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Abstract

This thesis concerns self-motile “micromotors” using catalytic decomposition
reactions to produce autonomous motion in fluids via a variety of phenomena
including self-phoresis, and bubble propulsion. Catalytic micromotors may open
new approaches to microfluidic transport, but require further development to realise
their potential. I investigated the motion generating mechanisms for micron-sized
spherical Janus particles (at low volume fractions), powered by platinum catalysed
decomposition of hydrogen peroxide, and examined relationships between catalyst
thickness, catalytic reaction rate and propulsion velocity, as well as the influence of
salts on propulsion velocity. The data points to a new electrokinetic propulsion
mechanism, and highlights potential difficulties in deploying phoretic devices in
high salt fluids, including biological fluids. It was then shown that convective
motion of spherical catalytically active particles can be induced purely by
increasing volume fraction, even for particles that in isolation do not exhibit

enhanced motion.

Studies were also made of larger, bubble-propelled spherical platinum catalytic
devices. For the first time propulsive trajectories of such devices were quantified in
terms of persistence length, fractal dimension and mean squared gyration. It was
found that confining the catalyst to discrete regions increased directionality, but the
character of motion was found to remain highly stochastic compared to phoretic
swimmers. These bubble-propelled devices required no addition of surfactant for
motion in water, so their motion in biological fluids was also investigated. It was
found that biocompatibility was low and motion here required a surfactant mainly

to inhibit biofouling of the platinum catalyst.



Abstract

Finally, a 3D inkjet drop-on-demand printing method was used to make
biocompatible, catalytic bubble-propelled, micro-rockets using catalase instead of
platinum. These printed silk micro-rockets are the first of their kind and show high
biocompatibility and longevity, as well as having a composition and shape that can

be digitally defined.
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1.Introduction

1. Introduction

1.1. Motion at small length scales

When viewing small particles (micro or nanometre range) suspended in a solution
(e.g. in water) under a microscope they are seen to move around randomly. This is
Brownian motion, due to the thermal energy of the surrounding fluid [1]. In view of
this ubiquitous motion, it is clear that useful propulsion generating mechanisms, the
focus of this work, must result in velocity magnitudes that exceed Brownian motion

velocity.

Based on our macroscopic experiences the most obvious mechanisms for
propulsion generation use reciprocal deformations, e.g. when humans swim they do
so by moving their arms and legs back and forwards. However, deformations do
not have the same effect on small scale devices due to the dominance of viscous

forces over inertia. Viscosity is the gradual deformation of a fluid by sheer stress

(7 [N/m?]) or tensile stress. The dynamic (shear) viscosity ( [Ns/m’]) for a

Newtonian fluid (as illustrated in Figure 1-1) can be expressed asz = ,u? ,which
y

is also known as Newton’s Law of Friction, where dc [m/s] is the unit velocity and

dy [m] the unit distance between layers.

T —Cc+dc
C

<

+

T“

S S

Figure 1-1 Diagram showing the shearing stress for a Newtonian fluid between layers of a non-turbulent fluid

moving in straight parallel lines where the dynamic viscosity can be expressed as 7 = ,udc / dy
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The kinematic viscosity v [m’/s], also known as momentum diffusivity, is

described as the ratio of dynamic viscosity to density, here no force is involved, and

therefore the kinematic viscosity is given by v £ , where p [kg/m’] is the
P

density of the fluid.

In order to determine the dominating forces at small length scales the Reynolds
number (Re) can be calculated. It is given by dividing the inertial forces by the
viscous forces as shown in Eq. {1.1}, where ‘a’ is the dimension of the object, ‘v’

is its velocity, ‘p’ is the density of the liquid and ‘x’ the liquid’s viscosity.
Re=2P (1.1

Purcell [2] looked into how the size of an object affects the Reynolds number. For
an average-sized human swimming in water the Reynolds number may be of the
order of 10*, whereas for a guppy Purcell suggests it could be 10°. However, for
microorganisms such as bacteria and algae, which have a size of about one micron,
the Reynolds number is 10™* or 10™. For such organisms inertia is of no relevance.
For example, when looking at one of these organisms in water with a kinematic
viscosity of 1072 cm/sec and an average speed of 30 microns/sec, if it is necessary to
push the organism in order for it to move, upon removal of the force the organism
will travel around 0.1 A before it stops, which will take it about 0.6 microseconds.
This makes it obvious that inertia plays a vanishing role at this scale and only
forces that are exerted precisely at the time of movement determine any movement,
while conventional propulsion systems using reciprocal motion fail to cause
propulsion [3, 4]. The example of a miniature scallop gaining no propulsion but

simply moving back and forth by opening and closing its shell further emphasizes
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this point [2]. The way the scallop achieves motion at the macroscale is that it
opens its shells slowly and then quickly closes its shells, causing a jet of water to be
squirted out propelling it forward. At low Reynolds numbers, however, time does
not matter, so if the scallop opens its shell slowly and closes it fast it will land at

exactly the same position again, because at this scale inertia is negligible.

Despite this, there are various natural microorganisms that have evolved active
propulsion systems and are able to move at the micro scale. These systems build on
the principle of non-reversible motion. For example, in order to achieve propulsion
Spirillum volutans (a bacterium) moves its body in a waving fashion and then a
spiral wave flows down the tail, similar to a corkscrew twisting into a cork [5].
Escherichia coli is another very well-known microbe that uses a flagellum to propel
itself forward. The flagellum in simple terms works like a flexible oar [6]. Figure
1-2 emphasises how complex the design of a bacterial flagellum really is, with the
different parts of the flagellum controlled by different motor proteins as described

in Jarrel et al.[5].

Basal body

Quter membrane,

membrane
Cring

Motor. (motor switch)

complexes

Export
apparatus

Figure 1-2 Model of the bacterial flagellum — structure and assembly, taken from [5]
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Other bacteria have small mycoplasma ‘legs’ that walk along the cell’s body
allowing for gliding motion, such as shown in Figure 1-3 of the bacterium
Flavobacterium johnsoniae [5]. These are just some examples of the vast
possibilities nature has found to overcome the problems of motion at small length

scales.

Direction of cell movement

_

Motor composed

of Gld proteins Outer

membrane

Cytoplasmic
membrane

SprB adhesin
Peptidoglycan

Periplasm

Substratum

Figure 1-3 Model of the Flavobacterium johnsoniae gliding motility, taken from [5]
As the diagrams show, all these processes for propulsion are very complex and
have taken millions of years of evolution to be created. The chemical processes that
take place in order to move a flagellum are at present too complex to be replicated
synthetically and therefore another approach needs to be taken in order to achieve
motion at small scales. Synthetic flagella have been attached to cells, but these
require external fields in order to generate motion [7]. Similarly, because an
actively working flagellum is still too difficult to create synthetically, those from
bacteria such as E.coli have been genetically modified and have then been tethered
onto surfaces to make use of the flagellum for microfluidic applications [8]. These

processes are in general not suitable for large scale production processes.



1.Introduction

Therefore in order to synthetically produce particles that can move on their own in
a liquid at the micro- and nano-scale, a simpler approach, which has attracted
increasing research attention over that last ten years, has emerged. Either an
interfacial gradient is generated over a particle via surface chemical reactions [9],
or particles are propelled via gas bubbles , which are expelled from the surface of
the object, again due to chemical reactions [10]. Self-motile particles such as these
are often referred to as ‘swimmers’, micro-jets or micromotors. In order to be called
self-motile particles, they must have no need for any external forces or fields to
power propulsion, but simply rely on chemical reactions / effects on their surface to

act as the motor [11].

At this stage it may be asked for what applications synthetic, self-motile particles
might be used in the future. The most widely discussed putative application for
these devices is to aid targeting for drug delivery systems [12] and thus help
achieve safer delivery of drugs or other chemicals in the human body, i.e. to
decrease the unwanted side-effects of drugs by increasing the drug concentration in
the target organs at a lower systemic dosage [13]. Other applications include: nano-
scale drilling [14], cargo transport [15-24] of small objects or chemicals, lab-on-a-
chip [25, 26] based applications as well as water remediation [27] and
biodegradation of biological and chemical warfare agents [28], and oil-spill clean-

up [29].

In the first experimental chapter, Chapter 3, special emphasis is put onto spherical
Janus-particles, which undergo propulsion that is not obviously caused by the
release of bubbles. Janus, in this context, refers to particles being made up of two
different hemispheres. For example, where one hemisphere has been coated with a

platinum (Pt) cap and the other is uncoated, exposing the particles material
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composition, in this case polystyrene (PS). Figure 1-4 is a schematic representation
of one of these colloids [30] (Chapter 1 Movie S1.1 shows an animation of this,

Supportive CD).

Figure 1-4 Schematic of a Janus-particle, the dark side represents the platinum coating and the bright green the
uncoated part, which is also fluorescent. The molecules represent hydrogen peroxide, water and oxygen;
hydrogen peroxide is asymmetrically decomposed by the Janus-particle. The concentration gradient of the fuel
is thought to cause the propulsion as indicated by the arrow, taken from [30], (Chapter 1 Movie S1.1 shows an

animation of this, Supportive CD).

The asymmetry of these particles is the key to their propulsion mechanism. If
Janus-particles are put into an aqueous solution containing H,O,, they start to
display an enhanced motion [30]; which can be described as ‘swimming’. This self-
induced swimming is due to an asymmetric catalytic reaction taking place on the
surface of the Pt layer; this reaction degrades H,O; into oxygen and water. (See

reaction ( 1.1 ) [31] where the rate limiting constraints are shown as k; and k).
1
Hzoz+PzL>Pt(H202)L>H20+502+Pt (1.1)
There are many examples of asymmetrical catalyst-coated devices showing

propulsion based on this reaction [31-33]. It is thought that there are two main

phoretic mechanisms that can propel catalytic motors, which are described in
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Section 1.1.1 below. The first, self-diffusiophoresis, pre-dates the first experimental
observations with spherical Janus particle catalytic swimmers, whereas the second,
self-electrophoresis, was developed to explain specific observations with rod-
shaped catalytic swimming devices made from two segments with differing
composition and so also described as “Janus” catalysts. In Chapters 5, 6 and 7,
larger catalytic micromotors (30 um and more), which produce motion due to
visible nucleation, growth and detachment of gaseous oxygen bubbles, are
considered. Note that these devices still share the same catalytic driving reaction
(decomposition of H,0,) as the smaller devices considered in Chapter 3: the
oxygen is generated from reaction ( 1.1 ), (in Chapter 7 the enzyme catalase
replaces the role of platinum). However, the increased device size reduces the
energetic cost associated with nucleating bubbles on highly curved surfaces [34, 35]
and this then enables the production and bubble release mechanism, rather than the
phoretic situation where the produced oxygen is solvated. Section 1.1.2 reviews this
bubble swimming mechanism in more detail, and describes some prominent
examples from the literature. This chapter then provides a general introduction to
the main themes that have motivated me, link the experimental work presented in
this thesis, and present some of the most significant current challenges for the
development and use of catalytic swimmers. These challenges include improving
device biocompatibility, Section 1.2 (Chapters 3, 6 and 7) controlling and
measuring device trajectories, Section 1.3 (Chapters 4, 5 and 7), and enabling

efficient flexible device manufacture Section 1.4 (Chapter 7).
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1.1.1.Phoretic mechanisms

1.1.1.1.  Self-diffusiophoresis
One way in which reaction ( 1.1 ) can produce motion is by generating a
concentration gradient of H,O, across the PS/Pt colloid, a mechanism referred to as
self-diffusiophoresis. For spherical Janus-particles the chemical reaction ( 1.1 )
takes place on the Pt particle surface and produces more product molecules than
reactants. The resulting asymmetric distribution of the reaction products across the
entire colloid propels the particle [32], in the case of PS/Pt Janus colloids usually
away from the platinum-coated side. This effect is analogous to diffusiophoresis:
the mechanism by which colloids show enhanced motion in response to an external

solute concentration gradient [36, 37].

Theoretical analysis of self-diffusiophoresis for the spherical geometry shown in
Figure 1-4 has suggested that the ‘swimming’ velocity depends on the reaction rate
as shown in Eq. {1.2}, where ¥ [um/s] is the velocity, kK [um™s™] is the reaction
rate, Dy the diffusion coefficient for H,O,, u [A] the diffusiophoretic mobility, a [A]
the hydrodynamic radius and A represents the range of interaction between the

solute and the particle [32].

y— k3o {12}

The reaction rate represented here will be the rate limiting reaction rate (either 4; or
k>) as shown in reaction equation ( 1.1 ). The parameters shown in Eq. {1.2} are
affected by temperature [38], particle size [31], asymmetry [39], surface roughness
[40] and viscosity of the bulk solution [38, 41], which have all been shown to

modify propulsion velocity.
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Howse et al. [32] investigated how the hydrogen peroxide fuel concentration can
affect the velocity of colloids with a nominal diameter of 1.62 pm and a platinum
thickness of 5.5 nm. They utilised the mean squared displacement (MSD) method
of finding the velocity for the Janus colloids (the MSD method is described in detail
in Section 2.3.2). As shown in Figure 1-5, trajectory data shows increasing motion
as the hydrogen peroxide concentration increases from 0 % to 10 % w/v, consistent
with Eq. {1.2}. They postulated that the reaction rate is dependent on two reaction
rate constants ( 1.1 ): k;, which is the rate at which H,O, forms a complex with
platinum and £, the rate of breakup of H,O, into water and oxygen, and has a
similar behaviour to Michaelis-Menten kinetics, for which they find the reaction
rate to be:

[H202]vol {13}

k=k
. [H,0,] , +k,/k

where, in order to fit Eq. {1.2} and {1.3} to the experiment data in Figure 1-6, they

finda=12A4 1=54,k;=4.4x 10" um™s™, and k,=4.8 x 10" pm*s™".

A 4 Control
20 um
—

Pt

EARY

Figure 1-5 Trajectories over 25 sec for 5 particles of the control (blank) and platinum-coated particles in water

and varying solutions of hydrogen peroxide, taken from [32].
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4 T T T T T T T T T T T

—oe— PtJanus + fit
3 F ——Control

Velocity /jum s

[H,0,] /% vol

Figure 1-6 Velocity determined from the 4 << 7z behaviour for the control (A) and Pt-coated particles (O). The
solid line is the line of best fit using Eqs. ({1.2}) and ({1.3}), witha =124, 1 =54, k;=4.4 x 10" ym™s™',
and k,=4.8 x 10" yms™'. Taken from [32].

1.1.1.2.  Self-electrophoresis
A second potential phoretic mechanism that can cause objects to move without the
release of bubbles is the self-generation of electric field gradients: self-
electrophoresis. This mechanism is related to electrophoresis, the movement of
colloids caused by an externally applied field [42]. For example, Wang, et al. [43]
created and tested various bimetallic nanorods which produce motion on the
addition of hydrogen peroxide fuel and self-electrophoresis appears to be the main
mechanism responsible, see Table 1.1. These rods can be viewed as
electrochemical cells, with one end serving as the anode, and the other as the
cathode, with the conductive contacting halves allowing transfer of electrons. At
the anode of the rods, hydrogen peroxide fuel is converted into oxygen and
hydrogen ions (oxidation) Eq.( 1.2 ), and at the cathode hydrogen peroxide reacts

with hydrogen ions to form water (reduction) Eq.( 1.3 ).

10
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anode: H,0,,, = O, + 2H,, +2e (1.2)
cathode H202(aq) +2H(,, +2¢ —2H,0,, (1.3)

An example Pt/Au rod in Figure 1-7 illustrates this. It is possible to predict the
leading end of motion according to the metal combination of the rod and the
electrical potential of each metal, which determine the reduction or oxidation
reaction at either end. Speeds of these various rods, which were 2 um in length and
had a metal ratio of 1:1, were reported to be between 5 pum/s and 30 pm/s

depending on the combination and averaging at ~20 pm/s [43].

H*/H,0

— Au
O, + 4H" + 4e — 2H,0

H0, — Oz + 2H* + 2e H.0; + 2H" + 2e — 2H.0

oxidation reduction

Figure 1-7 Bipolar electrochemical decomposition of H,O, at a Pt-Au nanorod. In the electrokinetic
mechanism, H" moves from the anode end to the cathode end of the rod, resulting in nanorod motion in the
opposite direction. The dominant cathode half reaction is actually oxygen reduction rather than H,O, reduction,
taken from [43].

Table 1.1 Velocity and leading end data for bimetallic nanorods in 5 wt % aqueous H,0, solution, taken from

[43].

bimetallic leading end
nanorod speed (um/s) (obsefved)
Rh-Au 23.8+£2.9 Rh
Pt-Au 20.0+3.8 Pt
Pd-Au 15.3£2.0 Pd
Pt-Ru 30.2+4.0 Pt
Au-Ru 24.0+2.0 Au
Rh-Pt 17.0£3.0 Rh
Rh-Pd 16.2+1.8 Rh
Pt-Pd 13.6+2.3 Pt
Ni-Au 4.75+1.1 Ni
Ag-Au 6.20+1.2 Ag
Au-Co 7.10+£1.4 Au

11
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1.1.2.Bubble propelled motion

As described above, another motion producing mechanism for larger catalytic
swimming devices is bubble propulsion [10]. Active particles undergoing motion
via bubble release can be primarily divided into two geometrical groups, tube-like

particles and spherical particles.

1.1.2.1.  Tube-like microswimmers
There are several publications [26, 27, 44-51] describing rolled up nanotube
swimmers based on the decomposition of hydrogen peroxide by platinum localised
on the inside of the tube. Rolled up nanotubes, or microtubes are also referred to as
micro-jets or micromotors. However, not all microtubes are based on platinum and
hydrogen peroxide as their reaction mechanism. Microtubes based on zinc and
generating hydrogen bubbles in acidic media are described by Gao et al. [52],

however, unlike Pt-based microtubes, these zinc-based ones use up zinc as part of

the reaction to produce hydrogen gas (2H vy F 20— Hy )+ Znlr )

The mechanism by which tube-like micromotors propel themselves via bubble
propulsion is described in detail by Li et al. [44]. To date it appears that all tube-
like micromotors that contain their reaction materials on the inside of the tubes
need the addition of surfactants such as Triton X 100 or SDS in order to lower
surface tension to allow bubble propulsion to take place [53]. This in turn leads to
important challenges in the pursuit of biocompatibility which are discussed later in

Section 1.2 (Chapter 6).

12
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1.1.2.2.  Spherical Micromotors

As well as nanotubes or microtubes, spherical micromotors can also produce
propulsion based on bubble release. One such system is described by Gibbs and
Zhao [10], where particular detail was given to how the forces of bubble propulsion
work on a spherical particle and how the surface tension of the bulk solution

changes the propulsion, see Figure 1-8 (a).

A~ e O~
@~ O

Figure 1-8 (a) Force and velocity schematic of a Pt-coated microsphere in hydrogen peroxide solution resulting

in bubble formation and propulsion. [10].

The equation {1.4} was derived to express the velocity v in terms of hydrogen
peroxide concentration and surface tension, where R, is the universal gas constant,
T is temperature, R is the bubble radius, a is the Langmuir adsorption constant, ¢ is

the bulk hydrogen peroxide concentration, y the surface tension, and p, the

density of oxygen.

T
vot:NR’g polvoyz kac {1.4}
paP 1+ac

Surprisingly there are very few examples of confirmed spherical bubble propelled
micromotors based on platinum as a catalyst: the vast majority of spherical
micromotors are based on chemical reactions that tend to use up the particle body,
meaning these particles have a finite lifetime. The following are some examples of

bubble swimmers in this category: Gao, et al. [54] demonstrated a novel, multi-fuel

13
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driven swimmer producing bubble-propelled motion in hydrogen peroxide and in
strong acidic or basic solutions such as HCI and NaOH [54]. Oxygen bubbles are
produced in hydrogen peroxide fuel using the Pd layer as a catalyst (Eq.( 1.4 )) and
hydrogen bubbles in acidic or basic fuel solutions, as shown in Eq.( 1.5 ) and

Eq. ( 1.6 ), where the hydrogen bubbles are generally smaller than the oxygen

bubbles.
2H,0,.,,—>2H,0,+0,, (1.4)
2A1,+6H,,, —2A1;  +2H, (1.5)
2Al,+20H,, +2H,0, —2A10, . +3H, (1.6)

A different water-driven, spherical, bubble-propelled micromotor is also described
by Gao, et al. [55]. In this case the particle core consists of an aluminium-gallium
(Al-Ga) alloy made via microcontact mixing and coated on one side with titanium

via electron-beam evaporation, as illustrated in Figure 1-9.

2Al + 6 H,0— 3H, + 2AI(OH),

Figure 1-9 Schematic of water-driven hydrogen propelled Al-Ga/Ti micromotor. The dark hemisphere is the
Al-Ga alloy and the Green hemisphere the Ti coating, taken from [55].

14
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Particles with a diameter of 20 pm were described as moving in rapid directional
motion of 3 mm/s in water treated with 0.1 M Triton X 100, where the bubbles

were said to be of an average size of 10 um in diameter [55].

A slightly different elliptical-shaped Janus particle, 100 pm in diameter and 10 pm
in thickness made of gold and a Pt-Pd alloy, is described by Reddy and Clasen [56].
Due to its bimetallic properties, the propulsion mechanism of this Janus particle is
dependent on the hydrogen peroxide concentration. At low hydrogen peroxide
concentrations the disks are said to undergo self-diffusiophoresis. At high hydrogen
peroxide concentrations on the other hand these particles undergo bubble
propulsion at the liquid/air interface as shown in the schematic in Figure 1-10,
providing generation of oxygen becomes greater than the rate of oxygen diffusion

into the solution.
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Figure 1-10 (Left) Schematic showing the Janus disk ~100 pm in diameter. (Right) Schematic showing the
forces acting on the micro-disk during self-propulsion at the air/liquid interface. The forward propulsion is due
to asymmetric distribution of oxygen bubble growth and burst. The drag on the self-propelling micro-disk arises

from the bulk liquid and the air/liquid interface, taken from [56].

Due to the high mass of the disks they sink to the bottom in water, but with the
addition of hydrogen peroxide fuel bubbles forming on the surface of the particles
provide buoyancy to lift them to the air/liquid interface. Reddy and Clasen [56]
describe the propulsion of the elliptical-shaped Janus disks to be due to both bubble

growth and bubble burst actions, as shown in the velocities and distance travelled in
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Figure 1-11. The propulsion due to oxygen bubble growth is smooth and nearly
equal to the bubble radius (which follows the inverse square law during growth),
while the propulsion due to the bursting of bubbles is then described as ballistic
propulsion of much higher velocities approximately three orders of magnitude

greater than the bubble growth propulsion.
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Figure 1-11 (a) distance travelled by the Janus disks due to oxygen bubble growth and burst processes (b) the

same data but showing the velocity instead of distance travelled, taken from [56].

Other Water-Driven micromotors described by Gao, et al. [29] are bubble-propelled
via magnesium. In this case magnesium reacts in water to form magnesium
hydroxide and hydrogen gas. The possible use of these Janus swimmers in oil drop
capture and transport, for applications such as cleaning up oil spills at sea is
demonstrated in Figure 1-12. The gold layer can be modified with self-assembled
monolayers (SAMs) of long chain alkanethiols to create strong surface
hydrophobicity in order to collect oil droplets. Reported propulsion velocities are
90 um/s in 0.3 M NaCl and 300 um/s in 3 M NaCl. The velocities do not notably

change in the case of SAM modified gold surfaces.
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Figure 1-12 (A) Schematic of the seawater-driven Janus micromotors capturing Motor Oil Droplets. (B) Time
Lapse images taken from a movie (a) approach of the micromotor to oil droplets (b) capture of droplets on

motor (c) transport of captured oil droplets in seawater. Scale bar 50 pum, taken from [29].

Li, et al. [28] have demonstrated the production of photoreactive, water-driven
spherical micromotors made of TiO,/Au/Mg. These micromotors create a highly
reactive oxygen species that efficiently destroys the cell membranes of the anthrax
simulant Bacillus globigii spores, as shown in Figure 1-13. The preparation of these
particles involves multiple steps. Initially 20 pm magnesium (Mg) particles are
spun cast onto a glass slide and then coated with gold nanoparticles via a sputter
coating process, during which the sample is rotating, after which TiO, is applied via
atomic layer deposition for 120 cycles at 100°C. The motors are nearly fully coated
with TiO,/Au, as can be seen from the schematic in Figure 1-13, with only a ~2 pm
opening of the Mg core to water. Just like the previously described Au/Ni/Ti/Mg
particles it is important for the water to contain a high concentration of salt, such as
is contained in seawater, in order to prevent a build-up of Mg(OH), from inhibiting
the reaction of Mg with water, as shown in Eq. ( 1.7 ). If not prevented, the solid
reaction product, magnesium hydroxide, would normally form a passivation layer

on the Mg surface thus quickly inhibiting the reaction.

Mg(.g) +2H20(aq) - Mg(OH)z(s) + HZ(g) (1.7)
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In order to stop the deposition of magnesium hydroxide a micro-galvanic and
pitting corrosion process is put in place. A micro-galvanic process is induced by the
gold (Au), nickel (Ni) and titanium (Ti) layers on the surface of the Janus particle
together with the free chloride ions from the salt water. Aggressive anionic species
such as chloride are able to penetrate the passivation layer and are transported into
the pit in order to balance the charge as the Mg  cation concentration builds up.
This causes the hydroxide ions to be depleted and the environment becomes weakly
acidic, due to the build-up of C1" and Mg' ions and stops further passivation due to
Mg(OH),. The Mg" ions near the surface of the pit then react with water to form H,

gas, Eq. ( 1.8).

Mg, +2H,0,, , a5 2Mg,, +20H,,,+2H, (1.8)

This autocatalytic process takes place as long as there is a consistent electrolytic
migration of CI ions into the pit. The galvanic element caused by the Au/Ni/Ti
layer further enhances the electrochemical corrosion and dissolution of Mg on
exposed regions increasing the reaction rate Increasing salt concentration also

enhances reaction rates and therefore propulsion [29].

The motors are said to have a lifetime of 15 minutes (for 20 pm spheres). The
particles are reported to move at an average speed of 80 um/s in an environment
containing 0.08 M NaCl. To have a similar lifetime in seawater, which has a higher
salt concentration of ~0.54 M, they report that the particles need to be 30 um in
diameter as the reaction speed and therefore erosion of Mg increases with
increasing salt concentration. Because these particles have a TiO, layer they exhibit

UV sensitive properties that allow them to create highly active oxygen species that
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can destroy spores of environmentally dangerous agents such as those from the
anthrax simulant Bacillus globigii spores. Figure 1-13 B shows how the propulsion

of the particles vastly increases spore destruction via the micromotors when

radiated with UV light.
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Figure 1-13 (A) Schematic representation of the self-propulsion and photocatalytic degradation of biological
warfare agents (BWA) and chemical warfare agents (CWA) by TiO, /Au/Mg (B) Statistical Plot showing the

efficiency of spore destruction under different conditions, taken from [28].
1.2. Biocompatibility of Micromotors

For the vast majority of proposed application areas such as medical diagnosis and
drug delivery, conferring biocompatibility is of vital importance. In order for
micromotors to be biocompatible there are a variety of problems that need to be
overcome. Depending on the application areas the number of requirements for
micromotors can magnify as applications become more demanding. As an
illustration, using micromotors as medical diagnostic devices (e.g. Lab-On-A-Chip)
there are relatively few challenges, mainly related to solution compatibilities,
compared to the challenges with releasing micromotors into a living organism. In
the latter case we must question if the micromotors are toxic themselves to the life-
forms that they might interact with. An example relevant to bimetallic nanorods is

described by Niidome, et al. [57], where they find that gold nanorods are highly

19



1.Introduction

cytotoxic in vitro, but after being Polyethylene glycol (PEG) coated the nanorods
show little cytotoxicity and are no longer rapidly cleared from the blood when
intravenously administered. A coating of PEG stops particles from having non-
specific interactions within the body, this means causing less interactions with
blood components that would otherwise induce activation of the complement
system, which therefore reduces the clearance of these particles from the blood.
This effect is called the stealth effect [58]. Non-stealth nanoparticles that are
injected into the blood can quickly become removed from the blood by
macrophages, which is why it is important to create biocompatible particles that
will linger in the blood system for a longer time in order to achieve their desired
goals of drug delivery to the target tissue [59]. Permeability of these particles can
also be important for drug delivery as some parts of the body or some cells may
have distinctive barriers to be overcome [60] such as the diffusion through cell

membranes, size is an important governing factor in these cases.

While these issues are general concerns for any colloidal system proposed for use
in the body, there are specific additional issues for micromotors due to their
requirement for specific fuel molecules and solution properties in order to achieve

motion, which are now discussed in turn.

1.2.1.Effects of Salt

Since biological systems contain many different salts [61] it is important to look
into any effects these might have on the swimming devices. In Paxton, et al. [62]
electrophoretic bimetallic nanorods (Pt/Au) were investigated and it was noted that
adding lithium nitrate (LiNOs) or sodium nitrate (NaNO;) to bulk solutions

containing H,O,, causes the velocity of these rods to decrease by 80% and the
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oxygen evolution to decrease by 33%. Consequently it appears that salt
fundamentally affects the electrophoretic mechanism in a way that is not solely
related to reaction rate reduction. However, the effect of salt on the performance of
the apparently self-diffusiophoretic spherical catalytic Janus swimmer has not
previously been studied. The first experimental chapter in this thesis (Chapter 3)
explores this issue in detail. For bubble swimmers a variety of studies have found
that salt has little effect on velocity. This is a clear advantage for devices with this
mechanism and so in the later experimental chapters focus shifts to this device type

(Chapters 5-7). [55]

1.2.2.Importance of Surfactants for bubble-propelled micromotors

In general it is desirable to design micromotors which require the minimum number
of additives to be present in the solution in which motion is required. This is
especially true for deployments within biological fluids where each additive may
have undesirable interactions with the multitude of molecules present in these
complex solutions. In Section 1.1.2.1 the importance of surfactants added to the
bulk solutions for tube-like microswimmers to allow the ingress of fuel into the
tubes and enable their propulsion mechanism was mentioned. Soler, et al. [26] give
an example of the use of microjets for “Lab-on-a-Chip” applications, where they
are dispersed into a mixture of serum and red blood cells acting as micro-stirrers.
Fuel H,O, and the surfactant Triton X 100 need to be added to the solution to start
the catalytic reaction, while the mixture simulating real blood has to be diluted
down to one tenth of the concentration of blood to decrease the viscosity of the
solution. In Gao, et al. [55] the velocities (of Al/Ga spherical micromotors, Figure
1-9) were reported to be 1.3 mm/s in a 10 mM salt solution and 0.1 mm/sina 1 M

NacCl solution (containing 0.1M Triton X 100), compared to a velocity of 45 pm/s
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in 3 M NaCl in the absence of surfactant. As previously mentioned another example
is that of Ag and MnO, powered particles undergoing propulsion. Wang, et al. [63]
reported that in both cases the surfactant SDS (0.5%) is needed to ensure proper
propulsion. The water-driven micromotors (Figure 1-12) described by Gao, et al.
[29] also need a surfactant (Triton X 100) to ensure proper bubble release by the
micromotors. The TiO,/Au/Mg micromotors (Figure 1-13) also showed the need of
added surfactant (0.075% of Triton X 100). Table 1.2 lists some of the current
bubble propelled swimmers and their velocities together with the need of surfactant.
This table indicates the almost exclusive need for surfactant in the current bubble

propelled systems.

Table 1.2 Comparison of different swimming devices in various media and the need of surfactants.

Authors Type of device Surfactant | Velocity Medium / Fuel
Wang et PEDOT/Au- o

al.[64] catalase(microjets) Yes 120 pm/s 2% Ha0,
Vicario et Si0,/Synthetic Manganese 5% H,0; in

al.[65] catalase No 35 /s CH;CN / Glycerol
Wang et PEDOT/PEDOT-COOH/Ni/Pt 1% H,0, in PBS

L 88 um/s

al.[66] (microjets) Yes buffer

Wang et . 5% H,0, in Human

al[67] PAPBA/Pt (microjets) Yes 40 pm/s Serum

Wane et 7.5% H202 in

al [ 6gg] Ti/Fe/Au/Pt (microjets) Yes 85 um/s | Human Serum (1:4

' diluted)

Wang et - .. 3% H,0, in Protein

al [69] Ti/Ni/Au/Pt (microjets) Yes 125 pm/s solutions
\ZlaFfoTt PANI/Pt (microjets) Yes | 14mms 5% H,0,
P‘;ﬂeﬁ]m Cu/Pt (microjets) Yes | 365 pms 3% H,0,
Sanchez et . .. 4% H,0, in 25%

al[72] Ti/Fe/Pt (microjets) Yes 130um/s cell medium
Sagﬁc[};‘;z] ct Ti/Cr/Pt (microjets) Yes 500 pm/s 1% H,0,
S‘:I"[Vleg] ot Ti/Fe/Pt (microjets) Yes 220 pms 7.5% H,0,
Gregory et PS/Pt (spheres) o

al[74] / Chapter 4 No 1.8 mm/s 2% H,0,
\ZlaFSgS? Al/Ga (Janus spheres) Yes 3 mm/s Water
Wang et al. Ti0,/Au/Mg (spherical Yes 80 um/s Water

[28] micromotors) 120 pm/s Seawater

War[lzzgg(;t al. Mg/Ti/Ni/Au (Janus spheres) Yes 90 pm/s Seawater
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Kumar et Carbon/acrylic/Pt 175 )
al.[75] (catalytic fish ~1 cm) Yes mm/s 15% H,0,

PEGDA/Pt. nanoparticles N
Zhu et al. [76] (optical printed Microfish) NA 780 pm/s 15% H,0,

In view of these findings the crucial role of surfactants in bubble-propelled micro-
engines was investigated and compared with presently known working systems by
Wang, et al. [77]. They investigated how anionic (i.e. sodium dodecyl sulphate;
SDS), cationic (i.e. cetyltrimethyl-ammonium bromide (CTAB)) and non-ionic (i.e.
Polyethylene glycol sorbitan monolaurate (Tween 20)) surfactants influenced
microjet motion. They reported that for anionic surfactants such as SDS there is a
critical micelle concentration (CMC) of ~0.24 wt% above which increasing
surfactant concentration has no noticeable effect on the motion of the microjets.
Their findings are consistent with the theory of surfactant adsorption at interfaces
[78]. At increasing anionic surfactant concentrations below the CMC the surface
adsorption of SDS increases while the interfacial tension decreases resulting in
better detachment of bubbles from the surface and enhanced motility. It is pointed
out that at very high surfactant concentrations the increasing viscosity of the
solution might have a slowing effect on the microjets [79]. In conclusion they noted
that the propulsion of microjets is strongly affected by the nature of surfactant used.
Neither cationic or non-ionic surfactants show any significant benefit whereas
anionic surfactants i.e. SDS vastly increase the propulsion of microjets up to the
CMC of SDS. Here, in this context, Chapter 6 considers the role of surfactant on a

simple spherical bubble propulsive swimmer driven by platinum.

1.2.3.Catalyst and fuel molecule limitations

One of the most obvious limitations for many current catalytic micromotors is the

reliance on hydrogen peroxide fuel, which is known to be toxic to living organisms
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at high concentrations. A new approach is therefore required to create swimmers
that propel in a similarly efficient or an even more efficient manner and do not rely
on the degradation of H,O,. It has therefore been proposed to use enzymes as the
catalyst (motors) for propulsion as they can perform a wide range of room
temperature decomposition reactions using more biologically compatible
components (e.g. glucose oxidase with glucose and oxygen as a fuel source in
conjunction with catalase enzyme). However, despite this goal, for initial
comparative studies, catalase (CAT) (see Figure 1-14) has often been studied as it
also decomposes hydrogen peroxide, is relatively robust, and has a famously rapid

turnover rate [80].

Figure 1-14 Crystal structure of bovine liver catalase (Protein Database Bank (PDB) entry 1TH2 [80])

CAT is a haemoprotein, which is a metalloprotein containing a metal ion core, in
this case iron (Fe). Eq. ( 1.9 ) shows the presumed reactions taking place. The
actual mechanism with which CAT degrades hydrogen peroxide is still unknown

but a proposed mechanism is shown in Alfonso-Prieto, et al. [81].
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Enz (Por —Fe™)+ H,0, — Cpd I (Poi* —Fe"” =0)+ H,0
Cpd I (Poi* —Fe™ = 0)+ H,0, - Enz (Por — Fe™)}+ H,0+0,

(1.9)
Cpd I refers to a highly active species for oxidation reactions (it is a high-valent
iron intermediate), characterized to be an oxoferryl porphyrin (Por) cation radical

[81]. Figure 1-15 shows a representation of the active site where the iron core lies.

Figure 1-15 The active (heme) site of bovine liver catalase with the Iron core (protoporphyrin ix containing Fe).

(source: PDB entry 1TH2 [80])

In order to utilise enzymes for catalytic swimming it is necessary to localise the
enzyme at specific locations on the body of the propulsive particle. There are
various methods how enzymes can be immobilized onto surfaces. The methods can
be categorized into three groups [82]: adsorption [83], covalent binding (cross-
linking) [84, 85] and incorporation [86]. Adsorption is when the enzymes
(proteins) adsorb onto the surface and hold an affinity to stay immobilised via
forces such as van der Waals and hydrophobic forces [83, 87, 88]. Covalent binding
is the chemical attachment of a part of the enzyme to the surface or a molecule
attached to the surface. Incorporation refers to enzyme entrapment or
encapsulation, which is discussed in Chapter 7. Some examples of enzyme powered
propulsive devices have been reported in the literature. Orozco, et al. [64] created

enzyme-powered microjets using covalent attachment of the highly reactive
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enzyme catalase to the inner surface of a tube coated in gold. The covalent
attachment method used for these microjets was a chemistry using self-assembled
monolayers (SAM) of a mixture of 11-mercaptoundecanoic acid (MUA) / 6-
mercaptohexanol (MCH) onto the gold surface to which catalase was attached via

carbodiimide chemistry (EDC stabilised with N-hydroxysuccinimide (NHS)).

An example of a multi-enzyme self-propelling ensemble is shown in Pantarotto, et
al. [89] where the enzymes glucose oxidase (GOx) and CAT are both immobilised
onto a multi-walled carbon nanotube (MWCNT). (See Figure 1-16) Here the two
enzyme reactions are linked via hydrogen peroxide. Under the catalysis of GOx
oxygen reacts with glucose to form gluconolactone and hydrogen peroxide while
CAT catalyses the breakdown of hydrogen peroxide to form water and molecular
oxygen. However, the amount of oxygen produced by CAT is not enough to keep
the reaction with GOx going and to do this it is necessary to have a constant flow of

oxygen over the sample.

Glucose \_/Hzoz J.‘,O + 0,1

GOx Catalase

() MWNT )

l

Propulsion

Figure 1-16 Biohybrid propulsion system. GOx and CAT immobilized onto a multi- walled carbon nanotube,

taken from [89].

CAT as a catalyst for hydrogen peroxide has also been mimicked by Vicario, et al.
[65] where a manganese synthetic catalyst was immobilized covalently onto an
object via a tether. The catalyst decomposed hydrogen peroxide in a similar way as

CAT, into water and oxygen, causing movement of the object.
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1.3. Trajectory control and analysis

In addition to conferring biocompatibility for useful application of the micromotors
it is also necessary to produce certain types of propulsive trajectories, for example
directed linear translation to enable transport functions. For this reason, there have
been extensive publications based on different trajectory influencing production
processes that alter the trajectory behaviour of phoretic Janus micromotors. The
motivation for these investigations was to produce devices that have a well-defined
motion character that can be used for applications. For example, one aim has been
to introduce a propulsive angular velocity into the trajectory of these micromotors
by using manufacturing techniques such as, glancing angle deposition [90] and self-
assembly [91]. This could benefit applications such as fluidic mixing. Other
methods have considered the challenge of demonstrating autonomous directional
control which is desirable to enable transport applications. Approaches include
increasing the mass of the catalytic cap to introduce gravitaxis (where the
gravitational force influences the orientation of the Janus cap) [92]. Surface
micromotors trapped at the air / liquid interface also generate more linear
trajectories due to quenching of the rotational diffusion coefficient (zz) [93].
Similarly to this the directing influence of channels and boundaries on the
trajectories of Janus particles were reported in Das et al. [94]. All these behaviours
were confirmed by means of physical and mathematical models some of which are

described later on in Section 2.3.

Methods to control trajectories of bubble propelled micromotors are also important
in order to enable many functional applications, however a lack of an established
methodology for comparing trajectories for these devices has led to many findings

being only qualitatively described. For example, Gao et al. [55], report the
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difference in propulsion behaviour with and without the Ti layer masking part of
the particle and it was concluded that a masked particle has a much more
directional motion than an unmasked particle (mentioned in the previous Section
(1.1.2.2), see Figure 1-9). However, no actual analysis of trajectories, was shown to
prove the impact of the Ti layer on the directionality of motion. Wang and Wu [9]
also investigated the propulsion of PS-Pt dimers. They observed [9] that these
undergo bubble propulsion of three different motion types, namely linear,
clockwise and counter clockwise circular motion as shown in Figure 1-17. The
dimers are reported to have propulsion velocities of ~ 40 um/s in a 10% hydrogen
peroxide solution. The different kinds of motion arise from the fact that bubbles can
be formed on different parts of the Pt dimer surface. As shown in Figure 1-17 if the
bubble grows at the far end of the Pt coating (a) the motion is linear but on the other
hand if it grows off centre then the particles undergo a circular motion ((b) and (c)).
The motion here was only described in a purely observational manner and no

analytical approach was used.
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Figure 1-17 Three types of motion of Pt-PS hybrid dimers (a) linear, (b) clockwise, and (c) counter clockwise

motion. Scale bar 5 um, taken from [9].

In another example Wang, et al. [63] looked at two other catalysts to decompose
hydrogen peroxide that might be used for bubble propelled micromotors. They
showed that silver (Ag) particles and manganese dioxide (MnQO,) particles undergo
bubble propulsion, with Ag particles showing much better propulsion than MnO,

particles. The authors claimed that particles that were half-coated with gold via
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sputter coating do not show any enhancement in propulsion i.e. more directional
motion. The authors however did not specify how the trajectories of the uncoated
and Janus particles were analysed to reach this conclusion. The particles were
reported to have three different propulsion behaviours represented by their
trajectories: circular, curved and self-rotating and these are claimed to be the cause

of the inhomogeneity and asymmetry of the Ag motors used.

These examples illustrate the lack of robust analytical techniques presently
employed over this part of the micromotor field, which is why I have investigated
various techniques such as fractal dimension (Section 2.3.3), persistence length
(Section 2.3.4) and mean squared gyration in order to quantitatively analyse the
motion and directionality of differently fabricated PS/Pt-based spherical bubble-

propelled micromotors in experimental Chapter 5.

1.4. Fabrication process of Micromotors

Spherical micromotors undergoing phoretic mechanisms have in general been
fabricated by means of spin coating colloids onto a surface and then evaporating
metals such as platinum onto one hemisphere, thus producing Janus particles
(Figure 1-4) [32, 92, 95]. Bimetallic nanorods on the other hand require porous
templates and multistage electrochemical processes for their manufacture [96]. The
synthesis / fabrication processes are in general not useful for mass production
techniques. There have, however, been recent suggestions to produce micromotors
via printing techniques in order to allow for cheaper mass production plus in some
cases for digital definition of structure. Two examples currently exist, where in the
first case Kumar et al. [75] used a layer-by-layer screen printing approach in order
to generate large scale self-motile fish that can ‘swim’ by bubble propulsion in

hydrogen peroxide fuel. By using multiple stencils together with different inks they
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could generate ‘fish’ in the region of 1 cm in length with specific materials in
different regions of the fish, i.e. a chitosan/Pt tail to drive the fish via bubble
propulsion, an acrylic body and a mid-body made of carbon / nickel which allows
for magnetic guidance of the fish via external magnetic fields (see Figure 1-18).
This method however still has the need to generate micromotors via a multiple

stage process, so is not ideal for large scale manufacturing.

Figure 1-18 (A) Schematic illustration of the layer-by-layer screen-printing microfabrication of the synthetic
catalytic fish: sequential printing of specific layers based on different modified inks for localizing different
functionalities at specific sections of the printed fish. (B) Image of the stainless steel stencil containing the pre-
cut design of the entire fish shape using different dimensions and shapes. (C) Image of mass fabrication
procedure; coloured acrylic ink is physically applied onto the stencil above the pattern before a squeegee or
doctor blade pushes the ink across the design. (D) Image of an array of mass-printed fish on a water-dissolvable

coated substrate using the stencil shown in (B), taken from [75].

The second optical printing method by Zhu et al. [76], achieves the fabrication of
much smaller, multi-factionalized fish-shaped devices via microscale continuous
optical printing (LCOP) using a UV light source which is focused in the correct
locations via a Computer-Aided Design (CAD) software and a digital micromirror
device (DMD), see Figure 1-19. For this method it is important to note that all inks

need to contain UV curable precursors, which in this case are poly(ethylene glycol)
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diacrylate (PEGDA) based hydrogels. This allows for the incorporation of other
functional particles such as platinum and magnetic nanoparticles during the curing
process and thus by changing ink solutions above the substrate it is possible to
generate multi-functional PEGDA based particles. This method is said to have a
resolution of ~1 um. For this method once again there is the need for a multiple

stage process and inks are restricted to being UV curable.

A
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Figure 1-19 a) Schematic illustration of the u\COP method to fabricate microfish. UV light illuminates the DMD
mirrors, generating an optical pattern specified by the control computer. The pattern is projected through optics
onto the photosensitive monomer solution to fabricate the fish layer-by-layer. b) 3D microscopy image of an

array of printed microfish. Scale bar, 100 pm, taken from [76].

Based on these examples I have developed a novel approach utilising inkjet printing
of silk material to generate micro-rockets and which is described in my final
experimental Chapter 7. This novel method incorporates both the capability of
swimming motion together with biocompatible components. Inkjet printing
overcomes the need for production in multiple stages and allows for the simple

printing of various inks digitally predefined by software.
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1.5. Schematic overview of Micromotors produced in this
Thesis

The following schematic, Figure 1-20, gives an overview of the micromotors that
were produced throughout this Thesis. The following micromotors from Figure

1-20 were used in each Chapter:

e Chapter 3 (a) and (b)

e Chapter 4 (b) and (c) size 1-5 pm
e Chapter 5 (b), (¢), (d) size: 30 um
e Chapter 6 (b)

e Chapter 7 (e) and (f).

Figure 1-20 Micromotor schematic overview: Propulsion via Phoretic Phenomena: (a) Polystyrene (PS) /
Platinum (Pt) Janus colloids, (b) PS colloids coated chemically with Pt. size range 1 — 5 pm in diameter
(symmetrically active particles); Bubble propulsion: (b) PS/Pt via Chemical coating 30 pum diameter
(symmetrically active particles), (c) micromotor “(b) 30 pm” with extra E-beam coating of Chromium (Cr)
(Janus), (c) micromotor “(b) 30 pm” with extra sputter coated Cr layer (Pore), (¢) Fully active silk micro-
rocket (containing catalase enzyme, Silk and PEGyy), (f) Janus Silk micro-rocket (orange: silk / PEGyq,, blue:

Poly(methyl methacrylate) (PMMA) barrier layer, red: silk, catalase enzyme, PEGyq)
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2. Methods

In this chapter I describe the general sample preparation, analytical and
mathematical methods I have used in the following experimental chapters. Each

individual chapter contains further details of the specific procedures used.

2.1. Preparation techniques

The following techniques were used to make Catalytic Janus Spheres.

2.1.1.Plasma Cleaning

For the experiments described in this thesis it was important to have clean substrate
surfaces prior to spin coating procedures, metal evaporation procedures or covalent
coupling chemistry. The method chosen to achieve this was plasma cleaning, to
avoid the use of aggressive chemicals which could damage the materials being
cleaned. Figure 2-1 shows a simple schematic of a plasma coating/etching
machine. Samples were loaded into the vacuum chamber, which was then
evacuated until base pressure had been achieved [97]. Then the gas (in this case
oxygen), required for the desired plasma, was bled into the chamber via a needle
valve bringing the chamber to a pressure between 0.01 and 1 mBar. The gas was
bled into the chamber for 15 minutes to ensure any other residual gases had been
replaced. Once this incubation had been completed the plasma was ignited by
applying a potential to the electrodes via a high frequency generator as depicted in

the schematic.

33



2.Methods

High frequency generator

HF
=

Gas inlet valve (needle valve) Venting valve

Electrode —£

Gas cylinder Sample

B =

Chamber

Figure 2-1 schematic of a plasma etching system

The generation of plasma in a plasma coater works in a similar way to that of the
plasma generated by a magnetron as described in Section 2.1.3.3, where the high
electric field from the electrodes breaks the atoms of the gas into charged ions
which then bombard the sample surface and react with the sample or contaminant
molecules. Depending on which gas is used to generate the plasma different
chemical reactions are possible. In some cases these can alter the hydrophobicity of
the sample surface due to changes in surface roughness. In the studies reported in
this thesis oxygen plasma was used, which ensured that any hydrocarbons present
on the sample’s surface were removed by reacting with the oxygen ions from the
plasma to form carbon dioxide. This then leaves a clean surface which can be
chemically modified or otherwise treated as shown in Figure 2-2 [97, 98]. For my

studies I used a Diener electronic (ZEPTO) Plasma-Surface System.

oxygen ions
t
RO
ne :

Sample with carbon contamination Oxygen plasma cleaning process Hydrocarbon free sample surface

Figure 2-2 Schematics showing different effects plasma can have on samples. A: Oxygen plasma used for

cleaning hydrocarbon contamination off samples, schematic adapted from Diener user manual.
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2.1.2.Spin Coating

Spin coating is a process where a solution or suspension is dropped onto a fast
rotating substrate allowing it to evenly spread out on the surface of the substrate
creating an even, thin film or distribution of suspended particles. Throughout the
studies reported in this thesis, I have therefore deployed spin coating to deposit
colloids onto a substrate (generally glass slides) as a precursor to evaporation in
order to create Janus particles. Spin coating allows quick generation of these
samples. Figure 2-3 (and Movie S2.1) illustrates the basic procedure of a spin
coating process. In general the substrate is held in place during the spinning
procedure by means of a vacuum while a pipette is used to drop the sample onto the
middle of the surface while this is spinning. As the suspensions used in the present
study contained water / ethanol and insoluble colloids (i.e. micron-sized
polystyrene particles (PS)) the colloids were left behind after the bulk solution had

evaporated.

< Ethanol with
PS colloids

Glass Slide

Figure 2-3 Schematic of the spin coating process, the surface on which the glass slide rests rotates at the
programmed speeds and has a partial vacuum that holds the glass slide in place (Animation Movie S2.1,

Supportive CD).
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It was important to determine the right spin coating settings as well as to select the
best sample concentrations to ensure a homogenous distribution and avoid the
formation of colloidal bilayers. Also, for samples prepared for sputter coating it was
important that the colloidal particles did not touch, to avoid shadowing effects
during evaporation to ensure that all particles had coatings that were comparable.
In this study the ratio of deionised water to pure ethanol used was varied according
to which specific colloid was used. Depending on the ratio of ethanol and water
used to suspend the colloidal particles and the concentration of the particles, the
particles are deposited on the substrate further apart or closer together with

respectively a lower or higher percentage of particles touching [99].

2.1.3.Evaporation — Coating of Metals

In the present work evaporation played a key role in creating small micromotors
that use e.g. platinum as a catalyst for a chemical reaction which in turn drives the
motion of these particles. All three coating techniques discussed here take place
under vacuum, which is generally in the region of 107 mbar for thermal and e-beam

and 10 mbar for sputter coating.

2.1.3.1.  Thermal evaporation
Thermal Evaporation of platinum onto PS colloids was used for part of the work in
this thesis until electron beam, when it became available, was used to replace this
technique. As can be seen in Figure 2-4 the chamber consists of two high current
electrodes between which a tungsten filament or boat is placed onto which the
material for evaporation is loaded. The sample onto which the materials should be
evaporated is then placed at a suitable height, upside-down above the filament.

Evaporation will then occur by applying a current which is high enough to melt and
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then evaporate the materials. Depending on which materials are used this current
can be extremely high, as is the case for evaporation of platinum (around 90 Amps,
for the Edwards evaporator used in this work). Because platinum has a very high
melting point (1768°C) thermal evaporation using this method is often extremely
difficult and can easily exceed the maximum currents allowed for the equipment, as
was the case in this study. In order to avoid overheating the evaporation of platinum
has to be done in short bursts allowing for the cables to cool down. Furthermore,
for samples such as PS colloids, waiting times of around 15 minutes are necessary
between evaporation bursts, to ensure the PS colloids do not melt. A shutter can be
closed above the filament to stop the deposition abruptly once the required amount
has been coated. This is necessary as otherwise evaporation could continue for
some time after the electrical current has stopped, due to the residual heat. An
Edwards 306 evaporator system was used for all samples produced by thermal

evaporation for the studies reported in this thesis.

Sample Substrate

A

QM

Evaporation \

Vacuum Chamber
Tungston Filament
with Evaporant
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EN, I
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Electrodes

) 1
\
Shutter

Figure 2-4 Schematic of a Thermal Evaporator
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2.1.3.2.  Electron beam evaporation
As indicated in the previous section electron beam (E-beam) evaporation is an
alternative to thermal evaporation for metals with high melting point such as
platinum. E-beam evaporation also has two other key advantages over thermal
evaporation. It causes much less contamination as only the material is heated and
not the crucible (the container with the evaporant Figure 2-5). Moreover, water
cooling of the crucible reduces contamination levels still further. Switching to this
method was beneficial for experiments in this thesis and was found to prevent de-
lamination of metals during reactivity measurements (see Chapter 3 Section 3.4.4).
The system used in this thesis was a combination Moorfield E-beam and magnetron
sputter coating system, as pictured in Figure 2-5 (right); evaporation again takes
place in a chamber under high vacuum but in this case the tungsten filament is
replaced by a crucible made of an appropriate material, such as tungsten or
graphite, into which the material for evaporation is placed, as shown in Figure 2-5
(left). For platinum, gold and chromium graphite crucibles were used in the studies
here. An accelerated electron beam is focused and directed via electromagnets into
the crucible and on impact, depending on its intensity and beam width, the material
is superheated and evaporated by transferring the kinetic energy of the electrons
into heat. As there are many electrons impacting a very small area this energy is
sufficient to heat the material enough to cause evaporation or sublimation. A
potential of 10 KeV is used to accelerate the electrons. In the case of evaporating

metals such as platinum a current of around 90 mA is needed on a narrow beam.

It is important to note that both thermal evaporation and electron beam evaporation
are highly directional. This means that the evaporated material travels only in a

straight line from the crucible until it hits the sample [100].
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Electron beam Evaporator
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Figure 2-5 (left) Schematic of an Electron Beam Evaporator, (right) photo of the combination electron beam

evaporator with two magnetrons covered with tin foil.

2.1.3.3.  Sputter coating via Magnetrons
Sputter coating is a coating method that is not directional unlike the previously
described methods (Section 2.1.3.1 and 2.1.3.2). Moreover, unlike thermal or E-
beam coating, sputter coating does not take place under a high vacuum but rather in
a low vacuum argon atmosphere (~10° mBar). In the case of sputter coating via
magnetrons, electric magnets below the target generate strong magnetic fields
around the target area as illustrated in Figure 2-6 (left) and these in turn cause
electrons to travel along the magnetic flux near the target. Turning on the current
ignites the plasma (argon plasma), i.e. the atoms are broken up into positively
charged ions and negatively charged electrons, which can generally be seen as a
glowing gaseous matter (see Figure 2-6 (right photo). The field lines around the
magnetrons help confine the generated plasma near the magnetrons” target keeping
it away from the substrate and therefore not interfering with the generation of the
thin film and heating it up. Additionally, in radio frequency (R.F.) magnetron
systems the electrons produced travel further and therefore generate more argon

ions, which in turn improve the argon plasma and helps the efficiency of the
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sputtering process. The argon ions bombard the target gradually breaking free
atoms from the target, which then travel to the substrate where they condense to
form a thin film. This process is referred to as sputtering. The low vacuum argon
atmosphere causes the traveling target atoms to be scattered by interactions with
free argon atoms, as shown representatively in Figure 2-6 (left). This means that
with increasing argon gas content (generating a lower vacuum) more interactions
occur and this in turn causes more scattered sputtering results. With sputter coating
the path length from target to sample is much longer than with thermal or E-beam
coating (where atoms travel in a straight line) due to the scattering effect (atom
trajectories are not direct (linear) but move in random scattered trajectories due to
the interaction of the atoms with the argon ions). Sputter coating via magnetrons is
currently regarded as one of the most effective ways to make thin films for high
quality applications [101-104]. In some cases it may be desired to have a chemical
reaction take place during film deposition. In such cases other gases may be
introduced into the system such as oxygen, or nitrogen to produce oxides or nitrates
which have similar effects as described in the plasma cleaning Section 2.1.1 [105].

In this study sputter coating was only used for coating chromium and gold films.

Glow discharge

o
Argon atoms ° ° °
o
O
Argon ions °
Target atoms ° o ° °
O

Electrons

Ignited Cr Magnetron

Target
Magnets | |

Water cooled

Figure 2-6 (left): Schematic of Magnetron thin film coating in Argon atmosphere (adapted from [105]); (right):

Photo of ignited chromium magnetron during sputter coating.
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2.1.3.4.  The Quartz Crystal Microbalance for film thickness

determination
Throughout this thesis it was of vital importance to determine and control the
thickness of the evaporated metal layer in order to understand its effects on reaction
rate and swimming velocity. The thickness can be monitored during the evaporation
process using a Quartz Crystal microbalance (QCM) built into the chamber (see

Figure 2-5).

It is imperative that the QCM is either very close to the substrate onto which the
material is being evaporated or has been calibrated according to the position at
which the deposition takes place, as otherwise the deposition thickness reported by

the QCM is different than the deposition on the sample.

The principle of thickness determination by QCM uses the piezoelectric effect of a
thin crystal between two electrodes. This effect means that when a mechanical
strain is applied to a piezoelectric material this strain results in an electric potential
or conversely, when an electric potential is applied to a piezo-material this results in
a material strain. If an alternating electric field is applied this then causes the QCM
to oscillate. If the acoustic wavelength of the QCM is equal to twice the combined
thickness of the crystal and electrodes a standing wave condition is achieved. This
means that the resonance at which the system oscillates is highly sensitive to the
thickness of the crystal and its acoustic frequency and therefore any material that
has been deposited on the surface of the crystal influences its resonant oscillation
frequency, i.e. the resonance frequency gradually decreases with increasing

thickness of the crystal. From this it is possible to calculate the mass of deposited

material on the surface of the QCM using the Sauerbrey equation {2.1}, where fo
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is the resonant frequency (Hz) of the QCM, Afr is the frequency change, Am is

the mass change, 4 is the active crystal area (cm?), P, is the density of quartz

(2.648 g/cm’) and M, 1s the shear modulus of quartz of AT-cut crystal (2.947x10"

g-em™+s7?) [106].

2l A 2.1}

Af =—
/ Ap,u,

In this equation the film is treated as an extension of the QCM thickness and
therefore three conditions must be obeyed for accurate results: the deposited layer
must be rigid, evenly distributed and finally the frequency change must be less than
2% (Af/ £ <0.02). This method of calculation is used by the QCM in the Edwards
evaporator used in the present work. Figure 2-7 gives an illustration of the QCM

and how the deposition onto the QCM affects its resonant frequency.
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Figure 2-7 Schematic of the function of a QCM and graph showing the frequency shift Af when the QCM

crystal is loaded with material.
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Analysis of the frequency changes, including the acoustic impedances of the quartz
and film, is necessary for frequency shifts greater than 2%. This is called the Z-

match method, and is used to calculate the change in mass as shown in formula

{2.2}, where fU is the frequency of the unloaded crystal (before deposition), f, [ 1s

the frequency of the loaded crystal, N 1s the frequency constant for AT-cut quartz
crystal (1.668x10" HzA, 35.15° inclined from the Z-axes of the crystal as shown in

[107]) and Z the Z-Factor of the film material which is calculated with Eq.{2.3},
where P, is the density of the film and 4 , i, are the shear modulus of the film

and quartz respectively.

A—M—Mtan’1 [Z tan[ﬂ%ﬂ {2.2}

A nzZf,
7= |Patly 2.3}
Py

By this method, frequency changes of up to 40% shift from the unloaded QCM can

be calculated, but sometimes there is a failure to calculate frequency changes of less
than 40% due e.g. to short circuits of the electrodes or because lots of different
materials can cause mode hopping due to excessive build-up of composite resonant

modes, meaning a clean resonant frequency can no longer be obtained.

As previously stated both thermal and electron beam evaporation are highly
directional and therefore it needs to be considered that the amount of evaporated
material per unit area follows the inverse square law with regards to the distance
between the sample and the irradiation source. Therefore any evaporation done on a
flat surface with a small irradiation source will have a thickness gradient. This is

discussed in detail in Chapter 3 Section 3.2.6.
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2.1.4.Inkjet Printing

Inkjet printing is a technique by which a liquid material (ink) is directed in a
controlled manner onto a substrate via a print head device which generates small
droplets and allows printing of simple or more complex patterns. There are two
major inkjet printing modes, namely continuous mode and drop-on-demand
method. In pursuit of the generation of biocompatible, self-motile particles powered
by enzymes, inkjet printing has been used to create differently structured particles
based on silk scaffolds. The drop-on-demand method was chosen to print the inks
onto silicon wafers as solutions were used in small quantities and jetted silk-based
inks used in this study change structural formation after being jetted due to the
sheer force acting upon the sample during jetting, thus inducing some

conformational changes (see Chapter 7).

2.1.4.1.  Drop-on-demand inkjet printing
Drop on demand inkjet printing allows for drops to be released only when an
electrical signal is passed into the transducer as illustrated by Figure 2-8. In general
the transducer is a piezoelectric material which changes its structure when being
electrically charged, as previously described in Section 2.1.3.4. This structural
change of the piezoelectric material alters the pressure and velocity of the fluid
below and the inner shape of the print head directs it to the orifice, resulting in a
drop of liquid being released [108-110]. As shown in the illustration, a drop is
released for every pulse programmed into the print driver. This, coupled with a
moving sample stage allows for complex patterns to be printed onto the substrate.
The ink from the reservoir needs to be controlled via a pressure pump to make sure
that the surface tension of the ink fluid is sufficient to stop it dribbling when there is
no signal. This is generally done by means of a very slight negative pressure but
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depending on the ink it may also be necessary to apply a small positive pressure
especially with more viscous or high surface tension fluids. The print driver is one
of the key components to generating even droplets. Generation of a certain type of
oscillation to the piezo enables accurate and repetitive droplets of the ink material
to be produced. The parameters for this need to be carefully chosen and calibrated
to suit the ink properties which are influenced by viscosity, and the density of the
liquid along with the specific print head nozzle. Furthermore, it is important to
keep the surrounding temperature and humidity stable, as they can have strong

impacts on the printing process.
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Figure 2-8 Drop on demand inkjet printing adapted from MicroFab manual.

It is possible to use inkjet printing to generate 3D structures by using a layer-by-
layer (LBL) printing approach. This means that samples are generated by simply
printing multiple layers, one layer on top of another, gradually generating a z-axis
height of the sample. Therefore, depending on the ink used each layer may have a
different height thickness. Important values to take into consideration when using

this method are the spread of the droplets, because the columns formed will vary in
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height if the initial droplet sizes are very different. If droplet acceleration speeds are
different from sample to sample then this will also affect the column heights as the
material will end up spread out further for inks that have been printed with a higher
velocity. The great benefit of generating 3D structures via LBL inkjet printing is
that there is no need for the high temperatures often required for other 3D printing
methods and this allows the use of many different inks, in particular ones
containing biological substances such as silk and enzymes. Furthermore, it is also
possible to use inkjet printing to generate smooth thin films if the distance between

the drops is chosen in the correct interval [111-114].

2.2. Analytical techniques

In this section I present the main analytical techniques used to characterise the

experimental data presented in the following chapters.

2.2.1.UV-VIS-Spectroscopy

UV-VIS Spectroscopy is an analytical method for determining the concentration of
an analyte in liquids by measuring the amount of light, at a particular wavelength,
absorbed when passing through the sample in a cell (cuvette) made of glass (for
visible light) or quartz (for UV spectrum). The wavelength at which a chemical
absorbs light is dependent on the specific analyte. Figure 2-9 shows a schematic of
the basic principle of how a spectrometer works. Light passes through a prism or
commonly in more modern spectrometers a diffraction grating, and is then
channelled via a pinhole through the sample in the cuvette. The light intensity is
then detected by a photoresistor, which gives a readout of the intensity and is

calculated into either an absorbance value or transmission value.
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Figure 2-9 Basic schematic showing how a spectrometer works
Different wavelengths are obtained dependent on the angle at which the diffracted
(diffraction grating) or refracted (prism) light reaches the aperture, as shown in

Figure 2-10. It is possible to calculate the angle of the required wavelength using

Eq.{2.4}, where, ¢m , 1s the angle of refraction (measured against the normal), m is

the order of refracted ray (where m = [ is the brightest beam, as shown
representative in Figure 2-10), d is the groove spacing and A is wavelength wanted

[115].
¢, = arcsin (m?/l— sin QJ {2.4}

This allows spectrometers to have a bandwidth of wavelengths generally spanning

from the far UV at around 180 nm into the infrared at around 1100 nm.

It is important that the photoresistor is calibrated before each measurement, in order
to have the correct reference for the initial light intensity so that the intensity drop
can be measured accurately. This must be done for every wavelength as light has
different energies for every wavelength and thus the photoresistor will register
different baseline intensities for every band and will be more sensitive to particular
wavelengths. Depending on the pattern (e.g. sawtooth as in Figure 2-10, or

rectangular, or blazed) of the diffraction grating the intensities of the refracted
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wavelengths will be different. All the wavelengths will be diffracted off the grating
multiple times but their intensities will change as the angle widens; the light
intensities are referred to as orders. The higher the order of the diffracted rays the

lower the intensity and therefore the first order is highly favourable.

Diffraction Grating

refracted rays

Spectrum

Incident Light

Figure 2-10 Schematic of how a diffraction grating breaks the light into its different wavelengths, this example
shows a sawtooth diffraction grating. 0; is the incident angle of the light, ¢; is the first order refracted ray angle

with the colour denoted as p=purple, b=blue, g=green, y=yellow, r=red.

The light absorbed by the test solution is described by the Beer-Lambert law, which
is shown in Eq.{2.5}, where [ is the light intensity (/y the initial light intensity), £1s
the extinction coefficient for the current analyte, / the path length through the
solution and ¢ the concentration of the solution in mol/L. This means that the light
being absorbed by the solution is proportional to the concentration of the absorbing

analyte.

Lo _ g1e (2.5}

Abs(dE) =log,, 7
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Once a suitable wavelength has been picked it is then possible to create a
calibration curve by measuring the absorbance by the chemical at different
concentrations. This then allows one to fit a straight line to the experimental data
and to calculate the extinction coefficient for that substance at the given

wavelength.

In systems where the concentration of an analyte changes over time due to a
reaction taking place it is possible to determine the rate at which this reaction takes
place. Such determinations are often done in biology for enzyme assays to
determine the activity and lifetime of enzymes. Dependent on the system used the
analyte either decreases or accumulates over a given time-frame and from this the
change in concentration measured via the spectrometer allows the reaction rate to
be calculated. In my studies the rate of decomposition of hydrogen peroxide has

been determined in this way at 4 = 240 nm.

2.2.2. Tensiometer (Wilhelmy Plate Tensiometer)

Surface tension plays a vital role in understanding interactions of self-motile
particles, in particular of bubble-driven particles as investigated in Chapters 5, 6
and 7. The tensiometer enables quick measurement of surface tension for various
liquids. There are a variety of different methods to measure surface tension such as
the Du Notiy-Paddy method which uses a rod that is pulled out of the liquid, the
Noiiy Ring method, where a ring is used or, as in the present study, the Wilhelmy
plate method (see Figure 2-11). The Wilhelmy plate is a thin plate that can be made
of glass, filter paper or as in this study platinum in the Kriiss Force Tensiometer
K11 system. The plate is of known thickness (d) and length (w) and is slowly

lowered onto the surface. If the material used is completely wettable then theta can
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be assumed to be 0°. Roughening of materials can help with wettability [116] or
alternatively literature values have to be used as correction factors for the actual
material used. Prior to taking measurements it must be ensured that the plate is
cleaned thoroughly, which in the case of a platinum plate can be done by allowing
it to glow red for a moment in a blue flame, ensuring any organic residues have
been removed. The plate is then carefully placed into the tensiometer which lowers
it onto the surface of the liquid, or alternatively in some systems it may bring the
sample up to the plate. When the plate touches the liquid interface a force acts
upon the plate which can be correlated to the surface tension of the fluid. This force
is measured, as a force dragging the plate down, by a very sensitive microbalance in
the tensiometer. From this force (F) it is possible to calculate either the surface
tension (y) or the contact angle (¢) of the liquid using the Wilhelmy equation{2.5},
where 6 is the contact angle and / is the wetted length which is given by Eq.{2.5},
in the case of using the Wilhelmy plate. A rough platinum plate is usually used for

this as platinum has a high surface free energy which results generally in a contact

angle of 0°.
F
= 2.5
4 Icos(0) 23}
[=2w+2d {2.5}

50



2.Methods
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Figure 2-11 Schematic of a Wilhelmy plate being used for measuring surface tension of an aqueous

solution.

Rearrangement of the Wilhelmy equation gives Eq.{2.6}, which allows calculation
of the contact angle of the immersed solid. This is usually done by dynamic contact
angle measurement, for which the plate is slowly immersed into and then
withdrawn from the liquid. During wetting the advancing angle is determined

followed by determination of the receding angle during the de-wetting process.

@ = arccos (ij {2.6}
l-y

The Du Noiiy-Paddy method, using a cylindrical rod instead of the Wilhelmy plate,
allows measurement of the surface tension of smaller samples but because of the
much smaller wetting length this means that this method has a much smaller
resolution as the resulting force measured by the tensiometer is much smaller. The
wetted length is easily calculated for the rod by simply determining the

circumference of the rod as shown in Eq.{2.7}.

[=2rr {2.7}
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Finally, the Noily Ring method uses a ring which, as in the previous methods, is
slowly lowered onto the liquid surface and then is raised just before the lamella gets
torn from the ring (the liquid gets drawn to the ring and lifted up with the ring
moving). This is the maximum force and correlates to the surface tension. In this
case the wetting length is determined by the inner and outer circumference of the
ring. Correction factors need to be taken into consideration as the weight of the
liquid increases the measured force along with the fact that the maximum force
does not occur at the same time on the inner and outer diameter of the ring.
According to the Kriiss tensiometer manual the best material for the ring is an alloy
of Platinum-Iridium as it is optimally wettable and has a contact angle of 0°.
Because of all the correction factors involved in this method one or other of the two

previously described methods are generally favoured.

The Kriiss Force Tensiometer K11 (as used here) measures the force multiple times
until it achieves an average value with a low standard deviation which it reports as
the surface tension given in mN/m. For the studies in this thesis, the Wilhelmy plate

method was used to measure surface tension of solutions.

2.2.3.Contact angle

Measuring the contact angle is a method to determine the hydrophobicity of a
surface to water or another liquid and is done by dropping a small drop of water,
around 3-5 pl fluid, carefully onto the surface. As previously stated (Section 1.1.2
and 2.2.2) surface tension plays an important role in influencing the motion of
colloids, in particular if they move between the bulk solution and air / water
interface. It is also important to determine the degree of wetting of surfaces as this

will generate differences with regards to the reaction rate at the surface and to
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bubble detachment. Different contact angles can also be an indicator of
contamination issues of the surface. By means of a tilted camera an image is taken
from which the contact angle can be measured. Due to surface tension a drop is
formed which has a certain contact angle (6c) that depends on the surface
hydrophobicity and roughness as shown in Figure 2-12. 8¢ is obtained by drawing a
tangent from the contact points along the liquid / air interface. This means that if
the liquid spreads on the surface the contact angle is small and if it stays balled up a
large contact angle is measured. In the case of using water the surface is considered
hydrophilic if the contact angle is below 90° and anything above it is considered
hydrophobic. To increase accuracy both sides of the droplet are measured and a
mean value is calculated. Super hydrophobic surfaces are those having a contact

angle greater than 150°.

Figure 2-12 Illustration showing a water droplet (sessile) on a flat substrate for measuring the contact angle

(60).

In a bulk solution of e.g. pure water, each molecule is pulled in every direction by
its neighbouring molecules, but in the case of molecules that are exposed to a
surface, be it air or a substrate such as a silicon wafer, the molecules will become
ordered so as to maintain the lowest surface free energy. This means that on a
hydrophilic surface the water molecules will spread out or on a hydrophobic surface

they will ball up. The effect of gravity on the droplets causes them to be slightly
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skewed from an ideal spherical shape. From this the contact angle can be calculated
by using Young’s Eq.{2.8}, where Y;;,/s; and Y give the liquid-gas, solid-gas

and solid-liquid interfacial tensions, respectively [117, 118].

V16080, =V =7y {2.8}

2.2.4.Microscopy

Microscopy has played an essential role in my studies of self-motile particles in this
thesis; it was needed for characterizing the devices (i.e. Janus, pore and
microrockets) produced in this thesis as well as for recording the motion of these
devices in different environments using Charged Coupled Device (CCD) cameras

attached to the microscope.

2.2.4.1.  Optical (Light) Microscopy
A microscope is made up of an objective lens with different magnification powers
and an ocular lens (namely the eye piece one looks into) or alternatively a CCD
camera for image capture, and a focus lens to allow the microscope to be focussed
onto the sample being looked at. There are two main ways in which samples can be
illuminated (1) using reflective light from above through the objective onto the
sample (called dark-field microscopy), where contrast is due to light scattered by
the sample and (2) from below going through the sample with transmitted light also
referred to as bright-field microscopy (see Figure 2-13). The adjustable apertures,
shown in the schematic, allow the light beam to be adjusted and the condenser lens
allows focussing of the light beam onto the observed sample area. In some cases
both light sources may be used simultaneously, in particular if the sample is

fluorescent and filters are being used such as described in Section 2.2.4.2. In this
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thesis both bright field and dark field microscopy were used depending on the
sample and which generated the best images for automatic software tracking

purposes.
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Figure 2-13 Schematic of an optical microscope with two light sources, A for reflective lighting and B for

transmitted illumination.

The maximum resolution of visible light microscopy is mainly governed by the
quality of the objective lens and finally by the size of the light wavelengths used i.e.
the Abbe diffraction limit which is described by Eq.{2.9}, where d is the diffraction
limit 1 is the wavelength of the light, nsin @ is the numerical aperture (NA) of the
lens used, which in modern optics is around 1.4-1.6 meaning the Abbe limit of an

optical microscope is d =4/2.8.
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A

= 2.9
2nsin @ (2.9}

Thus, if blue light for example is used with a wavelength of 400 nm this gives a

maximum resolution limit of d =142.9 nm.

It is important to note that for many of the tracking experiments undertaken in this
thesis samples were put into sealable quartz cuvettes with wall thicknesses of
around 1 mm. Conventional objectives will not resolve good images from such
cuvettes as they are only designed to compensate for the thickness of cover slips,
typically 0.1-0.2 mm. However, special objectives (which have high NA’s) are
available with adjustable correction collars to compensate for thicker glass / quartz
to ensure optimal image quality. The correction collar adjusts the central lens
within the objective and therefore images are not ‘skewed’; these collars were used

for optical microscopy throughout this thesis.

2.2.4.2.  Fluorescence Microscopy

Fluorescence microscopy is a way of enhancing optical microscopy by generating a
high signal to noise ratio (generating high contrast images, as the signals received
are very specific) as well as allowing indirect detection of fluorescently labelled
features e.g. enzymes, that would otherwise be far below the resolution limit of an
optical light microscope. The high contrast images make it particularly easy to
automatically track the motion of particles via CCD camera captured images, which
has been extensively used throughout this thesis. In fluorescence microscopy the
light is directed through an excitation filter, which filters away any wavelengths
that are not of interest, to ensure that the sample is not flooded with light (in

particular the emission wavelength of the sample as this would saturate its signal
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and mask its detection) at other wavelengths than those needed to excite the
fluorescent substance used in the sample, called fluorophore. Flourescein
isothiocynate (FITC) is an example of a fluorophore used in this study and has a
peak excitation wavelength of 495 nm and an emission peak at 519 nm. This means
a filter cube has to be used with the correct excitation and emission (barrier) filters,
namely 450-490 nm and 515 nm cut-on long pass filter (allowing for visible light
from 515nm up to the high red spectrum) respectively. Similarly the dichroic mirror
has a cut-on wavelength of 500 nm and allows for the blue light to be reflected
down through the objective to the observation region of the sample. This blue light
then excites the fluorophore in the sample which emits light that can be detected
through the dichroic mirror and emission filter which filter out any excitation
wavelengths allowing detection of even very faint fluorescent signals from the

sample.

Detector

Ocular © Emission filter

Dichroic mirror
\

\excitation filter
Objective Q Mercury
light source

Fluorescent particles

[ ]  Sample

Figure 2-14 Schematic of how fluorescence microscopy works.
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This means that the detectable range of the microscope is not dependent on the size
of the e.g. fluorescent particles but rather the emission intensity (and CCD camera
sensitivity) and therefore it is possible to visualize particles in nm size range. As
previously noted, the use of fluorescently active colloids is of particular interest. It
makes it possible to see the direct orientation of particles, if they have been coated
with a platinum layer and therefore more information can be gathered from tracking
experiments regarding the rotational diffusion coefficient of these particles [30], in
addition it allows better 3D tracking of particles [92] due to the more intense
signals. This method also allows the detection of enzymes that have been e.g. FITC
labelled and to detect if for example they have been attached to a surface or

particle.

2.2.4.3.  Atomic Force Microscopy
In this thesis atomic force microscopy (AFM) was used to analyse the surface
roughness of flat platinum samples on silicon wafers and also the surface on top of
larger colloids i.e. 30 um particles. It was also used to be able to measure the
evaporation thickness of platinum on silicon wafers in order to verify QCM
readings. This was done by masking part of the silicon wafers with TEM grids and
then using ATM software to measure the step height after the grids were removed

(as described in Chapter 3 Section 3.3.2).

AFM is a way of retrieving surface topography and other surface physiochemical
properties of a sample with nm high resolution. As AFM scans samples in X, y and
z directions, it is possible to retrieve 3D representations of the sample’s surface.
The basic principle of AFM is that a very sharp tip mounted on a cantilever is

passed over a sample. The interaction of this cantilever with the sample’s surface is
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detected by a laser beam reflected off the back side of the cantilever to a position

sensitive photodetector (see Figure 2-15).

Laser Diode

X,Y Piezoelectric scanner
Quad photodetector .
arrangement “A Mirror

Z piezoelectric scanner

Sample

Figure 2-15 Schematic of an AFM based on the Bruckner Dimension 3000 system design.

In AFM forces are measured using the principles of Hook’s Law (Eq. {2.10}),
where the force (F) between the sample and the probe is dependent on the spring
constant (k), which is analogous to the stiffness of the cantilever and the distance

between the sample surface and the probe, where x is the cantilever’s deflection.

F=—k-x {2.10}

This means that if the spring constant of the cantilever is less than that of the
surface the cantilever will bend and a deflection can be registered. For a straight
shape rectangular AFM cantilever the spring constant can be calculated by Eq
{2.11}, where E is Young’s modulus, ¢ is the thickness, / is the length and w the

width of the cantilever [119].
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Ewt’
k= i (2.11}

There are two main modes (under ambient conditions) by which a tip can be
scanned across a sample, namely tapping mode (intermittent mode) and contact
mode. In the case of contact mode the tip is dragged over the sample and the height
differences of the sample are registered by feedback, where the laser beam is kept
in the centre of the detector by movement of the Z-piezoelectric scanner (see Figure

2-15).

For tapping mode the tip is oscillated at high frequency and hits the sample’s
surface while scanning over the sample. It is possible to calculate the resonant
frequency (fy) of a cantilever using the simple harmonic motion Eq.{2.12}, where

my is the effective mass of the cantilever and k the spring constant [120].

=Lk 2,12}

27\ m,

The AFM is equipped with two piezoelectric scanners as illustrated in Figure 2-15.
One scanner enables the tip to move in the z-plane direction (meaning moving up
and down) the other allows the tip to scan over the sample in the X and Y plane.
The air cantilever holder (which was used in this study) contains a piezoelectric
stack which is used to oscillate the cantilever for tapping mode operation. After a
new cantilever has been loaded into the holder it is necessary to adjust the laser
beam so that it is aimed onto the back of the cantilever. The closer the laser beam is
to the tip-end of the cantilever the higher is the accuracy of measurement, as the
deflection of the laser beam is larger the closer it is to the tip rather than the base of

the cantilever (in respect to the tip displacement). As previously stated the
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movement of the tip is detected by the deflection of a laser beam onto a photodiode
assembly and is readjusted by a feedback loop in order to keep the beam in the
same place on the photodiode, however in tapping mode this feedback loop ensures
that the amplitude of the oscillation is kept constant. The z-piezo changes therefore
act as a proxy for surface height at a constant force / dissipation, where the set-point
(which can be manually altered) is the constant energy dissipation that is
maintained. If the feedback loop is not working fast enough so that the laser beam

does not stay in the correct location this information can be used as an error signal.

Tapping mode can give information regarding the vertical height of the sample as
well as information regarding its elasticity. Scan speed settings along with the set-
point determine how sensitively the cantilever detects the surface topography and
what particular features are emphasized. Once the cantilever has successfully
engaged with the sample’s surface it is important to set the gains to sensitive
values. Depending on the gains the z-axis piezo adjusts faster or slower in order to
keep the deflection or amplitude the same. If the gains are set too high the z-piezo
may overcompensate and thus start to generate an oscillating signal and distorted
images. When the tip is scanning the sample it scans the sample twice, once in each
direction. This gives a trace and retrace scan signal and the more similar these
signals are the better the topography images. Apart from adjustment of the gains
scan speeds also have a strong influence on good measurement, however if the
sample contains sudden, particularly large height changes the cantilever may not
manage to cope with this. Adjusting the set-point allows for the cantilever to hit the
sample with more or less force depending on the values chosen, which means that
features can be more carefully observed e.g. if the cantilever hits the sample with a

greater force. The two major display modes used in this thesis were (1) height
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mode, which gives the height topography and can also be represented in a 3D way
or a simple colour table image where in general brighter colour means greater
height and (2) phase imaging. Phase imaging registers the phase lag between the
signal that drives the cantilever (its oscillation) and the cantilever’s oscillation
output signal. Phase imaging can be used to emphasise surface variations such as
adhesion, elasticity and friction. This information is obtained simultaneously with
the topography height images. Phase imaging gives a high contrast when the AFM
cantilever hits sudden height differences and therefore edges are enhanced in the

image.

Finally, it is important to note that over time tips will become blunt. Therefore if
the features to be observed are smaller than the point of the tip, then the smallest
feature that can be detected will simply be the blunt tip of the cantilever (this is also
referred to as tip convolution). For this study it was believed that tapping mode was
the best mode to use as tips would get blunt too fast on the hard metal surfaces
being imaged if using contact mode. It was nevertheless found essential to still
frequently replace the tips. One of the major benefits of AFM is that samples can be
easily imaged under ambient conditions and samples do not need to be electrically

conductive unlike is the case for SEM, which is described in the following section.

2.2.4.4.  Scanning Electron Microscopy
The scanning electron microscope (SEM) utilises a beam of electrons to probe a
sample and gathers information from the interaction of the electron beam with the
sample. In this study various images were taken via SEM in order to accurately
visualize the structure of particles in particular silk rockets in Chapter 7. In

comparison to optical light the wavelength of electrons is much less and therefore
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the abbe resolution limit (discussed previously in Section 2.2.4.1) of an electron

microscope is much smaller than for optical microscopy.

It i1s necessary to place the samples to be analysed in a vacuum otherwise the
electrons could not travel long distances and would be interrupted by collisions
with spurious atoms in the air, which is comparable to the need for high vacuum
during the previously described evaporation techniques in Section 2.1.3. There are
some systems specifically designed for biological samples, where the samples do

not have to be placed into a vacuum, these however will not be discussed here.

Figure 2-16 illustrates the basic concepts of how the SEM works. Electrons are
accelerated in an electron gun and then focused onto the sample via a set of lenses.
A voltage potential (acceleration voltage) is applied over the filament to generate
the electrons, and it allows the electrons to pass through a small hole in the anode
where the electrons can exit. The higher the voltage potential the faster the
electrons will exit the anode. Typical acceleration voltages range from 1 KeV to
30 KeV. A higher acceleration voltage means that the electrons have higher energy
and so for delicate samples it is possible that the sample might become damaged or
even destroyed in the process of imaging, therefore this needs to be taken into
account. Electrons with higher energy (increased acceleration voltage) means that

the penetration depth into the sample increases.

The objective lens aperture has a similar function to the aperture on a camera. With
a smaller aperture the beam width is decreased increasing the depth of focus and
thus generating a sharper image but with loss of signal intensity. The condenser and
objective lenses are of vital importance for SEM imaging as it is of paramount

importance that the final electron-beam is as narrow as possible to give the SEM its
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high resolution, in the nm range. Scanning coils allow the beam to be deflected and
therefore enable the SEM to scan over the sample dependent on the settings
programmed into the computer software (these settings will alter the magnetic field
of the coils). If higher accuracy is needed different types of electron guns can be
used such as field emission (FE) guns. It is possible to adjust various parameters in
the software including the acceleration voltage, aperture size, scan size, and type of

emissions to be analysed by the SEM.

X-rays Backscattered
electrons
pram— Electron gun
Auger electrons
Condenser lens
&4
Secondary electrons
Objective
Vacuum chamber lens Sample
/ aperture
\ Transmitted electrons
Scanning coil Absorbed
N l I electrons
Objective lens
EN

Computer output

—>

A\ Secondary electron
detector

Sample

Figure 2-16 Schematic of a scanning electron microscope (SEM), the various wave emissions from the sample

are shown in the inset (schematic adapted from Jeol SEM manual).

As shown in the inset of Figure 2-16 an SEM is capable of analysing a specimen via
a variety of different emitted signals: such as backscattered electrons, auger
electrons, secondary electrons and transmitted electrons. Further to getting
topographic data, SEM can be operated in a mode so as to provide chemical
information; here I have used a mode to allow characterization of the distribution of
elemental platinum and chromium on spherical colloids. To achieve this, rather
than collecting electrons, X-ray emissions were detected - this is also known as
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Energy Dispersive X-Ray Spectroscopy (EDX). Unlike a conventional microscope,
where the magnification is mostly determined by the objective used, when using an
SEM the magnification is determined by the output image size on the monitor or
printer and the scan size of the electron beam on the sample, i.e. the magnification

is simply the display unit divided by the scan size.

Electrons that enter a sample are scattered in the sample over a distance that
depends on the electron energy, density of the atoms in the sample and their atomic
number. This means that for large atomic numbers and high density the scattering

distance of the electrons becomes reduced.

The variety of differently emitted particles allows SEM microscopes to view
samples by different methods which emphasize different key features of the sample.
Looking at the secondary electrons, i.e. electrons that are produced from the
emission of the valence electrons of the atoms in the sample, these electrons have
only a very low energy and thus the emitted electrons will not travel long distances
through the sample. Therefore only surface or very near surface atoms will emit
secondary electrons which can be detected in the detector and so this method of
detection is highly sensitive to the sample’s surface giving it a high resolution for

any topographical features.

Different to secondary electrons are backscattered electrons which are electrons that
have been reflected off the sample’s atoms. This means that they have a high
energy and also means that they can penetrate deeply into the sample. Because
these electrons are reflected by the atoms in the sample this means that the larger
the atomic number of the atoms in the specimen the greater chance there is of

electrons being backscattered. Therefore in areas of high atomic number the
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backscattered signal is larger and the area appears brighter in the SEM image. In
addition to this the direction at which the backscattered electrons pass out of the
sample depends on any surface features, i.e. if the surface has some sort of irregular
shape or slope then the direction of the backscattered electrons will be reflected
accordingly. As a result the topography of the sample can be viewed in this manner

which is known as Electron Channelling Contrast (ECC).

Because samples are bombarded with highly energetic electrons under a vacuum it
1s important to take into consideration the charging of the sample, as the charge will
not dissipate in gas molecules like it would under normal atmospheric conditions.
For conductive sample specimens this is not a problem but in the case of non-
conductive samples, as were frequently used in this study, it can cause problems.
Samples are sputter coated with a thin layer of gold to help prevent the
accumulation of high charge on a sample that is non-conductive, and additionally
giving a higher signal to noise ratio in order to show clearer surface features.
However, for very high resolution SEM images gold sputtering generates gold
particles that can be larger than the features to be imaged and for samples like these
carbon coating is used. On the other hand, the downside to carbon coating is that it
i1s a much more directional technique, similar to E-beam evaporation (2.1.3.2) and
therefore will not cover features that go around corners. For conductive samples the
charge is grounded by the stage and the problem of charging is averted. When a
sample is made up of non-conductive material electrons that have been absorbed by
the sample accumulate and create a negative potential. This negative potential can
cause the scanning electron beam to be deflected during scanning and sudden
potential releases can then cause the electron beam to move back to its original

desired position. This will cause the scanned image to appear distorted (often seen
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as lines of distortion). In the case of minor charging of the sample the secondary
electrons can be influenced by this causing the image to appear brighter or darker in
the charged area. Thus, if the sample is charged negatively then more secondary
electrons are able to reach the detector (creating a higher detection efficiency for
this area) which creates a greater signal for this area resulting in a brighter image.
In the case of the sample becoming positively charged the secondary electrons will
be deflected away from the detector thus creating a darker image. As previously
stated for non-conductive samples a thin conductive layer such as gold or carbon is
usually used to increase the conductivity. When using metals such as gold or
platinum their high stability gives a high yield of secondary electrons and
generation of a high signal resulting in better images and much better resolution of
the surface structure. For very rough samples it is however important that the layer
is thick enough so that there is no break in the metal film or charging may still
occur. Coating via sputter coating is more favourable than thermal or electron beam

coating as it is not directional as described in Section 2.1.3.

It is possible to image a non-conductive sample (with no metal film coating)
without charging occurring by lowering the acceleration voltage so far that the
amount of electrons flowing into the sample is the same as the amount leaving it.
Further to this the amount of secondary electrons emitted from a sample increases
when the acceleration voltage is reduced thus increasing the topographic sensitivity.
Finally, it is possible to view a specimen without a conductive layer at a higher
acceleration voltage if an SEM is run in a low vacuum mode; i.e. the vacuum is
between a few tens up to 100 Pa depending on the sample being imaged (normally
the vacuum would be 10 to 10 Pa). In this case the gas molecules near the

electron beam in the chamber are ionized by electrons and therefore when the
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positively charged ions hit the sample they neutralize any charge generated by the

interactions of electrons with the sample.

2.2.4.5.  Energy Dispersive X-Ray Spectroscopy analysis in an SEM
Energy Dispersive X-Ray Spectroscopy (EDX/EDS) uses the X-rays generated
from samples via the electron scanning beam to detect elements present in the

sample being imaged, as shown in Figure 2-16 (insert).

The incident electrons cause a variety of emissions. X-rays are created when the
incident electrons cause inner shell electrons to be emitted from the atoms and
outer-shell electrons move into their places. The difference in energy between the
two shells the electron has moved between is released as X-Ray energy. These X-
rays are called characteristic X-rays as their energies (represented by their
wavelengths) are specific for each individual element. Thus it is possible to map
these X-rays to individual elements that have been previously characterized.
Depending on the shells in the atoms from which the electrons are emitted they are
called K, L or M lines corresponding to the K, L and M shells of the atoms, see
Figure 2-17 for details. The K- shell is the innermost electron shell of the atom and
this means that the K — line has the highest characteristic X-Ray energy that can be
emitted. Each emission line can have different emission peaks because it is possible
that electrons can drop from different higher shells into the lower shell, e.g. if a K
electron is removed an electron from an L shell or M shell can jump to its position
so this means that there are two possible peaks in the characteristic K line for this

element.
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Figure 2-17 Schematic representation of the process of X-Ray emission from an Incident electron beam

generating characteristic X-Rays.
On occasions where the incident electrons are decelerated by the atom’s nucleus
different X-rays are emitted. These are non-specific and are described as being
background X-rays, continuous — or white X-rays. When using EDS analysis in an
SEM it is important to consider the fact that for heavier elements the energy
required for the X-rays becomes larger. Therefore the incident electrons need a
higher energy, corresponding to a higher acceleration voltage, and thus if the
acceleration voltage is too low these elements will not be detected as they will not
emit X-Rays. There is therefore a specific spectrum for each element which can be
compared to the published data for elemental analysis. The SEM software offered
by Jeol allows one to pick specific points on a sample or to map an entire sample
via EDS elemental analysis. The latter process was used in some experiments in

this study to verify metal coverages and zones on polystyrene colloids.
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2.3. Mathematical techniques used to characterise propulsion
systems

As this thesis investigates the motion of small autonomous particles it was
important to be able to characterize their motion at these small length scales using
various mathematical approaches. In this section the concepts of the mathematical
methods which have been used throughout this work are explained and will be

referenced accordingly.

2.3.1.Brownian diffusion

Understanding the type of motion particles undergo is of fundamental importance
for determining if the particles are moving on their own accord (self-motile e.g. via
chemical reactions) or if they are simply undergoing Brownian motion, diffusion or
other flow phenomena. The diffusion coefficient (Dy) of spherical particles in a
liquid is given by equation {2.13} where kg is the Boltzmann constant, 7 the
absolute temperature, R the radius of the particle, # the viscosity of solution and M’
i1s a unit tensor of 3 X 3 elements; this is also regarded as the Stokes-Einstein
diffusion coefficient for the particular particle [1]. Particles rotate randomly, where

the amount of rotation is dependent on the size of the particle. This random rotation

is called the rotational diffusion ( z;'), which is given by Eq. {2.14} for spherical

particles.
k,T 0
2.13
(67177R) .13}
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For these equations to hold true it is essential that the diffusion is not inhibited by
forces close to a solid interface, since it is for particles that are in a bulk solution. In
the case of particles that are near a wall a corrected diffusion equation Dy has to be
used [121], which is given by Eq. {2.15}, where M’ is replaced by M which is the
hindered diffusion tensor and described by Eq. {2.16}, where A is given by {2.17}

and 4 refers to the distance of the particle from the wall [122].

DH=(6kB—TR)MH {2.15}
7
-1
MH=(1—2A+1A3—£A4—iA5j {2.16}
16 8 256 16

R

A= 2.17
R+h { }

Figure 2-18 shows an example of how the diffusion coefficient of a 2 um particle is
affected by the distance from a wall. Therefore, when viewing micron-sized
particles, it is very important to note the position of the particles in relation to any

interfaces, such as glass surfaces, as these can affect the motion of the particles.
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Figure 2-18 Example of a 2 pm particle’s diffusion coefficient being hindered by the interference with the wall,

solid line indicates unhindered diffusion coefficient.
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2.3.2.Mean squared displacement analysis for propulsive Janus
particles
For propulsive Janus particles, such as those described in the introduction (Section
1.1.1) the direction of the particles propulsion vector, v is dependent on its

orientation and therefore this system is expected to produce trajectories that are

affected by the rotational diffusion constant T,El. This contrasts to the case of

Brownian diffusion where rotation and translation are decoupled. One can show
that in this circumstance, the 2D projection of the MSD for Janus particles as a

function of time, is given by Eq. {2.18} [32, 95].

2 { 2an)
(AL)2=4DAI+% B (2.18)

Tr

Eq. {2.18} has two limiting forms.

For At « 7, the first three terms of the Taylor expansion can be applied to the

exponential in the 2D projection of the MSD. The terms past the third factor (x*) in
the Taylor expansion are, in the case of these limits, negligible. Therefore we can

get the limit as shown in Eq. {2.19}.
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This limit allows one to fit the diffusion coefficient and the velocity. The fitting to
the experimental data was done using the custom built LabVIEW tracking software
in the later described experiments (this tracking software was initially designed and
programmed by Dr J.R. Howse and Dr S. Ebbens) [95]. LabVIEW is an object-
oriented, visual programming language, which allows simple programming of
visual, numerical and hardware orientated programs and is used throughout this
thesis to help expedite several batch analysis operations, because datasets for

experiments can quickly become very large. Over short time scales, relative to the

given colloids rotational time constant (2 pum particles 7, = 6.21 s/rad?), the

enhanced displacement due to propulsion is linear and the displacement due to
Brownian motion is proportional to the square root of time, which gives a curved
MSD. Example Fits of Eq. {2.19} to MSD data are shown in Figure 2-19 and

Figure 2-20, taken from Dunderdale et al. [95].
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Figure 2-19 Mean-squared displacements of particles at long time intervals (dots) and plots of Eq. {2.18} and
Eq. {2.19} (lines), taken from [95].
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Figure 2-20 Mean-squared displacements of particles at short time intervals (dots) and fit with Eq. {2.19} taken
from [95].

For longer periods of time Af > 7, the direction of propulsion changes due to the
rotational diffusion coefficient (z'). This means that the motion becomes diffusive
where this diffusion is an enhanced diffusion coefficient. For this case the
exponential terme* = e ~ =0, which means we can simplify the 2D projection of

the MSD as follows and get Eq. {2.20}. In Howse, et al. [32] this limit has been

given with the last factor (—vzfﬁ {2) omitted.
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The limiting form shown in Eq. {2.20} contains too many variables to resolve the
equation, so it is necessary to determine the values of some of these variables.
Furthermore, longer observation times of particles, increase the probability of
particles moving out of the current view of the microscope [95]. For these reasons
the limiting form as shown in Eq. {2.19} is used to calculate the mean squared
displacement for the particles measured in the experiments in the following

sections.

2.3.3.Fractal dimension

Fractal dimension can be used to help understand the trajectories of devices for
which there is no obvious analytical expression for the expected MSD, such as
bubble propulsive swimmers which do not have a definite link between orientation
and propulsion vector orientation. Here this is used in Chapter 5 and 7 to help to
gain an understanding of the relationship between catalyst distribution and
directionality. This method has previously proved useful in related complex path

problems such as sperm trajectories [123].

As described in my paper [74] fractal dimension Dy is a measure of the space filling
properties of an object [124]. Unless the object completely fills the space it
occupies, Dy will be smaller than the embedding dimension. Fractal dimension has
been used to quantify a wide variety of systems, including aggregating diffusing
particles and clusters [125], particle gels [126], bacterial colonies [127] and bio-
polymer gels [128]. Calculating the fractal dimension of the trajectories of our
bubble swimmer particles consequently provides a dimensionless number by which
we can statistically compare behaviour. At sufficiently long time scales the 2D

trajectory of a sphere displaying simple Brownian diffusion will have a fractal
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dimension of 2, whilst the trajectory of a sphere moving in a straight line has a
fractal dimension of 1. To obtain Dy we used a method described by Katz et al. for
the analysis of growth paths or trails for biological cells and axons moving in 2D
[129]. The fractal dimension is given by

__log(n)
/" log(nd /L) .

where n is the number of trajectory segments (equivalent to the number of images
in the sequence), d is the planar diameter of the trajectory and L is the path length.
The planar diameter d is found by computing the maximum distance between any

two points in the trajectory.

2.3.4.Persistence length

Another method to quantitatively characterize trajectories of the bubble-propelled
swimmers is persistence length [74]. Persistence length is often used as a measure
of the stiffness or bending properties of a polymer chain. The persistence length Lp
denotes the distance along a set of chain segments where the correlation of the
angle 0 between segment vectors is lost; i.e. a linear set of chain segments therefore
results in a larger L, than a set of chain segments featuring loops or curves. It has
been applied to a variety of systems including bio-polymers, man-made polymers
[130], and in the characterisation of the trajectories of microtubules moving on a
kinesin-coated surface [131]. Without normalisation persistence length will reflect

both directionality and velocity.

The trajectories of bubble-propelled swimmers can be considered a chain of
vectors; Lp for each trajectory was determined by first computing the average

cosine angle (cos 8) between vectors at all separation distances L along the chain.
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This was done by superimposing vectors at position j on the vector at starting
position i and calculating cos 8, where j > i and i represents all starting positions
along the chain (see Figure 2-21). For the 2D trajectories a plot of (cos 6) against

separation distance L = AL(j — i) has the form,

<cos 0> = (H2hr) {2.22}

Figure 2-21: Bubble swimmer trajectories are a chain of vectors. The persistence length is found by computing
the average cos 0 between the starting vector at position i and the superimposed vectors at position j, for all

separation distances L = AL(j — i) along the chain and all starting positions i. [74]

2.3.5.Mean Squared radius of Gyration

Mean squared radius of gyration, Rg2 calculates the average mean squared distance
of each point on a trajectory from a defined central fixed point, and so reflects how
compact, or spread out in space a given trajectory segment is. Rg2 was calculated
here by using Equation{2.23}, similarly to the definition which is used for polymer

chain analysis.

| )
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Experimental Chapters

3. Effect of catalyst thickness, reaction rate and salt
concentration on catalytic Janus particle motion

3.1. Introduction:

This chapter explores some of the fundamental behaviour of platinum powered
catalytic Janus particles to establish new links between the physiochemical
properties of the catalyst surface (composition and film thickness) and measured
propulsion velocities. While theories have made predictions about the link between
catalytic activity and propulsion velocity, these have to date not been tested [31,
132]. For platinum catalytic swimmers some factors have been identified that
could produce differences in reaction rate, for example, Zhao, et al. [133] described
the poisoning of platinum by sulphur-containing molecules, which cause the
catalytic properties to be inhibited or even cease. In addition, a link between
platinum catalyst roughness and propulsion behaviour has also been reported [9,
40] suggesting that the physical form of the platinum catalyst could also be
important. However, apart from the studies mentioned, establishing quantitative
links between the properties of the platinum catalytic coating, reaction rate and
propulsion velocity has received little attention, and so this is the focus of the first
section of this chapter, with an emphasis on platinum surface chemistry and

thickness.

A second area of focus for this chapter is to determine the effect of adding salt to
modify the conductivity of the swimming media. This section aims to clarify
details of the propulsion mechanism for Janus particles, and is introduced with

reference to mechanistic proposals for both bimetallic nanorods and Janus particles.
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We recall from the introduction (Section 1.1.1.2) that bimetallic nanorods are
thought to move via self-electrophoresis, and that observations of direction of
motion, and intolerance for salty environments support this mechanism. [62, 134].
However, Janus particles are thought to move by self-diffusiophoresis (see Section
1.1.1.1). Various predictions have been made based on self-diffusiophoresis as the
proposed mechanism for PS/Pt Janus colloids [91, 135-139] and they show good
agreement with the currently reported experimental data on swimming velocity,
colloidal size [31] and fuel concentration [32]. Thus single metal catalytic Janus
particles would be expected to be tolerant to salt providing the particular salt does
not have a “poisoning” effect on the catalysts activity. At the time of writing this
thesis the effects on diffusiophoretic platinum-based swimmers has not been
studied and determining salt tolerance also is of vital importance if spherical self-
motile Janus-particles are to be used in applications such as drug delivery and
medical microfluidics because of the high salt content in biological fluids (Section
1.2). Therefore for the first time the effects of salts on PS/Pt Janus colloids are
investigated in this Chapter in conjunction with their direct effects on the catalytic

reaction rate.

3.2. Methods:

3.2.1.Preparation of active colloidal samples via e-beam evaporation

Catalytically active Janus particles were prepared in two ways: platinum
evaporation and chemical platinum growth. This allowed for the comparison of
different platinum coating methods to see if they affected swimming velocities and
salt concentration effects. For the first method PS Janus spheres were prepared, as

explained in Chapter 2 Section 2.1.2, by spin coating them (well-dispersed
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monolayer) onto glass slides that had previously been coated via e-beam
evaporation with 20 nm chromium (Cr) (Sigma Aldrich 99.9%), onto which 15 nm
of platinum was then coated via e-beam evaporation at 90 mA and 10 KeV.
Chromium was used as an adhesion layer in order to measure the reaction rate of
platinum coated onto glass slides after removal of the colloids which enabled a
direct comparison of reaction rate to the particles velocity. A LabVIEW algorithm
was used to accurately calculate the surface area that was coated in platinum. The
regions where colloids had been detached from the platinum surface were
negligible as colloids were sparsely coated (very few present) and therefore the
measurement error in reaction rate was larger than the change due to these missing
regions. Screenshots of the front panel of this program can be found in the appendix
(10) Section (10.2). The Janus colloids were then re-suspended in 15% w/v H,0,,
using a piece of moist lens tissue to act as a blade to detach the Janus colloids from
the surface, and sonicated for 5 minutes, followed by further incubation at room
temperature (20°C; temperature-controlled) for 25 minutes. This solution was then
diluted to 10% w/v H,O, and motion pictures of the particles were taken at 30Hz
with a PixeLink camera attached to a Nikon Eclipse LV100 microscope. Custom
made LabVIEW vision software (as previously described in Section 2.3.2) was
used to find out the x, y centre for each particle in each frame and from this data the
MSD was calculated as a function of time [32, 95]. MSD vs time was used to
extract the translational diffusion coefficient D and the propulsion velocity v of
particles. In the case of the Janus particles described here the fitting was done for
the first 0.5 seconds of the data with the theoretical rotational constants being 0.8s
for 1um, 6.2s for 2 um, 97.1s for 5 pm and 20968.3s for 30 um, this would mean at

the longest time period fitted (0.5 s) ~983 data points were averaged.

80



3.Effect of catalyst thickness, reaction rate and salt concentration on catalytic Janus particle motion

To measure the effects of salt on the samples, suitable solutions of KNO; and
AgNO; (Sigma Aldrich 99.9%) were gradually added to the samples, retaining a
constant concentration of 10% w/v H,O,, with final salt concentrations in the

region of 10”7 M to 10~ M.

3.2.2.Chemically coated colloidal samples masked with chromium via e-

beam evaporation

For the second method monodispersed polystyrene colloids (I um, 5 pm, and 30
um in diameter) were uniformly coated with platinum via in-situ reduction of
platinum salts. The coating obtained via this method was made up of 2-5 nm
nanoparticles of platinum that were adhered to the surface of the colloids (custom
synthesis performed by Kisker Biotech). The coated particles were spun cast onto
glass slides forming a well-dispersed monolayer (Section 2.1.2) and one
hemisphere was then coated with Cr via thermal evaporation (in an Edwards
Evaporator 306 with a tungsten filament containing Cr pellets (Sigma Aldrich

99.9%), Section 2.1.3.1).

20 nm Pt coated slides were also masked with 2 nm and 15 nm Cr as blank
measurements for reaction rates. The thin masked layer of Cr was used to ensure
that the deposited chromium layer inhibited a large area of one hemisphere despite
the thickness gradient caused by evaporation on the spherical colloid (this gradient
is discussed in detail in Section 3.4.4). Reaction rates for the samples were
measured on both the flat substrates (Pt, Pt masked with Cr and Cr) and on highly

concentrated Janus particle suspensions.
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3.2.3. Measurement of reaction rate of platinum decomposing hydrogen

peroxide

UV-VIS spectroscopy was used in order to measure the reaction rate at which
platinum decomposes hydrogen peroxide, as mentioned in the methods Section
2.2.1. After running spectral scans (see Figure 3-1 A) to ensure that there were no
contaminants that could interfere with the standard wavelength used for hydrogen
peroxide (240 nm) [140], a 5 point calibration was run and repeated 5 times over
the course of a week to ensure consistency (Figure 3-1 B). For hydrogen peroxide
an extinction coefficient of 40.18+0.46 M 'cm™ at 240 nm was obtained, which is

within 10% error of the literature reported value of 43.6 M em™'[140].
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Figure 3-1 (A) Spectral sweep of the different H,O, concentrations for the calibration curve. The intensity of
the light follows the Beer-Lambert Law. Spectra were measured in an Ocean Optics Spectrometer USB 2000
UV-VIS-ES. (B) Hydrogen peroxide calibration curve at 240 nm. Each point was measured five times over the

course of a week. The resulting extinction coefficient was 40.18+0.46 M'cm™'.

3.2.4.Measurement of reaction rate on Pt/PS Colloids

Reaction rate measurements on particles were determined by taking consecutive
3 ul samples from the reaction vials over time, diluting these by a factor of 100 and

then measuring the absorption at 240 nm in a quartz cuvette with 1cm path length.
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It is important to note that measurements were done immediately, as colloids would
have been still present in the samples taken (and therefore constantly degrading
hydrogen peroxide). Moreover, it was important to gently agitate the mixture
(especially the 5 um and 30 um colloid samples) during reaction rate measurement

to ensure a homogenous solution and that sedimentation did not occur.

In order to calculate the surface area of the colloids, 80 ul samples were taken from
each of the stock solutions used for making the samples and left to settle in a
rectangular capillary tube, with the height measured using the z-axis value given by
a microscope prior stage (measured manually). Several images were taken (15-25)
of different areas of settled particles in the capillary tube with a Nikon LV100
microscope and PixeLink camera. These were then automatically counted with
another LabVIEW program which I wrote using vision algorithms. Entering the
height of the capillary tube together with the amount of images taken and a
calibration coefficient (based on the specific objective and microscope used) to
estimate the volume of liquid for this area allowed the particle concentration to be
calculated per 1 ml of liquid. Screenshots of the LabVIEW software can be seen in

the appendix (Section 10, Figure 10-14).

3.2.5.Preparation of XPS samples

XPS measurements were made on glass slides coated with Pt and treated with the
different salts. The samples were left to react in a volume of 20 ml with the
appropriate H,O; solution (i.e. containing the particular salt to be examined). XPS
data was kindly gathered in the Kroto Research Institute by Dr. Claire Hurley

(Section 3.4.3).
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3.2.6.Influence of the thickness of the platinum coating on reaction rate

of hydrogen peroxide degradation

Platinum was coated onto glass coverslips or silicon wafers (for thickness
measurements via AFM) in order to measure the reaction rate of platinum at
different thicknesses. Coverslips (18X18 mm) were mounted onto a sample holder
which enabled 1 cm” coating area on each coverslip, see Figure 3-2. Prior to
evaporation of metals, the coverslips or silicon wafer substrates were placed in a

Plasma-Surface System in oxygen plasma for 5 minutes.

SN V) 1 S

25 cm

Figure 3-2 Grid for evaporation samples. The black boxes represent 1 cm’® holes, larger boxes indicate

coverslips. Lower image is a photograph of the actual grid.
For platinum layer thicknesses greater than 8 nm, it was essential that substrates
initially had a thin layer (3-20 nm) of chromium (Sigma Aldrich 99.9%) coated
onto their surfaces. This acted as an adhesion layer for the following platinum
coating to ensure that the platinum layer did not delaminate from the substrate

surface during the reaction with hydrogen peroxide [141]. Tests were made with
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various samples of thinly-coated platinum (in the region of 2 to 8§ nm) with and
without a chromium adhesion layer to ensure that the chromium adhesion layer did

not cause any electrolytic cell effects that altered the reaction rate.

Both the chromium adhesion layer and the varying thicknesses of platinum were
evaporated via e-beam evaporation, as described in Section 2.1.3.2. In order to
ensure the experiment was done accurately it was important to investigate how the
position of the sample in the evaporator altered the thickness of platinum deposited.
As previously described (see methods Section 2.1.3) thermal and e-beam
evaporation are highly directional evaporation techniques. This means that the
deposition amount onto a surface falls off by 1/r* with increasing distance from the
radiation source. Figure 3-3 shows a theoretical calculation of how the distribution
of different evaporation thicknesses is affected by the distance from the centre of
evaporation, over a distance of 10 cm. In the case of the Moorfield e-beam
evaporator used for these samples they were held 32.5 cm above the irradiation
source, which resulted in 10% less deposition at the outermost edge of the samples
than at the centre. This means that a 10% variation in thickness needs to be taken
into account when making thin film samples. The further the samples are away
from the irradiation source the more evenly the layer is distributed but this also
means that the intensity decreases rapidly and so evaporation takes longer and uses
up more material. In order to account for this problem the samples were always
placed in exactly the same position in the evaporator, therefore any deviation was
kept to a minimum. In the case of measuring the reaction rate on colloids it was
necessary to fill the entire sample holder with 16 slides, which were then all used to

measure the reaction rate, as otherwise the concentration of the colloids was too
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low to achieve good results. Therefore thickness variations were averaged for this

experiment.
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Figure 3-3 Theoretical calculation of the platinum thickness distribution over the sample holder using the
inverse square law 1/r* (left y-axis). Legend shows the thickness as displayed by the QCM in nm. The orange
curve shows the difference in coating in [%], where the thickest sample is 100% (right y-axis). The graph insert
shows the average thickness for each given QCM thickness.

3.2.7.Using a flow cell to measure the decomposition of hydrogen

peroxide

The decomposition of hydrogen peroxide generates a lot of oxygen (O,) bubbles so
that a normal assay in a closed cuvette is not feasible as the bubbles would cause
scattering of the light path and therefore give false readings. Due to this problem
most reaction rates were measured using a quartz crystal (Hellma Analytics) flow
cell with a path length of 0.1 mm. The narrow path length allows one to measure
concentrations of up to 10% w/v hydrogen peroxide without going above the
maximum absorbance readout of the spectrometer. In the case of samples where

this method was not feasible (predominantly reaction rates measured directly on
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colloidal samples), the samples were taken out of the reaction vial, 100 times
diluted and measured in a d = 1 cm quartz crystal cuvette. The decomposition of
hydrogen peroxide is an exothermic reaction and therefore the system needed to be
temperature controlled to prevent an increase in the sample temperature, which in
turn would change the reaction rate (higher reaction rate as temperature increases).
In Figure 3-4 a schematic of the experimental setup is shown where the sample was
placed into a temperature controlled vessel at 20°C and connected to the flow cell
via tubing and a peristaltic pump. The Flowrate of the peristaltic pump was 981
ml/min which was calculated using Eq.{3.1}, where rpm is the set revolutions per
minute of the pump (70 rpm), the tubing diameter d,;. was 1.42 mm and the
pump’s roller diameter dp.m, Was 10 cm. For reproducibility this sample flow rate

was used throughout this thesis for all reaction rates done via the flow cell.
Flow Rate [per min] = rpmxx*xd,,, xd,,, (3.1}

The sample was open to the atmosphere to keep the flowing liquid free from
bubbles, which would otherwise have interfered with the readings in the
spectrometer. Evaporation of solution from the sample was negligible during
reaction rate measurement, because the time period was kept short (generally

between 3 and 20 minutes).
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flow cell cuvette

Water cooled vessel

Beaker with
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Figure 3-4 Schematic of the experimental setup for measuring temperature controlled hydrogen peroxide
kinetics; the quartz flow cell is placed into a UV-VIS Spectrometer for continuous measurement over a given

time.

3.2.8.Measurement of coating thickness via silicon wafer samples

Accurate measurement of deposition thickness was essential for this experiment,
therefore the in-built evaporator QCM was calibrated for the varying coating
thickness of the samples using AFM to measure step sizes of silicon wafer samples
that had been coated with platinum at the same time as the reaction rate samples
mentioned in the previous Section (3.2.6). Silicon wafers were put as close as
possible to samples to ensure as little variation as possible, as shown in Figure 3-3,

with an attached TEM copper grid overlaid onto the surface.

Copper grids were removed from the silicon wafer samples and the film thickness
was measured by tapping mode AFM measurements on the patterned sample
surface. A series of height images of the samples were recorded using a Veeco
Dimension 3100 AFM platform. The images were characterized using Nanoscope

Analysis software (version 1.40) by Bruker Systems, which allows one to make
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relative height measurements between two steps on the sample, and were kindly

done by Dr. Ehtsham U. Hagq.

3.3. Preliminary Results to ensure Sample reproducibility

3.3.1.Spin Coating procedure

In order to achieve a high PS colloid coverage but well-dispersed monolayer it was
found that using a spin coating program that started with a prolonged slow spin
speed at 400 rpm and then finished with a high spin 2000 rpm to remove any excess
solution worked well. The best solution mixture was found to contain ethanol and

water in a 9:1 ratio.

3.3.2.Measurement of Silicon wafers to determine the QCM accuracy

To ensure reproducibility of results a calibration of the reported thicknesses via the
QCM in the evaporator was done and a calibration curve was generated using the
AFM results versus the QCM reported thicknesses. As previously stated, images
were characterized using Nanoscope Analysis software to measure step height
differences between uncoated and coated areas on silicon wafer substrates.
Example images of the patterned samples and the measurement process can be seen
below in Figure 3-5. The final results of all thickness measurements are shown in
the calibration curve in Figure 3-6. These values were used to appropriately

calibrate all the following data.
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Figure 3-5 AFM images of platinum evaporated onto silicon samples, which were shadowed with TEM copper
grids. Images were flattened for better peak and trough measurements. Example image of the middle (of the
sample holder) 5 nm (value given by QCM) sample (A) with two measurements shown (B and C) and example
image of the middle 30 nm sample (D) with two measurements shown (E and F). Images and measurements

taken by Dr. Ehtsham U. Haq.
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Figure 3-6 Film thickness calibration curve. QCM readings calibrated against AFM measurements. Line of best

fit (y = 0.897(  0.028) x).
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3.3.3.Pre-treatment and standardizing a protocol for accurate reaction

rate measurements

In order to be able to accurately measure reaction rates of platinum samples it was
necessary to test samples that had been freshly made straight out of the evaporator,
to prevent any age contamination such as thiol poisoning [133] or any other
contamination of the platinum surfaces. For convenience this was done on flat
surface samples. During testing it became evident that when samples were placed
into hydrogen peroxide the reaction rate was initially slow and then would
gradually speed up. It was ensured that this increase in reaction rate was not dure to
an increase in temperature due to the exothermic reaction by means of a liquid
cooling system as previously shown in Figure 3-4. This suggested that even freshly
coated samples, straight out of the evaporator, had a contamination layer which was
gradually removed by the catalytic reaction of the platinum surface with hydrogen
peroxide, as shown in Figure 3-7. The S-curve shows the initial reaction rate (m)
during which the contamination layer was gradually removed followed by a
maximum reaction rate indicated by the red (m) points which follow a straight line.
The fitted line in the middle section illustrates the kinetics required to calculate the
reaction rate of the sample. This straight line is the maximum reaction rate at which
the particular sample degraded hydrogen peroxide for the given fuel concentration,

in this case 10% w/v. The later falloff (m) in reaction rate was due to fuel depletion.
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Figure 3-7 Decomposition of hydrogen peroxide on a fresh platinum sample. The fitted line indicated the region
of interest in order to find the correct reaction rate at which the Pt sample decomposes H,0,. In the case of this
sample it is (0.59£0.05) mM/min/cm?®. This sample is an example platinum sample direction taken form the

evaporator after coating without incubation in H,0, prior to the reported kinetics measurement.

In contrast, after samples had been incubated for 30 minutes, as described above,
there was linear decomposition of hydrogen peroxide until fuel exhaustion (see
Figure 3-8). It was possible to see a visual change in the detachment of oxygen
bubbles from flat platinum samples after the initial cleaning phase. The bubbles
appeared to be smaller and detached from the metal surface more regularly and

more frequently.

Results also showed that thermally evaporated samples took longer to clean than
E-beam evaporated ones, but both samples were adequately cleaned after the 30
minute incubation. These results match the previously explained advantages of

E-beam evaporation over thermal evaporation in Chapter 2 Section 2.1.3.
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Figure 3-8 Kinetic data showing the decomposition rate of hydrogen peroxide via cleaned A=~2.5 nm and
=5 nm thick platinum. Reaction rate of 1 cm’ Pt; m= (0.68+0.02) mM/min/cm’* A= (0.40+0.01)

mM/min/cm?.

3.3.3.1.  Influence of incubation in hydrogen peroxide on

hydrocarbon contamination

XPS Survey scans shown in Figure 3-9 reveal that cleaning samples in hydrogen
peroxide in order to remove hydrocarbons is to a certain extent successful and helps
to confirm the reason for reaction rates increasing after a previous incubation and
sonication of samples in 15% w/v H,O, for 30 minutes. Quantitatively it could be
shown, that before and after the H,O, exposure described above, the area of
platinum increased from 21.7% to 40.9%, while on the other hand the carbon peak
(indicator for hydrocarbons) decreased from 56.1% to 41.7%, and the initial sodium
peak vanished completely. This means that more platinum surface was accessible
for catalysis. It is highly probable that the cleaning of the platinum surface was

indeed even greater than measured here as a couple of hours had passed before the
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samples were able to be analysed in the XPS system. Li et al. [142] reports how
hydrocarbon contamination increases drastically in the first three hours platinum

surfaces are exposed to ambient air conditions.
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Figure 3-9 XPS survey scan of platinum coated slides before (A) and after (B) 30 min H,0, incubation
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From these initial preliminary results it was possible to create a much more robust
protocol for pre-treatment of samples to ensure reproducible results for the

following experiments. This protocol is detailed below.

Janus colloids were dispersed into a 15% w/v of hydrogen peroxide and then
sonicated for 5 minutes in a sonicator bath, followed by further a 25 min unstirred
incubation period at a constant temperature of 20°C. This ensured that short-term
platinum surface contamination (hydrocarbons) was removed to ensure no
interference with reaction rate measurements or other measurements such as

particle velocity.

3.4. Results

3.4.1.How does platinum thickness affect reaction rate

The influence on reaction rate of the thickness of the deposited platinum was
determined by measuring reaction rate on slides coated with varying thicknesses of
platinum. Results showed that in the range between 0 and 5 nm of deposited
platinum the reaction rate increased consistently with the thickness of the platinum
films but showed an asymptotic relationship. Above a thickness of ~15 nm the
reaction rate was close to approaching its maximum value, measured to be ~1

mM/min/cm? at 20 nm deposited platinum.
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Figure 3-10 Effect of deposited platinum thickness on flat glass substrates versus Reaction Rate
The next step was to determine if altering the thickness of the platinum layer would

effectively change the velocity of the Janus particles.

3.4.2.Comparison of reaction rates and velocities of Janus-particles

In Figure 3-11 trajectories are displayed as a function of platinum deposition metal
thickness in 10% w/v hydrogen peroxide fuel solution. As can be clearly seen from
the trajectories they moved a far longer distance over the same time period with
increasing thickness of deposited platinum catalyst. The trajectory shown for 0 nm
is equivalent to a particle undergoing Brownian motion with no enhanced velocity
vector. As can be seen from the trajectories in Figure 3-11 (and from the
corresponding MSD curves (Figure 3-12)), with increasing platinum thickness

particles underwent more defined spiralling patterns.
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Figure 3-11 Typical trajectories of swimmers measured during the experiment. The maximum Pt thickness is

indicated in the legend. All trajectories are represented for 33 seconds.
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Figure 3-12 Mean Squared Displacement (MSD) as a function of time interval for the spheres as shown in
Figure 3-11, corresponding to different platinum thicknesses on the spheres. Dotted lines indicate the standard

deviation of the MSD.

Figure 3-12 shows the full MSD data for the previous trajectories dependent on
their platinum thickness, to which Eq. {2.19} (<AL>2 =4DAt + vatz) was fitted to
the first 0.5 seconds (a suitable region for 2 um colloids), as shown in Figure 3-13.
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Figure 3-13 MSD of the samples showing the region of interest for fitting purposes and calculation of velocity

and diffusion coefficients. Dotted lines represent the standard deviation of the MSD.

The velocity showed a very similar trend to the previously reported reaction rates as
shown in Figure 3-14. The reaction rates and velocities measured are shown in
Table 3.1. Furthermore, both reaction rate and velocity plotted against platinum
layer thickness on a logarithmic scale showed a linear relationship as shown in
Figure 3-15. The example trajectories and their MSDs as shown in Figure 3-11,
Figure 3-12 and Figure 3-13 agree with the velocity increase. One can clearly see
there was an increase in enhanced diffusion with increasing platinum thickness and
therefore with increasing reaction rate. Plotting reaction rate against velocity of the
particles gave a linear relationship, as shown in Figure 3-16. The difference in
particle size due to varying thickness of the Pt layer was shown to be negligible,
within error, by measuring the Brownian motion of the thinnest and thickest

particles and calculating their diffusion coefficients.
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Table 3.1 Reaction rates and velocities for the various platinum thicknesses.

Thickness [nm] Reaction rate [mM/min/cm’] Reaction Rate [s'lum'z] Velocity [um/s]
2 0.20 +0.02 1.6 +£0.2) x 10" 1.3+0.1
3 0.40 £ 0.03 (3.9+0.3) x 10" 2.7+0.2
5 0.60 = 0.04 (5.9 £0.4) x 10"° 3.4+0.2
10 0.92 +0.08 (9.3 +0.8) x 10" 5402
18 1.05 £ 0.04 (10.6 = 0.4) x 10" 6.8+0.3
27 1.06 + 0.04 (10.6 £ 0.4) x 10'° 7.2+0.3
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Figure 3-14 Representation of the reaction rates and velocities of the average samples against the thickness of
the evaporated platinum. Dotted vertical drop lines represent the region of platinum film thickness difference
over the sample holder in the evaporator (these are not error bars); maximum thickness is in the centre and

tapers off towards the edges. Fitted curves (red) are to guide the eye only.
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Figure 3-15 logarithmic representations of the reaction rates and velocities dependent on the platinum layer

thickness. The red lines are lines of best fit and both show a very good fit.
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Figure 3-16 Velocity of 2 pm PS/Pt beads in relation to the reaction rate.
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3.4.3.Effects of potassium nitrate and silver nitrate on the

decomposition of hydrogen peroxide via platinum

Exposure of the Janus particles (via evaporation of Pt.) to 10% w/v H,O, containing
different concentrations of KNO; and AgNO; (5x107 M to 1x10° M) salts,
showed there was a strong reduction in the particle velocity with increase in the
concentration of either salt. Propulsion velocities reached a non-vanishing
asymptotic value v = 0.44 + 0.02 um s™ at concentrations above 3x10™ M, Figure
3-17. Furthermore there was a sharp change at around 10° M, depending on the
initial velocity of the ‘swimmers’, where the velocity drastically decreased to ~3
um/s. Velocity decrease was shown to follow a similar trend for both AgNO; and
KNOs;. The diffusion coefficient data corresponds to this data and is shown in
Figure 3-18. It is important to note that all this data was gained from particles that
were at least 100 um from any cuvette walls - to minimise the effect of the walls on
the diffusion coefficient of the particles, as explained in Chapter 2 Section 2.3.1
with the hindered diffusion equation {2.15} and datasets were made from 25 or
more particles. These results with Janus particles in low concentrations of KNO;
are similar to those previously reported for bimetallic swimmers [62, 134].
However, the anomalous increase in velocity reported by Kagan et al. [134] with
regards to AgNO; was not observed here. (Example movies of the 2 um Janus
colloids in Water (S3.1), 10% H,0, (S3.2), KNO; 10°M (S3.3) and AgNO; 10°M

(S3.4) can be found in the Supportive CD).
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Figure 3-17 Effects of KNO; and AgNO; on the ‘swimming’ velocity of 2 um Janus particles, the horizontal

green line indicates the lowest velocity thought to be the self-diffusiophoretic component.
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Figure 3-18 corresponding translational diffusion coefficient data to the previous data shown in Figure 3-17 as a
function of salt concentration. The horizontal green line indicates the expected diffusion coefficient for particles

of this size calculated using the Stokes-Einstein equation.
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In order to try to understand the possible factors behind the reduction in velocity
with the addition of salt, the reaction rates were then determined, Figure 3-19.
Reaction rates measured on both particles and on flat surfaces showed that KNO3
quenched the reaction rate by up to ~70%. The data also showed that the effect of
the salt on the reaction rate did not follow a linear or sigmoidal relationship but
rather had peaks and troughs. This observation was also previously made by Heath
and Walton [143] and the peaks and troughs observed here generally match up with
their reported results, however, reasons for this effect is currently unexplained. In
the case of AgNOs, however, the reaction rate results revealed a totally different
behaviour, i.e. the reaction rate was gradually inhibited until it was barely
detectable at concentrations of ~10 M or above. Tests also revealed that washing
AgNO;s treated slides and putting them into fresh, clean solution of 10 % H,0, did
not result in regained activity. When comparing the influence of salt concentration
on the reaction rates measured directly on the slides, as shown in Figure 3-20, to
those measured on particles, shown in Figure 3-19, the overall tendencies in both
cases were the same, though the reaction rates on the colloids were much lower

than those measured on the slides for an equivalent surface area.
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Figure 3-19 H,0, decomposition rates dependent on salt concentration of KNO; and AgNO; measured on 2um

Janus beads with a 15 nm Pt. hemisphere
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Figure 3-20 H,0O, decomposition rates dependent on salt concentration of KNO; and AgNO; on slides

measured in a UV-VIS spectrometer at 240 nm.
XPS analysis of the flat surface Pt. samples reveals a fundamental difference

between how AgNO; and KNOj affect the platinum surface. In the case of KNO;
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there does not seem to be any noticeable deposition of elemental potassium on the
surface of platinum when comparing samples left to react in 10% w/v H,O, (Figure

3-21) with those in 10% w/v H,0, after the addition of 10 M KNOj (Figure 3-22).

600 Name Pos. FWHM Area At%

Ols 53200 3.163 3266 1442
Cls 285.00 3.061 3744 4167
Nls 399.00 2472 452 29
50 Pt4d 31600 5273 661.78 4092
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Counts (s)
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: ! ! ! ! : ! ! : ! !
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Figure 3-21 XPS survey scans of platinum coated onto glass slides with a 20 nm Cr adhesion layer incubated in
10% w/v H,0, (30 min)
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Figure 3-22 XPS survey scans of platinum coated onto glass slides with a 20 nm Cr adhesion layer. Incubated

in 10% w/v H,0, together with 10~ M KNO; (30 min).
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In the case of AgNO;s however it is obvious that silver was actually deposited on
the surface of the platinum, Figure 3-23 clearly shows the strong silver d3 peak.
The silver was mainly made up of elemental silver and silver oxide (AgO / Ag,0),
though it was not possible to characterise quantitatively how much of each silver
oxide there was (see Figure 3-24). Ferraria, et al. [144] have done an extensive
study on the XPS analysis of silver salts explaining the complexity of the different
oxygen states of silver and their binding energy shifts. XPS data in conjunction
with the velocity and reaction rate data could indicate that in fact silver was
deposited in a specific area, according to the electrical field on the particles
following the reaction rate gradient. In this way a more efficient, self-assembled
bimetallic swimmer could have been generated and this might have negated the
decrease in reactivity due to the deposited silver, which could then possibly be in-

line with the observations from Kagan et al. [134].

50
Name Pos. FWHM Arca At%
Ols 53100 3029 3740 1243
451 Cl1s 28500 298 5637 4720
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Figure 3-23 XPS Survey scans of platinum coated onto glass slides with a 20nm Cr adhesion layer. Incubated in

10% w/v H,0, together with 10°M AgNO; (30min).
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Figure 3-24 Ag-3d XPS data for Platinum treated in 10% w/v H,0, with 10°M AgNOs.

High resolution spectra of the platinum 4f peaks (Figure 3-25) revealed that

platinum was present in both elemental as well as oxidised form [145, 146],

however there was no clear indication that the oxidation state of platinum changed

after any treatment nor that any other chemical binding had taken place. This

further helps to emphasize that in the case of silver nitrate the elemental silver

simply deposited as a silver layer onto the surface of platinum, thus forming an

inhibition layer that prevented the hydrogen peroxide molecules from coming into

contact with the platinum to induce catalysis.
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Figure 3-25 Pt-4f X-ray photoelectron spectra for (A) Untreated Pt, (B) 10% w/v H,0, treated Pt, (C) 10% w/v
H,0, with 0.001M KNO; treated Pt, (D) 10% w/v H,O, with 0.001M AgNOs; treated Pt.

These findings are unexpected as these types of Janus particles are thought to be
self-diffusiophoretic, a model that does not suggest any implicit salt dependency for
propulsion velocity, other than via any accompanying reduction in reaction rate,
which the data above shows is not significant enough to explain the dramatic
velocity reduction observed. This is an indicator that there may be electrostatic
interactions involved in the propulsion mechanism which are screened by salt,
thereby inhibiting the motion. Furthermore, the fact that the Janus particles end up
with a minimum velocity rather than no velocity indicates that particles might have
two contributions to their motion, a self-diffusiophoretic component and an

additional component which is affected by the salt.
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A possible explanation of this behaviour, resulting from a collaboration with Prof.
Golestanian from Oxford University, has been recently proposed in our joint
publication “Electrokinetic effects in catalytic platinum-insulator Janus swimmers”
[147]. As shown in Figure 3-26(b) analysis of the details of the reaction pathways
for the decomposition of hydrogen peroxide shows there are two reaction rate
loops. It was proposed that the reaction rate loop o contains the uncharged species
which are responsible for the diffusiophoretic motion of the particles, whereas the y

loop is responsible for the charged intermediates which are affected by salt

concentrations.
H+ z 4‘ H+
y N\ (2): Pt(H:02),
Pt n
PS kq H202
. (1): Pt-H20:
(a) Swimming Direction (b) OH*+2¢"

Figure 3-26 (a) A half Pt-coated polystyrene (PS) Janus sphere showing the direction of flow of ions and the
electric field. (b) The catalytic reaction scheme showing the competing reactions which have the topological
structure of two coupled loops [148]. Loop a is the main non-equilibrium cycle that involves only uncharged

species, and loop y is linked to the production of charged intermediates H', e taken from [147].

This analysis produced a mechanism that could be affected by salt-concentration,
but in order for salts to contribute to the motion of the particle, it is also necessary
for there to be gradient in the rate of production of these ionic species across the
catalytic hemisphere to produce an associated fluid flow (Figure 3-26a). As
discussed above, a clear link between platinum thickness and reaction rate has been

established, so the remainder of this chapter considers whether a gradient in
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platinum thickness across the catalytic hemisphere could be producing the

electrokinetic contribution to propulsion that is quenched by the addition of salt.

3.4.4.Measuring reaction rate on flat thin film platinum versus reaction

rate measurement on particles

The previously discussed experiments demonstrated how the decomposition rate of
H,0, via Pt is dependent on the thickness of the Pt layer (Figure 3-14), so it is now
important to look closely at how the deposition of platinum in a thermal or e-beam
evaporator results in a platinum layer that is not homogenously thick over the Janus

cap of a spherical particle.

Thermal and e-beam evaporation techniques are highly directional methods (see
methods Section 2.1.3) so that evaporation onto a curved surface such as the
surface of a spherical colloid, as used here, will generate a gradient in thickness
which can be described by Eq.{3.2}, where [, is the initial intensity of the
deposition beam over the evaporation period, i.e. 20 nm deposition, /; is the actual
deposition thickness measured radially for the specific angle (6;) on the sphere as
shown in Figure 3-27. This means that the actual deposition amount at the equator

of the sphere (6, =+ 90°) is 0 nm and 20 nm at the pole (¢, = 0°).
I=1,cos(6) (3.2}

The same approach for calculating the thickness distribution on a spherical colloid

was used in Archer et al. [90].
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90°
Radiation Source (Pt.)

0°

Particle

-90°

Figure 3-27 Schematic showing an example angle of deposition for a spherical particle demonstrating how the

intensity is dependent on the angle of incidence 6,
The thickness gradient helps explain the variation in reaction rates for slides and
reaction rates measured directly on particles. As previously mentioned and shown
in Figure 3-14 the thickness dependent reaction rate plateaued in the region of
15 nm. Therefore, considering the surface area on a flat surface compared to that on
a spherical colloid, the reaction rate of the colloid will fall off drastically because
the equator regions will always have a very thin coating in comparison to the pole
(see Figure 3-28). This means that the overall reaction rate of an evaporated
platinum cap on a spherical particle will always be lower than for the same surface

area of a flat substrate.
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2
E,
y
)

Figure 3-28 3D plots of two coated polystyrene spheres (R=1 pm) showing evaporated thickness distribution
(indicated by the coloured in region) as it appears on the colloid (grey); (left) equivalent of 100 nm of metal

coating, (right) 20 nm, colour bars given in nm.

Knowing that the thickness of Pt affects the reaction rate, it implies that a Janus
colloid made via thermal or E-beam evaporation will have a surface reaction rate
gradient. This in turn will not allow for simple diffusiophoretic behaviour as was
initially modelled for a uniformly active Janus sphere [30, 135], but suggests that a
combination of electrokinetic motion driven by a reaction rate gradient and
diffusiophoretic behaviour may be the propulsion mechanism. Using the previously
described calculations the reaction rate at a given angle on the colloid can be
estimated from the thickness data reported in Table 3.1, which gives an
exponential relationship as shown in Figure 3-29 with a high correlation of R* =

0.99. Here the maximum thickness (at the pole) is 26.99 nm.
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Figure 3-29 H,0, decomposition rate (via Pt) on a spherical colloid as a function of angle, where 0° represents
the pole and 90° the equator. Here the highest reactivity is representative of 27 nm of platinum thickness and
the lowest 2.3 nm, Reaction rates are taken from actual experimental data and therefore errors are experimental
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Based on this finding that a gradient in reactivity appears to be driving a major
component of observed propulsion velocity, one final experiment was performed to
compare velocities and diffusion coefficients of colloids with a homogenous
platinum layer containing no reaction rate gradient to ones with a reaction rate
gradient: as the homogenous reaction rate particles should only undergo self-

diffusiophoresis.

3.4.5.Comparison of chemically coated platinum particles masked with

chromium to e-beam generated ones

As shown in Figure 3-30 and Figure 3-31 both 1 um and 5 um particles showed a
slight increase in velocity when H,O, concentrations were increased. Unexpectedly
however, there was no notable difference between chromium masked and

unmasked particles, therefore the chemically platinum coated, chromium masked
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colloids do not seem to fit the normal model of propulsion accepted for Janus
‘swimmers’. It was also observed that, in particular, fully platinum coated particles
seemed to cause increasing turbulence or convection-like flows that made it hard to
analyse data accurately and it is possible that they were actually acting like
miniature pumps [62, 149, 150]. This behaviour will be discussed in more detail in
Chapter 4 where different concentrations of these particles are analysed and their
behaviour with increased crowding is investigated using different analytical

techniques to characterize their behaviour.
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Figure 3-30 Velocities and diffusion coefficients as a function of hydrogen peroxide concentration (w/v) of
fully coated 1 pm Pt colloids masked with 15 nm Cr on one hemisphere, and unmasked particles. O denotes

pure uncoated polystyrene (PS) particles.
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Figure 3-31 Velocities and diffusion coefficients as a function of H,O, concentration (w/v) of fully coated 5 pm
Pt. colloids masked with 15 nm Cr on one hemisphere, and unmasked particles. O denotes pure uncoated

polystyrene (PS) particles.

114



3.Effect of catalyst thickness, reaction rate and salt concentration on catalytic Janus particle motion

Measurements of reaction rates directly on the 1 um and 5 um colloids (see Figure
3-32) showed that colloids that had been chemically coated with Pt could achieve
much higher reaction rates per cm® than colloids where Pt was deposited via
e-beam or thermal evaporation. This data is compatible with an effect of the
gradient of platinum on the surface of the E-beam coated colloid as discussed in
Section 3.4.2 of this chapter, compared to the chemically coated particles (as
schematically shown in section 1.5b) which are expected to have a homogenous

thickness and a rougher surface structure to evaporated samples.

This would mean if the previously described colloids, which were made via E-beam
evaporation, were simply undergoing self-diffusiophoresis then these chemically
coated particles, when given Janus structure, should show greater velocities. Figure
3-30 and Figure 3-31 show that this was not the case, for there was no definite
difference between masked (Janus - PS/Pt/Cr, schematic section 1.5¢) and
unmasked (symmetrical - PS/Pt, schematic section 1.5b) chemically coated
particles. The velocities obtained for both masked and unmasked particles were of

the order of ~0.6 pm/s for 1 um particles and ~0.8 pm/s for 5 um particles.
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Figure 3-32 Reaction rate comparison of polystyrene beads chemically fully coated with Pt.
30 um particles have not been further analysed in this chapter as their propulsion
mechanism was via bubble propulsion and not self-diffusiophoresis or self-

electrophoresis and this mechanism is discussed in detail in the next Chapter (4).

3.5. Discussion

3.5.1.Reaction rate

The good correlation observed for the velocity versus the reaction rate in this
chapter (Figure 3-16) corresponds to and appears to confirm the theoretical data
described in Ebbens, et al. [31]. Figure 3-33 shows the three scaling regimes
expected for different situations of swimmers being affected by hydrogen peroxide
fuel concentration or the difference in the size of the particles themselves. Because
there are two different reaction rate constants used in the theoretical treatment it is
difficult to tell which reaction rate to put into the equations, furthermore it is

currently not possible to measure these independently and the reaction rate obtained
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in the experimental results is not obviously converted into these parameters.
However, as one rate is the limiting reaction rate, which will control the speed of

the other, one may reasonably assume the same rate for both.
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Figure 3-33 Three different scaling regimes as described in Ebbens, et al. [31] for the swimming velocity as a
function of the size and fuel concentrations. The dashed lines indicate the experiments described in the paper

for the particle size dependency and the concentration dependency as described in Howse, et al. [32]

From Eq. {1.2} we can see that the velocity of a particle is assumed to have a linear
relationship to the reaction rate k. This agrees with my results as shown in Figure
3-16. It is thought that the current experiment based on difference in reaction rate
will fall into regimes I and II as these have linear reaction rate dependencies in their
equations, whereas regime III does not. In order to map all the regime regions fully
it would be necessary to test different fuel concentrations and particle sizes so it is
possible to tell if these different regimes and sudden changes where the velocity
stops being dependent on the particle size or fuel concentration or the reaction rate

really exist.
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Different velocities have been previously reported for Janus-particles of the same
size. For example 2 um spherical Janus-particles were reported to swim at an
average of 3.4 um/s in 5% w/v H,O, [30], 3.1 um/s [32] and 9 pm/s in 10% w/v
H,0; [31]. The reason for the differences might be uneven coatings of platinum on
the beads or uneven thickness distributions, or different reaction rates causing
different speeds, since my experimental results showed that both the reaction rate
and the velocity increased with increasing thickness of platinum (see Figure 3-14).
The work in this chapter points at a way to achieve better control and
reproducibility for Janus particle swimmers, which will benefit future systematic

parametric investigations.

The platinum thickness experiment shows that there is an asymptotic relationship
between platinum layer thickness and reaction rate. Above ~15 nm Pt there is not
much increase in reaction rate anymore. One would assume from this that layers
above 15 nm of deposited platinum would most likely have the same properties as
bulk platinum. In Suzuki, et al. [151] it is reported that 10 nm of Pt has the same
lattice constant (0.03926 nm) as bulk Pt. This would indicate that in the case of
lower thicknesses the film may have defects in the metal lattice which could be the
reason for the high increase in reaction rate, as the whole surface is not as densely
packed with platinum atoms as it could be. However, above 10 nm one would
expect there to be no further change in reaction rate. In the event this did not really
hold true until around 15-20 nm. This could indicate that either this does not apply
for E-beam evaporation of Pt and the lattice constants are the same at a greater film
thickness (than 10 nm), or not only the Pt surface atoms interact with the H,O,
molecules but also the underlying layers to a certain extent. AFM measurements

made on different sample thicknesses’ of Pt as previously shown in Figure 3-5 did
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not indicate any major differences in surface roughness with changing coating
thickness. SEM images presented by Wang et al. [9] do indicate that a 10 nm E-
beam platinum deposition onto colloids does not contain any notable defects and is

not as rough as platinum deposited via chemical synthesis routes.

The strong reaction rate change between 2.5 nm and 10 nm film thickness, in
conjunction with the small difference over the sample holder (Figure 3-3) at thin
thicknesses but large difference at high thicknesses (see Figure 3-14), shows that
there is a region between ~5 nm and ~10 nm where the largest changes in reaction
rate occur over the sample holder as described in Section 3.2.6. As the theoretical
calculation of Figure 3-3 shows, the percentage error of amount deposited over the
sample holder does not change but of course the difference in thickness changes.
This may be one of the reasons why past experiments showed a large difference in
swim speeds since swimmers were made using mainly 5 nm to 10 nm thick
platinum coatings; i.e. the reaction rates of the swimmers could have been different
due to variations in coating thickness over the sample holder in the evaporator. The
vertical dotted lines in Figure 3-14 emphasize these regions of error. To improve
the reproducibility of results in the future it might therefore be advisable to use a
minimum coating thickness of 15 to 20 nm of platinum. This way the produced
samples would be less likely to be susceptible to velocity change due to varying

thickness of platinum over the selection of samples on the holder in the evaporator.

3.5.2.Self-Diffusiophoresis or Self-electrophoresis - The proposed model

The results with spherical Janus particles clearly show that particles made with
highly directional evaporation methods such as E-beam and thermal evaporation are

highly sensitive to salt concentrations. Previously these particles were thought to
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only undergo self-diffusiophoresis, but the model of self-diffusiophoresis does not
allow for any salt-influencing effects on the motion of the particles. As was
demonstrated in Section 3.4.4 during directional evaporation onto spherical
particles the material is deposited at different thicknesses over the particles, where
the thickest deposition is on the surface orthogonal to the beam as shown in Figure
3-28. As previously indicated the reaction rates vary monotonically on the surface
of the colloid with a maximum reaction rate at # = 0° and a minimum at = 90°.
The uncharged species can diffuse freely in the solution whereas the charged
species diffuse according to the electric potential in the near proximity of the
colloid as shown in the schematic Figure 3-26(a). This therefore leads to a self-

generated electrical field over the hemisphere of the colloid.

Comparing the effects of salts with different chemical composition: KNO; and
AgNOs, the results clearly showed that there are two different effects taking place.
Measuring reaction rate directly on flat platinum surfaces in 10% w/v H,O, with
different salt concentrations showed that KNO;, quenches the reaction rate to
around 70% the original values with varying peaks and troughs an effect that was
previously reported by Heath and Walton [143], whereas AgNO; poisons the
platinum surface with elemental silver deposits, which cannot be removed by
cleaning and diminish the reaction rate dramatically. The electrochemical
deposition of salt by using H,O, and AgNOs via electrodes is a known deposition
technique [152] and therefore it is highly possible that electron flows across the

platinum catalyst enable this deposition to take place here.

Based on reaction rates alone, the velocities for Janus swimmers in the two salts
should differ considerably. However this is not the case. It may be hypothesized

that in fact the swimmers become more efficient with silver deposits, comparable to
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the Au/Pt bimetallic nanorods in Kagan et al.[134], which showed an increase in
velocity in silver solution it therefore might be interesting to run an XPS analysis
on Au/Pt nanorods to see if any elemental silver was deposited onto one side of the
nanorod, as there might be a link between the proton flow and the silver deposition
onto the metal. If so, this could mean that initially silver deposited on the Janus
particles in a way which did not cover the platinum layer fully but generated a
bimetallic particle (a particle containing Platinum exposed surfaces and silver

exposed surfaces).

3.6. Conclusions

Depositing different thicknesses (between 2.5 and 20 nm) of the platinum catalyst
via evaporation onto planar substrates showed that the decomposition rate of
hydrogen peroxide increased with thickness (Figure 3-10). This is an interesting
finding in its own right, and does not have an obvious explanation, and may provide
a route to establish gradients of reactivity that could be used for pumping systems,
and also provide a novel indirect method for film thickness measurement. A
corollary of this observation is that a reaction gradient is also predicated across the
surface of Janus particles prepared by metal evaporation as these show thickness
variations due to the deposition process (Figure 3-28). It was also shown that non-
conductive, self-motile Janus particles are salt dependent and slow down
dramatically on the addition of salt. Moreover, although the reaction rate
dependencies of potassium nitrate and silver nitrate are different, the swimmers
show a similar salt concentration versus velocity profile for both salts (Figure
3-17). These observations suggest that salts are affecting the propulsion
mechanism for Janus spheres in a way not solely related to hydrogen peroxide

decomposition rate. A model was proposed to account for these observations,
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which shows how an electrokinetic mechanism that would be affected by
electrostatic screening can exist for spherical catalytic swimmers if there is a
gradient of surface catalytic activity, and the experiments in this chapter have
shown that this does exist. To further verify the importance of a reaction rate
gradient to enable rapid propulsion for Janus catalytic spheres, the case where the
catalyst was deposited without obvious thickness variations, using a chemical
coating was also investigated. Both symmetrically active and Janus particles show
similar velocities within error, and these are significantly lower than that observed
for the evaporatively prepared Janus particle, suggesting that a reactivity gradient is
a requirement for significant propulsion. Consequently the results in this chapter
have fundamentally modified the mechanistic understanding for the widely studied
catalytic Janus particle system. This chapter has also shown that ensuring the
surface cleanliness of the platinum catalyst is important to produce consistent

reaction rates and propulsion velocities, and has proposed a protocol to achieve this.
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4. Convective motion onset for high volume fractions of
catalytic active colloids

4.1. Introduction

The final section of Chapter 3 established that colloids symmetrically coated with
platinum catalyst do not produce appreciable propulsion velocities when measured
in isolation at low volume fractions, despite reaction rate measurements showing
that they were producing an appreciable hydrogen peroxide decomposition rate.
This was as expected because of the absence of both a surface reactivity gradient
and a Janus structure, factors that have been established to be necessary for rapid
phoretic propulsion. However there were indications that at higher volume
fractions, some flow like behaviours were observed. As Dunderdale et al. [95]
points out, in order to be able to accurately measure velocities via MSD it is
important that the colloids do not interact with each other or undergo random
turbulences, such as convective flows [95], which could influence the measured
trajectories of other micromotors and thus generate inaccurate results. At this point
one may ask: what exactly is convective flow? It is a flow which arises when a
liquid has a non-equilibrium state (e.g. concentration gradient) and therefore the
arising flow compensates for this. It is important to note that convective flow is a
flow which is always circular if one considers the whole observation chamber as
overall the same amount of liquid needs to be maintained in all locations. When
viewing samples under the microscope however, observations are in general carried
out over a limited field of view, which means that often the convective currents
appear linear in the region of interest. Thus colloids carried along with the
convective flow patterns will often exhibit linear motion totally unaffected by any

Brownian rotational effects. As previously explained in Section 2.3.2 this means
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that calculating MSD over long time periods for these trajectories will give a
constantly increasing MSD, whereas particles undergoing phoretic self-propulsion
and Brownian rotation will eventually become diffusive over longer timescales
[95]. In addition, convective flow velocities are often constant providing there are
not multiple convective flows converging upon each other. There are various ways
of inducing convective flow, but predominantly it arises due to temperature
gradients, which cause the liquid to have different densities and thus convective
flow tries to even out these differences [153]. Gravity can also induce convective
flow by generating a pressure difference in a microfluidic cell as described in
Morier et al. [154], or by the sedimentation of colloids as described in Hamid et al.

[155].

In a recent study, ways to remove the convective flow vector (advection) from
diffusion coefficients of colloids in shear flow were investigated [156]. Another
recent publication using covalently immobilised catalase attached via gold to the
flat surface of a lab-on-a-chip based application showed that catalytically active
areas can cause pumping effects [ 150] due to a concentration gradient that forms in
the surrounding bulk solution when a catalytic reaction takes place such as the
decomposition of hydrogen peroxide into oxygen and water. We can regard
pumping as a forced convection effect. The main difference between pumping and
convection lies in the fact that convection is a flow that always attempts to
compensate for any non-equilibrium states, whereas pumping uses an external force
or power to generate a motion of the liquid. Kline et al. [149] show that
electroosmotic flow, generated by oxidation of H,O, causing protons to migrate
from a gold anode to a silver cathode, can create a convective flow along the gold

surface, as shown in Figure 4-1.
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convective flow convective flow
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Figure 4-1 Protons (H+) generated by oxidation of H,O, migrate from the anode (gold) to cathode (silver,
centre), generating electroosmotic flow. This flow creates a convection roll that sweeps tracer particles inward

along the gold surface. The convection roll extends from r = a (near the silver) to r = R, taken from [149].
It has been observed in microbiology that convective flows can be generated by

bacteria in bacterial suspensions [157-159].

Following on from these pumping effects one can hypothesize that the
concentration of active colloids in the fuel solution might generate localised
concentration gradients which in turn will cause a non-equilibrium state of the bulk
solution which will undergo convectional flow in order to equalise the
concentration gradients. Homogeneously catalytically active micromotors could
therefore be seen as small mobile pumps that are capable of generating localised
concentration gradients and as they are not attached to any surface they are able to
move in the solution and are carried along with flow. In conclusion: convective
flow patterns might occur that are dependent on the concentration of the
micromotors and their reactivity. The micromotor concentration may also influence
the accuracy of velocity measurements of Janus or symmetrical spheres or other
similar self-motile particles, as these measurements will most likely be inaccurate if
micromotor volume fractions are near concentrations where convection flow is
about to happen. Until now, the relationship between catalytically active colloid
concentration and convective flow patterns and the emanating velocities has not
been investigated. One theoretical analysis by R. Golestanian [160] for symmetrical

catalytically active particles predicted an anomalous diffusive effect at very short
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time scales that would produce a ~t*

MSD versus time evolution (Figure 4-2). In
this context the studies in this chapter aim to gain better experimental

understanding of these effects.

Catalytic Reaction

% "‘ o ® ’,..

\" ® ’
’ ( -.-',( o
o 2 W o
F ) *%

- . .:.‘i:'.

(a) (b) Particle Release

Figure 4-2 (a) Schematics of an instantaneous configuration of an axially symmetric surface-active spherical
colloid. (b) The model could correspond to a chemical reaction catalysed on the surface with the simplifying
assumption that one of the product particles is very similar to the substrate, or a container that releases particles

through channels, taken from [160].

4.2. Influence of volume fraction on the motion of spherical

homogeneously active, chemically-coated Pt/PS colloids

4.2.1.Methods

4.2.1.1.  Particle preparation
Monodispersed polystyrene colloids 1 um and 5 pum in diameter were uniformly
coated with platinum via in-situ reduction of platinum salts. The coating obtained
by this method was made up of 2-5nm nanoparticles of platinum that were adhered
to the surface of the colloids. This synthesis was performed by Kisker Biotech. The
colloids were then suspended in water as stock suspensions, as previously reported

in Chapter 3.
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4.2.1.2.  Counting of particles

For this experiment to succeed it was extremely important to have an accurate
estimate of the particle concentration within a sample. This was achieved by firstly
generating stock suspensions of 1 and 5 um particles in water. The numbers of
particles in the stock solutions were then counted using optical microscopy by
means of rectangular capillary tubes into which some of the homogenously
dispersed stock suspensions were placed. The ends of the capillary tubes were then
sealed off and their inner height was measured using a Prior electronic microscope
stage, which gives out z-axes height readings (in pm). This was necessary as every
capillary tube turned out to have a different inner height. The capillary tubes were
then left between 30 minutes to 1 hour in order for the colloids to settle to the
bottom of the tube. Once it was verified that the bulk of the particles had settled to
the bottom and showed a uniform distribution (estimated visually by scanning the
capillary under the microscope) over the capillary tube a large number of images
were taken of the particles (20 to 30), see Figure 4-3. The particles in the images
were then counted in a custom-written LabVIEW program (shown in Appendix
10.7), which allowed colloids to be recognized while ignoring larger or smaller dirt
particles as well as splitting-up touching particles into two or more separate
particles. As the process was not totally error free, as can be seen from Figure 4-3,
the images were verified and any counting errors that were made corrected
manually to ensure accurate counting (by cross comparison of threshold images and

original images, Figure 4-3).
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S8 9
.

Figure 4-3 Microscope image showing settled 1 pm homogeneously Pt.-coated PS colloids at the bottom of a

capillary, (left) raw image, (right) image with counter particle overlays.
In order to calculate the particle concentration estimated per 1 ml of stock
suspension the particles were counted for a given image area, the image area was
then multiplied by the capillary height giving the total volume for the counted
particles in that particular image, with the help of the previously taken pixel
calibration images along with the capillary height data of the particular capillary.
This was done for all images and added together and calculated up to 1 ml of stock

suspension.

For the 1 pum stock suspension it was necessary to dilute the stock suspension in
order for the resulting sample not to be too crowded with particles for accurate
counting; the particle count was later corrected for the dilution factor used.
Because the colloids settled to the bottom of the bulk solution it was imperative that
during the dilution process the samples were first sonicated and then constantly
stirred until the process was completed and the sample was pipetted into the

capillary tubes.

The volume fraction number ¢ for 1 and 5 pm spherical colloids was calculated

using the following formula:
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¢:i7ra3 (EJ, {4.1}

where a is the colloids radius, N is the number of spherical colloids in the given

volume V' [161].

4.2.1.3.  Preparation of Samples and capture of image data

During this experiment it became apparent that in particular the 5 um particles had
a tendency to settle very rapidly. It was therefore necessary to sonicate and vortex
the samples constantly to ensure homogenous suspensions of the colloids. As a
dilution series was taken from the stock solution it was imperative that the sample
was vortexed seconds before samples were taken from the stock solution to ensure
accurate dilutions. Several dilutions were then taken from each of the stock
suspensions and measured in a 1 mm quartz cuvette under an optical microscope
(Nikon Eclipse LV100) with an Andor CCD camera. Movies of at least 1000
frames were taken at a framerate of 33 fps. The movies were then tracked with the
previously mentioned LabVIEW tracking software and the MSD, mean squared
gyration, fractal dimension, and persistence lengths were calculated using the

custom built LabVIEW analyser software mentioned in Chapter 4 Section 5.2.4.

4.2.1.4.  Trajectory analysis
MSD Trajectory Analysis was done as described in Sections 2.3.2 and 3.2.1,
whereas fractal dimension and persistence length and mean squared gyration
analysis was done as described in Sections 2.3.3, 2.3.4 and 2.3.5 respectively,

implementing custom written LabVIEW Algorithms.
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4.2.2.Results and discussion

After placing either 1 pm or 5 pum platinum coated PS colloids in 10% hydrogen
peroxide fuel solution, no visible bubbles were formed on the surfaces of the
colloids (unlike the 30 pum Pt/PS colloids investigated in Chapter 5 and 6).
However it was obvious that at higher colloid concentrations (above ~5.85 x 10°
particles/ml (1 pm) (@1 = 3.06 x 10”)) and ~3.34 x 10’ particles/ml (5 um)(¢s = 2.19
x 107) ) rapid formation of oxygen bubbles was present in the bulk solution, where
oxygen levels reached critical saturation levels, and on the surface edges of the
quartz cuvette, where it seemed most of the bubbles would nucleate on the glass
walls of the cuvettes and gradually grow in size. This rapid formation of bubbles
made it necessary to invert the cuvettes between each video take, as otherwise the
bubbles forming on the top of the cell made it hard to focus onto any colloids. It
was then essential to wait at least 20 to 30 seconds to ensure any residual flow from
inverting the cuvette had subsided before a new movie could be taken. For high
volume fractions it was possible to track multiple particles per movie in a region of
interest, while at lower concentrations in general only one particle per movie was
possible. Reaction rates for the 1 pm particles under consideration were ~3.7x10° s°
'um? and ~9.5x10° s'um™ for 5 pm colloids (see Chapter 3 Section 3.4.5) which
means the reaction rate of 5 um colloids is ~2.6 times higher than for 1 pum
particles. Figure 4-4 shows that the trajectories for 1 and 5 um colloids in water
seemed to be very similar, where both types of particles only appeared to be
undergoing Brownian motion. The numbers in Figure 4-4 refer to the particle
concentrations / volume fractions in Table 4.1 (for 1 um) and Table 4.2 (for 5 pm).
When 10% w/v hydrogen peroxide was introduced into the system, trajectory data

showed that at low particle concentrations (below ¢, = 1.23 x 10%, ¢s = 6.13 x 107)
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there was little difference between water and hydrogen peroxide data for both 1 and
5 um particles. At higher volume fractions (@, = 2.45 x 10®, 4.68 x 10*/ml, 1 um
particles) however a flow-effect, which can be compared to convective flow,
seemed to contribute to the motion of both 1 pm and 5 pum particles, as the
trajectories showed drift, and also the particles clearly moved further in a given
time period. Comparing this convective effect for 5 pm versus 1 um catalytically
active particles the 5 um particles seem to show these flow-effects at a much lower
particle concentration (@5 = 7.66 x 107, 1.17 x 10* particles/ml) than 1 pum
catalytically active particles. This difference between 1 and 5 um particles is most
likely due to each particle having a larger surface area and reactivity and thus
generating a greater difference in concentration gradient in the near proximity of
each colloid. (Representative movies of 1 and 5 pm colloids in H,O, and Water at

high and low volume fractions can be found on the Supportive CD, Movies S4.1-8).
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Figure 4-4 Representative trajectory data of 1 and 5 um colloids at varying particle concentrations in water and
10 % w/v hydrogen peroxide particle concentrations and equivalent volume fractions are shown in Table 4.1 (1

um) and Table 4.2 (Sum), Representative movies of 1 and 5 um colloids in H,O, and Water at high and low

volume fractions can be found on the Supportive CD, Movies S4.1-8.

In order to be able to distinguish and understand these initial trajectory observations

better the following more detailed data analysis methods were used.

Table 4.1 particle concentrations for 1 um colloids given in particles per 1 ml and volume fraction ;.

1 um [N/ml] (water) O1w 1 um [N/ml] (H,0,) 0
1 1.50 x 10° 7.87 x 107 1.86 x 10° 9.76 x 107
2 7.52x 10° 3.94x 107 9.32x 10° 4.88x 107
3 4.68 x 10° 2.45x 107 4.63x 10° 2.45x 107
4 1.87x 10° 9.81x 10® 1.87x 10° 9.81x 10®
5 4.68 x 10* 2.45x10% 4.68 x 10* 2.45x10°
6 2.34x 10* 1.23x10% 2.34x 10* 1.23x10%
7 1.56 x 10* 8.17x 107 1.56 x 10* 8.17x 107
8 1.17 x 10* 6.13x 10”7 1.17 x 10* 6.13x 10”7
9 9.37x 10° 490x 107 9.37x 10° 490x 107
10 5.85x 10° 3.06 x 10”7 5.85x 10° 3.06 x 10”7
11 4.68x10° 2.45x 107 4.68x10° 2.45x 107
12 3.90 x 10° 2.04x 107 3.90 x 10° 2.04x 107
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Table 4.2 particle concentrations for 5 um colloids given in particles per 1 ml and volume fraction (s

5 wm [N/ml] (water) Qs 5 um [N/ml] (H,0,) 05
1 2.32x10° 1.52x 10™ 4.68x 10° 3.06 x 107
2 1.16 x 10° 7.60 x 107 1.87x 10° 1.23x 10”
3 5.81x10° 3.80x 10° 4.68 x 10* 3.06x 10°
4 2.34x10° 1.53x 107 2.34x 10° 1.53x 10°
5 293 x 10 1.92x 10° 1.56 x 10* 1.02x 10°®
6 1.17 x 10 7.66 x 107
7 9.37x 10° 6.13x 107
8 7.80 x 10° 5.11x 107
9 6.69 x 10° 438 x 107
10 5.85x 10° 3.83x 107
11 5.20x 10° 3.41x 107
12 4.68x 10° 3.06 x 107
13 3.34x 10° 2.19x 107
14 9.37 x 10° 6.13x10°

Comparison of MSD plots of 1 um (Figure 4-5 A and B), and 5 um (Figure 4-6 A
and B) colloids in water at high and low volume fractions revealed Brownian
motion like behaviour for all plots. If we compare the MSD plots for both short
(insets) and long times we get a linear relationship for short times whereas the MSD
becomes diffusive for long periods of time which is to be expected for Brownian
motion [95]. However comparing the MSD plots for high and low volume fractions
in 10% hydrogen peroxide fuel solution results clearly show that both 1 um (Figure
4-5 C) and 5 um (Figure 4-6 C) colloids showed Brownian motion behaviour at low
volume fractions, but at high volume fractions this changed and became ballistic
motion behaviour. This indicates an effect of convective flow as for both long times
(1 pum Figure 4-5 D and 5 um Figure 4-6 D) and short times (insets) there was a
constant increase in AL®. In comparison to Janus propulsion the MSD plots should
become gradually diffusive over long periods of time as the rotational diffusion
coefficients of Janus particles is coupled to their motion and therefore affects their
trajectories. As can be clearly seen from the representative plots this is not the case

and therefore this propulsion mechanism is not taking place here. So it is not
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surprising as each individual colloid is not expected to develop an orientation

linked propulsion velocity due to proximity to neighbouring active colloids.
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Figure 4-5 Representative MSD plots of 1 um colloids in Water and Hydrogen peroxide (10% w/v) at Low and
High volume fractions; A ¢ = 2.04 x 10”, B ¢ =7.87 x 107, C ¢ =2.04 x 10”, D ¢ = 9.76 x 107"

Insets are the same MSD’s represented for the initial first second.
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Figure 4-6 Representative MSD plots of 5 um colloids in Water and Hydrogen peroxide (10% w/v) at Low and
High volume fractions; A @ = 1.92 x 10°, B e=1.52x 10 ¢ @=6.13 x 10% D ¢ =3.06 x 107,

Insets are the same MSD’s represented for the initial first second.

At this point it is important to note that it was observed that colloids in the bottom
half of the cell moved in the opposite direction to colloids near the top of the cell.
In addition to this particles near the edges of the cell could be seen moving either

upwards or downwards, thus giving a full circular motion loop.

MSD fitted velocity data as shown in Figure 4-7 showed there was a distinct
difference between the behaviour of the 1 pm and 5 pm volume fractions (in 10%
H,0,): no obvious velocity increase could be detected for 1 um colloids until at
least volume fractions of @1 =9.81 x 10™® (1.87 x 10° particles/ml) however for 5 pm
colloids the velocity increase was observed at a much lower volume fractions of
@s = 7.66 x 107 (1.17 x 10* particles/ml) and above which agrees with the previously
described observations of the trajectories. As seen in Figure 4-7 A initially 1 pm

colloids showed a drift velocity of between 0.4 and 0.7 pm/s for lower volume
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fractions increasing to 1.6 um/s for the highest volume fraction measured. In
contrast, the 5 pm particles showed an initial velocity oscillation between 0.2 and
0.5 um/s at the low volume fractions and then with increase in volume fraction
above s = 7.66 x 107 (1.17 x 10" particles/ml) showed a strong increase in velocity
reaching maximum values of 12 um/s. The large variance in the data could be a
result of the need to invert the cuvettes frequently and if this was not done
frequently enough or if the sample had not settled properly and particles were still
undergoing slight motion after the inversions this might have led to inaccuracy in
the recorded data. Further to this it is important to note that 5 um colloids had a
tendency to settle to the bottom of the cuvettes more rapidly than 1 pm. In
conjunction with this Lattuada et al. [162] find that colloidal swarms settle faster
than isolated particles, which could add to the increasing errors at higher
concentrations. Blank data of colloids measured in water show that the average
velocity measured was in the region of 0.2 to 0.6 um/s for all concentrations of 1
um particles. Measurements of 5 um colloids in water showed that the velocity
was between 0.2 and 0.4 pm/s, and there seemed to be an indication that at high
concentrations the velocity decreased slightly. One reason for this might be that as
particle concentration increases the Brownian motion of a particle is hindered by
neighbour particles in a similar way as it would be if a particle was near a wall
[121]. Ghosh et al. [163] finding, that diffusive behaviour of colloids confined in
microcylinders become more hindered at higher volume fractions could be related

to this change in velocity.
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Figure 4-7 mean velocities calculated via MSD (0.5s fitting) of chemically fully coated PS colloids (A) 1 pm

(B) 5 um at different particle concentrations in 10% H,0, fuel and water for the duration of 30 seconds.

Comparison of the average distance that 1 um and 5 pm particles travelled over 15
seconds in 10% H,0O; (shown in Figure 4-8), from the initial tracking point to the
position at 15 seconds, shows that the 1 pm micromotors travelled similar average
distances (~5 um) at all concentrations up to a volume fraction of ¢1 = 9.81 x 10
(1.87 x 10’ particles/ml), but above this the distance travelled increased markedly up
to around 30 pm at @l = 9.76 x 107 (1.86 x 106 particles/ml). 5 um particle data
(Figure 4-8 B) shows an increase, possibly stepwise, in distance travelled initially
starting at a similar value of 5 um then at volume fractions above ¢5 = 5.11 x 10~
(7.80 x 10° particles/ml) 20 um and finally at ¢5 = 3.06 x 107 (4.68 x 10’ particles/ml)
up to a distance of ~160 um from the origin. In contrast, when in water the data for
both the 1 um and 5 um colloids shows that the average distance travelled stays

consistently around 5 um over the complete range of volume fractions.
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Figure 4-8 Mean distance travelled after 15 seconds of chemically fully coated PS colloids (A) 1 um (B) 5 um

at different particle concentrations in 10% H,O, fuel and water.

The mean squared Gyration data (shown in Figure 4-9) for 1 um and 5 pm colloids
agrees in general with the previously described data, and values of more than
100 pm” were only measured for 1 um colloids at volume fractions above
@; = 9.81 x 10® (1.87 x 10° particles/ml). The data at lower volume fractions were
seen to be similar for both water and hydrogen peroxide. 5 um particle data showed
that there was more variation present even for the particles measured in water but
data showed a similar, possibly stepwise, increase with particle concentration as
seen in the distance travelled data starting at volume fractions above ¢s = 4.38 x 10”7
(6.69 x 10° particles/ml). As the mean squared Gyration increased rapidly for 5 pm

particles a log scale was used to display the data more efficiently.
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Figure 4-9 Mean squared Gyration of chemically fully coated PS colloids (A) 1 um (B) 5 um at different

particle concentrations in 10% H,O, fuel and water for the duration of 30 seconds.

Persistence length data (Figure 4-10) and fractal dimension (Figure 4-11) showed
similar behaviour. Thus, the persistence length oscillated between 0.05 and 0.065
um initially for 1 pm particles and jumped suddenly to 0.082 um at 4.7x10’
particles/ml (Figure 4-10 A). It could be argued that in this case the increase in
persistence length was not stepwise but increased gradually with increasing
concentrations. For 5 um micromotors the persistence length remained around 0.04
pm initially and then showed an increase at volume fractions above ¢s = 5.11 x 107
(7.80 x 10° particles/ml) reaching a value of ~100 pm at ¢s = 3.06 x 10 (4.68 x 10°
particles/ml); the data pattern resembled that previously seen in the Gyration,

velocity and distance data.

Water data for the 1 um particles showed a slight increase in persistence length at
very high volume fractions; however volume fraction had no influence on
persistence length of the 5 um particles in water, which oscillated between 0.05 and

0.1 wm similar to the low particle concentration value in hydrogen peroxide.
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Figure 4-10 Mean persistence lengths of chemically fully coated PS colloids (A) 1 pm (B) 5 pm at different

particle concentrations in 10% H,0, fuel and water for the duration of 30 seconds.

Fractal dimension of 1 pm particles in H,O, was relatively constant over a wide
volume fraction range until it drastically decreased at @, = 2.45 x 107 (4.68 x 10’
particles/ml) (see Figure 4-11 A), which is in agreement with the previously
described data. Water data over the whole range of volume fractions showed fractal
dimension values of 1.4 to 1.6, which was the same as for 1 pum particles in
hydrogen peroxide at the lower volume fractions. On the other hand, 5 pm colloids
(Figure 4-11 B) showed initially a high variance in fractal dimension between 1.3
and 1.7, which was followed by a sharp decrease in fractal dimension, which would
be expected for trajectories becoming more linear due to the colloids being carried
along by convective flow effects. The variation at low volume fractions could be
due to the rapid sedimentation of the 5 pm colloids and the problems of large
amounts of oxygen being generated having a more dominant effect at stages when

less convective flow effects are taking place.

The initial fractal dimension values for both 1 um and 5 um particles are near the
Brownian motion values measured for these colloids at around 1.4 to 1.7. At the
highest measured volume fractions in hydrogen peroxide fuel the fractal dimension

drops down to 1.1 for 1 um and 5 pm colloids, indicating highly linear pathways
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analogous to strong convective flows. Fractal dimension data for 5 pm colloids
measured in water seemed to show an interesting trend that at very high volume
fractions above ¢s,, = 3.80 x 10” (5.81 x 10° particles/ml) the fractal dimension also
decreases. This could be linked to the previous observations that the velocity
decreases slightly at very high particle concentrations and the Brownian motion of

these particles is hindered by their neighbouring particle population [163].
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Figure 4-11 Fractal Dimension of chemically fully coated PS colloids (A) 1 um (B) 5 um at different particle

concentrations in 10% H,0, fuel and water for the duration of 30 seconds.

4.2.2.1.  Influence of surface area of active platinum on micromotor
flow effects

The reactivity of a micromotor is governed by the area of its reactive (platinum)
surface [74, 147]; therefore it could be hypothesized that the amount of catalytically
active surface area available in a certain fuel volume would cause similar pumping
and flow-effects regardless of particle size. It is for this reason that the previously
displayed data has now been plotted against the platinum surface area rather than
the colloid concentration. In this way it is also possible to directly relate 1 um and
5 um colloids in the same dataset. It is however important to note that the reaction

rate of 5 um colloids is 2.7 times greater than that for 1 pm colloids
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The mean velocities calculated via MSD showed a velocity increase at surface area
concentrations above 2.5 mm?/ml, moreover the 5 pm and 1 pm data matched well
(See Figure 110 A). Water data showed relatively constant mean velocity of both
1 um and 5 pm particles across all concentrations, with only minor fluctuations
emphasizing the fact that fuel solution is needed for there to be an increase in
velocity. In comparison volume fraction data that takes the total volume of the
colloids rather than just the surface area into account shifts the data points of 1 pm
colloids further down the scale suggesting that the volume fractions measured for 1

um colloids might be more towards the edge of the velocity increase.
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Figure 4-12 Influence of the Platinum Surface area per ml hydrogen peroxide fuel solution (10% w/v) on the

mean velocity calculated via MSD (0.5s fitting) of 1 pm and 5 pm colloids.
Comparison of the average distance travelled from the initial position to the
position at 15 seconds for the particles (see Figure 4-13 A) shows close agreement
for the 1 pm and 5 pm particles for all values up to 10 mm?*/ml. There was a similar
trend to that observed for mean velocity, indicating a strong relationship between
the active surface area and the distance travelled which would be expected as the
velocity data showed this similar increase. The data indicated that the increase
might be of a stepwise nature where certain threshold values need to be reached in
order for flow to occur (in this case at least ~2.3 mm? Pt surface area / ml) but it is
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possible that experimental errors can be responsible for this and in fact the increase
is more gradual. Volume fraction comparison data shown in Figure 4-13 B
illustrates that the 1 pm data might need to be shifted down slightly and in this case

it makes the discrepancies between 1 and 5 pm colloids vanish.
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Figure 4-13 Influence of the (A) Platinum Surface area per ml hydrogen peroxide fuel solution (10% w/v) and

Volume Fraction (B) on the average distance travelled after 15 seconds of 1 pmand 5 pm colloids.

Mean squared Gyration data emphasises the convective flow effects and shows that
above 2.3 mm” /ml flow effects occur, however the data does not clearly show a
gradual increase but does show strong variation in the data, which could indicate
that the flow effects are more random than controlled. Nevertheless it can still be
argued that the mean squared Gyration values do increase at higher surface area
concentration, which is in general agreement with all the previously described data.
Mean squared Gyration also shows the strong difference between blank water data
and the influence fuel solution has on the flow effects seen. Finally, comparing the
1 um and 5 pum data it is evident that both datasets complement each other.
Overlapping of data once again is more defined in the Volume fraction comparison
rather than the surface area, however if we consider the slightly lower reaction rate

for 1 um colloids this will most likely account for this discrepancy.
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Figure 4-14 Influence of the Platinum Surface area per ml hydrogen peroxide fuel solution (10% w/v) on the

mean squared radius of Gyration of 1 um and 5 um colloids for the duration of 30 seconds.
Similarly, it could be shown that, as the active platinum surface area was raised
above ~2.3 mm*/ml of fuel solution, there was an increase in persistence length
(Figure 4-15) and a fall in fractal dimension (Figure 4-16). The data however also
reveals that persistence length is dependent on the particle size as Brownian motion
presents a larger influence on the 1 pm particle than on the 5 pm particles and
therefore even though persistence length increased it was more gradual for the 1 um
particles than for the 5 pm particles. Comparison of persistence length for particles
measured in water showed no increase or decrease in persistence length within error
for both 1 pm and 5 pm particles. The persistence length was however seen to be
slightly larger in general for 5 um particles than 1 pm particles which would be due
to the larger contribution of Brownian motion on these smaller particles in addition
to the lower reactivity of 1 um colloids. Volume fraction comparison of 1 and 5 pm

colloids overlaps here perfectly (Figure 4-16 B).
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Figure 4-15 Influence of the Platinum Surface area per ml hydrogen peroxide fuel solution (10% w/v) on the

average persistence length of 1 pm and 5 pm colloids for the duration of 30 seconds.

There seems to be a strong relation between fractal dimension and platinum surface
area (see Figure 4-16 A), such that increasing active platinum surface area causes a
gradual decrease in fractal dimension. However, there is also a decrease in fractal
dimension at very high particle concentrations in water, perhaps due to the reasons
suggested earlier. Fractal dimension data indicates that near to the threshold region
of 2.3 mm? / ml the data variability is at its strongest. This indicates that the system
is possibly switching between flow effects and no major flow effects. Once again
here the volume fraction comparison data shows better overlapping of data points

for 1 and 5 pm colloids (Figure 4-16 B).
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Figure 4-16 Influence of the (A) Platinum Surface area per ml hydrogen peroxide fuel solution (10% w/v) and
(B) Volume Fraction on the average fractal dimension of 1 pm and 5 pm colloids for the duration of 30

seconds.

Finally it is important that although the comparison volume fraction data shown in
this section does display a better overlapping of data for 1 and 5 pm particles this
does not take the surface area and reactivity into account. Therefore to take this into
account, the MSD fitted velocity data (previously presented in Figure 4-7) were
normalised for reaction rate differences between 1 and 5 pum colloids by
multiplying the hydrogen peroxide velocity data for 1 pm colloids by 2.7 (the
difference in reactivity). It could then clearly be seen that the data shifts in favour
of the 1 um colloids and thus probably gives a more accurate representation of the
real experimental data, see Figure 4-17. This comparison shows that it is important
to also take the reactivity together with the colloid size and active surface area into

account when comparing different sized colloids.
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Figure 4-17 Influence of the Platinum Surface area per ml hydrogen peroxide fuel solution (10% w/v) on the
mean velocity calculated via MSD (0.5s fitting) normalised for reaction rate difference of 1 um to 5 pm

colloids, data for 1 pm colloids has been multiplied by 2.7.
4.2.3.Conclusions

The experimental data shows that there seems to be a relationship between the
colloidal volume fraction of chemically active particles and their reactivity
generating local concentration gradients and thus non-equilibrium conditions in the
solutions, which induce pumping / flow effects that cause the colloids to drift along
with the surrounding bulk solution. The increase in these drift and flow motions can
be best distinguished by looking at the persistence length, fractal dimension and
mean squared gyration of the particles because an enhanced drifting motion causes
the particles to increase their persistence length due to pathways becoming more
linear and the random walk due to the Brownian motion of the particles becoming
less dominant. In a similar way the fractal dimension of these particles is reduced

and the mean squared radius of gyration is increased. Another analytical method
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which gives reliable results is the measurement how far the particles have travelled
in a given timeframe (in the case here after 15 seconds). Velocity data calculated
via MSD does in general agree to the other data sets but effects are not as strongly

represented and variation can be sometimes larger.

It is however important to also look at the MSD curves for these colloids in order to
be able to clearly distinguish between convective flows and self-motile propulsions
as previously described in Dunderdale et al. [95]. The comparison of different sized
particles by looking at the overall catalytically active surface area of these samples
indicates strongly that the main flow-effect is caused by how much catalytically
active surface area there is within a certain volume. However the smaller the
colloidal particles are, the more their drift motion is also influenced by a growing
contribution of Brownian motion. This is most noticeable when looking at the
persistence lengths and fractal dimension values for these particles. In particular
the surface area data normalised for the differences in reaction rate between 1 and 5
um colloids makes it clear the reactivity of the surface area is key to establishing
the correct volume fractions dependent on the particle size. Using surface area
together with reaction rate seems to be by far the best way to compare different size

particles to each other.

This experiment gives a good indication at which volume fractions it is advisable to
measure Janus particles undergoing enhanced motion to ensure that no collective
behaviour influences their autonomous motion and increases false velocity
readings. In the present study the data gathered indicate that samples should have a
surface area smaller than 2.3 mm?*/ml of fuel solution (assuming the fuel is 10%

H,0; and the reaction rate is similar to that of these colloids).
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At low volume fractions, the behaviour of the symmetrical catalytically active
colloids considered here resembles pure Brownian motion, with a MSD that scales
linearly with time, within the limits of the experimental resolution. It was not
possible to discern the previously predicted model of anomalous diffusion of
symmetrically active colloids in this scenario, probably due to the very fast
timescale over which this effect would be observed for the relatively small particle

sizes considered here [160].

4.2.4.Future work

It might be very useful to repeat this experiment with different volume fractions of
Janus particles (1 and 5 um size) to determine how much the swimming behaviour
of these particles affects the pumping and flow effects caused by high fractions and
how this is related to the platinum surface area per ml. Due to time constraints it

was not done here.

Additionally, it would also be interesting to see how different amounts of platinum
coating (which affects the overall platinum reactivity) affect the flow effects at
different concentrations when the reactivity is different per surface area unit. As the
results obtained here clearly indicate that reactivity in particular plays a vital role in

fully understanding these effects.

As a further point, we have shown that in order to look for anomalous diffusion
phenomena for symmetrically active colloids it will be necessary to ensure volume

fractions are controlled to avoid convection.
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5. Controlling the directionality of bubble propulsive
micromotors via catalyst distribution

5.1. Introduction

There are currently a range of preparation methods, catalytic distributions and
reactions for achieving bubble-propelled motion. In particular, bubble-propulsion
via complex geometries of rolled up tubes (‘microjets’), usually with the catalyst
present on the inside of the tubes, have received intensive research attention [26]

(see Section 1.1.2).

This contrasts with phoretic particles (see Section 1.1.1 and Chapter 3) where
oxygen bubbles from decomposed H,O, nucleate randomly in the bulk solution and
do not exert any obvious propulsive forces on the particles [9]. It has not previously
been attempted to quantitatively describe the trajectory behaviour of bubble
swimmers, but there are numerous examples, which were reported in Section 1.1.2
of the introduction, in which qualitative reports of trajectories have been made
suggesting different behaviour for bubble propulsion swimmers than for phoretic
swimmers. The examples presented previously for bubble-propelled micromotors
(Section 1.1.2) illustrate that micromotors show huge promise for use for a variety
of applications. If these devices are to be further developed and enhanced, it is clear
that a better understanding of the relationship between the catalytic distribution and
directionality of motion needs to be made. This chapter looks into possible ways of
systematically characterising the different trajectory behaviours other than by the
well-known MSD model for phoretic micromotors, which has allowed a better
understanding of the relationship of the Janus catalytic distribution to the Brownian

rotational diffusion coefficient [32, 147, 164] (Section 2.3.2).
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As described extensively in Chapter 3, this asymmetrical relationship to promote
the propulsion of phoretic devices has allowed MSD data to be fitted to the
Brownian diffusion parameter and rotational and translational velocities [31, 95].
However, the coupling effect has been used in order to determine if particles are
undergoing phoretic motion or bubble propulsion as the MSD plots deviate from

the expected predictions if bubble propulsion is present [63, 165].

It is for this reason that various other methods are investigated in this chapter to see
if or how they may possibly help to characterise trajectories in order to distinguish
between the motions of various systems. One such method applied here is
persistence length (see Chapter 2.3.4 for details), which has been used to
understand stochastic motion of protein motor microtubules [131]. In addition,
mean squared gyration and fractal dimension (see Chapter 2.3.3 for details) are
also used to give further characterisation. These methods allow one to determine
differences in the trajectories of the three geometries investigated in this chapter,
namely symmetrical catalytic distribution, Janus and pore-type particles (as
previously shown in section 1.5). Finally, a theoretical simplistic stochastic model
[74] is described to help illustrate and emphasize the suspected reasons why
bubble-propelled micromotors undergo such highly random behaviour. The
theoretically produced trajectories from this model further illustrate the possibilities
of the three characterisation methods investigated allowing direct comparison of the

theoretical data with real experimental data.
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5.2. Methods

5.2.1.Particle preparation - different amounts of exposed platinum

surfaces

Monodispersed polystyrene colloids 30um in diameter were uniformly coated with
platinum via in-situ reduction of platinum salts. The coating obtained via this
method was made up of 2-5nm nanoparticles (reported by Kisker) of platinum that
were adhered to the surface of the colloids. This synthesis was performed by Kisker

Biotech.

In order to mask part of the reactive surface of these particles, colloids were
suspended in ethanol solution (99.8% Sigma-Aldrich) and spun cast (Laurell
Technologies Spin coater) onto oxygen plasma pre-cleaned glass slides (Section
2.1.1). The spin coating process is explained in detail in Chapter 2 Section 2.1.2.
Volume fractions and coating conditions were chosen to ensure that the colloids
were separate and not touching (this was verified with optical microscopy), because
this could cause shadowing effects during masking (in particular with regards to
sputter coated samples). The colloid covered glass slides were then coated with
chromium: (a) via electron-beam induced thermal evaporation to produce Janus
particles due to the directionality of the evaporation (Section 2.1.3.2) or (b) with
sputter coating via magnetrons (Section 2.1.3.3) at 5.7x10° mBar in argon
atmosphere (Moorfield combination e-Beam/sputter coater), which coated the
particles on more than just one hemisphere (but not fully due to shadowing of the
substrate) because this method of evaporation is not directional, as represented

schematically in Figure 5-1.
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A layer of 300 nm of Cr (99.95% Sigma-Aldrich) was coated onto the particles

using these methods, monitored using a QCM, in near proximity to the colloids.

Figure 5-1 Schematic of polystyrene particles fully chemically coated with platinum (left) and then coated via
E-beam (middle) or sputtering magnetron sputter coating (right) with chromium onto the surface to achieve
Janus or particles with a small circular region of exposed platinum. Arrows indicate the direction of chromium

coating and the blue surface indicates the glass substrate the colloids were attached to.

5.2.2.Energy-Dispersive X-Ray Spectroscopy

In order to characterise the e-beam and sputter chromium coated, platinum
nanoparticle covered PS colloids from different angles; the colloids were detached
from their original substrates using a dry piece of lens tissue by wiping this
carefully over the glass slide and then subsequently wiping the colloid covered
tissue carefully over an SEM carbon sticky pad. In this way high contrast images
for the colloids versus the background were ensured and good secure attachment of
the colloids to the substrate was achieved. Because the colloids are spheres these
were then, in general, imaged under low vacuum conditions at ~50 Pa to ensure
charging did not occur. EDS imaging was performed using a JEOL JSM-6010LA
SEM system at an acceleration voltage of 15 to 18 KeV over a period of 40 minutes
per scan (size 512x512 pixel). The imaging process is described in detail in the

methods Chapter 2 Section 2.2.4.4-5.
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5.2.3.Video Microscopy

The 30 um diameter size of the particles considered here allowed them to be
imaged in a petri dish with a diameter of 3 cm and ~1 cm volume depth that was
illuminated with a powerful cold white (BridgeLUX) LED light source from a ~45°
side angle. This angle ensured that the bubbles produced from the particles left a
bright reflection in the imaging camera, which helped to achieve subsequent
automatic position tracking. A long distance macro lens was directly mounted onto
a PixeLink camera and 1000 frame long movies were taken at a frame rate of 25
frames per second. During the experiment it was ensured that the room temperature
(20°C) was carefully monitored and air movement and vibrations were kept to a
minimum to minimize surface flow effects. The experimental setup is shown in a

photograph in Figure 5-2.

PixeLink camera

Petri dish with sample

Figure 5-2 Photograph of the experimental imaging setup for bubble propelled 30 pm colloids. A PixeLink

camera can be seen mounted on X-rail viewing down upon a petri dish containing the fuel and swimmers.
In order to be able to track the position of the particles during these videos it was
necessary to run an image subtraction routine implemented using custom LabVIEW

(National Instruments) image analysis algorithms, where successive images were
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subtracted. This image processing technique allowed for bubbles still attached to
the colloid (the latest bubbles) to be isolated from those already detached from the
colloid and not contributing to propulsion anymore, which therefore allowed
tracking of the colloid rather than floating bubbles. Some screenshots of the ‘front

panel’ of the program and the code can be seen in the appendix 10 Section 10.3.

This bubble was then used to track the motion of the particles using the same
custom built, multi particle tracking algorithm written in LabVIEW, (see Chapter
3), which generates 2D x, y trajectory data as a function of time, for each particle

present in a given video sequence.

5.2.4.Trajectory Analysis

Before trajectory analysis, simple algorithms were applied to ensure tracks of
particles were at least 15 seconds long and any falsely tracked particles were binned
(e.g. not moving). Average instantaneous velocities were calculated for each
trajectory passing these criteria by calculating the instantaneous velocity on a
frame-by-frame basis and averaging this over the whole trajectory. The fractal
dimension (as described in Chapter 2 Section 2.3.3), mean radius of gyration and
persistence lengths (Section 2.3.4) of the trajectories were also calculated using
custom algorithms. Prior to fractal dimension and persistence length determination,
a Savitzky-Golay smoothing algorithm was performed in LabVIEW, with a setting
of 5 side-points (k). This filter performs the piece-by-piece fitting of a polynomial
to the data using least squares minimization, where the fitting window has a length
of (2k+1). The Levenburg-Marqaudt function in LabVIEW was used to fit
Equation {2.22} to the experimental data to find the persistence length, Lp, as

described in Section 2.3.4.
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Where the trajectory contained loops, the plot of {(cos 8) displayed a sinusoidal
pattern, consequently the fitting of Equation {2.22} was applied to the early
exponential decay curve (L < 1 mm). Binning and averaging of the cos 6 data to
find Lp relies on the trajectory chain segments having equal step sizes AL (see
Figure 2-21). To ensure that this was the case the linear interpolation function in
LabVIEW was applied to add an additional 20 points between the smoothed
trajectory points. Then points AL apart were selected from the interpolated data to
produce trajectories where the vectors were of equal length. AL was chosen to be
sufficiently small so as to reproduce the smoothed trajectories, see Figure 5-12(B).
Typically this would be AL = L./10000, where L, is the trajectory contour length
[74]. All trajectory analysis was programmed in LabVIEW with the help of Dr. A.

Campbell.

5.2.5. 2D Stochastic Model:

The algorithm to generate model bubble release trajectories was implemented using
LabVIEW with the help of Dr. S. Ebbens. It is important to note that this algorithm
only considers a 2D case, but this actually represents the way the experimental data
was gathered, i.e. in 2D, as viewing of the particles was done from above down.
The only variable in the algorithm that controls the resulting trajectories is the arc
angle 6, which limits the range of angles over which translations can occur. Each
trajectory step was generated as follows: firstly a LabVIEW in built random

number generator was used to generate a new bubble release angle, ¢ such that
—-0/2<&<6/2. This angle was then added to the current colloidal orientation

angle, ¢ (@ defines the orientation of the active portion of the colloid, and bisects

the arc angle) to determine the angular position of the new bubble release event,
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a=¢+&. A unit length translation orientated in the opposite direction to a was
then applied to the current colloidal x, y coordinates (i.e. x’=x—Ax, where
Ax =cosa; and y' =y — Ay, where Ay =sin«). Finally, the new orientation of the
active patch was updated according to: ¢’ =«. This last stage re-orients the
particles bubble-producing region to be aligned with the randomly chosen bubble
release position and was used in the algorithm as a crude proxy for the torques that
bubble detachment might have generated. This model has also been described in

Gregory et al. [74]

5.3. Results and Discussion

5.3.1.Masking catalytic active platinum layer

All colloids were initially chemically coated with platinum nanoparticles and were
then masked using chromium, which demonstrated a good inhibition of activity of
the platinum surface. Initial hydrogen peroxide decomposition rate tests done on 20
nm of e-beam evaporated platinum on glass substrates showed that when this was
then coated with a 5 nm chromium layer there was a H,O, decomposition rate
constant of 5.97-10% s'um™ which was 150 times slower than the decomposition

rate with the pure platinum layer (rate of 9.26-:10'° s'um™).

In order to verify that the colloids had the right amount of inhibiting chromium
layer, as represented schematically in Figure 5-1, the structures were verified using
SEM and EDS to show the distributions of chromium and platinum on the

polystyrene coated colloids (See Figure 5-3 and Figure 5-4).

In order to see particles in different orientations the particles were transferred from

the glass substrate slides onto SEM carbon sticky pads via lens tissue (see Section
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4.3.2). Figure 5-3 shows the three different types of particles that were later
analysed in this experiment. It can be clearly seen in Figure 5-3(a) that the colloid
was evenly coated with platinum nanoparticles over the entire sphere (unmasked),
whereas in Figure 5-3 (b) only half of the particle was coated with chromium, with
the amount of chromium tapering off towards the equator of the particle (masked).
The red lines indicate the cut off regions. Figure 5-3 (c) and Figure 5-4 show the
chromium coverage of four different particles after the sputter coating process. It
can be clearly seen that the chromium coverage was much greater than for the Janus

particles generated via E-beam coating.

Statistical analysis over several EDS images revealed that the mean circular pore
diameter was 23 + 2 um, corresponding to 19 + 5% exposed catalytic surface. This
was represented by an arc angle of 68 + 19° in the theoretical simple stochastic

model described in Section (5.2.5).

Figure 5-3 Overlaid Energy Dispersive X-ray Spectroscopy (EDS) images for Pt. peak intensity (Green: energy

range 1.93-2.17 eV) and Cr peak intensity (Red: energy range 5.24-5.58 eV) distribution for typical platinum
coated polystyrene colloids: (a) Unmasked (b) masked by Cr evaporation (c) masked by Cr sputter coating. Red

line indicates approximate boundary between the catalytically active and masked regions.
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Figure 5-4 Additional Overlaid Energy Dispersive X-ray Spectroscopy (EDS) images for Pt peak intensity
(Green: energy range 1.93-2.17 eV) and Cr peak intensity (Red: energy range 5.24-5.58 eV) distribution for

differently oriented chromium sputter coated platinum coated polystyrene colloids.

5.3.2.Propulsion behaviour

5.3.2.1.  Effects of fuel concentration on fully Platinum coated

30um PS colloidal ‘swimmers’

The effect of H,O, fuel concentration on the ‘swimming’ behaviour of unmodified
chemically coated platinum PS particles (fully active) was investigated next. The
trajectories of 30 um particles did not show any notable differences when placed in
1%, 2%, 3%, 5%, 7% or 10% H,O, solutions, as shown in Figure 5-5. Mean
instantaneous velocities ranged from 1.4-1.8 mm/s, with maximum propulsion
velocities observed at 2% w/v fuel. Increasing the fuel concentration above 2%
resulted in a gradual reduction in velocity as the concentration increased, as shown
in Figure 5-6 (A). Reaction Rate experiments showed that the rate of H,O,
decomposition by platinum continued to increase in the range 2-10%. Therefore
these results indicate that the bubble propulsion mechanism did not benefit from

this increase in the rate of gas generation.
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Figure 5-5 Trajectory plots of uncoated symmetrically active 30 pm particles in different hydrogen peroxide
concentrations (A) 1%, (B) 2%, (C) 3%, (D) 5%, (E) 7% and (F) 10%.

Micromotors were also tested in 10% v/w H,O, after the addition of 0.1M KNO;
salt. It was observed that the addition of this high concentration of KNO3 did not
alter the instantaneous velocities of any of the three particles (symmetrical, Janus
and pore) to any notable extent despite a reduction in reaction rate of around 70%
of the initial value (see Chapter 3). This means that these micromotors show a

strong salt tolerance.

Persistence length shown in Figure 5-6 (B) indicates that there may be a difference
to the trajectories at higher H,O, concentrations, where the trajectories might have
been less persistent, but the data does not reveal this clearly. Mean squared gyration
analysis (Figure 5-6 (C)) indicates that as the fuel concentration increased the mean
squared gyrations fell gradually, but only very slightly, starting at 5.60 + 0.56 mm®
and decreasing to 3.42 + 0.83 mm?®. There was one discrepant value: a very high

value of 12.24 + 1.92 mm?* was observed at 3% w/v H,0,. The fractal dimension
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analysis (Figure 5-6 (D)) of this data indicates a tendency for particles to have a
higher fractal dimension at higher H,O, concentrations. This, together with the
persistence length and mean squared gyration data could mean that trajectories
underwent a very slightly more random trajectory pattern at higher fuel

concentrations, perhaps because bubbles were produced more frequently at random

locations.
A 20 T T T T T B 1.40 T T T T T
— i [] i
0
€ 16—+ [} 8 —~ 112+
£ i £
= i £
z P }
§ 1.2+ 8 E’ 0.84+
g 5 {
2 08+ . 8 056+
8 5 }
: ; !
£ 04+ 1 £ 028+
s o
[2]
£
0.0 t t t t t 0.00 t t t t t
0 2 4 6 8 10 0 2 4 6 8 10
Hydrogen Peroxide Concentration (%) Hydrogen Peroxide Concentration (%)
C 16.0 T T T T T D 2.0 T T T T T
E 128+ 1 1.8+
E 2
5 5]
= 96T . § 16+
s, 2
2 £
g 6.4+ E E 8 B 1.4+ \ []
& -
& { E % . i § L]
ﬁ 3.2+ E 8 © 12+
< L
9]
= 0.0 + + + + + 1.0 + + + + +
0 2 4 6 8 10 0 2 4 6 8 10
Hydrogen Peroxide Concentration (%) Hydrogen Peroxide Concentration (%)

Figure 5-6 (A) Averaged mean instantanous velocites of symmetrically active 30 um PS particles coated with
Platinum; (B) Persistance length dependant on fuel concentration; (C) Mean Squared Gyration dependant on

fuel concentration; (D) Fractal dimension dependant on fuel concentration

Looking at the mean distance travelled over a time interval of 15 seconds as shown
in Figure 5-7 (A) (essentially drawing a straight line from the start to the end point)
there is also an indication that at fuel concentrations of 3% up to 10% the
trajectories travel a smaller distance, which would agree with the fractal dimension
and persistence length data indicating that the trajectory paths become more

chaotic.
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As each particle has its own path length (contour length (L¢)) it becomes apparent
that data might be skewed due to changes in path length when averaging the data of
multiple trajectories, such that the varying path lengths are not taken into account
when analysing the individual persistence length for each trajectory. Therefore, in
order to normalize the data for L¢ the persistence length was divided by the path
length as shown in Figure 5-7 (B). Normalized persistence length data Figure 5-7
(B) indicates that there might not be any clear relationship between normalised

persistence length and fuel concentration between 1% and 10%.
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Figure 5-7 Averaged mean instantanous velocites of symmetrically active 30 pm PS particles coated with
Platinum; (B) Influence of fuel concentration on Persistance length; (C) Influence of fuel concentration on

mean squared gyration; (D) Influence of fuel concentration on Fractal dimension.

These results therefore indicate that 30 um particles seemed to average around the
same instantaneous velocities in concentrations of hydrogen peroxide between 1%
and 10% but their trajectories seemed to undergo less persistent paths with
increasing fuel concentrations. There are indications that particles might have
travelled the furthest distance at 3% H,0, and slightly smaller distances at
increasing fuel concentrations in the region of 3% to 10%. However at
concentrations of 1% and 2 % the distance travelled is similar to the value for 7%
fuel concentration which roughly matches the trend for the instantaneous velocities.

This indicates that at higher fuel concentrations the propulsion direction changed
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more frequently thus causing the overall trajectories to become slightly more

diffusive.

The maximum velocity observed here can be compared to that of similarly sized
titanium masked (water driven (Ga/Al)) swimmers, which were reported by Wang
et al. [55] to have velocities of 3 mm/s. A key difference to water driven (Ga/Al))
micromotors however was that the micromotors reported here do not need any
additional surfactant added into the fuel solutions, whereas the Ga/Al micromotors
needed Triton X 100 added to the bulk solution to enable motion. Elsewhere,
velocities for micro swimming devices such as nanotube swimmers were reported
to be 12 um/s to 500 um/s [16, 52, 67-69, 72, 73, 166-168], while peak velocities
for these type of microswimmers were reported by Wang at al. to be 980 um/s for
PANI/Pt microjets [71] and 1410 um/s for PEDOT/Pt microjets [70]. For all these

micromotors however the addition of surfactant was necessary to induce motion.

5.3.2.2.  Influence of masking the micromotors
All three catalytically active colloid samples, i.e. symmetric, Janus and pore
particles, were dispersed in Petri dishes containing 10% w/v H,O; and their motion
was monitored and recorded using video microscopy. It had to be ensured that there
was no air movement and the temperature of the room was kept constant (22°C).
Once the samples were placed into the fuel solution, bubbles could be seen to issue
from the colloids surfaces, and cause them to undergo enhanced motion.
Symmetrical (fully active) particles ‘swam’ both in the bulk solution and at the air /
liquid interface. The previously described image analysis via LabVIEW Vision

modules was used to extract x, y coordinates for individual colloids of each type as
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a function of time. From this data it was possible to analyse the trajectories of these

particles by the previously described analytical techniques.

Figure 5-8 shows typical instantaneous velocities as a function of time for the three
different active colloid structures in 10% w/v hydrogen peroxide solutions. From
this it can be clearly seen that the motion proceeds via a stop-start mechanism,
reflecting the bubble growth and burst process occurring at the catalytically active

surfaces. This mechanism is described in detail in Manjare et.al. [34].
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Figure 5-8 Example instantaneous velocities (v) against time for typical pore, Janus and symmetrical activity
catalytic colloids.
When qualitatively comparing the instantaneous velocities of the three different

types of particles shown in Figure 5-8, there is an indication that particles with a

pore activity undergo slightly more smoothed and less extreme peak and stop
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motion than Janus or symmetrical particles. For the Janus particles it seems that

there is less stopping motion than for the symmetrical particles (Figure 5-8).

Figure 5-9 shows a comparison of the mean instantaneous velocities dependent on
the particle structure. Instantaneous velocities of the unmodified particles and Janus
particles are very similar at 1.56 = 0.06 mm/s and 1.33 = 0.08 mm/s however the
mean velocity for pore particles was slower, averaging 0.42 + 0.03 mm/s. The small
reduction in velocity of Janus particles compared to the symmetrical particles
indicates that the generation of bubbles is converted into motion more efficiently by
Janus particles, suggesting that control of the catalyst distribution is a desirable
feature. The pore shaped activity colloids exhibited a quarter of the velocity of
symmetrical particles, which is most likely explained by the reduction in surface
activity, since on average the pore particles were shown to have total surface
activity of 19% of the colloid’s surface. Example movies can be found on the

Supportive CD for symmetrical (S3.1), Janus (S3.2) and pore (S3.3).
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Figure 5-9 Mean instantaneous velocity as function of structure (10% w/v H,O,; data from 33 symmetrical, 63

Janus, and 246 pore particles), Supportive CD for movies for symmetrical (S3.1), Janus (S3.2) and pore (S3.3).
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Observations of unmasked symmetrical active particles showed that they switched
back and forth between the bulk and air / water interface, whereas a much higher
proportion of masked particles could be seen swimming at the air / water interface,
with particles only occasionally moving into the bulk solution. Janus and pore
particles both had particles moving in the bulk solution and at the interface but as
the overall activity was qualitatively less it seemed that more particles appeared to

be locked in at the air / liquid interface and did not break free into the bulk solution.

Previous studies have also reported changes in vertical height within a fluid volume
for bubble generating devices, which have been explained by buoyancy changes

due to surface attached bubbles growing [56, 169].

Assuming gravity is negligible it was possible to calculate the particle detachment
energy required for these particles to leave the air / liquid interface (y.w): for a
particle radius of @ = 15 pm calculated with equation {5.1} gives a detachment
energy of E = 1.3-10'° kT, where 6 represents the contact angle. Considering this

factor only, the particles should not be able to detach from the interface.
E=x-a*-y,, (1-cos6) {5.1}

In reality however it appears that a combination of contributions from gravity,
meniscus pinning effects and the generation of the bubbles, which may cause
additional disturbance to the surface tension in close proximity of the particles, can
cause detachment of the particles from the air / liquid interface into the bulk

solution.

It has been previously reported that symmetrically active devices undergoing

bubble propulsion were seen to rise to the air / water interface because of increased
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buoyancy resulting from bubbles attached to the particles surface; these particles
would then either stay at the interface or sink back into the bulk solution after the
attached bubbles burst or were released [169]. Taking this together with the present
results it can be assumed that introducing asymmetry and decreasing the overall
activity of the particles enhanced the residence time at the air / water interface. The

mechanism for this is however unknown.

After taking into account the velocities of the differently coated particles it was
possible to compare the resulting trajectories of symmetrical, Janus and pore
particles and an attempt was made to analyse if there were any differences with
regards to how the directionality of these particles correlated to the catalyst
distribution. In Figure 5-10 example trajectories of the three different geometries
are displayed (Left to right: symmetrical, Janus, pore activity). Comparing these
trajectories visually it is noticeable that the three different geometries showed
distinctively different trajectories. There are some example movies of the three

different geometries in the supporting information CD (Movies S5.1-3).

%
— £ >

Figure 5-10 Example trajectories (40 second duration) for typical bubble propulsive colloids recorded in 10 %
w/v H,O, (Left to Right: symmetrical activity, Janus activity and pore activity). Lower box: trajectories
produced using a simple 2D model (See Figure 5-11) with arc angle chosen to match the geometry of the

colloids as determined by EDS (See Figure 5-3, Figure 5-4), scale bars 2 mm [74].
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One surprizing feature of these bubble-propelled swimmers was that for all three
geometries there appeared to be some particles that underwent rotational behaviour
despite not having any obvious asymmetry which is known to generate strongly
rotating particles as shown in Archer et al. [90]. The masking of the particles did
not seem to change the frequency of this phenomenon. A possible reason may be
that certain positions on the catalytically active surface of some of the particles may
be more favourable than others for the release of bubbles, e.g. an area with a

slightly larger platinum nanoparticle.

Even though symmetrically active particles were shown to have the highest mean
instantaneous velocities, the resulting trajectories showed frequent abrupt changes
in direction with the result that the overall displacement of the particles over time

was smaller than that of asymmetrically active particles.

Janus particles showed fewer abrupt changes which gave rise to smoother
trajectories along with larger displacements from the origin. Several trajectories
showed frequent sections with paths as long as 2 mm without directional changes.
In a similar way pore particles exhibited these same but enhanced features so that
the increased trajectory directionality showed sections of ~5mm before a change in
direction was seen. It is important to note that for particles that underwent spiral
trajectories this was not the case. Similarly to Janus particles, pore particles moved
further away from the origin (in the same amount of time) even though the velocity

of the particles was significantly slower.

5.3.2.3.  Simple Stochastic Bubble Release model

It was attempted to produce a simple theoretical simulation model which would

demonstrate the random behaviour displayed by the differently active spherical
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bubble-propelled micromotors in the experiments. Figure 5-11 shows an illustration
of the basic simplistic stochastic 2D model of motion due to bubble propulsion on a
symmetrically coated particle (Figure 5-11a) and on a masked particle with an
exposed catalytically active pore of angle & (Figure 5-11b). This model was
programmed into LabVIEW as described in Section 5.2.5 and was run with varying

arc angles (0) representing the varying catalytic activities on the particles.

As shown in Figure 5-11 this model builds on the basis that bubble release occurs at
a random location on the active surface of the particle. The model assumes that the
active surface is totally homogenous and that only one bubble is formed at a time,
and at a regular rate. The model does not take into account that velocity changes
due to diminished reactivity, but this means that data gained from the model does
not need to be corrected for this velocity change unlike with the real experimental
data. The model causes the particles to move in the opposite direction to where the

bubble was produced.

As the catalytic arc angle available for bubble generation is reduced, the possible
directions of motion available to a device starting with an arbitrary orientation are
consequently also reduced, Figure 5-11b. However, this alone does not allow for
any re-orientation with time of the partially catalytically active model bubble
swimmers. It is highly probable that in the case of a bubble growing and being
released from the surface of a particle near the edge of the arc, the released bubble
will not only thrust the particle in the opposite direction but also exert a torque onto
the particle causing it to rotate. Based on this the model attempts to estimate the
torque exerted by the bubble by simply realigning the active pore centre to the
previous bubble release location. In the case of symmetrical particles this
realignment has no effect; however, for devices with a partial arc, re-orientation
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from an initial arbitrary starting alignment now occurs if stochastic bubble release

occurs away from the mid-point of the arc, Figure 5-11b.

A typical example trajectory for each type of platinum coverage (symmetrical,
Janus and pore) is shown below the real trajectories in Figure 5-10, where the arc
angle chosen for the pore particles was calculated using the EDS analysis given by
the EDS characterization of the particles. Qualitatively the trajectories showed
similar behaviour to those of the experimental data. Therefore it is evident that
restricting the available catalytic surface area can increase directionality of

spherical bubble swimmers.

u e

Figure 5-11: Stochastic model for bubble release: a) symmetrically coated particle — bubble release occurs at a
random position on the perimeter of the particle (indicated by the smaller open circle), resulting in translation
away from the detachment point b) asymmetrical particle with patch defined by arc angle, ©: motion proceeds
as in a), but bubble release also produces a torque which is modelled by aligning the catalytic patch with the
previous bubble release position. This has the effect of producing increased orientation changes for bubble
release at the edges of the arc, and no change for bubble release that is centred within the catalytic arc

perimeter, taken from [74].

It must be noted that the microscopic observations made are insufficiently clear to
reveal the actual distribution of bubble release positions, and so I based this model
on the assumption of stochastic bubble distribution over the catalytically active
section. If instead, bubble release showed a preference for certain positions at the
active surface then an increased persistence of motion would correspondingly be

produced.
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5.3.2.4.  Quantitative analysis for bubble swimmer trajectories
The described trajectories show how masking catalytic reactivity of spherical
bubble-propelled micromotors does indeed change propulsion trajectories but
analysis of these trajectories is more difficult than e.g. for diffusiophoretic
swimmers as no defined methods have been established for the characterisation of
bubble-propelled trajectories. Therefore an attempt was made to apply various
different path analysis methods which have been used for other complex trajectory
applications such as sperm trajectories [123] and protein motor transport [131].
Fractal dimension, radius of gyration and persistence length were applied to
trajectory data to allow for better characterisation. All methods were programmed
into LabVIEW and trajectory data was imported and analysed after being binned

for data that did not leave trajectories long enough for proper analysis.

Fractal dimension Dy is a useful method to quantify a large variety of systems
which include diffusing, aggregating particles and clusters [125], bacterial colonies
[127] particle gels [126] and bio-polymer gels [128]. The basic concepts of fractal
dimension are described in the methods Chapter 2 Section 2.3.3. Thus calculating
the fractal dimension of the bubble swimmer trajectories gives a number which
allows the different trajectories to be quantified statistically. If the projected 2D
trajectories of these bubble ‘swimmers’ display a fractal dimension of 2 the particle
is undergoing simple Brownian motion, whereas for a straight line trajectory the

fractal dimension would be 1.

However, simple application of the fractal dimension method (Section 2.3.3) to the
experimental data was not directly possible, as extracted trajectories contained
random fluctuations due to the tracking of bubbles formed on the swimmers rather
than the swimmer particles directly (tracking method described in Section 5.2.3).
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By simple smoothing of the data it was possible to remove these fluctuations, which
would have otherwise inflated Dy, and the main trajectory of the particle was then
followed. The smoothing was done in LabVIEW using a Savitzky-Golay smoothing
algorithm, which uses a piece-by-piece fitting of a polynomial to the data via least
squares minimization. An example trajectory before (A) and after (B) smoothing is

shown in Figure 5-12.

Y (mm)
Y (mm)

-2‘0- p T T T T -2‘0_ T T T T T T
Figure 5-12: Example of trajectory smoothing performed to allow fractal analysis: (A) Original trajectory. (B)
Trajectory smoothed using Savitzky-Golay smoothing filter.

Figure 5-13 (A) shows the averaged calculated fractal dimensions for the three
geometries. As can be clearly seen, when the catalytic active area is decreased the
fractal dimension goes gradually down from initially 1.40 (symmetrical) to 1.32 for
Janus particles and 1.19 for pore particles. These results show that modifying the
catalytically active area on a spherical colloid can indeed alter the trajectory in such
a way as to generate trajectory paths which are less recursive. This is beneficial for
transport applications and generates devices that are more effective. The biggest
advantage of using fractal analysis is that the quantitative output is dimensionless
and therefore a variety of different systems produced at different time and length
scales can be directly compared. For example, the fractal dimension observed for
the Janus swimmers in this study is very similar to the fractal dimension of 1.3

reported for self-motile sperm [123].
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The other two analytical methods, mean squared gyration and persistence length,
both report length scales and therefore without normalisation take both propulsion

velocity and directionality into account.

Mean squared radius of gyration, as described in Section 2.3.5, Rg2 was
calculated here by using equation{2.23}. In the case of the trajectories analysed
here 7yeqn 1s taken to be the unweighted mean x, y coordinate for the trajectory
segment. As can be seen from Figure 5-13 (B) the mean squared radius of gyration

values were higher for Janus and pore particles than for symmetrical particles.
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Figure 5-13 Results of trajectory analysis for bubble swimmers (A) Fractal dimension [D,] (B) Mean squared
radius of gyration [R].

The slightly lower gyration shown for the pore particles versus the Janus particles is
due to the fact that the particles move much more slowly. When comparing
trajectories of a fixed duration a larger mean squared gyration value indicates that a
trajectory has extended over a larger region of space. This indicates that the
trajectories are of a more directed, straighter form and therefore produce a faster
transport. As previously shown in Figure 5-9 the asymmetrical swimmers had a
lower propulsion velocity, in particular the pore particles, but despite this the mean
squared gyration values were higher for both types of asymmetrical particles

compared to symmetrical ones. This provides further evidence that a more defined
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catalytic activity area results in an increased directionality and therefore achieves a

greater distance from the origin.

As a final analytical method persistence length was used to characterise the
trajectories of the spherical bubble swimmers. The basic concept of this analytical
approach is explained in the methods Chapter 2 Section 2.3.4. This method is
widely used to measure the stiffness and bending properties of polymer chains
[130], where the persistence length Lp is a measure for length at which the
correlation of the angle 6 between the segment vectors is lost. This means that a
linear set of chain segments will result in a larger persistence length value than a set
of chain segments with loops and curves. Similarly to mean squared gyration this

analysis method also reflects both velocity and directionality.

Trajectories extracted by the image analysis of the micromotors allow one to
generate a chain of vectors. In the normal application fields of persistence length
analysis the length between the chain vectors is equal and therefore persistence
length Lp can be simply calculated by determining the average cosine angle (cos 8)
between vectors at all separation distances L along the chain. As shown previously
in Figure 2-21 this was done by superimposing vectors at position j on the vector at
starting position i and calculating cos 8, where j > i and i represents all starting

positions along the chain. For the present 2D trajectories a plot of (cos 8) against

separation distance L = AL(j — i) has the form, <cos 6’> — o (L2L)

As particles were tracked via optical microscopy the tracks had a given frame rate
which means that the distance between two trajectory points was dependent on the
velocity of the particle. As previously shown the instantaneous velocities of the

bubble swimmers were not the same throughout a trajectory but rather showed a
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start-stop motion (Figure 5-8). Therefore, there must be a great difference in the
length between the chain vectors resulting from the track points so that it would be
impossible to get an accurate persistence length measurement simply by using the
above mentioned calculation. In order to be able to gain equal lengths between the
chain vectors it was essential to re-grid the trajectory data. To achieve this inbuilt
LabVIEW interpolation functions were used to generate additional points between
each trajectory point small enough to allow for even spacing over the entire track,

thereafter the persistence length was calculated as described.

The results of the persistence length analysis support those of the previous methods
and show there was an increase in directionality for Janus and pore particles, with
an increase in persistence length from 0.5 mm for symmetrical particles to 1.1 mm
for Janus particles and even greater for pore particles at an Lp of 1.4 mm despite the
decreasing velocity of the particles as shown in Figure 5-14(A). In an attempt to
normalise the effects caused by decrease in velocity of the particles, the persistence
length Lp was divided by the trajectory length (contour length L), as shown in
Figure 5-14(B). These results show that the persistence length of pore-shaped
particles normalised for velocity is ~10 times greater than that of symmetrical ones
and 5 times greater than for Janus particles. All these analytical methods clearly
reveal that altering the catalytic activity site can statistically increase directionality
and therefore also efficiency of spherical bubble-propelled micromotors. They

have proven to be useful methods for the analysis of a wide variety of trajectories.
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Figure 5-14 Results of trajectory analysis for bubble swimmers (A) Persistence length [Lp] (B) shows values

normalised to total path length [L].
In a further attempt to characterise the system, the trajectories resulting from this
model were also analysed for fractal dimension and persistence length using the
simple stochastic model described previously in Section 5.3.2.3. The fractal
dimension data reproduced the decrease in fractal dimension with reducing pore arc
observed experimentally as shown in Figure 5-15 (A). The persistence length
calculated for these trajectories also showed a similar behaviour to the experimental
data, i.e. the persistence length increased with decreasing pore size; here the model
data does not need to be corrected for decreasing velocity as the velocity for all
particles was modelled to be the same (see Figure 5-15 (B)). These results show
that is it indeed possible to gain more control for bubble swimmers by localizing
the bubble generation sites, creating more controlled motion for particles coated

with unreactive chromium.
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Figure 5-15: Trajectory analysis for model data generated for different exposed catalytic surface coverages. (A)
Fractal dimension, (B) persistence length, inset shows enlarged region between the arc angle of 60° and 360°.

Vertical lines show region of experimental data.

In order to clearly show that the motion of the bubble-propelled motors is not
coupled to their Brownian rotational diffusion constant, it is illustrative to calculate
their expected persistence length when assuming that device orientation determines
translational thrust direction and the body of the swimming device is solely re-
orientated by Brownian rotational diffusion. Under these circumstances the
persistence length would be generated from the rotational diffusion time constant
(2100 seconds for a 30um spherical particle) and the propulsion velocity which
would equate to a persistence length of 8.4 metres. From this calculation it becomes
apparent that the observed behaviour is far from as persistent as this, even for pore
particles which in comparison only achieve 0.015% of this persistence. On the
other hand phoretic Janus swimmers show a well-defined link between motion
direction and rotational diffusion coefficient. Thus a phoretic Janus swimmer of 5
um diameter and a propulsion velocity of around 5 pm/s would be expected to have
a persistence length of ~0.5 mm, which indeed agrees with experimental

trajectories [31]. This velocity is only around 1% of the propulsion velocity
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measured for bubble swimmers but the resulting persistence length emphasises how
much more chaotic the propulsion behaviour of bubble swimmers is in comparison
to phoretic swimmers, even though the catalytic active centre is focused more than

with the pore particles.

The major loss of directionality for bubble propulsive devices is likely to be at least
partially dependent on one or both of the following two factors: increased particle
rotation due to the bubble propulsion process (i.e. driven rotations) and the low
correlation between the device orientation and propulsion direction. In order to
understand these problems better it could be important to use higher resolution

imaging together with high frame rate capture.

The experimental data together with the simple stochastic model reveal that it is
possible to tune the trajectory behaviour by confining the catalytic active area thus
increasing directionality of the devices. The model gives an indication how much
the catalytic activity has to be confined in order to achieve the desired directionality
behaviour, as shown in Figure 5-15. The increased directionality is achieved
because confining the area of activity to a pore increases the chances of bubbles
being produced in a smaller more localised area. Therefore, the random rotational
torques generated by bubbles further from the centre of activity are smaller and

bubble generation is more likely to occur closer to the centre of activity.

5.4. Conclusions

The influence of the catalytic distribution on the surface of spherical bubble
swimmers on their trajectories has been investigated using novel analytical
techniques to the field of bubble swimmers to help characterise the change in

trajectory behaviour. A simple symmetrically active spherical colloid showed
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velocities of 1.8 mm/s in fuel solutions, but the trajectories of these particles
showed frequent abrupt changes in direction. In comparison trajectories of Janus
particles showed a slightly reduced propulsion velocity but the resulting trajectories
were seen to be more directional and the instantaneous velocities over time also
showed a smoother pattern. Constraining the activity further to a smaller pore

further increased this behaviour but strongly reduced propulsion velocity.

In order to be able to quantitatively compare the trajectories of the three different
geometries (symmetrical, Janus and pore) three different analytical techniques
(fractal dimension, mean squared gyration and persistence length) were applied in
order to analyse the trajectory data, where initial raw data had to be smoothed and
in the case of persistence length re-gridded to equal time frames. The data clearly
shows how these three methods can be used to define the characteristics of bubble-
propelled micromotors to show differences in their directionality. All three methods
were in agreement that constraining catalytic activity on spherical bubble swimmers
generated more directional trajectories, i.e. the fractal dimension of the trajectories
decreased, which significantly increased persistence length and increased the extent
of the radius of gyration. It is clear however, when comparing bubble-propelled
spherical micromotors to phoretic micromotors, that the latter produce less random
motion and are governed by their Brownian rotational diffusion coefficients. In
contrast, the bubble-propelled swimmers are governed by the sites of random
nucleation of bubbles produced on the catalytic surface causing a high degree of
randomisation to their trajectories not influenced by Brownian rotation. The simple
stochastic model demonstrated in this chapter illustrates how the random nucleation

sites of the bubbles can affect the random behaviours of the swimmers and how it is
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possible to successfully minimise the randomisation effects by confining the

catalytically active area.

This study has illustrated how it is possible to utilise different analytical methods in
order to characterise trajectory behaviour which cannot be assessed properly by the
well-known MSD model. This is of particular interest for research on bubble
swimmer devices as currently there are no generally accepted models / methods to
properly characterise their trajectories apart from by qualitative observations. It is
thought that the techniques used here might also help one to compare different
systems including biological swimmers at different length scales. Furthermore, the
ability to understand and characterise trajectories better should aid comparative

study of the efficiency of the different devices.

5.5. Future Work

It might be interesting to see how increasing hydrogen peroxide concentration
affects the motion of Janus and pore coated particles, to see if the same decline in

velocity occurs for these particles as with symmetrically unmasked particles.

An enhancement for the model might be to take the change in reactivity with
decreasing pore size into consideration, this way it may be possible to achieve

realistic values rather than arbitrary values.
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6. Micromotors in biological fluids

6.1. Introduction

There have been various examples of micromotors that are capable of swimming in
complex media such as simulated blood, serum [28, 71] and seawater after the
addition of fuel, generally hydrogen peroxide. However, lowering surface tension
has been reported to be a key factor in achieving motion of tube-like ‘swimmers’
[53, 67, 68] and consequently there are no reports of autonomous swimmers
moving in biological solutions, such as human serum without the addition of
surfactant [53, 67, 68]. It is clear that a reliance on this additive is undesirable. As
the spherical symmetrical bubble-propelled swimmers used in Chapter 5 did not
need the addition of surfactant in water this chapter assesses the potential for these

devices to also operate within serum.

The reasons why bubble propelled swimmers do not ‘swim’ in biological fluids
such as serum, without the addition of surfactant (e.g. SDS) is not fully understood.
In many cases it has been assumed by extrapolation, that because bubble propulsion
in water required surfactant to reduce surface tension, the surfactant is required for
the same reason within biofluids. However this analysis does not take into account
any interactions the surfactants have on the proteins or other molecules in the
solutions. It has been shown that SDS in fact causes the unfolding of proteins
contained in the serum solution [170]. It is therefore important to note that to date,
none of these interactions of surfactants with human serum for example, have been

considered or discussed in any current active colloidal papers so far as I know.
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6.2. Methods

6.2.1.Particle Preparation:

Polystyrene (PS) colloids (30 um diameter) were uniformly chemically coated with
platinum nanoparticles (2-5 nm diameter) by platinum salt reduction to serve as the
symmetrical bubble propulsive devices used in this study (the same devices as used

in Chapter 4 and displayed Schematically in Section 1.5 b).

Particles were then placed in a Petri dish of 3 cm diameter and ~ 1 cm depth which
contained the various test solutions using hydrogen peroxide as a fuel source, under

a controlled room temperature of 20°C and with air movement kept to a minimum.

6.2.2.Video Microscopy and Trajectory Analysis

This analysis was done in the same way as in Chapter 4.

6.2.3.Reaction Rate Measurements

Reaction rate measurements were done on glass slides, which were coated with a
20 nm chromium adhesion layer followed by 20 nm platinum via E-beam metal
evaporation. A Moorfield E-beam coater as described in Section 2.1.3.2 was used.
The reaction rates were measured at 280 nm in a Jenaway UV-VIS 6305
Spectrometer using a Hellma Analytics 0.01 mm path length Quartz crystal flow
cell and 20 ml of sample volume which was kept under constant temperature
control at room temperature (22°C) as previously described in Chapter 3 Section
3.2.7. Samples were initially incubated in 15% v/w H,0O, for 30 minutes in order to
clean off any hydrocarbons left behind after the evaporation step, since they could
affect the reaction rate measurements. Each sample was then first measured in 10%

v/w H,0, followed by the specific sample solution (e.g. 2% serum with H,O;) and
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then finally measured again in 10% v/w H>O,. Each kinetic measurement was done

for 10 minutes after which the reaction rate was determined.

6.2.4.Surface tension measurements

In order to measure the surface tension of samples, 10 ml of sample was needed.
For these experiments the tensiometer used a platinum Wilhelmy plate and it was
therefore not possible to measure the surface tension directly in hydrogen peroxide
solutions, as this would have caused the hydrogen peroxide to decompose into
oxygen and water. In order to avoid this, equivalent solutions were made for
surface tension analysis which contained only water in place of hydrogen peroxide
and the particular salts and surfactants in the same concentrations. Chapter 2

Section 2.2.2 described surface tension techniques in detail.

6.2.5.Attachment of PEG3 to platinum surface

It was attempted to mask the platinum surface area with a monolayer of Thiol-
PEGs;009 (methyl ether thiol MW 3000). Samples were incubated in 100 mM Thiol

PEGs;gg solution for 48 hours and then washed 5 times with deionised water.

6.3. Results and Discussion

6.3.1.Salt Effect

To start to assess the biocompatibility of the spherical catalytic swimming devices
introduced in Chapter 5, motion within salt containing aqueous solutions was
investigated. As has been discussed above, a key factor for biocompatibility is
tolerance to high ionic strength solutions. Therefore the effect of adding 0.1 M
KNO; to H,O; fuel solution (10 %) on the instantaneous velocities of symmetrical

and Janus colloids (from Chapter 5) was investigated. In the case of symmetrically
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active bubble-propelled particles in H,O, fuel and fuel doped with 0.1 M KNOs
both gave velocities of ~ 1.5 mm/s, as shown in Table 6.1. For Janus colloids
however there was a velocity decrease of nearly 50% in 0.1 M KNOj;_from initially
~1.4 mm/s down to ~0.8 mm/s. This velocity decrease could be due to the previous
finding in Chapter 3; that KNO; decreases the reaction rate to around 70%. No
notable difference in velocity measured for symmetrical colloids may be due to the
larger overall activity surface area of the colloids and therefore them not being as

sensitive to the 70% reaction rate decrease.

Table 6.1 Instantaneous velocity measurements of 30 um symmetrical and Janus PS/Pt colloids in 10% H,0,

with and without KNO;
Particle type | HyO, [% w/V] KNO; [M] Instanta?;(;;ll/ss]\/elomty
Symmetrical 10 0 1.53 £0.06
Symmetrical 10 0.1 1.56 +0.03
Janus 10 0 1.42 +0.08
Janus 10 0.1 0.76 £ 0.03

6.3.2.Swimming in human serum and blood

Having established that the simple spherical bubble propulsive devices are tolerant
to salt, and do not require surfactants to produce motion in water, they were tested
in biofluids, solely doped with hydrogen peroxide fuel. Placing 30 pm
symmetrically coated Pt/PS colloids in varying concentrations of human serum,
containing hydrogen peroxide as a fuel solution, showed that motion of the colloids
ceased after a brief time, with the vast majority of particles settling to the bottom of
the petri dish (or in some cases some being stuck at the air / liquid interface). Figure
6-1 shows an image sequence with representative tracks of micromotors swimming
in 10% Human serum with 3% H,O, fuel added. The particles undergoing motion

were examined just after being placed in the solution. Black arrows indicate a few
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particles that have stopped bubbling (after being in the solution for ~3 min) and
have started to sink to the bottom of the petri dish (motion generally stopped after
1-5 minutes). Figure 6-2 shows some example tracks for particles in 1% Serum
with 10% H,O,. In this case particles continued their motion for up to ~15 minutes
with the occasional particle having even longer durations of propulsive motion.
Finally, Figure 6-3 shows a track for a particle swimming in 10% serum and 3%
H,0, with the addition of 1% SDS. Here even after long observation times; ~1
hour, motion could still be detected. It is however important to note that even
though all colloids seemed to retain their activity, a large proportion of colloids got
stuck at the edges of the petri dish at the liquid meniscus and also then motion of
colloids was slightly different, micromotors tended to drop to the bottom of the
petri dish and spend less time swimming in the bulk solution or surface. This is
most likely due to the decrease in surface tension due to SDS and the micromotors
having a large mass. SDS might also affect how long the bubbles stay attached to
the micromotor surface and thus the increased buoyancy effect of attached bubbles
might be less if they detach earlier or burst earlier. Example movies can be found

on the accompanying CD.
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Figure 6-1 Example image captures of 30 um symmetrical PS/PT colloids in 10% Human Serum and 3 % H,0,
without the addition of surfactants, Coloured lines and crosses (red, yellow, green and blue) indicate particle
trajectories. Black arrows indicate inactive particles that sink to the bottom of the petri dish over time (CD

Chapter 6 Movie S6.1).

Figure 6-2 Example image captures of 30 um symmetrical PS/PT colloids in 1% Human Serum and 10 % H,0,
without the addition of surfactant, coloured lines and crosses (red, yellow and green) indicate particle
trajectories (CD Chapter 6 Movie S6.2).
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Figure 6-3 Example image captures of 30 um symmetrical PS/PT colloids in 10% Human Serum and 3 % H,0,

with 1 % SDS, red lines and crosses indicate particle trajectory (CD Chapter 6 Movie S6.3).
Comparison of the velocity data obtained for these three previously mentioned
samples, see Table 6.2, showed that particles placed in the lowest serum
concentration of 1% with the addition of 10% H,0O, obtained the highest velocity of
~270 um/s and an average lifetime of 15 minutes. In contrast, micromotors
swimming in 10% serum with 3 % H,0, had a reduced velocity of ~76 um/s, which
is a decrease in velocity of around 70% compared to micromotors in 1% serum. In
comparison, velocity data for 10% serum with the addition of 1% SDS showed an
increase in velocity to ~118 pum/s (~1.5 times the velocity without SDS). The
addition of SDS appeared to increase micromotor lifetime beyond the experimental
observation time of 2 hours. The large error obtained for micromotors swimming in
10% serum without SDS is most likely due to the short lifetime of 5 minutes, thus

the particles start to slow down rapidly.
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Table 6.2 Instantaneous velocities and lifetimes of 30 pm symmetrical PS/Pt swimmers in human serum

Human Serum H,0, conc. SDS conc. Instantageous Es.tm}ated
N o o velocity lifetime
conc. [% w/v] [% w/v] [% w/v] [m/s] [min]
10 % 3% None 76 £ 11 ~5
1% 10 % None 270 £ 55 ~15
10 % 3% 1% 118 +£9 > 60

It is important to note that before addition of SDS to 10% human serum, the sample
appeared opaque but after the addition it became clear. This change could indicate

that SDS was having an effect on the proteins contained in serum.

Experiments revealed that it is not possible to have micromotors swimming in
sheep’s blood as the addition of any small amount of H,O; results in vast amounts
of bubbling until all H,O, is used up (see Figure 6-4). It also changes the colour of

the blood from red to yellow as can be seen in Figure 6-4.

The reason for this is most likely because blood contains the enzyme catalase, but
there might also be other components reacting with the hydrogen peroxide. Due to
the colour change from red to yellow the iron contained in red blood cells might
also be reacting with H,O,. This is another indicator why the use of platinum for
generating enhanced motion via the decomposition of hydrogen peroxide is not of

practical use for swimmers in some biological systems.
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Figure 6-4 Photos showing the effect of adding a few drops of H,O, to 10 % w/v sheep’s blood. (left) right after

the addition of H,O,, (right) when the reaction calmed down after ~ 1 minute.

6.3.3.Surface tension measurements

Based on previous justifications for the requirement for surfactants to promote
motion in biofluids, which proposed that the additives role was to reduce surface
tension, it is instructive to actually measure the surface tension for the relevant
solutions. As shown in Figure 6-5 and Figure 6-6 both human serum and blood in
fact showed considerably lower surface tension values than pure water itself. The
addition of 1% SDS to these solutions did bring the surface tension down even
further in both cases (serum and blood), but these results clearly show that tube-like
swimmers might be able to swim in high serum concentrations if low surface
tension is the only requirement for them to swim in these solutions. Furthermore,
as the spherical swimmers under investigation were able to swim in the higher
surface tension aqueous media, it seems unlikely that for swimming to occur in
biofluids SDS would need to be added in order to lower surface tension of these
fluids (even further). The time dependant nature of the incompatibility within 1%-
10% serum, in the absence of surfactant, also strongly argues against surface

tension being a limiting factor.
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Surface Tension (mMN/m)

Figure 6-5 Surface tension of water (blue), different serum concentrations) with (black) and without (red) SDS

and at physiological temperature (37 °C).
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Figure 6-6 Surface tension of water (blue), different dilutions of blood with (black) and without SDS (red).
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6.3.4.Effects of Serum on H,O, reaction rate

In the light of the inability to assign the lack of persistent motion within serum to
surface tension effects, it was necessary to consider other factors that could impede
motion. One obvious factor would be a reduction in reaction rate of the catalyst

within the biofluid.

Reaction rate experiments on glass slides coated with platinum revealed that the
decomposition of H,O, in 10% fuel containing 10% serum solution was 1/ 12t (0.05
mMol/min/cm?) of that measured in pure H,O, fuel solution (0.59 mMol/min/cm?)

(see Table 6.3).

One possible explanation for this reaction rate reduction is that the proteins in the
serum solution adhere to and mask the catalytic platinum layer and thus halt the
decomposition of H,O,. Supporting this idea, if the glass slides were washed and

placed in pure H,O; fuel solution the reaction rates returned back to standard.

Reaction rate measurements also showed that if 1 % w/v of SDS was added to the
serum sample, the reaction rate increased to ~ 7 times (0.34 mMol/min/cm?) the
reaction rate in serum. This indicates that the addition of SDS to serum can recover
the reaction rate to a great extent and stop the inhibition of the sample. This may be
due to surfactant mediated unfolding of the proteins in the sample [170] and is
supported by the previous observation that the solution turns from opaque to clear

(after the addition of SDS).

Table 6.3 Influence of Serum and SDS on reaction rate

Reaction Rate

Sample solution Reaction Rate [s”'pum™)

[mMol/min/cm’]
10% H,0, 0.59 + 0.057 6.24 x 10"
10% H,0,/ 10% Serum 0.05 4.82 x 10°

10% H,0,/10% Serum / 1% SDS 0.34 3.38x 10"
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6.3.5.Masking of platinum surface with PEG3;g

Having identified a probable issue of protein absorption masking the platinum
catalyst, a brief set of experiments were done using Thiol PEGsg in order to attach
this to the platinum surface and generate a monolayer, as an attempt to build a
barrier layer which would inhibit proteins in the sample solution from masking the
surface of the active platinum layer. This experiment however, for reasons
unknown, did not work and colloids still lost their activity in human serum
containing no surfactant. The reasons for this could be that the PEG3¢p0 used was
not long enough or possibly the monolayer was not properly formed on the surface

of the colloids.

6.4. Conclusions

The above results showed that surface tension is not the only factor that can cause
problems for self-motile particle systems in particular based on a catalyst such as
platinum. In fact it was observed that for self-motile particles based on platinum
catalyst to swim in serum solution it was essential to add a surfactant, such as SDS,
in order to inhibit biofouling of platinum surfaces. Unlike micro-rockets which
have previously been used in biological fluids [67, 68] and have all needed the
addition of a surfactant in order to decrease the surface tension and allow for fuel
solution to ingress into the tube-like structures, the spherical swimmers used here
did not need surfactants in order to achieve motion. Because there is a need for
surfactants by most, currently published, bubble-propelled swimmers in water, it
appears that how these swimmers might perform without the addition of surfactant
in biofluids has not been tested, because they were believed not to swim. The
results here however showed that the surface tensions of solutions such as human

serum, are actually a lot lower than that of water. The addition of 1% SDS for
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example does lower the surface tension further but the largest contribution in
surface tension decrease (compared to water) is due to the sample itself; human
serum. Increasing the sample temperature to a physiological temperate of 37 °C
was also seen to slightly lower the surface tension; in addition to reductions due to
SDS and serum. The need to add high concentrations of SDS to the human serum
samples however means that the proteins and enzymes in the sample to be tested,
will ultimately be denatured (unfold) [170]. This would defeat the object of being

able to use these particles in biological samples for analytical applications.

Spherical 30 um bubble-propelled micromotors were shown to be tolerant to
KNOs. Experiments revealed that 30 um micromotors were able to swim in human
serum for short periods of time without the addition of SDS, however after a few
minutes the catalyst surface area was masked and bubble production halted.
Addition of SDS stopped the biofouling process and micromotors continued to
bubble although motion was affected by the large decrease in surface tension and
micromotors would swim more towards the bottom surface of the sample than in
the bulk solution or surface due to sedimentation of the particles. It appeared that
SDS affected the bubble release and therefore bubbles detached earlier from the

micromotors.

An attempt to mask the platinum surface with a monolayer of PEG3py did not
succeed in inhibiting the biofouling process and keep the reaction (decomposition
of H,0,) going. As this experiment was not rigorously done due to time constraints,
there are various aspects of the experiment that may have failed and could be
investigated for future possibilities. The most obvious one being that a full
monolayer of PEGspp0 was not properly built up on the platinum surface and
therefore the biofouling was not inhibited efficiently.
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Finally experiments revealed that hydrogen peroxide as a fuel for self-motile

particles will not easily allow for swimming in blood samples.

6.5. Future Work

It may be of interest to attempt another way of attaching PEG to the platinum
surface to act as an anti-biofouling barrier but without inhibiting the actual
hydrogen peroxide degradation. For this it might be advisable to try out more chain
lengths and different concentrations to achieve successful monolayers. In addition
to this it might be useful to use other techniques such as Ellipsometry to determine
the surface attachment of the Thiol-PEGs used. Finally, it is likely that a system
that uses a different catalyst such as an enzyme (e.g. catalase) would be far more

useful in biofluids.

Other masking methods might be utilised to cover the platinum surface, e.g. with
porous SiO,, where pores are small enough to stop proteins reaching the platinum

surface.

In my final experimental chapter I have attempted to address and build on these
findings by using the enzyme catalase as a power source for the micromotors. The
enzyme is embedded in a silk scaffold to increase the biocompatibility and active
life time of the micromotors in biofluids. Also, moving towards enzyme propulsion
provides a route to avoid the requirement for peroxide fuel, which this chapter has

shown to be incompatible with blood.

194



7.Inkjet printing of enzyme powered micromotors

7. Inkjet printing of enzyme powered micromotors

7.1. Introduction

As discussed in detail in Chapter 6 and the introduction Section 1.2.2, the vast
majority of autonomous bubble-propelled micromotors to date need to have
surfactants added to the working medium in order to achieve any appreciable
propulsion [52, 67, 70, 77]. However as explained in Chapter 6, surfactants, e.g.
SDS, also cause unwanted side effects, such as enzyme denaturation, which will
render the systems useless for many applications [170]. Chapter 5 showed that
simple spherical bubble propulsive spherical devices can produce motion without
surfactants in water, however Chapter 6 showed that within biological fluids motion
does require surfactant. The role of surfactant in this case was found to be to
reduce biofouling of the platinum catalyst and restore surface reactivity, rather than
to reduce surface tension as had been previously suggested. Fouling of catalytic
platinum in human serum illustrates the problem that this expensive catalyst is very
far from optimal for most biological applications and therefore there is a clear
impetus to move to more biologically based devices that use enzymes as chemically
active species rather than metals such as platinum. A variety of devices have been
reported that use enzymes as motors to power the catalytic reactions and cause
motion of particles. As the catalase enzyme complex decomposes hydrogen
peroxide [80] this facilitates comparison with the previous sections of the thesis.
However, it is clear that for future applications alternative enzymes could also be
used to drive these micromotors instead, removing the reliance on a reactive fuel,

which has been shown in Chapter 6 to be incompatible with blood.

All the previously reported enzyme-based systems (Section 1.2.3) have

predominantly relied on complex chemical processes to immobilize the enzyme
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onto surfaces such as gold. This means that the process is costly, complicated and
very inefficient. In addition, the surfaces needed for the immobilization are not
always considered to be highly biocompatible and must also be particularly clean
upon initial chemical activation. It is therefore desirable to immobilise enzymes in a
simple, cheap and yet biocompatible way, along with beneficial enzyme
stabilisation. One such material which shows great potential for this sort of
application is silk [171-173]. Therefore, silk from the silkworm (Bombyx mori) has
been tested as the base for generating particles via silk scaffolds. It has already been
shown by Zhang Y.Q. [174] that natural silk fibroin can be used as a support for
enzyme immobilization and increased stability [175-177], and there have been

various studies into using silk for drug delivery challenges [178-183].

There have been some recent examples of utilising printing methods in order to
generate swimming devices as shown in Section 1.3. At present features smaller
than 10 um in size have been produced via inkjet printing [184], which gives the
chance of high structural definition on the micron scale. One recently published
paper has demonstrated some of the benefits of printing silk scaffolds doped with
enzymes onto its surfaces to generate e.g. silk biosensors which can show
contamination levels on surfaces via e.g. colour change reactions [185]. In Chapter
5, particular emphasis was given to how the size of the exposed catalytically active
area on a masked spherical particle can affect the trajectories of bubble-propelled
particles. This is a general feature for many swimming devices, that controlling the
location of the catalyst determines performance, and so a key advantage for a print
based manufacturing method is the potential ease with which catalyst location can

be defined and modified.

196



7.Inkjet printing of enzyme powered micromotors

As biocompatibility is of essential importance for many prospective applications of
self-motile micromotors (Chapter 6), the use of silk together with an enzyme as a
propulsion motor is likely to be of great benefit and enzymes are by nature
biocompatible. In addition to this silk is already an FDA approved biomaterial and
has been used for many biomedical applications [171]. It is a versatile material due
to its strong mechanical properties [186], excellent biocompatibility [187],

adaptable biodegradability [188], and easy processing [189].

Silk Fibroin (SF) has three different conformations, or polymorphs. Silk I is water
soluble (random coil), Silk II is the state which consists of B-sheet secondary
structure (spun silk state), and Silk III is an air/water assembled interfacial silk
consisting of a helical structure.[171, 190, 191] Secreted silk (Silk IT) is commonly

processed into water soluble regenerated silk fibroin (RSF) (Silk I) to allow printing.

Therefore a further conversion stage is required to convert the printed material back
into the water insoluble rigid scaffold that is required to manufacture solid 3D
structures such as the micro-rockets described in this chapter. Exposing Silk I to
chemicals such as methanol or potassium chloride, heat, or shear stress converts it
to a B-sheet secondary structure (Silk II) and this phenomenon has been widely

used to make silk scaffolds for different biomedical applications [171].

Here, reactive inkjet printing (R1J) was employed for the first time, which included
chemical treatment with methanol, in order to ensure a rigid detachable silk
scaffold was formed. RIJ is a method of allowing two different ink solutions to
react together to generate a new compound, or alternatively as in the deployment
here, to produce a change in the silk polymorphic form [192]. RIJ also shares the

advantages of conventional ink-jet printing to allow the straightforward
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manufacture of 3D objects with well controlled shape and size, for example by

utilising a layer-by-layer approach [193-195].

RIJ printing allows the generation of self-motile swimmers with digitally-defined
compositions, structures and shapes without the need for multiple step methods to
generate complex structures. This allows for rapid development and understanding
of how structures will affect the directionality of these particles and will enable the
generation of highly efficient structures to be rapidly fabricated. Further to this, in
the future additional functionalities can be simply added into silk-ink solutions
while generating the silk scaffolds via RI1J [192], so that the other components such
as magnetic nanoparticles can be encapsulated / immobilised into the silk scaffold

structures.

The following experiments demonstrate how it is possible to use LBL inkjet
printing of RSF ink, containing enzyme molecules, to generate different
micromotors that undergo different types of motion dependent on their structure, as

defined by the printing process.

7.2. Methods

7.2.1.Preparation of silk ink solution

7.2.1.1.  Silk Degumming
Silk from bave of B. mori was degummed in order to remove sericin by briefly
boiling the raw silk in 0.02 M sodium carbonate (Na,COs3) (99.5 % Alfa Aesar).
After degumming, the resulting silk materials were rinsed with deionized water

until the solution was clear and then dried at 30 °C overnight in a drying oven.
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7.2.1.2.  Dissolution of silk fibroin fibre
For the dissolution of silk fibroin fibre (SF) Ajisawa’s reagent was used; the
reagent is made up of CaCl, (93 % Sigma-Aldrich)/ ethanol (99.8 % Sigma) / water
in a 1:2:8 molar ratio: as suggested by Ajisawa et al. [196, 197]. 1 g of degummed
fibroin was added to 10 g of Ajisawa’s reagent. This mixture was then stirred at
75°C for 3 hours and was left to cool down at room temperature before being
dialysed in deionized water to remove the salts until the solution recorded a
conductivity of less than 1 puS. The dialysed SF solution was then centrifuged at

10,000 rpm for 15 mins.

7.2.1.3.  Preparation of Catalase Ink solution
Amorphous bovine liver catalase powder (purity 60 % Sigma-Aldrich) was
dissolved in deionised water at a concentration of 20 mg/ml, by inverting the
sample several times to ensure no excessive amount of foaming occurred until fully
dissolved, and then filtered with a 0.7 um glass filter. It was ensured that the
solution was kept on ice until mixed with the previously made up silk solution.
These were carefully mixed and blended (by inverting the vial several times) with
PEGy solution giving final concentrations of 4 mg/ml CAT, 10 mg/ml PEG4y and
30 mg/ml regenerated silk fibroin (RSF). In the case of silk solution containing no

CAT the PEGygo concentration was increased to 12 mg/ml.

7.2.2.Inkjet printing process

The basic concept of drop-on-demand inkjet printing using piezoelectric print heads
(orifice diameter of 60 um) is described in the methods chapter Section 2.1.4.
Various ink solutions containing RSF as the scaffold material were used to print 3D

enzyme-driven self-motile particles. The silk scaffold was turned into a solid
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B-sheet structure (Silk II) by printing a drop of methanol via a second print head

and switching between these two print heads for every layer.

As the drops of methanol printed on top of the silk drops containing the enzyme
were small (droplet diameter ~80 um resulting in ~3000 pL), the evaporation and
beta sheet formation of silk occured before the methanol could denature any
significant amount of enzyme. An explanatory schematic of the applied LBL

printing is shown in Figure 7-1.

Four print heads were used all with a pore diameter of 60 um, pure silk solution,
silk blended with catalase (4mg/ml) and PEG4go and 98.99% pure methanol (Sigma)
were used as ink. The addition of brilliant blue FCF (Cs;7H34N;Na;09S3) into
methanol was used to establish the area where methanol (ensuring that alignment
was correct) was printed due to the dying of the silk scaffold during this process. In
the case of Janus particles a barrier layer of 10 layers of Poly-methyl methacrylate
(PMMA) in Dimethylformamide (DMF) was also printed in order to decrease the

amount of bubbles leaking from the active half to the inactive half.

5 x 10 dot matrices were programmed into JetLab (Version 6.3 (build 4.0.18.3011),
MicroFab Technologies) and columns with a total height of 500 layers of silk
scaffolds were printed LBL, which equated to a height of 250~300 pm (see Figure

7-1).

The whole process took around 10 hours to complete, and had to be carefully
monitored in order to ensure no excess material accumulated on the tip of the print
heads during printing. The blended in PEG4y helped decrease the overall
accumulation of enzyme residue on the print head but did not entirely stop its

accumulation and it was necessary to clean the print head every ~50-100 layers. It
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was important for the temperature to be below 25 °C and the humidity 55 % or
higher as otherwise the printing procedure would not produce suitable 3D scaffold

structures.

Two different approaches were used to generate the micro-rockets. The first process
is shown in Figure 7-1 where silk solution containing CAT and PEG was printed
into columns of 250 layers and then a further 250 layers of silk solution with PEG
at a slightly higher concentration were printed on top of the initial columns. This
equated to a total of 500 layers (printed onto smooth Si-wafer substrates). It was
essential to print 10 layers of PMMA to act as a barrier between the two halves in
order to stop bubbles leaking into the inactive side of the micro-rockets. This

process generated Janus micro-rockets that were half active and half inactive.

Silk / Catalase / PEG,,, ~ Stage'l Stage 2
Print  __ ' - U MeOH _ ' PMMA in DMF
direction
Silk / Stage 3 Stage 4
PEG400 - U «U

g LR R R RN RN E R RN RRNRRRRREE)

Stage 5

Sonication
— —

Figure 7-1 Schematic representing the layer-by-layer printing procedure of Silk scaffolds with (red with dots)

and without (orange) catalase enzyme molecules, blue represents the PMMA barrier layer: generation of Janus

silk micro-rockets.
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For comparison, particles of 500 layers of CAT/silk and PEGyy of the same

concentrations were also printed (fully active micro-rockets), see Figure 7-2.

PMMA Barrier Layer

Oxygen Bubbles

Figure 7-2 Schematic showing the two designed Silk-Microrockets, (left) fully active rockets, (right) Janus

rocket.

7.2.3.Particle preparation of silk — based micro-rockets

Silicon wafers were cut up and incubated in filtered (0.2um glass filter) deionized
water, which was then carefully removed via a Pasteur pipette ensuring printed
columns were not detached from the surface. Any dust and silk that was not in -

sheet form was removed in this way. This process was repeated 3 to 5 times.

After washing the Si-wafers were placed in a small beaker and the surface was
covered with deionized water and held in the centre of a sonicator for < 30 seconds
until all or most columns were detached from the wafer. The particles were then
transferred into a petri dish (6 cm in diameter) containing 5 % w/v hydrogen

peroxide and imaged under a microscope with a connected PixeLink camera, or
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under a PixeLink camera with a camera lens attached. Movies were taken at a

frame rate of 25 frames per second (fps) for 500 to 1000 frames.

7.2.4. Analysis of movies.

Silk printed particles resembled a cylindrical shape (or rocket-like structure), which
is characterized in detail via SEM in Section 7.3.1.1. Particles were therefore
manually tracked on both their extreme points (dual point tracking) in ImageJ using

a manual tracking plug-in [198].

The dual point tracking allowed determination of the direction of motion and
orientational changes of the self-motile particles during their motion. This was
calculated for every frame of the movies and is schematically shown in Figure 7-3.
A custom built LabVIEW program was used to calculate the angles denoted as 6
and ¢ over the whole trajectory. Screen shots of the LabVIEW program are
attached in the Appendix (10) Section (10.6). A similar method was used to
determine the direction of motion and particle orientation in Ebbens et al. [30] for
spherical catalytic swimmers. Figure 7-3 illustrates the calculated angles 6 and ¢,
which were used to correlate the change in particle orientation (¢) and direction (6)
over time and to compare fully active to Janus particles (half active). Prior to
analysis it was important to smooth data track points via a Savitzky-Golay filter
using k = 10 side points due to the start-stopping type motion via bubble

propulsion.

In the case of samples where a slight drift or wobble was present, tracks were
corrected by tracking an inactive particle and subtracting this motion from the

particle trajectory allowing for more accurate results. The drift was thought to
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emanate from air movement in the lab whereas the wobble that can be seen in some

movies probably came from vibrations in the lab and building.

A centre of mass trajectory point was calculated from the dual tracking and fed into
a custom made LabVIEW analysis program in order to calculate instantaneous
velocity and persistence. These analysis methods are described in Section 2.3 and

Gregory, et al. [74].

Tracking
points

Figure 7-3 Schematic showing the angles to calculate the orientation dependence of the particles (6 (direction)

and ¢ (orientation)).

7.3. Results

7.3.1.Characterization of micromotors

All silk printed particles were checked under an optical microscope, prior to use, to
ensure that the structure closely resembled the required one and samples that did
not print properly were discarded. The following SEM and Contour GT images
were taken from particles prepared in the same way as those used for the swimming
experiments (Contour GT is the model name. This is a type of confocal microscope

imaging, which allows for 3D roughness measurements of gold coated samples).
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7.3.1.1.  Final Structures
The SEM images below show the initial arrays of printed columns for both fully
active (Figure 7-4 (left)) and Janus (Figure 7-5 (left)) silk particles before particles
were detached from the silicon surface. As can be seen the particles all appear very
similar in height and diameter. The enlarged views of both the side of the columns
(Figure 7-4 (right)) and the top Figure 7-5 (right) show that at this resolution there

were no noticeable pores, but rather the surfaces of the particles were smooth and

the diameter of the columns near the top measured ~100 um.

Figure 7-4 Two SEM (secondary electron) images at 15KeV; (left) Array of fully active silk particles made up
of 500 layers containing catalase enzyme (4 mg/ml), RSF (30 mg/ml) and PEGyq; (right) enlarged view of the

side of a column.

Figure 7-5 Two SEM (secondary electron) images at 10KeV; (left) Array of Janus printed particles viewed

from above consisting of 10 layers of PMMA as a barrier layer; (right) close up image of the top surface of a

column printed silk swimmer, the diameter of the column is around 100 pm.
Closer comparison of fully active particles and Janus particles showed that despite

the difference in the distribution of enzyme, the overall size and shape remained
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comparable, as shown representatively by two fully active particles in Figure 7-6
and two Janus particles in Figure 7-7 (which also contain 5 layers of PMMA as a
barrier layer between the active and inactive half). The images show that during the
printing process a little material sometimes flowed over the sides down the
particles. As shown representatively in the initial schematic in Figure 7-1 the lower
half of the Janus particle contained silk together with enzyme. During LBL printing
of the silk-inks some ink ran along the outer side of the forming rockets. This
clarifies why this approach: printing first the half containing the enzyme catalyst
resulted in better defined Janus structures than first printing the inactive rocket half,
as the enzyme containing silk-ink would have flowed over the inactive side. The
localisation of catalase enzyme was verified by printing FITC labelled catalase in
fully active and Janus rockets as shown in Figure 7-8, where the fully active rocket
clearly contains catalase all over and the Janus rocket only contains catalase on the
bottom half of the particle. It can be seen that the columns were slightly wider
towards the bottom than the top, giving rise to a rocket-like shape, but
measurements suggest that the change was quite minimal with regards to the

particle size and to the order of a maximum ~20 pm, but ultimately giving the

particles more of a rocket structure than a simple rod-shape.

Figure 7-6 Two secondary electron images (at 12 KeV) of fully active silk swimmer particles containing CAT

(4 mg/ml), Silk (30 mg/ml) and PEGyq, (10 mg/ml).
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Figure 7-7 Two SEM (secondary electron) images at 14 KeV of representative Janus silk swimmer particles
containing CAT (4 mg/ml), Silk (30 mg/ml) and PEGygy (10 mg/ml) with 10 layers of PMMA barrier and an
inactive part containing silk (30 mg/ml) and PEGyq (12 mg/ml).

100um

Figure 7-8 Fluorescent microscopy images of FITC labelled catalase in silk rockets, (left) fully active, (right)

Janus.

7.3.1.2.  Printing Process
In order to compare how mixed-in catalase enzyme affects the printing process,
contour GT images were taken of varying layers of silk/PEG with and without
catalase. The concentrations used were exactly the same as the concentrations used
for the silk swimmer particles. The average height was slightly lower for the layers
printed containing catalase enzyme than those without. Example contour GT 3D
plots of printed silk scaffolds are shown in Figure 7-9 for silk (30 mg/ml) printed

with blended-in PEGyy (12 mg/ml) and Figure 7-10 for silk (30 mg/ml) with
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catalase (4 mg/ml) and PEGyg (10 mg/ml) blended-in. The images also show that
in general the printing process containing the enzyme solution generated slightly
less defined structures than without the enzyme, seen as a slightly more ‘messy’

printing result.

The contour GT images showed clearly that for the first few layers printed there
was a strong “coffee ring” effect present, where in particular the outer wall seemed
to gain height more quickly; but this effect seemed to diminish when more than 20
layers had been printed. However, there was an indication that the inner side of the
columns might contain hollow channels, which could allow gas to flow easily
though the structure from the active side of the particles to the inactive side,

explaining the need for a barrier layer in the case of Janus particles.

— 188

5 layers

310.6 um

10 layers 15 layers I

621.2um

621.2um

Figure 7-9 Example contour GT images of different amounts of silk (30 mg/ml) containing PEGy,go (12 mg/ml)
printed on Si-wafer substrates showing how the height is affected by the amount of layers printed on top of

each other.
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5 layers

174273}

232364.8 nm

232364.8 nm - 050

10 layers
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Figure 7-10 Example contour GT images of different amounts of silk (30 mg/ml) containing PEGyo (10 mg/ml)
and catalase enzyme (4 mg/ml) printed on Si-wafer substrates showing how the height is affected by the

amount of layers printed on top of each other.

There was a clear relationship between height and amount of layers printed as
shown in Figure 7-11 , which was very similar for both the ink solution containing
enzyme and that without, where the ink without enzyme seemed to gain height
slightly more rapidly than the one containing enzyme. This would fit in with the
observation of the two previous figures, where columns seemed to be formed in a

more defined manner for ink without enzymes.
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Figure 7-11 Comparison of average height measurements of silk printed columns as used for the Active
particles Ink A (30 mg/ml silk, 12 mg/ml PEGyq), Ink B (30mg/ml silk, 4 mg/ml catalase, 10 mg/ml PEGyq),

measurements done kindly by Yu Zhang

7.3.2.Influence of PEGyqg

During the printing process of the silk solution containing enzyme molecules it
became apparent that there was a build-up of materials on the tip of the print head
nozzle which meant that the ink jet alignment gradually misaligned, generating less
defined structures or even causing the structures to collapse. Frequent cleaning of
the print head was therefore required. In order to help minimize this effect PEGaq
was blended into the silk ink solution. Even though this did not completely remove
the problem it did allow for longer printing before too much material accumulated

and it was necessary to clean the print head.

In addition to this, initial experimental data showed that when printed silk particles
with enzyme but without PEGygy were placed into 5% hydrogen peroxide fuel, even
though bubbles were readily released from the silk particles in the bulk solution
(working medium), there was a high tendency for one or more bubbles to build up

at the liquid / air interface sticking to the particles and not bursting. This effect is
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shown in Figure 7-12, which depicts a fully active particle with no PEG blended-in
before (left) and after 30 seconds (right) in 5% w/v H,O,. The bubble can be clearly
seen growing over the time period but not detaching. These lingering bubbles
would cause the particles to merely swim around the bubble rather than moving
freely around. With the addition of PEGy it was then seen that in most cases this
type of ‘lingering’ bubble did not occur and particles moved around freely on the

surface interface (Movie S7.1).

Figure 7-12 Silk swimmer containing catalase enzymes but no blended in PEGyy (A) showing the bubble

detachment / popping issue - Image is taken from above so looking down onto the particles, (B) Silk swimmer
containing PEGyq. (CD Chapter 7 Movie S7.1, (S7.2 no PMMA barrier))

In the case of Janus particles it was observed that if the inactive silk side contained
no PEG or a lower amount of PEG than the active side there was a high probability
of lingering bubbles appearing and inhibiting the free motion of the particles. This
was therefore dealt with by having a slightly higher concentration of PEG present

on the side containing no enzyme.

In order to be able to understand these results better an attempt was made to look at
how the PEGyqy content affected the hydrophobicity of the silk scaffold by means

of contact angle measurement.
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5 layers of silk containing different amounts of PEGyy were spun cast onto silicon
wafer substrates. Between every layer of silk a layer of methanol was spun cast in
order to generate the B-sheet silk structure. The samples were then left to dry
overnight at room temperature before the contact angle on the dried silk surfaces
was measured 5 times per sample with 2 ul water drops. Results indicated that the
contact angle decreased with increasing PEGyoy concentration as shown in Figure
7-13 but errors were high, probably because the process of spin coating multiple

layers of silk onto silicon wafers was not very accurate.
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Figure 7-13 Contact angle measurements of 5 layers of spun cast silk (20 mg/ml) with different concentrations

of PEGy blended in.

7.3.3. Trajectory Analysis

During imaging it was important to ensure that there was no air movement present
in the room and that particles were not too close to the glass walls of the petri dish

as otherwise the surface tension effects of water could cause particles to float
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towards the edges. For all recorded trajectory data it was therefore ensured these
factors were taken into consideration. Representative fully active and Janus Rockets

are shown in Figure 7-14 (Movie S7.3) and Figure 7-15 (Movie S7.4) respectively.
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Figure 7-14 Example image captures of a fully active silk rocket swimming in 5% H,0, solution — blue line

indicates top and green bottom of the rockets (CD Movie S7.3).
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Figure 7-15 Example image captures of a Janus silk rocket swimming in 5% H,O, solution — blue line indicates

top and green bottom of the rockets (CD Movie S7.4).
7.3.3.1.  Directionality analysis — alignment of particle to its
direction of motion
Qualitatively the raw trajectories, plotted in Figure 7-16, of the two different types
of micro-rockets showed that the fully active micro-rockets had trajectories that had

more turns and twists in them, whereas the Janus micro-rocket trajectories on the
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whole were more directional resembling straighter lines. It should be noted that the
Janus micro-rockets could not be tracked for the same length of time as the fully
active ones as they moved out of the region of interest much more quickly due to

their straighter trajectories, hence the overall trajectories were shorter for Janus

% =N\

K
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1000pm 1000pm

particles.

Figure 7-16 Comparison of raw trajectories, (left) fully active particles over a period of ~10 seconds, (right)

Janus particles over a period of ~5-10seconds.

Using the directionality analysis previously described in Section 7.2.4 (Figure 7-3)
the angles 6 (direction) and ¢ (orientation) were investigated, and showed that
fully active and Janus silk swimmers gave strongly different results. As shown in
Figure 7-17 there was no noticeable correlation between 6 and ¢ for fully active
micro-rockets, where the calculated correlation coefficient over the sample set was
r* = 0.003 + 0.017. On the other hand for Janus particles there was a very strong
correlation, with the correlation coefficient calculated to be r* = 0.656 + 0.023, as
shown with some example correlation data in Figure 7-18. It was also found that

sometimes the high correlation of the two angles got interrupted if a bubble grew
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larger than the average, as the release of this bubble (popping) would then cause the

particle to move a large distance in the opposite direction to the released bubble.

Fully active micro-rockets also showed a slight tendency to move sideways along
the longitudinal axis rather than along the transverse axis. This can probably be
explained by bubbles being more likely to be released from the wide side of the

particle than at the narrow extremities.

It is important to note that the angles for this analysis were calculated using the
tangent function and therefore jumps in the data appeared when the angle changed

from 0° to 360°.
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Figure 7-17 Angle Correlation (6 (direction) and ¢ (orientation)) of fully active silk swimmers overall

correlation for all samples was » = 0.053 + 0.130.
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Figure 7-18 Angle correlation (6 (direction) and ¢ (orientation)) for Janus silk swimming particles overall

correlation of » = 0.806 + 0.146 for all samples.

7.3.3.2.  Velocity and Persistence length
Based on the calculated centre of mass trajectory from the dual tracked micro-
rockets, trajectories were analysed for their mean instantaneous velocities and their
persistence lengths. Instantaneous velocities were calculated for every frame and
averaged over the whole trajectory. The results are shown in Table 7.1, and it can
be seen that despite the lower amount of catalase present in the Janus micro-
rockets, on average these rockets moved ~1.4 times faster than fully active ones. A
decrease in velocity of ~1/3" over the course of 1 hour was observed during the
experiment. This velocity decrease was comparable to the decrease in the amount
of bubbles observed to be released from the micro-rockets over this time course

(comparing the initial and final bubble releases).
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Persistence length analysis (shown in Table 7.1), previously described in Chapter 2
Section 2.3.4, of the centre of mass trajectories fitted in with the orientation
correlation analysis (Section 7.3.3.1) and confirms that printed Janus silk micro-
rockets had on average a ~16 times higher persistence length than fully active ones
(persistence length of Janus micro-rockets divided by fully active micro-rockets).
Because the trajectories of Janus and fully active particles were of different lengths,
the persistence length data was also corrected for the trajectory length (longer
length on average for fully active particles) by dividing the persistence length by
the total track length. The relative persistence length calculated this way also
agreed with the previous results showing a ~13 times higher relative persistence

length of the Janus micro-rockets compared to the fully active micro-rockets.

It is interesting to note that MSD data fitting gave very similar velocity results to
the instantaneous averaged velocities shown here. Mean squared gyration and
fractal dimension analysis techniques were not conclusive, most likely due to

trajectories being not long enough for clear results.

Table 7.1 Velocity and persistence length data for Silk swimmers

Type of Average velocity | Persistence length Lp/Lc
Micromotor [um/s] [um] [arb. units]
Fully Active 370 + 31 26+ 6 0.014 % 0.002

rocket
Janus rocket 511+ 93 423 + 183 0.191 £ 0.063
Fully Active
rocket 282+13 40 £ 4 NA
In 2% Serum
Janus rocket
In 2% Serum 338+16 135+ 14 NA
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7.3.4.Biocompatibility of enzyme-powered micromotors — ability to

swim in biological solutions

Silk micromotors were tested in 2 % and 10 % human serum containing 3 % w/v
hydrogen peroxide as a fuel source. In both cases particles showed motion but it
was hard to pinpoint the exact location of the particles as many bubbles appeared in
the solution due to the natural foaming of human serum solution. In the 2 %
solution it was much easier to determine the whereabouts of the swimmer, as can be
seen from fully active Figure 7-19 (Movie S7.5). In the case of 10 % serum solution
bubbles ended up completely covering the surface in the area of the active particles,
as shown in Figure 7-20. More directionality could be objectively seen for Janus
rockets in 2% human serum as can be seen from Figure 7-21 (Movie S7.6)
corresponding to the previously reported increase in persistence length (Table 7.1).
In view of the amount of bubbles released by the particles over the course of 30
minutes there was no indication that the reaction rate decreased by any substantial
amount in this time. This therefore strongly suggests that the activity barely
decreased throughout the experiment, but quantitative measurements were not
possible. Visually comparing the same swimmers in pure hydrogen peroxide and
human serum containing hydrogen peroxide the amount of bubbling appeared very
similar, indicating that unlike for platinum based swimmers as described in Chapter
6 no biofouling, or very little biofouling of the catalyst occurred. Furthermore

propulsion was present despite no addition of surfactants to the bulk solution.
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500um

Figure 7-19 example of a fully active silk swimmer swimming in 2% serum containing 3% w/v hydrogen

peroxide as a fuel source (CD Movie S7.5).

t=0 =59 t=4

=6 t=8 t=10

500pm

Figure 7-20 example of a fully active silk swimmer in 10% serum solution containing 3% w/v hydrogen

peroxide as a fuel source.
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Figure 7-21 Janus silk rocket swimming in 2% Human Serum with 3% H,0, (CD Movie S7.6).

7.3.5.Lifetime of enzyme incorporated in silk structure vs. free enzyme

The pH of 5 % hydrogen peroxide was measured to be ~4.2. This pH is not very
suitable for long-term enzyme activity. Activity measurements of free catalase
enzyme in 5% H,0, solution showed that within 10 minutes over 90% of enzyme
activity was lost. In contrast motion of silk swimmer particles seemed to have
dropped by only 1/3™ of the initial speed after at least one hour in 5 % H,0,. This
was coupled with the observation that the overall bubbling of the particles was
slightly lower. It was also quite obvious that bubbling was highest for the first few

minutes after incubation.

This could indicate that the initial activity decrease was caused by the outermost
layers of enzymes denaturing due to the acid pH, while the enzymes within the silk

lattice were still protected from the harsh acidic environment. The results indicate
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that the use of silk may allow prolongation of enzyme lifetime and extension of the

possible environments in which they can be used.

7.3.6.Optimisation of micro-rockets printing process

The possible denaturing of catalase enzyme via methanol during the printing
process was considered, but after testing printed micro-rockets containing catalase
printed with methanol, the residual catalase activity was seen to be substantial

enough to achieve significant bubble propulsion.

All silk particles containing active catalase enzyme underwent bubble propulsion at
the water/air interface throughout the entire experiments. Micro-rockets containing
no active enzymes or placed in blank water solutions rapidly dropped to the bottom
of the bulk solution and showed no motion at all. In some cases micro-rockets

stayed attached to the meniscus.

Initial testing of silk concentrations showed that it was necessary for the ink
solution to have at least 20 mg/ml RSF in order to achieve a good and consistent
column structure. Micro-rockets that printed successfully at 10 mg/ml RSF
appeared as sponge-like structures and did not keep their shape fully, but they did
show high retention of enzyme activity for long periods of time: 2 hours or more in

harsh pH environments of ~4 (5% w/v H,O; solution).

It is important to note that micro-rockets printed as columns (30 mg/ml RSF), in the
manner previously depicted in Figure 7-1, demonstrated specific orientation
positions at the air / solution interface; they were either hanging down (Figure 7-22

left) or laying sideways (Figure 7-22 right), as was the intended orientation.
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300um

Figure 7-22 Comparison of fully active column printed silk swimmers, oriented downwards (left) and sideways

(right).

7.4. Discussion

From the results presented here it has become clear that enzyme immobilization
within silk scaffolds in order to generate self-motile particles via RI1J such as the
ones made in this experiment, is a convenient manufacturing process without the
need for complicated covalent coupling chemistry. It is also possible to generate
different trajectory behaviour based on the shape or area where the active species
was printed. In the simple experiment reported here, two kinds of particles were
made; fully active micro-rockets and Janus micro-rockets. It was shown that the
Janus micro-rockets followed much straighter trajectories with a much greater
persistence length than micro-rockets that were active on all sides. The latter
showed much more undefined trajectories moving equally in all directions as

shown by the results in Table 7.1.

The relationship between catalyst distribution and trajectory behaviour found here,
can be compared to similar results found for spherical bubble swimmers with
different amounts of platinum exposed causing changes in trajectory behaviour [74]
(see Chapter 4). Analysis of the particles’ orientation angle together with the
particles direction agreed with the results obtained from persistence length

measurements.
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It was shown that despite Janus micro-rockets having half the amount of active
enzyme present, the particles showed faster motion due to their directionality,
indicating that coordination of the region of bubbling can help to substantially
increase swimmer efficiency. The velocities obtained (370-500 pm/s) were

comparable to velocities of bubble propelled microjets [71, 73].

This method of immobilizing enzymes via silk is much cheaper, easier and quicker
than on metal surfaces because coupling agents use complicated chemistry and
often cause high loss of enzyme activity as they, in general, attack several areas of
an enzyme which can lead to enzyme denaturation during the immobilization
process [82, 199, 200]. In contrast, in the present process enzymes are immobilized
via chemisorption and encapsulation into the silk scaffolds during the formation of
the B-sheet structure of silk [185] from Silk I to Silk II. It was shown that when
printing columns it was of benefit to use a layer of PMMA to help isolate the active
printed side from the inactive printed side, as otherwise bubbles would sometimes
leak though. Predominantly the bubbles seemed to leak through the centre of the
column. It seems possible that there are small hollow channels in the centre of the
column structure (caused by the “coffee ring” effect during printing) indicated by
the contour GT images which could be implicated in this behaviour. This in itself
might be useful for printing other types of self- motile particles for which a hollow
channel might be beneficial. It was also shown that immobilising catalase enzyme
into the silk scaffold materials resulted in extended enzyme activity even at low pH
in comparison to free enzyme molecules, which could be a very useful property

when considering possible future uses for silk-based devices.

Results of the height versus number of layers printed showed that there was a slight
difference in height when the ink solution contained enzymes. Printing of these
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columns was not as well-defined as ones from ink containing no enzymes. This
may partly explain why the enzyme containing columns were slightly shorter than
those without enzymes incorporated into the columns. The most likely reason for
this is that the enzyme containing ink solution accumulated enzyme molecules at
the tip of the print head meaning it had to be regularly cleaned during the printing
procedure. Thus the alignment of the ink jet would gradually move off centre until
the next cleaning step and therefore the ink would not repeatedly print in exactly
the same location. Another reason might be that the printed silk ink containing the

enzyme did not dry as quickly as silk ink containing only silk.

It was found that blending in PEG4¢o helped minimize the accumulation of enzyme
contamination on the tip of the print head, meaning that cleaning of the print head
did not need to be done as frequently, but it was still necessary after 50 to 100
layers of printing. Apart from this effect PEG also improved the release of bubbles
from the micro-rockets at the air/water interface meaning that there was no need for
particles to have any kind of surfactant added to the bulk solution to help with
bubble release (as shown in Figure 7-12), unlike the case of most bubble propelled

microengines [70, 77].

Further it was shown that silk based micro-rockets powered by catalase do not
show signs of biofouling (unlike Pt. surfaces do) [201] in biomaterials such as
human serum. They are capable of undergoing motion without any need for
surfactants introduced into the sample, as well as being seemingly unaffected by the
vast amounts of different salts present in this type of solution. They are able to
undergo motion even at very high concentrations of 10% human serum with only

3% w/v hydrogen peroxide fuel added.
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7.5. Conclusions

Investigations showed that the immobilization of enzymes in LBL printed silk
scaffolds is very easy to achieve without any major loss of enzyme activity. The
generated structures are porous enough to allow fuel solutions to seep into the
micro-rockets and therefore induce bubble propelled motion of the printed micro-

rockets as was demonstrated using catalase as the motor for 5% w/v fuel solutions.

Trajectory analysis using persistence length and comparison of particle orientation
and direction showed that trajectories were altered dependent on the printed
structure and position of the enzyme molecules. This meant that it was possible to
exert some considerable degree of control of the trajectories via the digitally
defined printed structure of these micro-rockets. Thus for fully active micro-
rockets the trajectories are of random diffusive behaviour, whereas for Janus
printed micro-rockets, trajectories mainly follow straight lines, which greatly
increases the directionality and overall velocity of the micro-rockets. This indicates
a higher efficiency, as the amount of enzyme present in Janus micro-rockets is only
half of that in the fully active micro-rockets. Inkjet printing appears to offer a
chance to rapidly design, manufacture and test a wide range of swimming devices
with different catalyst distributions, shapes and sizes. With the addition of blended-
in PEGy it was possible to help the release of bubbles from the silk structures at
the air / liquid interface. This also meant that there was no need for the addition of
any surfactants into the bulk (sample) solution, thus making these particles highly
biocompatible since surfactants added to the test sample can cause adverse effects
such as unfolding of enzymes. An additional advantage of this approach is that the
entrapped enzyme molecules survive longer in harsh pH environments (e.g. pH ~4),

where free enzyme molecules survive only briefly. Thus, silk swimmers could
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swim for time periods of over 60 minutes with a loss of only around 1/3" of their
initial velocity whereas in comparison, free catalase could not survive longer than

15 minutes in the same conditions (90% activity loss).

Finally it was shown that silk printed micro-rockets showed excellent
biocompatibility: they did not need any addition of surfactant to the bulk solution
they swam in, and further showed good swimming capabilities in biological

solutions, such as 1-10% human serum.

7.6. Future work

The work presented here shows that there is huge scope for developing more

efficient, versatile self-motile particles based on printed silk scaffolds.

As was shown in Figure 7-22 the column printed particles have a slight
disadvantage as they can be orientated in two directions. Brief tests carried out on
sideways printed particles, as shown in the schematic in Figure 7-23, showed that
these particles are always orientated in the sideways direction but printing Janus
particles proved to be difficult. Better control of this could generate more efficient
particles. In order for this to work properly, particles have to be printed overlapping

slightly.
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Figure 7-23 Schematic representing the layer by layer printing procedure of Silk scaffolds with (red with dots)
and without (orange) catalase enzyme molecules.

There are various possibilities, both using different materials and combining
materials, to enable the production of multi-functional particles which can exhibit

different functions such as targeted release and delivery of drugs and other

substances.

By using print heads with a smaller diameter (e.g. 30 um) it should be possible to

generate even more defined shapes and smaller particles.

Introducing additional external control by incorporating magnetic nanoparticles for
example, into silk-based swimmers could give even more control over the particles

and also allow for simple recovery of particles from solutions.

Further studies should be made on how the silk concentration and also PEG

concentration affects the particles and their motion and bubble behaviour.

Alternative enzyme powered silk micro-rockets powered by a combination of
catalase enzyme, together with glucose oxidase enzyme could be a key to being
able to generate micro-rockets that do not need the harsh chemical addition of
hydrogen peroxide. Instead addition of glucose and good oxygen flow should allow

glucose oxidase to produce hydrogen peroxide fuel, which can directly be used by
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catalase for generating bubble propelled motion, without the acidic pH values (pH
~4) which accompany the addition of hydrogen peroxide fuel solutions. Further to
this development it would be highly interesting to immobilise antibodies or other
bio-recognition elements onto the rockets and enable these to get new functions
which can help with applications such as targeted cancer cell recognition and

transport.

Vepari et al. [202] demonstrate how to use a 3D silk scaffold to immobilise
enzymes into a scaffold to generate a gradient of enzyme concentration. This might
be interesting in order to generate enzyme gradients for propulsion or pumping

applications similar to those I describe in my experimental Chapter 4.
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8. Conclusions

This thesis looks at various aspects of self-motile particles that undergo both
phoretic phenomena and bubble propulsion. In the first experimental chapter,
Chapter 3, I describe my investigations into the effects of reaction rate and salts on
the motion of phoretic colloids. These studies have led to a better understanding of
self-phoretic propulsion mechanisms, and have resulted in altering the previously
accepted model for self-diffusiophoretic propulsive devices which contain a
reaction rate gradient on their surface. Here I have found that the reaction rate
gradient influences the propulsion mechanism for Janus micromotors in such a way
that both self-diffusiophoresis and self-electrophoresis are present, thus making the
velocity of these devices sensitive to salt concentrations. The results reported here
have been published in FEurophysics Letters (EPL) [147]. Further to this I
investigated the effects of volume fraction on symmetrically active colloids
(Chapter 4) and found that at certain volume fractions these induce strong
convective flows, whereas at low volume fractions they undergo Brownian motion

despite undergoing high reaction rates.

I have looked at the biocompatibility of micromotors, since this could be important
for many of their future applications. Having found a low salt tolerance for phoretic
micromotors I focused my efforts on bubble-propelled micromotors, because they
showed salt tolerance. This is important for biocompatibility, as most systems
contain high salt concentrations. Most current bubble-propelled systems have a
requirement for surfactants in order to achieve motion, however the spherical
platinum based colloids I used did not need the addition of surfactant to swim in
pure hydrogen peroxide, therefore it was possible for me to test these particles in

human serum without the addition of surfactants (Chapter 6). My experiment

229



8.Conclusions

resulted in a better understanding of the effects of surfactants such as SDS on the
bubble propulsion of micromotors in biofluids: it was seen that the main effect of
surfactants in the fluids studied is to stop the biofouling of the catalytic surface
rather than to reduce surface tension, as has been claimed by most of the literature.
Having found that platinum-based bubble-propelled micromotors are not
compatible with biofluids I ventured to generate micromotors that were based on
the enzyme catalase immobilised into biocompatible silk scaffolds (Chapter 7).
These showed excellent biocompatibility and swimming motion even at high serum
concentrations of 10% and appear to show improved potential for use in biological

systems in the future.

The ability to be able to control the resulting trajectories of bubble-propelled
micromotors is another highly desirable challenge. As there are multiple examples
of trajectory control and analysis of phoretic systems I have looked at bubble-
propelled devices and attempted to control their trajectories by altering the area of
reactivity, as reported in my experimental Chapter 5. Because to date there are no
generally accepted approaches for analysing motion of bubble-propelled devices 1
successfully investigated various analysis methods (Persistence length, Fractal
Dimension and Mean Squared Gyrations) in order to be able to quantitatively
compare different devices for the first time. This work resulted in a publication on
the effect of catalytic distribution on spherical bubble swimmers in Journal of
Physical Chemistry C [74]. Following on from this I investigated the feasibility of
reactive inkjet printing of catalase powered microrockets (digitally defining catalyst
location) using silk as a scaffold material and applied the same analytical methods
described above in order to characterise the resulting trajectories (Chapter 7). In

this final experimental Chapter I was able, for the first time in the swimmer field, to
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digitally define a swimmer structure and to print this via layer-by-layer printing
generating versatile microrockets which can incorporate other futuristic
components such as magnetic nanoparticles and other enzymes. This work has now
been published by Small [203] and received the Inner cover page [204] shown in

Appendix 10.1.
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10.Appendix

The following additional figures show LabVIEW software programmed for this

thesis.

10.2. Area Calculation Program

This program was created to calculate the area of the sample that was coated in
metal (i.e. Platinum) to allow for accurate reaction rate calculations (Front Panel
image shown in Figure 10-1). The program uses State Machine architecture (Figure
10-2) to allow for a more interactive and versatile image processing along with low
CPU usage while the user choses what action to do next. The program then
generates an automatic excel report with the area calculated for the image accord to

the calibration values defined (Figure 10-3).

Figure 10-1 Custom made Labview program for image area calculation, Front panel inputs.
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Figure 10-3 Custom made labview program for image area calculation, some of the code for creating the *.xls

report document and report images.

10.3.Image Subtraction Program for bubble swimmers

subtactinages | Debug |

Load Files Converts the movies Quit the whole program!

= Image Type
Frames Per Second Lo
Load Fies [w} | Grayscale (US) W

o

Current Movie converting

Movie first image converted Track Subtract

Figure 10-4 From panel of Image subtraction program for bubble swimmers
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e o [ 5 @

Figure 10-5 Main image subtraction code.

10.4. Trajectory analysis program

o

Figure 10-7 Some example program code part 1
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Figure 10-9 Some example program code part 3
10.5. 2D Stochastic Model
This is the LabVIEW program that was developed to simulate bubble propulsion
for different catalytically active areas on a colloid (pore size), see Chapter 5.
o

F:\DropboxGroup Shared Files David Personaltheoretical data =

¢ - Yo

¢

Figure 10-10 The front panel of the program, where multiple trajectory files are generated.
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Figure 10-11 The model calculation SubVi for one individual calculation.
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Figure 10-12 The batch processing and trajectory *.csv file output

10.6. Swimmer Particle Orientation Analyser

This program was created to be able to import dual tracks of particles and convert
them into the angles theta and phi in order to correlate between the particle
orientation and the particle directional angle over time. Figure 10-13 shows part of

the code in order to calculate the angles dependant on which points were used.
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Figure 10-13 Example code of the angle calculation together with solving the quadrant problem for the tangent

function

10.7. Particle counting program
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Figure 10-14 Front Panel Particle Counting Program

250



10.Appendix

[ Ferenmbe

Ve e

Partice Messcenents () Pt Avayss 1)
fonl]

rber of S22 emoved prides Inae

Nunber of parics

Ssecton faes Garic Fiter 1)

16 atsoson v ooy i
=
salabes et
e xasn
]
Sncare et
I}
swutrmgenent
i
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10.8. Trajectory Overlay program for track representations
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Figure 10-18 Main Panel showing tracks being overlaid onto movies.
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Figure 10-20 Code to generate crosshairs
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10.9. On-the-fly MSD and Diffusion coefficients, movie
recording and 3D tracking software

An attempt was made to create a program that could calculate the MSD and
diffusion coefficient of a tracked colloid on the fly while streaming over a PixeLink
camera. In addition to this it was attempted to keep the particle automatically in
focus and from this extract the z-values from the focus changes over time to
generate 3D tracks of non-fluorescent particles. The program functions properly,
however there are still calibrations that need to be done in conjunction with the 3D
tracking and possibly a FFT approach might help hold the focus of the selected

colloid better.

Figure 10-21 Front panel for the on the fly tracking and MSD calculation program.
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Figure 10-22 Front panel showing the MSD velocity and Diffusion coefficient data calculated on the fly
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Figure 10-23 Some of the code to calculate the MSD on the fly.
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