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Céline Hoffmann,† Elsa Mazari,‡ Charlie Gosse,‡ Louise Bonnemay,† Sarah Hostachy,† Jérémie Gautier,† and

Zoher Gueroui†,*

†Department of Chemistry, Ecole Normale Supérieure, UMR 8640 CNRS-ENS-UPMC Pasteur, 24 rue Lhomond, 75005 Paris, France and ‡Laboratoire de Photonique
et de Nanostructures, LPN-CNRS, route de Nozay, 91460 Marcoussis, France. C.H. and Z.G. conceived and designed the experiments. C.H., L.B., S.H., J.G., and E.M.
performed the experiments. All authors analyzed the data. C.H. and Z.G. wrote the manuscript, and all authors commented on it.

T
he design of hybrid systems, capable
of interfacing artificial building blocks
with biomolecules, is a key step to-

ward the rational design of nanoscale de-
vices and materials1,2 and offers to bridge
the gap between top-down and bottom-up
approaches.3,4 Patterning techniques using
top-down approaches such asmicrocontact
printing,5,6 photolithography,7 and nano-
particle-based protein patterns8 are power-
ful tools of control at the molecular, cellular,
and tissue scales. Notably, surface pattern-
ing of proteins has increased the under-
standing of numerous processes, from
protein�protein interactions,9 to cell beha-
vior, such as extracellular matrix�cell inter-
actions,10,11 cell spreading and adhesion,12

or neurite outgrowth.13 Complementary to
these surface patterning techniques, bottom-
up approaches that use the self-assembly
properties of interacting species, including
macromolecules or colloidal particles, have

been used to generate specific patterns and
engineer new materials.14�16 DNA, the cellu-
lar membrane, and the cytoskeleton are just
several examples of the many self-associa-
tion processes based on the intrinsic proper-
ties of biomolecules found within biological
systems.17�20 The physical properties of cy-
toskeleton proteins can be exploited to gen-
erate new materials having novel proper-
ties21�24 or hybrid assemblies with inorganic
nanoparticles.25,26 Expanding on this domain,
microtubule (MT) fibers have unique me-
chanical and chemical properties that permit
efficient directional transport of cargos
using specific molecular motors powered by
ATP.27,28 The transport of specific molecular
components at the mesoscopic scale could
thereforebeachievedwithout requiringmass
transport along fluid pressure gradients.29

In addition, networks of microtubule asters
could be used as programmed bioinspired
templates with perspectives including the
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ABSTRACT Living systems offer attractive strategies to generate

nanoscale structures because of their innate functional properties

such as the dynamic assembly of ordered nanometer fibers, the

generation of mechanical forces, or the directional transport

mediated by molecular motors. The design of hybrid systems,

capable of interfacing artificial building blocks with biomolecules,

may be a key step toward the rational design of nanoscale devices

and materials. Here, we have designed a bottom-up approach to

organize cytoskeletal elements in space using the self-assembly properties of magnetic nanoparticles conjugated to signaling proteins involved in

microtubule nucleation. We show that magnetic nanoparticles conjugated to signaling proteins involved in microtubule nucleation can control the

positioning of microtubule assembly. Under a magnetic field, a self-organized pattern of biofunctionalized nanoparticles is formed and leads to the

nucleation of a periodical network of microtubules in Xenopus laevis egg extract. Our method shows how bioactive nanoparticles can generate a

biochemically active pattern upon magnetic actuation, which triggers the spatial organization of nonequilibrium biological structures.
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control of the positioning or growth of inorganic mate-
rials26 and functional devices such as optical devices.30

The assembly of magnetic colloidal particles under
magnetic field has allowed for the generation of
various spatial structures, such as linear arrays31,32

and ring colloidal superstructures.33 For instance, linear
arrays of particles have been used as templates for
examining the mitotic spindle morphogenetic proper-
ties or as force sensors during actin filament poly-
merization.34,35 Magnetic nanoparticles conjugated
to proteins were used to trigger specific signaling
pathways involved in cellular functions.36�41 More-
over, magnetic beads that were self-assembled into a
quasi-regular array of columns have been successfully
used in a broad range of applications, including DNA
separation,42,43 protein digestion,44 and cell sorting.45

Here, we demonstrate a bottom-up approach to orga-
nize cytoskeletal elements in space using the self-
assembly properties of magnetic nanoparticles. We
show that magnetic nanoparticles conjugated to sig-
naling proteins involved in microtubule nucleation
can dictate the positioning of microtubule assembly.
Under magnetic field, a self-organized pattern of bio-
functionalized nanoparticles is formed and leads to the
nucleation of a periodical network of MTs in Xenopus

laevis egg extract. Our method shows how bioactive
nanoparticles can generate a biochemically active pat-
tern upon magnetic actuation that triggers the spatial
organization of nonequilibrium biological structures.

RESULTS AND DISCUSSION

In order to generate a spatial biochemically active
pattern, we designed an assay allowing for the control
of the periodic nucleation of microtubule fibers
using self-assembled magnetic nanoparticle arrays.
Iron oxide nanoparticles (120 nm) were conjugated
to a promoting factor of MT polymerization, RanGTP.40

We first examined the conjugation of purified RanGTP
to carboxylic-functionalized magnetic nanoparticles
(Ran�NPs) through their biofunctionality and their
ability to induce MT assembly (Figure 1 and see
Experimental Section). Variation of the initial RanGTP:

NP reactant ratio allowed us to tune the amount
of protein�nanoparticle conjugation (Figure 1b). We
found that almost 70% of the protein initially bound to
nanoparticles remained conjugated after several hours
(Supporting Information Figure S1).
In reconstituted functional cytoplasm, microtubule

nucleation has been previously described as highly
sensitive to RanGTP concentration with a nucleation
threshold of about 3 μM.40,46 During microtubule
growth, dynein molecular motors assembled the fibers
into very stereotyped radial arrays called asters.47,48We
monitored aster assembly as a function of increasing
concentration of Ran�NP complexes ([RanGTP] = 1 to
6 μM for Ran:NP between 700 and 1000) and compared
the results to data with uncoupled RanGTP. We found
that microtubule polymerization follows a sigmoidal
response with RanGTP concentration under both
conditions (proteins coupled to NPs or uncoupled
proteins) as previously described (Figure 1c).40 Both
RanGTP conjugated to NPs and uncoupled RanGTP
promote MT nucleation with a switch-like behavior
with concentration threshold of about 4 μM.
We used the biochemical sensitivity of the MTs

to remotely control the aster formation using self-
assembled magnetic nanoparticle arrays (Figure 2a).
In principle, the accumulation of nanoparticles conju-
gated to RanGTP (Ran�NP) as columns will induce a
strong local increase of RanGTP concentration exceed-
ing the concentration threshold and will locally trigger
microtubule nucleation (Figure 2a).
The NP concentration and magnetic field strength

were tuned to promote robust column formation
within cell extracts. Xenopus egg extract containing
NPs was placed in a PDMSmicrofluidic channel (45 μm
height � 1 mm large, see Experimental Section). A
magnetic field perpendicular to the channel was ap-
plied during 10 min at 65 mT, which was strong
enough to induce the aggregation of the magnetic
nanoparticles into columns. Then the magnetic field
was decreased to 25 mT during the experiment
course to avoid a temperature increase due to Joule
dissipation in the electric coil. The magnetic field

Figure 1. Synthesis and characterization of Ran�NP complex. (a) Ran is conjugated tomagnetic nanoparticles by chelation of
nickel ions between the carboxylic acid function presented at the nanoparticle surface and the polyhistidine tag of RanGTP
recombinant protein. (b) Control of conjugation stoichiometry. By varying the initial ratio of Ranper nanoparticle, the number
of Ran conjugated per nanoparticle can vary between 100 to 1500. (c) Microtubule nucleation and aster assembly are
ultrasensitive to the concentration of RanGTP (red line) or Ran�NPs (green line). Aster density was determined by
fluorescence microscopy and normalized to reach 100% for the plateau at the highest RanGTP concentration.
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induced the alignment of the magnetic moment of
each nanoparticle along the field and promoted their
local attraction through dipole�dipole interactions.
This process led to formation of nanoparticle columns
regularly spaced (Supporting Information Figure S2).
We found that a minimum of 0.5 nM of NPs allow the
self-assembly of an array of columns with an inter-
distance of about 7.5 μm within 10 s in egg extracts
(Supporting Information Figure S3). In addition, the
spacing between columns does not vary with the
nanoparticle concentration (Supporting Information
Figure S3), in agreement with previous observations.49

Closer look to the column diameter shows that the
structures are made of several chains of nanoparticle
aggregates (Supporting Information Figure S4). This
effect can be explained by the formation of a protein
corona around the nanoparticles within the egg extract
that may promote nonspecific aggregation of the
nanoparticles (see Supporting Information).50

Next, we investigated the effect of Ran�NP column
assembly on MT nucleation. Ran�NPs were added at
an initial concentration such that the relative concen-
tration of bound RanGTP was under the MT nucleation
threshold in egg extract ([Ran] = 1.5 μM and [NPs] =
2 nM). Microtubule fibers were detected by supple-
menting the extracts with 100 nM of fluorescently
labeled tubulin (see Experimental Section).51 Without
magnetic field, e.g., in absence of column formation,
and with a Ran�NP concentration of 1.5 μM, no MT
nucleation was observed (Figure 2b,c). In contrast,
at the same Ran�NP concentration, upon magnetic
field, e.g., in presence of an array of Ran�NP columns
(Figure 2e), we observed the formation of fluorescent
MT bundles organized in radial asters with a distin-
guished pole (Figure 2d). MTs could be observed
20 min after application of magnetic field as thin fibers
that continued to evolve until they formed arrays of
MTs organized in asters, after 35 to 40 min (Supporting
Information Figure S5). The time scale of MT assembly
was similar to experiments performed with uncoupled
RanGTP proteins, consistent with the microtubule poly-
merization rate in extracts, which is 0.5�2 μm min�1.
Using confocal microscopy, we found that the asters
were localized a fewmicrometers above the coverslide
of the microfluidic channel with a thickness of about
4 μm (Supporting Information Figure S6). Therefore
upon magnetic field application, the localization of
RanGTP at the surface of the columns was sufficient
to trigger MT polymerization. We estimated that our
system allows a local enhancement of the concentra-
tion of 40 fold the initial Ran concentration (see
Experimental Section). Next, we quantified the struc-
ture of the microtubule patterns. From quantification
by autocorrelation analysis (N= 4), we found that asters
were positioned periodically with an interdistance
periodicity of 30 ( 6 μm (Figure 3a,b) while
the nanoparticle interdistance was 7.5 ( 2.1 μm
(Figure 3e�h). In addition, using fast Fourier transform
analysis, we found that the MT networks were orga-
nized as a hexagonal phase (Figure 3c,d). We then
investigated the conditions required to obtain a peri-
odic network by varying the stoichiometry of Ran per
nanoparticle and the initial concentrations of RanGTP
and NP (Figure 4). We found that a minimum of 550
Ran per NPwas necessary to induceMT nucleation and
that a RanGTP concentration ranging from 1 to 3.5 μM
generated a periodic MT network. Above 3.5 μM, a
disordered network of MTs was observed (Figure 4).
Altogether these observations demonstrate that the
formation of Ran�NP columns upon magnetic stimula-
tion leads to a robust biochemical switch triggering the
assembly of a regular array of microtubule fibers.
Microtubule assembly using freely diffusing (unbound)

RanGTP was monitored to investigate the role of the
magnetic nanoparticles in generating periodic struc-
tures. In the presence of free RanGTP (1.5 μM, in egg

Figure 2. Formation of an array of Ran�NP columns using
magnetic field triggermicrotubule assembly in a switch-like
behavior. (a) Principle of a periodical magnetic switch of
Ran�NP concentration. Magnetic nanoparticles conjugated
to RanGTP were placed into a microfluidic channel at a con-
centration below the MT nucleation threshold. The applica-
tion of an external magnetic field leads to the formation of
magnetic columns parallel to the field. At the vicinity of the
Ran�NP columns, the concentration of Ran is larger than the
nucleation threshold. (b�e) Xenopus egg extract containing
Ran�NPs ([Ran] = 1.5 μM, [NP] = 2 nM), and fluorescent
tubulin (100 nM) was placed in a microfluidic channel in
absence (b,c) or presence (d,e) of a magnetic field (65 mT).
(b,d) Observation by fluorescence microscopy of micro-
tubule assemblies. (c,e) Microscopic observation of nano-
particles under brightfield illumination. Bar = 50 μm.
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extract and within the microfluidic channel), no micro-
tubule nucleationwas observed regardless ofmagnetic
field application (Figure 5a,b). Above the nucleation
threshold (RanGTP = 6 μM), we observed the assembly
of asters (Figure 5c,d). Interestingly in this later case,MTs
were first organized into a connected network of fibers
that start to collectively collapse after 10min all over the
channel and over hundreds of micrometers until reach-
ing a steady state with structures of 200 μm width.
Then, to clarify the role of the spatial distribution of

RanGTP concentration in determining the periodical
organization of MT asters (Figure 2), we next investi-
gated the influence of the magnetic column matrix by
comparing MT nucleation in presence of RanGTP

and unconjugated nanoparticles or in presence of
Ran�NPs. In the presence of RanGTP and unconju-
gated nanoparticles, we observed an absence of MT
nucleation at 1.5 μM as expected (Figure 5e,f), whereas
at 6 μM, microtubule assemblies formed isolated and
contracted bundle-like structures that did not collapse
asmuch as in experiments performed in the absence of
nanoparticles (Figure 5g,h) The morphology of the MT
networks in those conditions is independent of the
magnetic field strength. When the Ran�NP complexes
(1.5 μM) were added in the solution but without a
magnetic field, no MT nucleation was observed
(Figure 5i). This is in contrast with experiments per-
formed in presence of magnetic columns (Figure 5j).
In the presence of Ran�NPs at a concentration of
6 μM, we observed that MT assemblies were similar
(Figure 5k,l) to those found in the conditions of un-
bound RanGTP (Figure 5g,h). In addition these organi-
zations did not present any periodical organization as
shown by Fourier transform analysis (Supporting In-
formation Figure S7).
Therefore, the spatial organization of microtubule

patterns depends drastically on the presence of nano-
particles. More precisely, the large-scale contraction
is not observed in presence of NPs for every cases:
NPs conjugated or not to Ran and NPs forming col-
umns or not.
To investigate the mechanism driving the aster

fusion process, we next examined the role of dynein
motors. In presence of an inhibitor of dynein ATPase
activity, Na-orthovanadate, MTs formed isolated
fibers, randomly orientated and homogeneously dis-
tributed over the entire length of the microchannels
(Supporting Information Figure S8). This result shows

Figure 3. Periodical switch of RanGTP concentration generates a periodical network of microtubules. Xenopus egg extract
containing Ran�NPs ([Ran] = 1.5 μM, [NP] = 2 nM) and fluorescent tubulin (100 nM) was placed in a microfluidic channel in
presence of magnetic field. (a,c) Observation by fluorescence microscopy of microtubule assemblies. (e,g) Microscopic
observationof nanoparticle arrays under brightfield illumination. (b,f) Autocorrelationprofile formicrotubules (b) andRan�NP
patterns (f). They give an average distance between microtubule asters of 30 μm (b) or between Ran�NP columns of 8 μm (f).
Fourier transform analysis of microtubule structures (d) and nanoparticle column arrays (h) obtained under magnetic field.

Figure 4. Effect of NP and Ran concentration on microtu-
bule patterns under magnetic field. This phase diagram
shows that a minimum of 550:1 Ran per NP is necessary to
induce microtubule nucleation. RanGTP initial concentra-
tion should range from 1 to 3.5 μM to observe a periodic
network. (Number of independent experiments = 20).
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the essential role of dyneins in generating large-scale
reorganization of the network through a contraction-
fusion process.
The presence of nanoparticles in the extract resulted

in a decreased spatial extension of the MT network

contraction�fusion process. However, our results also
showed that the patterning of unconjugated nano-
particles was not sufficient to achieve a periodical
positioning of MT asters. Taken together, a combina-
tion of a physical matrix of nanoparticle columns

Figure 5. Comparison of microtubule network organization under different conditions: RanGTP concentration, presence of
magnetic field, conjugated or unconjugated nanoparticles. Xenopus cell extract supplemented with 100 nM fluorescent
tubulin and containing RanGTP, RanGTP and free nanoparticle, or Ran�NP at the indicated concentration (1.5 or 6 μM) was
placed in microfluidic channel. Microtubule network formation was observed under application of magnetic field (þB) or not
(�B). Bars: 25 μm.

Figure 6. Periodical network ofmicrotubules is generated both by periodical concentration of Ran proteins and bymolecular
motors. Schematic of the generation of aster networks inducedby Ran�NP columns. First, undermagneticfield, Ran�NP self-
organized into periodical columns. This periodical accumulation of Ran activates the microtubule nucleators (MAPs) at the
vicinity of the columns, leading to the nucleation of microtubule in a restricted space. Second, the interplay between
molecular motors and growing microtubules leads to the formation of an aster network, and presence of magnetic
nanoparticle scaffold limits the contractility ofmicrotubules, leading to the organization of the final periodical aster network.
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and a periodical concentration in space of Ran
protein is key to trigger microtubule periodical
organization.
By using magnetic nanoparticles conjugated to

RanGTP, we showed that we could generate a robust
biochemical switch triggeringMT nucleation that leads
to a periodical organization of aster network. Several
elements can explain the steady state aster network
formation. Thepositioningof Ran�NP columns induces
the spatially restricted activation of MT nucleators
(microtubule associated proteins, MAPs) that trigger
the nucleation of the fibers (Figure 6), in agreement
with studies showing that a point source of RanGTP
coupled to NPs generates localized MT polymerization
through reaction diffusion processes.40 Dynein motor
activity will favor the fusion and coalescence of nascent
MT-based structures.52 Indeed, during theMT assembly
process, the fibers are first organized in bundles and
then in asters by dynein motors, which cross-link, sort,
and promote fiber sliding and translation (Supporting
Information Figure S5). The MT steady state length
is about 15 μm in meiotic Xenopus egg extracts and
determines the 30 μm-aster diameter. Finally, the array
of magnetic columns limits the contractility of MT aster
network by providing a physical scaffold opposed to
dynein motor activity. Therefore, two coupledmechan-
isms may be involved in generating the periodical
organization of MT networks. First, the periodical dis-
tribution of Ran�NPs induces a localized nucleation of
microtubules. Second, growing MT fibers at restricted
sites areorganizedbymolecularmotors until reachinga
periodic aster network with a typical length scale set by
the microtubule dimension (Figure 6).

CONCLUSIONS

Our results demonstrate that the patterning of
signaling proteins allows for the spatial control of MT
nucleation and organization. The interplay between
the spatial patterning of microtubule nucleators
and the self-organizing properties of the fibers under
motor activity leads to the formation of a periodic
hexagonal network of asters. Our system provides a
bottom-up approach of biochemical patterning using
magnetic control of signaling protein spatial organiza-
tion. Further strategies based on the process of nano-
particle assembly or on themechanism of cytoskeleton
assembly may increase the spatial control of cytoske-
leton pattern formation. For instance, tuning physical
parameters such as the confinement height of the
microfluidic channel, the ability of localizing the mag-
netic field by using an array of nickel dots, or changing
the NP interactions through their size and composition
can offer relevant future opportunities. On the other
hand, biological systems offer a large protein toolbox
that could be used to enlarge the possibility of molec-
ular controls at works. The aster diameter could be
tuned by adding either specific MAPs that change the
fiber lengths in extracts, such as XMAP215,53 or cyclin
dependent kinase proteins.54 For instance, similar
studies could be extended to other biopolymers in-
volved in cell architecture. As an example, the spatial
control of actin nucleators may generate additional
cytoskeleton organizations with various topologies
such as dendritic networks or parallel bundles.55,56 In
addition, our method could be used as a framework
for achieving molecular transport57 and generating
new bioinspired materials.30,58,59

EXPERIMENTAL SECTION

Reagents. ATP, DDT, creatine phosphate, creatine phospho-
kinase, mineral oil (M5904), Na-orthovanadate were purchased
from Sigma-Aldrich (St Louis, MO). Tubulins, labeled with
X-Rhodamin or with FITC, were ordered from Cytoskeleton,
Inc. (Denver, CO). All the experiments were done in metaphase
extracts. RTV 615 PDMS was from Momentive (Columbus, OH)
and SU8-2050 fromMicrochem (Newton,MA). Cytostatic-factor-
arrested (CSF) Xenopus laevis egg extracts, which correspond
to “active” cytoplasm of oocytes arrested in metaphase II of
meiosis, were prepared as previously described.60

Expression and Purification of Recombinant Proteins. Expression of
plasmid and purification of recombinant proteins were realized
as previously described.61 The plasmids for Escherichia coli
expression of RanQ69L-GTP (pQE32-Ran, 6His Tag) were kindly
provided by Iain Mattaj (EMBL).

Microtubule Nucleation in Xenopus laevis Egg Extracts. Microtubule
structures were assembled in metaphase Xenopus egg extracts
containing X-Rhodamin-labeled tubulin (200 nM final), an ATP
regenerating system (1 mM ATP, 10 mM creatine phosphate,
100 μg/μL of creatine phosphokinase, final concentrations)
and DTT (2 mM final). This mixture was then incubated in
the presence of protein and/or magnetic particles at the
final concentration indicated in the manuscript. All the experi-
ments were performed in a temperature-controlled room at
18 �C.

Magnetic Nanoparticles. Conjugation of Protein to Magnetic
Nanoparticles. Superparamagnetic nanoparticles (120 nm dia-
meter, Carboxyl Adembeads 0211, Ademtech, Pessac) were
made of a Fe2O3 magnetic core encapsulated by a highly
cross-linked hydrophilic polymer shell. Their surface displays a
carboxylic acid functionality. The initial concentration in nano-
particles was equal to 78 nM. For conjugation to RanQ69L-GTP,
90� 10�15moles ofmagnetic nanoparticles were placed in XB1
buffer (Hepes 10 mM, MgCl2 1 mM KCl 100 mM Sucrose 50 mM,
pH 7.7) by three successive rinses under magnetic field. Then,
NiCl2 (2 mM final) and proteins were added at a concentration
corresponding to an initial molar ratio of 1500 protein/NP. After
30 min reaction at 4 �C, unconjugated proteins were purified
by 3 rinses in XB1 undermagnetic field. After purification, we set
the concentration of nanoparticle around 60 nM. Conjugation
stoichiometry and stability were determined by a semiquanti-
tative assay using SDS-PAGE electrophoresis.40

Pegylation of Nanoparticles. For control experiments, we
conjugated a hydrophilic polymer (PLL-PEG, Susos) to the
nanoparticles. PLL (20 KDa) grafted with PEG (2 KDa) having
Lys units/PEG chains = 3.5. PLL-PEG was added to carboxylated
nanoparticles at an initial ratio of 100 PEG/COOH in XB1 buffer
overnight at 4 �C. After conjugation, the excess of PLL-PEG was
removed by 2 successive rinses on permanentmagnet with XB1
(wash volume = conjugation volume).

Microfluidic Devices. Master templates were first fabricated on
silicon wafers using the SU8-2050 negative photoresist and
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PDMS stamps were obtained by conventional replica molding.
After unmolding, the elastomeric material was washed with
ethanol and driedwith a nitrogen flux.Microchannelswere then
sealedwith glass cover slides that have been similarly processed.
Tight bondingwasobtainedbybaking at 60 �Covernight. Fluidic
features were 47 μm high, 1 mm wide, and 3 mm long.

Formation of Nanoparticle Columns under Magnetic Field. Self-orga-
nization of Ran�NPs under magnetic field was performed as
follows: cell extract, X-rhodamine tubulin, ATP regenerating
system, DTT, and Ran�NPs ([Ran] = 1.5 μM and [NPs] = 1.8 nM
final) weremixed at 4 �C before injection inmicrofluidic channel.
Channels were sealed with adhesive tape and immediately
placed on microscope. Magnetic field was applied using an
electromagnet. A magnetic field of 65 mT was first applied
during 10 min, and then external field was decreased until
25 mT throughout the remaining time of the experiment.
We estimated that each column is composed of an average of
1600 nanoparticles (based on the number of column/volume
unit and on the total number of nanoparticles) and occupied a
volume of 43 μm3. Starting from a homogeneous Ran concen-
tration of 1.5 μM and a conjugation stoichiometry of 1000 Ran
per nanoparticles, we calculate the number of Ranmolecules per
column that lead to a local Ran concentration of 60 μM,meaning
a 40 fold increase in Ran local concentration around magnetic
column.

Imaging and Data Analysis. Fluorescence imaging of microtu-
bules asters was performed using an IX81 (Olympus) micro-
scope and �10 (PlanN, NA 0.25), �20 (UPlanFLN, NA 0.5) and
�40 (UPlanFLN, NA 1.30) objectives, equipped with an EM-CCD
(C9102, Hamamatsu, Corporation, Sewickley, PA). Microscope
settings and functions were controlled using Simple PCI
software (Hamamatsu). Image analysis was performed using
Image J Software (Scion Image) and Simple PCI software.
Brightfield illumination was used to monitor nanoparticle
accumulation.

Data Analysis. In order to precisely characterize microtu-
bules networks orientation and spacing, Fourier tranform (FT)
computations were achieved relying on the Image J software
(Scion). However, when a regular lattice could not be obtained,
we analyzed images by computing autocorrelation functions
with the DigitalMicrograph software (Gatan). More exactly, the
latter tool realizes a FT of the considered image and multiplies
it by its complex conjugate before performing the normalized
inverse FT. Autocorrelation intensity profileswere finally achieved
by angular integration.
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