play an important role. Below the isoelec-
tric point (pI) most of them are protonated and thus offer the capability for hydrogen
bridging with oxygen (from Si-O and Si-O-Si groups) on the surface of mica and with
the water film on top of it (with partial replacement of water molecules).

Similar results are obtained by adsorption of TMV on glass (see figure 6.4) and
silicon wafer surfaces (see figure 6.5) without pretreatment with MgCl,. The substrates
offer sufficient accessible hydroxyl groups and are capable for hydrogen bridging with
the -COO~, -COOH and -OH groups on the outermost surface of the virion (from the
amino acids Thr-153, Thr-158, Ser-154 and Ser-155 and the water molecules bound to
the protein) [121, 81, 50]. The measured particles show a lower height than expected
from TEM measurements, which can again be assigned, like in the case of mica, to
a strong interaction of TMV with the substrate. In contrast to mica in this case
the interactions are exclusively based on the interactions of the hydrophilic groups
of the virion and the substrate, since no additional bivalent cations are offered. The
affinity of the natural oxide on the silicon surface to the accessible groups on the
outer virion surface is strong enough to bind the particle tightly to the substrate. The
fact that the coverage is slightly increased after MgCl, pretreatment indicates that
additional binding sites on the substrate can be produced using bivalent cations. Since
no difference in the height and shape of adsorbed TMYV is visible, an assumption could
be that the two adsorption possibilities (with and without Mg(II)) result in similar
interaction strengths with the substrate and in a similar thickness of the water film
covering the substrate.

Adsorption on gold, apart from using thiol monolayers (see next chapter), can be
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achieved from an acidic suspension of TMV. The bonding of the virion with the sub-
strate can be described as a replacement of water molecules on top of the gold surface
with terminal carboxylic acids (protonated carboxylates at low pH values) or hydroxyl
groups of the proteins which is in analogy to the adsorption of uncharged molecules
on a gold surface [46]. A deprotonated TMV particle can presumably not adsorb on
a gold surface, since only those anions can adsorb, which can be fully or partially dis-
charged on the gold surface. This is reflected in the adsorption experiments at slightly
decreased pH values (see figure 6.6). Adsorption already takes place at pH 4, but the
number of adsorbed virions is low and the bonding is not very strong, as seen from
the poor resolution of the images. Here kinetic and thermodynamic effects play a role
[53, 81]. In this pH regime the partial protonation of the virion enables the approach
of some virions to the surface. The energetic barrier is small enough for the virions
to overcome the repulsive regime (if present). But the bonding strength between sub-
strate and virion is not very high. Presumably the number of protonated carboxylates
is not high enough to develop enough bonding sites with the substrate. Increasing
acidity enhances the bonding strength, because additional protonated carboxylates are
now accessible for interaction with the gold surface, resulting in an increased stability
as seen in the AFM image. Further decrease of pH yields again gold surfaces without

adsorbed virions, due to destruction of the virion at such low pH values [20, 24].

6.1.3 Covalent bonding

To obtain covalent bonding of the virion, an Au (111) surface was first covered with
a self-assembled monolayer (SAM) of 16-mercapto-hexadecanoic acid (HS-(CHj)qs-
COOH) [117]. The monolayers were treated with SOCI, gas (see 4.2.2) [31, 6] and
afterwards with a TMV suspension in a (dry) Ar environment, resulting in a sub-
strate covered with virions. The adsorption time was 5-10 min. Imaging with AFM
was possible in non-contact mode as well as in contact mode without differences (see
figure 6.7).

In addition, ester bonding was obtained by an acid-catalyzed esterification. In
this case an acidic (pH 3-5) TMV suspension was placed on top of a SAM- (HS-
(CHj)15-COOH) covered gold surface and kept there for several hours, yielding a similar
distribution of the coverage of the substrate (see figure 6.7). The obtained particles
show heights of 10-14 nm.
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Figure 6.7: Left: AFM (C-AFM) image of TMV adsorbed on gold (error mode)
after activation of the monolayer with SOCly [31, 6]. Right: AFM (C-AFM) image
of TMV adsorbed on gold (error mode) after acid-catalyzed esterification. The
bright spots on the surfaces are due to dust deposited from laboratory air and gold

grains from the evaporation of gold onto mica.

An esterification is well known from organic chemistry and can easily be achieved,
either via the reaction of an alcoholic functional group with an acyl chloride, which is
the faster way, or via an equilibrium reaction of a carboxylic functional group with an
alcoholic functional group catalyzed by acid or base, which is the slower way. Both ways
yield the same results, namely adsorbed TMV on a gold surface covered by a thiolate
with an acyl chloride end group. In the case of the acid-catalyzed esterification, the
images showed partially destroyed virions (see figure 6.7, right image), which is a result
of the immersion of TMV in acidic solvents for a long time, so the reaction via the acyl
chloride [31, 6] was preferred in the experiments. A direct proof for the esterification
could not be obtained, since infrared or Raman spectroscopy on a surface with such
small number of ester molecules is difficult to perform. However, an indirect proof
could be obtained. From neutral virion suspensions no virions were attached to the
monolayer, even after several hours immersion time. The esterification requires an
acid to shift the equilibrium towards the ester, which is a slow reaction. Indeed the
adsorption from acidic solution required several hours.

Adsorption of TMV on gold in absence of the monolayer was faster. This indi-
cates that the monolayer is not removed from the gold surface. The esterification
was very fast if the carboxylic acid was treated with SOC]l, prior to the esterification.
The employed alkanethiol (16-mercapto-hexadecanoic acid) offers a terminal carboxylic

functional group which is capable for an esterification. After treatment with thionyl
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chloride, which reacts with the carboxylic functional group to the corresponding acyl
chloride, the surface was covered with an aqueous suspension of TMV. The reaction of
the acyl chloride terminal group of the monolayer on gold with the alcoholic functional
groups of the coat protein surely competes with a reaction of water molecules with
the carboxylic group, which can react with the acyl chloride back to the carboxylic
acid. Still the the number of built covalent bondings is high enough to bind the whole
virion tightly to the monolayer. AFM becomes easily possible in contact mode AFM
(see figure 6.7). With weaker bonding strength or only few covalent bonding sites, one
would expect the virion to be removed from the substrate upon applying higher set
points. Experiments with increasing forces show that this is not the case. The number
of covalent bondings is sufficiently high and they are distributed over the whole contact
area of virion and gold surface, hence movement of either a part of the virion or the

whole virion is impossible.

The bonding strength of the virions adsorbed via SOCl, was examined by increasing
the force between tip and substrate during a scan until destruction of the virions. At
set point values of 30 nN (nominal value of the apparatus, not calibrated) the images
showed a degradation of the virion. Additional features in the slow scan direction,
i.e. ”scan up” or "scan down” (whereas the fast scan directions were ”left-right” and
"right-left” ), appeared close to the virion. Increased set point values showed continuing
degradation until a value of ca. 50 nN, where no traces of the virion could be found.
The disappearance of the virion was proven by decreasing the set point to the initial
value and scanning the same region, which did not change the image any further (see

figure 6.8). The test was done several times with similar results.

The images show that upon increasing the set point the structural breakdown of
the virion is preferred rather than breaking all of the ester bonds with the thiolate (see
figure 6.8). The result is a stepwise decomposition of the virion, i.e. cutting off proteins
or even bundles of proteins from the top part of the virion, until no trace is left. The
last image, where the set point is reset to the initial value, shows that the virion indeed
disappeared and that the disappearance is not an effect of the tip scanning the gold
surface by penetrating the TMV completely at increased forces.

Since gold surfaces are conductive, scanning tunnelling microscopy (STM) of ad-
sorbed TMV on gold was tried. The same samples as above were used. At ambient
conditions (20-25°C, <40% rel. humidity, 1 atm.) the virion particles on the gold

surface could not be imaged. The substrate appeared to be a pure Au (111) surface.
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Figure 6.8: AFM (C-AFM) images of examination of bonding strength of TMV
adsorbed on gold (lateral force mode). (a) through (e) Increasing set point (10,
30, 50, 80, 100 nN) leads to continuous removal of TMV from the gold surface
(f) Resetting of the set point to the initial value (10 nN) proves that there are no

remains of the virion. Step edges of the Au single crystal are visible as dark lines
especially in the lower right part. All images show a linear defect extending from
the middle to the middle right part. The substrate is not imaged at exactly the

same spot, hence all features shift slightly from image to image.
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Figure 6.9: Left: STM image of TMV covalently adsorbed on gold. Right: STM
image (derivative in x-direction) of TMV covalently adsorbed on gold. The gold be-
low the virion shows terraces with monoatomic heights (thin bright or dark lines) of
the Au (111) surface with correct step heights (0.24 nm). Tunnelling tip parameters
were in both cases -0.3 V and 100 pA.

Increased humidity (40% and more) resulted in virion particles in the image, but the
resolution was poor. Resulting heights of the virion in the line scan showed 10 nm and
less, and no details of the virion could be seen. Reduction of tunnelling parameters
down to 1.4 pA at 10 V (tunnelling impedance 7-10'? Q) did not improve the results.
In-situ STM imaging of TMV on gold, i.e. scanning of a substrate covered with an
electrolyte (in this particular case water or diluted HC1O, at pH 4) yielded images with
higher resolution than in humid air, but the reproducibility was poor and no significant
additional data about the structure of the virion could be obtained (see figure 6.9).
Several approaches have already been tested in order to obtain STM images of TMV.
Apart from the approaches where metal was deposited on top of TMV [52, 74, 108],
Guckenberger et.al. have shown that STM imaging is possible with native TMV as
well [45, 48]. A special technique was used for this purpose, the so-called hydration
STM, where the mica surface is made conductive by water from a humid environment.
For adsorbed TMV on gold, no increased humidity is needed in order to make the
substrate conductive, but the adsorbed virions cannot be imaged if the humidity is
less than 40%. Water molecules from the humid air induce a certain conductivity, but
whether this conductivity is an effect of ions in or on the virion or of the charged nature
of the particle itself, is not clear. Although imaging of TMV in humid air is possible,
the images have a poor resolution and can only testify that virions are indeed present

on the surface (see figure 6.9).
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6.1.4 Solvent Effects

The resistance of the virion against various, especially organic solvents was apparently
not investigated before this thesis. However, some hints can be found in the litera-
ture. It is well known that TMV precipitates from ethanol [126] and that DMSO in
concentrations of up to 40% in water can be used to disassemble TMV on graphite sur-
faces [30, 35], while concentrations of 80% DMSO can be used for partial and complete
stripping of the coat proteins from the RNA [86].

We focussed on that particular question, because the behaviour of TMV in contact
with different solvents might be very important from the technological point of view.
As an example N-methylpyrrolidone and acetone were used in the lift-off technique
for removal of polymer resists from carbon nanotubes. This was necessary in order to
expose tubes as well as contact wires, thus enabling electron transport measurements.
Before a contacting of TMV can be done, it is necessary to know whether TMV is

resistant against the chemicals which should be used.

In order to examine the resistance of TMV against the most common solvents, ad-
sorbed virions on either mica or silicon wafer surfaces were treated with a variety of
organic solvents. The experiments were done by AFM: Images of the virions before
and after treatment with the solvent were compared. The tested solvents were acetone,
alcohols (methanol, ethanol and isopropanol), N-methylpyrrolidone, which is used for
the so-called lift-off technique (which is useful for lithographical production of elec-
tric contacts to nanoobjects), dimethylsulfoxide (DMSO), tetrahydrofurane (THF') and
toluene. Since the experiments are performed with an AFM, only substantial changes,
effecting the structure of the virion (towards loss of structural integrity), could be seen.
Changes on the molecular level, which should not always lead to structural decomposi-
tion of TMV, could not be examined. Therefore, even if the virion remained unchanged

after the treatment, the solvent might have affected the chemistry of the virion.

An important solvent which kept TMV unaffected even after long time immersion
is acetone. After 3 h immersion in pure acetone the images before and after treatment
are comparable. Substantial changes in coverage of the substrate and shape of the
virions were not observed (see figure 6.10). In both images (left and right) pm long
linear aggregates of virions and small (less than 100 nm long) particles (broken or
decomposed parts of TMV) can be seen. The right image appears a little ”fuzzy”. The

slight loss in resolution is due to small particles (proteins or protein aggregates), which
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Figure 6.10: Left: AFM (NCM) image of TMV adsorbed on a silicon wafer prior
to incubation with acetone (topography mode). Right: AFM (NCM) image of TMV

adsorbed on a silicon wafer after incubation with acetone for 3 h (topography mode).

in this particular case were collected from the substrate by the tip.

Methanol, ethanol and isopropanol in high concentrations (> 99%) did not change
the appearance of TMV attached to the substrate either. Since those alcohols are most
commonly used for nanoscale structuring processes, no other alcohols were tried. The

immersion time was 10 min.

Immersion in N-methylpyrrolidone for 10 min. did not result in structural changes
(length, width) and number of the adsorbed virions on the substrate (see figure 6.11).
In contrast, treatment of adsorbed virions with DMSO showed changes in length and
number of adsorbed virions when the concentration in suspension reached 80 vol.% in
water. The adsorbed virions became shorter and distorted and the number of adsorbed
virions decreased. The heights of the remains did not exceed 2-3 nm and the widths
became much larger (100-200 nm). Other concentrations of DMSO were tried; with 60

vol.% of no considerable changes could be observed (see figure 6.12).

Tetrahydrofurane (THF) showed similar behaviour: With concentrations of up to
10 vol.% in water no considerable changes in length and number of attached virions
were observed. Increasing concentration of THF lead to decreasing stability of TMV.
Imaging with AFM became difficult in contact mode, and even in non-contact mode
images yielded poor resolution. Apparently, remains of the virion particles attached
easily to the tip, distorting the image (see figure 6.13). The virions showed decreased
heights (4-6 nm) and increased widths (100-150 nm) after treatment with 10 vol.%
THEF. After treatment with 30 vol.% THF no TMV could be observed any more. A
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Figure 6.11: AFM (NCM) image of TMV adsorbed on a silicon after incubation
with n-methyl-pyrrolidone (topography mode).

Figure 6.12: Left: AFM (NCM) image of TMV adsorbed on a silicon wafer after
incubation with 60 vol.% DMSO in water for 10 min. (topography mode). Right:
AFM (NCM) image of TMV adsorbed on a silicon wafer after incubation with
80 vol.% DMSO in water for 10 min. (topography mode).
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Figure 6.13: Left: AFM (NCM) image of TMV adsorbed on a silicon wafer after
incubation with 10% THF in water for 10 min. (topography mode). Right: AFM
(NCM) image of TMV adsorbed on a silicon wafer after incubation with 30% THF

in water for 10 min. (topography mode).

few particles on the silicon wafer (5-20 nm) are presumably due to some remaining
protein aggregates, but they differ from TMV in length, width and height and they
thus cannot be assigned to TMV particles.

As representative of an unpolar solvent toluene was selected. Since the solubility
of toluene in water is very low (< 0.3 vol.%), no tests with different concentrations of
toluene were done. Pure toluene was used instead. The results showed that toluene
is destructive for the structural integrity of the virion. Some remaining features, re-
minding of virions, could be observed after 10 min. immersion with toluene, but the
lengths and especially the heights show drastic changes as compared with the native
virion (see figure 6.14). The remains of the virions showed heights of 2-4 nm. The
widths were 100-200 nm.

The results have shown that for this particular case TMV is indeed resistant against
the chemicals required for the lift-off technique, namely acetone and N-methylpyrrolidone.
In addition the results show that most commonly used polar solvents can be used with
TMYV, at least in certain concentrations in water. Especially alcohols seem not to affect
the virion, at least not short chain alcohols. THF as a slightly less polar solvent can
be used with TMV, but only in smaller concentration in water (see figure 6.13), while
toluene as unpolar solvent destroys the virion (see figure 6.14). This suggests that
only solvents which are miscible with water are compatible with TMV. From X-ray
diffraction studies it is known that the viral coat protein contains some tightly bound

water molecules [125]. The water molecules together with the Ca®" ions, situated deep
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Figure 6.14: Left: AFM (NCM) image of TMV adsorbed on a silicon wafer prior
to incubation with toluene (topography mode). Right: AFM (NCM) image of TMV
adsorbed on a silicon wafer after incubation with toluene for 10 min. (topography

mode).

inside the protein [119], are very important for the stability of the tubular structure.
While electrostatic effects are responsible for the stabilization with Ca?* ions, water
molecules bridge different areas of the coat protein with hydrogen bonding. If we focus
on the water molecules, the stability of the virion should be decreased if the water is
displaced. Solvent molecules which are fully miscible with water should not change
the stability of the virion since there is no strong driving force in those molecules to
replace the water. If a replacement takes place, the molecules might even show simi-
lar stabilizing effects like water. The situation changes when water is to be replaced
by unpolar molecules. In higher concentration (only concentrations close to 100 %
are possible, since unpolar solvents are almost immiscible with water) those molecules
tend to displace the water since interactions of unpolar groups of the virion with the
unpolar solvent increase. The more water is displaced, the smaller is the interaction
force between the coat proteins and the easier the virion disassembles. In addition
the solvent molecules can penetrate the hydrophobic core of the coat protein. The
interaction between the hydrophobic amino acids are in this case lowered, since the
solvent interacts with them. In such a scenario the structural stability of the coat
protein is decreased. An exception is DMSO. This solvent is polar, but still destroys
the virion at high concentrations (see figure 6.12). Hindered aggregation of TMV could
be observed in the AFM images when DMSO was added to the TMV suspension in
low concentrations. The mechanism of disaggregation of TMV with DMSO is not yet

clear.
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6.1.5 Printing of TMV

Microcontact printing (uCP) is the ideal method for (sub-)micrometre structuring of
a surface with the virions [80]. Although some self-assembly structuring of TMV,
especially head-to-tail arrangement, can be observed, this is not very reliable and not
reproducible in a controlled way, and the arrangements reach at best the micrometre
range. nCP can help to improve the reliability and the length scale of the structuring.
In ideal cases ordering up to millimetres should be reached. The performed experiments

show only first results in this particular part of the project.

1CP was done by standard procedures with stamps made of (poly)dimethysiloxane
(PDMS), formed on a master with smallest features of 400 nm in size (see chapter
3.3) [63, 80]. The substrates were mica and silicon wafer surfaces. The latter were
pretreated by standard RCA cleaning method (see chapter 4.2.2) to obtain a hydrophilic
termination of the substrate. Both substrates were treated with MgCl, before transfer
of TMV with the stamp. The results show that patterned transfer of TMV with a
PDMS stamp is possible.

First, hydrophilic stamps, pretreated with an oxygen plasma, were used. Within
the contact areas no ordering of TMV could be obtained (see figure 6.15). TMV was

in those areas randomly distributed, sometimes in more than a single layer.

The use of a hydrophilic stamp yields substrates with a nice pattern of transferred
virions (see figure 6.15). However, inside those areas no ordering of TMV can be
seen. The high affinity of the stamp to the virions forces them to adsorb on the stamp
very fast, similar to the silicon wafer surface (indeed oxidized PDMS surfaces closely
resemble silicon wafer surfaces). Once adsorbed, the driving force for the virions to
diffuse on the substrate and to probably reach a higher structural order is much weaker
than the interactions with the surface of the stamp, so they just remain at their places
until the transfer. If TMV is transferred to substrates with similar affinity to TMV,
one could assume that a competition of the substrate and the stamp in adsorption of
the virion can take place. Indeed in some cases, if silicon wafer or mica surfaces are
patterned, differences in heights within the transferred particles could be seen. In some
cases features showed heights of 5 nm and less, whereas next to this particular feature
a virion with the expected 13-15 nm could be found. This findings lead to the following
scenario: If a virion in this short time scale (30-60 sec) can interact with many sites of

the substrate to compete in interaction strength with the stamp, peeling off the stamp
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Figure 6.15: Left: AFM (C-AFM) image of TMV transferred onto mica with a
hydrophilic stamp (error mode). The stamp had dotted features with micrometre
sizes. Right: AFM (NCM) image of a smaller scan area of the left image (error

mode).

can destroy the virion since some parts remain on the stamp and some stick to the
substrate. This again means that the perfectly hydrophilized stamp is not ideal for
transferring TMV.

Trying to transfer TMV with a hydrophobic stamp resulted in random aggregation
of the virions (not linear). The resulting aggregates showed heights of several tens of
nm (see figure 6.16). The effect is similar to the adsorption of TMV on hydrophobic
substrates (see figure 6.1). Dewetting on the stamp forces the virions to aggregate
in droplets. Once aggregated, the stamp can only transfer those droplet aggregates,
resulting in a high concentration of viral particles on random spots without any recog-
nition of the initial pattern of the stamp (see figure 6.16).

Using partially hydrophilic stamps (see chapter 4.3 for transfer of TMV under
the same conditions yielded decreased density and increased ordering of virions in
the contact areas (see figure 6.17). This effect was obtained only when the stamp
properties were changed, but not when the concentration of TMV in suspension or the
chemical properties of the substrates were changed. The hydrophilicity of the stamp
was controlled by the duration of exposure of the stamp to the oxygen plasma. The
left image shows the pattern transferred by the stamp. The lines in the image show
increased height at the borders (10-15 nm) compared to the area between (2-7 nm).
The right image shows a smaller scan area with vertically oriented TMV. The heights
of the virions are 12-15 nm. Additionally some lines can be observed in the image.

Those lines show heights of 2-4 nm and TMV is almost exclusively found on top of
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Figure 6.16: AFM (C-AFM) image of TMV stamped on a Si wafer with a hy-

drophobic stamp (error mode). The transferred features are random aggregates of

virions.

Figure 6.17: Left: AFM (C-AFM) image of TMV stamped on a Si-wafer with
a partially hydrophilic stamp (error mode). The stamp had lined features. Right:
AFM (NCM) image of a smaller scan area (error mode). The image shows line

features with some attached virions on top.

these lines. The width of these lines corresponds to the widths of the virions (80-90
nm). The origin of the lines could not yet be distinguished.

The use of partially hydrophilic stamps resembles to be a possibility to avoid de-
struction of the virion and still transfer nice patterns. Some tests have been done where
a hydrophobic stamp was exposed to an oxygen plasma for only very short times (1-2
sec). In this case stamp and TMV have some possible interaction sites, but few in num-
ber. This again may allow for enhanced diffusion of the virion in the solvent droplet,
since it is not instantaneously adsorbed on the stamp. Dewetting phenomena of the
droplet during drying force the virions to align along the edges of the stamp features,

and the virions are as such transferred to the substrate. As a result the virions are
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transferred in a very much smaller scale than the pattern of the stamp offers. In ideal
cases linear arrangements of virions with several micrometres length and the width of a
single adsorbed TMV can be built. Figure 6.17 shows a Si wafer surface after transfer
of TMV with a partially hydrophilic stamp. The enhanced height of the linear features
at the edges indicates an enhanced concentration of TMV particles in those areas. Still
some particles can be found between those edges.

Ongoing experiments should improve the structuring and the reproducibility. The
tests to arrange TMV by uCP are very promising. Although transfer with extremely
hydrophilic and hydrophobic stamps did not yield the desired ordering on the sub-
strates, experiments with intermediate hydrophilicity show that a structuring even in

1D becomes possible.

6.2 Summary

The results in this chapter have shown that TMV can be adsorbed on a variety of
surfaces with different chemical and physical properties. The bonding strength of
the virion with the surface depends strongly on the pH of the virion suspension and
thus the electrostatic charge of the viral outer surface and the possibility of the viral
coat proteins to chemically interact with the surface. Covalent bonding of TMV with
carboxyl-terminated thiol monolayers on a gold surface was obtained in a fast reaction.

The resistance of TMV against some common organic solvents was investigated by
immersion of adsorbed TMV on silicon wafer and imaging with AFM. The solvents
often used for technological steps (e.g. lift-off technique in lithography), like acetone,
ethanol and N-methylpyrrolidone, have no influence on the structural integrity of the
adsorbed virion, while some other solvents, like toluene, THF and DMSO destroy the
TMV. However, if those solvents are miscible with water, the destruction of the virion
often depends on the concentration of the solvent.

1CP of TMV with a PDMS stamp is possible. Although the results are preliminary,
tests with a partially hydrophilic stamp are promising. An improvement of the patterns

is subject of future work.



Chapter 7
Conclusions and Outlook

TMV can reasonably be adsorbed on surfaces which offer binding sites for hydrogen
bridging, electrostatic interactions or covalent bonding in terms of esterification. An
adsorption results in a deformation of the virion in order to achieve an energy minimum
by binding as many sites as possible. The deformation takes place only up to a certain
degree because further deformation would need more energy than gained by binding
additional accessible sites. The degree of deformation depends on the binding sites the
virion can reach and on the amino acid sequence of the coat protein, since variations
result in different stability and thus energy of the virion.

Substrates not capable of hydrophilic or covalent bonding show only weak inter-
actions and are therefore difficult to analyze. Those substrates are not reasonable for
further experiments, especially when contact with a liquid phase is involved, because
it is very likely that the particles will detach from the surface.

The spectrum of substrates which can be used reaches from non-conductive to
conductive and can be chosen according to the needs. The high stability of TMV offers
a possibility to store substrates covered with TMV for a long time, since no degradation
of the particles even on several weeks old samples, could be detected. This is of course
only possible if storage is done under exclusion of biologically active molecules, e.g.
ribosomes or RNAses, which can destroy the virion.

The metallization part of this work showed that metal attachment to the virion is
possible in a very controlled way by electroless deposition. Several metals, including
nickel and cobalt, can be attached either to the outer surface of the virion or to the inner
channel. metal wires with 3 nm diameter and a high aspect ratio can be grown with a

very simple protocol. Additionally, a shell of biomolecules can stabilize the metal wires
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and protect them against environmental influences. Moreover the template for growing
those metal wires is cheap and the resources (the virions) are practically infinite, since
TMV can be replicated either naturally (in tobacco plantations) or in the laboratory
without large effort.

Further experiments will improve the capabilities of metallization by either opti-
mization of the metallization baths, or by changing the biochemical structure of the
virion, i.e. the amino acid sequence. This should lead to a more defined metal deposi-
tion and so to an even larger efficiency of metal growth. With optimal modification of
the viral coat protein even a simultaneous metal growth inside and outside the virion
could become possible. This would lead to a nanoscaled capacitor.

An open question in the present stage is however whether the deposited metal
wires show metallic properties like conductivity and magnetic properties similar to
bulk metal or whether quantum effects already play a role. In order to examine this,
it is first necessary to find out whether the deposited metal is continuous or is it a
loose arrangement of clusters. Experiments in order to measure the electron transport
capabilities of the metallized virion need to be done as well as measurement of magnetic
properties of the deposited metal. Contacting by lithography using the lift-off technique
is known from experiments with carbon nanotubes. Basically the same approach can
be done with TMV. The experiments have shown that the virion is resistant against a
number of different chemical solvents, among them acetone, which is used in the lift-off
procedure. The only remaining problem in this case is the temperature resistance of
the TMV. One step in the lift-off technique requires temperatures of up to 350°C in
order to cure a polymer. First experiments with replacing this particular polymer with
another one will be done in the near future.

Experiments with soft lithography of the virions showed that the transfer of such
large biomolecules (300 nm, in aggregates up to several um) onto a surface is possible.
Since the chemistry of such molecules is very complex, simple models for diffusion of
molecules on the stamp cannot be applied, as it is possible with smaller molecules, like
dendrimers [14]. Nevertheless, one can create pum scale virus patterns on the surface,
and further experiments will surely improve the results. Experiments with varying
hydrophilicity of the stamp have shown that an arrangement of the virions in even
smaller scale than offered by the stamp is possible. In contrast to handling complex
and expensive sub-100 nm stamps, a linear arrangement of 18 nm wide biological

structures should be enforced when a stamp with only pum features is employed.
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Zusammenfassung

Das Tabakmosaikvirus (TMYV) als Biologisches Templat fiir

Nanostrukturierung

Das Tabakmosaikvirus (TMV) ist ein stabiler, zylindrischer Komplex bestehend aus
einem helikalen RNA-Strang und 2130 Hiillproteinen. Diese spezielle Form macht das
Virus zu einem interessanten Nanoobjekt, insbesondere fiir den Einsatz als Templat fiir
chemische Reaktionen. In dieser Arbeit wurde das TMV als chemisch funktionalisiertes
Templat fiir eine elektrostatische oder koordinative Anbindung von Metallen verwen-
det. Mit chemischer Reduktion oder stromloser Abscheidung von Metallen konnen
Metallcluster mit einem Durchmesser von mehreren nm produziert und an das Virus
gebunden werden, ohne seine Struktur zu zerstoren. Wahrend Goldcluster mit einem
ascorbinsdurehaltigen Metallisierungsbad an der Aussenhiille und im Innenkanal des
TMV produziert werden kénnen, werden Silbercluster mit einem formaldehydhaltigen
Protokoll ausschliesslich an der Aussenhiille des Virus gebildet. Nach einer Aktivierung
des TMV mit Pd(II) oder Pt(II) kann Nickel oder Kobalt selektiv im Innenkanal
abgeschieden werden. Dabei entsehen Cluster und Drahte mit einem Durchmesser
von 3 nm, die bis zu 600 nm lang werden konnen. Nach einer Aktivierung mit Au(I)
anstelle von Pd(II) oder Pt(II) kann Nickel oder Kobalt selektiv an der Aussenhiille
des Virus abgeschieden werden.

Das Adsorptionsverhalten und die Oberflachenchemie des TMV auf definierten
Metall- und Nichtleiteroberflachen wurde ebenfalls untersucht. Das TMV dient hierbei
als supramolekulares Modellsystem mit bekannter Oberflaichenstruktur. Die Ergeb-
nisse zeigen, dass bei Ausbildung von starken Wechselwirkungen zwischen Substrat
und molekularer Oberflache die Beweglichkeit des Virus auf dem Substrat verhindert
wird. Dadurch kann das TMV mit dem Rasterkraftmikroskop im Kontaktmodus abge-
bildet werden. Molekulare Monolagen auf einer Goldoberflache, terminiert mit einem

Saurechlorid, konnen verwendet werden, um das TMV kovalent anzubinden. Struk-
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turierte Anbindung von TMV auf Siliziumwafer- und Glimmeroberflichen wurde mit

Mikrokontaktdruck erreicht.

Schliisselbegriffe: Tabakmosaikvirus, stromlose Abscheidung von Metallen, Ad-

sorption auf anorganischen Substraten, Mikrokontaktdruck;
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