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Abstract 

In living organisms, many dynamic mechanisms are driven by motor proteins on a wide scale for tasks including the 
assembly of hierarchical structures at the nano to micrometre scales and macroscopic movements with hierarchical structures. 
Such complicated assemblies and sophisticated functions are intriguing for applications in nano and microengineering. Using 
motor proteins may enable multimolecular assembly in artificial systems by reproducing simple molecular movements using 
established methods such as motility assays of kinesin and microtubules. However, building a multimolecular system and 
selecting the target functions are key points to consider for potential applications. We use an active matrix consisting of 
crosslinked microtubules driven by kinesin to agitate microscopic objects that are not moved by thermal fluctuation, that is, 
non-Brownian particles. This method may contribute to enhance various self-assembly processes for larger objects. The 
resulting isotropic agitating properties are compared with those of other agitation methods based on external forces exerted by 
electric motors. The active matrix may provide a new type of mesoscopic scale actuator to perform stochastic mechanical 
agitation. 
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1. Introduction 

When assembling micro-components into a macroscopic 
structure, bottom-up approaches such as self-assembly or 
phase separation have been developed to replace pick-and-
place handling of very small parts. In self-assembly, agitation 
and binding of the building blocks are the essential steps,1-3 
and the control of these processes has been pursued to obtain 
assembly structures such as aggregation patterns and colloid 
crystals. Research is being increasingly focused on more 
complex (e.g. hierarchical) structures with fewer defects and 
larger-scale macroscopic structures.4,5 The geometries of 
building blocks, such as sticky domains and chemical 
components, have been the main concerns for applications 

such as Janus particles, patchy particles, and DNA origami. In 
addition, interactions of solvophobic surfaces, cyclodextrin 
for host–guest chemistry, protein-specific interactions, and 
DNA annealing are being harnessed.1,6-22 

With the increasing complexity and scale in assembly 
designs, structural stability, morphological purity, production 
efficiency, and other problems have emerged,23-28 and the 
movements of building blocks are being carefully investigated 
because they affect the configurations that originate 
macroscopic structures.5,29,30 In conventional self-assembly, 
including phase separation, components are conveyed via 
Brownian motions. Numerous collisions of solvent molecules 
allow translocation and turn for changing the direction of the 
components, generating random trajectories. In addition to 
Brownian particles, larger components of approximately 
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100 nm–1 mm in diameter move less by thermal fluctuation 
and they sediment faster, tending to be kinetically arrested.1 
To overcome kinetic arrest of non-Brownian particles, an 
additional driving force for agitation should be available 
during assembly.31,32 

Various active agitation methods are available, from simple 
mechanical vibration, such as sonication,17,32-37 to the use of 
force fields, such as capillary forces under solvent 
evaporation,38,39 and centrifugal forces.40 Although these 
methods generate agitation, they drive the components 
unidirectionally, and the interparticle position is less affected 
by the force fields of the sweeping gas/liquid interface and 
centrifugal force or by the shock wave of sonication. In these 
methods, changes in the moving direction occur due to thermal 
fluctuation and collisions among the components if the 
particle density is sufficient.41-43 Thus, random trajectories 
with frequent turns are less drawn by thermal fluctuations for 
large non-Brownian particles. The resulting immobility may 
impede the formation of aligned structures such as lattices,16,44 
in which the component orientation is important for correct 
binding.  

Few methods that promote interparticle displacement are 
available. For instance, Janus magnetic particles which exhibit 
different motions according to the magnetic orientation of 
individual particles under an altering magnetic field can be 
used to induce reorientation and collision of particles.45-47 
Alternatively, active materials driven by chemical reactions 
can be used.41,48-50 In principle, the particles move individually 
without outer fields, causing interparticle displacement. 
However, asymmetric modification of individual particles and 
specific chemical reactions are necessary, possibly limiting 
the design of arbitrary building blocks for complex and 
hierarchical self-assembly. In addition to examples in artificial 
systems, living cells perform elaborate and complicated 
dynamic assemblies. In particular, motor proteins enhance the 
cytoplasmic diffusion of molecules and organelles, that is, 
they perform agitation inside the cells by consuming chemical 
energy.51 Inspired by this mechanism, we use motor proteins 
for agitation of micro-objects. 

Kinesin and microtubules constitute a linear motor of 
proteins. The kinesin motor walks along the path set by the 
microtubule in one direction consuming the chemical energy 
of available adenosine triphosphate (ATP). Hence, kinesin and 
microtubules have often been employed in the design of 
miniature devices to generate nano/micrometric movements 
controlling the driving directions of molecules.52-56 In a typical 
setup, sliding motions of microtubules can be observed under 
a microscope driven by kinesin on a solid substrate. It has been 
shown that chemical crosslinking of microtubules to form a 
network allows generating fluctuating motions down to the 
submillimetre scale on a kinesin-decorated surface, despite the 
microtubule orientations being random.57,58 When living cells 
are suspended on this kinesin-driven active matrix of 

crosslinked microtubules, the suspended cells, which are 
originally adhesive, fluctuate and cell aggregation enhances.59 
Therefore, the active matrix can agitate microscale objects to 
cause collisions, potentially contributing to various self-
assembly methods. Nevertheless, the uniqueness of object 
conveyance remains unclear, particularly in terms of agitation. 
Thus, we characterised the stochastic driving of a kinesin-
driven active matrix considering interparticle displacements in 
this study. The agitation properties were evaluated through 
comparisons with simple agitation methods that use an 
external vibrating force and with passive conditions to observe 
particle motions on the xy plane during sinking. 

2. Methods 

2.1 Tubulin and kinesin purification 

Tubulin was purified from fresh porcine brain which was 
obtained from the slaughterhouse according to an established 
method that uses a high ionic strength buffer to remove the 
microtubule-associated proteins.60 The purified tubulins were 
aliquoted and flash-frozen in liquid nitrogen for storage at 
−80 °C until use. Tubulin was maintained in a BRB80 buffer 
(80 mM PIPES, 1 mM EGTA, and 1 mM MgCl2 at pH 6.8 by 
KOH) unless modifications were noted. Kinesin was prepared 
as a fusion protein with green fluorescent protein (kinesin-
GFP) according to an established method with a modification 
to omit ion-exchange chromatography before microtubule-
affinity purification.61 

2.2 Preparation of crosslinked microtubules 

The crosslinked microtubules were prepared as reported in 
Refs. 57,58. The microtubules were polymerised from 
tubulins (100 μM) in a polymerisation buffer (80 mM PIPES, 
1 mM EGTA, 6 mM MgCl2, 5 mM GTP, pH 6.8) at 37 °C for 
30 min. 

For crosslinking, bis-N-hydroxysuccinimidyl ester 
polyethylene glycol (SUNBRIGHT DE-034GS, NOF, Tokyo, 
Japan) was added to the polymerised microtubules at a molar 
ratio of 2:1 (tubulin:CL), corresponding to an equimolar ratio 
of the NHS group to the tubulins (NHS/tubulin = 1). The 
crosslinking reaction was performed by incubation at 37 °C 
for 1 h. The crosslinked microtubules were depolymerised by 
chilling on ice for 30 min and polymerised again by incubating 
at 37 °C for 30 min to obtain uniformly crosslinked 
microtubules. The crosslinked microtubules were diluted 
twentyfold in a motility assay buffer (80 mM PIPES, 1 mM 
EGTA, 1 mM MgCl2, 0.5 mg/mL casein, 1 mM TCEP, and 
10 µM paclitaxel, pH 6.8). The microtubules in this solution 
were stabilised by paclitaxel, and this solution was kept at 
room temperature until perfusion to a kinesin-decorated 
chamber.  
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Figure 1. Schematic illustration of kinesin-driven active matrix of 
microtubule networks (a). Setups using external forces of electric 
motor which vibrate solid chamber (b) or stretching of elastic 
substrate STREX® (c). (b) and (c) are decorated with matrices but 
cannot be activated without the addition of ATP. For comparison, a 
setup for observing free-falling microparticles was also prepared (d). 
The chamber was turned upside down to start the process in which 
the particles sank to the bottom by an approximate height of 100 μm 
in around 20 s. 

2.3 Preparation of kinesin-driven active matrix 

The kinesin-driven active matrix was prepared based on a 
conventional motility assay protocol using crosslinked 
microtubules, as reported in Ref. 58 [Figure 1(a)]. As a sample 
chamber, a flow cell was used, and solutions containing each 
component were perfused step-by-step as follows [Figure 2]. 
The chamber was made by assembling a pair of cover glasses 
separated by spacers of Parafilm® (Bemis Flexible Packaging, 
Neenah, WI) with approximate inner dimensions of 
3 × 18 × 0.1 mm3 (width × length × height) and approximate 
volume of 5 μL. The chamber was filled with 0.2 mg/mL anti-
GFP antibody (A11122, Invitrogen, Carlsbad, CA) for 15 min, 
followed by perfusion of 20 µL casein solution 
(approximately 0.5 mg/mL in BRB80 buffer) for washing and 
blocking the remaining glass surface. After 5 min incubation 
with casein, 15 µL of a 210-nM GFP-fused kinesin solution 
(80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 0.5 mg/mL 
casein, 1 mM TCEP, pH 6.8) was added and incubated for 
10 min to bind to the anti-GFP antibody. The crosslinked 
microtubules diluted in the motility assay buffer were 
introduced and allowed to sit for more than 2 h to settle until 
starting the motility assay. The entrance and exit of the 

chamber were covered with a polyvinylidene chloride film to 
avoid evaporation. 

The assay started by perfusing 20 µL of motility buffer 
containing 5 mM ATP and suspended silica microparticles 
with a diameter of 5 µm (Sicaster® plain, 43-00-503, 
micromod Partikeltechnologie, Rostock, Germany). All 
solutions in the chamber were exchanged by pulling with a 
syringe pump (YSP-202, YMC, Kyoto, Japan) at a flow rate 
of 10 µL/min, which was optimised to maintain 
reproducibility of the particle movements on the active matrix 
(see Figures S1–S3). 

 

 
Figure 2. Preparation of active matrix in a flow-cell chamber. 
Sample liquids containing the building blocks of each molecule were 
added step-by-step with gentle flow control by an automatic pump 
(10 μL/min for entrance size of approximately 3 × 0.1 mm 
(width × height). (ADP, adenosine diphosphate; Pi, phosphate) 

2.4 Electric motor vibration and cyclic stretching of 
elastic chamber 

To evaluate agitation of silica particles suspended in 
matrices of crosslinked microtubules on kinesin without the 
addition of ATP, other vibration methods were tested.  

One method was vibrating the entire flow cell using a coin-
shaped vibrating electric motor (13,000 rpm, 1.8 G shock; 
FM34F, Tokyo Parts Industrial, Tokyo, Japan) [Figure 1(b)]. 
This motor was attached to a microscope stage using double-
sided tape. The horizontal vibration was transmitted to the 
particles through the stage and sample holder, which was also 
fixed to the flow cell with double-sided tape [Figure 3(a)]. The 
practical vibration of the chamber was measured to be 
reciprocal with a 0.5 μm stroke at a frequency of 180 Hz 
[Figures 3(b–d)]. 
Another method was using elastic substrate Strex® (STB-CH-
04, Strex, Osaka, Japan) designed for cell culture. The elastic 
substrate was stretched using an inhouse stretching device 
consisting of a linear actuator (PQ12, Actuonix Motion 
Devices, BC, Canada) controlled by an Arduino board (Uno 
R3, Arduino, Zug, Switzerland) [Figures 1(c) and 4]. The 
stretchable-membrane bottom of the Strex® chamber 



 Meguriya et al  

 4  
 

(20 × 20 mm) was subjected to cyclic stretching at a frequency 
of 0.5 Hz and set to produce a 10% linear strain, that is, a 2 mm 
stroke. The silica microparticles suspended in water were 
introduced into the chamber, and the movements were 
observed by microscopy. 

2.5 Microscopic imaging of silica microparticles and 
analysis 

The motions of the silica microparticles were captured 
using an sCMOS camera (Zyla-4.2P-CL10, Andor, Belfast, 
Ireland) attached to a microscope (Ti2-E, Nikon, Tokyo, 
Japan). An objective lens of 20×/ NA 0.45 ELWD (Nikon) 
was used for bright-field imaging. Sequential images were 
 

 
Figure 3. Chamber setup with electric vibration motor (a). The 
actual vibration of the chamber was observed using a high-speed 
camera of 1200 frame/s (b). The vibrating pattern of the ink speckle 
marked on the glass substrate was used to obtain the trajectory caused 
by vibration from the images (c). The trajectory was divided into 
seven periods to obtain the average path (d). The almost reciprocal 
vibration obtained from an approximate travel of 0.5 μm was 
determined at a frequency of 180 Hz.  

obtained for at least 1000 s at intervals of 5 s unless 
otherwise stated. Image analysis was conducted using the 
Image-Pro Analyzer 7.0 software (Japan Media 
Cybernetics, Tokyo, Japan). The movements of the 
particles were automatically tracked using the software 
with manual corrections for some misrecognition errors. 
The mean squared displacements (MSDs) of the 
trajectories and fluctuations of interparticle distances [ddx, 
ddy] were calculated from positions (x, y) at each time step 
over 1000 s.  

3. Results and discussion 

3.1 Particle motion on kinesin-driven active matrix and 
comparison with other agitation methods 

An active matrix of crosslinked microtubules driven by 
kinesin was prepared based on an existing method,58 and 
sample preparation was improved by automating liquid 
handling to increase the uniformity and reproducibility of 
moving micro-objects (see Figures S1–S3). As a microtubule 
is a relatively rigid and brittle fibre, slow liquid flow was key 
to prevent defects in crosslinked microtubules owing to shear 
stress. To analyse particle motion, silica microparticles (5 μm 
in diameter) were dispersed to buffer in the flow cell 
[Figure 1(a)], and the trajectories were traced using the 
recorded movie data. Silica was the material selected to 
enhance the contact to the bottom substrate because it has a 
density of 2.2 g/cm3 for easy sinking, unlike a resin such as 
polystyrene, which has a density comparable to that of water 
and thus sinks very slowly. 



 

The particles in the active matrix showed random 
trajectories [Figure 5(a)]. The MSD shows an almost normal 
diffusion [Figure 5(e)], but it was slightly super-diffusive 
because α was larger than 1 in relation to the MSD 
proportional to Δtα according to Ref. 58. Super-diffusion was 
caused by particles sometimes showing straight motion owing 
to the occasional release of elastic energy accumulated in the 
deformed substrate of the microtubules by the force from 
kinesin.  

For comparison, other methods which use external forces 
were evaluated regarding the fluctuation of particles 
suspended in the matrix without ATP to keep them passive. 
The particle trajectories in the flow cells under vibration with 
an electric motor [Figures 1(b) and 3] and in a cyclically 
stretched elastic chamber [Figures 1(c) and 4] are shown in 
Figures 5(b) and 5(c), respectively. The particles in the 
vibrating chamber and some particles in the stretching 
chamber showed very low mobility and subtle one-directional 
trends biased to the external force directions, as indicated by 
the red arrows in Figures 5(b) and 5(c). The MSDs showed the 
effects of the electric motor vibration and stretching substrate 
[Figures 5(f) and 5(g)], which resulted in trajectories with sub-
diffusion, as parameter α was clearly below 1. The small 
oscillations shown in Figure 5(g) were due to the gap between 
the image sampling and stretching cycle. As the matrices of 
crosslinked microtubules can trap and immobilise the 
microparticles, a control case with the microparticles 
suspended in water instead of the matrices was evaluated 
[Figures S4(a) and S4(b)]. The particles suspended in more 
fluidic conditions showed larger movements and longer 
trajectories in the direction of motor vibration, and the MSD 
showed super-diffusion (α = 1.8) [Figures S4(b) and S4(c)]. 
The straight travel was mainly attributed to the inertia and 

fluidity of the water suspension, in which the particles can be 
vibrated in the open chamber but are affected by the vibration 
directions [Figures S1(b)–(f)]. On the other hand, the particles 
do not move when the chamber is closed and small enough. 
The particles in the stretching chamber without the matrix did 
not move, and few cases (N = 3) showed much longer travel 
above 100 μm, which can be attributed to the flow of liquid 
caused by macroscopic chamber deformations [Figure S4(f)]. 
The MSD of the particles with restricted mobility resulted in 
sub-diffusion, as parameter α (= 0.6) was clearly less than 1 
[Figure S4(g)].  

The random fluctuation of microparticles by collision with 
water molecules was evaluated through free falling. The 
movements of the particles on the horizontal xy plane were 
traced during sinking after turning the chamber upside down 
[Figure 1(d)]. The particles were suspended in water, and the 
glass substrate was coated with casein to prevent particle 
sticking; otherwise, the particles were not at all along the z-
axis direction in the matrix of crosslinked microtubules. 
Figure 5(d) shows random and isotropic trajectories similar to 
those obtained from the active matrix [Figure 5(a)]. However, 
the travel was limited owing to the fixed chamber depth. The 
MSD was not calculated because of the short observation time.  

To clarify the trends in the trajectories shown in Figures 
5(a)–5(d) over time, the probability distributions of the 
displacements along the x and y axes were determined, 
obtaining the results shown in Figure 6. The kinesin-driven 
active matrix provided nearly Gaussian distributions [Figure 
6(a)], and the bell shapes became wider over a longer period 
up to 50 s along both the x and y axes. The mean displacements 
were zero, and the bell shapes were symmetric with respect to 
the centre, indicating random movements (e.g. Brownian 
motions) without notable offset. Figure 5(e) shows the relation 
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between the period and width σ obtained by Gaussian fitting. 
With the largest time window of 500 s, the probability 
distribution became almost flat, and fitting was not possible.  

The same analysis was applied the other agitation methods 
of electric motor vibration, stretching, and free falling [Figures 
5(b), 5(c), and 5(d), respectively]. For electric motor vibration, 
the width of the Gaussian distribution remained constant for 
the various periods, as shown in Figures 6(b) and 6(f). The 
stretching of the elastic substrate showed a slight effect on 
spreading the probability distribution according to the period 
along both the x and y axes, but with much less intensity than 
in the active matrix [Figures 6(c) and 6(g)]. For free fall, the 
probability distribution spread isotropically over the periods, 
being similar to the active matrix [Figures 6(d) and 6(h)], but 
the period was limited by the total vertical travel. Thus, the 
active matrix provided the highest dispersion of microparticles 
isotropically and over long distances. 

The variations in the distances between two particles were 
evaluated using parameters 𝑑𝑑𝑑𝑑𝑑𝑑�����  and 𝑑𝑑𝑑𝑑𝑑𝑑�����  as shown in 
Figure 7(a). For paired combinations of 10 tracked particles 
(combinations of 10C2 = 45), the average variations along the 
x- and y-axis components of the relative positions for the 
observation time were calculated [Figures 7(b)–7(d)]. The 
fluctuations in the interparticle distance on the active matrix 

showed a nearly isotropic distribution over an area with an 
approximate radius of 0.4 μm during the 5 s intervals. In 
contrast, those on the vibration motor [Figure 7(c)] and 
stretching chamber [Figure 7(d)] were mostly less than 0.1 μm 
regardless of the force directions. When the microparticles 
were suspended in water, the interparticle distance varied 
along the fluctuating directions parallel to the external forces 
but did not spread isotropically, and the displacements were 
limited [Figures S4(d) and S4(h)]. Thus, only the kinesin-
driven active matrix enhanced the interparticle fluctuation in 
two dimensions, possibly leading to isotropic collisions 
among the particles.  

3.2 Discussion 

Owing to their small size and directed drive, motor proteins 
are often employed in the development of nanotools which 
perform oriented micromovements. In this study, a random 
driving force from a non-oriented multimolecular system was 
characterised aiming to confirm stochastic agitation. Through 
the crosslinked network of microtubules, multiple driving 
forces of kinesin were successfully transmitted with some 
additivity to the movement of silica particles (5 μm in 
diameter) for displacements over several tens of micrometres, 

 

 
Figure 6. Distribution of particle displacements in intervals Δt = 1–500 s. The particle trajectories in Figure 5 (a)–(d) were analysed. The 
probability of displacement is shown along the Δx and Δy directions. Distribution width σ was estimated from Gaussian fitting and plotted 
for of each period τ in (e)–(h). For τ = 500 s using the active matrix, Gaussian fitting was not performed because the distribution was almost 
flat. 



 
Figure 7. Comparison of relative displacements among particles. 
(a) Definition of relative displacements (ddx, ddy). Relative 
displacements among particles fluctuating on active matrix of 
microtubule gel (b), on solid substrate decorated with microtubule 
gels and agitated by electric vibration motor (c), and on stretching 
elastic substrate STREX® (d). Diagram of likely movements of 
particles exposed to force from micro locus as active matrix (e) or 
force from outer field (f). 

 
which cannot be achieved by thermal fluctuation.58 The two-
dimensionally isotropic spread of interparticle fluctuation was 
efficiently generated by the active matrix [Figure 7(b)], 
whereas the spread remained one-dimensional for agitation 
driven by the external forces without the active matrix 
[Figures S4(d) and S4(h)]. The addition of a matrix without 
ATP further restricted the fluctuations [Figures 7(c) and 7(d)]. 
Two-dimensional interparticle fluctuations were qualitatively 
different from one-dimensional fluctuations and seemed to be 
generated by the forces from the micro locus [Figure 7(e)]. 
There, multiple collisions of microtubules in the active matrix 
driven by various kinesin molecules took place, leading to 
frequent switch-back turns to change the moving directions. 
In contrast, the particle movements often occur in the same 
direction under external forces [Figure 7(f)], and differences 
in the travel distance might cause one-dimensional 
interparticle fluctuations.  

The frequent collisions of the active matrix which can 
produce zig-zag patterns in the particle trajectory [Figure 5(a)] 
may also be applicable for enhancing self-folding processes.62 
In future work, other agitation methods driven by external 
forces such as magnetic fields or AC electric fields which do 

not need chemical reactions may be combined to increase 
agitation control.63,64 In addition, the ability of the active 
matrix to move non-Brownian objects beyond the thermal 
fluctuation scale may contribute to perform hierarchical self-
assembly based on precise design of building blocks, such as 
patchy colloids or Janus colloids.3,19,39,65-68 Their 
programmable self-assembly may allow an increase in the 
scale and elasticity tuning of the macrostructure under support 
of the bottom-up driving system of the active matrix.69-73 As 
the binding interaction of particles can be enhanced and 
destroyed depending on the temperature, especially for DNA 
affinity, moderate and controllable agitation is desirable also 
in the mesoscopic scale.69 Owing to the chemical energy-
dependent mechanism, agitation by the active matrix is 
tuneable, and local control may be possible using light-
responding substrates such as caged-ATP.74 The tuneable 
agitation at the mesoscopic scale may also contribute to the 
study of active matters, including self-organisation consisting 
of reversible dynamic interactions of building blocks.75 The 
control of aggregation may even be applicable to living cells59 
used as micro-objects because the active matrix can operate in 
living-cell compatible liquid.59 Thus, the enhancement of 
interparticle fluctuations by the active matrix can likely 
support a wide variety of applications, including those from 
biomedicine. 

We characterise the driving properties of an active matrix 
consisting of crosslinked microtubules and kinesin. The 
stochastic conveyance of the microparticles on the active 
matrix enhances the isotropic spread of interparticle 
fluctuations among non-Brownian particles, which hardly 
travel under thermal fluctuation. The uniqueness of this 
agitation method is shown through comparisons with other 
agitation methods that use external forces from motor 
vibration or chamber stretching. As the interaction to move 
particles in the active matrix establishes a physical collision, 
this method can be generally applied to the fluctuation of large 
particles, including living cells, to enhance interparticle 
communication.  
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