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N A N O R O B O T S

Robotic end-to-end fusion of microtubules  
powered by kinesin
Gadiel Saper1, Stanislav Tsitkov1, Parag Katira2, Henry Hess1*

The active assembly of molecules by nanorobots has advanced greatly since “molecular manufacturing”—that is, 
the use of nanoscale tools to build molecular structures—was proposed. In contrast to a catalyst, which acceler-
ates a reaction by smoothing the potential energy surface along the reaction coordinate, molecular machines 
expend energy to accelerate a reaction relative to the baseline provided by thermal motion and forces. Here, we 
design a nanorobotics system to accelerate end-to-end microtubule assembly by using kinesin motors and a cir-
cular confining chamber. We show that the mechanical interaction of kinesin-propelled microtubules gliding on a 
surface with the walls of the confining chamber results in a nonequilibrium distribution of microtubules, which 
increases the number of end-to-end microtubule fusion events 20-fold compared with microtubules gliding on a 
plane. In contrast to earlier nanorobots, where a nonequilibrium distribution was built into the initial state and 
drove the process, our nanorobotic system creates and actively maintains the building blocks in the concentrated 
state responsible for accelerated assembly through the adenosine triphosphate–fueled generation of force by 
kinesin-1 motor proteins. This approach can be used in the future to develop biohybrid or bioinspired nanorobots 
that use molecular machines to access nonequilibrium states and accelerate nanoscale assembly.

INTRODUCTION
The ribosome inspired the concept of molecular assemblers, which 
use energy-consuming processes to accelerate the assembly of mo-
lecular building blocks into larger structures (1, 2). The first synthetic 
molecular assemblers used topologically linked catalysts to sequen-
tially extend a polymer (3, 4). Leigh and colleagues (5, 6) designed 
rotaxanes that picked amino acids off a molecular strand as they 
traveled along and joined them into peptides of specific sequence 
and length. The driving force is entropy for the travel and an exo-
thermic reaction for the peptide formation. Kassem et al. (7) created 
a pH-activated molecular switch that controllably selected from dif-
ferent reaction pathways, demonstrating the advances in design-
ing molecular switches with fidelity, addressability, and robustness. 
Molecular assemblers can also be constructed with the tools of DNA 
nanotechnology (8, 9), where assembly steps are thermodynami-
cally driven.

Within molecular assemblers, building blocks diffusively cover 
Angstrom distances, and DNA nanorobots have been shown to dif-
fusively or directedly traverse distances from nanometers (10–12) 
to micrometers (13). In contrast, biomolecular motors, such as the 
motor proteins kinesin or myosin, can transport their associated 
cytoskeletal filaments (microtubules and actin filaments) over mi-
crometer to millimeter scales as they move and assemble them (14–17). 
The large distances greatly facilitate the direct observation of the 
assembly process using fluorescence microscopy. This, in turn, enables 
a focus on the assembly kinetics rather than a focus on the fidelity of 
the sequential execution of preprogrammed assembly steps (5–11).

One of the grand challenges in robotics is the design of biohy-
brid robots that integrate biological components with synthetic struc-
tures to perform complex tasks (Fig. 1) (18, 19). Here, we take on 
this challenge and design a system containing kinesin biomolecular 

motors confined in a synthetic circular guiding structure to accelerate 
the end-to-end fusion of microtubules (Fig. 2A). End-to-end fusion 
of thin (25-nm diameter) and long (several micrometers) microtu-
bules is much more sensitive to microtubule positioning and align-
ment than cross-linking along the microtubule lattice (14–17), 
making it an assembly process particularly suited to demonstrating 
molecular robotic assembly. The microtubules are propelled by the 
surface-adhered kinesins using the molecular fuel adenosine tri-
phosphate (ATP), and their confinement drives the system to a high 
energy state where end-to-end fusion of microtubules occurs at an 
accelerated rate compared with the same system in the absence of 
confinement. The driving force for accelerated assembly is thus not 
a preselected high energy state accessed during the chemical synthesis 
of the assembler, but a nonequilibrium state emerging as a result of 
the dynamics of the dissipative system. Using the presented system 
as an example, we discuss general questions related to the capabili-
ties of nanoscale robots.

RESULTS
Kinesin-propelled microtubules exhibit end-to-end fusion 
when confined in a circular chamber
The experimental model system used here to investigate the nano-
robotic acceleration of assembly is the end-to-end fusing of micro-
tubules (20–23). In contrast to microtubule assembly via the addition 
of tubulin dimers to the ends of microtubules, in end-to-end fusion, 
the plus end of one microtubule will attach to the minus end of a 
second microtubule (fig. S1). The end-to-end fusion is accelerated 
in a confining structure during microtubule gliding on a surface coated 
with kinesin-1 motor proteins. Microtubules propelled by surface- 
adhered full-length kinesin-1 motor proteins perform a persistent 
random walk (24, 25) and cross each other without changing direction. 
Because of a low rate of well-aligned end-to-end collisions, assembly 
(or fusion) events are rarely observed. When the gliding motion of the 
microtubules is confined in a circular chamber (50-m diameter and 
0.5-m height; Fig. 2B and fig. S2), the work done by the kinesin 
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motors leads to a nonequilibrium distribution of microtubules, 
because the microtubules begin to follow the boundary (Movie 1) 
(26). The increased density and alignment of microtubules lead to a 
fourfold increase in the average length of the microtubules within 
20 hours and a shift in the length distribution toward longer micro-
tubules (Fig. 2, C to E).

The key to confining microtubules in a flat circular chamber 
is the Convex Lens–induced Confinement (CLiC) device (27–29). 
The device uses a fluidic cell with a bottom surface micropatterned 
with circular pits, which are controllably sealed by pressing a con-
vex lens against the planar top coverslip (fig. S2) (30). This permits 
the introduction of the kinesin motors and microtubules before the 
sealing of the chamber. The sealing prevents the landing of micro-
tubules from solution occurring in open chambers and channels 
(26, 31, 32), which can confound the analysis. Initially, each cham-
ber contains a total of 40 to 200 microtubules gliding at a velocity of 
0.8 m/s. The microtubules accumulate at the circular boundary 
within a minute after confinement and circle the chamber every 
3  min, both clockwise and counterclockwise. Pinning events 
(24, 33), where the tip of a gliding microtubule gets stuck (e.g., to a 
defective motor) as the motors propelling the tail buckle the micro-
tubule (34), can redirect the microtubule away from the wall if it gets 
unstuck. These pinning events and the associated sharp turns (35, 36) 
are partially responsible for the continued presence of microtubules 
away from the wall. Microtubules slowly release protofilament frag-
ments from their leading end as they glide, which contributes to the 
free tubulin dimer concentration in solution that is conducive to 
microtubule growth and fusion events. Fusion events result from 
microtubules moving in the same direction and—because of veloc-
ity differences—catching up with each other. The leading minus 
end of one microtubule can then attach to a trailing plus end of the 
other microtubule by forming a partial connection between two 
protofilaments. After the initial attachment, free tubulin from the 
solution binds and fills the gaps in the connection (37) similar to the 
self-healing observed for microtubules (38, 39). The closed chamber 

largely prevents ATP from entering; thus, the ATP concentration 
falls within hours because of motor activity, ultimately reducing 
microtubule gliding velocity and the frequency of collision events, 
bringing the assembly process to a stop (fig. S3 and movie S1).

Visual evidence that increasing length results from fusion and 
not polymerization is obtained by performing the experiment with a 
mixture of rhodamine- and HiLyte Fluor 647 (HiLyte)–labeled micro-
tubules (Fig. 3A). Images taken 24 hours after the start of the experiment 
show long microtubules composed of segments with different col-
ors, indicating that fusion events have occurred (Fig. 3, A and B, 
and Movie 2). Gaps and overlaps between gray and red microtu-
bules occur because microtubules move in the time interval between 
the acquisition of the two fluorescence imaging channels (fig. S4). 
The initially 41 ± 1 microtubules per chamber (average ± SE, three 
chambers) form 20 ± 2 rhodamine-HiLyte Fluor connections after 
24 hours (Fig. 3C). Although in some cases we can identify connec-
tions between segments of the same color (fig. S5), we count the al-
ways-identifiable rhodamine-HiLyte connections. The total number 
of connections is twofold higher, because the starting number of 
rhodamine and HiLyte microtubules is similar. The number of mi-
crotubules is reduced because of fusion and depolymerization of 
short microtubules and can increase because of microtubule break-
ing, leading to 10 ± 2 microtubules per chamber after 24 hours. The 
distribution of the number of connections per microtubule after 
24 hours is consistent with the exponential distribution of a step 
growth polymerization process (Fig. 3D and fig. S6) (40).

Microtubule fusion is accelerated 20-fold by 
the confinement in the chamber
The acceleration of the fusion process by the circular boundary is 
demonstrated by a comparison between fusion in the circular 
chamber and fusion on a planar surface, where a similar initial 
number of microtubules per surface area leads only very rarely to a 
fusion event (Fig. 4A). For a similar initial surface density (86 micro-
tubules per chamber and 75 microtubules in an equal area without 

Fig. 1. Molecular robotic assembly powered by molecular motors. (A) Surface-adsorbed kinesin molecular motors can propel microtubules, cytoskeletal filaments 
assembled from tubulin proteins. (B) The kinesin motors together with guiding structures form a robot that manipulates microtubules, aggregating and aligning them to 
accelerate their end-to-end fusion. (C) Macroscopic robotic assembly aims to suitably manipulate immobile objects, molecular-scale objects often are mobile because of 
their thermal energy, and assembly can proceed spontaneously as a result of encounters between binding sites. Molecular robotic assembly can accelerate this process 
by guiding the building blocks toward configurations that facilitate assembly in an energy-consuming process.
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confinement), 60 rhodamine-HiLyte connections are formed in the 
chamber in 10 hours versus only 3 connections on an equal area of 
the planar surface (Fig. 4B and fig. S7). The notable difference in the 
fusion rate is underscored by the evolution of the microtubule 
number (Fig. 4C), which declines as a result of fusion in the cham-
ber but is constant on the planar surface. The number of microtu-
bules is also affected by depolymerization of short microtubules, 
breaking of microtubules, and—in the unconfined case—landing 
and leaving microtubules (35, 41). The initial bimolecular reaction 
rate is 0.1 day−1 for the confined and 0.001 day−1 for the unconfined 
case (concentrations expressed in number of microtubules per 
chamber area, yielding reaction rates in number of fusion events per 
chamber area and time; see the “Calculating the bimolecular reaction 

rate” section in the Supplementary Materials). Both the gliding ve-
locity of the microtubules and the fraction of moving microtubules 
decrease over the course of the experiment (Fig. 4D), although the 
effect is more pronounced in the circular chamber because of re-
stricted access to ATP.

The role of the gliding velocity in the fusion process is complex, 
because the frequency of plus-end to minus-end collisions between 
two microtubules circling the chamber is proportional to their 
velocity difference, while the time available to successfully fuse is 
inversely proportional to the velocity difference. The resulting de-
pendence of the fusion process on the gliding velocity distribution 
may be nonmonotonic, as has been observed for the velocity- 
dependent process of gliding microtubules picking up cargo from 

Fig. 2. Motor-driven molecular assembly. (A) Previous molecular robots/machines [sketched is the catalytic machine of De Bo et al. (6)] often rely on entropically driven 
movement where the free energy F of the mover decreases over time, whereas molecular motors can use fuel, such as ATP, to enable assembly steps. Confinement of 
motion generates a distribution of building blocks with higher free energy F and can accelerate assembly. (B) This principle is realized in a system where microtubules are 
propelled by surface-adhered, ATP-consuming kinesin-1 motor proteins in a circular chamber (diameter, 50 m; height, 0.5 m) where end-to-end fusion of microtubules 
can occur. (C) Fluorescence microscopy images of rhodamine-labeled microtubules at 0 and 24 hours after confinement. Scale bar, 10 m. (D) Average microtubule length 
as a function of time. There are 56 microtubules in the chamber at t = 0 hours. The error bars show the SE (34 ≥ n ≥ 14). (E) Histogram of the microtubule lengths 
at 0 (black), 10 (red), and 18 (blue) hours. The bin width is 10 m, and the labels indicate the middle of the bin.
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the surface (42). In our experiments, both microtubule density and 
velocity drop over time (fig. S8A), and the mean absolute velocity 
difference decreases with the decreasing velocity (fig. S8B). The 
fusion rate increases with the number of moving microtubules but 
does not show a clear dependence on the velocity or velocity differ-
ence (fig. S8C).

The confinement induces a nonequilibrium  
microtubule distribution
Microtubule fusion is accelerated by the nonequilibrium state 
achieved by the work of kinesins propelling the microtubules. To 
assess the minimum energy required to achieve this high-energy 
state, we calculate the change in free energy between the initial and 
nonequilibrium states. This free energy change is composed of the 
energy expenditures required to move the initially randomly dis-
tributed and oriented microtubules to the wall (decreasing entro-
py), align them with the wall (decreasing entropy), and bend them 
into the curvature of the wall (increasing internal energy). The elastic 
bending energy stored in 3-m-long microtubules with a per-
sistence length of 50 m (fig. S9) after the boundary with curvature 
1/25 m−1 is 0.1 kBT (where kB is the Boltzmann constant and T is 
temperature). In our experiment, the resolution of the fluorescence 
microscope limits the precision with which the positional and angular 
distributions can be determined (Fig. 5, A and B). By modeling the 
bounded persistent random walk of the gliding microtubules 
with a persistence length of 50 m, we obtained simulated steady-state 

Movie 1. Kinesin-propelled rhodamine-labeled microtubules confined in a 
chamber, imaged immediately after confinement. Time accelerated by a factor 
of 50. Scale bar, 10 m.

Fig. 3. Fusion of microtubules with different fluorescent labels. (A) Overlaid fluorescence microscopy images of kinesin-propelled rhodamine (gray)– and HiLyte 
(red)–labeled microtubules confined in a 50-m chamber at the start of the experiment and after 24 hours. Scale bar, 10 m. (B) Time-lapse images of a region of interest 
taken after 24 hours at intervals of 5 s. Scale bar, 5 m. (C) The number of rhodamine-HiLyte connections between microtubules (black) and the average number of 
rhodamine-HiLyte connections per microtubule (gray) as a function of time for the experiment shown in (A) and (B). Mean of three chambers, SE. (D) Histogram of the 
number of rhodamine-HiLyte connections per microtubule after 24 hours (29 microtubules pooled from three chambers).
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distributions for the microtubule density and orientation relative 
to the boundary (Fig. 5C, “Simulation of microtubules as active 
Brownian particles” section in the Supplementary Materials, and fig. 
S10) (43), similar to the earlier analysis of Månsson et al. (26). Our 
simulations (Fig. 5C), which match the experimental observations 
(Fig. 5, A and B) well, show that the entropy change due to the con-
centration and alignment of each tip is −2 kB (“Radial and angular 
distribution entropy calculation” section in the Supplementary Ma-
terials and fig. S11). The minimal work per microtubule required to 
create the nonequilibrium distribution of microtubules near the 
circular boundary by increasing their internal energy and reduc-
ing their translational and rotational entropy is therefore 2 to 3 kBT.

The work done by the motors to reduce the range of microtubule 
directions and positions results in an increased frequency of end-
to-end collisions under suitable angles and thereby accelerates the 
fusion process, just as the isothermal compression of reactive gas 
molecules in a cylinder increases their reaction rate. For an ideal 
gas, doubling the rate of collisions by isothermal compression requires 
kBTln2 of work per particle (44). Similarly, the roughly 24-fold ac-
celeration achieved in the experiment shown in Fig. 4 was achieved 
by doing work in the amount of 3 kBT (= 4 kBTln2) per microtubule 
to compress the accessible phase space of positions and angles.

During the process of alignment with the boundary, the micro-
tubule transitions over an energy barrier, because the gliding micro-
tubule turns sharply as the boundary is reached and then follows 
the boundary in either a clockwise or counterclockwise direction 
(Fig. 5, D and E). The sharp turn with a radius of curvature of 1 m 

Movie 2. Kinesin-propelled rhodamine (gray)– and HiLyte (red)–labeled mi-
crotubules confined in a chamber, imaged 24 hours after confinement. Time 
accelerated by a factor of 50. Scale bar, 10 m.

Fig. 4. Movement along the wall increases microtubule fusing. (A) Fluorescence microscopy images of kinesin-propelled rhodamine (gray)– and HiLyte (red)– labeled 
microtubules confined in a chamber and moving without constraint on the surface after 24 hours. Scale bar, 10 m. (B) The number of rhodamine-HiLyte connections as 
a function of time for microtubules confined in a chamber (blue) and unconfined on an equal surface area (orange). (C) The number of microtubules as a function of time 
for confined (blue) and unconfined (orange) microtubules. (D) The velocity of moving microtubules (squares) and the ratio of moving microtubules to total microtubules 
(circle) for confined (blue) and unconfined (orange) microtubules. Error bars for the velocity represent the SE (n > 10) and are smaller than the symbols.
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increases the elastic energy stored in the microtubule to close to 
40 kBT during the initial alignment (Fig. 5F), although the subsequent 
rupture of kinesin-microtubule attachments allows for an increased 
curvature and relaxes the elastic strain on the microtubule (Fig. 5F), 
as previously predicted by simulations of alignment processes (45). 
This bending energy is almost completely dissipated after the mi-
crotubule exits the sharp turn, contributing to the frictional losses 
in the transition from the initial distribution of the microtubules 
to the steady-state distribution with the microtubules following 
the wall.

DISCUSSION
The experiments demonstrate that the interaction of motor-driven 
active transport and confinement leads to a region of high microtu-
bule density, where the rate of end-to-end fusion of microtubules is 

more than 10-fold accelerated. The simulations show that the com-
pression of the microtubule phase space defined by location and 
orientation requires work of 3 kBT; although during the alignment 
with the wall, the elastic energy stored in the microtubule transiently 
reaches close to 40 kBT.

However, the chemical energy expended during the fusion pro-
cess is dominated by the ATP consumption of the dozens of kinesin 
motors propelling each microtubule. For the experiment shown in 
Fig. 4, 86 microtubule segments with a length of 3 m are propelled 
by kinesins with a linear density of 20 m−1 each consuming 
90 ATP molecules per second over 10 hours, which yields a fuel ex-
penditure per connection on the order of 100 million ATP molecules, 
each with an energy content of 20 kBT (calculated for the ATP, ade-
nosine diphosphate, and inorganic phosphate concentrations of 
2.5 mM present at the midpoint of the ATP utilization), for a total 
of 10 pJ. The energy required for the mechanical bending of the 

Fig. 5. Gliding microtubules collide with the boundary and align with it in an energy-consuming process, leading to the emergence of a nonequilibrium 
radial and angular distributions. (A) Median intensity of 301 fluorescent microscopy images of 180 rhodamine-labeled microtubules in a chamber taken 0 hours 
after confinement every 1 s. Scale bar, 10 m. Each microtubule can be described by the radial (r) and angular position of its tip and the angle of its movement relative 
to the boundary (). (B) Relative intensity as a function of distance from the center of the chamber for two 1-m-wide sections of the image in (A), one with (dashed 
gray line) and one without (solid black line) a stuck microtubule crossing the radius. A.U., arbitrary units. (C) Brownian dynamics simulations of the persistent random 
walk yield the theoretical density and angle distributions (see also fig. S11) of microtubules gliding under confinement. (D) Fluorescence microscopy images of a 
microtubule as it encounters and aligns with the wall. The white arrow marks the tip of the microtubule. Scale bar, 1 m. (E) The radial position, r, and the angle relative 
to the boundary, , of the microtubule shown in (D) over time. To reduce the impact of localization noise, the angle is determined from the tip position at time t and 
time t – 3 s. (F) The bending energy ​​E​ b​​  = ​ k​ B​​ ​TL​ p​​ Σ ​κ​i​ 

2​ ​L​ i​​ / 2​ of the microtubule in units of kBT as a function of time for the microtubule shown in (D) and (E) calculated 
from the curvatures κi of Li ≈ 0.5-m-long segments and persistence length Lp = 50 m. The red error bars at t = −8, 1, and 7 s represent the SD of three tracings of the 
microtubule and are smaller than the symbols.
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microtubule, which is the source of the nonequilibrium distribution 
accelerating the reaction, is thus dwarfed by the energy expended to 
actively move the microtubules. To a large degree, this is due to the 
more than million-fold mismatch between the low viscous drag re-
quired to move the microtubule and the large potential force pro-
duced by the many kinesin motors. However, other nanoscale 
propulsion mechanisms, such as self-electrophoretic and bubble- 
powered catalytic micromotors, have even lower efficiencies (46). 
The lower limit for the energy expenditure per connection can be 
approached by increasing the efficiency of the transport (e.g., by 
reducing the motor density). What must remain (even if a negligi-
ble amount of energy is dissipated during transport) is the change in 
the internal energy and translational and rotational entropy calcu-
lated previously (2 to 3 kBT).

Whereas many chemical reactors operate near their thermody-
namic limits (47), computers have had commercial success while 
operating far from their thermodynamic limits (48), although the 
minimal energy dissipation depends on the rate of computation (49). 
Macroscopic robots are similar to our system in that they expend 
most energy on overcoming friction and potential energy barriers. 
Although the discussion of efficiency frequently focuses on the effi-
ciency of the motor (50), here, the focus is on the efficiency of the 
utilization of the force produced by molecular motors (51). Clearly, 
both force generation and utilization have to be performed with 
high efficiency to compete with molecular and nanoscale assembly 
processes enabled by thermal forces. Our main points are that a 
thermodynamic lower limit for the energy expenditure for a given 
acceleration of assembly exists (44) and that our process oper-
ates far from this limit although it relies on highly efficient bio
molecular motors.

The question of whether such a nanoscale system meets the defi-
nition of a robot (52) has been previously answered in the affirmative 
by Lund et al. (11), who constructed a similar system consisting of 
a DNA walker showing elementary robotic behavior as it is guided 
by its environment. Our system also carries out a complex series of 
actions automatically (53), consisting of the microtubules finding 
the boundary, reorienting, following the boundary, and selectively 
fusing with other, suitably positioned microtubules. All these actions 
can be considered to be “embedded,” seemingly requiring neither 
sensing nor computing, merely actuation. “Intelligence”—however 
limited—is thus provided by the designer rather than the system 
(54), although in the context of the engineering of bipedal robots, 
the exploitation of passive dynamics was considered a major break-
through (55). From a different perspective, the molecular robot ex-
plores its environment via thermal shape fluctuations or reversible 
reactions, senses the local potential energy landscape, selects a path 
close to the minimum energy path, and proceeds along this path via 
irreversible dissipation of energy. A branching of the available paths 
forces a decision (56) and can activate a new sequence of actions. 
For example, in our system, the microtubule tip experiences ther-
mal fluctuations, interacts with the wall, spends most of its time 
close to the angular position where the wall-imposed bending is 
minimized, and is propelled forward along a particular angular di-
rection by the ATP-consuming and effectively irreversible action of 
the kinesin motors. A new “subroutine” is executed if the microtu-
bule tip encounters the tail of another microtubule, tubulin-tubulin 
interactions stabilize the aligned configuration, and free tubulin 
dimers are recruited from solution to fuse the microtubules. From 
the perspective of the chemist, these processes are merely the 

result of the dynamics of a molecular system on a particularly large 
and complex energy landscape. From the perspective of a biolo-
gist, these processes recapitulate the exploration of a maze by a rat 
using its whiskers or by a fungus using its hypha (57), that is, se-
quences of sensing, computation, and actuation that are ultimately 
resulting from molecular events as well. For the roboticist, this 
in vitro system is recognizable as a robot, because its systems pa-
rameters can be engineered. For example, microtubule rigidity can 
be predictably altered to tune the parameters of the microtubule 
tip’s sensing function, the motor surface density will affect force 
production, and microtubule interactions can be specified with dif-
ferent linkers. These programmable interactions allow for swarm 
behavior (17) although not yet at the level of functionality of 
macroscopic robot swarms (58, 59). Algorithms for the control and 
programming of molecular and nanoscale robots are an active area 
of research (10, 60).

A practical example of how the generation of a nonequilibrium 
distribution can be beneficial is the label-free biosensor demon-
strated by Chaudhuri et al. (61), which relies on the detection of the 
aggregation of kinesin-propelled microtubules in response to the 
capture of the analyte by the microtubules. The microtubule aggre-
gation step and thereby the time required for analyte detection 
could be accelerated by using a guiding structure (62). However, the 
end-to-end fusion assembly process studied here provides a clearer 
demonstration of the effect, because it takes advantage of both 
the increased density and the higher degree of alignment of the 
microtubules.

A common feature of the previously demonstrated molecular 
machines and robots for active chemical assembly (3, 5–9, 14, 63, 64) 
is that the molecular machine/robot and its support (e.g., the DNA 
origami tile) are initially in a “charged,” high-energy state and relax 
under the effect of an enthalpic or entropic driving force in complex 
series of orchestrated steps toward the equilibrium state. For exam-
ple, the rotaxane used by De Bo et al. (6) to synthesize a polymer 
chain is initially constrained to a specific position and diffusively 
explores the increasing space made available by the progressing 
assembly process. The charging is accomplished in the course of a 
suitable assembly sequence for the initial structure.

An interesting aspect of the system described here is that the sys-
tem “charges itself” as the microtubules starting from random posi-
tions in the circular chamber are propelled toward a nonequilibrium 
distribution near the chamber wall by the action of the motors. This 
is also different from the widely studied assembly of cytoskeletal 
filaments propelled by surface-adhered motor proteins into larger 
structures, such as spools (65) and bundles (17, 61), where motor-
driven active transport enables and accelerates the formation of 
energetically unfavorable assemblies.

The contribution of our work and other related studies is best 
appreciated in the context of current bioinspired efforts to design 
molecular factories, where multistep chemical transformations such 
as the biocatalytic assembly of HIV drugs (66) are designed to take 
place in one or more compartments (67). Although the state of the 
art is the engineering of smooth flows from building blocks to prod-
ucts driven by the free energy changes of the reaction steps (68), 
further improvements become possible through the integration of 
molecular robots capable of accelerating the flow and assembly of 
molecular parts.

Although our system highlights the large gap between energetic 
limits for the acceleration of molecular self-assembly processes, and 
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the large frictional losses present in molecular motor-driven transport, 
it also points toward a future where molecular machines do work to 
access nonequilibrium states and exponentially accelerate molecu-
lar and nanoscale assembly.

MATERIALS AND METHODS
Microtubule preparation
Microtubules were polymerized from 20 g of lyophilized 
rhodamine (Cytoskeleton Inc., TL590M) or HiLyte Fluor 647 (Cyto-
skeleton Inc., TL670M)–labeled tubulin in 6.25 l of polymerization 
buffer [BRB80 buffer, with 4 mM MgCl2, 1 mM guanosine triphosphate 
(GTP), and 5% dimethylsulfoxide]. BRB80 buffer is composed of 
80 mM piperazine-N,N′-bis (2-ethanesulphonic acid), 1 mM MgCl2, 
and 1 mM EGTA, adjusted to a pH of 6.89 with potassium hydrox-
ide. The solution was incubated on ice for 5 min and placed into a 
37°C water bath for 45 min. The solution was then diluted 20-fold 
to a concentration of 0.15 mg/ml of tubulin into BRB80 buffer con-
taining 50 M paclitaxel.

Kinesin preparation
Kinesin was prepared by the team of G. Bachand at the Center for 
Integrated Nanotechnologies (Sandia National Laboratory). Wild-
type, full-length Drosophila melanogaster kinesin heavy chain with 
a C-terminal His tag (69) was expressed in Escherichia coli, purified 
using a Ni–nitrilotriacetic acid column, and flash-frozen with liquid 
nitrogen in kinesin buffer [40 mM imidazole, 300 mM NaCl, EGTA 
(0.76 g/liter), EDTA (37 mg/liter), sucrose (50 g/liter), 0.2 mM 
TCEP (tris(2-carboxyethyl)phosphine) and 50 M Mg-ATP at pH 7].

Gliding assay
Flow cells (25 mm by 25 mm) were fabricated and assembled by 
ScopeSys Inc. The flow cells were composed of two thin coverslips 
sandwiched together with 30-m double-sided adhesive tape (Nitto 
Corp., no. 5603). For the confinement measurements, the bottom 
coverslip has embedded wells 50 to 55 m in diameter and 500 nm 
deep, whereas for the control experiments, the coverslip did not 
have the wells. The flow cell was loaded with BRB80 buffer contain-
ing casein (6 mg/ml). After 10 min, the solution was exchanged 
with the kinesin motor solution [BRB80 buffer with casein (4 mg/
ml), 5 mM ATP, and kinesin fivefold diluted from the stock solu-
tion], which was exchanged, 10  min later, against a microtubule 
solution containing tubulin (0.02 or 0.01 mg/ml) in the Motility 
Solution buffer [casein (0.5 mg/ml), 10 M paclitaxel, 5 mM ATP, 
20 mM d-glucose, glucose oxidase (0.2 mg/ml), catalase (8 g/ml), 
and 10 mM dithiothreitol in BRB80]. For some measurements, the 
microtubules used were all rhodamine-labeled microtubules, and 
for some, we used a mixture of half rhodamine-labeled and half Hi-
Lyte-labeled microtubules. The GTP concentration was 1 to 5 M 
in the experiments based on the dilution of the polymerization 
solution. For the experiments of microtubules confined in a cham-
ber, the CLiC rod-lens was placed on the top coverslip above a well 
and lowered to push down the top coverslip, creating a closed 
chamber (fig. S2) as previously demonstrated (28). Adjacent wells 
were also sealed and could be imaged by moving the stage. All 
experiments were performed at 24° ± 2°C. We analyzed more than 
10 independent experiments; for most of them, one chamber was 
imaged and analyzed, whereas for some, three or four chambers 
were imaged and analyzed.

Microscopy
The gliding assay was imaged using a Nikon Eclipse Ti epifluores-
cence microscope equipped with a scientific Complementary metal– 
oxide–semiconductor camera (Zyla 4.2, Andor Inc.), a “perfect focus” 
system to keep the surface in focus over days, and a 100× oil objective 
[numerical aperture (NA) = 1.49] or 40× oil objective (NA = 1.3). 
The sample was illuminated with a 488-nm laser (Omicron-Laser-
age Laserprodukte) operating at nominally 8% of the 150-mW maximal 
power or a light-emitting diode–based white light source (SOLA 
light engine, Lumencor Inc.) operating at 8% of the maximal power 
for the rhodamine-labeled microtubules and a 647-nm laser 
(Omicron-Laserage Laserprodukte) operating at 5% of the 140-mW 
maximal power for the HiLyte-labeled microtubules. The excitation 
light was on only during the camera exposure time window. For the 
exposures with the laser light, we used total internal reflection fluo-
rescence illumination. The camera exposure time was 50 ms when 
the SOLA was used and 30 ms when the lasers were used.

Analysis
The images were analyzed using Fiji ImageJ software and MATLAB 
(MathWorks Inc.). The number of moving, stuck, and total micro-
tubules was counted for all the microtubules in the chamber or for 
all microtubules in the field of view and normalized to the equiva-
lent chamber area in the unconfined measurements. The length was 
measured using the ImageJ Segmented Line function for all the 
microtubules in the chamber or at least 14 microtubules in the 
chamber chosen randomly. The number of connections was 
measured for all microtubules in the chamber or in the unconfined 
measurements for all microtubules in the field of view and normal-
ized to the equivalent chamber area. Microtubule locations and 
velocities were measured with the Manual Tracking plugin in ImageJ, 
and MATLAB was used to calculate the average velocity, velocity mean 
difference, angles, distance from center, and persistence length. The 
median intensity was measured using Z Project in ImageJ. For the 
bending energy, a spline was fit to the data in MATLAB using 
CVX, a package for specifying and solving convex programs (70, 71).

Simulations
The simulations were performed and analyzed in MATLAB (MathWorks 
Inc.) and detailed in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scirobotics.abj7200
Calculating the bimolecular reaction rate
Simulation of microtubules as active Brownian particles
Radial and angular distribution entropy calculation
Figs. S1 to S11
Movie S1
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