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Spatially Selective Nucleation of Metal Clusters on the Tobacco
Mosaic Virus
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By Mato Knez, Martin Sumser, Alexander M. Bittner,* Christina Wege, Holger Jeske, T. Patrick Martin,
and Klaus Kern

Tobacco mosaic virus (TMV) is a very stable nanotube complex of a helical RNA and 2130 coat proteins. The special shape
makes it an interesting nano-object, especially as a template for chemical reactions. Here we use TMV as a chemically function-
alized template for binding metal ions. Different chemical groups of the coat protein can be used as ligands or to electrostati-
cally bind metal ions. Following this activation step, chemical reduction and electroless plating produces metal clusters of sever-
al nanometers in diameter. The clusters are attached to the virion without destroying its structure. Gold clusters generated from
an ascorbic acid bath bind to the exterior surface as well as to the central channel of the hollow tube. Very high selectivity is
reached by tuning Pd" and Pt" activations with phosphate: When TMYV is first activated with Pd", and thereafter metallized
with a nickel-phosphinate bath, 3 nm nickel clusters grow in the central channel; when TMV from phosphate-buffered suspen-
sions is employed, larger nickel clusters grow on the exterior surface. Phosphate buffers have to be avoided when 3 nm nickel
and cobalt wires of several 100 nm in length are synthesized from borane-based baths inside the TMV channel. The results are
discussed with respect to the inorganic complex chemistry of precursor molecules and the distribution of binding sites in TM'V.
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1. Introduction

The fabrication of nanostructures with well-defined chemical
composition and low defect concentration is a prerequisite for
the determination of their intrinsic physical properties. The
chemical composition is usually as simple as possible, i.e., ele-
mentary or binary. However, nanostructures are usually much
larger than molecules and they do show defects and thus non-
uniformity. Chemically speaking, a macroscopic sample of
nano-objects consists of a distribution of different molecular
species. The “size gap” between small molecules and nano-ob-
jects is currently being filled with interesting larger tailor-made
molecules,! clusters of narrow size distributions,>” and supra-
molecules.'*’! Directly connected to the size is the problem of
uniform chemical composition. While in a large cluster the
exact number of atoms is usually not important, the chemical
nature —especially when the exterior elemental composition is
different from the interior one—can significantly alter the
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properties.m On the other hand, the exact number of such het-
eroatoms is extremely difficult to control. This “chemistry gap”
also becomes evident for very large molecular entities with a
certain number of functional groups. The best examples are
probably proteins where a single amino acid change can render
the molecule functional or non-functional (see Wilson and Per-
ham!® for chemical modifications and Stubbs!”! and Demir and
Stowell® for examples of site-directed mutagenesis, both of
the coat protein of the tobacco mosaic virus). This leads to the
idea of using biomolecules either as functional nanostructures
or as templates for such. Plant viruses are especially suitable,
as exemplified by the synthesis of tungstate and vanadate in-
side the cowpea chlorotic mottle virus” by pH-controlled
opening and closing of the icosahedral virion cage. Recently,
Wang et al.'% modified cowpea mosaic viruses genetically to
display sulthydryl groups on their exterior surface. Gold nano-
clusters were selectively attached to these moieties in icosahe-
dral symmetry, reflecting the virion symmetry.

In order to have a large number of chemical functions but a
well-defined and even stable structure we chose tobacco mo-
saic virus (TMV), a hollow tube compound (see Fig. 1) that
comprises a helical RNA strand and 2130 coat proteins. The
proteins are helically arranged with 16.3 units building up one
turn. The particle length is 300 nm with 18 nm exterior and
4 nm inner diameter"'""'?! (the RNA helix has an 8 nm diame-
ter). The special shape makes this virus an interesting nano-ob-
ject, especially as a template, demonstrated by the crystalliza-
tion of inorganic materials on TMV!"* and by the attachment
of metal clusters to its surfaces.*!*!”! Continuous coating of
the outer virion surface with metal could not be effected, al-
though nanowires can be synthesized in the inner channel.*¥!
The advantage of TMV is that temperatures of up to 90 °C and
pH values from 3.5 up to approximately 9 do not affect the
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Figure 1. Sketch of the TMV (ca. 7 nm of 300 nm length are shown). The
exterior surface, (1), is composed of the amino acids of the coat protein,
which are located near the amine and carboxylate termini. (2) is the dense-
ly packed bulk of the coat protein. (3) denotes the surface of the central
channel, composed of amino acid loops. (4) is the hollow part of the cen-
tral channel, usually filled with water.

structure over a period of hours,“g] and that it remains intact

even in organic solvents such as ethanol or in aqueous di-
methylsulfoxide (DMSO). The coat protein contains no His,
and no Met, and only a single Cys. The exterior surface pro-
vides functional groups including serine and threonine (OH
groups) as well as the COOH terminus of the coat protein.
More groups become accessible when the outermost part of
the coat protein changes its conformation. The central channel
is similarly composed, but also exhibits some primary amide
groups[”] and shows less conformational stability. This chemi-
cal versatility on the nanometer scale might be an advantage in
comparison to other nano-objects such as chemically uniform
carbon nanotubes or inorganic nanowires. Recently,[zol we
found that the adsorption properties depend strongly on the
chemical properties of the terminal COOH groups and on the
OH functions. This can be exploited by tuning the pH value of
a TMYV suspension to fit the substrate chemistry. Even covalent
linkages from surfaces to these groups are possible.””)

Here we show how the chemical versatility of the virion can
be used for spatially selective metallizations. We produced
metal clusters on the nanometer length scale that were firmly
attached to the virion, without destroying its geometry. To ob-
tain a strong bond, we produced the clusters by firstly binding
the pertaining ions to TMV and subsequently reducing them.
This process was—in the case of palladium, platinum, and
gold—followed by an electroless deposition of another metal
from a bath. The latter method turned out to be especially
mild. The same strategy has recently been employed to metal-
lize other biomaterials like DNA,[ZLZZ] protein tubes,[23’24] pro-
tein fibers,?”! and also to fabricate metallic nanotubes in track
etch membranes.”® We show that the spatially selective metal-
lization of the exterior surface and/or of the central channel of
TMV is possible, while immuno-gold labeling!"* and crystalli-
zations!" are confined to the exterior surface.
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2. Results and Discussion

2.1. Binding of UO,** and Ru™ (Staining)

The standard technique for visualization of small biological
structures is “negative staining” with a solution of UO,(CHjs-
COO),. The compound precipitates at the surfaces of biomate-
rials without selectivity. For TMV, the exterior coat protein sur-
face of the viral rod, as well as the central channel, were
stained (Fig. 2). The staining mechanism implies that single
ions are not adsorbed, but rather an—albeit very thin—layer of
uranyl acetate. The short distance between the dark lines in

Figure 2. Transmission electron microscopy (TEM) images of TMV at
400 kV. a) Intact virion, 300 nm in length, 18 nm in width, stained with ur-
anyl acetate. The central channel and the exterior surface appear black, i.e.
uranium-rich. b) Virion fragment, ca. 80 nm in length, 18 nm in width; in
the upper left part a disc is visible: A very short fragment adsorbed in verti-
cal orientation (channel pointing in the direction of the view axis), thus
the channel appears as small dark disc inside the larger one. In both im-
ages, the separation of the dark lines (i.e. the width of the bright part) is
ca. 18 nm, while the distance between the outer borders of the dark lines
is ca. 23 nm.

Figure 2 confirms this picture: This distance is in perfect agree-
ment with the 18 nm outer diameter of the virion, hence uranyl
is attached to the exterior surface of the virion, indicating an
exclusive negative staining. We can expect a more ion-pair-like
binding of this layer to the charged surfaces of the inner chan-
nel and of the outer viral surface (surfaces 3,1 in Fig. 1). Fig-
ure 2 shows that, while these parts are stained, the inside of the
coat protein (structure 2 in Fig. 1) remains unstained (bright),
hence uranyl cations do not penetrate into a protein. The high
mass of UY! translates into a high electron density and thus into
a gray or black color on transmission electron microscopy
(TEM) images. In principle, the very fine distribution of the ur-
anium would be attractive for further metallization; however,
extremely strong reductants would be necessary to reach the
zero valent state (stable below —1.8 Vg (SHE =standard hy-
drogen electrode));?’”! these would very likely lead to destruc-
tion of the biomaterial. On the other hand, the staining of a vir-
ion after a metallization would interfere with the deposited
metals/metal ions, so we did not employ this method further.
For direct comparison with the metallization experiments we
recorded TEM images without staining (Fig. 3).

Staining of TMV can also be accomplished with Ru"™, which
we discovered when we checked for possible ruthenium deposi-
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200 nm_ 8

Figure 3. TEM image of unstained TMV (200 kV). There are no parts that
are much darker than the background, but the inner part appears white
and the exterior gray. The contrast was not enhanced by any staining. The
bright inner part of the virion has a width of ca. 14 nm, while the distance
between the outer borders (darker lines) is ca. 18 nm.

tion. Note that a reduction of Ru™ to Ru" can be achieved
only with very strong reductants, e.g., with Ti**, although this
still does not yield metallic ruthenium.?®! Electroless deposi-
tion of ruthenium is reported in the literature,[29’30] but only at
slightly harsher conditions than allowed for TMYV, i.e., around
pHY and temperatures around 90°C. Since those conditions
would destroy the viral integrity, lower temperatures (75 °C)
and lower basicity (pH 8) were used. The TEM image (Fig. 4)
shows only shading around the outer viral surface and inside
the channel, comparable to the case of uranyl staining. No dis-

Figure 4. TEM image (200 kV) of two linearly arranged TMV after treat-
ment with Ru'"". The outer borders of the virions as well as the inner chan-
nel appear dark, which is due to staining of the TMV with Ru"". The width
of the bright part is ca. 18 nm.

crete clusters of metal could be observed. Pre-treatment of
TMYV with palladium and platinum before ruthenium deposi-
tion was tried, but yielded identical results. Similar to the case
of uranyl, the shortest distance between the dark lines (Fig. 4)
is ca. 18 nm, hence again a negative staining was achieved. The
silver procedure we employed before!™ is also reminiscent of
negative staining, but larger metallic clusters were produced.

2.2. Reduction of Pd" Bound to the Exterior Surface

When a TMV suspension is treated with PdCl,>, hydrolysis
of the palladate has to be prevented,[3 U otherwise polyoxo-hy-
droxo-palladate nodules would form. These can easily reach
several 100 nm in diameter (while clusters of less than 4 nm di-
ameter are wanted). Suppression of this effect is afforded by a
high CI” concentration, a low pH, and by working quickly, since
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the hydrolysis requires minutes to hours. TMV can then be re-
covered after centrifugation and washing. To prevent hydroly-
sis and dissociation of bound Pd", washing with a low-pH, high
chloride concentration solution may be preferable to pure
water. Pd"" was unable to stain the TMV, presumably because
only a small amount was bound. If a reducing agent, e.g., hypo-
phosphite, was added to the Pd"-containing solution, a cover-
age of the exterior surface of the TMV with palladium was ef-
fected. Figure 5 shows two head-to-tail arranged TMVs,
densely covered with palladium particles (comparable to the
gold cluster decoration in ref.'®l).

N\

Figure 5. TEM (200 kV) of two TMVs, densely covered with palladium
particles after treatment of the TMV with a hypophosphite-containing Pd"
solution.

The Pd" complex [PdCl,]* is negatively charged and thus
can be attracted by the positively charged outer surface of the
virion at pH 5-6. [16] The surface of the inner channel is, in this
pH regime, predominantly negatively charged, acting repul-
sively on the Pd" complex. The result is an attachment of Pd"
exclusively to the outer surface and thus, upon reduction to
palladium, metallic clusters positioned at the outer surface.
During or after reduction, the metal atoms coalesce to clusters
(see also refs.®)) In contrast to the binding of the metal ions,
the binding of the clusters to the virion relies on unknown fac-
tors—the bond between metal atoms and typical ligand groups,
including RNA and coat protein, is usually too weak to account
for it, and indeed the clusters may be mobile. Kind et al.B! dis-
cussed the case of mobile palladium islands on an organic self-
assembled monolayer with a terminal amine group, which
might be comparable with small metal clusters on the exterior
viral surface (surface 1 in Fig. 1), or even on the channel walls
(surface 3 in Fig. 1).

2.3. Electroless Deposition of Nickel and Cobalt on the
Exterior Surface

After a Pd" or Pt" activation (see Experimental), TMV was
placed in a nickel or cobalt electroless deposition bath. De-
pending on the chemistry, it was adjusted to a specially selected
pH (range 6-9) and in some cases heated to 50 °C. Conditions
of <pH6 or T<20°C decreased the deposition rate or even
stopped the process. pH values above 9 destroyed the virions,
whereas higher temperatures (>70 °C) made the deposition un-
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controllably fast. Deposition of nickel and cobalt without
Pd"—or Pt"—pre-treatment of TMV was impossible.

A metallization with dimethylamine-borane (DMAB)-con-
taining nickel (pH 6-7) or cobalt (pH 7-8) baths®*! was applied
to undialyzed virions, i.e., the virus suspension contained small
amounts of phosphate (which could not act as buffer due to
their very low concentrations). The deposition rate increased
strongly with temperature; at > 85 °C the reaction became un-
controllable. At 25°C, metal deposition was restricted to the
exterior surface of the virion (see Fig. 6). The deposition rate
in nickel and cobalt reactions was slightly higher than in the re-
actions with dialyzed virions (described in Sec. 4).

(b)

Figure 6. TEM (200 kV) micrographs of undialyzed and Pt'-pre-treated
TMV, metallized with nickel from a DMAB-containing nickel bath (a), and
with cobalt from a DMAB-containing cobalt bath (b).

DMARB will first reduce Pd" or Pt"" and produce small clus-
ters (see Sec. 2). Hence the observed large clusters (>50 nm
diameter) contain nickel (or cobalt) and less than 1 % palla-
dium or platinum. Their nearly spherical shape results from the
fast plating of a few nuclei that then coalesced. The fact that no
smooth cylinder is found means that the activation was not
ideal, i.e., the coverage with palladium or platinum nuclei was
too small. The selectivity for the exterior surface (1 in Fig. 1) is
caused by phosphate ions that can bind electrostatically—in
this pH region—to the positively charged exterior surface. A
treatment with the Pd" solution should yield co-existent Pd™
complexes (electrostatically bound, see also Sec. 4) and phos-
phate ions at the exterior surface of the virion. It is unlikely
that Pd" forms complexes with phosphate, since the few known
complexes of this kind are either synthesized in absence of
water at temperatures higher than 230 °C or photochemically.
However, Co™ and Ni"" precipitate easily with phosphate, pre-
sumably in the form Niz(PO4),xH,O or Cos;(PO,),xH,O0.
Upon contact with the phosphate-covered virions, Ni'" or Co™
precipitate in this form on the exterior virion surface. The
reduction to metal requires Pd", which is reduced to clusters
before the nickel or cobalt deposition process starts (this is the
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usual electroless deposition scenario). Then, on nickel or cobalt
nuclei, the growth is autocatalytic. Coalescence of growing
nuclei/clusters can yield a metal coating of the TMV, as seen in
Figure 6. This coating is rather thick and not smooth, suggest-
ing fast growth at few nucleation centers.

2.4. Electroless Deposition of Nickel and Cobalt in the Viral
Channel

In another series of experiments the virions were dialyzed
against water prior to activation and metallization, in order to
remove the Na/K phosphate buffer. Again, without activation
no metallization was obtained. We firstly deposited nickel from
hypophosphite baths on activated TMV. TEM showed that
only a small part of the virion rods exhibited large electron-
dense clusters (nickel), i.e., clusters with diameters of 5-10 nm;
they had even grown between the virions. The majority of vir-
ions appeared unchanged, while about a quarter were filled
with up to 6 clusters, forming black spots inside the gray virion
(see Fig. 7). Note that the clusters were located in the channel
(compare with Fig. 2 for a uranyl-stained channel) at variable
distances from the virion rod end. Furthermore, many clusters

200 nm
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Figure 7. TEM image (200 kV) of two head-to-tail aggregated TMV parti-
cles after activation with Pd" and contact with an electroless nickel bath
(nickel-phosphinate). Small and also elongated electron-dense clusters
are distributed inside the channel. EDX studies proved that the clusters
are composed of nickel.

were not spherical, but elongated or rod-shaped with a diame-
ter of ca. 3 nm (slightly less than the 4 nm channel diameter).
Energy dispersive X-ray spectroscopy (EDX) proved that
these clusters contained nickel. Figure 7 actually shows two
head-to-tail arranged virus particles. This aggregation phenom-
enon was frequently observed; the slightly bent shape of the
lower particle was also found quite often in single and aggre-
gated particles.

Experiments with nickel and cobalt baths containing the
stronger reductant dimethylamine-borane (DMAB)*! yielded
similar results, i.e., the deposition rate was sufficiently fast, but
still controllable at only pH 67 (for cobalt pH 7-8) and 25 °C.
A pre-treatment of the virions with Pd" or Pt" was also neces-
sary in this case. Here, the virions showed metal rods inside
their channels (see Fig. 8), which in some cases reached lengths
of 600 nm (in linear arrangements of virions).!'*!

The key for understanding the surprising switching of selec-
tivity in the presence or absence of phosphate is the Pd" activa-
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(a)

Figure 8. a) TEM (200 kV) image of a single virion containing a ca.
250 nm long nickel wire inside the central channel. Some unattached met-
al particles with diameters of 2-6 nm can be seen in the surrounding area.
b) TEM (200 kV) image of several TMVs, arranged linearly and crossing
each other, containing nickel wires of up to 300 nm length inside the inner
channel.

tion (for Pt similar arguments apply). Under the conditions
employed (much longer activation than for the palladium clus-
ter coating in Sec. 2), there could be a concurrence between
carboxylate and amine groups for palladium ions. The com-
plexes of Pd" with nitrogen-containing ligands are more ther-
modynamically stable, but kinetic effects can play a big role.
Complexes of Pd" with oxygen-containing compounds are ki-
netically stable.”® Since oxygen-containing groups are easily
accessible on the outer surface of TMV, complexes with Pd""
can form in addition to electrostatic bonding (see Sec. 2).

While the exterior surface of the protein coat (1 in Fig. 1)
features alkyl chains, alcohol, carboxylate, and secondary am-
ide groups, inside the channel, amine, primary amide, and gua-
nidyl groups are found, in addition to the aforementioned
groups, in the flexible loop of the protein (3 in Fig. 1). These
groups can substitute CI” and H,O in PdCLHL(HZO)n"’Z, hence
we can assume the channel to contain Pd". This is likely to be
the basis for the surprising confinement of the clusters inside
the tube. In this context it should be mentioned that the narrow
size of the channel should not be able to prevent the diffusion
of small complexes such as PdCl,%~ within the channel (struc-
ture 4 in Fig. 1); even smaller openings can be filled by electro-
less deposition, as has been shown for carbon and goldm
nanotubes. In contrast to carbon nanotubes, the hydrophilicity
of the protein loops should allow for a straightforward wetting
of the channel by hydrophilic liquids, so the channel is sup-
posed to be filled with water. When the ions are reduced and
coalesce to clusters, they can act as activation centers for the
electroless deposition of other metals such as nickel (note that,
strictly speaking, we produce a nickel- and cobalt-rich NiP,
NiB, or CoB phase that can be either crystalline or amor-
phous). We presume that the clusters are core-shell structured
where the core comprises palladium and platinum, and the
shell nickel and cobalt.
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The complete absence of clusters on the exterior surface of
TMYV (1 in Fig. 1) may rely on the fact that even comparatively
large gold or silver clusters can be stabilized by organic ligands,
but palladium and platinum clusters cannot. The absence of
phosphate means that upon contact with Ni" or Co" no precip-
itate (see Sec. 3) forms on the exterior surface. Additional de-
stabilization can be caused by convection in the suspension or
by forces acting on the metal clusters induced by gas (hydro-
gen) bubbles, which evolve during metallization (note that this
is not the case when bound Pd" is reduced). The metal particles
detach from the exterior surface, while the metal clusters inside
the central channel are encapsulated by the coat protein and
thus can continue to grow. The result is a spatial selectivity in
metallization that does not rely on a growth mechanism, but
rather on secondary effects, like confinement in the hollow
structure.

2.5. Self-Activated Electroless Deposition of Gold

The two step-method employed in the above-mentioned
cases, activation and electroless deposition, can in some cases
be replaced by a single-bath procedure (“self-activation”). For
example, contact with a tetrachloroaurate-ascorbic acid bath*!
was expected to cover TMV firstly with gold atoms, then with
gold clusters, and finally with a thicker deposit. However, only
cluster formation was observed here; quite surprisingly, both
short (15 min) and long (2 h) contact times lead to the same
structure (see Fig. 9): After washing, dark spots with diameters
in the nanometer range are found on the viral coat. Compari-

Figure 9. TEM image (200 kV) of TMV after contact with an electroless
gold bath (tetrachloroaurate-ascorbic acid). Both the dark central channel
and the very dark exterior surface indicate a dense coverage with gold (see
text). The separation of the dark lines is ca. 15 nm, while the distance be-
tween the outer borders is ca. 20 nm.

son with Figure 3, which does not exhibit such dark spots, indi-
cates that the spots are indeed due to the presence of gold (or-
ganic material cannot produce a similar contrast). The channel
region exhibits a dark gray line, which is not seen in the un-
treated virion (Fig. 3), but is seen with uranyl (Fig. 2). Note
that the TEM result suggests staining of the outer surface
(structure 1 in Fig. 1) and the inner channel (structure 4 in
Fig. 1), similar to the uranyl treatment: Distinct spots could not
be found. Due to the facile reduction of gold ions, we suspect
that very small gold clusters are present (they can be nuclea-
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tion centers for further metallization, see Sec. 6). In order to
increase the metallization rate, the amount of gold ion ligand
SCN™ (see Experimental) was lowered, which, on the other
hand, led to a decreased stability of the bath. As expected, gold
clusters started to form in solution immediately after preparing
a bath with reduced SCN™ content,*® even without adding the
virus suspension. De-aeration of the bath with argon prior to
the addition of HAuCly, as well as increased temperature and
higher pH, decreased the stability of the bath further. Indeed,
de-aeration often speeds up electroless depositions, since the
reductants can no longer react with dissolved oxygen, and also
temperature and a high pH value enhance the reaction rate.

Gold shows no large spatial selectivity. This is due to the
chemistry of the gold bath: SCN™ substitutes the Cl™ ligands,
and SO;> reduces Au™ to Au'. The resulting Au(SCN),” is
stable in presence of SCN".?* It can bind to amino acids®* and
proteins.ps] Subsequently the Au' is reduced by ascorbic acid to
metallic gold. The presumably strong preference for the only
sulfur-containing group at Cys-27 should not play a role, since
this amino acid is barely accessible. We suggest the following
scenario: none of the potential ligands (-NHCO-, -NH,,
—COOH, -OH) can displace SCN7, since this would normally
require very soft ligands like Cys. Thus the complex binds elec-
trostatically, in analogy to uranyl acetate. For the channel re-
gion we cannot find distinct clusters (see Fig. 9); however, due
to the facile reduction of gold ions it is likely that very small
clusters that are not resolved in our TEM images are produced.
On the exterior viral surface, the fact that only small clusters
are observed (small black spots) could mean that the amount
of bound gold ions is so small that their coalescence upon re-
duction quickly consumes all gold atoms. Gold is now bound in
the form of stable clusters, similar to gold clusters conjugated
to antibodies available for immuno-gold labeling.[14] The sepa-
ration of the dark lines in Fig. 9 (ca. 15 nm) indicates that the
apparent staining cannot be exclusively negative, since in this
case the metal would aggregate exclusively at the extreme out-
er surface of the virion, and the distance would be 18 nm. On
the other hand, with an exclusive positive staining the distance
between the outer borders of the dark coating would be 18 nm,
which does not match our case either (ca. 23 nm). We propose
a mix of positive and negative staining in this case.

2.6. Electroless Deposition of Nickel and Cobalt After Gold
Activation

We employed the same procedure as was used for nickel and
cobalt deposition after palladium and platinum activation, but
used the gold-treated TMV described in Section 5 (see Fig. 9).
As was already mentioned, deposition was only possible when
the TMV was pre-treated (here with gold). Changes of pH and
temperature had similar effects as in those reactions with palla-
dium or platinum pre-treated TMV. The incubation times in
the Ni" and Co™ baths were longer than with the Pd"- and Pt"-
pre-treated virion. TEM investigations showed that the major-
ity of virions exhibited only those changes that are due to the
gold treatment, i.e., the central channel and the surface had a
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much higher contrast than untreated TMV. However, when the
hypophosphite-containing Ni" bath was used, about a quarter
of the virions showed additional cluster growth, which ap-
peared to be exclusively limited to the virion surface. In no
case did the clusters cover more than 30 % of the viral surface
(Fig. 10). Figure 10b shows clusters not only at the sides of the
virions, but also partly on top of the viral rod. From this we in-
fer that no staining took place, rather a low-density coverage of
the outer surface (for a high-density coverage (with palladium)
see Fig. 5).

0 R

Figure 10. TEM images (200 kV) of TMV particles after activation with an
electroless gold bath (tetrachloroaurate-ascorbic acid, see Fig. 9) and con-
tact with an electroless nickel bath (nickel-phosphinate). Clusters are
formed in the channel and on the exterior surface. a) TMV treated with this
protocol (gold and nickel) is often not distinguishable from Figure 9 (gold
only), but larger nickel clusters can be formed (b) (two virions). The width
of the virions is ca. 18 nm.

When the gold-treated virions were immersed in a DMAB-
containing Ni"- or Co™-bath, increased growth of metal at the
exterior surface of the TMV could be observed (see Fig. 11).
The results for both nickel and cobalt were similar. About
60 % of the virions contained metal after such a treatment, and
the coverage of the exterior surface with metal reached 100 %
in most cases.

Here, an increased stability of attached gold clusters to pro-
teins comes into play. In contrast to palladium or platinum,

Figure 11. TEM (200 kV) of gold-pre-treated TMV metallized with cobalt
from a DMAB-containing Co'"-bath. The exterior surface of the TMV is
densely covered with cobalt.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

d3idvd 1Ind



[
™}
o
S
-l
wd
=
4

122

FUNCTIONAL

M. Knez et al./Spatially Selective Nucleation of Metal Clusters

small gold clusters can be stabilized by proteins very well, as
was shown in Section 5, and as is known from immuno-gold la-
beling of proteins. The critical stage is probably the fast growth
of cobalt or nickel—caused by the strong reductant DMAB —
on the gold cluster. The high bonding strength of the nuclea-
tion center (gold cluster) to the coat protein hinders the de-
tachment of the growing cluster, at least to a certain degree.
When the metal clusters coalesce and form a sheath around the
virion, attachment to the protein is secured mechanically.

2.7. Overview

The metallizations shown here are based on activations with
either Pd" (Pt" behaves similarly) or Au™. Any explanation
has to be based on the possibilities of binding these metal ions
to the virion. The precursors for virion metallization are metal
ions in aqueous solution. The nature of the resulting bonds be-
tween virion and the metal ions will be the decisive factor for
the spatially selective and stable attachment of the metal. As a
general model we suggest that a metal ion binds electrostati-
cally or via complex formation to the virion. TMV offers a mul-
titude of charged groups and possible ligands for all of the met-
al ions employed, notably hydroxyl and carboxylate groups on
its exterior protein surface (surface 1 in Fig. 1).[13] The RNA
and the innermost protein loops are located surrounding the
central channel (see Fig. 12). The loops (surface 3 in Fig. 1)
comprise threonine and glutamine moieties, and they are flex-
ible: They contain only very few hydrogen bonds, in contrast to
the more rigid o-helical parts of the protein. Due to the flex-
ibility of the loops, in addition to glutamine other amine-con-
taining amino acids such as arginine may reach into the chan-
nel.® In contrast to oxygen-containing groups, amine groups
are stronger ligands for noble metal ions such as Pd" and Pt
However, the majority of the amino acids are not or hardly ac-
cessible, since they are situated inside the coat proteins where
four adjacent a-helices provide a dense and rigid structure (2
in Fig. 1), and the strong metal ion ligands His and Met are not
present. A very good example of the reduced accessibility is
Cys-27, which should bind strongly to all metal ions employed,
but is located deep inside the compact protein structure. In this
respect it should also be noted that the large majority of func-
tional groups on the outside of a single coat protein molecule
(Fig. 12a) are not accessible, since they are situated at the in-
terface between two proteins. Although in some cases, e.g.,
high pH or low Ca' concentration,” the coat proteins can—re-
versibly —partially detach and thus allow diffusion inside each
detached protein, we never observed an indication for this:
Metal clusters were never located in the protein coat (posi-
tion 2 in Fig. 1), but exclusively on the viral surfaces, i.e., either
on the exterior coat or inside the central channel. However,
the existence of very small clusters inside the protein layer,
which are not easily detectable by TEM, cannot be ruled out.
From these considerations, we can assume a slight preference
for the inner channel since more amine groups are present.
This explains the results for long Pd" and Pt"" activation times,
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Figure 12. Models of TMV components of a rod section, generated with
data from ref. [11] (file “2tmv”, strain vulgare). The protein backbone is
shown as a line; a-helices and the RNA (yellow) are shown as ribbons. The
carboxylate side chain molecules are colored red, the amine side chain
molecules blue. a) Model of a single coat protein subunit. The flexible loop
(left, surface 3 in Fig. 1) points inside the channel, the middle part (2)
comprises four rigid a-helices (ribbons), and only the very right part (1)
forms the exterior viral surface (the four last amino acids Gly(or Ser)-Pro-
Ala-Thr-COOH with the terminal carboxylate group are represented by a
red dot). Here we find OH and COOH groups, but also several alkyl side
groups. b) Model of 49 protein subunits, corresponding to three of ca.
130 helical turns (the last four amino acids at the COOH terminus are
omitted); compare to Figure 1.

namely the formation of very small clusters inside the channel,
on which nickel and cobalt can grow to clusters and wires.
Probably more important is that larger clusters cannot remain
attached to the outer surface, since neither complex formation
nor electrostatic interactions come into play.

The presence of phosphate changes the scenario completely,
since this anion attaches to the positively charged outer viral
surface. It can then promote the selective attachment of Ni'
and Co" in the electroless deposition baths, but Pd" and Pt"
must still be present. Electroless deposition now yields larger
clusters of nickel and cobalt exclusively on the outer viral sur-
face. Here the attachment is purely mechanical, and for this
reason the clusters have to grow fast and coalesce to coat the
virion completely. For gold activation, similar arguments are
valid, with some exceptions: First, Au' is present as Au(SCN),",
which should bind exclusively by electrostatic interactions. Sec-
ond, we already employ an electroless deposition bath for the
activation. The resulting gold clusters can remain attached to
the various surfaces of the virion. This explains the observed
structure with gold inside the channel and on the outer viral
surface. Third, we tuned the bath composition to a very small
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Table 1. Overview of the results of metallization of TMV. The column “buff-
er” indicates, whether the virus suspension was dialyzed prior to metalli-
zation (no buffer present) or not (phosphate buffer present). The column
“infout” indicates whether the metal deposition took place inside the in-
ner channel (in., 4 in Fig. 1) of the virion or at the outer surface (out., 1 in

Fig. 1).

deposited metal  activation reductant buffer in./out.
Ag (ref.15) no HCHO; light yes  clusters out. (staining)
Pd no NaH,PO, no clusters out.
Pd no DMAB no clusters out.
Au no ascorbic acid no in. and out. (staining)
Ni Pd(I1); Pt(l) NaH,PO, no clusters/wires in.
Ni Pd(I1); Pt(l1) DMAB no wires in.
Ni Pd(I1); Pt(l) DMAB yes coating out.
Ni Au(lll) DMAB no coating out.
Co Pd(l1); Pt(l1) NaH,PO, no no metallization
Co Pd(ll); Pt(ll) DMAB no wires in.
Co Pd(I1); Pt(l) DMAB yes coating out.
Co Au(lll) DMAB no coating out.
Ru Pd(11); Pt(l1) NaH,PO, or no in.and out. (staining)
DMAB
Ru no NaH,PO, or no  in.and out. (staining)
DMAB

deposition rate, counteracting further growth of the gold.
Again, electroless deposition of nickel and cobalt on the gold
clusters yields larger clusters on the outer viral surface, while
the channel should remain filled with small gold clusters.

3. Conclusions

We showed that metal clusters can be deposited selectively
either on the exterior surface or in the central channel (or
both) of a plant virus nanotube. A range of different tobacco
mosaic virus (TMV)-metal composites were prepared from
virus suspensions in water or in phosphate buffer by contact
with Pd™, Pt', and Au'™ solutions and subsequent electroless
deposition of nickel and cobalt. We propose specific ligand—
metal ion interactions in which the ligand is a functional group
of the virion structure. A proper choice of metal ion, pH, and
duration of treatment leads to the preference of certain groups.
Due to the nature of the virion, these groups can be concen-
trated on the exterior surface or in the channel (or both). In
this way, metal ions and their reduction products, clusters, can
be placed on selected regions of the viral nanotube. We coated
these clusters with nickel and cobalt by electroless deposition.
The exterior surface can be covered by individual palladium,
platinum and gold clusters of less than 3 nm diameter, or with
a sheath of interpenetrating nickel and cobalt clusters, each of
more than 50 nm diameter. In the absence of phosphate buffer,
the 4 nm wide channel can be filled with nickel and cobalt clus-
ters which are often rod-shaped with a diameter of about 3 nm,
while faster electroless deposition yields 3 nm wide nickel and
cobalt wires of several 100 nm length.
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4. Experimental

Water was purified with a Millipore Milli-Q or a Barnstead Nano-
pure apparatus to 18.2 MQ cm. A suspension of TMV vulgare was em-
ployed to mechanically infect Nicotiana tabacum cv. Samsun nn plants.
4 weeks post-inoculation, systemically infected leaves were harvested
and stored at —20°C. We also infected the plants with plasmid DNA
that comprised the code for the movement and coat protein of the
TMV genome as well for the replicase. In this case the coat protein dif-
fered very slightly from vulgare: Ser-155 replaces Gly-155. Two meth-
ods were employed to isolate the virus, including centrifugation in CsCl
or sucrose gradients, yielding 10 mgmL™ TMV suspensions in water.
They were stored at 4 °C. In some cases we replaced water with Na,H-
PO4/KH,PO, buffer (pH7, “Na/K buffer”). We found considerable
degradation (particles <300 nm long) after several months of storage
at 4°C in water, but only for the vulgare strain. In some cases (see Re-
sults) the TMV suspensions were dialyzed against pure water using
Slide-A-Lyzer 10000 MWCO caps (KMF, Lohmar).

Copper or nickel grids (300 or 400 mesh) were washed with 0.1 M
HCI (Merck), 99.8 % ethanol (Roth), and acetone (Roth), each for
10 s, and coated with pioloform. A thin layer of carbon (8-10 nm) was
evaporated at 2 x 10° mbar on top. Immediately prior to use, the grids
were dipped into ethanol (Roth Rotipuran >99.8 %) and dried. 20 uL
of TMV suspension was placed on top of a grid for 1 min. The solution
was removed by use of filter paper.

For negative staining, 20 uL of a 0.2-0.5 mgmL™" TMV suspension
was placed on a TEM grid for 30 s, then washed with water. 2 %
UO,(CH3C0O0),2H,0 (Merck) and 0.5 mgmL™ bacitracin (Sigma)
were mixed 1:1 and centrifuged for 5 min at 14000 g. 100 pL of this so-
lution was placed on the grid for 1 min. Surplus liquid was removed
with paper.

For the Pd" and Pt" activation treatments, 100 uL of a 0.2 mgmL™
TMV suspension in water were mixed with the same amount of a
freshly prepared 3 mM Na,PdCl; (Aldrich 99.998 %) or Na,PtCly
xH,O (Aldrich) solution in water, pH-adjusted with HCI to between 3
and 5.5. In most cases a pH5.5 solution was used (see also ref. [23]).
After 2-15 min., the suspension was centrifuged for 4 min at 14000 g,
producing a pale brown pellet. The supernatant was removed and the
pellet washed twice with water by re-suspension and repeated centrifu-
gation. Alternatively, the Pd™- or Pt-treated TMV suspension was dia-
lyzed against water as detailed above.

To obtain palladium clusters, NaH,PO, (p.a., Fluka) was added to
the palladium solution to 30 mM. The solution was mixed with the
same amount of 0.1 mgmL™" TMV suspension, and after a reaction
time of ca. 20 min. placed on a TEM grid for 30 s. The liquid was after-
wards removed with filter paper.

For the electroless deposition of gold, an Au™ bath slightly modified
from ref. [33] was applied. The bath contained 0.03 M Na,SO; (Fluka),
0.1 M NaSCN (Aldrich), 0.1 M r-(+)-ascorbic acid (Aldrich) and
0.01 M HAuCl,-3H,0 (Aldrich), adjusted to pH 6 with 10 % HCI. The
(pure) TMV suspension was mixed with an equal volume of the gold
bath and heated to 60 °C for 15-90 min.

Pd"-pre-treated TMV suspension was metallized with nickel by mix-
ing the suspension with an equal volume of a solution containing 0.1 M
NiCl,-6H,O (Sigma), 043 M NaH,PO,-H,O (Fluka p.a.), 0.3 M
Na,B407 (Aldrich) and 0.03 M glycine (Fluka), adjusted to pH9 using
1 M NaOH [36]. In order to stop the metallization (after 1-2 min), the
solution was diluted with water up to 10-fold.

Metallization of palladium- and platinum-pre-treated TMV with di-
methylamine-borane (DMAB)-containing Ni"" or Co baths was car-
ried out according to ref. [23]. The nickel bath was freshly prepared
from 0.18 M Ni(CH3COO),-4H,O (p.a., Fluka), 0.28 M lactic acid
(85 % in water, Fluka) and 34 mM DMAB (p.a. Aldrich) in water. The
pH was adjusted to 6-7 with 1 M NaOH solution. The palladium- or
platinum-pre-treated TMV suspension was mixed after washing with
the same amount of the Ni'-containing solution. After gas evolution
started, 30 uL of the solution was placed on a TEM grid for 30 s and
afterwards removed with filter paper. The same procedure was applied
for the metallization with cobalt. The only difference was the composi-
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tion of the bath: 0.16 M CoSO4-H,0 (p.a., Fluka), 0.15 M sodium suc-
cinate (p.a., Fluka) and 7 mM DMAB (p.a., Aldrich) in water. The
bath was adjusted to pH 7-8 with 1 M NaOH [23].

Deposition of nickel or cobalt was tested with the same Ni" or Co"
baths, but without Pd", Pt", or Au'! pre-treatment of the TMV. The
same volumes of Ni"- and Co"-containing solutions were added to the
TMV suspensions. After several hours, no gas evolution could be ob-
served and TEM micrographs did not show changes in contrast, as
compared to the native virion.

Au-pre-treated TMV suspension was metallized with nickel by
electroless deposition of gold (see above), then washing and treating
the virus suspension with either the NaH,PO,-H,O-containing Ni'l
bath for 10-20 min, or with a DMAB-containing Ni"- or Co" bath for
5-15 min. The solution was then diluted with water up to 10-fold, and
30 uL of the solution was placed on a grid for 30 s and afterwards re-
moved with filter paper.

For transmission electron microscopy (TEM) measurements a Zeiss
EM10 operating at 60 kV, a Philips CM200 operating at 200 kV, and a
JEOL-4000 FX operating at 400 kV were used.
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