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enylyl-imidodiphosphate (AMP-PNP) or ATP and 10 
KM taxol at 27OC for 10 min, washed by each buffer, 
and processed for immunodetection (16). The vesi- 
cles on microtubules were observed in differential 
interference contrast laser scanning microscope (DIC-
LSM). For the blocking assay, KlFl7 tail peptide (GST- 
KIF17 939-1038) (22) was incubated with the float- 
ed vesicles for 6 hours before the microtubule bind- 
ing assay. The total concentration of protein was 
equalized by addition of GST alone. 

30. Mouse hippocampal neurons were fixed in 4% para- 
formaldehyde (PFA) and permeabilized with 0.1% 
Triton X-100 for 3 min. The brain sections were fixed 
in 4% PFA. For NR28 staining of the sections, pepsin 
treatment was performed as described (33). Anti- 
NR1 (aGluRc1 No43) and NR1 mAb, anti-NR28 
COOH-terminal peptide (aGluR~ No34), and anti- 
NR28 NH,-terminal peptide (aGluR~ No59) each 
gave the same results. 

31. For this experiment, we first purified KIF17-bearing 
membrane organelles from KIF17-enriched fractions 
of floating assay (14). Anti-KIF17<oated beads with 

vesicles attached (5 ~ 1 )  were incubated for 1 hour in 
three different conditions: (i) 30 ~1 of recombinant 
full-length KIF17 (1 mglml), (ii) recombinant tailless 
KIF17 (1-938) (1 mg/ml), and (iii) tail-deleted con-
struct (1-938) (0.8 mg/ml) mixed with tail construct 
(GST-KIF17 939-1038) (0.2 mg/ml) (22). Through 
this process, KIF17 vesicles were detached from 
beads. In the third condition, tail construct was added 
to exclude the possible difference of detachment of 
the vesicles from the beads. Then, eluted supernatant 
was diluted in 100 p1 of motility buffer (14) and 
placed in the observation chamber. In all three con- 
ditions, Brownian movement of the detached vesicles 
was observed. In the first condition, almost all (more 
than 10 movements in 3 min of observation) of the 
vesicles that were in contact with axoneme moved. 
No vesicle movement on axoneme was observed in 
the other two conditions. Identification of vesicles 
correlated with motility as described (34). Of the 
vesicles attached to microtubules by KIF17, -40% 
were NRZB'. NR2B was not detected in the vesicles 
isolated with anti-KIF38 immunobeads as a control. 
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Simulations show that when low-volume fractions o f  nanoscale rods are im- 
mersed in  a binary, phase-separating blend, the rods self-assemble into needle- 
like, percolating networks. The interconnected network arises through the 
dynamic interplay o f  phase-separation between the fluids, through preferential 
adsorption of the minority component onto the mobile rods, and through 
rod-rod repulsion. Such cooperative effects provide a means of manipulating the 
motion of nanoscopic objects and directing their association into supramo- 
lecular structures. Increasing the rod concentration beyond the effective per- 
colation threshold drives the system t o  self-assemble into a lamellar mor- 
phology, wi th  layers of wetted rods alternating with layers of the majority- 
component fluid. This approach can potentially yield organiclinorganic com- 
posites that are ordered on nanometer scales and exhibit electrical or structural 
integrity. 

Dispersion of solid nanoparticles through- 
out a polymer blend can dramatically im- 
prove the mechanical, thermal, or electrical 
properties of the mixture (I). Controlling 
the distribution of particles within multi- 
component polymeric blends, however, re- 
mains a considerable challenge. Most poly- 
mer pairs are immiscible, and thus, blends 
usually phase-separate. Typically, one or 
more of the polymers preferentially adsorb 
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onto the mobile particles. Thus, the motion 
of the particles influences the behavior of 
the immiscible polymeric fluids, and the 
structural evolution of the fluids in turn 
affects the dispersion of the particles (2). 
The situation becomes even more complex 
if these particles are rod-like (such as nano- 
tubes or rigid fibers) because rods can form 
liquid crystalline phases (3, 4) .  Now, inter- 
play among three phenomena-phase-sep- 
aration, wetting, and anisotropic interparti- 
cle interactions-controls the structure of 
the composite. 

We probed these interactions in binary 
fluidlrod mixtures through computer simu- 
lations and show that the irreversible evo- 
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lution of phase-separating fluids can be 
exploited to drive the self-assembly of 
nanoscopic rods into supramolecular net- 
works. Applied to nanotubes, this approach 
could produce electrically conducting path- 
ways in insulating materials; applied to 
short, inorganic fibers, the scheme could 
yield continuous reinforcing structures in 
organic/inorganic composites. Overall, the 
results facilitate the efficient fabrication of 
advanced hybrid materials. 

Our two-dimensional simulation com-
bines a coarse-grained description of the 
binary fluids with a discrete model for sol- 
id additives (5-9). The binary system is 
described by a continuous order param- 
eter $(r), which is the difference be-
tween the local volume fractions of com- 
ponents A and B, $(r) = +,<(r) - b,(r).  
The flux of + is proportional to the local 
gradient of the chemical potential, which in 
turn is proportional to the derivative of the 
free energy, F ,  with respect to the order 
parameter 

d$lat = rV2(8F{$}i8$) ( 1 )  

where r is the order parameter mobility. The 
rigid rods are described by discrete entities, 
each of which has a center-of-mass position 
r, and an orientation angle 8, measured from 
a fixed direction. The variables r, and 0, obey 
Langevin equations 

dr,ldt = -MaFlar, + q, ( 2 )  

d8,ldt = -MraFldO, + 5, ( 3 )  

where M and M' are mobility constants, and 
q,,and 5, are thermal fluctuations that satisfy 
the fluctuation-dissipation relations. Equa-
tions 1 to 3 are discretized and numerically 
integrated on a 256 by 256 square lattice. 
which has periodic boundary conditions in 
both the x and y directions. The lattice sets the 
unit of length. 
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The free energy that controls the evolution 
of the system consists of three parts: F = 
Fa, + F,,, + F,, corresponding to the 
fluid-fluid, fluid-rod, and rod-rod interac- 
tions, respectively. The fluid is described by 
the Ginzburg-Landau free energy 

where a, b, and c are constants. The square 
gradient term represents the cost in free en- 
ergy for creating spatial variations of the 
order parameter, such as interfacial regions. 
For the interaction between the rods and the 
binary mixture, we take 

FCPL = ShXi Sdsi V(r - s3 (Nr) - J1d2 (5) 
Here, si = ri + Ss, represents a point on the 
surface of the ith particle and the constant 4, 
is set to 1 to represent preferential adsorption 
of species A onto the rods. The interaction 
V(r) > 0 is short-ranged, and we take V(r - 
si) = V, exp(-lr - sillro), where V, is a 
constant and r, represents a microscopic 
length scale. The rod-rod interaction, F,, is 
taken to be purely repulsive 

FRR = 

xSiSj(L - lri-rj1)2[(4/3) - co~~(0~-0~)] 
for Iri-rjl < L 

for Iri-rjl 2 L 
(6) 

where the constant x characterizes the strength 
of the repulsion and L is the rod length (10). 

R E P O R T S  

This interaction leads to an isotropic-nematic 
ordering for the pure rod system. 

The rigid rods are blended with a mix- 
ture of 30% A and 70% B. An interplay 
between energetics (fluid-rod and rod-rod 
interactions) and irreversible kinetics [fluid 
phase-separation (5-8) and rod motion] 
drives the morphology of this system. The 
morphology of the 30:70 immiscible mix- 
ture in the absence of rods shows that the 
minority A phase forms isolated, spherical 
islands within the B matrix (Fig. 1A). In the 
absence of the binary mixture, the N = 340 
rods of length L = 13 are uniformly dis- 
persed on the lattice, and form an iso- 
tropic phase (Fig. 1B). However, when 
these rods are allowed to interact with the 
evolving blend, the system self-assembles 
into a supramolecular structure (Fig. 1C) 
that is dramatically different from Fig. 1, A 
or B. The rods form continuous "strings" in 
narrow, needle-like A domains. Both the 
low-volume fraction of rods and minority A 
component percolate, effectively connect- 
ing one edge of the material to the other 
(11). 

Comparison of Fig. 1, B and C, reveals 
that the strong preferential adsorption 
drives the A phase to coat each rod and that 
the rods are strongly confined in the minor- 
ity phase during the phase separation. To 
show that the rods are physically moved by 
osmotic effects resulting from the phase 
separation, we performed two simulations 
in which the rods have the same initial 

Fig. 1. Self-assembly of rods into a percolating 
network. (A) The 30:70 N B  mixture without 
rods. (B) N = 340 rods of length L = 13 (a 
number density of 7%) and no fluid. (C) Rods 
and N B  mixture after 100,000 time steps. 
White regions are A domains, blue regions are B 
domains, dark lines in the white areas depict 
rods. Here, x = 0.5, and r = M = M' = 1.0. 

configuration. In one case, the calculation 
is performed in the absence of the fluids 
[V(r - si) = 01 and in the other case, the 
rods interact with the binary mixture. A 
comparison of the rod positions at late 
times (Fig. 2) shows that the temporal evo- 
lution of the fluids "vushes" and "corrals" 
the rods. Hence, the dynamic coupling be- 
tween preferential adsorption and phase 
separation is critical to the formation of the 
network seen in Fig. 1C. 

Comparison of Fig. 1, A and C, indi- 
cates that the rods effectively stretch the A 
droplets into elongated domains. Because 
of the rod-rod repulsion, the high concen- 
trations of rods have a lower free energy 
when they are arranged end-to-end (beyond 
the range of the interaction) rather than 
side-by-side (Eq. 6). This end-to-end ar- 
rangement deforms the strongly wetting 
droplets. Hence, the rod-rod repulsion also 
plays a crucial role in driving the A fluid to 
form a percolating network. 

A final simulation reveals that the 
mobility of the rods is critical for per- 
colation to occur. Here, N = 340 rods of 
length L = 13 are allowed to interact for a 
fixed period, At, in the absence of the 
binary fluid. The rods are free to translate 
and rotate, and they form an isotropic 
phase, much as in Fig. 1B. At At = 20,000 
time steps, the position of these particles 
is fixed. The binary fluid is introduced 
into this system, and only the fluid is al- 
lowed to evolve with time. After an ad- 
ditional 20,000 steps, an A-rich layer is 
seen to coat the fixed rods, but neither the 
rods nor the fluid percolates. When the rods 
are allowed to move and the simulation is 
run for another 20,000 steps, the coated 
rods form a distinct needle-like network 
that extends form one side of the lattice to 
the other. 

The observed transition between the 
droplet and needle-like network can be an- 

Fig. 2. Rod ositions in the presence and ab- 
sence (inset! of the binary fluids. Rod length 
and number as in Fig. 1. The fluid "corrals" rods 
into percolating pathways. 
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alyzed through the following qualitative 
argument. Consider an A-phase droplet that 
contains N rods. The energy of the droplet 
has the form 

where the constants A, B, and C depend on 
the droplet anisotropy and details of the 
repulsive rod-rod potential. The third term 
is the bulk energy for rods within the drop- 
let. The second term arises from two con- 
tributions: (i) the interfacial free energy per 
unit area, uAB (the surface tension), asso- 
ciated with immiscible fluids and (ii) the 
energy gain due to rods near the interface 
(because these rods interact with fewer of 
their neighbors than rods in the bulk). The 
first term describes the energy of a point- 
like orientational defect (3), arising from 
the fact that rods prefer to lie parallel to the 
interface. Mean-field estimates for A, B, 
and C that correspond to the simulations 
are 

where a = R,/R, is the droplet aspect ratio 
(Rj,,,, is the typical droplet size in the j 
direction), p is the rod number density, fA 

is the volume fraction of A, and q, and q, 
are constants on the order of unity. In the 
thermodynamic limit (N + w), the shape of 
the droplet is determined by the surface 
term B (Eq. 9) (the bulk term, CN, is 
independent of a). Minimization of B with 
respect to a shows that the system exhibits 
two different types of behavior depend- 
ing on the rod density (given a suffi- 
ciently large rod length, L, and interac- 
tion strength, x). The transition density, p*, 
is 
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Fig. 3. Percolation threshold for the rods with 
(squares) and without (circles) the A/B fluid 
mixture as a function of rod length. The solid 
line represents the best fit according to Eq. 11 
with q, = 5.5 and q, = 0.5. 

R E P O R T S  

If p 5 p*, both terms on the right-hand side 
of Eq. 9 are positive, and the droplet has a 
finite aspect ratio even when N + w. This 
situation corresponds to a droplet morphol- 
ogy. For p > p*, the second term on the 
right-hand side is negative, and the surface 
energy is minimized when a + w. The 
defect term (proportional to In N) in Eq. 7 
cuts off the unbounded growth of a ,  and we 
obtain a on the order of N. This corre- 
sponds to the "droplet" having a constant 
width (R,) and length R, - N, which cor- 
responds to our percolating needle mor- 
phology. Equation 11 indicates that the on- 
set of network formation can be controlled 
by varying X, uAB, or L (12). 

Through the simulation, we can estimate 
p*, the density of rods that are needed to 
effectively form a percolating network, for 
different L (Fig. 3). The data are consistent 
with the L dependence predicted in Eq. 11. 
Also plotted (Fig. 3) are the percolation 
thresholds for the pure rod systems, in the 
absence of the binary fluid. What is striking 
is that for most cases, the numbers differ by 
roughly a factor of 2. Thus, significantly 
fewer repelling nanotubes would be re- 
quired to form a network if these rods are 
blended in such a binary mixture than if 
they were added to a single-component ma- 

trix. The number of rods needed for perco- 
lation can be suppressed even below the 
values in Fig. 3 by decreasing the volume 
fraction of the minority phase. 

For p > p*, there exists a range of 
number densities for which the system self- 
assembles into the microstructure seen in 
Fig. 4. The A-coated rods form alternating 
layers with the elongated B domains, and 
the pattern resembles the morphology of 
microphase-separated diblock copolymers. 
This structure does not appear to coarsen 
further with time, and the width of the B 
domains is on the order of the interparticle 
distance. The rod-reinforced A regions will 
display greater strength than the soft B 
domains, and the uniformly dispersed rods 
can improve the mechanical behavior of the 
entire matrix. If, however, the number den- 
sity is increased significantly beyond p*, 
this lamellar morphology is destroyed. 
Now, there are too many rods to be accom- 
modated in the A region and the rods are 
forced into the B matrix. 
Our results indicate that the behavior of 

phase-separating fluids containing interact- 
ing, solid particles can be exploited to create 
a rich diversity of new structures and useful 
nanocomposites (13). In designing these hy- 
brid materials, our simulations provide an 
efficient method for determining how varia- 
tions in the characteristics of the components 
affect the temporal evolution of the mixture, 
dispersion of the particles, and homogeneity 
of the hybrid. 
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