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Chapter 1. General Introduction

1.1 Background
1.1.1 Self-propelled motion and self-propelled object

Self-propelled motion is used to described the autonomous movement of nano-,
micro- and macroscale natural and artificial objects [1-5]. In particular, most of the
biological systems can regard as self-propelled objects since they can move
autonomously by responding to the external environments. For example, schooling
swarms of fishes, birds landings, and bacterial chemotaxis, etc [6-9]. In addition,
various types of the self-propelled objects in non-living systems have been investigated
not only to understand the mechanism of the autonomous motion in the biological
systems but also to create the artificial motors that respond to the change in the external
environments[ 10-15], such as, camphor objects [16-18], enzyme motors [19-20], self-
propelled droplets [21-22], and Janus particles [23-25]. For the past several years, the
mechanisms of the self-propelled motion have been studied, including interfacial
phenomena [16-18], bubble [26-27], light [28-29], ultrasound [30], and effect of
Marangoni flow [31]. Self-propelled systems have demonstrated potential applications
in environmental remediation, biomedicine, separation of organics, etc [33-36]. In
addition, the studies of the autonomous motion of the self-propelled object in the non-
living system are important to understand the mechanism of chemical energy

transformation from a source to movement in biological system [37].

1.1.2 Nonlinear phenomena of the self-propelled systems

In living systems, nonlinear phenomena, including oscillation, synchronization,
collective motion, and bifurcation are observed frequently [8, 38-41]. However, self-

propelled object in non-living system generally displays unidirectional or random
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motion. In other words, the autonomy of the non-living system is lower than that of the
biological system [16, 17]. For example, a simple camphor boat composed of a camphor
disk and a plastic sheet shows a random motion on the surface of the water phase. The
mechanism of the self-propelled motion for a camphor boat placed on the water surface
have been explained by many reports, as shown in Figure 1-1. In a nutshell, a camphor
boat floating on the surface of the water phase exhibits continuous motion which driven
by the difference in the surface tension around the boat (Ay = yw - 7, yw: the surface
tension of the pure water (~ 72 mN m™"), y.: the surface tension of the saturated camphor
aqueous solution (~ 55 mN m™)) [17, 42]. At the initial state, the camphor boat cannot
move due to the surface tension of the left edge is the same as that of the right edge.
With the diffusion on the right-side water surface of the camphor molecules from the
camphor disk, the surface tension of the water phase was reduced by the camphor
molecules. Therefore, the camphor object can accelerate by the difference in the surface
tension around the camphor boat [17, 42, 43]. In this simple system, the camphor boat

exhibits a random motion, this is the autonomy of the camphor object is low.
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Figure 1-1 Diagram scheme of the mechanism of self-propelled motion for a camphor

boat on the water surface.

By introducing nonlinearity into the non-living system can create a self-propelled
object with the high autonomy. It is important not only to enhance their diversity of
movement and application potential, but also to create a self-propelled motor that
exhibits the characteristic motion [16,17]. Various strategies have applied for the non-

living system to create nonlinear phenomena [16,17].



Collective motion that defined as the spontaneous behavior of the ordered
movement in a system, most of the collective motion is accompanied by
synchronization behavior [8]. The synchronization and collective behaviors are often
observed in biological systems, for example, in schools of fish, flocks of birds, and
herds of animals [8]. The self-propelled particles, like biological systems in nature, also
can exhibit the collective motion that responds to change in the external environments
[44]. For example, the schooling behavior of micrometer-sized silver chloride particles
in water under UV illumination reported by Ibele, et al. [45], and Duan et al. created
the exclusion and schooling behaviors of micro-motors using either a chemical or light

stimulus [46].

The oscillation phenomenon is defined as the repetition between two or more
different states, that have been observed in many fields including physics, chemistry,
and biology [40, 41]. For example, Belousov-Zhabotinsky (BZ) reaction [47], and
beating heart [48]. In recent years, researchers noticed that the oscillation phenomenon
can introduce into self-propelled systems by controlling the shape of the self-propelled
object or the external environments [1, 17, 18, 42, 44, 49]. In these systems, the
camphor disk as a simple self-propelled object that can induce an oscillatory motion by
many approaches. The oscillatory motion is defined that the alteration between resting
state and moving state of the self-propelled object [44, 49]. Here, several approaches
regarding the generation of the oscillatory motion for the self-propelled object are
introduced. Based on the discussion regarding the continuous motion for the camphor
boat mentioned above [17], the driving force of the self-motion is the difference in the
surface tension induced by the inhomogeneous diffusion of the camphor molecules on
the left and right edges [42]. Therefore, the oscillatory motion of the camphor boat on
the water surface can be created by controlling the diffusion distance of camphor
molecules, which have been reported in our previous study [49]. A camphor boat made
by a camphor disk glued on the plastic plate shows the oscillatory motion after placing
it on the water surface, see Figure 1-2. At the initial resting state, the camphor object

has no driving force for acceleration, because the camphor molecules diffuse and
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accumulate under the plastic plate. The surface tension around the camphor boat is
almost near to that of pure water. As the camphor molecules dissolve and diffuse to the
edge of the plastic plate, the camphor boat can be driven to move after the amount of
camphor molecules reaches a threshold concentration for acceleration. After the
camphor moves to a new position, the camphor object returns to the resting state since
the disappearance of the driving force. The oscillatory motion was observed because of

the repetition between the resting state and the moving state [49].

1. Resting state

Camphor disk
Dissolution & Diffusion

/ e _:_

3. Motion to deceleration 2. Rest to acceleration
= Threshold concentration

Plastic_plate

Camphor molecule

Period

Y

Time - Temperature
Figure 1-2 The mechanism associated the oscillatory motion for the camphor object.
Reprinted with permission from Ref [46], Copyright © 2018 American Chemical

Society.

The oscillatory motion of the self-propelled camphor disk on the surfactant
aqueous phase is another example. If a camphor disk placed on the surfactant aqueous
phase with a low surface tension (< 55 mN m™), the camphor disk cannot move since
the surface tension of saturated camphor aqueous solution is 55 mN m™!. Several types
of surfactants have been used to generate characteristic motion of the camphor disk
because of the surfactant with the property of reducing the surface tension of water and
forming the complex with camphor molecules [49, 50]. For example, the motion modes

(‘e.g., continuous motion, oscillatory motion, and no motion) of the camphor disk were
4



determined by the concentration of the additional surfactant and their alkyl chain length
[50]. The complex composed of the camphor and surfactant molecules as a driving force

plays an important role in the generation of the oscillatory motion [50-52].

1.1.3 Self-propelled objects coupled with chemical reactions

The products of the chemical reaction can be as the source of the driving force to
power the self-propelled objects, such as gas-type products, other products that can
reduce the surface tension of the aqueous phase. Several types of self-propulsion objects
driven by the products generated by the chemical reaction were explained in this section.
The oxygen production decomposed by the hydrogen peroxide (2 H2O2, — 2 H O + O»)
as the thrust force to drive the self-propelled objects have been reported by many
researchers [16, 26, 27]. The mechanism of self-motion associated with these self-
propelled objects is the gas bubble propulsion, at first, the gas bubble production
generated by the decomposition of the chemical reaction, then released from the
surrounding of the self-propelled object, thus driving the self-propelled move to the
opposite direction of the gas bubbles [19, 20]. In these self-propelled systems, micro- /
nano-motor is a simple and common example, a wide variety of materials (e.g., noble
metals including Pt, Au, Fe, enzyme and so on,) have been explored for the preparation
and applications of the motors driven by the chemical reaction of hydrogen peroxide.
M. Ren et [26], have designed a Junas micromotor made by ethoxylated
trimethylolpropane triacrylate/paraffin oil loaded catalysts nanoparticle (Fe;Os4 and
MnO3), which can promote the degradation of methylene blue dissolved in the water.
Fe3O4 nanoparticles can not only act as catalysts for pollutant degradation but also
control the moving direction. The propulsion bubble for the motor movement form by
the product of reaction catalyzed by MnO» nano particles in hydrogen peroxide aqueous
solution, which further enhanced the degradation of pollutants. For another example,
the filter paper immobilizing the catalysts was used to create a self-propelled catalase
motor by coupling a chemical reaction, which was reported in previous work of our Lab

[53]. In this system, the bifurcation between oscillatory motion and continuous motion
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of the catalase motor is observed varying the concentration of the hydrogen peroxide
aqueous solution. The source of driving force for the self-motion is oxygen bubble
produced by the decomposition of the hydrogen peroxide catalyzed by enzyme on the
motor. At the rest state, the small oxygen bubbles are produced by the decomposition
of the hydrogen peroxide, then several small bubbles form a single large bubble by
coalescence, and release from the edge of the catalase motor. Therefore, the catalase
motor can be accelerated. After that, the motor will return to the initial resting state
because of the bubbles cannot produce continuously for supporting the movement [53].
Therefore, the periodic oscillatory motion of the catalase motor is observed since the
repetition between resting state and accelerating state. The average speed of the
continuous motion and period of the oscillatory motion are determined by the size of
the oxygen bubbles formed under the catalase motor. The nature of the self-motion (e.g.,
average speed, amplitude, and period) is affected by the generation, growth, and release
of the oxygen bubble. In addition to these examples mentioned above, other chemical
reactions also can introduce into the self-propelled systems to create a self-propulsion
motor, e.g., autonomous motion of BZ droplet coupled with the nonlinear reactions [54,
55], the spontaneous motion of the benzoquinone disk on the reductant aqueous solution
(potassium ferrocyanide K4Fe(CN)s] or ascorbic acid) driven by a redox reaction [15,
56], self-propulsion motion of the camphoric acid motor driven by the acid-base
reaction on an alkaline aqueous solution [17, 48, 57], micromotor powered by urea

reaction, and so on [20, 23].

1.2 Purpose of this study

The purpose of this doctoral thesis is to create a self-propelled inanimate object by
introducing the characteristic nonlinear behavior, which can respond to the internal and
external environments. In this research, three self-propelled objects were constructed

to study the characteristic motion in non-living systems.



In chapter 2, I would like to construct a self-propelled camphor object consisting
of a camphor disk and a plastic sheet to study the influence of the contact area on the
self-propulsion. SDS dissolved in a water phase as a surfactant is used to create an
oscillatory motion by reducing the surface tension of water. The bifurcation mechanism
of motion mode and the feature of the oscillatory motion will discuss based on the
number of camphor molecules accumulated at the base of the object and the formation

of the SDS—camphor complex.

In chapter 3, I would like to examine the speed of a self-propelled camphor disk
placed on SDS aqueous phases at different depths of the aqueous phase. The
relationship between speed and water depth at low and high concentrations of SDS will
clarify. The mechanism of the experimental phenomenon will discuss in relation to the
diffusion rate of camphor molecules developed on the aqueous phase and magnitude of
Marangoni flow. In addition, I would like to qualitatively reproduce the experimental
phenomenon by numerical calculation based on the Navier-Stokes equation, the

reaction-diffusion-advection equation of camphor, and the surface tension of camphor.

Introducing chemical reactions to self-propelled objects is one of the strategies to
promote the autonomy and diversity of self-propelled objects in non-living systems. In
chapter 4, I would like to design an enzyme motor by coupling an enzyme reaction of
the urea. Based on the pH-sensitive activity of urease and the difference in the surface
tension around the urease motor, the mechanisms of oscillatory motion and bifurcation

of the oscillatory motion and no motion will explain.
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Chapter 2. Oscillatory motion of a self-propelled camphor object

on the surface of surfactant aqueous phase

2.1 Introduction

Various kinds of the self-propelled objects have been investigated not only to
understand the mechanism of the autonomous motion in the living systems but also to
create the artificial motors that respond to the change in the external environments [1,
2], such as chemotaxis [3-7], and collective motion [8-10]. However, most self-
propelled objects in non-living systems display unidirectional or random motion [2, 11].
In other word, the autonomy of self-propelled motors in living system is generally
higher than that in living system, because nonlinear phenomena are often observed in
living system [12-14]. In order to promote the autonomy and diversity of self-propelled
object in non-living system, various strategies have applied for the non-living system

to create nonlinear behavior [15-22].

A camphor disk or boat upon the water surface can be regarded as a simple self-
propelled object because the shape and size of camphor particle are easy to manufacture
and the enables sustained autonomous motion, ca. 1 h [2, 23]. The driving force of self-
propelled motion for the camphor object is the difference in the surface tension induced
by the concentration gradient of camphor around the object [24, 25]. Various
characteristic motion modes of the self-propelled camphor objects that are sensitive to
the internal or external environments have been reported in our previous researches, for
instance, the chamber shapes or the camphor objects [26, 27], depth of the water phase
[28, 29], and additional surfactants [31]. In addition, several applied systems have also
been studied, for example, collective motion [32], and energy transduction [33]. In one
of the studies mentioned above, the characteristic self-propelled motion for the camphor

disk floating on the surface of the sodium dodecyl sulfate (SDS) aqueous phase was
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investigated to control the mode-switching of the self-motion by additional chemicals
[31]. In such a camphor—SDS system, the features of the self-propelled motion were
determined by the concentration of SDS, as the concentration of SDS increases, the
four motion mode, including the continuous motion with higher speed, oscillatory
motion, continuous motion with lower speed, oscillatory motion, and no motion were
observed [31]. The oscillatory motion is generated above the critical micelle
concentration (CMC ~ 8.0 mM) of SDS since the interaction between the camphor and
SDS molecules increases the dissolution rate of camphor in the water phase. In addition,
the complexes composed of the SDS and camphor molecules play an important role in

the generation of oscillatory motion [2, 31].

However, the features of motion and mechanism of self-motion for the camphor
disk floating on the surfactant aqueous phase based on the kinetics of camphor and
surfactant molecules has not been clarified thus far. In this chapter, I examined the
features of oscillatory motion by controlling the amount of camphor molecules
dissolved from the disk into the SDS aqueous phase. These experimental results
indicate that the nature of the oscillatory motion is determined by the amount of

camphor molecules accumulated at the base of the self-propelled object [35].

2.2 Experimental section

2.2.1 Chemicals and materials

Sodium dodecyl sulfate, SDS (C12H250SOsNa, purity > 98%, CAS 151-21-3),
(+)-Camphor (CioH160, > 98%, CAS 76-22-2), and 7-hydroxycoumarin (CoHeOs3,
purity > 99%, CAS 93-35-6) were purchased from Sigma-Aldrich (St. Louis, MO),
Wako Chemicals (Kyoto, Japan), and INDOFINE Chemical Company, Inc. (Stryker
Lane, Hillsborough), respectively. Water was distilled by the Auto Still model system
(Yamato Scientific Co., Ltd., WG 23, Tokyo, Japan) via an ion exchange resin filter.
Two camphor objects (Objects I and II) using in this study, as shown in Figure 2-1.

Object I was made by a camphor disk (diameter: 7.0 mm; thickness: 1.0 mm; mass: 38
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mg) and a circular plastic sheet (thickness: 0.1 mm). Object II was made by a same
camphor disk and a plastic ring (outer diameter: 7.0 mm; thickness: 0.1 mm). The
camphor disk was manufactured using a Fourier transform infrared spectroscopy (FT-
IR) pellet die, and the plastic sheet and ring made of polyethylene terephthalate were
covered on the bottom center in the camphor disk using by glue. The contact area
between the bottom of the disk and the SDS aqueous phase (S in mm?) as a variable
parameter was changed using a circular plastic sheet with different diameters (dp in mm)
for Object I or a plastic ring with different inner diameters (d; in mm) for Object II. The

relationship between S and diameters for Objects I and II is shown in Figure 2-2.

(a) Side view N (b) side view .
Air Y | 1mm Air [ ] 1 mm
+

. 1 r ¥ ———— Y 0.1 mm
SDS aq./ =~ 04 mm SDS aq./ \T’ \ ; +
Camphor disk.  Plastic sheet Camphor disk. Plastic sheet

Bottom view :

Bottom view

de =7 mm

Figure 2-1. Schematic diagram of the camphor objects ((a) Object I and (b) Object II)
used in this study. dc denotes the diameter of the camphor disk. d;, denotes the diameter
of the circular plastic sheet in Object . d; denotes the inner diameter of the plastic ring
in Object II. S denotes the contact area between the bottom of the disk and the SDS
aqueous phase. The concentration of SDS aqueous solution was 10 mM.

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©

2021, American Chemical Society.
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Figure 2-2. Contact area (S) of a camphor object as a function of the diameter of object
(a) the diameter of the plastic sheet in Object I (dp), and (b) the inner diameter of the
plastic ring in Object II (d;).

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674—1679. Copyright ©
2021, American Chemical Society.

2.2.2 Observation of the movements for the camphor object

The camphor objects I and II were placed on the surface of the SDS aqueous phase
(concentration: 10 mM; water level: 3.0 mm; volume: 30 mL) in a glass Petri dish
(diameter: 120 mm). The motion of the camphor objects was recorded adopting a digital
video camera (SONY, HDR-CX430, minimum time resolution: 1/30 s, Tokyo, Japan)
at room temperature (7= 298 + 2 K) from a top view. The movies were analyzed using
a Java image processing and analysis program “Imagel 1.41” (National Institutes of
Health, Bethesda, MD, USA). SDS aqueous solutions and camphor objects were
exchanged for the individual examinations, and at least three examinations were

performed for the individual experimental conditions.
2.2.3 Visualization of the diffusion of the camphor molecules

To visualize the diffusion of camphor molecules from the camphor disk on the
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surface of SDS aqueous solution, a kind of indicator named by 7-hydroxycoumarin was
homogeneously blended with camphor by 1 w/w% to produce a camphor disk, since it
can be clearly observed by a camera under a UV light irradiation condition. In the other
hand, based our experimental results, I considered that 7-hydroxycoumarin have no
effect on the movements of the camphor object since a 7-hydroxycoumarin disk floating
on water exhibited no motion. Additionally, our experimental result shows that the
surface tension of 1 mM of 7-hydroxycoumarin aqueous solution is 71.9 = 0.2 mN m"
. Meanwhile, the physicochemical properties (solubility in water, density, and
molecular weight) of the camphor were more similar to those of 7-hydroxycoumarin,
compared to the other indicators including the fluorescein potassium salt. The camphor
disk (diameter: 7.0 mm; thickness: 1.0 mm; mass: 38 mg) after the additional of a small
amount of 7-hydroxycoumarin was fixed on the surface of SDS aqueous solution
(concentration: 10 mM; volume: 30 mL; water level: 3.0 mm) in a glass Petri dish
(diameter: 120 mm), and then diffusion behavior was recorded adopting a camera under
a UV light irradiation of 365 nm in wavelength (AS ONE Corporation, Handy UV
Lamp UV-16, Osaka, Japan) from the top in a dark box. The concentration of 7-
hydroxycoumarin (Chc) around camphor disk was evaluated by the difference in gray
value (AGV), AGV was calculated by the intensity of the emitted blue color using

Imagel] software.

2.2.4 Evaluation of the concentration of camphor

To evaluate the concentration of camphor molecules dissolved into the SDS
aqueous solution, a free camphor object (Object I) was placed on the surface of the SDS
aqueous phase (volume: 2 mL; water level: 2.0 mm) in a glass Petri dish (diameter: 37
mm). After 40 s, a small volume (0.5 mL) of SDS solution mixed with the dissolved
camphor molecules was extracted from the solution near the aqueous surface around
the camphor object by a syringe. Then, the absorbance of the mixed aqueous solution
including SDS and camphor was measured adopting a UV-Visible spectrophotometer

(UV-1650, Shimadzu Corporation, Kyoto, Japan) by a small Y-shaped quartz cell
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(length: 1 mm; width: 1 mm; high: 4.5 mm; volume: 0.5 mL).
2.3 Results

Figure 2-3 shows the time series of the speed for a camphor object I placed on the
surface of a 10 mM SDS aqueous phase at different S (S = (a) 10.2, (b)18.9, (c) 25.9,
(d) 31.4, (e) 35.3, and () 38.5 mm?). Two types of motion mode, oscillatory (alternation
between resting state and moving state) and no motion, were observed at different S,
this is, no motion of the camphor object observed at S = 10.2 mm? in Figure 2-3 (a),
oscillatory motion was observed at S > 18.9 mm? in Figure 2-3 (b)-(f). The oscillatory
motion of the camphor object under the each condition was maintained for at least 30
min. The period of oscillatory motion at S = 18.9 mm? was clearly longer than that at S
=25.9 mm?, but with an increase in S at S >25.9 mm?, significant change in the period
of oscillation was not observed. In contrast, the amplitude of oscillatory motion
increased with an increase in S. Here, I define the period of oscillatory motion to be a

time interval of repetition between neighbor maximum speed.
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Figure 2-3. Time series of the speed for a camphor object (Object I) at S = (a) 10.2,
(b)18.9, () 25.9, (d) 31.4, (e) 35.3, and (f) 38.5 mm?>. ¢ = 0 when the object was floated
on the surface of 10 mM SDS aqueous solution.

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©
2021, American Chemical Society.

The motion of the self-propelled camphor object II in Figure 2-1 was examined
in order to clarify the effect of the shape of the plastic plate on the feature motion of the
camphor object. Figure 2-4 shows the time variation of the speed for a camphor object
IT on a 10 mM SDS aqueous surface at different S values (S=(a) 12.6, (b)19.6, (c) 28.3,
(d) 38.5 mm?.). No motion was observed at S = 12.6 mm?. Oscillatory motion was
observed at S > 19.6 mm®. The period of oscillatory motion was decreased with an
increase in S. In contrast, the amplitude of oscillatory motion increased with an increase

in S.
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Figure 2-4. Time series of the speed of a camphor object (Object II) at § = (a) 12.6,
(b)19.6, (c) 28.3, (d) 38.5 mm?. ¢ = 0 when the object was placed on the surface of 10
mM SDS aqueous phase.

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674—1679. Copyright ©
2021, American Chemical Society.

Figure 2-5 shows (a) the frequency, f, and (b) maximum speed of the oscillatory
motion, vmax, for the camphor object (Object I) as a function of S. Here, v = 0.5 mm-s™!
was defined as a threshold value of the speed between motion and no motion.
Oscillatory motion and no motion were observed S > 18.9 mm? and at S < 18.9 mm?,
respectively. This is, bifurcation between oscillatory motion and no motion was
occurred around S = 18.9 mm?. With an increase in S, the frequency of oscillatory
motion was increased at 10.2 < .S <25.9 mm?, but was almost constant at ~ 0.03 s™' at
S > 25.9 mm?. However, as S increases, maximum speed of oscillatory motion was

increased linearly at S > 18.9 mm?.

Figure 2-6 shows (a) frequency and (b) the maximum speed of oscillatory motion
for the camphor object II as a function of S. Oscillatory motion and no motion were
observed at § > 19.6 mm? and S < 19.6 mm?, respectively. In other words, bifurcation
of the motion mode between no motion and oscillatory motion was observed around S
= 19.6 mm?. With an increase in S, the frequency and vmax of oscillatory motion were
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increased with an increase in S at S

> 19.6 mm>.
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Figure 2-5. (a) Frequency and (b) vmax of the camphor object (Object I) as a function

of S. The error bars corresponds to the standard deviation were obtained from three

examinations including at least 10 oscillations.
Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674—1679. Copyright ©

2021, American Chemical Society.
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Figure 2-6. (a) Frequency and (b) vmax of oscillatory motion of the camphor object
(Object II) depending on the contact area (S / mm?). The error bars corresponds to the
standard deviation were obtained from three examinations including at least 10
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oscillations.
Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674—1679. Copyright ©
2021, American Chemical Society.

The time profiles of the speed and vmax at different values of § for a single
oscillation of camphor object I were compared to clarify the acceleration process in the
oscillatory motion, as indicated in Figure 2-7. Here, the time required to reach from
zero to the maximum speed is called the acceleration time (#m) in this study. The similar
acceleration profiles were observed at different S, as indicated in Figure 2-7a. The
relationship between vmax and #m was also similar to the graph on the time variation of

the speed during the acceleration for S = 38.5 mm?, as indicated in Figure 2-7b.
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Figure 2-7. (a) Time series of the speed for an individual oscillation of the camphor
objects (Object I) with different S (dotted line: 25.9 mm?, black line: 35.3 mm?, gray
line: 38.5 mm?) and (b) relationship between vmax and #m at different S (filled circles)
together with the time variation of the speed for a single oscillation at S = 38.5 mm?
(gray line). tm was defined as zero when the camphor object changed from resting state
to motion, i.e., the speed was over 0.5 mm s! from zero. The numbers in (b) denote the
values of S (mm?). The error bars corresponds to the standard deviation were obtained
from at least three examinations.

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©
2021, American Chemical Society.

Here, I performed the Evaluation I to clarify the effect of S on the amount of
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camphor dissolved from the camphor object I. In this section, the difference in the gray
value (AGV) was measured at different concentrations of 7-hydroxycoumarin aqueous
solution (Cic) to obtain a calibration curve. AGV was defined as 0 for 10 mM SDS
aqueous solution without 7-hydroxycoumarin. The calibration curve on AGV versus Che
of 7-hydroxycoumarin aqueous solution is shown in Figure 2-8. AGV was

approximately proportional to Che, as indicated in eq 2-1.

Che = 1.02 AGYV. (2-1)
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Figure 2-8. Relationship between the difference in the gray value (AGV) and the
concentration of 7-hydroxycoumarin solution (Chc).

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©

2021, American Chemical Society.

7-Hydroxycoumarin was used as an indicator under the UV light irradiation to
visualize the distribution of camphor molecules around the camphor object placed on
10 mM SDS aqueous phase. The average value of difference in the gray value (AGYV)
of 1 w/w% 7-hydroxycoumarin was obtained by eq 2-2.

AGV = (GVg—GVa)+(GVp—GV) +(GVe—GVer)+(GV g —GV q,)
= 2 "

(2-2)
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where GV, (p = a, b, ¢, d, a', b, ¢, and d') are the gray values of 1 w/w% 7-
hydroxycoumarin at the points Pa(0, y1), Po(x1, 0), Pc(0, —1), Pa(=x1, 0), P 2(0, y2) Pu(x2,
0), Pc(0, —2), and Pa(x2, 0), respectively. The coordinate of the center of the camphor
object as (0, 0), x1 =y1 = 6.5 mm, x> =2 =20.0 mm (see Figure 2-9). GVa— GV is the
difference value of GV between two points, P, where 7-hydroxycoumarin molecules
exist and Py where 7-hydroxycoumarin molecules don’t exist on the water phase. Here,
to was defined as the observation time, and #, = 0 when the camphor object was touched
to the aqueous surface. Figure 2-10 shows the snapshots of the distribution of 7-
hydroxycoumarin around the camphor object (Object I). The distribution area was
increased with an increase in time. Here, I selected ¢, = 40 s which was close to one
period of the oscillatory motion. Figure 2-11 shows AGV of 7-hydroxycoumarin around

the camphor object (Object I) at 7, = 40 s depending on S.

Camphor object

® &
0(0,0)
L

C

Iron needle
Top view 10 mm

Figure 2-9. Locations of the points to measure the gray value, Pa(0, y1), Po(x1, 0), Pc(0,
—1), Pa(=x1, 0), P (0, »2) Pr(x2, 0), Pc(0, —12), and Pa(—x2, 0), x1 =y1 = 6.5 mm, x2 = 1>
=20.0 mm. The points are 6.5 and 20.0 mm apart from the center of the camphor object,
which is located at 0(0, 0), on x and y axes. The range of the dissolution length, L1, was
6.5 mm < L1< 20.0 mm, L; refers to the distance between the edge of the distribution
profile and the center of the camphor object (Object I), this means that GV of P, and Pa
can represent the gray value of the point where 7-hydroxycoumarin molecules exist and
don’t exist on the water phase, respectively. o = 40 s, S = (a) 35.3 and (b) 10.2 mm?.
The camphor object was fixed on water using an iron needle (diameter: 1 mm, length:
150 mm).
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Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674—1679. Copyright ©
2021, American Chemical Society.
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Figure 2-10. Snapshots of the distribution of 7-hyrdoxycoumarin molecules for § =
35.3 mm? of Object I (top view). £, = (a) 0, (b) 10, (c) 20, (d) 30, and (e) 40 s. The blue
emission color, which exhibits the existence of 7-hyrdoxycoumarin, was obtained by
UV light irradiation.

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©
2021, American Chemical Society.
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Figure 2-11. AGV of 7-hydroxycoumarin around the camphor object (Object I) at z, =
40 s depending on S.

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©
2021, American Chemical Society.

The concentration of camphor (Ces) estimated by AGV corresponds to the
distribution of camphor molecules on the SDS aqueous surface. As the disk is composed

of 1 w/w% 7-hydroxycoumarin and 99 w/w% camphor, i.e., Ces = 99Chc = 99 X
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1.02AGV, Ces was estimated by AGV as eq 2-3.
Ces = 100.98 AGV. (2-3)

Figure 2-12 shows Cgs of the aqueous solution near the camphor object (Object I)
depending on S. As S increases, Ces Was slightly increased at S < 35.3 mm?, but
drastically increased at S > 37.7 mm?. According to Evaluation I, the threshold value of
the camphor concentration between no motion and oscillatory motion was estimated to

be ~ 0.5 mM at S = 18.9 mm>.
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Figure 2-12. Estimated Cs near the camphor object (Object I) depending on S.
Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©
2021, American Chemical Society.

To confirm the threshold value of the camphor concentration between no motion
and oscillatory motion by using the other method, Evaluation II was performed. To
evaluate the concentration based on the absorbance of camphor, the relationship
between the absorbance (4) and camphor concentration (Cp) was measured by UV-
Visible spectrophotometer at 283 nm which was the wavelength at the maximum
absorbance for camphor aqueous solutions. 4 is linearly proportional to Ccp, as shown

in Figure 2-13, and as a result, eq 2-4 is obtained.
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Cep = 20.16 4 (2-4)
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Figure 2-13. Calibration curve for the absorbance (A4) versus the concentration of
camphor (Ccp). The calibration curve was obtained from 10 mM SDS aqueous solution
including camphor with different concentrations.

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©
2021, American Chemical Society.

The concentration of camphor dissolved into the SDS aqueous phase, Ccp, was
estimated from the absorbance of camphor (4) dissolved into 10 mM SDS solution
based on eq 2-4. Figure 2-14 shows C¢; at t, =40 s as a function of S. C¢, was increased
with an increase in S at S > 18.9 mm?, but did not change very much at § < 18.9 mm?,
the threshold value of camphor concentration between no motion and oscillatory
motion was estimated as 0.2 mM at S = 18.9 mm?. The nature of the relationship
between S and C., was similar to that of the S dependent Ces. Therefore, the threshold
value of camphor concentration between no motion and oscillatory motion was

regarded to be 0.2 ~ 0.5 mM according to Evaluation I and Evaluation II.
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Figure 2-14. Concentration of camphor (Cqp) at £, =40 s after the addition of a camphor
object (Object I) on the surface of the SDS aqueous solution depending on S.
Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©
2021, American Chemical Society.

The surface tension for 10 mM SDS aqueous solution after the addition of the
different concentrations of camphor was measured to clarify the physicochemical
significance of the maximum speed of oscillatory motion, as indicated in Figure 2-15.
With an increase in the concentration of camphor, the surface tension was decreased.
The difference in the surface tension between mixture of 10 mM SDS and 10 mM

camphor aqueous solution and 10 mM SDS without camphor was ~2 mN m™..
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Figure 2-15. Surface tension of 10 mM SDS aqueous solution with different
concentrations of camphor.

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674-1679. Copyright ©
2021, American Chemical Society.

2.4 Discussion

According to the experimental results and related papers [2, 11, 26-30], I discuss
the mechanism underlying bifurcation between no motion and oscillatory motion of the
camphor object I on the surface of 10 mM SDS aqueous phase based on the kinetics of
camphor molecules around the camphor object. The driving force for self-motion of the
camphor object on the surface of the SDS aqueous phase is difference in the surface
tension around the camphor object. Camphor molecules and SDS molecules are
important in the driving and suppressing forces of self-motion, respectively [28]. A
small camphor disk (diameter: 3 mm) placed on the surface of 10 mM SDS aqueous
phase displayed continuous motion in the previous study[31]. However, the camphor
disk in this study displayed oscillatory motion. Such difference in the motion mode may

be due to the different mass between both camphor disks.

Results in Figures 2-3 ~ 2-5 suggest that the bifurcation between no motion and

oscillatory motion depends on the amount of camphor molecules dissolved from the
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base of the camphor object (Object I). No motion was observed at S < 18.9 mm?
suggests that a smaller amount of camphor molecules and a complex composed of
camphor and SDS cannot diffuse to the surface of the SDS aqueous phase due to the
SDS molecules adsorbed on water inhibits the development of the camphor molecules.
Therefore, the camphor object cannot obtain the driving force. On the other hand,
oscillatory motion was observed at S > 18.9 mm? suggests that a large amount of the
complex composed of camphor molecules dissolved from object and SDS in the bulk
phase can develop to the surface of the SDS aqueous phase. Therefore, the complex can

regard as the source of the driving force for self-motion.

The constant frequency at S >25.9 mm? in Figure 2-5a suggests that the complex
molecules can develop to the surface of the SDS aqueous phase when the concentration
of complex reaches a threshold value. In other words, the duration time for complex
formation depends on the concentrations of camphor dissolved from the contact region
of the basement in the camphor disk and SDS molecules in the bulk. The amount of
camphor molecules has no effect on the duration time of complex formation. On the
other hand, Figure 2-6 suggests that the frequency is determined by the diffusion

distance of the camphor molecules from the camphor disk.

Figures 2-5b and 2-6 suggest that maximum speed of the oscillatory motion is
determined by the amount of complex composed of SDS and camphor molecules
developed from the basement of the camphor object. In general, the amount of
dissolution of a substance in a solvent is determined by the contact area between the
substance and solvent. In addition, vmax of motion may be proportional to S, If the
resistance is small enough to be ignored. Figure 2-7 suggests that the driving force
during the accelerated process of oscillatory motion at S > 18.9 mm? is independent of
S since the profiles between the beginning and the end of the acceleration process are
almost the same at different values of contact area. As shown in Figures 2-11 and 2-
14, the threshold value of the ammonia concentration between no motion and
oscillatory motion is regarded to be 0.2 ~ 0.5 mM. This range of value is similar to that

reported in our previous research (0.8 mM) [34]. The frequency of oscillatory motion
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independent of S at S > 25.9 mm? may be seen in Figure 2-5 since the camphor object
starts to accelerate from the resting state when Ces reaches to a threshold value (0.2 ~
0.5 mM) at the edge of the camphor object. On the other hand, the significant increase
in Ces at § > 37.7 mm? suggests that the amount of the camphor molecules accumulated

at the bottom of the camphor object is determined by contact area, S.

Figure 2-15 suggests that the driving force of oscillatory motion is the difference
in the surface tension ( ~2 mN m™) between 10 mM SDS aqueous solution and SDS
aqueous solution with addition of 10 mM camphor. The relationship between viax (~10
mm s) at § = 38.5 mm? and the difference in the surface tension (~ 2 mN m™) is
reasonable because of the oscillatory motion of a camphor object on the surface of water
phase of which the maximum speed (Vmax ~ 100 mm s™") corresponding to the difference
in the surface tension is ~ 17 mN m™! [36]. Ten times of vmax can be induced by ten times
of the difference in the surface tension as the driving force, since the speed depends on
the driving force, v = F/u, where v is the speed, F is the driving force, y is the friction

coefficient when the speed reaches a constant value.

. No Motion | ----------------------------------------------- Air

| " == Camphor object Camphor

— Water
Smaller S sSDS SDS-camphor complex
Oscillatory Motion I """"""""""""""""""""""""""""""""""""""""""""""""""" S
: Acceleration
s «—
—
if—
Larger S
State] Resting state State II Moving state

Figure 2-16. Schematic of the mechanisms of bifurcation between oscillatory motion
and no motion for the camphor object (Object I).

Reprinted with permission from J. Phys. Chem. B 2021, 125, 1674—1679. Copyright ©
2021, American Chemical Society.

Figure 2-16 indicates a schematic diagram of the mechanism associated to the
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bifurcation between no motion and oscillatory motion for the camphor object I. In the
case of a smaller S (Figure 2-16a), a large amount of SDS molecules in the aqueous
phase react with the camphor dissolved from the edge of the disk to form the complexes,
and then the complex composed of camphor and SDS molecules dissolved into the bulk
phase. Because the surface tension of the saturated camphor aqueous solution (~ 55 mN
m™) is significantly higher than that of 10 mM SDS aqueous solution (~ 37 mN m™),
as a result, the SDS molecular layer adsorbed on the surface of the aqueous phase
inhibits the development of the complexes and camphor molecules from the disk to the
surface of the aqueous phase. Therefore, the camphor object cannot obtain the driving
force induced by the difference in the surface tension. On the contrary, in the case of
larger S (Figure 2-16b), the supply of the complex composed of SDS and camphor
molecules around the object is higher than that of SDS molecules in the bulk phase.
After the amount of complexes reaches a threshold value around the bottom of the disk
(State I in Figure 2-16b), the complexes accumulated at the bottom of the object are
spilled out form the bottom and then developed to the surface of the aqueous phase by
excluding SDS molecules adsorbed in the bulk phase (State II in Figure 2-16b). As a
result, the camphor object can be accelerated by the difference in the surface tension
around the object. As the complexes accumulated at the bottom of the object remove
from the bottom by the acceleration, the status of camphor object returns to State I from
the acceleration state. Therefore, oscillatory motion was occurred since the alteration

between State I and State I1.
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Chapter 3. Self-propelled camphor disk dependent on the depth

of the sodium dodecyl sulfate aqueous phase

3.1 Introduction

Many kinds of self-propelled objects for which the driving force is the
difference in the surface tension around the object have been reported [1-17]. In
these systems, Marangoni flow driven by the difference in the surface tension is
observed around the objects [18-23], and convective flow occurs from the region
with the lower surface tension to that with the higher surface tension at the
air/aqueous interface [23-28]. The magnitude of Marangoni flow is determined
by the depth of the water phase [29]. An opposite dependency on the depth of the
water phase is displayed by a camphor boat as an asymmetric object and a
camphor disk as a symmetric object, i.e., as the depth increases, the speeds of the
camphor boat and the camphor disk was decreased and increased, respectively
[30]. On the other hand, Marangoni flow can be suppressed by the surfactants
dissolved in the water phase because of the reduced difference in the surface
tension [31, 32]. However, it has been recently reported that the magnitude of
Marangoni flow is recovered with a further increase in the concentration of
surfactant over the critical micelle concentration (CMC) when a camphor disk is

fixed on the aqueous surface [33, 34].

In this chapter, I examined the speed of self-motion for a camphor disk on
the aqueous phase depending on the depth of the aqueous phase and the
concentration of the surfactant (sodium dodecyl sulfate, SDS) in the aqueous
phase. The results indicated that the speed of self-motion for the camphor disk
on the shallower aqueous phase was lower than that on the deeper one at lower
concentration of condition. However, the relationship between speed and depth
was reversed in a higher concentration SDS aqueous solution below the CMC.

The surface tension of the pure water and SDS aqueous phase at different depths
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and the diffusion of camphor molecules from the camphor disk were measured
to evaluate the magnitude of the Marangoni flow. The results suggest that the
speed of self-motion depended on the dissolution rate of camphor molecules from
the camphor disk into the SDS aqueous phase forming the complex. In addition,
the magnitude of Marangoni flow is affected by the friction from the bottom wall

of the chamber.

3.2 Experimental section

Sodium dodecyl sulfate, SDS (C12H250S0OsNa, purity > 98%, CAS 151-21-3),
(+)-Camphor (CioH160, > 98%, CAS 76-22-2), and 7-hydroxycoumarin (CoHeO3,
purity > 99%, CAS 93-35-6) were purchased from Sigma-Aldrich (St. Louis, MO),
Wako Chemicals (Kyoto, Japan), and INDOFINE Chemical Company, Inc. (Stryker
Lane, Hillsborough), respectively. Water used in this study was purified by filtering
through active carbon, an ion-exchange resin, and a Millipore Milli-Q filtering system
(Merck Direct-Q 3UV, Darmstadt, Germany; resistance: 18 MQ cm). The different
volume of SDS aqueous phases were poured into a glass Petri dish (diameter: 120 mm
and depth: 23 mm) to setup the various values of the depth of the water. The effect of
the depth of the aqueous phase, d (d = 2.8, 4.7, and 7.5 mm), on the speed of self-
propelled camphor disk (diameter: 3 mm, thickness: 1 mm, and mass: ~ 5 mg) placed
on the surface of SDS aqueous phase was examined at different concentrations of SDS.
The concentrations of SDS aqueous solutions (Csps) in this study were 0, 0.1, 0.3, 0.5,
0.8, and 1 mM, which were lower than the critical micelle concentration of SDS (CMC
~ 8 mM). At least four examinations using new camphor disk were performed for each
experimental condition to confirm the reproducibility of the experimental results. The
movement of the camphor disk was recorded using a digital video camera (HDR-
CX590, SONY, Tokyo, Japan; minimum time resolution, 1/30 s), and the movies were
analyzed using a Java image processing and analysis program (ImageJ, National

Institute of Health, Bethesda, MD, USA). The surface tension of aqueous solution was
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measured using a surface—interface tensiometer (CBVP-A3, Kyowa Interface Science
Co. Ltd., Saitama, Japan). To indirectly visualize the distribution of camphor molecules
in pure water or | mM SDS aqueous phase, I used the following three methods: (1)
Plastic beads (DIAION, HP20S, average size: 200 um, Mitsubishi Chemical Holdings
Corp., Tokyo, Japan) homogeneously placed on the surface of the aqueous phase. (2)
CaCOs3 powders (average size: 400 um, Nihon Rikagaku Industry Co. Ltd., Kawasaki,
Japan) homogeneously placed on the surface of the aqueous phase. (3) 1 w/w % 7-
hydroxycoumarin (7-HC) was mixed with camphor in the disk as an indicator because
it could be clearly observed by UV light irradiation (wavelength: 365 nm). Further, the
density and solubility to water of the camphor were similar to those of 7-HC, and 7-HC
disk on the water surface exhibited no motion [ 35]. All examinations were performed

at 298 + 2 K in an air-conditioned room.

3.3 Results

The time series of the speed of a self-propelled camphor disk floated on
shallower (d = 2.8 mm) and deeper (d = 7.5 mm) aqueous phases with and
without SDS is shown in Figure 3-1. The speed of camphor disk on the deeper
aqueous phase was higher than that on the shallower phase at Csps = 0. On the
other hand, at Csps = 0.5 mM, the speed of self-motion for the camphor disk was
decreased by the addition of SDS, but the speed of camphor disk on the shallower

aqueous phase was higher than that on the deeper one.
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Figure 3-1. Time variation of the speed of a camphor disk on the aqueous phase
(concentration of SDS: (a) 0 and (b) 0.5 mM) atd = (1) 2.8 and (2) 7.5 mm.
Reprinted with permission from Colloids Surf. A 2022, 635, 128087. Copyright © 2021

Elsevier B.V.

Figure 3-2 shows the average speed of self-propelled motion for the
camphor disk depending on the concentration of SDS (Csps) at different values
of d. The continuous motion of the camphor disk was observed under the
experimental conditions of which the concentration of SDS was lower than the
CMC. As indicated in Figure 3-2, the average speed of self-motion was
decreased with an increase in Csps. The larger values of water depth lead to a
higher speed at Csps < 0.1 mM. On the contrary, the larger values of water depth
lead to a smaller speed at Csps > 0.3 mM. In other words, the relationship

between speed and water depth was inverted around Csps = 0.2 mM.
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Figure 3-2. Average speed of the self-propelled motion of a camphor disk versus
Csps depending on the concentration of SDS at different depths of the aqueous
phase, d (filled circles: 2.8 mm, empty circles: 4.7 mm, and filled squares: 7.5
mm). Average values for the speed were obtained from 30 min observations, and
the error bars were obtained from four examinations.

Reprinted with permission from Colloids Surf. A 2022, 635, 128087. Copyright © 2021

Elsevier B.V.

To clarify the relationship between the average speed of self-motion and
water depth, I measured the change in the surface tension of the aqueous phase
after the addition of a camphor disk using a same glass Petri dish, as shown in
Figure 3-2. Figure 3-3a shows the time series of the surface tension of the water
after the addition of a camphor disk. The camphor disk placed on the surface of
the water phase at # = 0. After that, the surface tension of the water was decreased
with an increase in time at ¢ > 0. A smaller value of d induces a larger decrease
in surface tension. Figure 3-3b shows the time series of the surface tension for
the 0.5 mM SDS aqueous phase. After the addition of the camphor disk, the
surface tension also decreased with time. However, a larger d leaded to a larger

decrease in surface tension.
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Figure 3-3. Time variation of the surface tension for (a) 0 and (b) 0.5 mM SDS
aqueous phase at different values of d (filled circles: 2.8 mm, empty circles: 4.7
mm, filled squares: 7.5 mm). A camphor disk was placed on the aqueous phase
atr=0.

Reprinted with permission from Colloids Surf. A 2022, 635, 128087. Copyright © 2021
Elsevier B.V.

To evaluate the effective diffusion coefficient (D) of camphor molecules
developed from the disk, three kinds of visualization methods were performed.
Figure 3-4 shows the time variation of the snapshots for the camphor disk fixed
on (a) pure water and (b) 1 mM SDS aqueous phase using method 1. The
diffusion rate of camphor molecules on the surface of the pure water was

significantly higher than that on the surface of 1 mM SDS aqueous phase.
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10 mm

Figure 3-4. Time-series snapshots on the spatial distribution of visualization
particles using method 1 when a camphor disk was fixed on (a) pure water and
(b) 1 mM SDS aqueous solution at d = (1) 2.8, (2) 4.7, and (3) 7.5 mm (top view).
The time intervals of each snapshot were (a) 1 and (b) 20 s.

Reprinted with permission from Colloids Surf. A 2022, 635, 128087. Copyright © 2021
Elsevier B.V.

Based on the experimental results in Figure 3-4, I estimated effective diffusion
coefficient (D). Figure 3-5 shows the time series of diffusion distance, L, and L? at
different values of d for (a) pure water and (b) 1 mM SDS aqueous solution. Here, L is
the minimum value of the diffusion distance between the edge of the camphor disk and
the diffusion edge of camphor molecules. The effective diffusion coefficient (D) was

calculated based on the eq 3-1.

L*>=2Dt (3-1)

That is, D was obtained from the slope of the graph of L? vs. ¢ in Figure 3-5, as shown
in Table 3-1. The value of D for camphor molecules on pure water was increased with
an increase in d. However, the value of D for camphor molecules on the 1 mM SDS

aqueous phase was decreased with an increase in d.

Table 3-1. Estimated values of D at d = 2.8, 4.7, and 7.5 mm based on the
experimental results [37].
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4/ mm D /mm? 571
Water 1 mM SDS
2.8 29.62 0.86
4.7 63.98 0.31
7.5 182.26 0.15

The methods 2 and 3 were used to check the validity of the result obtained
by method 1. Figure 3-6 shows the time variation of the snapshots of the
camphor disk fixed on (a) pure water and (b) 1 mM SDS aqueous phase. Here,
the methods 2 and 3 were adopted in (a) and (b), respectively. The method 2
could not be used for 1 mM SDS aqueous phase because the powders of CaCO3
were not homogeneously distributed on the surface of the SDS aqueous phase.
In addition, the method 3 could not be used for pure water because it is difficult
to monitor the rapid diffusion of camphor molecules and 7-HC. The similar
experimental results were obtained using the methods 2 and 3.Figure 3-7 shows
the time series of L and L? at different values of d for (a) pure water and (b) 1
mM SDS aqueous solution. The values of D obtained by method 1 were not
significantly different from those obtained using methods 2 and 3, as shown in
Table 3-2.

Table 3-2. Estimated values of D at d =2.8, 4.7, and 7.5 mm based on the experimental
results in Figures 3-6 and 3-7 [37] .

d/ mm D /mm? s
Water 1 mM SDS
2.8 36.93 1.46
4.7 156.14 0.63
7.5 293.04 0.07
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Figure 3-5. Time variation of (1) L and (2) L? at d = 2.8 (empty circle), 4.7 (empty
square), and 7.5 mm (filled circle) for (a) pure water and (b) 1 mM SDS aqueous
solution by using the method 1.

Reprinted with permission from Colloids Surf. A 2022, 635, 128087. Copyright © 2021

Elsevier B.V.
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Figure 3-6. Time series of snapshots of visualization particles when a camphor disk
was fixed on (a) pure water and (b) 1 mM SDS aqueous solution at d = (1) 2.8, (2) 4.7,
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and (3) 7.5 mm (top view). The time intervals of each snapshot were (a) 1 and (b) 20 s.
The methods 2 and 3 were used in (a) and (b), respectively.

Reprinted with permission from Colloids Surf. A 2022, 635, 128087. Copyright © 2021
Elsevier B.V.
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Figure 3-7. Time variation of (1) L and (2) L? at d = 2.8 (empty circle), 4.7 (empty
square), and 7.5 mm (filled circle) for (a) pure water and (b) 1 mM SDS aqueous
solution. The methods 2 and 3 were used in (a) and (b), respectively.

Reprinted with permission from Colloids Surf. A 2022, 635, 128087. Copyright © 2021

Elsevier B.V.

3.4 Discussion

According to the experimental results and relative papers [23, 24, 30, 33-36], I
discuss the mechanism of reversal relationship between depth and the average speed of
self-motion for camphor disk at lower and higher concentrations of SDS. Figure 3-3a
suggests that the difference in the surface tension, y = ys - yc, around the camphor disk

for the shallower pure water phase is lower than that for the deeper one. Here, ys is the
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surface tension of the aqueous phase, 7. ~ 55 mN m™ is the surface tension of the
saturated camphor solution. In addition, Figure 3-3b suggests that the difference in the
surface tension for the shallower SDS aqueous phase is larger than that for the deeper
one. The higher speed of self-motion and the larger value of D are obtained on a larger
difference in the surface tension since the larger value of y can induce the stronger

Marangoni flow.

Figure 3-4a indicates that the magnitude of Marangoni flow was increased with
an increase in d of the pure water This result suggests that a larger magnitude of the
flow leads to a higher speed of self-motion for camphor disk at Csps = 0 [30]. In contrast,
Figure 3-4b suggests that the decrease in the magnitude of Marangoni flow reduces the
speed of self-motion for camphor disk with an increase in d on an 1 mM SDS aqueous

phase.

To verify the discussion above, I designed a mathematical model for the time
development of the camphor concentration induced by Marangoni convection and
performed numerical calculation. For simplicity, a two-dimensional system —xo < x <
X0, —h <y < 0 was used into this model. Here the surface of the aqueous solution
corresponds to the x-axis, and the vertical direction set as y-axis. / is the height of the
system, which corresponds to the depth of the aqueous phase in experimental senction,
and 2xo is the horizontal length of the calculation area, which is set to be sufficiently
large so that the side boundary should not affect the convection structure. Here, a

camphor disk is fixed at the origin with radius .

The dynamics of the flow field v(x,y) = v, (x,y)e, + v, (x,y)e,, where e,
and e, are the unit vectors in the x- and y-directions, respectively, are described

by the Navier—Stokes equation:
p(5+ @ V)v) = —Vp + V2o, (3-2)
with the incompressible condition:

V-v=0, (3-3)
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where p is the density of the aqueous solution, p is the pressure, and 7 is the viscosity

of the aqueous solution.

The dynamics of the concentration fields, c(x,y) for camphor and s(x,y) for SDS,

are described by the diffusion—reaction—advection equations as follows:

% + v Ve = DyV%c — kcs? — acs(y) + Co0(|x] — R)S6(y), (3-4)

L+ v Vs = DoV2s — kes?. (3-5)

In these equations, the second terms on the left-hand sides show the effect
of convection. The first and second terms on the right-hand sides correspond to
the diffusion and reaction between camphor and SDS, respectively. Notably, the
diffusion described is not effective diffusion, but diffusion originating from
thermal fluctuation. The third term on the right-hand side of Eq. (3-4)
corresponds to the evaporation of camphor from the surface, and the fourth term
represents the supply of camphor molecules from the camphor disk. Here, &(y)
is Dirac’s delta function, and @(-) is the Heaviside function. Do, k, a, and Cy are
the diffusion coefficient, evaporation rate of camphor, reaction rate of camphor
and SDS molecules, and supply rate of camphor molecules, respectively. The
reaction term reflects the earlier report that one molecule of camphor forms a

complex with two SDS molecules [34].

The Marangoni effect is introduced as a boundary condition for the flow field

vy _ a_y )
5,1 = (3-6)

Here, y is the surface tension, which is a function of the camphor and SDS

concentrations.

Yy =v(c) = Yo —¥iC — V25, (3-7)

where y,, ¥1,and y, are positive constants. This reflects that both the camphor

and SDS molecules decrease the surface tension.
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The nonslip boundary conditions are adopted for the flow field at the
boundaries y = —H and x = £Xo, and the Neumann boundary conditions are
adopted for the concentration field. For the initial condition, Iset v =0, ¢ = 0,
and s = s, over the entire region. Numerical calculations are performed using
the stream function-vorticity method for the flow field and with the explicit
method for the concentration fields. The discretization is performed with a time
step of 10 and a spatial step of 0.2. The parameters are set as Do =1, a=0.1, R
=1,Co=1,n=10, y; =1000, y, =100, k=50, and Xo = 250. The parameter
Yo need not be explicitly given in the calculation. The initial concentration of

SDS, sy, and the depth of the aqueous phase (H) are varied as parameters.

The representative results of the numerical simulation are indicated in Figures 3-8
~ 3-12. Figure 3-8 shows the camphor concentration fields c at the final stage for so =
(a) 0 and (b) 0.4 with H=(1) 20 and (2) 40. The camphor molecules are dissolved from
the camphor disk fixed on the origin resulting in the higher concentration of camphor
close to the origin. The concentration of camphor in the case with SDS in (b) is lower
than that in the case without SDS in (a) because of the complex formed by SDS and
camphor molecules in the aqueous phase. This can be confirmed from the SDS
concentration field at the final stage obtained by the numerical simulation, as shown in
Figure 3-9. The concentration of SDS in the phase close to the camphor disk is low
because of the reaction between SDS and the camphor molecules diffused from the
camphor disk. The concentration of camphor at H = 20 is higher than that at / = 40
since SDS molecules are consumed by reacting with camphor molecules, and the lack

of SDS leads to an increase in the concentration of camphor at smaller H.
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Figure 3-8. Snapshots of the camphor concentration field ¢ in the region —50 <x
<50 and —H <y <0 at ¢t = 100. The initial concentration of SDS is so = (a) 0 and
(b) 0.4, and the depth of the aqueous phase is H = (1) 20 and (2) 40.

Reprinted with permission from Colloids Surf. A 2022, 635, 128087. Copyright © 2021
Elsevier B.V.
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Figure 3-9. Snapshots of the SDS concentration field s in the region —50 < x < 50 and
—H <y <0 at¢=100. The initial concentration of SDS is 5o = 0.4, and the depth of the
aqueous phase is H = (a) 20 and (b) 40.

Reprinted with permission from Colloids Surf. 4 2022, 635, 128087. Copyright © 2021
Elsevier B.V.

In Figure 3-10, the flow fields v at the final stage are indicated for so = (a)
0 and (b) 0.4 with H = (1) 20 and (2) 40. Since the camphor molecules reduce

the surface tension of the aqueous phase, Marangoni flow occurs from the around
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camphor disk to the periphery close to the surface. In addition, the depth of the
aqueous phase also affects the flow field. The amplitude and size of the
convection rolls were increased with an increase in the depth A. In the case of
pure water, Marangoni flow also occurs in the same direction. The magnitude of
the flow for larger A is greater than that for smaller H, reflecting the

concentration field of the camphor molecules.
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Figure 3-10. Snapshots of the flow field v in the region —-50 <x <50 and —-H <y
< 0 at ¢t = 100. The initial concentration of SDS is so = (a) 0 and (b) 0.4, and the
depth of the aqueous phase is H = (1) 20 and (2) 40.

Reprinted with permission from Colloids Surf. A4 2022, 635, 128087. Copyright © 2021
Elsevier B.V.

To compare the results of the experiment with the numerical simulation, the
front position X(#) was defined as the position at the aqueous surface (y = 0),
where ¢ = 107 is satisfied. Figure 3-11 shows X(¢) for H = 10, 20, 30, and 40 is
plotted for so = (a) 0, (b) 0.2, (c) 0.4, and (d) 0.6. In the case of so = (a) 0 and (b)
0.2, the front proceeds faster for the greater H. However, in the case of 5o = (¢)
0.4 and (d) 0.6, the front proceeds faster for the smaller AH. In addition, I estimated
the effective diffusion coefficient (D) based on the time variation of {X(#)}? with
different H for each so in Figure 3-12. Table 3-3 shows the values for D for each

H and so obtained the data fitted with a linear function {X(#)}*= 2Dt in the whole
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region of 7. At so = 0, the linear fitting worked well, while the plots of {X(7)}?
were not linear to the time for finite so. The estimated values of D are under the

experimental results qualitatively even if despite the diverge from the linear

relation.
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Figure 3-11. Time-series of the front position X(#) for the initial concentration of SDS,
so=1(a) 0, (b) 0.2, (c) 0.4, and (d) 0.6. The front position X(¢) for H= 10, 20, 30, and 40
is plotted with different grey values (dark to light for H = 10 to 40).

Reprinted with permission from Colloids Surf. A 2022, 635, 128087. Copyright © 2021
Elsevier B.V.
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Figure 3-12. Time variation of the squared front position {X(#)}* for the initial
concentration of SDS, so = (a) 0, (b) 0.2, (c) 0.4, and (d) 0.6. {X(¢)}* for H= 10, 20, 30,
and 40 is plotted with different grey values (dark to light for H = 10 to 40).

Reprinted with permission from Colloids Surf. 4 2022, 635, 128087. Copyright © 2021
Elsevier B.V.

Table 3-3. Estimated values of D obtained by the fitting with a linear function from the
data in Figure 3-12 [37].

. 50

0 0.2 0.4 0.6
10 20.329 3.025 1.107 0.492
20 23.294 3.320 1.015 0.433
30 26.050 3.510 1.011 0.431

I consider that the dependence of X(¢) on H corresponds to the dependence of the
effective diffusion coefficient, D, on the depth d observed in the experiments as shown
in Figure 3-4. Based on the numerical calculations, the opposite dependency is
explained as follows, at lower SDS concentration, a deeper aqueous phase induces a
stronger Marangoni convection since the lower friction at the bottom wall. This stronger
Marangoni convection induces a greater effective diffusion coefficient for the deeper

aqueous phase. In contrast, at higher SDS concentrations, the amount of camphor
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molecules are lower in the deeper aqueous phase since the absence of SDS from
complex formation with the camphor molecules. This induces strong Marangoni
convection and a greater effective diffusion coefficient for the shallower aqueous phase.
Combined, the opposite dependence of speed on the depth was determined by the
competition between the consumption rate of SDS in the aqueous phase and the friction

of the bottom wall.
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Chapter 4. pH-sensitive oscillatory motion of a urease motor on

the urea aqueous phase

4.1 Introduction

Various types of the self-propelled objects have been widely studied, not only to
understand the mechanism of autonomous motion in living systems [1], but also to
create the artificial motors that respond to the change in the external environments [2,3].
However, most self-propelled objects generally display unidirectional or random
motion [2,3]. In contrast, nonlinear phenomena (i.e., oscillation, bifurcation, and
synchronization) are frequently observed in living systems [4-8]. This suggests that the
autonomy of self-propelled motors in living system is generally higher than that in
living system, because nonlinear phenomena are often observed in living system [9]. In
order to promote the autonomy and diversity of self-propelled object in non-living
system, coupling of chemical reactions to self-propelled objects is one of the

breakthrough ideas [9-12].

The characteristic behavior of nonlinearity can be created by introducing an
enzyme reaction into the self-propelled systems, since the enzyme reaction generally

displays highly nonlinear characteristics [13-15]. In the system of the urease-urea

urease

reaction, urea produces the alkaline products, that is, (NH2),CO + 3H,O0 —— HCO;3;
+2NH4" +OH [16-18]. A bell-shaped reaction rate as a function of pH is a well-known
nonlinear property of enzyme involved systems [19]. The urease-catalyzed reaction of
urea exhibits an autocatalytic process since the ammonia product enhances the pH of
the urea aqueous solution under a non-buffered condition [20-22]. In this study, I
introduce the urease-catalyzed reaction of urea into a self-propelled object, hereafter
named a “urease motor” (see Figure 4-1), to induce oscillatory motion and bifurcation
of the motion mode. The features of the self-motion (e.g., frequency and the maximum

speed of oscillatory motion) for the urease motor are determined by the initial pH of
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the urea aqueous phase. The driving force of self-motion is the difference in the surface
tension around the urease motor induced by the ammonia produced from the enzyme
reaction. The mechanisms of oscillatory motion and synchronized oscillation of pH and
speed of oscillatory motion was explained based on the driving force of self-motion and

the enzyme activity of urease depending on pH.
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Figure 4-1. Schematic illustration of the urease motor used in this study.
Reprinted with permission from Chem. Asian J. 2021, 16, 1762—1766. Copyright ©
2021 Wiley-VCH GmbH.

4.2 Experimental section
4.2.1 Materials and methods

Urease from jack beans (purity > 98%; EC 3.5.1.5; CAS 9002-13-5; MW: 480 kDa;
optimum pH: 7.4; minimum units: 45 U mg!) was supplied from Alfa Aesar
(Lancashire, United Kingdom). Ammonium sulfate ((NH4)>SOg4; purity > 98%; CAS
7783-20-2) and Nessler’s reagent were supplied from Sigma-Aldrich (St. Louis, MO,
USA). Nessler’s reagent is a mixed aqueous solution containing potassium iodide,
potassium hydroxide, and mercuric chloride, which was used to check the presentation

of ammonia. Sodium hydroxide (NaOH; purity> 98%; CAS 1310-73-2), methanol
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(CH30H; purity> 98%; CAS 67-56-1), and Methyl red (CisHi5N3O2; purity> 98%;
CAS 493-52-7) were supplied from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Urea (CO(NH>); purity> 98%; CAS 57-13-6), 10.5 mol L! of sulfuric acid
solution (H2SO4; purity> 98%; CAS 7664-93-9), and 28% of ammonia aqueous
solution (NH4-H>O, CAS 7664-41-7) were supplied from Nacalai Tesque, Inc. (Kyoto,
Japan). A polyvinylidene fluoride (PVDF) membrane (thickness: 160-170 um; pore
size: 0.45 um) was supplied from Merck (Cork, Ireland) as a filter paper to immobilize

urcase.

4.2.2 Immobilization of the urease

The following steps was used to performed the immobilization of urease on the
filter paper, a circular filter paper (diameter: 45 mm) was soaked into100% methanol
(volume: 20 mL) for 30 seconds. Then the filter paper was immersed in pure water
(volume: 40 mL) for 2 minutes to remove the methanol on the filter paper. Finally, a
urease aqueous solution (10 U mL™; volume: 20 mL) was filtered through a filter paper
to immobilize urease on the filter paper. The enzyme activity of the immobilized urease
was measured by Nessler’s reagent to test the immobilization result of the urease on the
filter paper. To evaluate the enzyme activity of urease on the filter paper, I measured
the absorbance for aqueous solutions with different concentrations of ammonium
sulfate (volume: 4 mL) after the addition of the Nessler’s reagent (volume: 1 mL). The
absorbance, 4, was measured by UV spectrophotometer (Shimadzu Corporation UV-
1650, Kyoto, Japan). To induce a calibration curve on A4 versus ammonia concentration,
395 nm was selected since the maximum value of 4 was obtained at 395 nm at the range
of the measured wavelength.

To calculate the enzyme activity of the urease on a filter paper, various pH urea
solutions (volume: 1 mL) were first kept 25°C in a water bath with constant temperature
for 5 minutes, and the urea-urease reaction was begun by adding a square filter paper

immobilized with urease (10 x 10 mm?). Then the urea aqueous solutions were stirred
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for 10 min at constant temperature (25°C) before the reaction was discontinued by 1 M
sulfuric acid (volume: 1 mL). The absorbance for the aqueous solution after the addition
of 1 mL Nessler’s reagent, and 7 mL water was measured at 395 nm by the UV

spectrophotometer.

4.2.3 Manufacture of the urease motor

A plastic object (length: 6 mm; width: 4 mm; high: 2 mm) which made by a 3D
plotter (MASS CO., LTD. Roland, MonoFab, SRM-20, Yokohama, Japan) was used to
make a fundamental structure for the urease motor, a filter paper with urease (length: 3
mm; width: 4 mm) was glued on the plastic object to manufacture the urease motor.
The urease motor was floated on the surface of the urea aqueous phase (volume: 60
mL; concentration: 1 M; water level: 6 mm) in a Petri dish (diameter: 120 mm) at room
temperature (7' = 298 + 2 K). The diagram of the urease motor used in this study is

indicated in Figure 4-1.

4.2.4 Observation of the movement for urease motor

The movement of the urease motor placed on the surface of the urea aqueous phase
was monitored using a digital video camera from a top view, and the movies were
analyzed by the a Java image processing and analysis program “Image]J 1.41” (National
Institute of Health, Bethesda, MD, USA) on a PC. A pH meter supplied from HORIBA
(pH-11B, Kyoto, Japan) was used to measure the pH of the urea solution, and the
Wilhelmy plate method of the surface tensiometer supplied from Kyowa Interface
Science Co., Ltd. (CBVP-A3, Saitama, Japan) was used to measure the surface tension
of the ammonia aqueous solution at different concentration of ammonia. An pH
indicator named methyl red was selected to evaluate the pH value of the urea aqueous
phase. Here, a negligible amount of the methyl red (concentration = 10 uM) was added
into the urea aqueous solution. The various initial pH urea solutions with acidic (3.0 to
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6.5) and neutral (7.0 and 7.5) were prepared by H2SO4 solution and NaOH solution,
respectively. Gray value (GV) of the color for the methyl red aqueous solutions at
different pH was measured by Imagel software to draw the calibration curve on gray
value vs. pH value. The color of the methyl red aqueous solution (volume: 60 mL;
concentration: 10 uM; water depth: 6 mm) in a glass Petri dish (diameter: 120 mm) at
different pH was recorded with a digital video camera from top view. The color of the
aqueous phase was changed from red (pH = 4.0) to yellow (pH = 6.0) with an increase
in the pH of the methyl red aqueous solution. Here, pH of the methyl red aqueous phase
was adjusted by sulfuric acid and sodium hydroxide, and GV was analyzed using by

“ImagelJ 1.41”.

4.3 Results

Figure 4-2 shows the calibration curve on the absorbance (A4) vs. the ammonia
concentration of the aqueous phase. 4 was approximately proportional to the
concentration of ammonia, according to the experimental result in Figure 4-2, eq. 4-1

was obtained as the calibration curve.
C(uM)=0.6514 4-1)

The amount of ammonia produced by the enzyme reaction was obtained from eq
4-1. Here, the amount of urease that catalyzes 1 pwmol ammonia per minute at the
required pH (25°C) is defined as one unit activity of urease. The initial pH depending
on the enzyme activity of the urease on the filter paper is shown in Figure 4-3. With an
increase in pHini, the enzyme activity was increased at 3.0 < pHin < 5.5, however, the

activity was decreased at 5.5 < pHini < 7.5. This is, pHin; at the highest activity was 5.5.
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Figure 4-2. Calibration curve on the absorbance (4) of the ammonia solution vs.
concentration of the ammonia.

Reprinted with permission from Chem. Asian J. 2021, 16, 1762-1766. Copyright ©
2021 Wiley-VCH GmbH.
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Figure 4-3. pH-dependent enzyme activity of the urease on a square filter paper (10 x
10 mm?). The relative and absolute activities of urease are shown in the left and right
vertical axes, respectively.
Reprinted with permission from Chem. Asian J. 2021, 16, 1762—-1766. Copyright ©
2021 Wiley-VCH GmbH.
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Then, I examined the speed of the self-motion for the urease motor on the urea
aqueous phase at the different initial pH, pHini. Figure 4-4 indicates the time series of
the speed for the urease motor floated on urea aqueous solutions at various values of
initial pH (pHini = 3.5, 5.0, 5.5, and 7.0). Here, the speed of the self-motion, v= 0.5 mm
s! was defined as a threshold speed between no motion and motion to classify the mode
of the motion. In other words, no motion denotes that the speed of the urease motor is
less than 0.5 mm s™!. Two kinds of motion mode, that is, no motion and oscillatory
motion, were observed at different values of the initial pH. In this study, I defined that
the oscillatory motion is the alternation process between the resting state and the
moving state of the urease motor. No motion of the urease motor was observed at pHini
=3.5and 7.0. In contrast, at pHini = 5.0 and 5.5, urease motor exhibits oscillatory motion.

Maintain time of the oscillatory motion for the urease motor was at least 20 minutes.

b
4@ 41 P)
< 2 2F
w
=
E () bt ittt bbbt o] () A
< 0 10 20 0 10 20
5 d
g 4_(C) 4_( )
(0]
o
7]
2 2F
0= —ereb o OMMMMMM-AA
0 10 20 O 10 20
Time / min

Figure 4-4. Time-series speed for the urease motor floated on the urea aqueous phase
at different initial pH (a) 3.5, (b) 5.0, (c) 5.5, and (d) 7.0.

Reprinted with permission from Chem. Asian J. 2021, 16, 1762—-1766. Copyright ©
2021 Wiley-VCH GmbH.

Figure 4-5 indicates features of the oscillatory motion ((a) average frequency (f),
(b) average maximum speed (vmax)) for the urease motor as a function of pHini. Here,

64



the average frequency was calculated by the f'= 1/T, T is the average period of the
oscillatory motion. At 4.0 < pHin < 6.5, the urease motor exhibited the oscillatory
motion. On the other hand, at pHini < 4.0 and pHini > 6.5, no motion was observed. In
the other words, the bifurcation between the no motion and the oscillatory motion was
occur around pHini = 4.0 and pHini = 6.5. In the range of oscillatory motion of the urease
motor, as the initial pH increases, both of the frequency and maximum speed was
increased at 4.0 < pHini < 5.5, but decreased at 5.5 < pHini < 6.5. In other words,
maximum values of both f and vmax were observed at pHin = 5.5. In addition, The
relationship between f'(and vmax) and the enzyme activity of urease on filter paper was
also examined, as shown in Figure 4-6. As the enzyme activity increases, f and Vmax

were increased.
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Figure 4-5. (a) Frequency and (b) maximum speed of the oscillatory motion as a
function of the initial pH of the urea aqueous solution.

Reprinted with permission from Chem. Asian J. 2021, 16, 1762-1766. Copyright ©
2021 Wiley-VCH GmbH.
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urease motor as a function of the enzyme activity of the urease.

Reprinted with permission from Chem. Asian J. 2021, 16, 1762-1766. Copyright ©
2021 Wiley-VCH GmbH.

To clarify the relationship between the state of the enzyme reaction and self-
motion process of the urease motor, the pH of the urea aqueous solution near the tail of
the urease motor and the speed of the urease motor were measured simultaneously. Here,
a pH indicator named methyl red was adopted to calculate the local pH of the urea
aqueous solution near the edge of the filter paper of the urease motor. The local value
of the pH was calculated according to the calibration curve on pH of the urea aqueous
solution vs. the gray value (GV), as indicated in Figure 4-7. Here, the gray value
corresponding to the color of the urea aqueous solution at different pH was analyzed by

the ImageJ software. Gray value is approximately proportional to pH, as shown in eq

4-2.

pH=0.16 GV - 15.20 (4-2)

The time series of pH for the aqueous phase near the tail of the urease motor and
the speed of the oscillatory motion at initial pH = 5.0 was shown in Figure 4-8. With
the pH of the urea aqueous phase rapidly increased and reached a peak value of pH, the

urease motor on the urea aqueous phase altered from the resting state to the moving
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state. When the speed of motion for the urease motor reached a peak value, pH of the
urea aqueous solution rapidly decreased to the initial pH value, and speed of motion
rapidly changed to zero. Therefore, the pH oscillation was synchronized with the speed

of self-motion for the urease motor.
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Figure 4-7. Calibration curve on the gray value vs. pH of the urea aqueous solution.
Reprinted with permission from Chem. Asian J. 2021, 16, 1762—-1766. Copyright ©
2021 Wiley-VCH GmbH.
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Figure 4-8. Time series of (a) pH of the aqueous phase near the tail of the urease motor
and (b) speed of the urease motor. The measurement point of the gray value is ~2 mm
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away from the edge of the filter paper with urease which is the opposite direction of the
move.

Reprinted with permission from Chem. Asian J. 2021, 16, 1762—1766. Copyright ©
2021 Wiley-VCH GmbH.

To study the source of the driving force for the self-propelled motion, we measured
the surface tension of the ammonia aqueous solution depending on the concentration of
ammonia, as indicated in Figure 4-9. With an increase in the ammonia concentration,
the surface tension of the aqueous solution was decreased. To test the effect of the
additional chemicals on the surface tension of the water, I measured the surface tension
of the water after the addition of the urea (concentration: 1 M), sulfuric acid
(concentration: 50 uM ), and methyl red (concentration: 10 uM). The additional
chemicals (urea, sulfuric acid, and methyl red) have no influence on the surface tension

of water, the results indicated in Table 4-1).
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Figure 4-9. Surface tension of the ammonia aqueous solution depending on the
concentration of ammonia.

Reprinted with permission from Chem. Asian J. 2021, 16, 1762—1766. Copyright ©
2021 Wiley-VCH GmbH.
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Table 4-1. Surface tension of the aqueous solutions added additional chemicals [23].

Aqueous solutions Surface tension / mN
o

Pure water 72.88

1 M urea solution 72.86

1 M urea + 10 uM methyl red + 50 uM sulfuric acid 73.09

solution

I measured the maximum speed of a plastic object used in this study on the surface
of the urea aqueous phase after the addition of a ammonia solution droplet with the
different ammonia concentration to evaluate the threshold value of the ammonia
concentration (Cy) between self-motion and no motion for the urease motor. A small-
size droplet composed of the ammonia aqueous solution (volume: 10 pL) was dropped
on the surface of the aqueous phase by a micropipette, the dropping position of the
droplet is close to the edge of the resting plastic object. Figure 4-10 shows the
maximum speed of the plastic object on the surface of the urea aqueous phase as a
function of the concentration of ammonia. The maximum speed of the plastic object
was 4 mm s! after the addition of a pure water droplet. Here, I consider that the
maximum speed (Vmax) of 4 mm s~ is attributed to the disturbance of the water surface
because of the dropping of the pure water droplet. Therefore, I defined that the threshold
speed (va) between self-motion and no motion of the plastic object was 4 mm s .
According to the threshold speed (vin), I estimated that the threshold value of the

ammonia concentration (Cw) was approximately 1 M, as indicated in Figure 4-10.
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Figure 4-10. Maximum speed of the plastic object after addition of an ammonia droplet.
The horizontal and vertical dashed lines denote the threshold value between motion and
no motion, vis =4 mm s ! and Ci = 1 M, respectively.

Reprinted with permission from Chem. Asian J. 2021, 16, 1762-1766. Copyright ©
2021 Wiley-VCH GmbH.

The time-series pH of the urea aqueous solution after the addition of a filter paper
with urease was examined at various initial pH (pHini = 4.0, 5.5, 7.0), as indicated in
Figure 4-11. pH was increased with an increase in time and converged to a constant
value of pH = 9.0. Rapid change in pH of the urea aqueous solution was occurred at pH

=6.0.

70



9l
[ ]
m ¥ !’i
l. " o®
8P ... 9.
& O
[ | @] Py
T
@) @)
L o)
e o
5 ""OO .
e °
5= ..
..
4.. 1 1 I 1 1
0 2 4 B 8 10
Time / min

Figure 4-11. Time series of pH for the urea aqueous solution after the addition of
filter paper with urease.

Reprinted with permission from Chem. Asian J. 2021, 16, 1762-1766. Copyright ©
2021 Wiley-VCH GmbH.

4.4 Discussion

According to the experimental results mentioned above and previous researches
[11, 13, 19-22], the mechanism of the oscillatory motion and synchronization between
pH oscillation and the speed of oscillatory motion was explained based on the origin of
the driving force of self-motion and the bell-shaped curve activity of urease depending

on pH.

Figures 4-5 and 4-6 suggest that the bifurcation between oscillatory motion and
no motion depends on the enzyme activity of the urease, since the enzyme activity is
sensitive to the pH of the urea aqueous phase. No motion at pHis < 4.0, and > 6.5
suggests that the reaction rates of the urea reaction at pHini < 4.0, and pHini > 6.5, are
lower than those at 4.0 <pH < 6.5, because of the low activity at lower and higher initial
pH. It is difficult for the urease motor to produce ammonia as the source for the driving
force of motion for the low activity of the urease. The largest value of the maximum
speed and the frequency of the oscillatory motion at pHini = 5.5 are induced by the
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highest activity of urease. In other words, the highest production rate of ammonia

occurred at pHini = 5.5.

The synchronized oscillation between the pH and the speed of the self-motion
suggests that the sudden increase in pH leads to the acceleration of the resting urease
motor and the decrease in the pH since the urease motor moves to a new position of the
surface of the aqueous phase. Therefore, pH was reduced to a initial pH with the
alteration from acceleration to no motion for the urease motor (see Figures 4-7 and 4-

8).

Figure 4-9 suggests that the source of the driving force for the oscillatory motion
1s difference in the surface tension around the urease motor. Here, the difference in the
surface tension was induced by the ammonia produced from the enzyme reaction of the
urea. In addition, the bubble of carbon dioxide was not observed around the urease
motor since the carbon dioxide is easily soluble into water phase and reversibly form a
carbonic acid. Therefore, I focus only on the ammonia molecules as a source of the
driving force for the self-propelled motion. Figure 4-10 suggests that the threshold

value of the ammonia concentration (Cin) between acceleration and no motion was 1 M.

From the previous results and discussion, the mechanism of the oscillatory motion
depending on pHin was discussed based on the urease-urea enzyme reaction, as
schematically indicated in Figure 4-12. The oscillatory motion is induced at 4.0 < pHini
< 6.5, where the urease motor alters to a resting state since the reaction rate of the
enzyme reaction of the urea is low because of the lower pHin. The production of
ammonia enhances the pH of the urea aqueous solution near the tail of the urease motor.
the autocatalytic production of ammonia was induced by the increase in pH because of
the increase in the enzyme activity (see Figure 4-11). Then, urease motor can be driven
by the difference in the surface tension around the urease motor after the amount of the
ammonia reaches the threshold concentration (Cw). Finally, the urease motor returns to
the resting state from the moving state since the urease motor moves to a new position
on the surface of the aqueous phase with initial pH. Therefore, oscillatory motion of the

urease motor was observed since the repetition between resting state and moving state.
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Figure 4-12. Schematic illustration of the mechanism of the pH oscillation and
oscillatory motion.

Reprinted with permission from Chem. Asian J. 2021, 16, 1762—1766. Copyright ©
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Chapter 5. General Conclusion

In this doctoral thesis, I constructed three self-propelled objects that show the
characteristic nonlinear phenomena, which can respond to the internal and external
environments.

In chapter 2, I designed a self-propelled object made of a camphor disk and a
plastic sheet with different diameters. The camphor object on a sodium dodecyl sulfate
(SDS) aqueous phase exhibits oscillatory motion and no motion at the different contact
area of the basement of the object. The bifurcation between no motion and oscillatory
motion depends on the kinetics of SDS and camphor molecules around the object. The
features of motion were determined by the amount of camphor molecules and the
formation of SDS—camphor complex. These results suggest that a novel self-propelled
motor that displays characteristic motion can be created based on the kinetics of
surfactant and camphor molecules.

In chapter 3, I studied the average speed of a self-propelled camphor disk floated
on sodium dodecyl sulfate (SDS) aqueous phase at different depths. At the lower
concentrations of SDS in the aqueous phase, the average speed of self-motion for the
deeper aqueous phase was higher than that for the shallower aqueous phase. However,
a reverse phenomenon of speed-dependent depth was observed at the higher SDS
concentration. | consider that such a reverse phenomenon depends on the magnitude of
Marangoni flow. In addition, the reverse phenomenon is qualitatively reproduced by
numerical calculation based on the Navier-Stokes equation, the reaction-diffusion-
advection equation, and the surface tension of camphor. Both the effective diffusion of
camphor molecules and friction of the bottom wall also play an important role in the
reverse phenomenon of the speed-dependent depth. These results suggest that a kind of
self-propelled object that is sensitive to the basement shape of the aqueous phase can
be created by changing the depth of the environment.

In chapter 4, I designed a simple self-propelled motor made of a plastic object and

a filter paper with urease. The driving force for the oscillatory motion is the difference
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in the surface tension around the urease motor induced by the ammonia produced from
the urease-catalyzed reaction of urea. The characteristics of self-propelled motion for
the urease motor was determined by the initial pH of the urea aqueous phase, pHini. The
largest values for the frequency and maximum speed depend on the bell-shaped
activity-pH curve for urease. This study suggests that the oscillatory motion can be
created by coupling the nonlinear enzyme reaction of the urea. In other words, the
significant increase in the enzyme activity of urease at an optimum pH induces
autocatalytic production of ammonia which is the source of the driving force for the
self-propelled motion. In addition, the autocatalytic process in the enzyme reaction
plays an important role in the generation of oscillatory motion from viewpoint of the
nonequilibrium conditions. This study proposes a novel self-propelled motor based on
a nonlinear reaction, that is, the autocatalytic process of the enzyme reaction.

In summary, I provided several strategies for designing self-propelled objects and
explanations regarding the motion mechanism. It is significant to understand how self-
propelled objects exhibit characteristic motion and to establish ways of controlling their
motion. In the future, I am going to develop self-propelled objects that exhibit the
characteristic motion by the molecular control and coupling of the chemical reaction.
In addition, synchronization and collective motion in coupled with several numbers of
symmetric or asymmetric self-propelled objects are going to study as future work to

understand the mechanism of group motion of animals.
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