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N
anoscale materials assembly and
organization, particularly across
multiple length scales and in three

dimensions, remain critical challenges to
the practical integration and application of
nanomaterials. In the present work, we em-
ploy a bioinspired approach to templating
the reversible assembly of nanocrystals in
threedimensions, assembling thenanocrystals
on unique artificial microtubule asters (AMAs).
Our particular inspiration centers around the
use of microtubules (MTs), which living organ-
isms use as programmable nanofibers to rou-
tinely assemble, configure, andorganize nano-
scale building blocks into complex multifunc-
tional materials. Assembled from R- and β-
tubulin dimers, MTs are hollow protein fila-
ments, approximately 25 nm in diameter and
micrometers in length, that, along with inter-
mediate and actin filaments, compose the
cytoskeleton of eukaryotic cells.1 Within a cell,
these filaments are carefully organized and
assembled as nonequilibrium architectures
that can undergo controlled, reversible polym-
erization, a process known as dynamic instab-
ility,1,2 which allows assembled MT architec-
tures to adapt in response to a cell's changing

needs. These dynamic MT filaments facilitate
cellular functions including cytoskeletal re-
structuring, organelle positioning, separation
of genetic material during cell division, and
directingmotor protein-based cargo transport
within a cell.1,3,4

The three-dimensional organization, as-
sembly, and configuration of MTs within a
cell are critical to enabling these diverse
functions. One particularly intriguing exam-
ple of MT organization is the microtubule
aster, exemplified by the centrosome in
animal cells.1,5,6 During the intricate and
complex process of cell division, MTs care-
fully organized around centrosomes undergo
controlled, reversible assembly and dynamic
restructuring to critically facilitate precise or-
ganelle positioning, intracellular cargo trans-
port, and chromosome separation. Inspired
by the functional sophistication and preci-
sion of these dynamic, organized biological
asters, we explore here artificial mimics of
these structures as unique hybrid architec-
tures and as tunable, programmable tem-
plates for synthetic nanomaterial assembly.
In attempting to artificially mimic these nat-
ural materials as synthetic templates, it is
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ABSTRACT Microtubules (MTs) and the MT-associated proteins (MAPs) are

critical cooperative agents involved in complex nanoassembly processes in

biological systems. These biological materials and processes serve as important

inspiration in developing new strategies for the assembly of synthetic nanomater-

ials in emerging techologies. Here, we explore a dynamic biofabrication process,

modeled after the form and function of natural aster-like MT assemblies such as

centrosomes. Specifically, we exploit the cooperative assembly of MTs and MAPs to

form artificial microtubule asters and demonstrate that (1) these three-dimensional

biomimetic microtubule asters can be controllably, reversibly assembled and (2) they serve as unique, dynamic biotemplates for the organization of secondary

nanomaterials. We describe the MAP-mediated assembly and growth of functionalized MTs onto synthetic particles, the dynamic character of the assembled asters,

and the application of these structures as templates for three-dimensional nanocrystal organization across multiple length scales. This biomediated nanomaterials

assembly strategy illuminates a promising new pathway toward next-generation nanocomposite development.

KEYWORDS: microtubule . microtubule-associated proteins . dynamic assembly . aster . microtubule organizing center .
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useful to consider the biological asters as the product
of integrating four key elements: (1) MT organizing
center, (2) MT filaments, (3) MT-associated proteins
(MAPs),7�10 and (4) nanomaterial cargo to be organized,
manipulated, or assembled by the centrosome aster
construct. The MT organizing center itself consists of a
central protein particle on which the MT filaments are
nucleated, polymerized, and assembled. MAPs facilitate
MT assembly and function around the organizing center
by controllingMTnucleation andpolymerization, regulat-
ing MT dynamic instability, and governing MT interac-
tions with other cellular machinery. These assembled
aster constructs are powerful tools for the manipulation
and assembly of target nanomaterial cargo. In this paper,
we illustrate how the deliberate incorporation of these
elements in an artificial system can be used to create
dynamic, templated, three-dimensional nanocomposites.
Creating an artificial MT aster that retains the natural

biochemical and dynamic character of the MTs is a critical
prerequisite to templating the reversible assembly of
nanocrystals on these unique architectures. There have
beenanumberofprevious reportsofdifferent approaches
to creating synthetic asters in vitro. These efforts have
involvedmicrotubulenucleationonisolatedcentrosomes4,11

or growing MTs from randomly oriented microtubule
seeds covalently bound to micrometer-sized spheres.12

Others have employed modified kinesin motor protein
constructs that arrange preformed MTs to form densely
packed asters.13We have previously shown the assembly
of preformed, functionally segmentedMTs on functiona-
lized microspheres to form asters with polar orientation
of the radially assembled MTs.14 The use of MAPs, how-
ever, integral to MT assembly and organization in vivo,
has not been previously explored as a means to mediate
the in vitro assembly of MT asters as we describe here.
Our novel, MAP-based approach to AMA assembly

focuses on using “structural” MAPs, such as MAP2 and

Tau protein, that are known to bind to lateral surfaces of
the MTs, serving to stabilize MTs, increase MT rigidity and
bundling, and even promote MT polymerization.1,8,9,15�17

These MAPs are relatively unstructured proteins, but
contain MT-binding domains comprising three to four
homologous tandem repeat sequences near the car-
boxy-terminus of each protein.8,9,15,18,19 Rich in basic
residues, these binding domains attach the MAPs to
the external lateral surfaces of the MTs, ostensibly via

the acidic carboxy-termini of both R- and β-tubulin.9,18,20

Opposite the binding domain, the amino termini of these
MAPs, relatively rich in acidic residues, project outward
from the MTs, directing MT interactions with other
intracellular elements.8,9 Such structural MAPs are espe-
ciallywell-suited to the assembly of AMAs, as their natural
functions relate to the assembly and organization ofMTs,
and they can achieve these effects without unnaturally
altering the intrinsic properties and behaviors of the MTs
themselves. We take advantage of the biochemistry
and MT-binding affinity of these MAPs as key elements
that enable the reversible assembly of AMA and AMA-
templated nanocomposites. As shown schematically in
Figure 1, syntheticmicrospheres are functionalizedwith a
commercially available mixture of MAPs, rich in MAP2
and Tau protein. These microsphere-bound MAPs then
promote the capture, polymerization, and stabilization of
biotinylated (or fluorescent) MTs around the synthetic
microspheres to form three-dimensional artificial micro-
tubule asters. Once formed, these biotinylated asters
serve as dynamic templates, organizing streptavidin-
functionalized nanocrystals to form unique three-dimen-
sional nanocomposite architectures that can undergo
biomediated reversible assembly.

RESULTS AND DISCUSSION

Although the exact mechanism of MAP functionali-
zation on the microspheres is not yet clear, it is believed

Figure 1. Illustration depicting the process of templating nanocrystals on dynamic three-dimensional microtubule asters. (a)
Aminated polymermicrospheres are functionalized withMAPs and adsorbed onto a glass surface (b). (c) BiotinylatedMTs are
polymerized onto theMAP-coatedmicrospheres to produce biotinylated AMAs. AMAs serve as three-dimensional templates
for streptavidin�QD assembly (d), which can be thermally disassembled and reassembled (e).
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that MAPs were functionalized onto ∼7 μm aminated
microspheres by a combination of electrostatic attraction
and covalent cross-linking. A brief pretreatment of the
commercial aminated microspheres partially functiona-
lized the beads with glutaraldehyde. A ninhydrin test for
free amines21 determined that >90% of the amine reac-
tivity on the beads was typically retained after the brief
glutaraldehydeexposure, indicating thatwhile somecross-
linking capability was introduced to the microspheres,
they retained a significant fraction of their amine function-
ality. During subsequent exposure to a solution of MAPs,
theMAPswere bound to themicrospheres, likely through
electrostatic attraction between the amines on the beads
and the relatively acidic projection domains of the MAPs.
Glutaraldehyde cross-linking between the microsphere
and lysines in the projection domains (or central portions)
of the proteins provided covalent stabilization of theMAP
binding.18,19 In this arrangement, thebase-richMTbinding
domainswould bedisplayedoutwardon themicrosphere
surfaces, where they could facilitate MT capture and
organization around the microspheres.
Arguably the best evidence for the successful bind-

ing of MAPs in a functional conformation around the
microspheres is the preferential formation of MT asters
around the MAP-coated beads. Figure 2 shows that
rhodamine-labeled MTs polymerized in the presence
of aminemicrospheres NOT coatedwithMAPs produced
sporadic association of a few MTs with the beads, likely
through nonspecific binding and electrostatic interac-
tions between the positively charged beads and the
negatively charged MTs. In contrast, Figure 3 shows a
series of fluorescence micrographs of AMAs produced
when rhodamine-labeled tubulin was polymerized in the
presence of the MAP-functionalized particles. Figure 3a
displays AMAs grown with fluorescent MTs extending
radially from the central particles. It is worth noting that
beads coated with MAPs, but not pretreated with
glutaraldehyde, typically formedstructures similar to those

seen in Figure 3 (see Figure 1 in the Supporting Inform-
ation), although the covalent stabilization qualitatively
promoted slightly higher MT densities on the beads.
The AMAs formed in the presence of MAP-coated

beads also exhibited three-dimensional character, re-
vealed in Figure 3b and c. Figure 3b shows a higher
magnification image of one of the AMAs from Figure 2a,
where the focus is near the AMA equator, while the
image in Figure 3c was taken at the “bottom” of the an
AMA, near the AMA�glass interface. In each case, MTs
are clearly seen extending outward from the central
particle, confirming that MTs grew over the entire 3D
particle surface. Since it is known that these MAPs
interact primarily with the sides of MTs,9,20 it is ex-
pected that these asters were formed from the growth
of small segments of MTs nucleated, stabilized, and
bound laterally to the bead surfaces by MAPs. A
combination of crowding from densely bound MTs,
MT rigidity, and bead curvature led to the extension of
growing MTs outward from the central particles, pro-
ducing the observed three-dimensional asters.
The overall size of the AMAs, determined by the

length of the polymerized MTs, was also controllable.
Figure 4 shows that by controlling the time (5�30min)
growing microtubules were allowed to polymerize at
37 �C in BRB80P, the size of the AMAs could be tuned.
The inset plot in Figure 4 quantifies what is evident
from the micrographs, showing that as the MT poly-
merization time was increased, the radii of the asters
increased at a rate of ∼1.5 μm/min, a value consistent
with expected rates for MT elongation.1,2 The ability to
tune the size of the AMAs represents a unique aspect of
AMAs as biomediated self-assembled structures and
templates. Unlike systems in which preformedmaterials
may be assembled into secondary structures, because
the AMAs are grown as three-dimensional structures,
the size of these biosynthetic architectures can be
directly controlled during assembly.

Figure 2. (a) Fluorescence micrograph of rhodamine-labeled MTs sporadically bound to aminated microspheres. For
improved visual clarity, a contrast-inverted version of the image (b) is also shown. Dark lines in this inverted image show
MTs associated with the microspheres.
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Not only does the integration of MAPs and MTs enable
the formation of unique MT asters, but the chemically
functional character of these protein building blocks used
makes these AMAs attractive as templates for secondary
materials assembly.MTs havebeenpreviously explored as
templates for growth materials such as silver22 or mineral
nanowires.23 In these examples, however, the functional
character of the MTs was destroyed during material
templating, making reversible assembly of these struc-
tures impossible, and the MTs templates were never
assembled as complex architectures (such as the asters
presented here). Here, we utilize an alternative approach,
taking advantage of noncovalent biotin�streptavidin24,25

chemistry to selectively assemble nanocrystals (quantum
dots) on the AMA templates without destroying the
functional character or the MTs.26�28 Specifically, AMAs
made using biotinylated MTs captured streptavidin-

coated quantum dots, the assembled MTs capturing and
organizing these brightly fluorescent nanocrystals to form
the unique three-dimensional nanocomposites. These
nanocrystal�artificial microtubule asters (NC-AMAs) are
shown in Figure 5.
Figure 5a and b show green fluorescent quantum

dots templated on AMAs grown for short and long
polymerization times, respectively. These figures
clearly show how tuning the length of the MTs can
be used to control the size of the AMA template and,
ultimately, the size of the assembled NC-AMAs. Inter-
estingly, these images also show how the morphology
of the NC-AMAs can be varied, producing either rela-
tively spherical asters or elongated “comet”-like struc-
tures. These comet structures are created when long
MTs, grown on MAP-coated microspheres, are swept
back and aligned by fluidic shear forces (generated

Figure 3. Fluorescence micrographs of rhodamine-labeled AMAs grown on aminated polymer beads functionalized with
MAPs. (a) AMAs assembled on a glass slide showing the radial extension ofMTs around themicrospheres; (b) an AMA imaged
near the bead equator; (c) an AMA imaged near the interface of the bead and the glass substrate.
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during fluid exchange) in the flow cells used tomake the
AMAs. As the biotinylated MTs come together at a
comet's tail, they become linked together by the strepta-
vidin-functionalized nanocrystals (which are each deco-
rated with multiple streptavidin molecules), gluing these
structures into their unusual form. In this instance, not
only are the AMAs templating the organization and
assembly of the fluorescent nanocrystals, but the nano-
crystals are reciprocally serving to direct the organization
of theMTs in theNC-AMAs. Using this demonstration as a
model, it is easy to imagine how more complex control
over fluidic shear forces could be used to produce

alternative structures as well. It is important to note that
this templating process represents directed assembly
of the fluorescent nanocrystals across multiple length
scales. TheMT templates themselves are only∼25 nm
in diameter, but they are tens of micrometers in
length. This convergence of the nanoscale and micro-
scale in these MT templates allows for nanoscale
resolution in the organization of the templated nano-
crystals, extended over multiple micrometers in
length.
Because biologically relevant MAPs were used to

assemble the AMAs, and because nondestructive

Figure 4. Fluorescent micrographs of AMAs grown for 5, 10, 20, and 30 min. Increasing growth time increased MT length,
expanding the size of the overall aster. The inset plot shows a consistent MT elongation rate of ∼1.5 μm/min.

Figure 5. Fluorescent micrographs of fluorescent nanocrystals templated on microtubule asters (NC-AMAs): (a) radial
NC-AMAs grown for 10 min on ∼7 μm MAP-coated microspheres; (b) comet-shaped NC-AMAs formed using fluid shear to
orient MTs around ∼7 μm MAP-coated microspheres (growth time 30 min).
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biotin�streptavidin linkages were used to assemble
the nanocrystals to form the NC-AMA, the intrinsic
biochemical properties of the MT building blocks were
preserved in the NC-AMA composites. In particular, the
nonequilibrium character of the MT supramolecular
structure, critical to natural polymerization/depolym-
erization, could be exploited to control the reversible in
vitro assembly and disassembly of these biocomposite
nanostructures. In vitro, MTs can be depolymerized by
a number of factors, including temperature. For exam-
ple, even the Taxol-stabilized MTs used here will
depolymerize below ∼10 �C.29,30 The image series in
Figure 6 shows an NC-AMA comet undergoing ther-
mally reversible assembly. This image shows that the
NC comet as synthesized (Figure 6a) can be completely
disassembled after cooling to 4 �C (Figure 6b) because
the MTs that make up the NC-AMA depolymerized.
Because the cooling process does not degrade the MT-
organizingMAPs bound to themicrospheres, however,
AMA formation can be recycled. Introduction of fresh
reagents to the MAP-coated microspheres and reheat-
ing to 37 �C resulted in the re-creation of the AMAs, and
addition of quantum dots as described above comple-
tely reproduced the NC-AMA structure as seen in
Figure 6c. Similar thermal cyclability was observed
using untemplated AMAs (no nanocrystals) as well.

Interestingly, other processes that promote MT depo-
lymerization in vitro, such as elevated heating or
introducing excesses of divalent cations such as
Ca2þ, produced uncyclable disassembly of the MT
templates, ostensibly because of degradation of the
MAPs or cationic interference with MAP-MT binding.
Nevertheless, the demonstrated thermally program-
mable cycling of the templated nanocomposite struc-
tures described here is uniquely enabled by the
biological function of theMT templates and represents
a differentiating aspect of these unusual biomediated
constructs.
This biomimetic approach to nanomaterial organi-

zation and assembly stands to impact a wide range of
material-based technologies. The assembly of semin-
conducting nanocrystals along nanoscale MT tem-
plates, organized three-dimensionally around a syn-
thetic target, presents potential opportunities for high-
rate photocatalysis or optoelectronic applications such
as photovoltaics. The environmentally programmable
disassembly of these fluorescent assemblies may also
have implications for chemical or environmental sensing.
These structures may even inform the development of
new camouflage technology based on synthetic ana-
logues to biological color changing machinery, such as
that found in melanocytes, which rely on the dynamic
concentration and dispersion of pigment around cellular
asters to vary an organism's appearance. The continued
exploration of these bioinspired, biomediated materials
assemblies and processes offers great promise for next-
generation materials development.

CONCLUSIONS

In summary, we have described the cooperative
application of microtubules and MAPs to form three-
dimensional biomimetic aster templates whose size and
morphology canbe controlled by regulatingmicrotubule
polymerization. Using nondestructive chemistries, we
demonstrated the templating of fluorescent nanocrystals
onto these templates to create novel three-dimensional
nanocomposite architectures. Finally, we showed that
the retained biodynamic character of the MTs used to
produce these templated assemblies could be exploited
to programmably assemble and disassemble these un-
iquely bioenabled nanocomposites. This bioinspired and
biomediated approach to nanomaterials assembly repre-
sents a promising new approach to addressing the
growing challenges of nanoscale materials organization
and assembly.

METHODS

Tetramethylrhodamine-labeled tubulin, biotin-labeled tubu-
lin, and microtubule-associated proteins, purified from bovine
brain, were purchased from Cytoskeleton Inc. and used according
to the supplier's instructions. MAPs were used as a mixed fraction

of MAP1, MAP2, and Tau isoforms, withMAP2 representing∼70%
of the total protein content. Amine-functionalized polymer micro-
spheres (∼7 μm, cat. #: PA06N) were purchased from Bangs
Laboratories (Fishers, IN, USA). Streptavidin-labeled quantumdots
were purchased from Invitrogen. All other reagents were pur-
chased and used as received from common commercial sources.

Figure 6. Fluorescence micrographs showing the thermal
cycling of the NC-AMA assembly. (a) NC-AMA on a ∼7 μm
MAP-coated microsphere as made. (b) NC-AMA after incu-
bating at 4 �C for 20 min. The NC-laden MTs have thermally
depolymerized and been washed away. (c) NC-AMA recon-
stituted from a thermally depolymerized NC-AMA as in (b).
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Fluorescence microscopy was preformed on Olympus IX71 in-
verted and Olympus BX51 upright microscopes using 100� oil
immersion objectives. Black and white images were recorded
using a Hamamatsu C4742-98 digital camera, while color images
were obtained using a Hamamatsu C7780 3CCD digital camera.

Creating MAP-Coated Particles. A 20 μL amount of∼7 μm amine-
functionalized polymer beads was combined with 80 μL of a
100 mM aqueous glutaraldehyde solution, which was shaken for
30min at room temperature. The samplewas centrifuged to collect
the beads, and the supernatant was removed. The beads were
resuspendedwithvortexing in100μLofBRB80 (80mMPIPES, 1mM
MgCl2, 1mMEGTA, pH 6.9) and recentrifuged. The supernatantwas
again removed, and thebeadswere resuspended in20μLof BRB80.
A2μL sampleof this solutionwasadded to25μLof a1mg/mLMAP
solution in MAP buffer (10 mM piperazinebis(ethanesulfonic acid)
(PIPES), 0.3 mM ethylene glycol bis(β-aminoethyl ether-N,N,N,0 ,
N0-tetraacetic acid (EGTA), and 3% (w/v) sucrose, pH 7.5), which
was then shaken for 30min at room temperature, and the resulting
suspension used without purification.

Growth of Artificial Microtubule Asters. AMAswere grownboth as
suspended particles and within coverslip flow cells, using
identical processing, although rinses for the suspended parti-
cles were achieved using centrifugation. Although both were
effective, AMAs grown on coverslips were more readily imaged
and are the focus of this work. Coverslip flow cells were
assembled by first placing two pieces of double-sided trans-
parent tape (0.1mm thick), each∼3�4 cm long, aligned parallel
to one another and spaced approximately 6�7 mm apart, onto
a large glass coverslip (24mm� 50mm). A second coverslip (25
mm � 25 mm) was placed over the tape strips, creating a
channel with a volume slightly less than 20 μL between the
pieces of tape, sealed above andbelowby the glass coverslips. A
20 μL aliquot of the MAP-functionalized bead suspension was
pipetted into one end of this channel and incubated for 5min at
room temperature to allow some of the beads to adhere to the
glass surface. The cell was then washed twice with 20 μL
aliquots of BRB80 flowed through the cell before introducing
a 1 mg/mL solution of rhodamine tubulin in BRB80P (BRB80 þ
1 mM guanosine triphosphate and 10% glycerol) into the cell.
The sample was then incubated for 5�30 min on an aluminum
block heated to 37 �C. The cell was then rinsed twice with 20 μL
aliquots of BRB80T (BRB80þ 2μmTaxol), whichhadbeenwarmed
to 37 �C. A final aliquot of BRB80TAF (BRB80T containing an
antifade mixture of 1 μL of 2 M dextrose, 1 μL of 100 mM mag-
nesiumadenosine triphosphate, 1μLof 0.8mg/mLcatalase, 1μLof
2 mg/mL glucose oxidase, and 0.5 μL of 2-mercaptoethanol) was
flowed through the cell prior to fluorescence imaging.

Templated Assembly of Nanocrystal AMAs. AMAs were grown as
above, using tubulin growth solutions containing a 1:4 mixture
of biotinylated and unlabeled tubulin. Once stabilized with
BRB80T, a solution containing streptavidin-coated quantum dot
nanocrystals diluted 10� in BRB80T was flowed into the cell. The
cell was incubated for 1 min at room temperature and then
washed twice with BRB80T, followed by fluorescence imaging
under UV excitation.

Reversible Growth of AMAs and NC-AMAs. AMAs and NC-AMAs
were grown as described above and checked by fluorescence
microscopy. The flow cell containing the AMAs in BRB80T was then
incubated at 4 �C for 90 min. The flow cell was then washed twice
with BRB80T and once with BRB80TAF and imaged under the
microscope. This cell was then flushed twice with BRB80P, followed
by the addition of a 20 μL aliquot of a 1 mg/mL solution of tubulin
(rhodamine-labeled or biotinylated as described above) in BRB80P,
andheated to37 �C for20min. Thecellwas then rinsedwith two20
μL aliquots of BRB80T (prewarmed to 37 �C) and one 20 μL aliquot
of BRB80TAF before imaging by fluorescence microscopy.
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