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a  b  s  t  r  a  c  t

Self-organization  is one  of  the  most  spectacular  phenomena  exhibited  in the  wide  spectrum  of  biologically
active  systems.  Many  studies  have  attempted  to investigate  different  parameters  that  regulate  the  self-
organization  of moving  objects.  Recent  theoretical  and  analytical-based  approaches  have  revealed  that
physical  confinement  has regulatory  effect  on  the  self-organization  of moving  objects.  However,  a  detailed
experimental  study  on  how  the varying  shapes  and  sizes  of  the  confinement  affect  the  self-organization
of  moving  objects  is  still  lacking.  Recently,  biomolecular  motor  systems  F-actin/myosin  and  micro-
tubule/kinesin  or  microtubule/dynein  have  been  promising  to  experimentally  study  the self-organization
of  moving  objects.  Here,  we experimentally  investigated  the  shape  and  size  effect  of  confinement  on the
self-organization  of microtubules  (MTs)  by employing  the  in vitro  motility  assay  of MT/kinesin  motor  sys-
tem.  The  MTs  were  confined  by  a lipid  layer  on a glass  surface  micro-patterned  by  photolithography.  We
demonstrated  that  shapes  and  sizes  of the  confinements  largely  influenced  the  self-organization  of MTs.
The  MTs  showed  distinct  orientations  in  different  shapes  and  sizes  of  the confinements.  This work  clearly
unveiled  how  physical  confinement  influences  the self-organization  of  MTs  and  would  help  understand
the  effect  of  confinement  on  the  self-organization  of  more  complex  biologically  active  systems  in nature.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Self-organization is commonly exhibiting process in the wide
spectrum of biologically active systems that include the flocks of
birds or schools of fishes [1], assemblies in bacterial colonies [2]
and the cytoskeleton [3], a complex network of protein polymers
involved in many essential cellular processes. In recent years, there
have been significant progresses in the understanding of the self-
organization behavior of active systems [4,5]. In such systems,
different parameters that regulate the self-organization of mov-
ing objects have been studied, mainly based on the theoretical and
analytical approaches [6–8]. Recent studies have predicted that
boundary conditions such as physical confinements can have a
strong impact on the self-organization of active matters [9–12].
Voituriez et al. theoretically studied the flow behavior of active
polar materials such as cytoskeletal actin networks under confine-
ment and found a flow transition from homogeneously polarized
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immobile state to perturbed flowing state [11]. More recently,
Tsang et al. in their in silico work demonstrated that the phase
transition of microparticles to density shock waves is signifi-
cantly influenced by the physical confinement [12]. Nowadays,
in vitro motility assay of biomolecular motor systems such as
F-actin/myosin and microtubule/kinesin or microtubule/dynein
have appeared promising in experimentally investigating the
self-organization of self-propelled particles where F-actins or
microtubules (MTs) are driven by associated biomolecular motors
immobilized on a surface in the presence of adenosine triphos-
phate (ATP) [13–15]. Previously, MTs  and F-actins have been shown
to exhibit various architectures by focusing mainly on the posi-
tioning of MT/actin nucleation centers when the filaments were
self-organized under confinement [16,17]. However, a detailed
experimental study on how the varying shapes and sizes of the
confinements affect the self-organization of the sliding cytoskeletal
filaments on motor proteins is still lacking.

In this study, we  employed the MT/kinesin, the most widely
employed biomolecular motor system in vitro, as a model sys-
tem to investigate experimentally the effect of shape and size of
the confinement on the self-organization of MTs. To confine MTs,
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we developed an experimental system on micro-patterned glass
surface. MTs  sliding on kinesin motors were confined by a lipid
layer on hydrophilic regions with varying shapes and sizes of a
hydrophilic/hydrophobic patterned glass substrate fabricated by
photolithography method. Using this system, the self-organization
of MTs  was studied which showed that MTs  were preferentially
aligned in particular directions inside the confinement. The aligned
MTs  demonstrated different orientations inside different shapes
and sizes of the confinements. The results in this study revealed that
the shape and size of the confinement significantly influence the
self-organization of MTs. Therefore, the findings would help obtain
deeper insight about the effect of confinement on the organization
and orientation of other biologically active matters. Moreover, the
MTs  were confined on the patterned glass surface by a soft lipid
layer, which provides a cell-like environment for MTs. Thus, this
observation system will provide a basis for the study of more com-
plex biological systems for technological applications, which might
be a leap to engineer artificial cells.

2. Materials and methods

2.1. Tubulin preparation and labeling

Tubulin was  purified from porcine brain using a high-
concentration PIPES buffer (1 M PIPES, 20 mM EGTA and 10 mM
MgCl2; pH adjusted to 6.8 using KOH) [18]. The high-concentration
PIPES buffer and BRB80 buffer (80 mM PIPES, 1 mM EGTA, 1 mM
MgCl2; pH adjusted to 6.8 using KOH) were prepared using PIPES
from Sigma. The purified tubulin was stored at −80 ◦C until use.

Rhodamine-labeled tubulin was prepared using tetramethyl-
rhodamine succinimidyl ester (TAMRA-SE; Invitrogen) according
to the standard techniques [19]. Rhodamine-labeled tubulin was
obtained by chemical cross-linking and the labeling ratio was  1.0.
This ratio was determined by measuring the concentration of pro-
tein and tetramethylrhodamine. The concentration of protein and
tetramethylrhodamine was  calculated spectrophotometrically by
measuring the absorbance at 280 nm and 555 nm respectively using
a NanoDrop 2000c spectrophotometer (Thermo Scientific). The
labeled tubulin was stored at −80 ◦C until polymerizing it to MTs.

2.2. Preparation of MT

Rhodamine-labeled MTs  were obtained by polymerizing
70.0 �M tubulin mix  (rhodamine-labeled tubulin : non-labeled
tubulin = 4:1 in molar ratio) at 37 ◦C for 30 min  using a polymer-
ization buffer containing 2 mM of the guanosine-5′-triphosphate
(GTP) analogue guanosine-5′-[(�,�)-methyleno]triphosphate
(GMPCPP, Jena Biosciences, Jena, Germany) and 4 mM MgCl2 at a
ratio of 4:1 (tubulin mix  : polymerization buffer = 4:1; final tubulin
concentration 56.0 �M).  MTs, polymerized from 56.0 �M tubulin,
were stabilised and diluted to 10 �M with a buffer containing
paclitaxel (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 20 �M pacli-
taxel). MTs  obtained with final tubulin concentration of 10.0 �M
were used for performing experiments.

2.3. Kinesin preparation

Recombinant kinesin-1 consisting of the 573 amino acid
residues was prepared from the N-terminus of conventional human
kinesin. This recombinant kinesin fused with His-tag at the N-
terminus was expressed in Escherichia coli and purified through the
general method using Ni-NTA-agarose. The prepared kinesin was
stored at −80 ◦C until use for experiments.

2.4. Glass surface modification

The hydrophilic/hydrophobic pattern was fabricated on a glass
substrate through photolithography method (schematically shown
in Fig. S1). Glass was coated with cytop. Cytop solution (Cytop
CTL–809 M,  Asahi glass co.) mixed with the dilutant (Cytop CT-solv
180) at the ratio of 1:1 was  spin coated on the glass at 500 rpm for
10 s and at 3000 rpm for 20 s. Then the glass was baked at 50 ◦C
for 30 min  and cured at 180 ◦C for 60 min. Next the cytop coated
glass was covered with parylene polymer. A positive photoresist
‘microposit S1818′ was spin-coated on the cytop and parylene
coated cover-glass. In photolithography, ultra-violet (UV) irradi-
ation was  applied for 6–8 s using the photomask. Pattern was
developed by using a chemical reagent, ‘NMD-3 (2.38%)’. After pat-
tern development, the photoresist was removed from the place
where light was exposed. The parylene and cytop was  removed
by O2 plasma ion etching for 5 min.

2.5. Preparation of lipid-oil mixture

To prepare the lipid and oil mixture, 20 mM phospholipid
(1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-[Methoxy
(Polyethylene glycol)-2000, DOPE, Avanti Polar Lipids, Inc., USA)
was mixed with liquid paraffin oil in a vial. Then the vial was
incubated at 80 ◦C for 15 min  and vortexed. After that the mixture
was sonicated for 60 min  at 50 ◦C for proper mixing of the lipid
and oil. The mixture was  cooled and incubated overnight at room
temperature in the dark. The final concentration of lipid in oil was
1 mM.  After preparation, the lipid-oil mixture was  stored at room
temperature in the dark and used within 1 week of preparation.

2.6. Preparation of flow cell for the observation of MT  motility

Flow cell with approximate dimensions of 3 × 9 × 0.6 mm3

(W × L × H) was  prepared by placing glass slide (9 × 18 mm2, Mat-
sunami) on a patterned cover-glass (40 × 50 mm2, Matsunami)
where double-sided tape was  used as a spacer. First, the flow
cell was filled with 10 �L of 0.5 mg  mL−1 casein and incubated
5 min, followed by a wash with 15 �L wash buffer (80 mM PIPES,
1 mM DTT, 1 mM MgCl2, 0.5 mg  mL−1 casein, 5 �M paclitaxel).
Then 10 �L of 650 nM kinesin was  passed through the flow cell
and incubated for 5 min. After washing with 15 �L wash buffer,
MTs  polymerized with final tubulin concentration of 10 �M were
applied and allowed to bind to kinesin for 5 min. For the motil-
ity of MTs, ATP buffer (80 mM PIPES, 10 mM ATP, 1 mM  DTT, 1 mM
MgCl2, 0.5 mg  mL−1 casein, 4.5 mg  mL−1 D-glucose, 50 U mL−1 glu-
cose oxidase, 50 U mL−1 catalase, 5 �M paclitaxel) with 0.3 wt%
methyl cellulose (methylcellulose 4000, Junsei Chemical Co., Ltd,
Mw = 140 kDa) was applied into the flow cell. The flow cell was
placed on the microscope and initiated observation immediately
after passing a mixture of phospholipid containing oil through the
flow cell. The time of initiating microscopic observation was set
as 0 min. The MT  motility was  observed under an epifluorescence
microscopy at room temperature (25 ◦C).

2.7. Microscopic image capture

For observing the motility of MTs, samples were illuminated
with a 100 W mercury lamp and visualized by epifluorescence
microscope using an oil-coupled Plan Apo 60 × 1.40 objective
(Nikon). Images were captured using a cooled-CCD camera (Cas-
cade II, Nippon Roper) connected to a computer. Observation of
the motility of MTs  was performed by capturing movies at a rate of
1 frame/10 s with a 500 ms  exposure time.
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