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Electroless metal plating of microtubules:

Effect of microtubule-associated proteins
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Microtubules (MTs) are self-assembled proteinaceous filaments with nanometer scale
diameters and micrometer scale lengths. Their aspect ratio, the reversibility of their
assembly and their ability to be metallized by electroless plating make them good
candidates to serve as templates for the fabrication of nanowires. We have shown that
microtubule-associated-proteins (MAPs) play a critical role in maintaining the MT stability
during Pt-catalyzed electroless Ni plating. MAP-stabilized MTs metallized for one minute in
a Ni-acetate-based electroless-plating bath are coated with a metal film only several
nanometers thick. The MAPs appear to lead to the formation of nanometer-wide metal
bridges between the MTs. The metal coatings are constituted of small Pt clusters (∼3 nm),
distributed and oriented randomly, embedded in an amorphous nickel matrix.
C© 2004 Kluwer Academic Publishers

1. Introduction
In recent years, the exponential growth in semi conduc-
tor technology has been sustained by extending the ca-
pabilities of top-down manufacturing processes based
on lithography to shorter and shorter wavelengths. Un-
fortunately, the costs of these top-down approaches are
projected to be prohibitive at sizes and tolerances in the
nanometer size range. In response, a new paradigm has
arisen based on the bottom-up or molecular engineer-
ing approach to the mass replication of nano-scale elec-
tronic circuits that promises to be cheaper, more flexi-
ble, and efficient. Control of interconnections emerges
as one of the major challenges in the development of
these bottom-up approaches. The construction of func-
tional nano-scale electronic devices using a bottom-up
approach requires self-assembly processes [1].

Several routes involving self-assembly of organic
materials have already been followed. Techniques
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based on self-assembly of DNA-functionalized nano-
particles have been reported [2, 3]. The use of absorbed
organic molecules and DNA for self-assemble nano-
scale metal rods made by electrochemical replication
of porous membranes has been reported [4]. Others
have coated DNA strands with metal, thus forming
a conductive wire between two-electrodes [5]. Other
studies have used polypeptides and/or proteins as tem-
plates for nanowires. Several surfactant-like peptides
have been shown to undergo self-assembly forming
nanotubes with a variety of diameters [6]. Peptide
nanotubules can also be coated with proteins such as
avidin enabling the use of biological interactions based
on molecular recognition [7]. Avidin-coated peptide
tubules have been anchored as bridges onto biotin-
incorporated self-assembled monolayers on Au sub-
strates [8]. Alternatively, metallization of proteinaceous
nanotubules derived from bacteria’s rhapidosomes
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have been produced [9]. Proteins that self-assemble into
long fibers, such as yeast prion proteins and tubulin,
provide biological interactions with a naturally high
specificity and can serve directly as templates for metal
nanowires [10, 11].

In this paper, we focus on MTs as templates for fab-
ricating metallic nanowires. MTs are self-assembling,
dynamic, and tubular shaped biomolecules with diam-
eters of approximately 24 nm and large aspect ratios,
made from polymerized tubulin proteins. MTs exhibit
dynamic instability at some critical tubulin concentra-
tion during which they apparently undergo random suc-
cessive periods of assembly and disassembly. Addi-
tionally, the stability of MTs is very sensitive to the
chemical environment and temperature. Several pro-
teins, called microtubule-associated proteins (MAPs)
have MT-binding activity and play important roles in
MT polymerization and regulation, including the stabi-
lization of polymerized MTs [12]. Because of repeat-
able residues of the surface of MTs, people also can
use them as bioorganic templates for structurally de-
fined nanoparticle arrays [13].

Metallization of MTs has been demonstrated by sur-
face activation with palladium followed by electroless
plating of nickel [14]. During electroless plating, it ap-
pears that Ni is essentially deposited on the external
surface of the microtubule [11]. It was also shown that
MT metallization required pH and temperature condi-
tions approaching those for in-vitro MT assembly. It
is not known if MT can survive other conditions more
conducive to a variety of electroless plating methods.

In our work, we have investigated the electroless
plating of pure and MAP-rich MTs in further detail.
Following the activation of the MT surface with Pt, elec-
troless plating is used to deposit Ni on the Pt-activated
MT surfaces. We have paid particular attention to the
role of MAPs in the stabilization of the MT templates
during all the steps of metallization. Field Emission
Scanning Electron Microscopy (FESEM), Transmis-
sion Electron Microscopy (TEM) and High-resolution
Electron Microscopy (HREM) are used to provide a de-
tailed characterization of the morphology, structure and
composition of the metallized, MAP-stabilized, micro-
tubules. Results concerning the stability of pure MTs
and MAP-rich MTs in the activating Pt solution are
presented and discussed. We detail the morphological,
microstructural and compositional characterization of
MAP-stabilized Ni-plated MTs. Finally, some conclu-
sions are drawn concerning the role of MAPs in the
fabrication of metal nanowires using electroless plat-
ing of MTs templates.

2. Materials and methods
In order to study the effect of MAPs on the stability
of MTs in electroless plating solutions, we used both
high purity tubulin proteins (>99% tubulin monomer)
and low purity MAP-rich tubulin (∼30% MAPs).
Both tubulin preparations were prepared from bovine
brain extracts (Cytoskeleton Inc), and were stored at
−70◦C in G-PEM buffer (pH 6.8). The buffer contained
80 mM Piperazine-N, N′-bis(2-ethanesulfonic acid)

sequisodium salt (PIPES), 1 mM Magnesium chlo-
ride (MgCl2); 1 mM Ethylene glcol-bis(b-amino-ethyl
ether) N,N,N′,N′-tetra-acetic acid (EGTA) and 1 mM
Guanosine 5′-triphosphate (GTP).

In-vitro MT assembly was performed in PEM 80
buffer (80 mM PIPES, 1 mM EGTA, 4 mM MgCl2,
using KOH to adjust PH to 6.9) with a final concen-
tration of tubulin of 1.5 mg/ml. Polymerization was
performed by the addition of GTP (final concentration
is 0.25 mM) and taxol (final concentration is 10 µM)
was either included in the reaction or added after poly-
merization takes place (see later). Researches [17, 18]
show that Taxol can stabilize microtubules both dur-
ing and after the polymerization. So, two approaches
were taken in polymerizing MTs. The first approach in-
volved polymerization of MTs in the presence of taxol.
In the second approach, taxol (∼20 µM) was added
as a stabilizing agent after polymerization of the MTs
was completed. During both approaches, the solutions
were rotated at low speed (15 rpm) for 30 min at 37◦C
for polymerization. Then, the solution was centrifuged
at 14500 g for 30 min to separate MTs from the un-
polymerized tubulin. The supernatant was removed and
about 5-fold volume of fresh PEM 80 buffer was added
to resuspend the MTs.

The stability of pure MTs and MAP rich MTs were
tested in electroless plating solution developed by
Kirsch et al. [14]. MTs were metallized in a two-step
procedure. In the first step, the MT surface was acti-
vated with 3 mM K2PtCl4 (pH = 6.2). This Pt(II) solu-
tion was prepared and stored at room temperature for at
least one day before use. Equal volumes of Pt solution
plus prepared MTs solution were mixed and kept in the
dark for 2 h for surface activation. The catalyzed MTs
were washed two times using PEM 80 buffer by ultra
filtration with a 300 k-Da MW cutoff membrane fil-
ter. The pellet thus obtained was dispersed in an equal
amount of PEM 80 buffer and mixed with an equal
amount of metallization bath containing nickel Acetate
(50 g/l), sodium citrate (25 g/l), lactic acid 85% (25 g/l),
and a reducing agent–DMAB (Borane-dimethylamine
complex, 2.5 g/l), during which, DMAB functions as a
reducing agent. NH4OH (1.0 M) was added to adjust
the pH to 6.9. The reaction was stopped by diluting the
solution 100-fold with double distilled H2O.

Optical characterization of pure MTs, MAP-
stabilized MTs and Pt-activated MTs was conducted
with an epi-fluorescence microscope. MTs were visu-
alized by fluorescence immuno-labeling using a mon-
oclonal antibody directed against β tubulin as the pri-
mary antibody (anti-β-tubulin, clone TUB 2.1, Sigma
Inc.) Prepared MTs were incubated with the primary
antibody for 30 min at room temperature. A secondary
goat antibody, conjugated with Cy3 and directed against
mouse IgG (Sigma Inc.) was mixed with the primary
antibody-labeled MT for 30 min. Between and after
these stages, PBS buffer (Phosphate-buffered saline,
pH 7.4) was used for washing. The suspension was
then deposited on a poly L-lysine coated microscope
glass slide.

Field Emission Scanning electron microscopy (FE-
SEM) was carried out using a Hitachi S-4500 with
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Figure 1 Stability of MTs before and after treating with Pt(II) solution taken by fluorescence microscope (a. MTs grown from pure tubulin with taxol
stabilization during growth; b. MTs grown from pure tubulin with taxol stabilization after growth; c. Taxol-stabilized pure MTs after treating with the
Pt(II) solution-1; d. Taxol-stabilized pure MTs after treating with the Pt(II) solution-2; e. MAP-stabilized MTs with taxol stabilization during growth;
f. MAP-stabilized MTs after treating with the Pt(II) solution).

1.5 nm resolution at 5 kV and equipped with energy
dispersive spectroscopy (EDS) capabilities. Transmis-
sion electron microscopy (TEM) and high-resolution
electron microscopy images were obtained using a Hi-
tachi H8100 equipped with small probe forming lenses
for nanodiffraction, operated at 200 kV. MTs samples
for SEM and TEM were prepared by pipetting met-
allized MTs from a suspension onto a carbon coated
copper grid followed by drying in a vacuum system.

3. Stability of MTs in Pt(II) activating solution
MTs are assembled from heterodimers formed from
two related protein monomers: α and β tubulins. In the
proper chemical environment, the tubulin monomers
form a heterodimer and self-assemble into the mi-
crotubule structure. Tubulin polymerization is facili-
tated by the addition of guanosine triphosphate (GTP),
which is incorporated into the exposed β tubulin of
the protofilament and facilitates binding to the adjacent

heterodimer by undergoing hydrolysis to guanosine
diphosphate (GDP). Self-assembly into the MT begins
with nucleation involving tubulin monomers followed
by the geometry of self-assembly. Thus a polarized
MT containing minus and plus ends is formed by this
process. The minus end contains an exposed α tubu-
lin monomer and undergoes slower addition rate than
the plus end. In the absence of stabilizing agents, mi-
crotubules exist in a dynamic state with net addition of
monomers to the plus end and net removal of monomers
from the minus end [15]. The dynamic instability of
growth and shrinkage in vitro occurs at tubulin concen-
trations near the critical concentration of pure tubulin,
which is about 0.088 mg/ml [16]. In our experiments,
the concentration of pure tubulin (1.5 mg/ml) is much
higher than the critical concentration, and steady state
assembly of microtubules is achieved.

Taxol, an anti-cancer drug, can stabilize micro-
tubules. Researches [17, 18] show taxol binds to a
pocket in β-tubulin on the microtubule’s inner face,
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which strongly reduces the ability of the tubulin to dis-
sociate when it becomes exposed at the microtubule
end. When taxol is present during polymerization, a
high number of MTs can be obtained with lengths
of approximately-20 micrometers in average (Fig. 1a).
However, MT length is increased approximately 25%
when taxol is added only after polymerization is com-
plete (Fig. 1b).

Although taxol-treated MTs polymerized from pu-
rified tubulin monomers (with taxol present during or
after polymerization) are very stable under normal in
vitro conditions, they do not withstand the harsh envi-
ronment present during catalysis and electroless plat-
ing. When treated with the catalyzing Pt(II) solution for
2 h, taxol-stabilized (either during or post polymeriza-
tion), pure MTs disassembled into very small segments
and formed some big chunks (Fig. 1c), or formed star-
shaped clusters (Fig. 1d).

Microtubule-associated proteins (MAPs) can also
stabilize MTs. One major family of MAPs, called as-
sembly MAPs, is responsible for cross-linking micro-
tubules in the cytosol and determines the spacing be-
tween individual microtubules. Assembly MAPs bind
to the side of microtubules and project outward. When
MAPs coat the outer wall of a microtubule, tubulin sub-
units are unable to dissociate from the polymer. These
assembly MAPs can be grouped into two types. Type I
MAPs contain several repeats of the amino acid se-
quence Lys-Lys-Glu-X. Type II MAPs, such as Tau
and MAP4, have three or four repeats of an 18-residue
sequence in the MT binding domain, which can form
fibrous cross-bridges between MTs and also link MTs
to intermediate filaments. They also can suppress MT
dynamics at very low molar stoichiometric levels rel-
ative to tubulin [19] and even affect MT rigidity [20].
In the presence of MAPs and taxol, microtubules can
polymerize at temperatures below 37◦C [21]. It is ev-
ident from Fig. 1f that MAP-stabilized MTs can exist
after a two-hour catalysis treatment with the Pt(II) so-
lution. Only a small part of the MTs did not survive the
process (compare Fig. 1e to f). Except for a few longer
ones, most of the MAP-stabilized MTs have lengths
of approximately 10 to 15 micrometers, shorter than
the original stock solution of pure MTs (Fig. 1a and
b). Brighter filaments are indications of bundled MTs
(Fig. 1e and f).

4. Electroless plating and characterization
of metallized MTs

The generally made assumption is that Pt(II) or Pt(IV)
complexes adsorbed on the surface of MTs first react
with the reducing agent (DMAB) to create Pt(0) atoms
and form Pt clusters [22]. Due to the specific properties
of MTs, there could be one more step in the process
of electroless plating. During the stage of treating MTs
with Pt(II) aqueous solution, Pt(II) can be attached onto
the surface of MTs, via exposed amino acid residues,
such as cysteine, histidine and trytophane. These amino
acids with weak reducing ability could adsorb Pt(II) and
reduce it to an oxidation state higher than zero. Those
ions in oxidation states higher than zero and Pt(II) ions

are reduced to isolated Pt(0) atoms when exposed to
DMAB. After a while, when a critical concentration of
Pt(0) atoms is reached, they would aggregate to form
metal clusters [23].

These clusters serve as catalytic surfaces and initial
nucleation centers for the deposition of the first layer of
nickel onto the MTs surface. Nickel will not grow on a
surface without metallic Pt cluster. Thus a continuous
metal coating of Ni is formed. Then, this newly formed
layer functions as a new substrate and nucleation cen-
ter for further Ni deposition. Thus, the formation and
distribution of Pt clusters is a key for the deposition
of metals. To maintain a constant deposition rate, we
control tightly the pH value at 6.9 and temperature at
37◦C. Nickel and reducing agent concentrations were
kept at optimum levels.

For pure MTs stabilized with taxol during growth or
after growth, one minute after the metallization bath
was added, some metal particles visible to the eye
precipitated. In contrast electroless plating of MAP-
stabilized MTs proceeds in a drastically different man-
ner. After one minute, the solution was only slightly
cloudy, without any particles visible to the eye. SEM
analysis of metallized pure MTs indicates that there are
a few rare, small segments of metal-coated MTs, which
are about 100 nanometers in length and about 50 to 60
nanometers in diameter. Some big particles of metal
are also found. Considering the template is only 24 nm
in diameter, the thickness of the metal film is about
25 to 35 nanometers. We believe that the big particles

Figure 2 SEM images of metallized microtubules after 1 min of metal-
lization.

Figure 3 EDS spectrum for metallized microtubules after 1 min of elec-
troless plating.
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result from metallization of the big chunks or the clus-
ters of MTs that survived the Pt-catalysis. SEM images
of metallized MAP-stabilized MTs shows a continu-
ous network of metallized microtubules after 1 min of
electroless plating (Fig. 2). These metallized MTs are
reasonably straight with diameter of about 30 to 35 nm
and form a connected 3D network. The metal appears
to have coated the MTs uniformly. A few metal clusters
(diameter ∼5 to 15 nm) decorate the metallized MTs
randomly.

The presence of platinum and nickel was confirmed
using energy dispersive spectroscopy (EDS) (shown in
Fig. 3). Apart from Ni and Pt, only copper, oxygen

Figure 4 TEM micrograph of metallized MTs on carbon coated grid.

Figure 5 HRTEM micrograph of metallized MTs.

and carbon were identified. The copper and most of the
carbon peaks result from the carbon-coated grid. The
oxygen and a small fraction of the carbon peaks may
come from the bio-molecular template. The element
analysis indicates that the ratio of the number of Pt
atoms to the number of Ni atoms is about 1.3:1. In
addition to the catalysis of the protein surface with Pt,
this ratio suggests that during the metallization stage,
Pt was also deposited onto the MT surface.

In order to get more information about the interior
of metallized MTs, they were characterized by TEM
at 200 kV. Fig. 4 is the TEM micrograph of metallized
MAP-stabilized MTs on a carbon substrate. This image
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Figure 6 TEM micrograph of metallized MAPs bridge between MTs.

clearly shows that a network of nanowires is formed.
The low contrast level of the nanowires means they are
hollow metallized tubes, with thickness of about 30 to
35 nm. Fig. 4 suggests that regardless of whether Pt(II)
could get into the lumen of MTs or not, there is little to
no deposition of metal on its inner surface.

With higher resolution, some small black particles
can be found embedded in the matrix of metallized
tubes (Fig. 5). From this HRTEM image, more infor-
mation on the metallized MTs surfaces is revealed.
The black particles, which show lattice fringes, may
be crystalline Pt clusters, which serve as a catalyst and
initial nucleation center for subsequent electroless plat-
ing. The size of the Pt particles is measured to be about
3 nm by the scale of the lattice fringes. The randomly
distributed and oriented Pt clusters are found all over
the surface of MTs in low numbers. Most of MTs sur-
face is covered with metals of amorphous phase, which
is believed to be Ni.

Occasionally, metal bridges were observed between
metallized microtubules (Fig. 6). These bridges have a
diameter less than 15 nm, which is less than the MT
template and too small to be seen in the SEM images.
These bridges may come from MAPs protein bridges
which cross-link microtubules. During the whole pro-
cess of metallization, these proteins also could be cat-
alyzed and metallized. With higher magnification, these
bridges are shown to have a homogeneous microstruc-
ture of small dark Pt particles in amorphous metal ma-
trix, similar to the metallized tubules.

5. Conclusions
In this paper, we have demonstrated the influence of
MAPs on the stability of microtubules during the pro-
cess of electroless plating with Ni and the final nanowire
network. Our results show that MAPs are essential
for MT stability during this process. In contrast to
MTs made from pure tubulin MAP-stabilized MTs sur-
vived the Pt-catalysis step. Electroless plating of MAP-
stabilized microtubules resulted in the formation of a
continuous network of metallic nanowires. The metal
coating consisted of small, crystalline Pt clusters em-
bedded in an amorphous metal matrix composed of
Ni distributed along the entire surface of the micro-

tubules. More investigations should be done to reduce
the amount of Pt in the metallized coating. Transmis-
sion electron microscopy detected very small, narrow
metal bridges between larger nanowires. Both the met-
allized MTs and bridges are of the same microstructure,
but different diameters, suggesting that these small di-
ameter bridges may result from MAP complexes, not
microtubules, and could be very important for intercon-
nection of the nanowire network.
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