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Cytoskeletal motor-driven active self-assembly in in vitro systems 

A. T. Lam,a V.  VanDelinder,b A. M. R. Kabir,c H. Hess,a* G. D. Bachandb* and A. Kakugoc,d* 

Molecular motor-driven self-assembly has been an active area of soft matter research for the past decade. Because 

molecular motors transform chemical energy into mechanical work, systems which employ molecular motors to drive self-

assembly processes are able to overcome kinetic and thermodynamic limits on assembly time, size, complexity, and 

structure. Here, we review the progress in elucidating and demonstrating the rules and capabilities of motor-driven active 

self-assembly. We focus on the types of structures created and the degree of control realized over these structures, and 

discuss the next steps necessary to achieve the full potential of this assembly mode which complements robotic 

manipulation and passive self-assembly. 

Introduction 

Self-assembly is the process through which discrete 

components spontaneously organize and form structures,1, 2 

and may be divided into two classes: passive and active.1, 3, 4 

While passive self-assembly relies on thermal fluctuations to 

drive diffusive processes by which building blocks move into 

place, active self-assembly utilizes non-thermal energy to 

transport the isolated building blocks. Active self-assembly has 

long been of interest as a means to build structures not 

achievable through traditional, passive self-assembly or 

fabrication methods.1, 3 By harnessing external sources of 

energy, active self-assembly processes are able to overcome 

the speed limitations of diffusion-driven “passive” self-

assembly and are also able to form non-equilibrium structures 

(Figure 1).4  

The most compelling examples of the complexity realizable 

through active self-assembly are biological organisms, which 

are composed of and are themselves intricate machines 

capable of storing, processing, and acting on information. For 

example, the fertilization of oocytes by sperm cells is critically 

dependent on the active movement of the sperm and the 

distribution of chromosomes during mitosis relies on directed 

transport driven by depolymerizing microtubules. It is 

convenient to employ these already designed and functional 

biological units to study active self-assembly. 

While active self-assembly can be studied at the 

macroscale,5-8 the contrast with passive self-assembly is most 

instructive in nano- and microscale systems where both active 

and passive self-assembly mechanisms can be utilized. In 

particular, biological molecular motors have been used 

extensively in model systems to study active self-assembly 

processes.4, 9-11 These motor proteins cyclically convert 

Figure 1: The evolution of a system from a “disassembled” to 

an “assembled” state can be brought about by direct 

manipulation of the building blocks as in robotics, by a passive 

self-assembly process where the relocation of the building 

blocks is driven by diffusion and can only result in a lower 

energy structure, and by active self-assembly which combines 

an active, energy-consuming transport process with an 

absence of control over the movement.   
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chemical energy, typically in the form of ATP, into mechanical 

work. The motor proteins employed in these in vitro 

experiments on self-assembly move along their associated 

cytoskeletal filament. However, if the motors are held in place 

as is often the case, then ATPase activity of the motor results 

in translational motion of the filaments, which is known as the 

gliding assay geometry (Figure 2). 

In a typical gliding assay, molecular motors are adsorbed to 

the surface of a substrate, i.e. the experimental flow cell, and 

propel their associated filaments in a persistent random walk 

along the substrate surface.12, 13 The cytoskeletal filaments are 

polar, having a plus-end and a minus-end, and molecular 

motors move unidirectionally along the filament towards 

either the plus- or minus-end depending on the type of motor. 

Thus, if there is only one species of motor on the surface, the 

motors will work in concert with one another. 

The gliding assay can be modified such that attractive 

interactions can be induced between motor-propelled 

filaments by the inclusion of cross-linkers. Fluorescent labelling 

of the filaments allows for the monitoring of their activity 

during the assembly process. Thus, this system of molecular 

motors propelling functionalized filaments makes for an 

elegant minimalist system for the study of active self-

assembly. 

Here, we review the types of structures achieved with 

molecular motor-driven self-assembly focusing on whether or 

not the promises of active self-assembly were fulfilled. In 

particular, it has been claimed that active self-assembly can 

enable (1) faster assembly time, (2) larger structures and 

assembly of larger building blocks, and (3) more complex 

structures.4 While it has been shown that motor-driven 

assembly does allow for larger structures to be built faster and 

that it is possible to assemble structures not attainable 

through diffusion-driven self-assembly,14 we have not yet 

achieved the complexity or variety of structures that are 

available today using top-down fabrication methods. 

Cytoskeletal filaments and motor proteins 

Microtubules (MT) and actin filaments (AF) are the main 

components of the cytoskeleton in cells, providing both 

mechanical support as well as serving as highways for motor 

proteins to transport vesicles and organelles around the cell.15 

The basic building blocks of MTs, αβ-tubulin heterodimers, join 

together end-to-end to form protofilaments, which in turn 

associate laterally to form hollow cylinders ~25 nm in diameter 

(cite AkhmanovaSteinmetz2008) (Figure 2). In vivo, there are 

typically 13 protofilaments per MT, but protocols for making 

MTs in vitro result in various distributions of protofilament 

numbers per MT, depending on the polymerization conditions. 

MTs with 13 protofilaments have no pitch, whereas other 

protofilament numbers have either positive or negative pitch. 

For example, a 12-protofilament MT has a right-handed 

supertwist with a pitch of 4.5 ± 0.3 µm while a 14-

protofilament MT has a left-handed supertwist with a pitch of -

5.8 ± 0.3 µm (cite ChretienWade1991, Ray1993) Each MT has a 

polarity with a distinct plus and minus end. In vivo, MTs are in 

a dynamic equilibrium between assembly and disassembly, but 

in in vitro gliding assays, MTs are generally stabilized with 

paclitaxel (taxol) to prevent their disassembly.15 AFs are 

polymers made from ATP-bound actin monomers. The actin 

monomers spiral around the axis of the filament with 1 turn 

every 37 nm (Figure 2).16 They are also polar filaments with a 

plus and minus end. AFs are three hundred times more flexible 

than MTs, with a flexural rigidity of 7.3 x 10-26 N·m2 

(persistence length of about 10 µm) versus the MT’s 2.2 x 10-23 

N·m2 (persistence length of about 6 mm).17  

Two different classes of motor proteins bind to and move 

along MTs: kinesin and dynein. Kinesin motors serve diverse 

functions in cells ranging from vesicular transport (kinesin-I) to 

shortening MTs (MCAK). In vitro gliding assays generally use 

kinesin-I, which is a dimeric, processive, plus end directed 

motor that takes 8 nm steps (the length of tubulin dimer). 

Kinesin-I consists of an N-terminal ATP-binding motor domain, 

an α-helical stalk, and a C-terminal tail domain, which is 

involved in cargo binding. Dynein, which is a minus end 

directed motor, is involved in retrograde motion of organelles 

and vesicles as well as motion of cilia and flagella. The motor 

domain consists of a heptameric wheel-like structure of 6 

ATPase domains plus an additional C-terminal domain that are 

connected to the MT via a coiled-coil stalk. 

AFs are associated with the myosin motor family. The 

structure of myosin is similar to that of kinesin, with a head 

domain that binds AFs and hydrolyzes ATP, a neck domain, and 

a tail domain connect to cargo or to other myosin subunits. 

While some myosin motors are like kinesin in that they are 

dimeric, other myosin motors are monomers, and only have a 

single head. All myosins except myosin VI are plus end 

directed. Not all myosin motors are processive  
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Figure 2: In gliding assays, cytoskeletal filaments, such as 

microtubules (MTs) and actin filaments (AFs), are transported 

by surface-adhered kinesins or dyneins, and myosins, 

respectively (not drawn to scale). 

 

; motor processivity depends on the structure of the motor as 

well as the particular functions the motor plays in vivo, such as 

muscle contraction or vesicle transport (Figure 2).16    

Structures achieved via motor-driven assembly 

Filament bundles and wires 

In gliding assays of cytoskeletal filaments functionalized with 

crosslinking agents such as biotin and streptavidin, the first 

step in the assembly of the propelled filaments is often the 

bundling of filaments through collision.18 In this step, the 

motor-propelled filaments collide with each other, align, and 

are non-covalently cross-linked parallel to one another. In 

most cases, bundles are composed of several filaments, and 

their ends are not aligned (Figure 3). The fluorescence 

intensity of a bundle, taken to correspond to the number of 

filaments and varies along its length, reflecting the random 

attachment process. As motility continues in the flow cell, the 

bundles may grow in length or thickness, and may result in 

other structures (e.g. rings or spools). Determining how to 

create systems of filaments, motors, and cross-linkers which 

favor the assembly of linear arrays over other structures allows 

us to better control motor-driven self-assembly. 

Control over the creation of MT bundles has been 

thoroughly explored over the last 10 years since the formation 

of extended bundles (or “wires”) was described as the result of 

an active self-assembly process.11, 19 A number of factors such 

as rigidity, density, and velocity of MTs, as well as motor 

density were found to be involved.14, 20-22 Unsurprisingly, it was 

found that stiffer MTs, prepared with guanylyl-(α, β)-

methylene-disphosphonate (GMPCPP), favored the production 

of linear bundles.22 It was also shown that, because larger and 

longer bundles require more building blocks, the formation of 

longer bundles requires a higher initial density of MTs.14, 21, 22 

The MT gliding velocity was also found to affect the length of 

the assembled bundles; the longest MT bundle assembled with 

a relatively slow MT gliding velocity (0.1 µm/s, compared to 

the maximum gliding speed of about 0.5 µm/s).14 At optimal 

conditions, MT bundles nearly 1 mm in length were assembled 

from MT building blocks approximately 10 µm long.14 While 

some studies show that having higher kinesin densities result 

in longer bundles,21 other studies have suggested that higher 

kinesin densities may result in greater breakage of the MT 

bundles and thus result in shorter linear arrays.23, 24 However, 

because the experimental conditions were not the same, (the 

studies cited used different variations of kinesin-I motors; ATP 

concentrations; observations times; and surface treatments), 

there are several possible explanations for these seemingly 

contradictory results. More studies are needed to determine 

how motor density affects bundle size.AFs have also been 

assembled into bundles in vitro, cross-linked by the protein 

fascin. Unlike the streptavidin-biotin linkages, which may bind 

MT in an antiparallel fashion, fascin is a polar cross-linker 

which creates aligned AF bundles. The cross-linking of AFs via 

fascin results in higher stiffness of the AF bundles,25 and given 

high enough fascin and AF concentrations, the AF bundles 

become sufficiently stiff to prevent curved trajectories, even 

when propelled by myosin motors. Over time, this system of 

AF, myosin, and fascin evolves to form straight, elongated 

bundles up to 50 µm thick and centimeters long.26 The 

increased stiffness may enable the use of these wires for 

patterning of cargo transport systems in nano-, micro-, and 

mesoscale chips.27 

Without the aid of molecular motors, filaments may 

crosslink to each other due to electrostatic effects.28-30 The 

filaments join end-to-end to create long wires rather than 

bundles. However, these wires were either not nearly as long 

as the ones created by Idan et al. through motor-driven self-

assembly14, 29, 31 or were formed over much longer timescales 

via 3-dimensional diffusion.30 Furthermore, diffusion-driven 

self-assembly of streptavidin-covered MTs in two-dimensions, 

over similar timescales, could not result in such ordered 

structures, nor could it result in structures of such size.14 

Bundles formed through electrostatic interactions can, 

however, be made polar, depending on the crosslinker, and on 

a motor-coated surface, these bundles were motile with the 

velocity dependent on the degree of polarity.28 In contrast, it is 

not possible to enforce polarity on MT gliding assays, which 

may be a drawback to the active self-assembly of MTs. 

Bundled structures obtained from cytoskeletal filaments 

are particularly interesting because creating arrays of these 

bundles and motor proteins may enable us to develop force-

multiplying structures similar to muscle. Furthermore, 

developing the control over the structural manipulation of 

bundles required such that they can assemble into arbitrary 

configurations over many length scales may be an attractive 

fabrication method for future devices, especially for directed 

transport of cargo in micro- or even nanofluidics. However, 

exact control over bundle size or location is yet to be realized.  
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Figure 3: Active transport by surface-adhered kinesins leads to 

collisions between biotin-modified MTs partially coated with 

streptavidin and their cross-linking and assembly into bundles. 

The use of stiff MTs polymerized with GMPCPP effectively 

prevents the formation of spools. From Ref. 22 and Ref. 32.22,32 

Scale bar: 20 m.  

Rings and spools 

In addition to linear bundles, rings and spools are other 

characteristic structures which emerge from the active self-

assembly of motor-driven cytoskeletal filaments. Here, we 

consider a ring to consist of a single filament or filament 

bundle that has cross-linked to itself in a closed loop, whereas 

a spool is formed from multiple filaments joined lengthwise. 

These circular structures have been first observed in 

MT/kinesin,9, 33 then in AF/myosin,26 and finally in MT/dynein 

systems34, 35 (Figure 4). 

Single AFs and AF bundles can crosslink into closed loops 

due to thermal fluctuations within a gliding assay as long as 

there is a sufficiently high concentration of the crosslinking 

agent fascin.26 However, circular trajectories are not unique to 

closed loop structures; many “open rings” which are made of 

AFs cross-linked into an arc structure can also maintain a 

circular trajectory. As motility continues, more AFs are able to 

collide with existing open and closed rings, cross-linking to 

them. If the assay continues for a sufficiently long time, most 

AFs in the system are incorporated into spools or rings, which 

continue to rotate, and the pattern of spools is considered 

“frozen” in a steady state.26 Interestingly, if the non-polar 

cross-linking agent α-actinin is used in place of fascin, spools 

are not assembled and instead the AFs separate into dilute and 

ense patches that actively contract.36 This result is surprising as 

the crosslinking agent used in MT/kinesin systems (i.e., 

streptavidin) is also non-polar, and yet still able to support ring 

and spool formation, although this discrepancy could be due 

to other differences between the systems, such as the 

flexibility of the linker. 

MTs are much stiffer than AFs, with a persistence length on 

the order of millimeters. Thus, MT spools are under 

considerable strain, storing up to 105 kbT of bending energy.9 It 

has been shown that MT spools of small radii cannot arise 

from thermal fluctuations.31, 37 Instead, they can be formed by 

strain-relaxation of MTs that crosslink into helices,33, 37, 38 

crosslinking of multiple MT into closed loops,31 or pinning of 

MT due to defects.24, 31 Though all mechanisms are possible, 

pinning results in the tightest spools being formed because the 

motor proteins exert force on the MT, causing it to buckle in 

spite of its high stiffness. It is likely that pinning is the 

dominant cause for the initiation of MT spooling and 

determines the size distribution of the spools.24 

There have been many studies on controlling the 

characteristic features of spools, revealing the roles of motor 

density, and length and rigidity of filaments. It was observed 

that higher motor densities lead to tighter spooling for MTs,24, 

39 but the opposite was noted in AF/myosin systems.36 Stiffer 

MTs, prepared with GMPCPP in the tubulin polymerization 

buffer, have been observed to result in spools with larger 

diameters.40 It has also been observed that longer MTs also 

result in larger spool diameters.40 These results have been 

predicted by models and simulations.31 

Adding MTs in successive stages into the flow cell was 

shown to be an effective way to tune the thickness of the 

spool as characterized by the difference between the outer 

and inner diameter of the spool.41 It is also possible to control 

the direction of the rotational motion of the rings and spools. 

The supertwist of the MTs of greater or less than thirteen 

protofilaments can bias the rotation of the rings in either the 

clockwise or counterclockwise direction depending on whether  
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Figure1showthetypical fluorescencemicroscopeimagesof the
GTP- MT andGMPCPP- MTs, respectively(inorder tovisualize
MT, it waspartially labeledwithrhodamine),beforethedynamic
self-assembly has been initiated. The average length of the
GMPCPP- MTs was 12.9 ( 7.8 μm (n= 352) on thekinesin-
fixed surface, which isapproximately thesamelength asthat of
the GTP- MTs (11.0 ( 8.3 μm [n= 303]). The histograms in
Figure 2, parts a and d, show the length distributions of the
GTP- MTsand GMPCPP- MTs, respectively. Asshown in the
histogram,someof theMTsunexpectedlyaggregatedpresumably
dueto theshear flowto introducethesamplesolutionsinto the
flowcell before applying the dynamic self-assembly process
(shaded).

WetriedtointegrateMTsintolargebundleswith linear shape
during the dynamic self-assembly process, as described pre-
viously.1,9Thedynamicself-assemblyprocesswasinitiatedusing
5 mM ATP solution. In this study, both GTP- MTs and
GMPCPP- MTsweremodified with biotin prior to thepolym-
erization of the MT. Biotin is a vitamin H that binds to
streptavidin with avery high binding constant (K= ∼1014); the
cross-linkingduringtheslidingmotionof thebiotin-labeledMTs
onakinesin-fixedsurfacewasmadeby addingstreptavidin.12 A
concentration of the GTP- MTs at 240 nM (tubulin con-
centration)andanequimolar solutionofstreptavidinwerechosen
after optimization for thecross-linkingprocess; thesamecondi-
tionswereemployed for theGMPCPP- MTs.

After 4 h of thedynamic self-assembly process, an increased
fluorescenceintensitycausedbytheintegrationof thesingleMTs
was observed (Figure 1, parts c and f). In the case of
GMPCPP- MT, we observed that most of the MT bundles
exhibited a linear-shaped structure (no ring-shaped
GMPCPP- MTsbundleswereobservedintherandomlyselected
viewfields); thisobservationwascontrary tostructureof bundle
obtained by usingGTP- MTs(Figure1c), wherein∼4% of the
GTP- MTsbundleswerering-shaped.Thelengthdistributionsof
theGTP- MTsbundlesandGMPCPP- MTsbundlesareshown

in Figure2, partsb, c, e, and f. After 4 h of thedynamic self-
assemblyprocessalargenumber of singleGMPCPP- MTswere
incorporated intobundlescompared to thesituationafter 5min
of theprocessthough thereisapossibility that someof theMTs
detachedfromthesurfaceduringtheslidingmotion.Byassuming
that thenumberof thedetachedGMPCPP- MTsisnegligible,we
can roughly estimate the number of single GMPCPP- MTs
composing the bundles by measuring the sum length of the
GMPCPP- MTs before and after the dynamic self-assembly
process. Thesumlengthof theGMPCPP- MTsbeforeandafter
theprocesswere144mm- 1(= sumlength/unit area)and42mm- 1,
respectively. Fromthisobservation, it canbeconsideredthat the
GMPCPP- MTs bundles are composed of approximately 3.4
GMPCPP- MTs.Thisestimationof theMTsnumber composing
thebundleisalsosupportedbyobservationresult of end-labeling
procedureafter thebundleformation (Supporting Information,
movieS2). After 4 h of thedynamic self-assembly process, the
long GMPCPP- MTsbundleswereobserved, which arelonger
than 40μm (compareFigure2, partsd, e, and f). Theaverage
lengthof theGMPCPP- MTsbundleswas26( 19μm(n= 56),
whichwasslightly longer thanthat of theunexpectedlyobserved
GMPCPP- MTsaggregates(23 ( 7μm; n= 56) beforeadding
ATP. Thelongest GMPCPP- MTsbundlethat weobtained in
thissystemwas94μm.

In thisstudy, wealso evaluated themotility performanceof
the GMPCPP- MTs bundles. The average velocity of the
GMPCPP- MTsbundles,calculatedfromthemeandisplacement
in5.1s, was0.162( 0.040μms- 1 (n= 20) at 4hof thedynamic
self-assembly process, which is the same as that of
GMPCPP- MTs(0.165( 0.043μms- 1, n= 38,onlysingleMTs)
calculatedat 15minof theprocess,whichisthestagethat bundles
formation is scarcely observed. Moreover, the velocity of the
GMPCPP- MTs bundles was independent of their filament
length; thisispresumably dueto thesmall load for themotility
in thissystem. Further, theaveragevelocitiesof theGTP- MTs
(i.e., singleMTs)at 15minandtheir bundlesat 4hof theprocess
were0.165( 0.053μms- 1(n= 53)and0.189( 0.048μms- 1(n= 12),
respectively. (In this study, mean velocities of the GMP- MT

Figure1. MTsandMT bundlesformedby thedynamicself-assembly processon thekinesin-fixedsurface. (a- f) Fluorescent microscopy
images:(a,d)beforeATPaddition;(b,e)5minafterATPaddition;(c,f)4hafterATPaddition.Theyare(a,b,c)for GTP- MTs,and(d,e,f)
for GMPCPP- MTs.Brightnessandcontrast wasadjustedtovisualizebothof thesingleMTsandthebundlesafter thecaptureusingImage
Pro5.1JandImageJ1.41o.Scalebar:20μm.(g,h)Modelsfor theinterfilament interactioninwhichMTswhichareencounteringeachother
withobtuseangle.Bluearrowsindicatedrivingforcesbykinesins.Redpointsrepresent thecross-linkingpointsof thetwoMTsthroughthe
biotin-streptavidin interaction. (g) Flexible MTs can deform their shape to cross-link with multiple points without breaking the
biotin- streptavidin interactions, thisleadstheantiparallel configuration. (h) MT with higher rigidity givesasingleinteraction, and this
preventstheantiparallel configuration.

(12) Green, N. M. MethodsEnzymol. 1990, 184, 51–67.
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(12) Green, N. M. MethodsEnzymol. 1990, 184, 51–67.
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Figure 1. Schematic illustration of AcSA of MTs. (a) Dimensions of the flow cell. (b) Solutions introduced in the flow cell. The numbers
represent the order in which each component solution was introduced into the flow cell; the unbound components at the surface of the flow
cell were washed out before introducing the next solution or recording the observations. (c) Illustration of the MTs driven on kinesins coated
on the glass surface.

Figure 2. (a) Conceptual model of MT bundle formation. Two MTs are crosslinked by biotin–ST interactions. (b) Sequential images obtained
under the fluorescent microscope view show MT bundle formation.

which MTs are crosslinked by the ST–biotin interaction during

the sliding motion on a kinesin-coated surface. This bundling

event was confirmed by observing the sequential images of

florescence microscopy driven by ATP hydrolysis (figure 2(b)).

Although bundling events were infrequent among the

encountering MTs, the pattern of bundled MTs after several

hours of AcSA was obviously different from the initial state

(15 min after ATP addition) (figure 3(a)); without kinesins

these patterns were not observed, as reported in the previous

paper [47]. From this observation, the time point of 4 h

after AcSA was considered as the matured phase for bundle

formation, since bundle formation was confirmed by an

increase in MT fluorescence intensity.

MTs with increased rigidity can be prepared by polymer-

izing tubulins with guanylyl-(α, β)-methylene-diphosphonate

(GMPCPP). Compared to the paclitaxel–MTs, which were

prepared by polymerizing with GTP and stabilizing with

paclitaxel, the GMPCPP-polymerized MTs (GMPCPP–MTs)

have ca. 2-fold higher flexural rigidity [39–43]. Using

GMPCPP–MTs, the MT bundles were successfully formed. In

4
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Figure 4: Fluorescence microscopy, scanning transmission electron microscopy (STEM), and scanning electron microscopy (SEM) 

images of circular structures created by self-assembly of molecular motors driven MTs. A) Formation of rings from kinesin driven 

biotinylated MTs. From Ref. 9.9 B) STEM (top 4 panels) and SEM (2 lower panels) images of MT spools and bundles. Bright dots in 

STEM images are streptavidin coated-quantum dots. From Ref. 33.33 C) Generally, the size of MT rings are distributed over a wide 

range as seen from the image of MT rings produced on a dynein coated surface. From Ref. 35.35 D) MT rings were smaller with a 

more uniform size distribution when MT were self-assembled at an air-buffer interface without using any crosslinkers. From Ref. 

42.42 E) Vortices produced by self-assembly of dynein driven MTs. From Ref. 34.34  

 

the supertwist is left- or right-handed; a left-handed 

supertwist results in preferential counterclockwise rotation 

while a right-handed supertwist results in preferential 

clockwise rotation.20, 33, 35, 38, 43 Moreover, length and rigidity of 

the MT as well as the type of kinesin motor used in the assay 

can also significantly affect the bias of rotational direction of 

MT rings and spools.39 

While thus far we have focused on rings and spools that 

are formed and stabilized by crosslinking, in systems with high 

filament densities, the filaments can also self-organize into 

rings, spools, and vortices through interactions with 

neighbouring filaments.34, 37 Because these rings are not cross-

linked, they are often transient features. However, if there is a 

sufficiently high density of filaments, due to crowding effects 

and interactions with nearest neighbors, a steady-state 

network of vortices may arise.34, 44 This effect is more readily 

apparent in systems that use dynein because these motors are 

less flexible than kinesin motors; thus, using dynein forces, the 

MTs to remain in the same horizontal plane and interact with 

each other. It is necessary here to distinguish between self-

organization, in which the formation of patterns and structures 

is maintained by the continuous flow of energy, and active 

self-assembly that uses energy flow in the formation of the 

structures, but not in the maintenance of them. These non-

crosslinked rings formed in high-density filament assays are 

examples of the former. 

MT rings and spools have also been formed at air-buffer 

interfaces in gliding assays without the use of streptavidin and 

biotin.42 These spools formed at the air-buffer interface have 

smaller circumferences than spools created in the traditional 

flow cells and a narrower size distribution. The necessary force 

for creating such small spooling radii in the MT can be 

explained by the hydrophilicity of the protein surface, which 

causes the MT to curve away from the air-buffer interface. 

Rings and spools are of particular interest due to their 

ability to transform the linear translational motion of motors 

into rotational motion. Furthermore, their ordered 

arrangement decreases the entropy of the system, and in the 

case of MTs, these structures are under a great deal of strain. 

Thus, rings and spools have long been considered proof that 

non-equilibrium structures can self-assemble in systems where 

the motors enable access to a store of chemical energy. 

However, while recent studies have shown that ring and spool 

features can be controlled, the degree of control over these 

features remains limited. For example, size distribution is not 

yet uniform, nor is there perfect control over the rotation of 

the rings. Furthermore, while spools do show that strained 

structures can emerge from motor-driven self-assembly, other 

strained structures have not yet been realized. In these 

respects, much work remains to be done. 

Network structures 

In gliding assays with AFs with low fascin concentrations, 

relatively disorganized network structures emerged. It is 

believed that low fascin concentrations do not change pattern 

formation significantly, and thus a disorganized structure 

emerges. At sufficiently high AF densities, traveling density 

waves emerge as a self-organized structure.26 In contrast, 



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

gliding assays with MTs form networks when the ratio of the 

streptavidin crosslinker to biotin is high as well as the MT 

density. Because of the high streptavidin coverage, MTs are 

only able to bind to each other at isolated points rather than 

all along their lengths. Thus, no alignment of MT is observed. 

The MT networks also organize into areas of higher and lower 

densities, with average distances between intersection points 

of the MTs ranging from several to several tens of 

micrometers, and exhibit swarming behaviors.45 Moreover, 

manipulation of interactions among the neighbouring 

microtubules at high densities, without using the crosslinking 

agents, can also give rise to self-organization into stable 

network structures.46 
The gliding assay has also been used to assemble networks 

from materials other than cytoskeletal filaments. The force 
exerted by surface-adhered kinesin on MTs is sufficient for 
MTs crosslinked to lipids to pull lipid nanotubes from a 
multilamellar vesicle and create an interconnected lipid 
 
 

 
Figure 5. (A) Schematic of the assay in which nanotubes are 

pulled from multilamellar vesicles by MTs powered by surface-

bound kinesin motors. (B) Example of lipid nanotube network. 

Scale bar: 50 µm; inset shows free-standing kinked lipid 

nanotube (white arrow). From Ref. 46.47 

nanotube network, as shown in Figure 5. This system was used 

for capture and diffusive transport of nanomaterials, as 

demonstrated with quantum dots.47 The same technique can 

be used to synthesize polymer nanotube networks, which 

display increased longevity compared to lipid nanotube 

networks but also exhibited decreased lateral diffusion of 

particles within the network.48 

Self-organization and self-assembly in 3D assays 
of motor proteins and filaments 

Going beyond the 2D geometry of the gliding assay, other 

assays involving motor proteins and their associated filaments 

also can result in structure formation. By crosslinking the 

motor proteins rather than the filaments, structures other 

than spools and bundles, such as asters, vortices, and cilia-like 

bundles, can be created. Using a biotinylated kinesin and 

tetrameric streptavidin, multi-headed kinesin constructs can 

be assembled that can bind and walk on multiple MTs. In this 

configuration, kinesin is not attached to a substrate surface, 

and thus 3D rather than 2D structures can be created, in 

contrast to surface bound rings and bundles.  

A minimalist system of stabilized MTs and multi-headed 

kinesin can self-assemble into asters, similar to meiotic and 

mitotic spindles found in cells; multi-headed kinesin constructs 

bind multiple MTs and each kinesin walks toward the plus end 

of each MT, resulting in the concentration of kinesin at the 

center of the aster with oriented MTs radiating out.49 

Alternatively, a minus-end directed motor construct, created 

with glutathione-S-transferease-nonclaret disjunctional fusion 

proteins, assembles asters with the opposite orientation with 

the MT minus-ends at the center.50 In assays where both 

motor constructs are used, by tuning the concentrations of the 

components, it is possible to create a network of poles 

connected by aligned MTs.50 Depending on the concentrations 

of the MTs and kinesin used, dynamic vortices can be formed 

instead of asters.49, 50 A general theory for active viscoelastic 

materials made of polar filaments has been developed that 

predicts what structures will be formed as a function of the 

motor-generated stress and elastic moduli of the filaments.51 

Control of the formation of asters can be achieved using 

molecular signals. By conjugating motors to DNA, instructions 

encoded in DNA sequences can then be used to associate the 

kinesin motors together to trigger aster formation or 

dissociate the motors to trigger disassembly. Further DNA 

sequences control the loading, concentration, and unloading 

of cargo from the asters. Potential applications of this system 

include color change (via concentration or distribution of 

pigment molecules) and concentration of reactants to speed 

up reactions or overcome high activation barriers.52  

Cilia-like MT bundles have also been assembled and shown 

to exhibit cilia-like beating by Sanchez et al (Figure 6). These 

bundles are composed of surface stabilized MTs with one end 

tethered to a surface, biotin-kinesin cross-linked by 

streptavidin, and polyethylene glycol (PEG). While the multi-

headed kinesin construct was required to aggregate the MTs 

into asters, the PEG provides a depletion force to enhance 

bundling. Then, the kinesin motors walk simultaneously on 

neighboring oppositely-oriented MTs in the bundle, causing 
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the MTs to slide relative to each other and resulting in beating 

of the bundle. They observe that dense fields of interacting 

active MT bundles exhibit synchronous beating behavior 

similar to metachronal waves seen in ciliary fields. As shown in 

Figure 6, this system demonstrates the potential of minimalist 

components to replicate complicated dynamic behaviors that 

mimic natural systems and potential application for fluid 

mixing and transport.53 

Understanding the dynamics of self-assembly 

Due to the simplicity of the in vitro assays of motor proteins 

and cytoskeletal filaments, it was expected that these systems 

would provide some practical demonstrations of the self-  

 

 
Figure 6. (A) Schematic illustrating the formation of cilia-like bundles. (B) Fluorescence micrographs of a beating bundle. Scale 

bar: 30 m. From Ref. 52.53 

  

assembly rules already reported in literature and offer new 

insights into our current understanding of active self-

assembly.3 To that end, phase diagrams summarizing the 

effects of various parameters on the final structures formed in 

MT-kinesin systems,21, 45, 54 and AF-myosin systems26 (Figure 7) 

have been created. However, as these phase diagrams are 

generated for quantities specific to these motor protein 

systems, it is not yet clear if and how these are translatable to 

a more general platform of active self-assembly. 

The emergent structures and properties of the systems, 

however, do have ties to other biological phenomena and 

systems, and have potential for applications. For example, the 

asters created in vitro are similar in structure to mitotic 

spindles in vivo, and the wires and bundles are highly aligned 

structures similar to what is found in muscle and neurons. The 

vortices are more reminiscent of macroscopic phenomena 

such as swarming and flocking of self-propelled objects. 

Furthermore, vortices develop in gliding assays with high 

filament densities, which may be considered to be active 

nematic fluids, and many of the emergent properties of these 

high density assays, such as the generation of singularities and 

the large-scale flows, can be understood from that 

perspective. The behaviors of swarming and flocking have 

been studied extensively in robotics, which may provide 

further insights into motor protein-filament systems.55 

The assembled structures, which are significantly different 

from the initial building blocks in size, shape and properties 

are potential candidates for various future applications in 

nanotechnology. For example, thick, long wires might be 

effective in elevating the efficiency of nanotransport systems, 

and designing artificial force generating systems. The circular 

structures formed may be employed in the future as micro-

rotors, and network structures may become important for 

systems of molecular robots. However, low durability and 

short lifetime of assembled structures will be a major concern 

 
  

 

 

 

 

 

 

 

 

 

 

Figure 7. Phase diagram for self-assembly of MTs using 

streptavidin(St)-biotin(Bt) interaction showing the roles of 

crosslinker ratio (St/Bt) and tubulin concentration (Tub) in the 

morphological variations of assembled structures (left). Here, I, 

II, III and IV indicate phases of single filaments, bundles, 

networks and ring structures respectively, as shown by the 

fluorescence microscopy images (right). Scale bars: 10 m. 

From Ref. 44.45  
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for the adoption of these systems in nanotechnology. While 

the lifetime of these structures and systems has been 

dramatically prolonged by using an inert environment,56-58 

compared to the lifetime of current nanodevices powered by 

motor proteins, there is still much further to go. 

Conclusions 

Over the past decade, much work has been done to elucidate 

the state space of motor-driven self-assembled structures. The 

effects of many system parameters have been uncovered, 

which enables the creation of systems favoring the assembly 

of specific structures and features above others. Looking back 

at the major claims of active or dynamic self-assembly, it has 

indeed been shown that by using motors to drive self-

assembly processes, the assembly of building blocks can be 

accelerated and that larger, strained structures can be created. 

However, while control over their features has improved, 

there have been limited advances in increasing the variety of 

structures assembled; the library of achievable structures has 

not significantly expanded in these past 10 years. Furthermore, 

control over features is still quite inexact. It is clear that much 

more work remains to be done before we can fully harness the 

capabilities of active self-assembly.  
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