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We succeeded in labeling tubulin with luminescent CdSe nanorods. The labeled tubulin was still
able to self-assemble into microtubules, demonstrating that the protein has remained functional.
The comparison with rhodamine-labeled tubulin revealed that whereas the rhodamine bleached
completely within the observed time frame, the nanorods did not show any bleaching, which makes
it possible to follow the key events of self-assembly at high time resolution. Preparation and deriva-
tization of nanorods are described. Water-soluble, protein-reactive group-containing particles were
covalently coupled to tubulin. The conjugate was purified by one cycle of assembly and disassem-
bly and used to induce the formation of fluorescent microtubules. These results suggest that the
use of luminescent nanorods should allow continuous confocal monitoring of dynamic biological
processes.
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1. INTRODUCTION

Because of their mesoscopic optical properties, II-VI semi-
conductor nanocrystals in the lower nanometer size range
have recently attracted considerable attention. Because the
charge carriers are confined in at least one dimension, the
emission wavelength can be tuned by the size and mor-
phology of the nanoparticles. The full width at half-maxima
(FWHMs) of the photoluminescence peaks can be nar-
rowed by increasing the monodispersity of the nanopar-
ticles. Typically, the FWHMs range below 30 nm. The
position of the emission peaks can be tuned through the
choice of the semiconductor and through the morphology
and size of the nanocrystals (making use of a quantum size
effect). With the use of suitable materials and morpholo-
gies the complete visible (400-780 nm) as well as the
ultraviolet (UV) (180-400 nm) and the near-infrared (NIR)
(780-1200 nm) ranges can be covered by the emission of
such particles. Moreover, nanoparticles broadly absorb
UV light and do not bleach under excitation. These proper-
ties endow nanoparticles with an excellent potential for
specific and nonspecific labeling of biological molecules
(e.g., proteins) that is expected to excel that of the conven-
tional organic fluorophores.’

In recent years some efforts have been made to exploit
this potential, mainly by covalent coupling of luminescent
nanocrystals to proteins—mostly antibodies.'~” In addition,
nanoparticles have been derivatized to label organelles by
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nonspecific interactions.® ° A third focus has been on the
covalent coupling of oligonucleotides to luminescent nano-
crystals.'®”"> These approaches were targeted mainly to
optimize the coupling as well as the optical properties of
the label and therefore to visualize static situations, such as
the localization of proteins in fixed cells or the abundance
of labeled mRNA in a given cell at the time of extraction.
However, certain properties of fluorescent nanorods, for
instance, the high bleaching resistance, would be mani-
fested mainly in dynamic systems that have to be continu-
ously followed at high resolution through the relevant time
interval. Under these conditions, the bleaching of conven-
tional fluorophores poses serious constraints to the spatial
and temporal resolution of observation. Thus, the high
bleaching resistance of fluorescent nanorods is expected to
provide a real payoff as compared with conventional fluo-
rophores.

To test the performance of fluorescent nanorods in the
visualization of biologically relevant molecular dynamics,
the self-assembly of microtubules from tubulin hetero-
dimers was chosen as a case study. Microtubule assembly
can be triggered in vitro by raising the temperature and
adding GTP. It can be followed microscopically with the
use of fluorescent conjugates of purified tubulin. Because
the self-assembly of microtubules is a nonlinear process
with a high degree of cooperativity, the time course of
microtubule nucleation contains a highly stochastic com-
ponent that makes it difficult to predict the exact timing of
the process. To analyze the “interesting” phase of assem-
bly (early nucleation and elongation of microtubules) there-

doi:10.1166/jnn.2003.219



J. Nanosci. Nanotech. 2003, 3. 380-385

Riegler et al./Self-Assembly of Tubulin

fore requires continuous observation. However, when self-
assembly is observed under high magnification, fluorophore
bleaching usually places serious constraints on the contin-
uous observation of the assembly process.

The present study describes how photoluminescent nano-
rods are synthesized and covalently coupled to tubulin, and
how the self-assembly of labeled microtubules can be visu-
alized with these nanorods. The formation of microtubules
was displayed by means of fluorescence microscopy and
compared with thodamine-labeled microtubule.

2. EXPERIMENTAL DETAILS

2.1. Preparation of Fluorescent Nanorods Amenable
to Biological Applications

The preparation of fluorescent nanorods that are amenable
to use in biological systems requires that they be water-
soluble and can be coupled to proteins. This includes four
steps: (1) CdSe nanorods are synthesized. (2) They are
coated with a protective, inert wurtzite shell (wurtzite is
the hexagonal modification of ZnS). (3) They are then fur-
ther derivatized by a surrounding silica shell. (4) Their sur-
face is coated with an additional shell that provides phos-
phonate and amino groups for coupling to biomolecules.

The CdSe nanorods were prepared by a recently pub-
lished organometallic procedure.'® These nanorods were
passivated with the following method: 100 mg CdSe nano-
rods were dissolved in 4 g trioctylphosphineoxide (TOPQ)
(Avocado) and 2 ml trioctylphosphine (TOP) (Fluka) under
an inert gas atmosphere (N,) at 90 °C. When the solution
was clear, the temperature was raised to 140 °C. A solution
of 31 pl diethyl zinc (Strem) and 61 wl 1,1,1,3,3,3-hexam-
ethyldisilathiane ((TMS),S) (Aldrich) in 2 ml TOP was
prepared in a drybox and transferred to a syringe. The Zn
solution was quickly injected into the nanorod solution
under Schlenk conditions (a technique that allows the han-
dling of liquids within an inert gas atmosphere), and the
mixture was stirred overnight at 90 °C. Subsequently, 5 ml
dry butanol was added, and the reaction mixture was stirred
for another several hours at 60 °C. The flask was allowed
to cool down to room temperature, and the nanorods were
precipitated with dry methanol. After centrifugation, the
precipitate was washed several times with dry methanol
and used directly for the subsequent steps.

The synthesis of the silica shell was based on a previ-
ously published method for gold nanoparticles'’ but had to
be extensively revised, because of the differences between
gold nanoparticles and CdSe/ZnS nanorods. The wurtzite-
protected nanorods prepared in the previous step were
dissolved in 30 ml dry tetrahydrofuran (THF) containing
5 mM 3-mercaptopropyltrimethoxysilane (MPS) (ABCR)
and 5 mM mercaptoethanol (Aldrich) to yield a stock sto-
lution that was stirred overnight under Schlenk conditions.
To coat the silicate shell with reactive phosphonate and

amino groups, 1 ml of this stock solution was transferred to
a 10-ml Schlenk flask and 2 ml dry methanol was added.
Successively, 17 wl 3-aminopropyldimethylethoxysilane
(ABCR), 67 wl 3-trihydroxysilylpropylmethylphosphonate
(42% in water, ABCR), 300 p.1 of a methanolic solution of
tetramethylamoniumhydroxyd (20%, Fluka), and 67 pl of
water were added. The reaction mixture was refluxed for
25 min and then cooled down to room temperature. Then
17 wl trimethylchlorosilane (Aldrich) was added, and the
solution was refluxed for another 10 min. Eventually, 2 ml
of water was added, and the mixture was washed three times
with 5 ml chloroform. As final step, all small reactants were
removed by extensive dialysis versus phosphate-buffered
saline (PBS).

2.2. Covalent Linkage of Nanorods to Tubulin

Neurotubulin was prepared from fresh porcine brains by two
subsequent cycles of cold-induced disassembly and warm-
induced reassembly following the Shelanski protocol.'® The
tubulin was freed from microtubule-associated proteins
(MAPs) by cation-exchange chromatography'® and checked
for purity by silver stain. The MAP-free tubulin was then
divided into two equal aliquots. One aliquot was conjugated
to tetramethyl-rhodamine following a standard protocol.'®
The other aliquot was conjugated to the amino-coated fluo-
rescent nanorods. Five hundred microliters of the nanorod
preparation was mixed with 500 wl of MAP-free tubulin
(concentration adjusted to | mg/ml in PBS) complemented
with 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM
dithiothreitol (DTT), and 20 .l of an aqueous solution of car-
bodiimid (50% v/v; Fluka) and incubated at 4 °C for4 hin a
topover shaker at 20 rpm. Denatured tubulin was precipitated
by centrifugation at 15,000 X g for 15 min in the cold (4 °C).
The reddish supernatant was filtrated through a 0.22-pum filter
to remove potential tubulin aggregations and then comple-
mented with 1 mM GTP, 1 mM MgCl,-6H,0 and incubated
at 30 °C for 30 min to induce the formation of sedimentable
microtubules. These were collected by ultracentrifugation (10
min, 300,000 X g, 4 °C). The clear and colorless supernatant
was discarded, and the intensely red sediment was resus-
pended on ice in 100 pl ice-cold microtubule-assembly
buffer (50 mM piperazine-1,4-diethanesulfonic acid, I mM
MgCl,-6H,0, 5 mM ethyleneglycol-bis-(2-aminomethyl)-
tetraacetic acid, pH 6.8) complemented with 1 mM PMSF
and 1 mM DTT. After incubation on ice for 15 min, the solu-
tion was clarified by ultracentrifugation (10 min, 300,000
X g, 4 °C), and the colored supernatant was frozen in liquid
nitrogen until use. This supernatant thus contained tubulin
that after the coupling had passed through one cycle of warm-
induced assembly and cold-induced disassembly.

2.3. Induction of Microtubule Assembly

Coverslips were coated with 0.5% v/v polylysine (Sigma-
Aldrich) in a moist chamber and then warmed to 37 °C.
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MAP-free neurotubulin coupled to rhodamine or to fluo-
rescent nanorods was thawed on ice, and the concentra-
tion adjusted with ice-cold microtubule-assembly buffer to
1 mg/ml of tubulin and passed through a 0.22-pm filter to
remove microtubule fragments or tubulin aggregates and
kept on ice. A drop of 50 pl of the tubulin solution was
complemented with 1 mM GTP, rapidly transferred to a
coated, warm coverslip, and directly viewed under an epi-
fluorescence microscope (Axioskop, Zeiss) at high magni-
fication (1000X). To view the nanorod-coupled tubulin, a
filter set for cyano-fluorescent-protein/yellow-fluorescent-
protein fluorescence resonance energy transfer (Filter set
48; Zeiss) was used with excitation, a band-pass filter (436~
456 nm), a beam splitter at 455 nm, and emission through
a band-pass filter (535-565 nm). To view the rhodamine-
coupled tubulin, a conventional rhodamine filter set (Filter
set 15; Zeiss) was used. The assembly of microtubules
was followed under continuous excitation and recorded at
intervals of 10 s as digital images (Axiovision; Zeiss). This
time resolution was caused by the scanning time required
to record the images at the high magnification and could be
reduced considerably by using simultaneous rather than
sequential image acquisition by a video system.

3. RESULTS AND DISCUSSION
3.1. Preparation of Luminescent Nanorods

Figure 1 shows a transmission electron micrograph (TEM)
of CdSe nanorods (variations in contrast are due to differ-
ent positions of the nanorods on the TEM grid). These par-
ticles were prepared at 240 °C within a growth time of
5 min. The average aspect ratio of these nanorods was 3.5;
the typical length was found to be between 10 and 20 nm,

Fig. 1. TEM micrograph of CdSe nanorods grown at 240 °C for 5 min.

the width—depending on the growth temperature and
time—was between 1 and 5 nm. The FHWM of these par-
ticles was 35 nm.

The different steps in the preparation of nanocrystal-
tubulin conjugates are displayed schematically in Figure 2.
The ZnS (wurtzite) shell saturates dangling bonds and pro-
tects the CdSe core against oxidation, and the silica shell
provides hydroxide groups for coupling of phosphonates
and amines (water solubility). Finally, the tubulin is cou-
pled to the nanoparticles.

Figure 3 depicts the absorption and photoluminescence
spectra of the CdSe nanorods used for the labeling experi-
ments. The particles were dispersed in chloroform (I), with
wurtzite shell (IT) and with silica shell in PBS (III). The
emission maxima were found at 565 nm (I), 587 nm (II),
and 590 nm (III). It was observed that the wurtzite passiva-
tion caused a redshift of the emission maximum of approx-
imately 20 nm. Furthermore, the photoluminescence quan-
tum yield was increased. The redshift can be attributed to
the electronic change of the particle surfaces; the increased
luminescence, to the saturation of surface traps and dan-
gling bonds. Compared with the wurtzite shell, the silica
shell has small influence on the optical properties of the
particles. These findings are in good agreement with the
fact that the optical properties are mainly caused by the
confinement of charge carriers within the nanocrystal core.
Figure 3 also shows that the nanorods absorb light broadly
in the UV up to approximately 550 nm. From the onset
value of the absorption, the effective band gap was esti-
mated to be 2.17 eV.

These nanorods meet all the requirements for efficient
labels for proteins such as tubulin. They are endowed with
functional surface groups for the covalent coupling to pro-
teins and they are soluble in water or biological buffers
such as PBS. Furthermore, they show a broad absorption
characteristic in the UV and a narrow, variable emission
peak in the visible range of the spectrum. Therefore they
satisfy the requirements for fluorescent labels suited for
biological molecules.

wu g

Fig. 2. Schematic description of the preparation process of nanorod-
coupled neurotubulin. Grey area: CdSe nanorod; red: ZnS passivation
shell; blue: silica shell with amine as tubulin-coupling group (green). The
corresponding emission spectra are depicted in Figure 3. Nanoparticles
are coupled covalently to tubulin by means of a peptide bond (green-red).
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Fig.3. Absorption (dotted line) and photoluminescence spectra of CdSe
nanorods in chloroform (I), ZnS-shelled CdSe nanorods in chloroform
(I), and silica-shelled nanorods in PBS (III).

3.2. Coupling of Nanorods to Tubulin

To couple fluorescent nanorods to MAP-free tubulin, a
simple standard protocol using cyanamide (50% aqueous
solution, 28335, pH 6.7; Fluka-Switzerland) was used that
presumably links free carboxy groups (frequent at the car-
boxy terminus of c-tubulin) to the amino groups on the
surface of the nanorods. Preliminary studies (data not
shown) demonstrated that the amount of protein in the
assay was limiting. Preliminary studies (data not shown)
had demonstrated that the yield of the final product increased
with the initial concentration of tubulin. We therefore con-
centrated the tubulin to 3.5 pg/pl. To preserve tubulin in a
native configuration, the relative concentration of the cou-
pling agent was reduced. Moreover, coupling at low tem-
perature and in the presence of protease inhibitor as well as
of antioxidant was found to produce a higher yield of solu-
ble, coupled tubulin. Because the coupling was not site-
specific, it cannot be excluded that the coupled tubulin,
although being still native, might have lost its ability to
assemble into microtubules. This could be caused, for
instance, when essential domains of tubulin (GTPase func-
tion, dimerization site) would be masked by the nanorods.
To ensure that the coupled tubulin was still functional, it
was driven through one cycle of warm-induced assembly
and cold-induced disassembly. The fact that the super-
natant from the warm-induced assembly was colorless,
whereas the sediment was intensely fluorescent, indicates
that most (if not all) of the coupled, soluble tubulin had
remained functional. The final concentration of this po-
tentially functional tubulin was around 1-1.5 pg/pl G.e.,
around 30% of the initial tubulin could be recovered up to
this stage). If other proteins are used where such a condi-
tional assembly/disassembly protocol is not available, one
might use a gel filtration column to separate the functional,
soluble proteins from those molecules that have been
degraded by the coupling process.

3.3. Comparison: Nanorod and Rhodamine
Fluorescence

This was supported by the results from the assembly assay.
Figure 3 shows that nucleation of microtubules became
detectable from 2 min after assembly had been triggered by
the addition of GTP. To prevent precocious assembly prior
to the addition of GTP that would hamper the observation of
the time course, MAP-free tubulin had to be used. In prelim-
inary experiments, nanorod-labeled soluble tubulin was used
at a concentration that was below the criticial threshold
necessary for spontaneous microtubule assembly (0.5 pg/pl).
In those experiments, the formation of fluorescently labeled
microtubules could be triggered by the addition of 20 pM
taxol, a specific inhibitor of microtubule disassembly. Elon-
gated filamentous microtubules coexisted with almost glob-
ular microtubule rods, irrespective of whether rhodamine or
nanorods were used for visualization (Fig. 4A). The elonga-
tion of microtubules from these nucleation sites was pro-
ceeding rapidly in the time interval between 3 to 6 min,
when a kind of saturation was reached, which was probably
due to depletion of tubulin heterodimers below the critical
concentration needed for spontaneous assembly. The micro-
tubule signal remained bright throughout this period and
persisted even during the following hour under continuous
irradiation (data not shown). In a parallel experiment, the
assembly of rhodamine-coupled tubulin was followed as a
reference. Again, nucleation was detected from 2-2.5 min
and was followed by a phase of rapid microtubule elonga-
tion. However, from 4 min after the onset of the experiment,
bleaching of rhodamine progressively impaired the visual-
ization of microtubules, such that only the brightest regions
of the microtubules remained visible. Because of this
bleaching, the fine and rich network that was expected dur-
ing the most active period of microtubule elongation could
not be visualized properly. In other words, the use of fluo-
rescent nanorods made it possible to follow the key events
of microtubule assembly at high time resolution. In contrast,
the bleaching of the conventional fluorophore affected the
observation to an extent that the interesting time period,
when microtubules elongate rapidly, was not accessible to
continuous observation. The fact that the nanorod-coupled
microtubules remained visible through at least 1 h of contin-
uous irradiation suggests that it should be possible to follow
assembly at a time resolution that would allow real-time
imaging of the process.

4. CONCLUSIONS

The present study shows that the self-assembly of tubulin can
be visualized by means of luminescent nanorods. (The use
of rod-shaped nanocrystals could permit future experi-
ments using circular dichroism.) Thus, for the first time,
a dynamic subcellular process is visualized by nanorods.
Photoluminescent nanorods were prepared with an organo-
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Fig. 4. Assembly of microtubules from fluorescently labeled neurotubulin in vitro. Microtubule assembly was triggered by the addition of GTP to the
assay and followed over time. (A) Filamentous and more globular structures that coexist for both types of fluorophores. (B) Time course of assembly fol-
lowed under continuous irradiation (32 umol~m‘2-sfl)‘ Upper rows: neurotubulin that had been coupled to rhodamine as conventional fluorophore;
lower rows: nanorod-coupled neurotubulin.
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metallic synthesis method and derivatized in a multilevel
process such that the surface of the nanoparticles contained
coupling groups for tubulin and surface charges to enable the
solubilization in aqueous media. These nanocrystals were
coupled covalently to tubulin and the conjugate was purified,
making use of the biological function of the protein. The self-
assembly of nanorod-labeled microtubules was induced and
directly compared with rhodamine-labeled microtubules.
The self-assembly of tubulin was found to be unaffected by
the coupling to the nanorods. In addition, the use of nanorods
made it possible to follow the dynamics of microtubule
assembly under continuous irradiation, which cannot be
achieved by conventional fluorophores, because of substan-
tial bleaching. If one wanted to follow tubulin assembly at a
similar higher time resolution with the use of conventional
fluorophores, one would need to use intermittent frame
acquisition, where short periods of illumination and data
recording would be interrupted by intervening dark intervals
to avoid bleaching. Although this is possible in conventional
epifluorescence microscopy, this option is not available when
confocal scanning has to be applied at high spatial resolution
to visualize the fine structures of a given microtubule. Here,
the bleaching becomes limiting for the temporal resolution
that is possible. A substantial payoff of nanorod-coupled pro-
teins as markers is therefore expected under conditions of
high-resolution confocal imaging, where continuous excita-
tion is needed to obtain a good time resolution. For instance,
microinjection of nanorod-labeled tubulin into individual
cells within their tissue context followed by appropriate bio-
logical stimulation'? should make it possible to follow micro-
tubule responses at high spatiotemporal solution over the
long time scales required to observe developmental events.
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