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Abstract

In nature, a number of organisms and organelles are capable of self-propulsion at the
micro- and nano-scale. Inspired by biological motors, this investigation aims to induce self-
propulsion of an enzyme, by the biocatalytic self-assembly of aromatic peptide amphiphile
molecules into supramolecular fibre structures. The individual motion of enzymes is
measured directly using fluorescence microscopy, by the covalent attachment of alkaline
phosphatase to fluorescing quantum dots. Enzyme-quantum dot conjugates represent
nanoparticulate ‘vehicles’ transported by the enzyme ‘motor’. Two aromatic peptide
substrate ‘fuels’, initially assembled in a micellar form, are studied for their ability to propel
enzyme-quantum dot conjugates, by biocatalytic dephosphorylation causing self-assembly
into one-dimensional fibres. The effect of the ‘fuel’ on conjugate motion is compared with
controls consisting of no fuel, a non-self-assembling substrate and a non-directional self-

assembling substrate (i.e. one that assembles into spheres, but not fibres).

Significant quantities of data were obtained for each substrate scenario and speed
distribution plots revealed that enzyme-conjugates exhibit faster transport with the fibre
forming system, compared to controls. Further to this, upon increasing the concentration of
the fibre-forming fuel, the average speed of the conjugates increases, although
directionality remains random. An initial investigation for directional control is carried out
using ‘fuel’ reservoirs consisting of substrate saturated polyacrylamide gels. Substrates
diffuse from the gel into surrounding motility medium creating a concentration gradient,

which the enzyme-motors are proposed to travel along in a directional manner.

The proposed propulsion model for self-assembly-driven motion of enzyme-conjugates is
that short bursts of fibre growth provides linear propulsion which increases the diffusion
rate of the enzyme-conjugate. Simultaneous visualisation of self-assembled fibres and
enzyme-quantum dot conjugates is attempted, using extrinsic and intrinsic fluorescent

methods, to investigate the mechanism proposed for fibre-propulsion.

Finally, enzymes thermolysin and a-chymotrypsin are investigated as a step toward
generalising the method for other enzymes and for their potential use in a multi-
enzyme/multi-coloured quantum dot system for future applications in nano-separation of

enzymes.
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— Chapter 1 -

Introduction

1.1. Motion at the micro- and nano-scale

Motion is a fundamental physical property of all matter. Everything around us moves, from
subatomic to macroscopic scales. Motion is defined as the displacement of an object over a
period of time. This thesis will focus on motion at the colloidal or nano- to micron-scale
range i.e. 1-1000 nanometres. This size range lies between atomic or single molecule
dimensions and macroscopic objects that are visible to the human eye." Within a colloidal
system particles of one ‘phase’ are dispersed in a medium of another phase, for example a

solid micron-sized particle suspended in water.

At colloidal dimensions, gravity is negligible over short timescales and so colloidal particles
will not quickly sediment but remain suspended in the surrounding medium. While
suspended, colloidal particles will exhibit random or Brownian motion, named after the
botanist Robert Brown, who was the first to measure microscopic erratic motion of pollen
grains in water.”® The random motion exhibited by a colloidal particle is the result of the
suspended particles being bombarded by the molecules of the surrounding fluid, causing
the particle to become displaced from its original position. When followed over a period of
time, the particle’s trajectory will reveal the random nature of its movement, referred to as
a random walk. Therefore motion at the nano- to micro-scale is different to macroscale
motion due to thermal Brownian effects. For a particle undergoing a random walk,
displacement or distance travelled is not proportional to time (as with linear ballistic

motion e.g. d = vt), instead is proportional to the square root of time.

The mean square displacement (MSD) is a measure of how far a Brownian particle has
moved from its starting position over a certain period of time.> The MSD is related to the
size of the colloidal particle (hydrodynamic radius) by the diffusion coefficient (D), which is
a measure of the migration characteristics of a particle. The diffusion of a particle is

dependent on the particle radius and also the surrounding medium viscosity and
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temperature. According to the Stokes-Einstein equation below (equation 1), a particle with

a larger hydrodynamic radius (R,) will have a smaller value for diffusion coefficient (D).*

kgT kgT
gy=—— or D=-—"2 Equation 1
6mnD 6mnRy

Where Ry is the hydrodynamic radius; kg is the Boltzmann constant (1.38x10% mzkg s2K™Y;
T = absolute temperature (Kelvin); n = viscosity of the medium and D is the diffusion

coefficient.

For a one dimensional random walk, i.e. where a particle can either move in one direction
or the other along the x axis, in a given time period (t), the probability for each scenario is

1/2.

For two and three dimensional random walk, motion is in the x and y, or x, y, z directions,

respectively. Motion in each direction is statistically independent of the others for example:
<x*> = 2Dt; <y>> = 2Dt; and <z>> = 2Dt

For two dimensional diffusion (which is measured in this study) the square of the

displacement (x, y) from the origin (0, 0) is given by:
MSD,, = X* + y*and therefore: < MSD,, >= 4Dt Equation 2
(or in three dimensions MSD,,, = X+ y2 +22 < MSD,,,> = 6Dt)

As well as translational diffusion, a particle will experience rotational diffusion (Dg), which is
a measure of the orientation of a particle. The rotational diffusion can be expressed by the
following Stokes-Einstein equation’:

_ kgT
"~ 8mnR3

R Equation 3

Particles with a smaller hydrodynamic radius will have faster rotational diffusion than larger
particles, so a characteristic rotational time (tz) can be defined as the inverse of the

diffusion coefficient:

—1 __ kpT
"~ 8mnR3

Equation 4
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Therefore, taking into account both the translational and rotational diffusion the MSD of a
particle can be expressed as:

24 2
< MSD,, >= 4DAt + L 2R" |24t | g-24t/Tp _ 4 Equation 5
y 2 TR

At short times (At < tg) the particle trajectory is given by the quadratic relationship
illustrated by the following equation: <MSD,,> = v’ t* + 4DAt (where v is the average
velocity).® This also show by a curved MSD versus lag time plot Figure 1A.” At longer times
(compared to the rotational diffusion time (At > tz)), translational diffusion will dominate®®
and equation 5 reduces to:

VZTRZ

< MSD,, >= (4DAt + V2 Tp?)At — —

Equation 6

For the purposes of this project which, studies nanoscale motion we will be focussing on
the 4DAt term of Equation 6 , which can be shown by a linear MSD versus lag time plot

(Figure 1B).

<MSD, > = v*t? + 4DAt

|
A) a
s

(At < 1)

Lag time—

<MSD, > = 4DAt
B)

MSD—>

(At > 1) Lag time—

Figure 1 - Scheme representing (A) short and (B) long time frames compared to rotational time (t3)
with corresponding MSD versus lag time plots.

20



For this study, involving nano-sized particles, rotational diffusion was not measured due to
the typically much faster rotational diffusion compared to translational diffusion, compared
to micro-sized objects. However rotational diffusion is included here for completeness. The
key parameters measured for this study are frame-to-frame speed distributions to indicate
enhanced diffusion, as well as with diffusion coefficient values. For studies which attempt
directed motion, the shape of the MSD plot is studied alongside average frame-to-frame

speeds and angle of trajectory.

1.2. Research aim

The ultimate aim of this research is to engineer a nanoscale motor propelled by
biocatalytically induced self-assembly (see scheme in Figure 2). Our approach is inspired by
biological nanoscale motion, for example the protein kinesin which converts ATP to ADP

producing walking motion along a track.

ng> Alkaline phosphatase-
= quantum dot conjugate
(QD-AP)

°o @
R—@»O—Q—OH R OH
OH  -H;PO,

Dephosphorylation reaction

Figure 2 — A) Scheme of proposed nanomotor design propelled by biocatalytic self-assembly. B) The
enzyme nanomotor (alkaline phosphatase-quantum dot conjugate) is propelled as the enzyme
converts micelle fuel (1a or 2a) into fibres.

There are three key factors to take into account when designing a nano-sized motor. Firstly
a chemical fuel is required that is converted by the motor to produce mechanical energy.
Secondly, asymmetry is important whether it is inherently built into the motor design or
whether symmetry breakage occurs during fuel conversion e.g. due to the release of ‘spent

fuel’ or the creation of a fuel concentration gradient. Finally, thermal fluctuations
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(Brownian motion) must be overcome to achieve transport or enhanced motion beyond

expected diffusion.

A hypothetical nanomotor in a fluid environment, without fuel or a propulsive force will
diffuse in a random walk manner. With the addition of a chemical fuel there are a number
of possible scenarios that the nanomotor could encounter. For example the conversion of
fuel could provide little or no propulsive effect on the motor, over and above thermal
fluctuations, therefore having no observable effect i.e. motor would continue to diffuse
randomly. Another possibility is that the conversion of fuel to mechanical motion is non-
directional resulting in faster or enhanced nanomotor diffusion but motion remains
directionally erratic. Lastly, if the fuel is converted and released asymmetrically from the
surface of the motor or a fuel gradient arises, the motor would move linearly i.e. following a
ballistic trajectory, on a timescale associated with how long the asymmetry or gradient

persists for.

An enzyme molecule capable of self-propulsion by the conversion of a substrate fuel to self-
assembled linear fibre structures, has the potential for enhanced transport of the enzyme
i.e. fibre growth exhibits a propulsive effect on the enzyme. Therefore the objective of this
work is to design and engineer an enzyme nanomotor suitable for single molecule tracking
in order to determine the diffusive properties of the motor (i.e. whether enhanced and/or
directed propulsion is achievable), with the addition of a ‘fuel’ that is converted into one-

dimensional self-assembled fibrous structures by the enzyme motor.
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1.3. Layout of thesis

In Chapter 2, a literature review serving as the detailed background for the thesis is given.
Part 1, describes the biological inspiration for motion at the micro- and nano-scale,
followed by a review of historical and key examples of biologically inspired micro- and
nano-motors, engineered from purely artificial components or from hybrids containing
biological and synthetic elements. Motors are classified into three main groups according to
their propulsion mechanism: those propelled linearly by catalysis due to a gradient; motors
with added asymmetry causing rotational motion and motors capable of walking motion.
The second part of the review describes self-assembly; specifically, biocatalytic self-
assembly of aromatic dipeptide amphiphiles will be discussed for a potential route to

nanopropulsion.

Chapter 3 details materials and methods employed for the bioconjugation of enzyme
molecules to fluorescent nanoparticles, including characterisation and development of a
number of self-assembling aromatic dipeptide ‘fuel’ systems. Experimental set-up and
motility assay design will be described as well as methods towards the simultaneous

visualisation of enzyme-conjugates and self-assembled structures.

Chapter 4 describes the techniques used for the development of methods to achieve
enzyme nanomotors propelled by biocatalytic self-assembly. Part 1  details the
bioconjugation method chosen to visualise enzyme ‘motors’ and the fundamental
electronic properties of semiconductor nanoparticles used for bioconjugation. Part 2
summarises fluorescent spectroscopic methods for the detection of self-assembled
structures via intrinsic and extrinsic staining techniques. Part 3 focuses on techniques for
the visualisation of single enzyme-conjugate ‘motors’ and self-assembled structures, with

an in depth discussion of the microscope configuration capable for this purpose.

In Chapter 5, the bioconjugation and characterisation of alkaline phosphatase-quantum dot
conjugates are discussed, including a consideration of batch variation and long term

stability.

Chapter 6 looks at the biocatalytically induced self-assembled systems studied for their

potential as fuels for enzyme-quantum dot motors. Two micelle-to-fibre and one sphere-to-
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sphere assembling systems are characterised initially with unconjugated enzyme, before

repeating the study with enzyme-quantum dot conjugates.

Chapter 7 details how enzyme-quantum dot motors observed using fluorescence
microscopy can be tracked providing speed, trajectory, and mean square displacement
data. Here, ‘motor’ motion is compared with different self-assembling substrate ‘fuels’ and

initial attempts at directed motion are discussed.

Chapter 8 describes methods used towards the simultaneous visualisation of enzyme-
guantum dot motors alongside resulting self-assembled structures to gain further

information on the propulsion mechanism.

Chapter 9 shows how the bioconjugation techniques used for alkaline phosphatase could
be used for other enzymes towards a multi-enzyme/multi-fluorophore system. This chapter
discusses how bioconjugation to QDs can be applied to thermolysin and chymotrypsin.
Potential self-assembling substrate fuels are investigated towards other possible enzyme-

guantum dot motors propelled by enzymatically induced self-assembly.

Finally the overall conclusions are summarised and suggestions for future work are

provided in chapter 10.
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— Chapter 2 -

Literature review Part 1: Micro- and nano-scale

propulsion

2.1. Introduction: Biological Inspiration

Biological systems employ a number of strategies for controlling the motion of individual
cells for example by changing shape; and for the intracellular transportation of vital
components. Within the cell, filaments composed of polymerised monomeric proteins, can
lengthen or shorten by polymerisation and depolymerisation, respectively. This lengthening
and shortening is the mechanism for the ‘crawling’ movement of a cell along a surface,

where the growth of the filament pushes the membrane promoting cell mobility. °™

Filaments similar to those used for cell crawling are also employed by nanosized motor
proteins inside the cell. Motor proteins use filaments such as actin or microtubules as

tracks to ‘walk’ along and in some cases to transport ‘cargo’ around the cell.

G-actin-ATP G-actin-ADP

ooob ooi
ATP/ADP exchange
Polymerizatior/ \ Depolymerization

Figure 3 - Actin Polymerisation - G-actin with bound ADP exchanged with ATP. Polymerisation occurs
preferentially at the barbed (+ve) end of the filament by association of ATP-actin monomers.
Enzymatic cleavage of phosphate from ATP-actin within the filament releases inorganic phosphate.
Depolymerisation occurs preferentially from the pointed (-ve) end by disassociation of actin-ADP.
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Intracellular polymerised actin filaments consist of a double chain of subunits of actin
monomers (diameter 6 nm).’> At one end of the filament polymerisation is more rapid than
depolymerisation and at the other end depolymerisation occurs at a greater rate. These
ends are termed the barbed/positive and pointed/negative ends respectively (see Figure
3).”° Each actin monomer has an adenosine binding site, capable of binding either
adenosine triphosphate (ATP) or adenosine diphosphate (ADP).?> The form of the
nucleotide bound will influence the kinetics of the monomer, for example monomers
containing ATP are found more frequently at the polymerising end of the filament and the
ADP-bound actin at the end which is depolymerising.”* Polymerised actin containing ATP is
readily hydrolysed by the addition of water, transforming the bound nucleotide to ADP and
inorganic phosphate (P)."° The resulting filaments are dynamic as the polymerisation is a
reversible process, in which actin monomers essential for microfilament growth are

supplied by the disassembly of the filament from another region.

Motor proteins which utilise filamentous tracks for example kinesin and myosin catalyse
the conversion of chemical fuel to mechanical energy for motion. Motor proteins are
involved in intracellular transport, cell division and muscle contraction*® and enable the
transportation of ‘cargo’ along a fuel concentration gradient to a target location within the

cell.®

Myosin, the motor protein associated with actin is present within the majority of
eukaryotic cells and its main function is for the contraction of skeletal muscle. Muscle
myosin is composed of two polypeptide chains that come together to form a structure with
two globular head groups attached to a long tail section.'® The head groups of myosin have
binding sites for ATP or ADP. The tail is a coiled-coil structure of the two polypeptide chains
twisted together and connected to the head groups by a ‘neck’ segment. There are also
smaller polypeptide chains that help to strengthen the neck so it can successfully act as a
molecular lever. The head groups can bind independently with actin subunits; only one
head unit binds to actin at a time and changes in protein conformation with ATP hydrolysis,

allow the myosin head to bind, release and then rebind to the actin filament at a different

position, resulting in a walking motion.*
Another motor protein-filament combination is the kinesin/microtubule system.

Microtubules are fibrous networks found within the cytoskeleton of the cell. Like actin,

microtubules can assemble and disassemble resulting in a stimuli responsive change in the
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shape of the cell.® Dimers associate in an end-to end fashion to form short linear fibres
called protofilaments. These protofilaments come together in a side-by-side alignment with
an element of curvature to form a hollow tubule (diameter 25 nm)."” Similar to actin
filaments, microtubules are classified at each end according to the polymerisation kinetics.
The positive end extends at a faster rate, as dimers prefer to attach at this end. Disassembly
occurs at both ends but is found to be more rapid at the negative end. The dynamic nature
of microtubules is controlled by proteins that either encourage or inhibit

polymerisation.'®

The motor protein kinesin has a similar structure to myosin with two globular heads
attached to a coiled-coil tail. Each head in this case has a tubulin and nucleotide binding
site. Kinesin is capable of transporting vesicles as ‘cargo’, towards the positive end of the
microtubule by step-wise movements along a single protofiliament.'® It has been reported
that the net movement of a kinesin step while carrying cargo is ~80 A which is roughly the

length of one dimer unit.>*°

2.2. Artificial micro- and nano- propulsion examples

In order to achieve artificial propulsive motion at the micro- and nano-scale, the design of
the motor is crucial. The motor design influences the resulting propulsion mechanism e.g.

the catalyst employed, the type of motion exhibited, and also possible applications.

The following sections will review recent (and historical) examples of micro- and nano-scale
motors. The examples are classified under the following headings: ‘catalytic/gradient
propulsion’; ‘rotational motion’ and ‘walking motion’. Within each section fully artificial
examples will be discussed, followed by examples which make use of biological molecules
not normally associated with biological motor ability. Finally biological systems known for
motor ability will be discussed, i.e. taking advantage of actin polymerisation, rotary ATPase

enzymes and walking motor proteins.

Each subsection will discuss motor/fuel design, asymmetry, motility, propulsion

mechanism, methods of directional and speed control, and resulting applications.
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2.2.1. Gradient/Catalytic Propulsion

The first artificial catalytic motor was reported by Whitesides et al. using millimetre sized
plates propelled asymmetrically, at the air/water interface, by the decomposition of
hydrogen peroxide on a platinum coated surface. This larger scale catalytic motor

subsequently inspired small scale (micro- to nano-metre) sized motors.

Catalytic propulsion of an object typically requires the asymmetric attachment of a catalyst
to the surface of the object being propelled. The catalyst converts chemical fuel in the
surrounding local environment, to products. Products released asymmetrically from the
surface of the catalyst result in a propulsion effect. By far the most reported catalytic
reaction for propulsion is the decomposition of hydrogen peroxide fuel to water and
oxygen by platinum. Albeit the most studied system, there is much controversy as to the
mechanism of propulsion and also the terminology used including: local bubble

formation®!; electrocatalysis®*%; and interfacial tension***° propulsion mechanisms.

Other approaches take advantage of biological catalysts, for example enzymes such as

14,37,41 14,42

catalase or glucose oxidase. The biological catalysts play the same role as the

artificial catalysts, by converting chemical fuel to mechanical energy for movement.

2.2.1.1. Artificial catalytic propulsion

Artificial catalytic motors can be classified according to the propulsion mechanism but also
how asymmetry is achieved. This review classifies the following examples under the
heading of propulsion via generation of product gradient i.e. oxygen concentration, proton,
or monomer/polymer gradients. There are also three obvious classifications for achieving
asymmetry: firstly, Janus particles are colloids with two different faces, for example
bimetallic rods or asymmetric spheres. Next, striped or multi-metallic rod examples are
discussed, showing that by incorporating additional metals, for example nickel, the motor
directionality can be magnetically controlled. Finally, rolled up multi-metallic tubes
containing active catalyst on the interior surface, are shown to release product from one
end of the tube resulting in propulsion. These examples are discussed from the most
simple to more complex where relevant, highlighting unique features of each system and

finally discussing speed and directionality control.
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Firstly the three main propulsion mechanisms (electrochemical, interfacial tension and
oxygen bubble gradients) are discussed using the extensively studied bimetallic Pt/Au
artificial rods as examples (see Figure 4). This will be followed by an overview of different

motor designs employed to achieve asymmetry.

2.2.1.2. Bimetallic rods

In 2004, Sen and co-workers® were the first to report nano-sized gold/platinum Janus rods
propelled autonomously in a hydrogen peroxide solution (see Table 1 entry 1). The same
system was also studied more recently in 2010 by Posner, Wheat and Moran*” (see Table 1
entry 4). Both systems show similar motion in which the rod-shaped particles move
towards the platinum end however different mechanisms are proposed; Sen et al. describe
nanorod motion by an interfacial tension gradient propulsion mechanism,* whereas
Posner, Wheat and Moran describe the movement by an electrochemical propulsion
mechanism,*” illustrating the controversy involved in determining a common propulsion

mechanism. So far three different hypotheses have been proposed.

A
3 Key
LV
- @l = platinum (Pt) segment
B D =gold (Au) segment
P, P, F =H,0,

F,
mote ( «(EY cathode > . =HO
0 =12

H*/Fluid flow

P, =2H'+0,+2¢e

F, =H,0,+2H +2e
C 4H" + O, + 4e°

P, =4H,0

U ﬂ = direction of motion

Figure 4 - Mechanisms for catalytic propulsion of Au/Pt bimetallic rods in hydrogen peroxide
solution. (A) Oxygen bubble propulsion, (B) Electrochemical propulsion, and (C) Interfacial tension
gradient propulsion.
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2.2.1.2.1. Electrochemical propulsion

The electrochemical propulsion mechanism describes motion via a redox reaction occurring
at the opposite ends of a bimetallic rod. Oxidation takes place at the platinum segment of
the rod releasing oxygen, protons and electrons. The electrons and protons flow from the
platinum anode to the gold cathode. The generated proton gradient results in a force
capable of ‘pushing’ against the surrounding fluid, resulting in propulsion of the motor
towards the platinum anode, in the opposite direction to that of the fluid flow (and also
electron and proton flow) (see Figure 4B). The protons and electrons produced at the
platinum anode combine with hydrogen peroxide and oxygen at the gold cathode to
produce water. Electrochemical reactions can be enhanced by the incorporation of carbon

3% and the addition of

nanotubes into the motor design as a supply of extra electrons,
redox enhancing additive hydrazine to the motility medium (see Table 1 entries 3 and

10).33,43

2.2.1.2.2. Interfacial tension gradient

A second propulsion mechanism is attributed to the disruption of the local interfacial
tension, caused by oxygen generation and subsequent diffusion from the platinum surface.
The interface described here is the solid/liquid interface between the bimetallic rod and the
surrounding solution containing fuel.* The release of oxygen into an aqueous environment
disrupts the hydrogen bonding of the water, resulting in decreased interfacial tension. This
mechanism of propulsion propels the object with the platinum end leading (as with
electrochemical propulsion) (see Figure 4C). The direction, however can be reversed if the
gold segment is polar or hydrophilic. The interfacial tension increases and the direction of
motion will be towards the gold segment. Conversely, if the gold is non-polar or
hydrophobic, the rods move toward the platinum segment due to a decrease in interfacial
tension.* Therefore the propulsion proposed for this mechanism is due to the generation
of an interfacial tension gradient along the length of the rod, caused by the generation of a

concentration gradient, which in turn produces a net axial force, propelling the rod.***
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2.2.1.2.3. Oxygen bubble propulsion

The ‘oxygen bubble propulsion’ mechanism describes motor propulsion via the asymmetric
release of oxygen bubbles from the platinum surface. Platinum decomposes hydrogen
peroxide to release water and oxygen, but instead of oxygen dissolution, oxygen bubbles
grow from the surface of the platinum and eventually break-free due to buoyancy force
(see Figure 4A).*® Water quickly enters the space that the oxygen bubble once occupied and
this flow of water is the force responsible for the propulsion of the object.46 Interestingly in
contrast with other proposed propulsion mechanisms, the direction of motion, due to local
oxygen bubble production is towards the gold segment of the rod. The reason as to why, in
some cases, oxygen bubbles form preferentially (rather than dissolve) resulting in
propulsion towards the gold end, is unclear. However it can be hypothesised that there is a
relationship between the direction of motion and the catalytic conversion rate. Higher
catalytic conversion will produce oxygen at a faster rate on the platinum surface. This
oxygen may not be able to fully dissolve but instead forms into bubbles. As the bubbles
grow and subsequently break free from the surface, the detachment process generates
enough force to propel the rod towards the gold segment, overcoming any interfacial or

electrochemical effects.

Further investigation is required to determine the distinguishing factors affecting whether
oxygen dissolves or forms bubbles at the platinum surface, giving an insight into how to
control which propulsion mechanism will dominate. More of a challenge however, is
distinguishing between interfacial and electrochemical propulsion, where perhaps the

propulsion observed is in fact a combination of more than one mechanism.

2.2.1.3. Designing a bimetallic rod system

The design of a bimetallic rod system is not confined to gold and platinum, other
combinations of metals have been investigated, including Pt, Pd, Ni, Au, Ru and Rh.* In this
investigation, fifteen combinations of bimetallic nanorods were studied and the predicted
direction of motion was confirmed for each. It was found that rotational and translational
motion could be achieved by all bimetallic combinations, where rotational motion was only
observed for motors with extra asymmetry. Measuring the potential difference between

the two metals within the rods revealed that a greater potential difference results in faster
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motor speed. The direction of propulsion of a bimetallic rod relies on the combination of

metals due to the flow of electrons, protons and water.

Other fuel systems have also been investigated with catalytic platinum/copper bimetallic
motors, in motility media containing bromine or iodine. Copper acts as an anode and the
platinum end catalytically reduces the halogen fuel. Propulsion occurs via an
electrochemical mechanism, due to redox reactions occurring at each end of the rod.
Directionality in this case was towards the copper section and motors were observed to
move faster in |, compared with the same concentration of Br,, with speeds of 12 and 7
um/s, respectively. The motor’s lifetime in this case is limited due to the copper segment

being consumed during propulsion.”’

Improved speeds are achieved by incorporating carbon nanotubes into the platinum
section of a Pt/Au nanorod via electrodeposition (see Table 1 entry 3).**> The added CNTs
assist in the redox reactions resulting in an increase in the average speed of the motor from
7.2 um/s to 51 um/s (based on approximately 50 nanorods). The reason for this is still
unknown, but could be due to a supply of additional electrons by CNTs. Speeds can be
accelerated further by the fuel additive hydrazine, which speeds up the oxygen reduction

33,48,49

reaction at the gold segment. It has also been shown that hydrazine is decomposed in

3330 According to example

the presence of hydrogen peroxide at a catalytic carbon surface.
trajectories of nanorods and accelerated nanorods containing CNTs, bursts of linear motion

along with changes in direction is observed.

These highly accelerated artificial motors can exceed the speed of most biological motors
and motors not containing CNTs, with motion occurring towards the platinum region as
seen with previous electrochemically propelled Pt/Au examples. The driving force for
motion of the CNT-Pt/Au motors is thought to be via electrochemical propulsion (explained

in section 2.2.1.2.1).*

2.2.1.4. Controlling directionality

In the previous motor examples, although they are directional to a certain extent, (i.e.
towards one end of the rod), different motors still move in different directions, since their

individual orientations at any moment is random. Sen and Velegol report the first artificial
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chemotaxis of platinum-gold rods in hydrogen peroxide (see Table 1 entry 2).>* Chemotaxis
is a term usually used to describe the movement of a living organism, towards or away from
a local chemical stimulus. Here the movement of the Pt/Au rods can be compared to
biological systems which move according to chemical gradients, despite the two systems
being completely different. The fuel in this study is localised within a hydrogel ‘depot’
allowing it to diffuse from the gel into the surrounding solution generating a fuel
concentration gradient. The fluid immediately surrounding the ‘depot’ will have the
greatest concentration of H,0,, and at increasing distances from the gel the fuel
concentration decreases. Diffusion of the fuel from the gel was estimated using diffusion
theory. The rods actively diffuse towards higher concentrations of hydrogen peroxide along
a fuel concentration gradient towards the hydrogel. The ‘chemotaxis’ exhibited by the rods
is attributable to a combination of electrochemical propulsion and Brownian rotation giving
the movement a random walk appearance (a combination of directed and random

fluctuations). Other motors have also been reported to exhibit ‘chemotaxis’ behaviour.”**

2.2.1.4.1. Spherical Janus Particles

Spherical catalytic motors can be produced by asymmetrically coating spherical objects on
one hemisphere, in this case with a catalyst/metal (sometimes referred to as Janus
particles). Gibbs and Zhao report propulsion of spherical particles by the oxygen bubble
propulsion mechanism described in section 2.2.1.2.3 (see Table 1 entry 7).”° This system
utilises the well-studied hydrogen peroxide/platinum system but instead of a bimetallic rod,
oxygen bubbles develop from the surface of the spherical silica/Pt colloidal particles. In the
same way that bimetallic rods are propelled, bubbles form on the catalytic (Pt) surface until
they break free, driving the particles away from the platinum region. The speed of the
motor is dependent on the concentration of fuel and it is reported that the propulsion of
the particle is influenced by the surface tension of the motility medium, demonstrated by

the addition of varying amounts of sodium dodecyl sulfate (SDS).

Howse et al. report the motion of polystyrene spheres, coated with platinum on one
hemisphere.® As observed with other Pt/H,0, systems, the hydrogen peroxide is
decomposed by the platinum face of the sphere. For individual spheres, ballistic (straight
line) motion is observed, but at longer times the directional motion reverts to a more
diffusive random motion with changes in direction, referred to as a ‘random walk’, as

discussed in chapter 1.1, due to perception of time compared to rotational time, 1z (see
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equation 5). The characteristics of this system’s motion can be compared to the ‘run and

tumble’ motion displayed by some types of bacteria.’

Other spherical Al-Ga and Mg based Janus motors have been fuelled by water® and sea
water,”* respectively. Propulsion is achieved by the breakdown of the water at a catalytic

surface, generating hydrogen bubbles.

2.2.1.4.2. Laser/light driven motion

Not all gradient driven motion is generated by chemical gradients; light gradients or light

induced chemical gradients can also be employed to promote motor motion.***%>>"’

Velegol, Sen and co-workers investigated photocatalytic spherical micro-motors driven by
an asymmetric gradient of light (see Table 1 entry 5).°® A number of spherical particles, and
sometimes Janus particles®® have been functionalised by photo responsive moieties, for
example azobenzene.”’ Other approaches use light responsive catalysts to produce a
chemical gradient. One example involves a catalytic silver/hydrogen peroxide system,
where instead of the decomposition of H,0, by Pt, UV light initiates a photolysis reaction
with silver, producing Ag® and OOH ions, which in turn creates a chemical gradient.
Propulsion is said to be via a self-diffusiophoresis mechanism, whereby the particles move

away from the generated ion gradient created by UV illumination.>®

2.2.1.4.3. Hollow tubular motors
A popular design employed by a number of research groups is a hollow tube-shaped

13,17, 18, 19, 20, 21, 22, 32
motor.

This type of motor contains the catalytic surface on the interior of
a tubular support. In fuel rich environments, catalytic reaction products produced inside the
tube, are released asymmetrically as fuel is taken in from one end, bubbles evolve from the

other, resulting in propulsion of the motor.

Several examples report catalytic Pt on the inner surface of the tube; titanium on the outer

25,26,27,28

surface and an intermediate layer of either Cr, Co or Fe. Other designs incorporate

an inner catalytic surface with thermoresponsive polymeric tubes, which roll and unroll

** Many tubular motors are propelled at the air-liquid

with changes in temperature.
interface of the motility medium containing H,0, fuel, due to buoyancy created by oxygen

bubbles.” The intermediate layer can be useful for directional control by incorporating Co
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and Fe; the motors can be magnetically controlled, with added guidance employed by using
micro-channels.? In addition tubular motors are capable of transporting polymer beads as

model cargo.”®

2.2.1.4.4. Conical motors

Bimetallic conical motors function in a similar way to the tubular motors, such that there is
a catalytic inner surface for example Pt. Conical-shaped (rather than tubular) motors have
been designed to direct catalytic products produced on the inner surface, to emerge from
only one end, due to a shape and pressure difference within the conical motor.”*° The
motors move via the oxygen bubble propulsion mechanism where bubbles are released
from the larger opening. It is thought that the size of the larger end of the cone affects the
overall speed of the motor, where smaller openings lead to decreased speeds.’® An
intermediate magnetic layer, such as nickel can be incorporated between the inner and

outer surfaces for added control, and to aid in the loading and transportation of cargo.”
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Table 1 — Summary of artificial catalytic motors propelled via gradient generation. *ROMP — ring
opening metathesis polymerisation (see section 2.2.1.5).

Size (um) Average
Description Length/ Asymmetry | Catalysis Fuel Speed Reference
diameter (um/s)
1 | Au/Ptrods | 1000/370 Half Pt Decomp. H,0, ~10.0 Paxton®
of H,0,
2 | AufPtrods | 2/0.37 Half Pt Decomp. H,0, 0.1-0.6 Hong™
of H,0,
Au/CNT- Decomp. 50.0- 33
3 Ptrods 2/0.22 Half Pt of H,0, H,0, 60.0 Laocharoensuk
4 | Au/Ptrods 2/0.37 Half Pt Decomp. H,0, 2.0-30.0 Moran®2
of H,0,
Photolysis
. reaction
I R R e O I O
P J Ag and
HZOZ
Polystyrene- Decomp. - 6
6 | “prspheres NA/1 Half Pt of H,0, H,0, 0.5-3.0 Howse
SiO,-Pt Half coated Decomp. - 20
7 sphares NA/2.01 - of H,0, H,0, 1.0-6.0 Zhao
Au/SiO,- Hemisphere 0.24-
8 Grubbs' NA/0.96 coated in ROMP* Norborene 031 Pavlick™
spheres catalyst ’
Pt/Ni/Au/Ni . Decomp. - .40
9 /AU rods 1.5/0.4 Terminal Pt of H,0, H,0, 2.4-3.1 Kline
Au/Ni/Au/Pt 2/cargo ) Decomp. . a3
10 CNT 13443 Terminal Pt of H,0, H,0, 4.0-15.0 Burdick
O, released
Ti/Fe/Pt 50/cargo from one Decomp. 21
11 tubes 10-15 terminal of of H,0, H0, 60.0 Sanchez
tube
PE-NP ves:\iﬁa/s 1 non- Decomp
- . , . 60
12 5:;::5 25, (Pt unclic;l;ri: Pt of H,0, H,0, 2.5-3.0 Kumar
NPs 9nm) &
Pt
decomp.
Pt/Ni/Au- of H,0,
13 |  AgHRP 0.25/NA | Terminal Pt and H;Siznizd ~12.0 Manesh®!
wires polymeris
ation by
HRP

2.2.1.5. Other examples of artificial catalytic propulsion

A current hot topic of research is the fabrication of simple, artificial cell mimics. These must
include features such as a permeable wall, fibrous skeletal interior and a means of
movement. Kumar et al. report propulsion of self-assembled spherical vesicles, by catalytic
Pt on the surface of the ‘protocell’ (see Table 1 entry 12).%°° As seen with previous artificial

systems, hydrogen peroxide fuel is decomposed by Pt, and directed propulsion results via a
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diffusion gradient mechanism. This simple system is a step closer to mimicking the complex
structure of living cells using artificial Pt catalysis as a means of propulsion; however this is

very different to cell locomotion mechanisms such as actin polymerisation.

The skeletal interior is achieved by the biocatalytic self-assembly of the amino acid
derivative, Fmoc-phospho-tyrosine, into fibres by dephosphorylation using alkaline
phosphatase. (This self-assembling system has been reported previously®?). The resulting
fibre network, which forms within the vesicle, is a simple mimic of the cell’s cytoskeleton.
More simplified versions were reported for hollow capsules partially coated in platinum

nanoparticles®® and platinum loaded stomatocytes.**

The vast majority of catalytic-gradient propelled motors rely on the H,0,/Pt catalysis
combination, however not all gradient propulsion mechanisms involve the decomposition
of hydrogen peroxide. A simple and artificial mimic to actin polymerisation-based
propulsion has recently been accomplished by Sen et al. (see Table 1 entry 8).°' This
example illustrates the first polymerisation powered micro-motor reported outside
biological systems. The motor is a Janus particle, half coated with Grubbs’ catalyst, which is
propelled by the generation of a fuel/product concentration gradient. The catalytic
polymerisation reaction involves ring-opening metathesis polymerisation (ROMP) of the
monomeric fuel norborene. A similar ROMP propulsion method has also been employed
recently for the motion of molecular nanosized ‘cars’.®® The propulsion mechanism is
thought to be due to osmophoresis, in which the substrate is catalysed to polymerize on
one hemisphere of the particle. The polymer product is ‘released’, creating an osmotic
force on the particle, leading to a net flow of the fluid from the uncoated-hemisphere.
Unexpectedly, the particle is thought to move in the direction of polymerisation, opposite
to fluid flow. The polymerisation-powered motor also shows chemotaxis, similar to the
previously mentioned example by Sen and Velegol.>* Motors show an increase in
aggregation or motion towards an acrylamide gel ‘depot’ containing the monomer fuel
norborene. Motors move along a concentration gradient of norborene, caused by the fuel
leaching from the gel. The diffusion rate is shown to increase as the motors move along the

gradient towards increasing norborene concentration.

Depolymerisation reactions have also been reported for the propulsion of micromotors,

thought to be due to depolymerisation products inducing a surface tension gradient.®®
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2.2.1.6. Controlling speed

Artificial catalytic motor speed can be controlled in a number of ways such as increasing the

12,16,17,21,22,25,38,39 28,67

fuel concentration, increasing temperature or by the presence of

additives e.g. hydrazine®**? or surfactant.?%*%%°

Other speed control measures involve the
overall design of the motor such as the size and shape; and also the location and type of
catalyst used. An investigation into the relationship between motor speed of bimetallic
Au/Ni nanorods and catalytic surface area was reported in 2009 by Ozin and co-workers.*” A
larger surface area was found to promote accelerated decomposition of fuel, resulting in

greater motor speeds. By controlling the motor catalytic surface roughness, the overall

speed of the resulting nanomotor can, in turn, be controlled.

Studies of spherical Janus particles, have shown that by altering the platinum overlap of
Pt/Au coated spheres, the motor speed was affected.> Motors with larger gold surface
areas resulted in greater motor speeds. The motors are thought to be propelled via
electrochemical propulsion mechanism but only when the gold and platinum surfaces are in

contact with each other, in the presence of fuel.

2.2.1.6.1. External speed control

Externally controlling the speed of nanomotors involves methods which affect the speed
indirectly for, in some cases, a more precise speed control without the need for an inbuilt
mechanism such as chemical fuel. For example Wang et al. report electrochemical speed
control of Pt/Au nano-motor motion in hydrogen peroxide fuel.** An ‘on/off switch
mechanism was incorporated by alternating the applied potential where increased motor
velocities are experienced when the system is switched ‘on’ i.e. a negative potential
(compared to when switched ‘off’ where motion is due to Brownian fluctuations only).
Enhanced speed caused by a more negative potential, is thought to be due to the reduction
of oxygen. This effect can be explained for the interfacial tension gradient propulsion
mechanism where at positive potential, the concentration of oxygen is high causing the
hydrogen peroxide concentration gradient at the platinum segment to decrease, in turn
reducing the overall speed of the motor. The opposite effect is seen at a negative potential,
as a low oxygen concentration results therefore the fuel concentration gradient and the

motor speed are increased.*
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Similar ‘on/off’ behaviour was reported for bimetallic rods, in which increasing the solution
temperature resulted in acceleration of the nanorod.®” Thermal pulsing (increasing and
decreasing motility medium temperature) is thought to cause rod acceleration at higher
temperatures e.g. 65°C, due to a combination of decreased water viscosity and an

increased rate of electrochemical reactions occurring.

2.2.1.7. Other applications

The examples above display enhanced motion compared to Brownian diffusion, however
most systems lack a precise means of controlling directionality, which is key in developing
motors for example that can transport cargo to specific locations. As touched upon briefly,
one method of externally controlling the direction the motor travels, is the introduction of

26,29,40,68-70

a magnetic component into the motor design, which can be further applied for

26,29,71

pick-up and transportation of cargo. Other methods of motor control include using

ultrasound for propulsion.”

For magnetically controlled motion, the design of the catalytic motor encompasses
ferromagnetic regions by layering between the catalytic surface metals. For example, multi-
metallic striped rods or tubes composed of layers of Pt, Ni or Fe and Au/Ti are catalytically
propelled by the decomposition of hydrogen peroxide, and directional control is achieved

magnetically.”**%*

When a magnetic field is applied to the rods, most align themselves with
the catalyst end forward and in a perpendicular manner to the field, thought to be a similar
mechanism used by magnetotactic bacteria.’””®> Added control can be employed with the

use of microfluidic channels in addition to magnetic guidance.

One magnetically controlled motor, uses a nanoparticle self-assembly method resulting in a

motor with both catalytic Pt and ferromagnetic nanoparticles.®®

Besides transportation applications, motors can potentially be used to perform specific

. . 1
%> and nano-motor writing on microsurfaces.®® Enzyme-

tasks such as drug delivery
functionalised Pt/Ni/Au-Ag nano-wires are capable of ‘writing’ on gold surfaces via an
enzymatic polymerisation reaction. Under external magnetic control, the enzyme facilitates
the polymerisation of aniline in the presence of hydrogen peroxide, which is deposited or
‘written” on a gold microsurface. This nanomotor is primarily propelled by the

decomposition of hydrogen peroxide fuel via the platinum present within the nanowire;

however the enzymatic polymerisation reaction, involving horseradish peroxidase (HRP),
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may also have an effect on the motion of the overall system and should also be taken into

account.

2.2.1.8. Summary

By far the most studied artificial catalytic motors, involve platinum catalysis of hydrogen
peroxide fuel with three main propulsion mechanisms being reported: surface tension
gradient, electrochemical and oxygen bubble propulsion. It is clear there is still some
debate as to which mechanism best describes the platinum catalysed motor motion, and
perhaps it is not as simple as there being only one explanation. It is more likely that the
propulsion mechanism of these systems is more complex and involves a combination of
forces and effects and depending on the experimental conditions; one mechanism may be

more prevalent.

Controlled directionality, surface writing and transportation of simple motors has been
illustrated by the addition of ferromagnetic components to allow for magnetic guidance,
cargo pick-up, transportation and specific release of cargo such as artificial particles and
even biological cells. These systems have the potential for nano-scale transportation in vivo,
however much work is still needed to ensure they are not only biocompatible but the

propulsion mechanism is fully controllable and well understood.

More complex systems aim to mimic highly efficient biological motility, as seen above with
the simple-cell mimic that was achieved by the formation of fibre-containing vesicles. The
vesicles are essentially much simplified versions of biological cells containing cytoskeletal-
like fibre networks enclosed in a permeable membrane. The means of movement however,
is far from biological cell locomotion. Controlled, directional and localised fibre growth or
extension, as opposed to platinum-based catalysis to achieve motion, would bring this
motor closer to a simple cell-mimic. All in all, the advances show a promising way forward

for the fabrication of simple and controllable colloidal motors.

2.3. Making use of Biology for motion

Biohybrid motors make use of highly efficient biological catalysts such as enzymes, for the
propulsion of simple artificial objects, towards the construction of biocatalytic analogues of
artificial catalytic motors reviewed above. (Bio-) catalysts offer an accelerated pathway

from reactants to products, with lowered activation energies, for example it is thought that
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the decomposition of hydrogen peroxide occurs at lower activation energy with the
biological catalyst catalase, compared to catalytic metals such as platinum.”® The
comparable decomposition rates are dependent on type of catalase and concentration of
catalysts used.”” In most cases the biocatalytic motors are propelled by asymmetric
distribution of an enzyme, for the catalysis of a reaction, which in turn generates the
release of products from near the surface of the motor, resulting in overall propulsion of an

object.

2.3.1. Bioelectrochemical propulsion

Bioelectrochemical propulsion of carbon fibres containing a glucose oxidizing anode and an
oxygen reducing cathode was reported by Mano and Heller.* As current flows through the
fibre, ions are transported resulting in motor movement at the air-water interface (see
Table 2 entry 1).The design of the fibre includes a hydrophobic section to allow it to float at
the air/water interface; and hydrophilic electrode segments for contact with the electrolytic
solution (see Figure 5). Glucose oxidase is coated onto one end of the wire for the oxidation
of glucose, and on the other end of the fibre oxygen is reduced by the enzyme bilirubin
oxidase (BOD). The propulsion mechanism can be explained using the electrochemical
mechanism, in which electrons, protons and fluid flow are in the direction of anode (GOx)
to cathode (BOD) resulting in motion of the fibre in the opposite direction towards the
anode. The ratio of each enzyme can be optimised to control the motion, for example a
small excess of glucose oxidase resulted in a spiral trajectory whereas a large excess

produced rotational motion.

Direction of motion

A\ 4

H,0 20t D-glucose

Electrolyte

Figure 5 - Carbon fibre with GOx and BOD attached in addition of redox polymers | and Il
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2.3.1.1. Enzymatic oxygen bubble propulsion

The enzymes catalase and glucose oxidase were attached covalently to carbon nanotubes
resulting in autonomous propulsion of the motor, in aqueous glucose fuel.* This biohybrid
motor involves a similar mechanism to platinum based catalytic motors reviewed in

previous sections,!®336278-80

The primary fuel, glucose, is enzymatically converted to
hydrogen peroxide, which is then finally decomposed by catalase resulting in propulsion of
the nanotubes (see Figure 6). Breaking down the concerted enzymatic reaction, first of all
the glucose oxidase facilitates the conversion of glucose to gluconolacton and molecular
oxygen, producing hydrogen peroxide. The catalase then decomposes the hydrogen
peroxide into water and oxygen which forms bubbles (rather than dissolution). The latter
stage is analogous to oxygen bubble propelled platinum based motors seen in previous
examples (shown in Table 1). The multi-walled carbon nanotubes (MWNTSs) tend to bundle
together and the resulting aggregates are propelled at various velocities (see Table 2 entry
2) depending on the size of aggregate formed. Motor movement and directionality is

dependent on the nanotube aggregation size and shape formed, however there appears to

be no control measure in place for the aggregation process.

Oxygen bubble propulsion

Glucose H,0; H,0 + 0,
GOx catalase
MWNT

Direction of motion

Figure 6 - GOx and catalase attached to multi-walled carbon nanotubes (MWNTs) for oxygen bubble
propulsion.

Schmidt et al. published work on biocatalytic micro-motors composed of hollow tubes (see

Table 2 entry 3),** similar to the above mentioned artificial catalytic tubular motor by
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Sanchez.?! Instead of the interior surface of the rolled up Ti/Au tube being platinum based,
this motor contains the enzyme catalase (see Figure 7). When placed in aqueous hydrogen
peroxide, catalase produces oxygen bubbles which emerge from the tube’s opening, as
with the platinum example. The release of the oxygen bubbles applies a viscous drag force
resulting in propulsion of the micro-motors at the air-water interface. Changes in direction
and circular motion are induced by torque produced by the growth and release of the

oxygen bubbles.

Oxygen Bubble Propulsion

Figure 7 - Ti/Au rolled up tubes with an inner SAM for catalase attachment.

Systems which use biocompatible components such as enzymes are desirable for many
applications including in vivo transportation. One such application reports the detection of
aqueous pollutants using conical catalase micromotors (Table 2 entry 4).2' In a polluted
environment, catalase is inhibited resulting in reduced release of oxygen bubbles and hence

slower motion.

Making use of biological catalysis to produce biohybrid motors, could lead to more effective
motors. However it is clear from the smaller number of reported biohybrid motors, that

there is much room for expansion and improvement on the already reported systems.
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Table 2 — Summary of motors which make use of biological catalysts for motion.

Size (km) Average
Description Length/ Asymmetry Catalysis Fuel & Reference
. Speed
Diameter
Different oii?i?(s;s
GOx-Fibre- 0.5-1 enzyme on Glucose o
BOD m/7 each glucose, BOD (and 0,) 1cm/s Mano
. —reduces
terminal
oxygen
GOx —
Catalase- Localised OI):S(IJSsees
! Various release of O, g ’ Glucose 0.2-0.8 cm/s | Pantarotto™
GOx-CNT catalase —
bubbles
decomposes
H,0,
Ti/Au- 0, bubbles
Catalase 50/NA emerge from Decomp. of H,0, 167.4 um/s Sanchez™
H,0, (max)
tubes one end
Catalase- O, bubbles Decomo. of
Au/(PEDOT) 2/NA emerge from H Op. H,0, Various Wang®!
conical tubes one end 2-2

2.3.2. Making use of biological polymerisation for motion

The actin polymerisation-driven motion of bacterial cells has inspired many groups to
investigate actin polymerisation for the propulsion of artificial objects. This section will
briefly describe some key examples of artificial objects being propelled by actin
polymerisation — termed as actin ‘swimmers’. The polymerisation reaction occurring
generates a monomer/product gradient and propulsive force on the object. Most of the
studies published on actin ‘swimmers’ are aimed at gaining more knowledge of
physiological actin polymerisation, rather than designing a novel motor powered by
polymerisation; however as shown with artificial polymerisation powered motors this type
of propulsion is effective at transporting artificial objects (see section 2.1 for actin-

polymerisation description).

2.3.2.1. Actin ‘swimmer’ biological components

Actin cell motility relies on a number of proteins being present at localised regions on the
surface of the cell. In addition pathogens are known to enter host cells and promote actin
polymerisation at the cell’s surface for motion.®? The mechanism of actin polymerisation

within certain cells is thought to rely on the protein family WASP (Wiskott-Aldrich
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syndrome protein) for the activation of the Arp2/3 complex, which subsequently catalyses

828 There are also WASP mimics such as the protein ActA.*”

the growth of an actin filament.
In addition the pathogen Rickettsia promotes actin polymerisation by the protein RickA.*
Physiological actin motility requires a complex protein cocktail in order for the nucleating
protein to function correctly and for the regulation of other processes including capping;
promotion of depolymerisation and cross-linking. In order to replicate or mimic biological
actin-driven motility, the motility medium must contain the most essential proteins; by

either making use of cell extracts which already contain these proteins or determining the

proteins required, isolating them and combining, to replicate a cell extract.

2.3.2.2. Asymmetry

One of the key features with actin polymerisation-powered motors is that asymmetry
required for propulsion occurs spontaneously from an initially symmetrical motor. Upon
addition of a symmetrically nucleating protein-coated object, to a medium containing
fluorescently labelled actin monomers, actin polymerisation occurs around the entire
surface of the object. A fluorescent ‘cloud’ is observed which also grows symmetrically to a
given thickness, over a given period of time, depending on a number of factors. These
factors may include surface density of active protein, actin monomer concentration or the
size of the object being propelled. The development of the initial actin cloud is then
followed by a spontaneous symmetry breakage and the formation of an asymmetric tail
shaped extension of actin filaments (see Figure 8 overleaf). The reason why symmetry
breakage occurs on a symmetrically coated sphere is unclear, but could be due to a small
defect on the particle surface or slightly more monomers adding to one side of the particle
over time. This asymmetric distribution of actin polymerisation near to (or on) the surface
of the object drives it forward in the direction away from polymerisation (without actin tail
formation the object exhibits Brownian motion). The direction of movement contradicts

! It may be important to

that of the artificial polymerising motors reported by Sen.
determine how and where the monomers in each case add to the polymer to attribute how

directionality is achieved.
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Directed motion

o

Figure 8 - Actin ‘swimmer’ mechanism. (A) Artificial object/bead (green) coated uniformly with an
actin polymerisation-promoting protein in a solution containing G-actin monomers (purple). (B) Actin
polymerisation begins to occur (in the presence of ATP) uniformly around the bead surface forming
an actin ‘cloud’. (C) Symmetry breakage occurs. (D) Actin tail formation begins to propel the bead
away from polymerisation. This shows a very simplified representation of the process, where
molecular detail is not included as this varies depending on the polymerisation promoting protein
used.

One of the first artificial objects driven by actin polymerisation was reported in 1999 by
Theriot et al® The study involved symmetrically coating beads (0.5um i.d.) and
asymmetrically coating larger micro-beads (1um i.d.), with the protein ActA. Larger beads
were only driven when an asymmetrical coating was employed with speeds comparable to
that of the bacterial cell L. monocytogenes® (see Table 3 entry 1). Symmetrically coated
beads exhibit Brownian motion until symmetry breakage occurs, caused by actin tail
formation; therefore promoting directed motion, in the opposite direction of the comet
tail. This study confirmed that initial asymmetry of the nucleating protein was not essential
for polymerisation driven directional motion of small beads but by introducing an

asymmetric distribution of ActA on the motor, enhanced speeds can be achieved and larger

beads can be propelled.

The symmetry breakage stage was studied further using polystyrene beads coated

83,85

uniformly with the active region of the WASP protein family (see Table 3). Results
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showed actin ‘cloud formation’,?® followed by initial signs of symmetry breakage made
apparent by a small ‘hole’ forming in the actin cloud. The ‘hole’ increases in size until it is
large enough for the bead to move through it. The study also showed that actin cloud size

and the time taken for symmetry to be disrupted were related to the size of the bead.

Schwartz et al. take a slightly different approach to actin polymerisation propulsion, rather
than spheres, they uniformly coated both sides of polystyrene disks with ActA (see Table 3
entry 4)."* As observed with the spherical objects, areas of actin polymerisation initially
develop around the entire ActA coated disk and eventually form into two elastic tails on
either side of the disk (flat regions only). It is also reported that flat disks can achieve
enhanced velocities compared with curved or spherical beads, possibly due to the dual tail
formation working cooperatively to push the disc, in the direction away from actin

polymerisation.'™®’

A simulated model representing disks asymmetrically coated with the Arp2/3complex on
only one side has been studied.’ In this model actin filaments grow exclusively on the side
with the activated polymerisation-promoting protein, resulting in asymmetric
polymerisation which pushes the disk away from the growing polymer as seen

experimentally with previous examples.

2.3.2.3. Controlling actin tail formation

A study was performed in 2010 by Kang et al. which showed that actin polymerisation could
be controlled by the addition of bovine serum albumin (BSA) and/or ADF/cofilin (see Table
3 entry 3).% Polystyrene beads were coated uniformly with the actin nucleating protein
VCA. The additive BSA functioned to prevent unwanted adsorption of proteins, in particular
monomeric actin. ADF (actin depolymerising factor) was added to promote actin
depolymerisation, in turn supplying more monomers into the surrounding solution

available to take part in polymerisation.

2.3.2.4. Liposome-cargo transportation

Actin polymerisation can be employed for the transportation of cargo, for example ARF1-
mediated actin-polymerisation has been shown to transport vesicles (see Table 3 entry 6).”
ARF1 (ADP-ribosylation factor 1) is a guanosine-5'-triphosphate (GTP) binding protein,

involved in a cascade of reactions leading to the promotion of actin polymerisation.
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Artificial liposomes bound with ARF1 were prepared as simple vesicle mimics and in motility
medium, actin clouds were observed around the liposome, increasing in thickness over
time, as seen previously with bead motility examples. ‘Cloud’ formation was followed by
either collapse of the liposome or actin tail formation, only resulting in movement in the
latter case. Only liposomes that were less than two micrometres in size exhibited actin tails
and motion, therefore the ability to control the size of the liposome is a key factor for

achieving motility.”

Table 3 — Summary of actin ‘swimmers’. In all cases the catalysis is the hydrolysis of ATP

and actin polymerisation, with ATP and G-actin monomers as fuel molecules.

I Size Average Speed
Description (um i.d.) Asymmetry (um/min) Reference
ActA coated Asymmetric
| 1 . &
polystyrene ActA coating 6.00 Cameron
beads
VCA coated Asymmetric
polystyrene 6 actin tail 0.50 van der Gucht®®
beads formation
VCA coated Asymmetric
polystyrene land2 actin tail 0.086 Kang85
beads formation
Asymmetric
ActA .coated > (0'.8 Hm actin tail 0.37 Schwartz"'
disks thick) .
formation
Asymmetric
WASP coated ! actin tail 0.20 Yarar®®
beads .
formation
Asymmetric
ARF1
Foated 1-20 actin tail 0.52 Heuvingh79
vesicles -
formation
A -
RickA coated syn?met'rlc 3.20 82
0.5 actin tail Jeng
beads .
formation
Asymmetric
ActA coated Van
0.5 tin tail 7.20
beads actin .al Oudenaarden®
formation
2.3.2.,5. Summary

In summary, the examples described above have proved that artificial objects can be
successfully propelled, making use of biological actin-polymerisation. There are many

theories proposed for the actin-based propulsion mechanism but here the propulsion is
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classified as a gradient induced mechanism. As the monomer is converted to polymer, the
area directly surrounding the surface of the ‘motor’ contains an immediately high
concentration of monomer, which decreases along the length of the resulting actin tail.
Actin ‘swimmers’ make use of a variety of polymerisation promoting proteins which have
comparable mechanisms and speeds. Interestingly, the need for the motor to initially be
asymmetric, seen for some artificial and biohybrid motor systems, is not crucial for actin
polymerisation-driven motility. Asymmetry or symmetry breakage is however important for
the overall motility of the object, where actin tail formation acts as the trigger to the
motion. As mentioned previously, these studies were aimed at understanding actin
polymerisation further and the focus was not on polymerisation powered motion. Perhaps
if this was the primary goal, actin ‘swimmers’ could be engineered to be highly efficient
with improved ‘swimming’ speeds, making use of the most optimal actin-polymerising

proteins and additives.

2.3.3. Rotational movement

For the scope of this review, the focus is on directional ballistic motion, therefore rotational
motion will only be briefly discussed with the use of key examples of artificial and biohybrid

rotary systems (see Table 4).

As demonstrated in the previous section, a number of micro- and nano-motors aim to
achieve linear motion, however a number of recent efforts have been inspired by nature’s
rotary motors, such as ATPase. The process of rotation involves the circular movement of
an object about a fixed point or axis where rotational motion occurs preferentially over
translational motion, for objects which have extra built in asymmetry within their design.
Research groups have successfully reported rotary motion by purely artificial means. There
are a variety of ways to design artificial catalytically driven motors with additional

asymmetry and hence rotational motion, such as bimetallic rods,® spherical rotational

90, 78 92,93

motors, L- or spring shaped rotors,” and multi-metallic rods.

Generally clock-wise and anti-clockwise rotation is reported with no apparent control over

the direction®°*%

and for one example rotary motion is only observed in viscous solutions

such as glycerol.”® In most cases motors are not restricted to rotational motion but
. . . . 1 .

translational, circular and ‘rolling’ motion have also been reported. 08991 Eyrther to this,

and depending on the motor shape, rotationally induced translational motion is possible.
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As with translational motors, external control can be accomplished magnetically by an

99 In one case a silica helix is coated

added ferromagnetic layer within the motor design.
with cobalt and by applying a magnetic field rotation occurs, resulting in rotationally

induced translational motion.**

Ferromagnetic nickel nanowires are capable of magnetically induced rotational (and in turn
translational) motion, when the motor comes into close proximity with a vertical
boundary.” Cargo pick-up and transportation is also possible through magnetic control of

Ni nanowires.**

Table 4 — Summary of artificial rotary motors. All examples catalyse the decomposition of hydrogen

peroxide.
e Size (um) Average
D A Ref
escription Length/ diameter symmetry speed (rad/s) eference
1 Mn catalytic rotor on SiO, NA/80 Local O, b‘ubble 1.55 x107 Vicario™
spheres formation
. Ni at one Fournier-
2 Au/Ni rods 2.5/NA terminus 1.5 Bidoz®
A il half
3 Au-Pt rods 5/0.36 u/Cr bilayer ha 2.5 Qin®
coating rod
Half of sphere %0
4 Pt-polystyrene spheres NA/2 coated with Pt 0-1.3 Ebbens
5 SI/.Pt and Si/Ag rod, L- and Various Asymmgtrlc Pt Various el
spring- shaped nanomotors coating
Half coated in
6 | Au-Rurods coated in trilayer 3.5/NA trilayer with Pt 18.8 Wang®
outer surface

An alternative approach to mimicking biological rotational motion is to make use of
biological motors capable of producing rotary torque. The rotary motor ATPase is an
enzyme that hydrolyses ATP in living organisms. Hydrolysis of three ATP molecules by the
enzyme generates a net torque to drive rotation. ATPase has been attached to artificial
objects to gain knowledge of the rotational motion under physiological conditions,*®® but
for the purposes of this review they are classified for their use in rotational propulsion of

artificial objects.

2.3.3.1. Summary

It is clear from the above examples that it is challenging to control whether rotational or

translational motion occurs, especially for motors that are not anchored to a stator or

50




surface. In many cases both types of movement can be achieved by applying different
conditions, for example increasing the solution viscosity or allowing aggregation of the
motors. Other motors exhibit motion somewhere in between or a combination of
rotational and translational i.e. ‘tumbling’ or rotary induced translation motion.” The key
factor in ensuring rotary motion is the structural asymmetry of the object being propelled.
The motor must be fabricated in a way to precisely control the asymmetry and the resulting

motion. Many of the rotational motors arise accidentally due to surface defects’®** or

%3 Other methods involve physically

interactions with other components in the system.
anchoring one section of the motor to a surface or designing the motor carefully to ensure

asymmetric distribution of reaction products.

Examples which take advantage of the biological rotary motor ATPase appear to have
exclusively rotational motion and in one of the previously mentioned examples, only one
direction of rotation is observed.” The built in biological design of the motor provides a

highly specific and efficient rotary torque to ensure controlled rotational motion.

2.4. Walkers

Walking motion is defined as a motor containing two or more ‘legs’ or appendages which
alternate for forward (or backward) motion. Ultimately biological motor proteins capable of
‘walking’ at the nanoscale have inspired artificial molecular walkers. Specific details of
walkers will not be described in this review, however for completeness molecular artificial
walkers are mentioned briefly with reference to recent papers and reviews in the

area .61,73,97

2.4.1. Making use of DNA for walking motion

Biology’s information carrying molecule, deoxyribonucleic acid (DNA), has been employed
for the development of biological molecular motors capable of walking motion. As a system
normally associated for carrying genetic information, many DNA walkers take advantage of
specific complementary base pairing, therefore using biological functionality not normally

used for motion in nature.

There are two major DNA walker systems reported in literature. The first involves the

walker molecule that is capable of cleaving sites on a DNA track via cleavage enzymes, %

forcing the walker onward to new sites.”®*°
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The second method, termed ‘strand displacement’, uses hybridisation of strands that are

not exactly complementary.'®%

By adding a strand with a better match, the first strand
will be displaced, leading to walking motion along a predetermined DNA sequence track.

The direction of motion can be controlled by altering the fuel strand that is added to the

106 107

system.™ Smart systems have been developed that are responsive to stimuli such as pH,

and DNA molecular walkers have even been employed for cargo transportation.™”’

2.4.2. Making use of motor proteins for walking motion

Directed walking motion along a surface has been studied with the use of biological motor
proteins and their corresponding self-assembled filamentous tracks (as discussed in section
2.1). The most commonly used pairs of motor proteins and filaments are the kinesin-

microtubule and myosin-actin systems.

In nature, motor proteins walk along the corresponding filaments in a directed fashion to
one end of the track and are capable of transporting vesicles along these tracks within
cells.’® A number of groups have taken advantage of this type of motion by immobilising
filaments (‘fixed filament’) onto a surface which motor proteins walk along using the

filaments as tracks.

Key

EEImEEED = Filament i.e. microtubule or actin

‘ = Bead or particle

Y = Motor protein i.e. kinesin or myosin

msssnd» = Direction of motion

Fixed-filament motility assay

Figure 9 — Walking motor protein/filament motility assay arrangements. (A) ‘Fixed protein’; for
example myosin is attached to a glass surface and actin filaments glide over in presence of ATP. (B)
‘Fixed filament’; e.g. actin filaments are fixed to the surface and an artificial object is coated with
myosin. When combined the object is transported along the length of the filament in the presence of
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ATP fuel. The direction of motion is dependent upon the motor protein and conditions used in each
individual assay.

Another, more popular method of motion along a surface turns the previous system around
and instead of immobilising the filaments the motor proteins are attached to the surface
(“fixed motor protein’). The filaments are then added to the system and glide along the

carpet of motor protein molecules.

Further studies have investigated not only the directed motion of the filaments but also
their ability to transport cargo. As a result many artificial objects including beads,'®
liposomes'® and quantum dots (QDs)"*° have been successfully transported either by the
motor proteins themselves or by being attached to the gliding filaments, depending on the
motility assay being used; ‘fixed filament’ or ‘fixed motor protein’ respectively (see Figure 9
on previous page). This review will describe examples of the myosin-actin systems only with
both ‘fixed-filament’ and ‘fixed-motor protein’ arrangements, first of all introducing the
general features of the devices. In addition there are a number of review papers

summarising motor protein in vitro motility assays for further information.*****?

2.4.2.1. Motility assay design

The general design of a motor protein motility assay involves making a simple flow cell
around the chosen motility surface, to which the motility medium is added which contains

essential components for motor protein function in an in vitro environment.’***** Other

109,115-117
Th

additives can be included to minimise photo-bleaching and photo-oxidation. e

most important addition to the motility buffer is the chemical fuel ATP which powers

. . . 11
motion and in some examples the fuel can be released in a controlled manner.*®

Another important aspect of the device is the underlying surface which can be

lithographically patterned with a variety of substances to create tracks for motor protein

113-115,119-121

guidance. Many groups have dedicated studies investigating the interactions

occurring between the motor protein and the surface to which it adsorbs (‘Fixed motor

122-124

protein’ arrangement). These studies have found that surface hydrophobicity is an

important factor for motor protein interaction, where a more hydrophobic surface
encourages adsorption. In most studies of actin-myosin motility assays, heavy meromyosin

114

(HMM) is used instead of the full motor molecule.”™ This molecule is simply the myosin
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125,126

head region minus the tail fragment. After motor protein adsorption to the substrate,

an inert protein such as casein or bovine serum albumin (BSA) is added to coat the free
surface, preventing unwanted adsorption of the filaments. Once the surface and motility

medium is prepared within a flow cell, the filaments can be added.

In order to visualise movement, filaments are usually labelled with a fluorescent tag for

113

imaging, for example actin labelled with rhodamine-phalloidin.”> Most studies record the

velocity of the filaments and gliding speeds have been shown to be dependent on fuel

127,128 112,128 128 109,119,128
pH, h

concentration, ionic strengt and temperature with speeds

ranging from a few tens of nanometres per second up to 20 um/s (see Table 5). Some

[ 118,119,129 130,131
’

devices incorporate elements of external control e.g. electrica and magnetic.
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Table 5 - Summary of myosin-actin motility assays.

ATP Speed Track
concentration Myosin Cargo Tracks/surface Width Reference
(mM) (rm/s) (nm)
1 Rabbit
1 0.5-1.3 skeletal None PTFE 10-100 |  Suzuki*®
HMM
2 HMM TMCS/0, plasma 150- 114
1 4.0-10.0 myosin Il None PMMA 500 Sundberg
3 7.5 0200 | Not stated None PMMA 1000 | Riveline®®
) 2 Z'i aSnd sizilaetjczl None ';i::/lspgg micro Jaber'™®
’ HMM /
> 1 4.0-5.0 HMM None PMMA 100- Bunk**°
myosin |l 700
6 Rabbit
Not stated 2.5-6.5 skeletal None SW_CNT/OPT or na.no- Byun121
HMM cysteamine micro
7 21.0, 49.0, .
500nM, 2 and 5 116.0 myosin V None N/A None Arsenault'®®
UM and X
(nm/s)
8 Rabbit Mihajlovic’11
Not stated 16.8 (max) skeletal None Nitrocellulose None 9
HMM
9 Rabbit
2 0-8.0 skeletal None Nitrocellulose None Gordon™*®
HMM
10 Rabbit Albet.
1 0-1.2 skeletal None Range of surfaces None Torres'?
HMM
11 Rabbit
2 0-3.3 skeletal None PMMA and AAPO None Nicolau™*
HMM
12 Rabbit
1 8.4 skeletal None graphene/Py-NH, None Byun118
HMM
13 Rabbit Nitrocellulose or 110
1 5.0-7.0 skeletal QD ™S None Mansson
HMM
14 HMM Liposomes oo
1.5 1.7-2.4 . and E.coli Nitrocellulose None Takatsuki
myosin Il
cells
2.4.2.2. Controlling motion and cargo transportation

The use of polymer patterned surfaces is employed to introduce an element of spatial

confinement within the motility assay, and offer a way of controlling walking or gliding

speeds.

113,114,115,120

Alternatively actin guidance can be accomplished using carbon nanotube

(CNT) patterned surfaces.’”! Actin filaments gliding in a controlled manner can then be
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employed to transport cargo, such as fluorescent quantum dots,™™ liposomes,'®® and even

cells can be transported by actin filament bundles.'®

External control of walking motion has been reported by the application of external electric

fields. One example shows directional control over negatively charged actin filaments

129

gliding toward positive electrodes.”” Others show electrochemically controlled thermal

acceleration/deceleration of actin filaments, taking advantage of increased reaction rate

trends at higher temperature.™ ‘On/off’ motility can also be controlled through electrically

controlled release of ATP fuel. ™8

2.4.2.3. Kinesin-microtubule motility assays

As with the actin-myosin walkers, equivalent work has been published for kinesin and
microtubule (MT) walking systems. These systems feature similar ideas and so will be

briefly summarised and the reader is directed to some recent review papers on the

132-136 » 137-143 1144-164,

topic. The ‘fixed filament and ‘fixed protein arrangements are also

reported for MT and kinesin motility assays. Walker motion can be controlled by a variety

139,144,149,151,152

of techniques including the use of predetermined tracks for guidance and the

162,163 130,131,144

external application of electric or magnetic fields. Start-stop motion can also

be achieved using thermoresponsive'"’ or photoresponsive materials.'*

Kinesin molecules or microtubules can be loaded with cargo in the ‘fixed filament’ and

‘fixed protein’ arrangements, respectively. A number of different cargos have been

reported to be transported, such as micro- and nano- sized particles,%4144154164.165,

140,143,144,148,152,154 137

guantum  dots, oil  droplets, Iiposomes,145 vesicles  and

biomolecules*****° for example DNA.® More complex systems have incorporated

145164 Applications of

loading and unloading of cargo, with the use of DNA hybridisation.
such devices have included nano-separation or sorting,*”** drug delivery® and

. . 1
biosensing.™®

2.5. Summary

In conclusion it can be seen that self-propelled micro- and nano- motion can be achieved in
multiple ways. Artificial self-propelled motors have been widely studied with three main

proposed propulsion mechanisms: oxygen bubble, electrochemical and interfacial tension
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propulsion. There is some debate as to which of these mechanisms best describes the

propulsion of catalytic motors.

Catalytic biohybrid motors are becoming a popular area of research, with the incorporation
of highly efficient biomolecules with artificial objects for motion. The propulsion
mechanisms described for artificial systems can also be applied for biohybrid motors.
Overall the three main propulsion strategies for catalytic motors can be classified as the

formation of a gradient, whether it is a chemical, bubble or electrical gradient.

Overall it can be seen that asymmetry is key to designing directed propulsion at the micro-
and nano-scale. In all of the above examples asymmetry or symmetry breakage is required
to overcome or enhance Brownian diffusion. It is yet unknown whether permanent
asymmetry is required to enhance the motion of a nanomotor. It may in fact be possible for
semi-permanent ‘pulses’ of asymmetrical catalysis to push or drive propulsion, resulting in

Brownian yet enhanced diffusion.

Actin polymerisation powered motor examples have shown that initial asymmetry is not
necessary and that spontaneous symmetry breakage is observed, initiating motor
movement, however further studies are required to fully understand the mechanism of

symmetry breakage.

Inspiration from biology’s walking motor proteins has led to the development of artificial
molecular walkers, walkers that take advantage of biological components such as DNA and

also the use of motor proteins for walking motion along artificial surfaces.

The investigation and development of such motors can reveal properties of movement at
such a small scale and how to overcome Brownian fluctuations to achieve propulsion. In
addition micro- and nano- motors could be used for the loading, transportation and

unloading of cargo; separation or construction and also for biosensing applications.

For statistical comparison, the total amount of data measured by many of the micro- and
nano- motor examples discussed here is unclear. Realistically it would be beneficial to track

large numbers of particles or motors to achieve reliable results.

To date there have been no known reports of propulsion via biocatalytic self-assembly.

Therefore this project aims at developing a new method for nano-propulsion using
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biocatalysis for the self-assembly of aromatic dipeptide amphiphile molecules into fibre

structures.
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Literature review Part 2: Self-assembly

Self-assembly is the spontaneous and potentially reversible self-association of two or more
molecules into higher ordered structures, held together by supramolecular interactions.
There are many examples of self-assembled systems in nature, for example nucleic acids,
phospholipids and amino acids are all natural building blocks capable of self-assembling
into more complex systems by non-covalent interactions to make up the DNA double helix,
membranes and the three dimensional structure of protein molecules, respectively.*®®*®’
Such biological self-assembled structures rely on weak, compared to chemical bonds, non-
covalent interactions such as hydrogen bonds and electrostatic, hydrophobic, aromatic and

van der Waals interactions.®%*°

2.6. Supramolecular interactions

A typical covalent bond can range in strength from 350-940 kJ mol™ however biological
systems and supramolecular self-assembling systems employ generally much weaker
supramolecular interactions ranging from 2 kJ mol™ for van der Waals interactions to 250 kJ
mol™® for ion-ion interactions. The length scale between interacting groups of a non-
covalent ‘bond’ can be in the range of 10 A, compared to a shorter interatomic distance of

2 A for atoms bonded in a covalent bond.*”°

Individually supramolecular interactions are
weak but with the combination of many interactions dynamic and reversible structures are

seen widely, for example in biological systems such as those mentioned above.'”*

2.6.1. Hydrogen bonding

A hydrogen bond arises when a hydrogen atom possesses a small positive charge, due to
being covalently bonded to an electronegative atom i.e. oxygen or nitrogen. The bond then
occurs between the hydrogen and an electron withdrawing atom (see Figure 10 overleaf).
The type of donor and acceptor groups and the bond geometry influences the overall
strength and length scale of a hydrogen bond, where a typical hydrogen bond can range in

strength from 4-120 kJ mol™.*"

The surrounding solvent will have an effect on a hydrogen
bond, if the solvent is a good donor or acceptor such as water this can weaken hydrogen
bonds.””* Hydrogen bonding is an important interaction in biological assemblies, as

hydrogen bond donors and acceptors occur between for example nucleic acids within the
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DNA double helix and amino acids of a protein molecule, leading to tertiary and quaternary

structu res.m

R
\ o 0 - R
O -N—H-------- (o) o+
; =g
R
Donor Acceptor

Figure 10 - A carbonyl group acting as an acceptor for a hydrogen atom from an amine donor group.

2.6.2. Electrostatic interactions

lonic (and dipolar) interactions occur between oppositely charged groups and atoms j.e.
negative and positive charges. Electrostatic interactions can be grouped into three main
classes: i) ion-ion interactions; ii) ion-dipole interactions and iii) dipole-dipole interactions,
where the strongest interaction is seen for ion-ion interactions (see Figure 11). The strength
of individual ionic interactions depends on the atoms or species involved, however ionic
species will result in stronger interactions (strength typically between 200-300 kJ mol™)
than dipolar species (5-50 kJ mol™) due to ions possessing a greater charge density.'”
Biological systems make use of electrostatic interactions for a variety of recognition

processes, for example the interaction between an enzyme active site and a substrate.'’

2 (D)
i Doun(S)

c) 57»&06'----{9:06'

Figure 11 - Electrostatic interactions (a) ion-ion, (b) ion-dipole and (c) dipole-dipole."”*

2.6.3. Hydrophobic interactions

The hydrophobic effect arises from the exclusion of hydrophobic or non-polar molecules

from aqueous environments. The driving force for this type of interaction is that water
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molecules interact via hydrogen bonds with other water molecules or polar groups.’?
Therefore molecules that are unable to take part in hydrogen bonding with water disrupt
the local structure of the water and result in hydrophobic molecules grouping together in

173

order to reduce the free energy of the system.”” Hydrophobic interactions are important

for membrane lipids owing to the fluid properties of membranes.*®

2.6.4. Aromatic interactions

T-interactions occur between aromatic rings, usually where one ring constituent is electron
rich and another is electron poor. Attractive forces arise between the negatively charged m-

electron-cloud of the ring and a positive o-frame of another aromatic group.’”?

There are thought to be two main types of m- i interactions: i) face-to-face where parallel
aromatic rings interact in such a way that the centre of one ring interacts with a corner of
another; and ii) edge-to-face interactions occur between the hydrogen atom of a ring
perpendicular to the centre of another aromatic group (shown using benzene as an

72 The aromatic amino acids phenylalanine, tyrosine and tryptophan,

example in Figure 12).
are capable of participating in m-interactions, for the folding of proteins into their three-
dimensional structures. The DNA double helix also maintains its structural stability through

aromatic interactions between base-pairs.”’>*"*

a) b) ©
LD

Figure 12 - -1t interactions (a) face-to-face and (b) edge-to-face conformations.

2.6.5. van der Waals interactions

van der Waals (or London) interactions occur between overall uncharged atoms, molecules
or particles with fluctuating electron distributions which result in temporary dipole
moments. A temporary dipole moment of one atom will induce a corresponding opposite

dipole moment in another atom, if the atoms are in close enough proximity, resulting in

61



attraction between the two atoms. The interaction strength depends on other atoms in the

molecule and how polarisable the atoms involved are."’**”?

2.7. Peptide self-assembly

Self-assembled structures usually exist due to a combination of the above described
supramolecular interactions. The self-assembling building blocks can be designed to
interact in specific orientations with each other. Vast arrays of artificial materials are
capable of self-assembly but for the purposes of this project only peptide self-assembly will

be reviewed.

Peptides are biological polymers containing two or more amino acids, linked in a chain-like
fashion via peptide bonds i.e. the bond formed between the carboxyl group and amino
group of neighbouring amino acids in the chain. Peptide sequences can be designed
specifically using the twenty naturally occurring amino acids (see Figure 13) as well as

artificial amino acids and functional groups not found in nature.'””

The inbuilt design of the
peptide sequence can produce specific ‘artificial’ self-assembled structures, inspired by
biologically assembled structures. A vast library of possible peptide sequences can be
achieved by altering the chain length, primary sequence, and by modifying the amino acid

side chains or termini.

Serine(s)  Threonine (T)  Asparagine (N)  Glutamine (@)

Figure 13 - Naturally occurring amino acids.
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Inspired by biology, peptide sequences have been designed to self-assemble to mimic the

176,177 178,179

commonly found biological architectures, such as helices/coiled-coils, sheets,

180,181 ﬁbresl82,183 184,185

tubes, and amphiphilic assembles, via supramolecular interactions
such as electrostatic, aromatic and H-bonding interactions (as mentioned in section 2.6). In
many cases self-assembled structures extend hierarchically to larger length scales, to
produce, for example, fibrous networks capable of entrapping water, resulting in self-

supporting hydrogels.'®

2.7.1. Applications of peptide nano-materials

Possible applications for self-assembled peptide materials depend on the structures
formed, for example fibrous hydrogels can be used as synthetic mimics for the three
dimensional environment of the cell, for uses in cell culture applications.’® Hydrogels have
potential in drug delivery, by trapping drug molecules and releasing in response to external

stimuli. 1588

Amphiphilic peptides designed to self-assemble into vesicles or spherical aggregates have
potential as drug carriers. Amphiphilic assemblies of nanotubes and vesicles have been
used for the delivery of DNA using a positively charged peptide amphiphile to trap

169

positively charged DNA.

Nanomaterials for specific applications often require stimuli responsive self-assembled
materials, i.e. the capability to ‘switch on’ assembly using some external control. Peptide

sequences can be designed to display self-assembly in response to specific external factors

188,190 d 192-194 195 62,196,197
’

such as pH, temperature,'® light,”®* soun salts'®> and biocatalysts. For
the purpose of this project, biocatalytically triggered self-assembly will be discussed
further, with a particular focus on enzyme responsive aromatic dipeptide amphiphiles.
Recent review articles summarise biocatalytic conversion of peptides to self-assembled

198-2
structures. 2%

2.8. Biocatalytic self-assembly of aromatic dipeptide
amphiphiles

Peptide sequences can be designed not only to influence self-assembly but also to act as

substrates for biological catalysts, such that catalysis initiates assembly. Enzyme responsive

63



self-assembly has been reported over recent years, with a variety of enzymes and peptidic
substrates. The enzymes convert the peptide substrates to another form, capable of self-

assembling into supramolecular structures.*®*"*

Aromatic dipeptide amphiphiles offer an attractive platform for biocatalytic self-assembly.
As they contain only two amino acids, they can be easily synthesised and functionalised

with groups recognised by specific enzymes.

Aromatic dipeptides are defined as the simplest peptide sequence (two residues), with an
aromatic functional group, usually at the N-terminus.” Therefore for a peptide sequence
to be classified as an aromatic peptide amphiphile it must contain an aromatic moiety as
well as both hydrophilic and hydrophobic regions. Such peptides can aggregate or assemble
above a critical aggregation concentration into ordered structures due to the hydrophobic
effect, by the exclusion of water in aqueous environments. In the case of aromatic peptide
amphiphiles, aromatic regions also take part in aromatic interactions and also offer added

hydrophobicity to the molecule.

Aromatic dipeptide amphiphile structure

X =H, Me or NH,

4y O R
A"\rr N\_)]\N/'\H/OX R = any AA side chain
0O Ry H o

Aromatic groups (Ar-)

oo 'y &Y

Phenyl Napthyl Fluorenyl Pyreneyl

Figure 14 — General structure of an aromatic dipeptide amphiphile composed of two amino acids
(AA) and possible N-terminal aromatic groups (Ar-).

Aromatic groups are commonly used to modify dipeptide sequences and add to the

hydrophobicity of the molecule. Functionalisation of the peptide termini can be achieved

197,202-205

using fluorenyl, pyrene, naphthalene, or phenyl groups (see Figure 14). Aromaticity
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can also be incorporated within the dipeptide sequence using aromatic amino acids

tyrosine, phenylalanine or tryptophan.

Hydrophilic regions can be designed by the incorporation of charged amino acids such as
the positively charged histidine, lysine and arginine; or negatively charged aspartic acid and
glutamic acid. Phosphorylated amino acid side chains i.e. phospho-tyrosine, serine or
threonine, can also offer hydrophilicity within the amino acid dipeptide sequence, due to

the polar phosphate group. *%2%

For an aromatic dipeptide amphiphile to be enzyme responsive, the design of the sequence

must incorporate an enzyme cleavable or recognisable group. Examples include C-terminal

209,210

methyl esters (-OMe) hydrolysed by subtilisin or thermolysin;**>**!" dephosphorylation

203,206-208,212,213

of phosphorylated residues e.g. tyrosine by phosphatases and

203,209,211

hydrolysis/reversed hydrolysis of peptide bonds by thermolysin, chymotrypsin®*

5

and lipase.”” Enzyme responsive systems of aromatic dipeptide amphiphiles are

summarised in Table 6.

The terminology we use to name an aromatic dipeptide amphiphile, for example Fmoc-FpY-
OH, which reads from the N- to C-terminus of the sequence i.e. from left to right, contains
an N-terminal fluorenyl group (Fmoc) (see Figure 14). Other N-terminal groups include
pyrene or Nap (naphthalene). The amino acid sequence is named according to the one
letter code (see amino acid table in Figure 13), for example ‘F’ stands for phenylalanine and
‘Y* for tyrosine. Letter p’s in italic, such as pY, refer to a phosphorylated side chain of the
amino acid to the right of the p (in this case phospho-tyrosine). The C-terminus is named

due to the functionality it possesses i.e. carboxyl (-OH), amine (-NH,) or methyl (-OMe).
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Table 6 - Summary of biocatalytic self-assembling (SA) aromatic dipeptide amphiphile (PA). See

Figure 111 Appendix A for full chemical structures of PA precursors.

Enzyme Aromatic PA precursor Product SA structure
Alkaline phosphatase Fmoc-FpY- Fmoc-FY-OH Micelle to fibre
OH207,208,212,213
Fmoc-FpY-OH+ Fmoc-FY-OH + Micelle to fibre (co-
FmocS/T/RGD*® FmocS/T/RGD assembly)
Fmoc-pYT-OH208 Fmoc-YT-OH Fibres
Fmoc-pYS-OH”® Fmoc-YS-OH Fibres
Fmoc-pYN-OH™® Fmoc-YN-OH Fibres
Fmoc—pYQ—OH208 Fmoc-YQ-OH Spheres
Pyrene-pYL-OH203 Pyrene-YL-OH Fibres
Subtilisin (ester hydrolysis) Fmoc-YL-OMe™® Fmoc-YL-OH Fibres
Fmoc-YT-OMe’™ Fmoc-YT-OH Fibres
Fmoc-YS-OMe™™® Fmoc-YS-OH Fibres
Fmoc-YN-OMe”"’ Fmoc-YN-OH Fibres
Fmoc-YQ-OMe™™ Fmoc-YQ-OH Spheres
Thermolysin (ester hydrolysis) Fmoc-SF-OMe”%*™ Fmoc-SF-OH Nanosheets
Fmoc-TL-OMe™ " Fmoc-TL-OH Short twisted fibres
Fmoc-SL-OMe™™! Fmoc-SL-OH Nanobelts
Fmoc-TF-OMe*™! Fmoc-TL-OH Extended twisted fibres
Thermolysin (reverse Fmoc-S/F-OMe179 Fmoc-SF-OMe Sheets
hydrolysis)
Chymotrypsin (reverse Nap—Y—OMe/Y—NHZ214 Nap-YY-NH, Fibres

hydrolysis)




2.8.1. Phosphatase responsive self-assembly of aromatic

dipeptide amphiphiles

A number of groups have investigated phosphorylated aromatic dipeptide amphiphiles and
the ability for phosphatase enzymes to recognise synthetic phospho-peptides as

203,206-208,217

substrates. In most cases alkaline phosphatase (AP) is employed, however acid

phosphatase has been used to initiate self-assembly, for example in the conversion of

Fmoc-pY to Fmoc-Y. "8

The design of an AP responsive peptide must include an amino acid capable of
functionalisation with a phosphate group. Commonly phospho-tyrosine residues (and
serine or threonine) are incorporated within the amino acid sequence. The remaining
amino acid in the dipeptide sequence, can be interchanged for any other amino acid, and a
number of variations have been studied, for example phenylalanine, leucine, glutamine,

208

giving rise to various nanostructures.”> An N-terminal aromatic group is usually required to

|206—208,212,213

encourage self-assembly through m-stacking interactions, such as fluoreny or

pyrene’® groups.

Fmoc-FpY has been investigated previously as a switchable self-assembling micelle to fibre

206,207

system. The phosphorylated form has been reported to form spherical micelle-like

213 The molecule

aggregates’®®” but at higher concentrations assembles into nanorods.
(Fmoc-FpY) exhibits a C-terminal polar region due to phosphorylated tyrosine and
negatively charged carboxyl terminus. At the N-terminus, phenylalanine is functionalised
with Fmoc. The combination of the two aromatic groups results in the N-terminal region
being overall hydrophobic in nature. Hydrophobic (and aromatic) interactions occur
between the hydrophobic ‘tail’ regions of the molecule, excluding water molecules as the
hydrophobic sections gather together, protected within a central hydrophobic core (see
Figure 15 overleaf). The polar ‘head’ C-terminal region of the peptide is capable of
hydrogen-bonding with water and so forms the outer surface of the aggregate (Figure 15).
The initial self-assembled structures of Fmoc-FpY (i.e. before enzyme addition) have been
proposed to be spherical micelles, confirmed by critical aggregation measurements,

dynamic light scattering,””” and microscopic techniques.’® Similar observations have been

reported for the single amino acid analogue Fmoc-pY.*
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Figure 15 — AP catalysed dephosphorylation of Fmoc-FpY-OH (micellar structures) to Fmoc-FY-OH
(fibrous assemblies). The aromatic Fmoc-group is represented in blue and the polar phosphate is
highlighted in red.*”’

Upon addition of alkaline phosphatase to a solution containing Fmoc-FpY, the phosphate
group is enzymatically cleaved from the tyrosine side chain, resulting in a hydroxyl moiety
(Figure 15). The molecules are now driven to form a stacking array, due to hydrophobic and
T-Tt interactions between the aromatic groups, as well as hydrogen bonding between
dipeptide chains.”****> Fmoc-FY is thought to stack in a B-sheet arrangement however it is

unclear whether the parallel or anti-parallel conformation is prevalent.’®®

The stacking of fluorenyl groups extends via self-assembly until fibrous networks form, and
at high enough conversion, result in hydrogel formation. The overall system therefore
represents an example of biocatalytic micelle to fibre transformation of aromatic dipeptide
amphiphiles. By altering the amino acid sequence and the aromatic group of an aromatic
dipeptide, the resulting supramolecular structures can be controlled, for example by
changing one amino acid in the sequence Fmoc-pYN to Fmoc-pYQ,>* fibres or spheres are

produced respectively as summarised in Table 6.

Structure switching systems similar to the micelle to fibre transformation have been

224225 and nanotubes

reported, for example nanotubes going to vesicles by dilution
switching to microspheres by a change in pH;?*® however the biocatalytic route to structural
switching offers mild physiological conditions, biocompatibility and also a wide toolbox of

possible selective catalysts that can either break or form bonds, to trigger self-assembly of a
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227

peptide substrate.”” To illustrate this, different amino acid sequences and aromatic

functionalities have been employed for self-assembled fibrous or spherical structures.

196,203,208,212

Going a step further, multi-enzyme systems have been used to switch between
phosphorylated/dephosphorylated forms of a naphthalene functionalised penta-peptide
derivative using a kinase/phosphatase switch, resulting in a gel/sol/gel transition.’®® Others
combine phosphatase/tyrosinase to initiate a concerted enzymatic reaction. In this case a
solution of phospho-peptide (Ac-YYYpY-OMe) was converted to a hydrogel of Ac-YYYY-OMe
by phosphatase and finally back to a solution, using the enzyme tyrosinase to convert the

hydroxyl groups of the tyrosine residues to quinone.**®

2.9. Summary

In conclusion, it has been illustrated that enzyme responsive aromatic dipeptides have the
potential to self-assemble into a number of different supramolecular structures. In addition
several examples of phosphatase responsive self-assembling structures of phospho-
tyrosine-containing peptide substrates have been studied as the aromatic nature of
tyrosine also contributes m-interactions within the supramolecular assemblies. Additionally,
phospho-serine or threonine residues could be incorporated which would broaden the
library of phosphatase responsive sequences and structures available. Studying
phosphatase responsive systems, could lead to future advances in the detection and

treatment of disease states that cause an over- or under-expression of phosphatase.”

Here, the ultimate aim is to use biocatalytic fibre formation to drive enhanced motion of
the enzyme (and cargo). Aromatic dipeptide amphiphile substrates act as the enzyme-
motor ‘fuel’, and the study of fibre and sphere forming systems will be compared to
determine whether a relationship exists between the resulting self-assembled structure,

and the ability to enhance the motion of the enzyme-motor.
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— Chapter 3 -

Materials and Methods

3.1. Introduction

This section describes the materials and methods used throughout the investigation. The
way in which the methods were employed will be discussed in detail later in results and

discussions chapters 5-9.

3.2. Materials

All reagents were purchased from commercial sources (e.g. Sigma Aldrich, Bachem,
Rathburn) at the highest purity and were used as supplied, unless stated otherwise in the
experimental procedures. High performance liquid chromatography (HPLC) grade water
(Rathburn) was used throughout the study unless stated otherwise. Alkaline phosphatase
(Escherichia coli) was purchased from Sigma Aldrich and quantum dots from Invitrogen
(Q21321MP Lot: 891174 and 1252823). Fmoc-FpY (1a) was purchased from CS Bio Co.,
Pyrene-pYL (2a) and Fmoc-pYQ (3a) were synthesised by Sisir Debnath (see Figure 16 for
chemical structures). Fmoc-FY used for QD quenching studies was synthesised by Sangita

Roy.

Fmoc-FpY (1a) Pyrene-pYL(2a) Fmoc-pYQ (3a)

Figure 16 - Chemical structures of Fmoc-FpY (1a), Pyrene-pYL (2a) and Fmoc-pYQ (3a).
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3.3. Experimental methods

3.3.1. FITC labelling — method development using bovine

serum albumin (BSA)

Fluorescein isothiocyanate (FITC) was used for the fluorescent labelling of proteins — as
discussed in section 5.3. A 10 mg/mL solution of FITC isomer 1 (Sigma Aldrich) in DMF was
prepared (1 mg in 100 uL DMF) and wrapped in foil. A Img/ml BSA sample was prepared in
buffer and a 24 molar excess of FITC was added (compared to BSA). 14 uL of FITC stock
solution was added to the 1mg/ml BSA solution and left to react for 1 hour at room
temperature on a blood rotator.

R dialysis cassettes (3 ml, 20K

Excess FITC was removed by dialysis using Slide-A-Lyzer
molecular weight cut-off (MWCO)) purchased from ThermoScientific (Perbio). A 0.5-3 mL
Slide-A-Lyzer™ dialysis cassette was hydrated in phosphate buffered saline (PBS) solution (1
PBS tablet per 200 mL water to make 0.01 M, 0.0027 M potassium chloride and 0.137 M
sodium chloride at pH 7.4) for 2 minutes at room temperature. The FITC/BSA reaction
mixture was injected into the cassette using a syringe and excess air was removed from the
cassette. A polystyrene ‘float’ was attached to the cassette and the cassette was
submerged in a beaker containing 300 mL PBS and a stirrer bar. The reaction mixture was
dialysed with fresh PBS buffer every hour for four hours. The FITC-BSA sample was removed
using a syringe after the fourth buffer exchange. During labelling and dialysis all FITC-
containing samples were covered in foil.

Dialysis was monitored by measuring the fluorescence emission spectra of each buffer
exchange. 1 mL of each buffer exchange was added to a cuvette for fluorescence

spectroscopy measurements, using the following parameters: excitation 495 nm, emission

range 300-600 nm, slit width 1 nm.

3.3.2.  FITC labelling of calf intestinal alkaline phosphatase
(CIAP)

A 10 mg/mL solution of FITC isomer 1 (Sigma Aldrich) in DMF was prepared (1 mg in 100 pL

DMF) and wrapped in foil (see section 5.3). A 1 mg/ml enzyme solution was prepared of
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alkaline phosphatase from calf intestinal mucosa (CIAP) (Sigma Aldrich P6772-10 KU, 2,000-
4,000 DEA units/mg* of protein, 25-45 % protein, 8.15 mg solid, 1228 units/mg of solid,
3721 units per mg/protein) and a 24 molar excess of FITC was added (compared to CIAP).
5.835 pL of FITC stock solution was added to 1 mg/mL AP solution and left to react

R dialysis cassettes as

overnight. Excess FITC was removed by dialysis using Slide-A-Lyzer
described for BSA method development. 1 mL of FITC-CIAP was added to a cuvette for
fluorescence spectroscopy measurements, using the fluorescence parameters as described

for FITC-BSA.

3.3.3.  Bioconjugation of AP to QDs

A 10 mM pH 7.4 borate buffer was prepared by dissolving 763 mg of borax (sodium
tetraborate NaB,O;) in 30 mL H,0. The pH was adjusted to pH 7.4 using 0.2 M boric acid,

before adjusting the volume to 200 mL with water.

A 50 mM pH 8.3 borate buffer was prepared by dissolving 3.81 g of borax (sodium
tetraborate - NaB,O-) in 30 mL H,0. The pH was adjusted to pH 8.3 using 0.2 M boric acid,

before adjusting the volume to 200 mL with water.

“H
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Figure 17 - Alkaline phosphatase bioconjugation reaction with quantum dots via an EDC/NHS
coupling method.

The alkaline phosphatase-quantum dot (QD-AP) conjugation method was adapted from the

229 A 0.85 KM 655 nm emitting quantum

Invitrogen bioconjugation method (see Figure 17).
dot (QDgss) solution was prepared in 10mM pH 7.4 borate buffer. A reaction mixture was

prepared by combining EDC activated quantum dots, with alkaline phosphatase from

" An enzyme unit (U) is defined as the amount of enzyme that converts 1 umol of substrate per
minute within specific condition such as temperature and pH. Substrate and conditions are
dependent on the enzyme.
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Escherichia coli (Sigma Aldrich P5931 lyophilized powder, 30-60 units/mg protein (in glycine
buffer)) and NHS at a molar ratio of 1:13:1500:6500 (QDs:AP:EDC:NHS). The reaction
mixture was left to react on a blood rotator for 2 hours at room temperature. The
conjugate was filtered through a 0.2 um PES syringe filter into an Amicon Ultra centrifugal
ultrafiltration unit with a 100 kDa cutoff (Millipore), and then diluted with 2.5 mL of 10 mM
pH 7.4 borate buffer. The conjugates were centrifuged in an Eppendorf centrifuge 5415R at
10, 000 rpm for 5 minutes and then washed with 50 mM borate buffer pH 8.3 up to 12
times (until no catalytic activity was measured in the wash), whilst retaining each of the
wash samples for further analysis. The purity of the conjugate was determined by the
addition of 50 pL of each wash sample into a sample containing 0.003 M p-nitrophenyl
phosphate in 1.5 M pH 8 Tris buffer. The dephosphorylation reaction was monitored by UV-
VIS (Jasco V660 spectrophotometer) by recording the absorbance at 410 nm over 10
minutes (method also used for activity assay of pure conjugate). After the wash sample
absorbance resembled that of the negative control the conjugate was deemed ‘pure’. The
QD-AP conjugate was then transferred and filtered through a 0.2 um syringe filter and
diluted by the addition of 4 mL of 50 mM pH 8.3 borate buffer. The final conjugate solution

was stored at 4 °C (see sections 5.6, 5.7 and 5.8).

Batches 1 and 2 were prepared for method development purposes using only EDC
coupling. Batches 3-6 were prepared using the method described above i.e. EDC/NHS
coupling. Batch 5 was prepared using QDs which had expired and were therefore not used
for any tracking experiments. All experimental tracking results were therefore obtained

using batches 3, 4 and 6. QDs,5-AP conjugates prepared as method described above.

3.3.4. QDs,s-Thermolysin bioconjugation

The enzyme-QD conjugation method was adapted from the Invitrogen bioconjugation

method**

as mentioned previously. A 0.8 uM 525 nm emitting quantum dot (QDs;s)
solution was prepared in 10mM pH 7.4 borate buffer. A reaction mixture was prepared by a
combing EDC activated quantum dots, with thermolysin from Bacillus thermoproteolyticus
rokko and NHS at a molar ratio of 1:40:1500:6500 (QDs:Thermolysin:EDC:NHS). The
reaction mixture was left to react on a blood rotator for 2 hours at room temperature. The
conjugate was filtered through a 0.2 um PES syringe filter into an Amicon Ultra centrifugal

filtration unit with a 100 kDa cutoff (Millipore), and then diluted with 2.5 mL of 10 mM pH

7.4 borate buffer. The reaction mixture was centrifuged in an Eppendorf centrifuge 5415R
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at 10, 000 rpm for 5 minutes and then washed with 50 mM borate buffer pH 8.3 up to 12
times (until no catalytic activity was measured in the wash), whilst retaining each of the

wash samples for further analysis (see section 9.4.1).

3.3.5. QDgss-a-chymotrypsin bioconjugation

o-chymotrypsin (from bovine pancreas) was conjugated to 655 nm emitting QDs as per
method described above for QDs,s-Thermolysin i.e. reaction mixture prepared with molar
ratio of 1:40:1500:6500 (QDs: a-chymotrypsin:EDC:NHS). Purification was as per previous

conjugation methods (see section 9.4.3). (Performed alongside Sisir Debnath).

3.3.6. Dynamic Light Scattering (DLS)

DLS was performed on an AVL/LSE-5004 light scattering electronics and multiple tau digital
correlator. Solutions (4 mL) of QDs, free AP and QD-AP conjugates etc. were filtered, using a
0.2 um syringe filter, into glass tubes and analysed using a DLS instrument at a temperature

of 295 K, with an angle of 90° and wavelength of 632 nm.

3.3.7. Transmission electron microscopy (TEM)

Carbon-coated copper grids (200 mesh) were glow discharged in air for 30 seconds. 20 pL of
sample was transferred to the support film, left for 30 seconds and blotted using filter
paper. Negative stain (20 pL, 1 % aq. Methylamine vanadate obtained from Nanovan;
Nanoprobes) was applied and the mixture blotted again with filter paper to remove excess.
The dried specimens were then imaged using a LEO 912 energy filtering transmission
electron microscope operating at 120 kV fitted with 14 bit/2K Proscan CCD camera.

(Samples imaged by Margaret Mullin at Glasgow University).

3.3.8. Cryo-TEM

Three microlitres of the sample was transferred onto a thin film grid of 100-200 nm. The
grid was then plunged into liquid ethane (temperatures below -170 °C) and transferred to a
GATAN 626 cryoholder and imaged using a JEOL 2100 transmission electron microscope
fitted with a GATAN 4K Ultra scan camera. *Cryo TEM analysis was carried out at Unilever,

Bedford by Meghan Hughes.
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3.3.9. Atomic force microscopy (AFM)

20 pL sample was placed on a trimmed, freshly cleaved mica sheet attached to an atomic
force microscopy (AFM) support stub, which was left to air-dry overnight in a dust-free
environment, prior to imaging. The images were obtained by scanning the mica surface in
air under ambient conditions using a Veeco MultiMode with NanoScope IIID Controller
Scanning Probe Microscope (Digital Instruments, Santa Barbara, CA, USA; Veeco software
Version 6.14r1) operated in tapping mode. The AFM measurements were obtained using a
sharp silicon probe (TESP; nominal length (Inom) = 125 um, width (wnom) = 40 um, tip
radius (Rnom) = 8 nm, resonant frequency (nom) = 320 kHz, spring constant (knom) =42 N
m™; Veeco Instruments SAS, Dourdan, France), and AFM scans were taken at 512 x 512
pixels resolution. Typical scanning parameters were as follows: tapping frequency 308 kHz,
integral and proportional gains 0.3 and 0.5, respectively, set point 0.5 — 0.8 V and scanning
speed 1.0 Hz. The images were analysed using Veeco Image Analysis software Version

6.14r1.

3.3.10. Fluorescence spectroscopy

Fluorescence emission spectra were measured on a Jasco FP-6500 spectrofluorometer with
light measured orthogonally to the excitation light. 1-2 mL of sample is required in a

cuvette for measuring the fluorescence emission spectra of the sample.

For Fmoc-containing dipeptide systems i.e. 1a and 3a, the excitation wavelength was 295

nm and the emission detection range was 300-600nm.

For fluorescence studies using pyrene as a probe or dipeptides functionalised with pyrene
i.e. 2a, the excitation wavelength was 334 nm and the emission range was 390-600 nm,

with band widths set to 10 and 3 nm.

For samples containing QDs or QD-enzyme conjugates excitation was typically 435 nm
unless stated otherwise, with an emission range of 450-700 nm. For QD-AP quenching
studies the fluorescence intensity of QD-AP (A,.x — 655 nm) was monitored over time in the
presence of a number of materials e.g. Fmoc-FpY 1a, Fmoc-FY 1b, alkaline phosphatase

and/or 0.6 mM phosphate buffer.

For Thioflavin T assay studies the excitation wavelength was 442 nm and the emission

range was 450-600nm. The bandwidth was 3 nm.
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3.3.11. Ultra violet-visible spectroscopy (UV-Vis)

A Jasco V660 UV-Vis spectrophotometer was used for all absorbance and spectral

measurements. 1-2 mL samples were measured in PMMA cuvettes (Fisher Scientific).

3.3.12. Alkaline phosphatase activity assay

0.003 M p-nitrophenyl phosphate solution was prepared by dissolving 11.14 mg of PNP in
10 mL of water. Each sample contained: 1 mL 1.5 M Tris.Cl pH 8; 500 pL 0.003M PNP and 50
pL of sample or wash. Immediately after the addition of the sample, the absorbance at 410
nm was measured every 30 seconds for 9-10 minutes. The same activity assay was used to
monitor the removal of unconjugated AP from QD-AP conjugates by measuring the
absorbance as a function of time for each conjugate wash. A QD-AP conjugate life time
study was undertaken for QD-AP batch 4, in which the activity i.e. absorbance at 410 nm

every 30 seconds for 9 minutes, was measured once every week for 8 weeks.

3.3.13. Thermolysin activity assay

Prior to activity measurement a number of reagent solutions and standards were prepared:
Reagent A — 50 mM potassium phosphate buffer pH 7.5 at 37°C

Reagent B — 0.65% (w/v) casein solution, heated gently to 80-90°C for 10 minutes with

stirring

Reagent C— 110 mM trichloroacetic acid (TCA)

Reagent D — Folin and Ciocalteu’s phenol reagent, 10 mL diluted with 40 mL distilled water
Reagent E — 500 mM sodium carbonate solution

Reagent F — 10 mM sodium acetate with 5 mM calcium acetate

Reagent G — 1.1 mM L-tyrosine standard, solution heated gently on a hot plate for a few

minutes
Reagent H — Thermolysin solution (0.1-0.2 units/mg)

A calibration curve was prepared by the preparation of 4 standard solutions composed of 1

mL reagent D, 5 mL reagent E and 0, 50, 100, 200 or 400 pL of reagent G (standard). Each
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sample was adjusted to a final volume of 8 mL with distilled water. The absorbance at 660
nm was measured for each standard sample and a blank (reagent E + distilled water). The

following calculation was used to calculate a corrected absorbance value:
AAgoonm Standard = Aggonm Standard — Ageonm Blank

Thermolsyin and blank samples were prepared by addition of 2.5 mL reagent B (casein)
with 0.5 mL Reagent H (thermolysin) added to sample 1 only, followed by incubation at
37°C for 10 minutes then the addition of 2.5 mL reagent C to each sample and 0.5 mL
reagent H to sample 2 only. Both samples were mixed by swirling and incubated for a
further 30 minutes at 37°C. After incubation samples were filtered through a 0.2 um syringe

filter, of which the filtrate was used for colour development.

Colour development was achieved by combining 400 pL of either thermolysin sample or
blank to a mixture containing 1 mL reagent E and 200 plL reagent D. The samples were
mixed by swirling and incubated for 30 minutes at 37°C. After incubation the samples were
allowed to cool to room temperature. Solutions were then filtered through 0.2 um syringe
filters immediately before measuring the absorbance of each sample at 660 nm. This
activity assay was also used to measure the activity of QD-Therm conjugates as well as

conjugation wash samples to monitor removal of the free enzyme.

3.3.14. a-chymotrypsin activity assay

A typical activity assay reaction combined 1.5 mL 0.08 M Tris.HCI buffer (pH 8) containing
0.1 M calcium chloride; 1.4 mL 0.00107 M benzoyl-L-tyrosine ethyl ester (BTEE) in 50% w/w
methanol and 100 pL enzyme, conjugate or wash sample. The absorbance at 256 nm was
monitored every 30 seconds for 5.5 minutes. a-chymotrypsin positive control sample was
prepared at 1 mg/ml in 0.001 N HCI then diluted in HCl to 20 pug/mL. (Performed alongside
Sisir Debnath).

3.3.15. QD fluorescence calibration

A number of QD (655 nm) samples were prepared: 0.08, 0.05, 1, 2, 4, 6 and 8 nM by diluting
the 8 uM stock solution supplied by Invitrogen. The fluorescence emission spectrum of
each concentration was obtained as described previously. A plot of the A, fluorescence

intensity versus concentration shows a linear relationship which can be used to determine
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an unknown QD concentration within samples of QD-enzyme conjugates, assuming the

optical properties of the QDs are unaffected by conjugation.

A number of QD-enzyme dilutions were prepared i.e. 5, 10, 25, 32, 50, 100 and 200 pL/mL
0.6 M phosphate buffer. The fluorescence emission spectrum of each concentration was

obtained as described previously.

3.3.16. Calculation to determine QD:AP ratio

A p-nitrophenyl phosphate colorimetric activity assay monitored by UV-Vis was used to
estimate the effective activity of the enzyme after conjugation (Figure 114 Appendix D)
relative to free enzyme by measuring the change in absorbance at 410 nm with time for

different AP concentrations.

The fluorescence calibration curve of QDs was used to estimate the QD concentration in a
given conjugate solution i.e. 32 uL/mL (Figure 113 Appendix C). For the same volume/mL of
QD-AP an activity assay was performed and compared to the activity of free AP, to give an
estimated QD-AP conjugate effective activity approximately equivalent to a free enzyme
concentration of 0.37 nM (equivalent to approximately 7.0 x10™U i.e. 43.68 U/mg protein
and 19.9 U/mg of solid, as per manufacturer). Note that this represents an upper limit of
enzyme concentration, assuming that all protein in the commercial preparation is enzyme.
The two calibrations are then combined to determine an approximate ratio of QDs to AP in

a QD-AP sample for batches 3 and 6.
Calculation:

1mg/mL AP solution (MW 94 kDa) — stock solution 1

1x1073

Cstock1 = Gz000 X 1000 = 1.06x107°M

Stock 2 - 1pL of stock 1 in 1 mL buffer = 1.06x10°M

35 uL of stock 2, in 1mL was used for assay

CiV; = GV,

1.06x1078x35uL = C,x1000uL
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C, = 3.71x1071°M = 0.37 nM - QD-AP(3)

For QD-AP(6) the gradient representing activity is 2.4 times less than QD-AP(3) i.e. 0.37/2.4
=0.15 nM (see Appendix D).

QD-AP - 50puL in 1.55 mL =32 pL/mL

Equation of line (Figure 114 Appendix D):

y = 3.8629x — 60.388 — Equation 3a QD-AP(3)

y = 6.5938x — 6.3659 — Equation 3b QD-AP(6)

If x =32 uL/mL then:

QD-AP(3) y (intensity) = 63.2 au by substituting x into equation 3a
QD-AP(6) y (intensity) = 204.6 au by substituting x into equation 3b

Using the values calculated for y i.e. 63.2 au and 204.6 au. The equation of the QD
calibration plot (Figure 113 Appendix C) can be used to estimate the QD concentration in a
given volume of QD-AP of both batches (3 and 6).

By substituting y = 63.2 or 204.6 into y = 147.81x — 90.845 — Equation 4
x (QD concentration) = 1.04 nM QD-AP(3)
x (QD concentration) = 2.00 nM QD-AP(6)

Therefore to estimate the ratio of QDs to enzyme molecules for a 32 pL/mL solution of QD-
AP: 1.04/0.37 nM = 2.8:1.0 and QD-AP 6: 2.00/ (0.37/2.4) nM = 13.0:1.0

Ratio of QD:AP = 2.8:1.0 QD-AP(3)

Ratio of QD:AP =13.0:1.0 QD-AP(6)

3.3.17. Biocatalytic self-assembly method with AP and QD-
AP

A typical reaction of 1a, 2a or 3a with AP or QD-AP involves dissolving the dipeptide powder
(6.3 mg 1a; 6.2 mg 2a or 6.2 mg 3a to make 10 mM, 1 mL final volume) in 980 pL or 968 uL
0.6 M phosphate buffer (pH 9) before the addition of 20 uL E. Coli AP (4 U) or 32 uL QD-AP

conjugate solution, respectively. For chemical structures of 1a, 2a and 3a see Figure 16. The
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peptide/enzyme(conjugate)mixtures were left to react at room temperature in a darkened
environment (or covered in foil) for up to 4 weeks for samples containing QD-AP. For
samples containing 7x10” U AP, aromatic dipeptides were dissolved in 996.5 pL 0.6 M
phosphate buffer followed by the addition of 3.5 pL diluted AP solution (1mg/mL AP
solution diluted by the addition of 1 uL in 1 mL of buffer). Samples were then mixed by

ultrasonication and vortexing after the addition of AP or QD-AP.

3.3.18. Pyrene and 2a doping of 1a

A 10 mM 1a solution was prepared (6.3 mg in 1 mL final volume). Pyrene was added to the
solution of 1a to make a final pyrene concentration of 100 nM or 0.5 uM. The mixture was
then mixed by ultrasonication and vortexing before the addition of 4 U AP (as described

above).

For coassembly of 1b with 2b converted by AP, 10 mM 1a and 1 mM 2a were combined and
dissolved in 980 uL phosphate buffer (0.6M pH 9), before the addition of 20 uL AP (final
concentration 0.2 mg/ml, 4U). The samples were then mixed by ultrasonication and

vortexing then left to react at room temperature (see section 8.5).

3.3.19. High performance liquid chromatography (HPLC)

A Dionex P680 HPLC system equipped with a Macherey-Nagel C18 column of 250 mm
length, 4.6 mm internal diameter and 5mm particle size was used to analyse the mixtures
of peptide derivatives. The gradient used was a linear exchange between 40% acetonitrile
in water at 4 min to 100% acetonitrile at 31 min using a flow rate of 0.7 ml/min and
detection wavelength of 301 nm (for the detection of aromatic groups such as Fmoc
functionalised dipeptide derivatives). Sample preparation: 20ul of sample plus
acetonitrile/water (1.5 ml, 50:50 v/v mixture) containing 0.1% trifluoroacetic acid. For
samples containing QD-enzyme conjugates, these were filtered through Amicon Ultra
centrifugal ultrafiltration unit with a 100 kDa cutoff (Millipore) before being injected into

the HPLC column.

3.3.20. Motility assay

Optical tracking motility experiments were performed using 35 mm glass bottom dishes
(Ibidi®). 60 uL of 0.6 M pH 9 phosphate buffer was added to the well, containing QD-AP

conjugates with Fmoc-FpY 1a, pyrene-pYL 2a, Fmoc-pYQ 3a, p-nitrophenol phosphate 4a or
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no fuel. A glass coverslip (22x22 mm, No. 1.5 thickness: 0.16-0.19 mm) was placed over the
well and immersion oil was added to the coverslip for use with 100x oil immersion objective
(see section 4.3.3.6). Each experiment was repeated up to 4 times allowing for repeatability

analysis.

For fuel reservoir experiments 4x4 mm substrate saturated polyacrylamide gels were
placed in one quadrant of the glass bottom dish prior to addition of QD-AP conjugated in

buffer (see section 7.7).

3.3.21. Optical imaging

Video acquisition was performed using a fluorescence microscope (Nikon Eclipse LV100)
with a 100x oil immersion 0.5-1.3 NA objective (Nikon Plan Fluor) WD 0.6, o= 0.17,
combined with an Andor iXon+ 897 EMCCD camera fitted with 650/60 nm and 536/40 nm
single band optical filters (Semrock) to capture the signals from the 655 nm and 525 nm
emitting quantum dots respectively. The camera shutter was permanently open during
video acquisition. Video capture is achieved by the detector using a detector chip which has
an area exposed to the sample and another that is used as a storage area (not exposed to
the sample). The storage area stores the image information temporarily before processing,
while the camera (exposed area of the chip) acquires the next image. Excitation of quantum
dots was performed by a LV-UEPI halogen lamp (50 W) combined with a 435/40 nm optical
filter (Semrock) and UV-LED driver LEDDI Thorlabs, CW full power, Imax = 700 mA and LED
(Thorlab fitted with a 365 s M365L2-C1, S/N M00268758) combined with a DAPI filter set
containing excitation optical filter 365 nm (Carl Zeiss 0424-879, G365), 395 nm dichroic
filter and 420 nm long pass filter. Videos were obtained in kinetic acquisition mode with
typically 23 frames s™. A Thorlabs optical table was used to minimise vibrations during

motility measurements.

Optical imaging of ThT stained fibres of 1b was achieved by the use of 482/35 nm single
band optical filter for detection of 480 nm fluorescence emission upon ThT binding to B-
sheet assemblies (excitation at 435 nm). Simultaneous QD-AP (655 nm emitting) and ThT
stained 1b, used corresponding optical filters e.g. 650 and 482 nm respectively, which were

fitted in turn.

For 2b fibre visualisation, a 417/60 nm single band optical filter was fitted for detection of

pyrene emission. Similarly for simultaneous fibre and QD-AP detection, optical filters (650
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and 417 nm) were exchanged according to the fluorophore e.g. QD-AP or 2b fibres

respectively.

For samples containing a mixture of QDs,5-AP and QDgs5-AP, optical filters were switched

between 536/40 nm and 650/60 nm for detection conjugates, respectively.

3.3.22. Gel reservoir preparation

10% polyacrylamide gel was prepared by the addition of: 1.25 mL 40% acrylamide mix, 1.25
mL Tris.Cl pH 8, 50 uL SDS and 2.00 mL H,0. Followed by the addition of 50 uL 10% APS and
15 uL TEMED, before the entire mixture was immediately added between two clamped
glass plates. After polymerisation was complete the gel was cut into squares approximately
4x4x1 mm. Gel squares were then placed in solution containing 5 mM 1a, 2a and 4a and

left to saturate overnight at room temperature.

3.3.23. Gel diffusion study

Substrate saturated gel squares containing 1a and 2a were separately placed in cuvettes
containing 1 mL 0.6 M phosphate buffer. The fluorescence emission spectra for each were
recorded every 5 minutes for 1 hour. Fluorescence parameters for 1la and 2a are as

described previously.

3.3.24. Sample preparation for fibre visualisation by

fluorescence microscopy

Simple flow cells were prepared by the deposition of 20 pL liquid or gel sample onto a glass
slide, followed by the addition of 22x22 mm glass coverslip which was finally sealed in place
with clear nail polish. Dried samples were prepared by depositing 20-50 uL liquid or gel
sample onto a glass slide. The slide(s) were left to dry overnight in the dark environment.
For samples containing fibres of 1b 0.1 or 1 uM ThT was added either to the sample prior to
drying or added to the slide, left to dry before washing away excess ThT with water and

drying for a final time before imaging.

3.3.25. 2-photon microscopy

Sample preparation for 2-photon microscopy consisted of adding 20 pL of sample onto a

glass slide and adding a 22x22 mm glass coverslip over the sample, before finally sealing
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with clear nail polish. A Leica SP S Multi-photon scanning microscope with Leica DFC 360 FX
was used to image samples. An excitation wavelength of 740 nm was employed, operating
at either 40 or 80% power corresponding to 27.2 and 59.6 mW respectively. Detection
ranges for pyrene containing samples was 400-500 nm and for samples containing QD-AP,
the detection range was 600-700nm. 100x 1.4NA and 10x 0.3 NA objectives were employed
for image capture. Images obtained were 2048 x 2028 pixels and 1 pixel is equal to 72.11
nm. Background noise reduction was achieved by averaging over 10 scans. *Performed

alongside Gail McConnell.

3.3.26. Thermolysin fuel system method development:

FmocTF-OMe

A mixture of 10 mM Fmoc-T-OH and 40 mM F-OMe was prepared by dissolving 7.2 mg and
17.3 mg in 2 mL final volume of 0.1 M phosphate buffer pH 8. Mixing was achieved by
ultrasonication and vortexing before and after addition of thermolysin (final concentration

of 0.5 mg/mL) or 600 pL QDs,s-Thermolysin.

3.3.27. a-chymotrypsin fuel system method development:

Pyrene-YY-NH,

A mixture of 20 mM pyrene-Y-OMe and 20 mM YNH2 was prepared in 0.1 M phosphate
buffer pH 8. Mixing was achieved by ultrasonication and vortexing before and after addition
of a-chymotrypsin (final concentration of 1mg/mL) or 25 pL/mL QDgss-Chymotrypsin

(performed alongside Sisir Debnath).
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— Chapter 4 -

Techniques — Part 1

4.1. Spectroscopic techniques for the analysis of self-

assembled structures

4.1.1. Fundamentals of fluorescence spectroscopy

Fluorescence is the emission of photons (or light) from fluorophore molecules which are
excited to higher energy levels by a fixed and appropriate wavelength of light (usually in the
ultra-violet (UV) region).” Initially light is absorbed by the fluorophore molecule in the
form of a photon and the resulting species becomes excited by the promotion of electrons

from the ground state (S,) to higher energy levels, for example Syto S, (see Figure 18).

} vibrational levels

SO A 4 \"4

Ground state

Figure 18 — Energy state diagram for fluorophore excitation and relaxation.

Excited molecules lose energy or ‘relax’ as the promoted electron descends down
vibrational energy levels to the first singlet excited state (S;). The excited singlet state
fluorophore j.e. S; returns to the ground state (Sy) by the radiative or non-radiative
230

processes, fluorescence (F) or internal conversion (IC), respectively — see Figure 18.

Fluorescence excitation and emission is characteristic to the molecule. Due to vibrational
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relaxation prior to emission of a photon, energy is lost therefore resulting in a shift in the
wavelength with regards to the excitation wavelength, commonly called the Stokes or red

shift.*°

4.1.2. Fluorescence spectroscopy using intrinsic

fluorescence

Spectroscopy can be used as a tool to probe the self-assembly modes of aromatic dipeptide
amphiphiles. In particular fluorescence spectroscopy can be used for systems involving
aromatic moieties such as Fmoc or pyrene, as their fluorescent spectral properties can
indicate aromatic orientations and interactions occurring. A change in the local
environment due to molecular association or solvent polarity will result in changes in

fluorescence emission characteristics.

Fluorenyl containing peptides are typically excited at around 300 nm and display
characteristic ‘monomer’ fluorescence emission spectra, with a A, of 320 nm for
Fmoc.?°?°72'? The presence or absence of certain spectral peaks, can give clues as to how
the molecules are organised within a supramolecular structure and also the polarity of the
local environment. For example with Fmoc-FpY, a characteristic shoulder at 370-380 nm is
indicative of micelle-like assemblies in which Fmoc groups make up the hydrophobic core of
the micelle in aqueous environments (see Figure 19). Alkaline phosphatase converts the
dipeptide derivative to a more neutral Fmoc-FY, resulting in a diminished spectral shoulder
(370-380nm) as the micelle structures are disrupted and the ‘new’ molecules are driven to

align in a different orientation.”*%

Anti-parallel B-sheet Parallel B-sheet Micelle

/‘]"\_

Figure 19 - Schematic representation of different orientations of self-assembly i.e. anti-parallel,

i

parallel B-sheets and micellar structures.
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Subsequent self-assembly of Fmoc-FY into aromatic stacked arrangements i.e. parallel or
anti-parallel B-sheets (Figure 19), can also be detected using fluorescence spectroscopy. A
red shift in the 320 nm Fmoc peak is observed with some systems indicating Fmoc

excimers',”®*?! and a peak at 400 nm can suggest Fmoc or phenyl J-aggregates’

. 62,221,231,232
forming.>>*=>*~

Pyrene functionalised peptides are excited at 334 nm and ‘monomer’ spectra contain
multiple emission peaks at 375, 380, 385, 398 and 410-418 nm, representing the major

2052337235 The spectral peaks are due to > m*

vibrational bands I, II, Ill, IV and V respectively.
transitions of monomeric pyrene, where the third vibrational state (385 nm) can be used to
monitor the environment polarity.”®* As with the Fmoc-system, self-assembly of pyrene-
functionalised peptides into fibrous structures is indicated by a change in the emission
spectra, where excimer peaks become more intense compared to those associated with the
‘monomer’. Typically unstructured bands arise at longer wavelengths (between 425-550

2 A red-shift of a peak can indicate aromatic stacking interactions; however the

nm)
fluorescence emission spectrum of a pyrene-containing peptide is more complex
(compared to fluorenyl functionalised peptide) due to the different pyrene orientations
available. For example, the fluorescence emission spectra of self-assembled pyrene-YL,
exhibits a broad less-defined profile, accompanied by quenching of peaks associated with

monomers.zos

4.1.3. Fluorescence spectroscopy using extrinsic

fluorescence

As well as an inbuilt chemical fluorescent probe, i.e. pyrene or Fmoc, extrinsic fluorescent
probes can be added to peptide solutions, in order to gain more information about the self-

assembled structures and resulting local environments.

" An excimer originates from the words ‘excited’” and ‘dimer’ and relates to associated molecules
which are stable and exist in an excited state.

' J-aggregates are species which exhibit bathochromic shifts (a shift to longer wavelengths) in the
spectral band during the association of molecules.
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Free pyrene can be used to determine critical micelle concentration (CMC) of peptides
suspected of forming micelles (see Figure 20 for the molecular structure of pyrene). The
free pyrene fluorescence signal depends on the solvent environment of the molecule,
therefore upon encapsulation by micellar aggregates the fluorescence signal alters
according to the hydrophobic environment. Below the CMC pyrene experiences a polar
aqueous environment and as the concentration of surfactant or amphiphilic peptide
increases, pyrene becomes more solubilised within the hydrophobic micellar core. The
environmental change from polar to more hydrophobic can be monitored by comparing the
ratio of fluorescence emission intensity values of the first and third vibrational peaks (I,/1;;).
In a hydrophobic environment band Ill increases compared to band | (the opposite effect is

235

seen in polar environments).” In the presence and absence of micelles the ratio between

236237 By plotting the ratio value against surfactant

the two bands is high or low respectively.
(or peptide amphiphile) concentration, the resulting curve can be used to determine a

value of CMC i.e. where there is a sharp change in the curved profile.”’

The fluorescence method of determining the CMC using pyrene can be employed for
peptides which are not already functionalised at the N-terminus by pyrene. For example,
the CMC of Fmoc-FpY has been previously determined to be 5 mM using free pyrene as a

probe.””’

S CH,3

CH, CI
O S

Figure 20 - Chemical structures of (a) pyrene and (b) Thioflavin T.

Thioflavin T (ThT) is a fluorescent probe that can indicate B-sheet structures (Figure 20),
and is typically used to detect B-rich amyloid fibrils associated with protein misfolding

. . 238,2.
diseases such as Alzeimer’s. %%

ThT binds to B-structures and so can be used to detect
self-assembled peptide structures suspected of forming B-sheets. There is debate as to the
mechanism by which ThT non-covalently binds to B-rich amyloid fibrils, where some

suggest that aromatic and hydrophobic amino acid residues provide a recognition site for
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ThT binding.2%**° Alternatively, it is thought that ThT forms micellar structures capable of

241

binding to B-rich fibrils

241-243

or that size specific cavities are present in B-structures for the dye

to penetrate.

The fluorescence emission characteristics of ThT allow for the detection of B-sheet
structures (exciting at 442 nm), due to a shift in the emission maxima from 445 to 480 nm
and an increase in fluorescence emission at 480 nm in the presence of B-rich

structu r_es'240,242,244—246

The shift and subsequent increase in fluorescence emission is a result
of changes in the local environment where it is thought that steric restriction prevents
rotation of the dye molecule about the benzothiazole and benzene ring (see Figure 20),

leading to an increased quantum yield and fluorescence output, 23324024624
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Techniques — Part 2

4.2. Visualisation of proteins using bioconjugation to

fluorescent nanoparticles

Single biomolecule tracking has led to the understanding of how many molecular motors

249-251

move in vivo and in vitro. Biomolecules however, can prove difficult to visualise using

fluorescence microscopy techniques, with the exception of naturally fluorescing proteins

252,253

such as the green fluorescent protein. Proteins exhibit a natural intrinsic fluorescence

for sequences containing aromatic residues tryptophan, tyrosine or phenylalanine.
However, this fluorescence intensity is weak and in the low nanometre wavelength range

(200-350nm), so is generally unsuitable for visualising proteins by fluorescence

247

microscopy.””’ Therefore, methods to visualise and track single molecules and proteins

require the attachment of a fluorophore or particle to allow for visualisation. Strategies

currently in place for protein observation and tracking include labelling with an organic

254-257 254,258

fluorophore, genetically fusing to a fluorescent protein, conjugating to

259,260

fluorescing or metallic nanoparticles and attaching to the surface of micron sized

particles.”®* 2%

Single biomolecule observation can be achieved by modification with organic molecular
fluorophores, only if the fluorescence signal is sufficiently greater than the background
noise. In most cases organic fluorophores have low fluorescence emission intensity and

cannot offer sufficient time resolution for single molecule tracking.?®®

Conjugation to larger
micron-sized particles is more convenient in terms of visualisation, but the larger size,
compared to nanoparticles, presents an increased load on the biomolecule. This in turn
causes a decrease in the diffusion coefficient of the overall conjugate and therefore could
potentially prevent realistic tracking of the attached biomolecule. Nanoparticles (NPs) are
comparable in size to many proteins. NPs composed of metals e.g. gold or silver are ideal

for dark-field microscopy as they are highly contrasting.”*%

Visualisation of the enzyme alkaline phosphatase is essential in order to track individual

molecules. In this investigation we firstly label the enzyme with an organic fluorophore
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(fluorescein) and also conjugate to fluorescent nano-sized quantum dots (see Chapter 5).
Quantum dot-enzyme conjugates were utilised for all subsequent tracking investigations

therefore here we focus on the fundamental properties of semi-conductor quantum dots.

4.2.1. Quantum dots

Quantum dots (QDs) are highly fluorescent semiconductor nanocrystals, which offer
attractive optical properties for the conjugation and tracking of biomolecules. QDs range in
size from 2-20 nm in diameter, with around 200-10,000 atoms per crystal.zso’ZSL266 The
general structure of a core-shell QD comprises of a primary semiconductor core such as
CdSe plus an optional layer of different semiconductor for example ZnS (Figure 21).*’ The
outer semiconductor shell functions as a protective layer against oxidation and it also
enhances the quantum yield of the QD.****®® An additional coating of polymer or ligands
allows for solubilisation of QDs in either organic or aqueous environments.”® It is essential
for biological applications that the outer surface of the QD is hydrophilic for use in aqueous

solutions.

Core

Polymer Coating

Shell

€ —>
2-10 nm

Figure 21 - Structure of a core-shell quantum dot, with semiconductor core and shell e.g. CdSe and
ZnS respectively. In some cases polymer coatings are added for solubilisation purposes.

4.2.1.1. Electronic properties

Semiconductor nanocrystals are named quantum dots due to the quantum confinement of

269

their electrons by a potential barrier.”” QDs differ from bulk semiconductors in such a way

that the electronic properties become more like those of a molecule, where continuous
valence and conduction bands exist in bulk semiconductors and discrete bonding and anti-

267

bonding molecular orbitals are found in QDs (see Figure 22 overleaf).”" As a result of QDs
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having discrete energy levels, the bandgap of a quantum dot nanocrystal is greater than the

bulk semiconductor of the same material.?’

Figure 22— Electronic state schematic diagram comparing bulk semiconductors and quantum dots.””°

QDs absorb energy in the form of photons, when the excitation energy is greater than the
bandgap. Upon excitation, electrons occupy higher energy levels, similar to the promotion
of an electron from the valence to the conduction band in a bulk semiconductor.”’*
Emission of light then arises due to the recombination of electron-hole pairs from the
discrete energy levels, as in bulk semiconductors where electron-hole pairs are recombined

in the shallow and deep traps caused by defects.?’

The size of the QD influences the spacing or band gap between the discrete energy levels.
By changing the size and composition of the QD nanocrystal, the band gap is affected

therefore influencing the optical properties of the QD.**

As a result, the wavelength of light
emitted by a particular type of semiconductor nanocrystal is controlled by the bandgap and

therefore by the size of the crystal.”®
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4.2.1.2. Optical properties

As mentioned previously, the QD fluorescence emission wavelength is dependent on the

size of the nanocrystal, with a range of light being emitted from ultraviolet to infrared

249-251,272

regions of the electromagnetic spectrum. As the size of the QD decreases, the band

gap increases, where smaller sized nanocrystals i.e. 2 nm QDs emit blue/green light,

whereas larger 5 nm QDs emit in the red region.?"%%%"3

QDs have a number of advantages for microscopy imaging applications, compared to
organic fluorophores and fluorescent proteins. QDs are 10-100 times brighter due to their
large molar extinction coefficients between 0.5-5x10° M cm™ (compared to 7x10*M™ cm™

for FITC).2*¥%%27227% They are generally highly photostable allowing them to be used for

249-251,272-275

long-term tracking applications. Organic fluorophores, on the other hand, can

experience considerable photobleaching after only a few minutes illumination, due to

permanent photochemical destruction.”*

QDs have narrow, symmetrical fluorescence emission spectra with broad adsorption bands

249-251,268,272,274

allowing simultaneous excitation of multiple coloured QDs. Organic

fluorophores have narrow adsorption and broad emission spectra that tend to overlap and

are less symmetrical 2**>°"%®

Disadvantages of using QDs for biomolecule tracking, include size restrictions where a QD

can be larger than the biomolecule being conjugated, therefore affecting the realistic

274

diffusion of that molecule.””” QDs also suffer from blinking (alternation between emission

and non-emission), thought to be caused by the crystals diffusing in close proximity to a

251,268

surface. This blinking effect can make single particle tracking difficult.

4.2.2. Bioconjugation

Despite the downsides of QDs for single biomolecule tracking, there have been a number of

. . . « . . 272-274,2
reported examples of successful conjugation and subsequent microscopic imaging,?’**’#*’°

143,258,277-281

or tracking of a variety of biomolecules. The observation of enzymes conjugated

with QDs moving along and cleaving a DNA extension was reported.?®® Motor proteins
carrying QDs as cargo have been successfully tracked ‘walking’ along microtubule tracks.'®

Other single molecule tracking studies include bioconjugation of QDs to: viruses,””® wheat
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germ agglutinin proteins,?! prion proteins®®*® and mRNA for tracking within cells.?’***® QD
nanocrystals have never to our knowledge been reported for tracking biocatalysts involved

in self-assembly processes.

As mentioned, a variety of biomolecules have been successfully attached to semiconductor
nanocrystals and there are a number of strategies for bioconjugation to QDs including
electrostatic; thiol; streptavidin-biotin conjugation techniques and also amide bond

formation or silane chemistry, and these are summarised as:

(i) Electrostatic conjugation - QDs with negatively charged surfaces are able to

electrostatically bind to positively charged biomolecules,?%268271276:282,283
Biomolecules can also be engineered with positively charged hexahistidine tags to
enable electrostatic interactions with negatively charged QDs.?*

(i) Thiol conjugation - Coupling of maleimide-activated QDs to thiols of biomolecules is
achieved by either engineering the molecule with free thiol groups or taking
advantage of any thiol-containing cysteine residues within  the
sequence.”0?°1208271,276283 This strategy however has a few downsides, for example
thiols can be sensitive to oxidation and free thiols are rarely found in native
proteins as they are usually bound within disulphide bridges.””* The ZnS-thiol bond
is relatively weak and therefore proteins attached in this way can detach.””"

(iii) Amide bond formation between COOH and NH, - EDC and sulfo-NHS can be used
for the activation and coupling of the carboxyl group on the surface of QDs to
amino groups of the biomolecule to form a stable amide bond.?>%?71276283,285-288 Ty
type of conjugation can also be used for coupling amino (PEG) QDs and carboxyl
groups on the biomolecule.?®

(iv) Silica coating and silane chemistry - Some QDs have a silica coating that can be
modified using silane chemistry for the attachment of a number of functional
groups on biomolecules.”*%*”*

(v) Streptavidin-biotin conjugation - QDs conjugated with streptavidin may be used to
bind molecules labelled with biotin, taking advantage of the naturally strong affinity

. e .. 110,250,268,276,281,283,290-2
streptavidin and biotin have for each other,1%2°0/268,276,281,283,290-293
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A handful of alternative methods have also been reported, such as the direct adsorption of

251

serum albumins to the surface of water soluble QDs.”>" One example illustrates a one-step

incorporation of BSA by adding the protein to the precursors used for QD preparation.”*

Taking into consideration the current strategies in place for bioconjugation to QDs, the
amide bond formation via carbodiimide activation and coupling was chosen to attach
alkaline phosphatase to QDs. Amide bond formation is more stable compared to thiol
binding or electrostatic interactions and the biomolecule/QDs do not have to be

engineered or modified prior to conjugation as with streptavidin-biotin or silane strategies.

A protein model of Escherichia coli alkaline phosphatase was visualised using VMD software
from the crystal structure obtained from Protein Data Bank — 3TGO (see Figure 39 for
model).” From the three-dimensional model it can be seen that there are a sufficient
number of amino groups (i.e. 56 lysine residues; of which 32 are available on the surface of
the enzyme). Therefore carboxyl functionalised QDs were chosen for conjugation to
alkaline phosphatase via the EDC coupling strategy (see section 3.3.3 for conjugation

information).
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Techniques — Part 3

4.3. Single particle tracking microscopy technique and

method development

4.3.1. Introduction

Here the fluorescence microscopy techniques employed to track single fluorescent enzyme-
guantum dot conjugates will be discussed. The microscope configuration will be highlighted
along with the major challenges posed for single particle tracking of nanosized species.
Challenges such as achieving sufficient resolution and excitation will be covered with a final

statement about the development of a suitable solution sample holder for tracking.

In addition, a proposal for future simultaneous two-fluorophore detection and tracking will
be presented, as a natural step beyond this study would be to track QD-AP conjugates as

well as self-assembling fibrous structures.

An overview is also given as to how the tracking program identifies particles from single
frames of a video and subsequently pieces together the movements over a number of
frames, resulting in single particle trajectories, from which data can be obtained about the

diffusion characteristics of single conjugates (and entire populations of conjugates).

4.3.2. Microscope Configuration

Visualising and tracking the motion of single particles in a three-dimensional environment
can prove challenging, particularly when tracking single nanosized species in a potentially
optically turbid environment, for example in the presence of fluorescent fuel molecules and
other scatterers. QD-enzyme conjugates exhibit Brownian diffusion characteristics as
explained in section 1.1, therefore for real time visualisation of single QD-AP conjugates,
the microscope configuration is important to accurately track motion at nanoscale

resolution, as calculated in section 4.3.3.1.

Fluorescence microscopy is one of the most common methods for tracking single

fluorescent or fluorescently labelled particles. Tracking generally relies on gathering a series
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of images for a period of time.?*®

Intense spots captured in each image can be assigned as a
single particle, which due to its position will have individual coordinate values.”® The
position of a particle will be assigned according to the centre of the intensity distribution as

described in 4.3.4.1.%¢

As described in section 4.2, the chosen method for labelling alkaline phosphatase was to
conjugate to fluorescent nanosized quantum dots, for visualisation using epi-fluorescence
microscopy (see Figure 23 overleaf for microscopy configuration). Once a method of
labelling was developed, there were a number of parameters which required development

before single particle tracking was achieved.

Conventional wide-field fluorescence microscopes operate by illuminating the sample with
the chosen excitation wavelength, and the sample can be observed through oculars or a

camera set-up (Figure 23 overleaf).”’

The environment that the microscope is set up in
must have low light levels such as an appropriate dark room and the room temperature is
usually controlled in order to control the performance of electronics such as EMCCD

cameras.”’

The microscope configuration for imaging QD-AP (emission 655 nm) is shown in Figure 23.
Depending on the wavelength of light required for illumination, either a halogen lamp or
UV-LED was coupled to the microscope. Filter combinations to direct and detect light at
specific wavelengths, corresponding to the sample excitation and emission, can be
incorporated either after the light source or as part of an optical filter cube (see Figure 23
overleaf). Emission filters for capturing the sample signal can be placed before the camera

or within a filter cube.
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Figure 23 — Schematic of wide-field epi-fluorescence microscope set-up (with optional two-camera
set-up). The light sources used were switched between halogen and UV-LED lamps, depending on
the required sample excitation wavelength. The filter set-up here explores different filter
combinations tailored to the sample requirement. Commercially available standard filter cubes are
used only for 365 nm excitation (dichroic 395, long pass 420 nm). For 435 nm illumination, individual
excitation and emission filters are employed (after the light source and fitted before the camera,
respectively). For applications in imaging a two-fluorophore system such as QD-enzyme conjugates
and self-assembled fibres, a beam splitter is employed to direct light between two cameras, each
fitted with optical filters corresponding to the emission wavelength range of the fluorophores being
tracked e.g. 650/60 nm and 482/35 nm single band filters for 655 nm emitting QDs and 480 nm
emitting ThT-stained fibres, with band widths of 60 and 35 nm, respectively.

4.3.2.1. Simultaneous enzyme and fibre visualisation

For visualisation of enzyme-QD conjugates and self-assembled fibres simultaneously, the
microscope design must be altered accordingly. Enzyme-QD conjugates can be visualised
using a combination of optical filters which correspond to the excitation and emission
properties of the QD. For the visualisation of self-assembled structures, two techniques can

be employed: extrinsically staining the self-assembled structure with a fluorescent probe
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i.e. Thioflavin T (section 4.1.3) or incorporating an intrinsic fluorescent moiety into the self-

assembling aromatic dipeptide derivative e.g. pyrene (section 4.1.2).

In order to truly track and visualise a two fluorophore system such as fluorescent enzyme-
QD conjugates and intrinsic or extrinsically fluorescent self-assembled fibres, the excitation
and emission wavelengths should be compared. Ideally excitation wavelengths should be
similar or the same. Conveniently QDs, have broad absorption bands, which allow for some
degree of flexibility, regarding excitation wavelength. Ultimately the chosen dye or
fluorophore molecule responsible for illuminating the self-assembled structure is the

defining factor for deciding the excitation wavelength.

To obtain digital video data of each fluorophore i.e. conjugates and self-assembled fibres,
the microscope design would incorporate a dual camera set-up and beamsplitter to ensure
light is passed to each camera (Figure 23). For a one camera set-up the beamsplitter would
direct 100% of the sample emission to camera 1 and for a two camera system, the signal
would be split between the two cameras (45:55 ratio), as shown in Figure 23. Each camera
would be fitted with an optical emission filter corresponding to the emission wavelength of
either the QDs or the self-assembled structures. For example a system containing 655 nm
emitting QD-conjugates and thioflavin T stained fibres (emission wavelength 480 nm — see
section 4.1.3); 650nm and 482 nm optical filters would be fitted respectively (see Figure 24
overleaf). Dichroic filters in this case are not required as the emission optical filters only
pass light of a certain wavelength range or band, preventing light at the excitation
wavelength from entering the detector. For an optical filter combination capable of
detecting fluorescence emission from intrinsically fluorescent fibres of 2b and QD-AP

conjugates see Appendix B.
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Figure 24 - Example plot of optical filter combination required to capture fluorescence signal for a
two fluorophore system of 655 nm emitting QDs and 480 nm emitting Thioflavin T-stained fibres
(used here to detect B-sheet structures in Fmoc-FY fibres — see section 4.1.3).

4.3.3. Challenges of tracking at the nanoscale by

fluorescent microscopy

There are a number of potential challenges or factors worth contemplating when imaging
fluorescent nano-sized objects in motion, such as choosing the correct objective, light

source and optical filters to achieve suitably resolved images for tracking.

4.3.3.1. Selection of objective

Choosing an appropriate objective for applications such as imaging single particles, is
important in order to achieve suitable resolution. The resolution obtained through optical
microscopy is inherently restricted due to the properties of light e.g. diffraction (see
equation 7 below). Problems may arise when resolving between two particles which are
close together due to them appearing inflated in size by diffraction. In wide field

microscopy, resolution in the x-y plane is typically 200 nm.>**’
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The numerical aperture (NA) of an objective gives an indication of the light acceptance
angle of the objective and determines the light collection, resolution and depth of field.
High numerical aperture objectives (NA = 1.45-1.65) are capable of improved signal

27 To achieve a higher

collection, but at the same time with an increased collection of noise.
NA value, objectives can be designed to function in other media such as water or oil.
Specific objectives are designed for use with fluorescence microscopes, as they transmit
light in the UV and visible regions. Objectives with a higher NA value are favoured for
fluorescence applications i.e. for the collection of low levels of light. The working distance

of an objective is defined as the distance between the objective lens and the sample.

Typically as the magnification increases the working distance decreases.

A
= — Equation 7
2n sin@ 9

Where d is the resolvable feature size, A is the wavelength of emission light, n is the
refractive index of the medium between the objective and the sample, 6 is the half-angle of
the inverted cone of light entering objective and n e sin@ = NA of the objective (see
Figure 25).”® An alternative equation is simply: d = A/2NA, which can be used to estimate
the optical resolution of the set-up used to image fluorescent QD-enzyme conjugates e.g.
for a species emitting light at 650 nm (QDs) and an objective with an NA of 1.3, has a

theoretical resolution of 250 nm.
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Figure 25 - Scheme representing objectives with different numerical aperture (NA) values. (B) has a
larger NA value than (A) due to the light cone increasing in which in turn increases the angular
aperture.

The axial resolution or depth of field must also be taken into account, especially for tracking
particles in a liquid sample well. The depth of field also relies on the numerical aperture of
the objective where low and high NA objectives can be compared in Figure 26. The depth of
focus or image depth relies on the magnification and NA of the objective. Higher NA (and

magnification) objectives usually have a larger depth of focus.

Low NA
High NA

Depth of

field Plane

v

Figure 26 - Depth of field comparison of an objective with low or high numerical aperture (NA).”*

For this study, a number of objectives were tested for the best resolution of QD-AP
conjugate samples (50x air, 60x water immersion and 100x oil immersion). The objective
chosen was a Nikon Plan Fluor objective with 100x magnification, oil immersion, with an

adjustable NA between 0.5-1.3 (used at 1.3 NA) and a working distance of 0.6 mm. This
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objective was chosen to enable as much sample signal to enter the camera and detector as

possible.

4.3.3.2. Light source

The light source used will depend on the excitation wavelength required. The absorption
spectra of QDs are broad and therefore offer a wide range of excitation wavelengths. To
ensure high signal to noise, the correct light source for sample illumination is important.”’
For studies which illuminate at wavelengths of 350-450 nm, glass equipment such as slides

and cover-slips may supply added background fluorescence to the system.

In this case two light sources were investigated: Halogen and LED lamps (see Figure 27
overleaf). A UV-LED was investigated to increase the illumination light intensity for single
particle tracking as well as excitation in the UV wavelength range for more efficient
excitation of the sample. Particle tracking requires higher incident power compared to
fluorescence imaging of immobilized samples, which can be achieved with longer
integration times and frame averaging. Halogen lamps operate at wavelengths in the visible
region e.g. >400 nm which may not be suitable for all samples and other light sources such
as mercury lamps are not sufficiently powerful in the UV region for single QD tracking
applications. Although many single particle tracking studies employ lasers for illumination,
high power LED light sources are available in a range of wavelengths from UV-IR and so

offer an alternative light source, in many cases, to exposed laser beams.
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Figure 27 — Spectra of UV-LED and halogen lamps used for this study.

4.3.3.3. Optical filters

Optical filters operate by removing unwanted wavelengths of light but at the same time,
allow the target wavelength to pass through the microscope system. There are generally
three types of filters employed in a fluorescence microscope: excitation, emission and

dichromatic filters.

The excitation optical filter functions to pass wavelengths of light required to excite the
fluorescent sample. Emission optical filters allow wavelengths of light from the sample pass
to the output ie. camera. The dichromatic beamsplitter filters rely on interference to
reflect certain wavelength ranges and transmit others, to direct the excitation wavelength

to the sample.

An excitation filter should be chosen with the optimum excitation wavelength of the
sample in mind. For this study quantum dots were chosen to conjugate with enzyme
molecules. Due to the broad absorption profile of QDs, the excitation wavelength range is

relatively broad also i.e. from UV to low visible region. Two excitation filters were chosen
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for this study: 365/25 and 435/40 nm (central wavelength/ band width). It is also important
when choosing an optical filter, particularly for low levels of fluorescence, to ensure the
transmission is high which in turn enables optimum light capture. For this reason Semrock

filters were selected which have transmission values close to 100%.

The emission optical filter selected to detect the signal of 655 nm emitting quantum dots,
was a single band 650 nm filter. A single band filter passes light within a certain wavelength
range i.e. a 650/60nm filter allows 650 nm light to pass with 30 nm each side of 650 nm (a

range of 620-680 nm), as shown in Figure 28.
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Figure 28 - Optical filter combination for 365 or 435 nm illuminated sample of 655 nm emitting QDs,
collected using 650 nm emission filter (primary axis — transmission (%)). Dashed plot represents QD
fluorescence emission spectrum (secondary axis — Intensity (au)) and dotted plot represents 395 nm
dichroic filter employed with 365 nm excitation only. EX = excitation, EM = emission.

4.3.3.4. Image capture

To obtain images or video data of nanoparticles a suitable camera was necessary to detect
and record the signal of individual particles. Typically, charged coupled device (CCD)
cameras are employed for tracking single fluorescent particles, due to the high quality and
low noise images produced. A CCD camera is an optical detector that converts light to a
voltage output j.e. photoelectrons, which are amplified and converted from analogue to

digital via a detector chip.”®” Amplification can be achieved before or after the production
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of photoelectrons by intensified CCDs (ICCDs) or electron-multiplying CCDs (EMCCDs),

respectively.

EMCCDs have solid state detectors that amplify the photoelectrons from the sample after
they hit the detector chip. The chip in an EMCCD camera is usually thermoelectrically
cooled to temperatures down to -100°C which helps minimise noise, however dark noise
may be amplified as well as signal. Methods to improve image contrast can include
reducing the noise or increasing the sample brightness. Using a higher NA objective can
increase the brightness of the sample, however noise is equally detected. Noise can be
reduced by controlling unwanted light i.e. all light except the excitation wavelength range
of the sample. Sources of unwanted light include light from nearby computer equipment,
lamps or light from the external environment. In addition the sample will emit light in all
dimensions, therefore light emitted in directions other than the detector or camera will be

seen as background light.

For this study an EMCCD camera was chosen as it is suitable for single particle tracking
applications due to less effects from noise (compared to other types of camera), and is
particularly suited to conditions with low levels of fluorescence. Alternatively sCMOS
cameras offer higher frame rates compared to CCD cameras, beneficial for the accurate

tracking of nano-sized particles, however lack sensitivity compared to EMCCDs.*”

4.3.3.5. Microscopy calibration

In order to determine distances for data analysis of tracked particles each objective used in
the study was calibrated using a reference. An AFM/optical reference (Pacific
Nanotechnology) with SiO square features was used to calibrate the objectives (Figure 29).
Using Imagel software the images were analysed to calculate the number of microns per

pixel for each objective as follows:
50x 0.55 objective: 10 um =35.251 pixels; 0.283 microns per pixel

100x oil immersion objective: 10 um = 62.354 pixels; 0.160 microns per pixel
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Figure 29 — 50x magnification of optical reference used to calibrate microscopic objectives. (A) 10
micron square/20 micron pitch, (B) 5 micron square/10 micron pitch, (C) 2.5 micron square/ 5
micron pitch, and (D) 1.5 micron square/3 micron pitch. (E) 100x magnification of 10 micron squares.

4.3.3.6. Solution sample holder design

In order to allow fluorescent particles (in this case enzyme-quantum dot conjugates) to
move freely, the sample cell is important. A sealed cell is required to reduce evaporation of
the liquid sample, as flow induced by evaporation would affect conjugate motility. There
are a number of cells capable of holding liquid samples with the ability to seal, for example
glass capillaries, glass bottom dishes and simple handmade cells (see Figure 30 overleaf).
Choosing the correct sample holder depends on a number of factors such as the objective
specificity (NA and magnification), wavelength of illumination and the need for an oil or
water immersion objective. As previously discussed, the objective chosen for this study is
an oil immersion objective, therefore the sample holder was required to be compatible

with the addition of oil and contain a suitably flat surface for contact with the objective.
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Figure 30 - Schematic representation of flow cells (A) glass capillary tubes with rectangular and
square cross-sections, (B) Simple flow cell with sample sandwiched between glass slide and cover-
slip and (C) Glass bottom dish with sample secured in a well with glass cover-slip, for use with oil
immersion objective. Inset —image of a glass bottom dish.

The sample cells shown in Figure 30 were evaluated for in-situ imaging of enzyme-QD
conjugates, where glass capillary tubes offered simple sample loading through capillary
action and were plugged at each end using glue to prevent evaporation. Although, samples
once loaded, were not easily recovered from the tube due to the permanent sealant used.
Capillary tubes are available in a range of sizes and cross-sectional design such as circular,
square or rectangular (see Figure 30 (A)). Square or rectangular capillary tubes offered a
flat surface for use with an oil immersion objective, however required extra stabilisation by

securing the tube to a glass slide to reduce unwanted movement.

Simple cells prepared by sandwiching the liquid sample between a glass slide and a cover-
slip, were sealed using glue around all edges of the glass cover-slip (Figure 30 (B)). This
sample preparation technique was simple and materials are readily available, however

evaporation was observed if the sample wasn’t sufficiently sealed.
Glass bottom dish sample holders are purposefully designed for imaging cells using an

inverted microscope i.e. the objective is positioned below the sample. For single particle

tracking applications glass bottom dishes can be used with epi-fluorescence microscopy
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where the objective is positioned above the sample. The dishes incorporate a well, capable
of holding liquid samples. For use with an oil immersion objective the liquid sample was
sealed within the well by the addition of a cover-slip over the well (Figure 30 (C)). The
cover-slip offered a semi-permanent method of sealing the sample, as it was removed after

observation and the sample was easily recovered for further analysis.

The sample cell chosen for this investigation was therefore a glass bottom dish, for use with
epi-fluorescence microscopy, as it provided simple sample loading and recovery and was
compatible with oil immersion objectives, without the need to permanently secure the

sample.

As the liquid sample contains fluorescent particles in suspension other important factors
were taken into account during the method development stage of the study, for example
the concentration of QDs or enzyme-conjugates was investigated to achieve the optimum
concentration for imaging i.e. enough QDs to image but not too many as to create
background fluorescence issues or crowding. The volume and depth of focus (mentioned
above) also played a key role in ensuring particles were freely diffusing in the centre of the
sample well and not near glass surfaces of the sample holder. By using an oil immersion
objective (rather than a water immersion), the top glass cover-slip was used as a reference
to focus initially and then focus further into the sample to ensure tracked particles were

freely diffusing.

4.3.4. MATLAB data analysis

Individual enzyme-QD conjugate motion is recorded in a digital video using an EMCCD
camera. The frame rate and length of video can be controlled by manipulating the exposure
time of the camera. A typical experiment recorded videos 300 or 600 frames long with a
frame rate of 23 fps and an exposure time (the amount of time each frame is exposed for)
of 0.01 seconds. Videos obtained using specialised camera software are required to be
converted to TIFF file format for subsequent tracking and data analysis. It is worth noting
that the conversion of files to other formats can, in some cases, cause compression of the

file, and subsequent loss of information.
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Video frames are composed from individual pixels arranged in a two-dimensional grid i.e.
512 x 512, with a video consisting of a number of frames in sequence, recorded at specific
time intervals. The camera view could be reduced to achieve higher frame rates, however
when working with highly diffusive nanoparticles, it was concluded that gathering as many
particle tracks as possible was more important for this study, therefore 512 X 512 pixels and

23 fps were used.

For particle tracking applications each pixel is assigned an intensity value according to the
brightness (fluorescence intensity) signal of the sample at each time point. Single particle
tracking software is available commercially however MATLAB programs, based on an
original IDL code by John Crocker and David Grier,*® can be altered for specific systems. For
this study, an in-house modified MATLAB program was used to obtain data on conjugate

motion using three main stages of data analysis: pre-tracking, tracking and analysis.’

Other tracking programmes such as Nanosight are commercially available; however in this
case were not be suitable for video acquisition using the available microscope/camera set-
up, as it did not allow for the detection of low levels of fluorescence. Alternatively the raw
data videos recorded using the EMCCD camera set-up could in theory be analysed using
Nanosight, however the video (frame) dimensions would require to be altered and
dimensions reduced to match the specifications of the Nanosight programme, resulting in

loss of information.

4.3.4.1. Pre-tracking

The pre-tracking stage identifies particles with specific characteristics chosen by the
operator such as intensity and size. Each frame or individual image of a video is analysed
separately and based on the size and intensity of the features recorded, particles or intense
features are assignhed coordinates (Figure 31 overleaf). A minimum diameter cut-off is
required (e.g. 6 pixels) and a ‘mass cut-off’ (integral of the intensity/area of the particle)

value of 1000 au, eliminates noise being mistaken for diffusing particles.

s Development of MATLAB tracking programs performed by Alexander Hope, originally developed for
algae tracking and modified for enzyme-QD tracking applications.
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Figure 31 - (A) Snapshot image of a particle in one frame. (B) The corresponding 3D intensity profile
of the particle used to identify particles.

4.3.4.2. Tracking

Tracking relies on information recorded from the pre-tracking stage i.e. positional
coordinates. Particles in neighbouring frames which are in close proximity are compared
and identified as either being the same particle or different particles, depending on a
maximum distance value that a particle can travel from one frame to the next. Each particle
is assigned an individual identification number allowing coordinate data, originally
separated into single frames in the primary stage, to be joined together into sequences of

coordinates over time, resulting in particle tracks as shown in Figure 32 overleaf.
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Figure 32 - Particle tracks for a 300 frame long example video. Tracks are made by combining
individual coordinates of particles (assigned per frame). Image dimensions: 512 x 512 pixels. Green
corresponds to the start of a track and magenta is the end of a track (see Figure 64 for example
trajectories).

The tracking program requires a number of parameters such as the maximum
displacement, minimum duration of track and the memory. The maximum displacement
used for this study was 15 pixels (2.4 um). This is the maximum distance in pixels that a
particle can travel between frames before being ‘treated’ as another particle. Calculating
the distance travelled by the fastest particle tracked (assuming linear displacement) with a
speed of 27.1 um, over the time period of 1 video frame (0.04 seconds) this particle would
have travelled 1.2 um (if ballistic). Therefore according to the calculation only particles
which have displacements >2.4 um, should be ‘new’ particles and so will be assigned an
individual particle identification number. The minimum duration of track (e.g. 10 frames) is
the minimum number of frames in length a particle track should be before it will be
disregarded. The memory or maximum number of dropped frames, in this case 5 frames, is
the maximum number of frames a particle can be undetected e.g. going out of the focal

plane and re-entering, before being given a new identification number.
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4.3.4.3. Analysis

The analysis stage measures how parameters e.g. coordinates, of each particle alter with
time i.e. over a certain time or frame interval. The analysis MATLAB program processes
information gained from previous data handling stages and relies on the frame rate of the
camera (typically 23 fps) and the microns per pixel value (0.16) calculated by calibrating the
microscope objective (see 4.3.3.5). The analysis program takes particle coordinates to
produce the speed of each particle, the mean squared displacement (MSD) (and diffusion
coefficient) for individual particles, but also population averages; and angle of trajectory

(see chapter 1.1).

The speed of an individual particle is defined as the ‘frame-to-frame’ speed, which is
measured over a 10 frame interval i.e. frames 1-10; 2-11; 3-12 etc., to reduce errors in
identifying the centre of a particle due to QDs, for example exhibiting a halo effect

associated with the particle being out of the focal plane.

The two dimensional mean square displacement is a measure of the square of the mean
distance (from a starting point with x and y coordinates) that a particle has travelled in a

given time.
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Figure 33 - MSD vs. lag time plot for an example video of QD-AP conjugates. The gradient of the plot
can be used with equation 2 to calculate the diffusion coefficient.

The MSD plot can reveal how a particle or population of particles are diffusing, for example
a linear MSD versus lag time plot is indicative of normal random diffusion (<MSD,,> = 4DAt),

where D is the diffusion coefficient, as discussed in section 1.1. However, directed motion is
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shown by a quadratic relationship illustrated by the following equation: <MSD,,> = Vi +
4DAt (where v is the average velocity) and a curved MSD plot.” From an MSD plot (for
example Figure 33), the diffusion coefficient can be determined using the gradient of the

line (MSD,,) and the following equation:
MSny = 4DAt (Equation 2)

The angle of trajectory of an individual particle is determined by assigning the starting
position (x and y coordinates) of a particle with imaginary axes (see Figure 34), which are
used to measure the angle between the original and ‘new’ coordinates of a particle over a

certain period of time (e.g. over 10 frames as described above for speed).

+/-h

-n/f2

Figure 34 — Radian argand diagram representing a particle at position 1 (green) which over a given
time has displaced to position 2 (red). The angle of trajectory is a measure of the angle from starting
position to the new position of the particle according to the imaginary axis values.

A possible source of error, which could arise during particle tracking, is the precision in the
initial particle identification ‘pretracking’ stage. A maximum error at this stage would occur
if the centre of the particle was measured incorrectly at a distance equal to the radius of
the particle’s intensity profile (see Figure 31). Additionally errors can occur in which the
acquisition time of the camera could be long therefore particle positions could be missed
i.e. the particle could have moved multiple steps in the time it takes for the camera to
acquire the next image/frame of the video and these would not have been recorded. Here,
we analyse the frame-to-frame speed distributions for large amounts of particle data for
statistical stability, and we then compare with a measured distribution. By analysing
distributions data for a population of particles we give a full picture, compared to quoting
solely an average speed value. Additionally, data is acquired and analysed using the same

techniques for all experiments to ensure results are directly comparable.
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— Chapter 5 -

Towards visualisation of single alkaline phosphatase

molecules - Part 1

5.1. Objectives

To engineer an enzyme nanomotor capable of single molecule tracking, enzyme molecules
must be modified to enable single molecule visualisation. Therefore the first objective was
to develop a method to modify alkaline phosphatase molecules for visualisation and
tracking by fluorescence microscopy using organic labelling and covalent attachment to
fluorescent nanoparticles. Secondly, fluorescently ‘labelled’ enzymes are characterised to
confirm successful ‘labelling’, as well as enzymatic activity studies to determine whether
the enzyme remains active after fluorescent ‘labelling’. Finally the enzyme source was
investigated to determine whether mammalian or bacterial alkaline phosphatase would be

preferential for this study.

5.2. Introduction

Alkaline phosphatase (AP) (EC 3.1.3.1) was chosen for this study as it non-specifically
hydrolyses phosphate monoester moieties, such as the natural substrate inorganic

301

pyrophosphate (PP;) of mammalian AP.”" Phosphatases exist in a variety of unicellular and

multicellular organisms; from bacteria to humans, functioning for the regulation of protein

201 . . .
%" Furthermore expression levels of phosphatases in certain

activity and signal transduction.
organisms can be affected by diseases such as diabetes, cancer and multiple sclerosis.””
Therefore elevated or decreased levels of phosphatase can be used to detect certain
diseases. Here we use AP, and take advantage of its relatively non-specific behaviour
towards phosphate containing substrates, for the dephosphorylation of short aromatic
dipeptide amphiphiles and to consequently trigger molecular self-assembly (see section
2.8). The overall aim is to visualise and analyse the motion of individual AP molecules

during the biocatalytic self-assembly of aromatic dipeptide molecules into supramolecular

structures.
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5.3. Labelling alkaline phosphatase with an organic

fluorophore

In an attempt to investigate if molecular labelling could facilitate the visualisation and
tracking of individual enzyme molecules, the organic fluorophore: fluorescein
isothiocyanate (FITC) was chosen to label alkaline phosphatase. The optical properties of
FITC for example, excitation and emission maximum wavelengths of 494/518 nm?>®
respectively, allow for potential visualisation using a fluorescent microscope fitted with a
FITC optical filter set. Labelling biomolecules with FITC relies on reactivity with amine
groups such as lysine side chains, and also the N-terminal region of the protein (see Figure
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Figure 35 - FITC labelling of a protein or enzyme by the reactive isothiocyanate group of FITC with
primary amines of proteins to produce the thio urea product.

The FITC labelling method was tested first of all using the less expensive protein, bovine
serum albumin (BSA). The labelling method required an excess of FITC to BSA, therefore
extensive purification was required, after labelling, to remove unreacted FITC. Purification
was achieved by dialysis and was monitored by fluorescence spectroscopy, by measuring
the fluorescence emission of FITC (520 nm) for each buffer exchange. Dialysis wash steps
were continued until the buffer wash contained little or no fluorescence signal for FITC,
indicating that the labelled enzyme was free of unreacted FITC. As expected the
fluorescence emission measured at 520 nm decreased with each buffer exchange.
However, it can be seen from Figure 36 overleaf, that even after four dialysis wash steps,
the fluorescence emission of FITC can still be detected; therefore further wash steps would

be required.
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Figure 36 - FITC-BSA purification monitored by fluorescence spectroscopy.

For FITC labelling of alkaline phosphatase from calf intestinal mucosa (CI-AP), one main
issue arose: the full amino acid sequence of the bovine form of the enzyme is unknown
therefore possible sites for labelling cannot be determined i.e. sites on the surface of the
enzyme molecule with amine groups. Despite this, labelling was attempted by reacting FITC
and CI-AP. Free/unlabelled dye was removed by dialysis against water, using the method
developed with BSA. The fluorescence emission spectra of FITC and FITC-AP were compared
with a resulting red shift in the emission maximum of FITC, from 520 to 547 nm, after
labelling to AP, suggesting successful attachment (Figure 37 overleaf). The spectral shift
could be a result of a change in the immediate environment of FITC molecules. A red shift in
FITC emission has previously been reported upon covalent attachment to silica particles,*”
as more FITC molecules become localised in a given area, interactions can occur between
neighbouring FITC molecules resulting in a shift towards longer wavelengths. The lower
fluorescence intensity displayed by FITC-AP (shown by secondary axis scale in Figure 37
over leaf), could be partly due to this effect but is thought to be mainly caused by a dilution
effect, during purification j.e. the excess unreacted FITC is washed away and only FITC

attached to the enzyme is detected.
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Figure 37 - Fluorescence emission spectra of FITC and FITC-AP, excited at 495 nm. Primary axis
illustrates the intensity (au) of FITC compared to a lower intensity of FITC-AP (secondary axis).

A solution of FITC-labelled CI-AP was subjected to fluorescence microscopy to determine
whether single molecules of labelled enzymes could be visualised in combination with a
FITC optical filter set. However, the fluorescence of FITC-AP was low and the camera set-up

available was not capable of detecting single molecules in suspension.

Overall the method of conjugation and purification was partly successful. The purification
by dialysis required multiple buffer exchanges and large volumes of buffer, which proved
time consuming and ineffective at removing all of the unreactive fluorophore. The presence
of unreacted FITC prevented single molecule tracking due to significant fluorescence

background issues (results not included).

5.3.1.  Escherichia coli alkaline phosphatase

It became apparent from the attempt to label CI-AP with FITC, that it was important to

determine possible conjugation sites on the surface of a molecule of alkaline phosphatase.

From this point on, alkaline phosphatase from the bacterium Escherichia coli replaced Cl-

3

AP, as the full amino acid sequence is known®® and possible conjugation sites can be

predicted.
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When comparing CI-AP with E.coli AP, the major differences are thought to be that CI-AP is
a glycoprotein and exists bound to the cell membrane whereas E.coli AP is present
unbound, within the periplasmic space of the bacterial cell. Membrane proteins have
proven difficult to establish amino acid sequences and therefore structures, due to

3% The primary structures of CI-AP

difficulties in expression, purification and crystallisation.
and E.coli AP are therefore different but sequence similarities have been reported, for
example the common serine residue involved in the active site. The overall enzymatic

reaction occurring in each case is thought to be the same.*®

Alkaline phosphatase from E.coli was first studied between 1959-60 by Horiuchi, Torriani
and co-workers; followed later by its preparation and characterisation by Levinthal and
Garen.>® The enzyme exists as a dimer containing one active site per monomer. The
dimeric structure is thought to be vital to the activity of the enzyme, where the monomeric
form has been proven inactive.>*” Each monomeric polypeptide chain is composed of 449

amino acids with a mass of 47 kDa per monomer (dimer mass is 94 kDa).>*

A)
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Figure 38 — (A) The mechanism for phosphate ester hydrolysis by alkaline phosphatase. The reaction
involves nucleophilic attack by the active serine residue on the phosphate ester to form a
phosphoserine intermediate. The alkoxide leaving group then requires a proton from solution to

form the alcohol. (B)The expected transition state during dephosphorylation of a substrate by E.coli
AP'309,310
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As mentioned previously, the active site in each monomer of alkaline phosphatase contains

311-313

an active serine residue, which is present at position 102 of the amino acid sequence

in E.coli AP.*® During the hydrolysis reaction involving the phosphate ester of the substrate,
the active serine residue is phosphorylated. The resulting phospho-enzyme complex can

then react with an alcohol to form a phosphate ester which then dissociates from the

305

enzyme (Figure 38 A)).”” The dephosphorylation step is dependent on pH and also the

303

presence of metal ions at the active site.”” The optimum pH for AP is found to be around

3% One magnesium and two zinc atoms are required

pH 8 and the isoelectric point at pH 4.5.
at each active site.*'*"> The guanidinium group of arginine (position 166 in E.coli AP) is also

thought to play an important role during phosphate binding and substrate alignment at the

310

active site (Figure 38 B)).

Figure 39 - Escherichia coli alkaline phosphatase model (PDB-ID 3TGO0) with chain A and B in blue and
green respectively. Basic residues (lysine and arginine) are highlighted in red and active sites
illustrated by yellow spheres.

The crystal structure of E.coli AP in the presence of vanadate provides a suitable model for
the proposed transition state during the catalytic reaction at the active site.>** Vanadate is
isostructural and isoelectronic with phosphate therefore is used as a substitute for the
interaction and release of phosphate at the active site. The structural dimensions of an
E.coli AP dimer is found to be 100 x 50 x 50 A (10 x 5 x 5 nm) with the two active sites in
each monomer being 30 A (3 nm) apart.** The dimeric E.coli AP (PDB ID — 3TGO) structure,
in terms of labelling or conjugation, has 56 lysine residues; 32 of which are available on the
surface, with the potential to conjugate to amine reactive molecules or particles (Figure

39).

119



5.4. Summary

In summary, attempts at labelling the enzyme with an organic fluorophore (FITC), proved
unsuitable for single molecule visualisation and tracking due issues with removal of
unreacted FITC and subsequent background fluorescence experienced by fluorescence
microscopy (results not shown). Therefore the most attractive method to enable
visualisation of individual biomolecules by fluorescence microscopy is to conjugate with

fluorescent nanoparticles.

Initial tests with CI-AP demonstrate the importance of knowing the full primary structure of
the enzyme for the purpose of reacting with a fluorescent molecule or particle. For this
reason E.coli alkaline phosphatase was chosen allowing the number of available reactive

sites per molecule to be established.

Towards visualisation of single alkaline phosphatase

molecules - Part 2

5.5. Introduction

Quantum dots are highly fluorescent semiconductor nanocrystals which can be modified
with a number of biocompatible surface functionalities for conjugation to protein
molecules. Here we investigate the bioconjugation of alkaline phosphatase with 655 nm

emitting quantum dots towards the visualisation and tracking of single enzyme molecules.

5.6. Bioconjugation of alkaline phosphatase to

guantum dot nanoparticles

AP from E. coli was conjugated to carboxyl functionalised CdSe/ZnS quantum dots (emission
wavelength 655 nm) via EDC/NHS coupling (Figure 40 overleaf). Common QD bioconjugate
methods use EDC alone for coupling, however NHS has been shown to stabilise activated
carboxyl reactive groups for a longer period of time, therefore allowing for a more efficient

31> EDC activated carboxyl functionalised QDs can couple to free amines

coupling reaction.
available on the AP molecule. As mentioned a dimeric molecule of AP from E.coli has 32

lysine residues available on the surface, with the potential to conjugate to carboxyl
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2 Having a number of possible attachment sites, leads to a variety of

functionalised QDs.
conjugation confirmations, therefore cluster formation is expected. A cluster for this type
of QD-enzyme conjugate is defined as multiple QDs and/or enzymes involved in a single
cluster, in contrast to a 1:1 ratio of enzyme to QD. Conjugate clusters in the context of this
project may be advantageous for visualisation purposes and conjugate enzymatic activity

may be enhanced if more than one active enzyme is present per conjugate.
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Figure 40 - Alkaline phosphatase bioconjugation reaction with quantum dots via an EDC/NHS
coupling method.

5.7. Bioconjugate purification

Due to the large excess of reagents compared to QDs required during the coupling reaction,
it is vital that the complete removal of all unconjugated enzyme and reactants is achieved,
as the true activity of the conjugate is required without interference from free
unconjugated enzyme. Purification of the conjugate is possible due to the difference in size
of the conjugate compared to the unreacted QDs and enzyme molecules, for example the
conjugate is expected to be larger in size compared to free QDs and AP (as demonstrated
by DLS Figure 43). This is accomplished using a filtration unit capable of retaining the

conjugate but allowing the unconjugated enzyme and reagents to pass through (Figure 41).
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Figure 41 - (A) QD-AP purification via filtration and centrifugation with a number of wash steps to
remove unreacted enzyme. The resulting conjugate is analysed using a p-nitrophenyl phosphate
colorimetric assay (B) which gives a yellow colour change (D). The wash samples are also analysed (C)
using the colorimetric assay to determine purity of the conjugate i.e. when free enzyme no longer
exists in the filtration wash samples.

To ensure all free/unreacted enzyme molecules were removed from the conjugate,
multiple filtration and centrifugation wash steps were performed and the purification wash
samples were retained and subjected to a colorimetric activity assay (Figure 41). The
substrate p-nitrophenyl phosphate is dephosphorylated by any alkaline phosphatase
remaining in the wash, resulting in a yellow colour change which can be monitored by
measuring the absorbance at 410 nm by UV-Vis spectroscopy. After 8-12 washes the

absorbance at 410nm is reduced to the negative control value of buffer only, indicating that

all unreacted alkaline phosphatase had been removed (Figure 42).
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Figure 42 - Each QD-AP purification wash was analysed (as shown in Figure 41 (C)) by UV-VIS in the
presence of p-nitrophenyl phosphate. The absorbance at 410 nm was monitored over time for each
wash, revealing that after 8 washes the absorbance at 410 nm had reduced to the negative control,
therefore indicating that all free (unconjugated) AP had been washed away.

5.8. Bioconjugate characterisation

The purified conjugate solution was characterised by dynamic light scattering (DLS) to
obtain size distribution information. Before conjugation the average hydrodynamic
diameter of AP molecules and QDs in suspension were found to be approximately 8 nm and
10 nm respectively, (compared to theoretical dimensions for alkaline phosphatase 10 x 5 x
5 nm** and 12 x 6 nm for free QDs, as quoted by manufacturer). Analysis of the purified
conjugates (QD-AP) by DLS revealed a larger size distribution with a hydrodynamic radius
centred around 17 nm (i.e. diameter of 34 nm), indicating successful conjugation (Figure 43

overleaf).
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Figure 43 - Size distribution plot of QDs, AP and QD-AP conjugates by dynamic light scattering (size
distributions observed below 1 nm are attributed to an artefact commonly observed using the DLS
instrument).

In order to visualise QD-AP conjugates, atomic force microscopy (AFM) and transmission
electron microscopy (TEM) techniques were used. It can be seen from Figure 44 that QD-AP
conjugates are larger in size compared to unconjugated QDs. It can be seen after
conjugation that larger clusters are observed compared to single QDs Figure 44 (A) and

(B)/(C), respectively.

Figure 44 — (A) TEM image of unconjugated QDs (scale bar 200nm); (B) TEM image of QD-AP
conjugate clusters (scale bar 200 nm); and (C) AFM image of QD-AP conjugates (scale bar 2 um).

For the successful visualisation and detection of enzyme-QD conjugates by fluorescence
techniques, enzyme-QD attachment must be achieved without hindering the fluorescence
emission properties of the QDs. Equally, it is important that the enzyme remains active
after conjugation. The absorption and fluorescence emission spectra of QDs (0.8 nM)

before and after conjugation (100 pL of conjugate per millilitre of buffer) were compared,
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to show that the emission maximum at 650 nm was unaffected by the conjugation and the
absorption profile of QD-AP resembled the free QD spectrum (Figure 45). The lower
fluorescence intensity of the conjugate is due to dilution during the conjugation and

purification steps.
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Figure 45 - Fluorescence emission spectra of QDs (red solid line) and QD-AP conjugates (blue solid
line) — primary axis. The corresponding absorbance spectra are plotted on the secondary axis with
QDs (red dotted line) and QD-AP (blue dotted line).

5.9. Estimation of QD and AP concentration in a given

volume of conjugate

After conjugation the resulting conjugate contains unknown enzyme and QD
concentrations. In order to assess the enzymatic activity and fluorescence intensity of the
conjugate a number of calibration steps were performed. First, a fluorescence calibration
curve was obtained by measuring the fluorescence emission intensity for a range of QD
concentrations, used ultimately to estimate unknown QD concentrations of QD-AP
solutions (Figure 46 overleaf). Using the equation of the line for the calibration curve
(Figure 46), a fluorescence emission intensity value of a conjugate solution can be
substituted into the equation to calculate a concentration of QDs (see section 3.3.16 for full
calculation). It can be seen from Figure 46 that there is a detection limit of the fluorimeter

below a QD concentration of 1 nM, and the plot does not cross through zero. However for

125



the purpose of this study, a number of assumptions are already in place, for the estimation
of QD and AP in a given volume of conjugate, such as enzyme activity and fluorescence

properties are unaffected by conjugation
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Figure 46 - Calibration curve to estimate the concentration of QDs present in an unknown conjugate
solution.

Next, an activity assay calibration was performed to determine a similar activity of free
enzyme compared to a given volume of QD-AP conjugate. The activity assay also served to
confirm enzyme activity had been retained after conjugation (Figure 47 overleaf). The p-
nitrophenyl phosphate colorimetric assay was used to analyse the activity of the purified
conjugate. Negative and positive controls were also analysed; consisting of free
unconjugated QDs and a variety of known concentrations of free enzyme, respectively. It
was identified that a dilution of 32 ul/mL of QD-AP conjugate in buffer had similar activity
to 7x10* U of free enzyme with an estimated upper concentration limit of 0.37 nM.
Whereas, the enzyme is supplied as: 43.68 U/mg protein and 19.9 U/mg of solid as per

manufacturer. (see section 3.3.16 for calculation).
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Figure 47 - Calibration for the estimation of enzyme concentration in a given volume of QD-AP
conjugate solution (32ul/mL). The table lists line gradients for each sample illustrating the rate of
substrate (p-nitrophenyl phosphate) turnover.

Using the information gained from the enzyme activity calibration and the fluorescence
calibration of QD emission, it can be estimated that there is 1.04 nM QDs and an upper limit
of 0.37nM AP in a diluted QD-AP solution (32ul/mL). This translates to a 2.8:1.0 ratio of QD
to enzyme in the QD-AP conjugate (batch 3), assuming that the activity of the enzyme and
the fluorescence emission intensity of the QDs are unaffected by the conjugation reaction
(see calculation — section 3.3.16). It has been shown with streptavidin conjugated QDs, that
as many as twenty protein molecules can be present per conjugate and there are a variety

of possible spatial conformations for protein attachment.?’****

In addition, an activity lifetime study showed that, the rate of p-nitrophenyl phosphate
dephosphorylation (the increase in absorbance at 410 nm over time) remains relatively
steady, over at least eight weeks (Figure 48 overleaf). This implies that the conjugates

remain at a constant activity level for at least this time duration (8 weeks).
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Figure 48 - QD-AP conjugate lifetime study. An activity assay was performed every week for 8 weeks,
to determine the effective lifetime of the conjugates. The plot is accompanied by a table of
corresponding gradients.

5.10. Enzyme-quantum dot conjugate batch

comparison

A number of batches of enzyme-QD conjugates were prepared throughout the entire study,
of which the first two batches (1 and 2) were used for method development and were
therefore not used for final enzyme tracking experiments; batches 4 and 5 were disposed of
due to issues with QDs that were used for conjugation having passed the recommended
date of use. Overall batches 3 and 6 were used for all of the data acquisition therefore
characterisation was performed for both batches for comparison of the enzymatic activity,
fluorescence properties of QDs and size distribution of conjugates. In Figure 49 (overleaf) it
can be seen that QD-AP conjugates vary in terms of fluorescence emission intensity and
peak maxima (An.) but also the size distribution plots show some variation between

batches.
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Figure 49 — (A) Fluorescence emission spectra of QD-AP batch 3 (dashed line) and 6 (solid line). (B)
size distribution of QD-AP batches measured by dynamic light scattering.

For each batch of enzyme-QD conjugate a fluorescence calibration study was performed by
measuring the fluorescence emission intensity at 655 nm for a number of QD-AP conjugate
dilutions (Appendix C). QD-AP batches exhibit variation in fluorescence emission (Figure 49)
which could be attributed to differences in QD concentration due to dilution during
conjugation and handling e.g. removal of free AP, but may also be a result of the different
degree of conjugation i.e. more QDs attached to enzymes. The fluorescence emission
intensity of a given volume of each conjugate per millilitre was used to estimate the QD
concentration by comparing the fluorescence intensity with the calibration curve obtained
using free QDs (Appendix C). In addition an activity assay compared with free enzyme (as
described above), was performed for each batch in order to obtain an approximate QD-to-
enzyme ratio as described above (see Appendix D). For batch 3 it was estimated that the
QD:AP ratio was 2.8:1, assuming an upper concentration limit for AP and that enzymatic
activity is unaffected by conjugation to QDs and that the fluorescence emission properties
of QDs are unaltered by conjugation. Variations in QD-AP conjugate batch can be illustrated
by the degree of conjugation estimated to be 2.8:1 and 13:1 QD:AP for batches 3 and 6

respectively. Batch variation with respect to tracking analysis is discussed in section 7.3.3.

5.11. Summary

Fluorescent labelling of bovine alkaline phosphatase using an organic fluorophore (FITC),
proved unsuitable for single molecule tracking. Therefore a bioconjugation method was
employed for the covalent attachment of alkaline phosphatase from E.coli to fluorescent

nano-sized quantum dots. The resulting QD-AP conjugates were characterised by
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fluorescence spectroscopy, dynamic light scattering and microscopy techniques to confirm
conjugation was successful. An enzymatic activity assay indicated that the enzyme
conjugates were active through a colorimetric dephosphorylation reaction. Numerous
batches of QD-AP conjugates were prepared throughout the study, these were
characterised and compared. Variations between batches were observed which were
attributed to differences in environmental and day-to-day conjugation conditions,
ultimately resulting in different QD:AP ratios. Dilution of QD-AP during removal of free
enzyme and loss of material due to handling e.g. filtration, could offer a further explanation
to varying fluorescence intensities of QD-AP conjugate solutions. Ultimately if the extent of
conjugation could be controlled i.e. number of enzymes to QDs, this could offer a potential
route to controlling enzymatic activity of conjugates which could be advantageous for

enzyme motor applications (see section 7.3.3).
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— Chapter 6 -

Biocatalytic self-assembly of phosphatase responsive

aromatic peptide amphiphiles — Part 1

6.1. Objectives

In order to develop a self-assembly system for the propulsion of enzyme-QD conjugates,
self-assembling substrates were studied, firstly with free enzyme to confirm evidence of
supramolecular interactions and conversion to dephosphorylated products with a known
concentration of AP (part 1). Secondly, enzyme conjugates were tested for their ability to

convert substrates to dephosphorylated fibre- and sphere-assembling products (part 2).

6.2. Introduction

Taking advantage of alkaline phosphatase’s ability to dephosphorylate a wide range of
phospho-containing substrates, three aromatic dipeptide amphiphiles were chosen for this
study, for future investigations for the nanopropulsion of the enzyme, AP. Fmoc-FpY-OH
(1a)*°°2%; pyrene-pYL-OH (2a)** and Fmoc-pYQ-OH (3a)’®® have previously been reported
as substrates for alkaline phosphatase by dephosphorylation to Fmoc-FY-OH (1b); pyrene-
YL (2b) and Fmoc-YQ-OH (3b) respectively (Figure 50 overleaf).

206,208 \whereas it has

1b and 2b are expected to self-assemble into linear fibrous structures,
been shown previously that 3b forms spherical aggregates.”® The substrates are
investigated as ‘fuel’ molecules (in Chapter 7) for enzyme nanopropulsion and the resulting

self-assembled structures are studied to determine how they influence enzyme motion.
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Figure 50 - Structure of aromatic dipeptide amphiphiles studied. (i) Fmoc-FpY (1a) is
dephosphorylated to Fmoc-FY (1b) by alkaline phosphatase. (ii) Pyrene-pYL (2a) going to pyrene-YL
(2b) and (iii) Fmoc-pYQ (3a) going to Fmoc-YQ (3b) by the same biocatalytic dephosphorylation
reaction. Aromatic groups shown in blue and phospho-containing tyrosine side chain shown in red.

Aromatic dipeptide amphiphiles are discussed in more detail in section 2.8, in summary
they are generally short peptide sequences containing both hydrophobic and hydrophilic
regions within one molecule. The inbuilt design of the molecule will determine the
interactions occurring between molecules, which in turn govern the supramolecular self-
assembled structures. A common method to add hydrophobicity to a dipeptide is to
functionalise the N-terminus with an aromatic group such as Fmoc or pyrene.'’?02720
Hydrophilicity can be incorporated within the amino acid sequence, by using charged amino

acids such as arginine, lysine, glutamic acid and aspartic acid or phosphate containing

groups such as phospho-tyrosine.

As mentioned previously (Section 2.8), aromatic dipeptide amphiphiles are capable of self-
assembling into a variety of supramolecular structures. The driving force for self-assembly
is thought to be due to a combination of n-stacking interactions between aromatic groups
and hydrogen bonding between C=0 and N-H groups on neighbouring dipeptide

172
molecules.”

In Figure 50 above, the aromatic dipeptide amphiphiles 1a, 2a and 3a all contain
hydrophilic phospho-tyrosine residues (red) and either fluorenyl or pyrene aromatic N-

terminal groups (blue). By altering the amino acids within the dipeptide sequence, in this

132



case, phospho-tyrosine, phenylalanine, leucine or glutamine, the structures in each case

will be expected to be different.

6.3. Structure of phosphorylated substrates (1a, 23,
3a)

1la (Fmoc-FpY-OH) has previously been reported to form micelles with a hydrodynamic
radius of 5 nm, in aqueous conditions, above a critical micelle concentration of 5 mM.%” 1a
molecules are expected to interact in such a way that the aromatic Fmoc groups form the
hydrophobic core of micellar structures. The polar phosphate group on the side chain of
tyrosine, in combination with the carboxyl C-terminus offers a charged hydrophilic ‘head’
region, on the surface of the micelle. Similarly, 2a (pyrene-pYL-OH) is expected to form
micellar supramolecular structures, as each molecule contains the aromatic pyrene group
at the N-terminus and also contains a polar phospho-tyrosine residue. The structure of 3ais
so far unknown; however dynamic light scattering measurements presented in Appendix F,

suggest defined structures with average hydrodynamic radius values of 70 nm.

6.4. Structure of dephosphorylated substrates (1b,
2b, 3b)

Addition of phosphatase to 1a, 2a and 3a triggers the dephosphorylation reaction of
phospho-tyrosine in each of the sequences, therefore removing the phosphate group and
negative charge associated with it (see Figure 50). The resulting 1b and 2b are expected to
then spontaneously self-assemble and extend into fibrous B-sheet structures, by aromatic

d.2%27 |f extensive

n-stacking interactions and hydrogen bonding, as previously reporte
fibrous networks are achieved these are expected to ‘trap’ water molecules in a self-

supporting hydrogel.

In the case of the dephosphorylated product 3b, previous reports have shown spherical

208

aggregates rather than networks of fibres.” Upon dephosphorylation of 3a (Fmoc-pYQ-
OH) by AP to 3b, it is expected that spherical aggregates will form, as shown with previous
studies with alkaline phosphatase® and another subtilisin responsive system i.e. the self-

assembly of Fmoc-YQ-OH (from Fmoc-YQ-OMe).?"® The different morphology observed is
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thought to be due to steric effects caused by the glutamine side chain, which prevents

stacking into extended fibre structures.?*°

Each of the self-assembled systems were characterised individually using a number of
techniques including: fluorescence spectroscopy to indicate changes in the environment of
aromatic moieties; HPLC to monitor the enzymatic conversion to corresponding
dephosphorylated products; and finally dynamic light scattering to determine size

distribution of expected micellar or spherical structures.

6.5. Peptide amphiphile 1a (Fmoc-FpY-OH)

The fluorescence emission spectra of 10mM 1a being dephosphorylated by AP (0.2mg/mL,
4 U), shows the expected spectroscopic change in the aromatic fluorenyl environment

297 (see section 4.1 for further details on fluorescence

when compared with previous studies
spectroscopy techniques). Exciting 1a at 295 nm reveals an emission maximum at 320 nm
with a shoulder at 370 nm indicative of micelle structures (Figure 51 (A) overleaf - solid
line). Upon addition of AP the shoulder at 370 nm diminishes indicating the disassembly of
micelle structures. Further to this, the 320 nm fluorenyl peak experiences a red shift and a
peak at 450 nm is observed, implying extended fibre formation and m-m interactions

involved (Figure 51 (A) dashed line).*

DLS analysis of a solution of 10mM 1a revealed structures with average hydrodynamic

207

radius values of 5 nm, as previously reported (see Appendix E).”" At the concentration

measured for 1a ie. 10mM, this is above the critical micelle concentration of 5mm>*"’

therefore micelle-like structures are expected.

HPLC was then employed to monitor the enzymatic reaction, as the phosphorylated starting
material will have a different retention time compared to the dephosphorylated product.
The enzymatic dephosphorylation of 1a to 1b by AP monitored by HPLC showed a
conversion of 58% after 24 hours (Figure 51 (B)). Figure 51 (B) inset shows the resulting
self-supporting hydrogel of 1b after 24 hours. This self-assembling system has previously
been characterised in more detail, and results expressed here are in line with the previous

207

study.
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Figure 51 — (A) Fluorescence emission spectra of 10 mM 1a at t=0 (no enzyme) solid line and t=24h
(after addition of 4U AP) dashed line. (B) Percentage conversion of 1a to 1b by HPLC. Inset - image of
Fmoc-FY gel after 24hours.

6.6. Peptide amphiphile 2a (pyrene-pYL-OH)

The fluorescence emission spectra of 2a reflects the different pyrene aromatic functional
group attached to the N-terminus of the dipeptide, compared to the previously discussed
Fmoc functionalised system (Figure 52 (A) overleaf). Excitation at 334 nm results in a
number of peaks in the visible region of the electromagnetic spectrum between 400-550
nm. The most intense peaks are centred at 400 and 470 nm (see section 4.1.2 for a detailed
description). With the addition of 4 U AP to a solution of 5mM 2a, an enhanced
fluorescence signal at 400 nm is observed. The fluorescence spectra obtained resemble that

of the recently published pyrene-functionalised YL dipeptide.*®
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A solution of 10mM 2a was analysed by DLS and an average hydrodynamic radius value of 8

nm was determined (Appendix E).

Monitoring the phosphatase responsive dephosphorylation of 2a to 2b by HPLC, resulted in
a conversion of 55% (t=24 hours) (Figure 52 (B)). Figure 52 (C) shows the starting solution
of 2a (left) and the resulting self-supporting hydrogel of 2b after 24 hours (right). The top

images show that pyrene fluoresces in the visible region, when excited at 365 nm.
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Figure 52 — (A) Fluorescence emission spectra of 5 mM 2a t=0 (no enzyme) solid line, and t =24h
(after addition of 4 U AP) dashed line. (B) Percentage conversion of 2a to 2b by HPLC. (C) Images of
2a solutions (left) and 2b gel t = 24 hours after addition of AP (right). Top images - samples excited at
365 nm.
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6.7. Peptide amphiphile 3a (Fmoc-pYQ-OH)

Aromatic dipeptide derivative systems 1a and 2a undergo supramolecular transitions from
micelle containing solutions to hydrogels composed of fibrous networks by biocatalytic
dephosphorylation (see section 2.8.1). 3a is expected to behave differently due to the
hydrophilic nature of glutamine which remains unchanged after enzymatic
dephosphorylation of 3a to 3b. Fluorescence spectroscopy reveals that the
dephosphorylation reaction of 3a to 3b shows the opposite spectral response to that of
1a/1b. The shoulder associated with micellar structures at 370 nm is apparent after the
addition of AP (0.2mg/mL, 4 U) (Figure 53 (A)). The spectral profile of 3b (t = 24 hours)
appears similar to previous reports of the same system,’® however in this case a red shift

of the 320 nm peak was observed compared to the blue shift reported in recent studies.’®

The Fmoc-pYQ-OH/AP system, as well as an analogous system: Fmoc-YQ-OMe/subtilisin**°
result in enzymatic conversion to Fmoc-YQ-OH, which is reported to form spherical
aggregates by TEM.?®* |t is therefore expected that the corresponding dephosphorylated
product i.e. 3b (Fmoc-YQ-OH) in this study will form similar spherical aggregates. Dynamic
light scattering revealed structures with hydrodynamic radius values of approximately 70
and 34 nm for 3a and the biocatalytic product 3b respectively (Appendix F). These results
differ from the values obtained for the subtilisin responsive self-assembling system, due to

the different enzyme and buffer conditions used in this study.**

An HPLC conversion study of 3a to 3b shows after 24 hours (of AP addition) 99.9 %
conversion was achieved (Figure 53 (B)), in line with previous reports.”® For this system,
visually the solution appears unchanged after AP addition and no hydrogelation is
observed, as expected.”® It can be seen in Appendix G that the initial conversion rates are

faster for 3a to 3b compared to the 1a/1b and 2a/2b systems.
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Figure 53 — (A) Fluorescence emission spectra of 10 mM 3a t=0 (no enzyme) solid line, and t=24h
(after addition of AP) dashed line. (B) Percentage conversion of 3a to 3b by HPLC.

6.8. Summary

In summary, characterisation by fluorescence spectroscopy, HPLC and DLS show that
generally for 1a and 2a the dephosphorylation reaction by AP converts supramolecular
micelle-like structures to fibrous networks, and above a critical gelation concentration
hydrogelation of the bulk solution results. Fluorescence spectroscopy is used in this
instance to monitor the environment of the aromatic moieties which enable
supramolecular structures to be predicted. HPLC monitors the enzymatic reaction of
phospho-starting material to the dephosphorylated product. The self-assembled structures

expected to form for 1b and 2b are confirmed in section 2.8.
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Biocatalytic self-assembly of aromatic peptide

amphiphiles by QD-phosphatase conjugates — Part 2

6.9. Introduction

QD-alkaline phosphatase conjugates, prepared as in section 5.6, were investigated for their
ability to catalyse the conversion of 1a, 2a and 3a into the corresponding self-assembling
species: 1b, 2b and 3b respectively (Figure 50). The enzyme, attached to QDs, was
confirmed to be active using a p-nitrophenyl phosphate activity assay (see section 5.8),
however this does not directly determine whether QD-AP conjugates will successfully
initiate the micelle-to-fibre or sphere-to-sphere transitions, of the above mentioned
aromatic dipeptide amphiphiles. Each dipeptide system was studied individually, using
fluorescence spectroscopy and HPLC to monitor the self-assembly and enzymatic
conversion by QD-AP. Due to the concentration of enzyme in a given volume of QD-AP is
estimated to be nano molar (nM), the conversion for each system is expected to be in line
with a nM concentration of free enzyme. Therefore 0.37 nM (upper limit) free AP
conversion studies were performed (for 1a i.e. Fmoc-FpY system only) for comparison with

QD-AP (concentration determined by an activity assay calibration see section 3.3.16).

6.10. Peptide amphiphile 1a (Fmoc-FpY-OH)

To test the ability of QD-AP to dephosphorylate 1a, an HPLC time study was performed. 200
puL/mL QD-AP was added to 10 mM 1a and HPLC samples were obtained at regular time
points. No conversion to 1b was detected up to 5 hours after addition of the conjugate, but
after 24 hours, 48 hours and 1 week, percentage conversion values were 0.68, 1.08 and
2.58 % respectively. The solution does not transform into a hydrogel as seen with the free
enzyme, due to the lower conversion rates. For the purposes of nanopropulsion, gelation is
not desired and localised regions of self-assembly and fibre growth are expected. As a
comparison, a conversion study of 1a to 1b was performed with free enzyme concentration
equal to that estimated for the enzyme concentration in a given volume of QD-AP solution
i.e. 0.37 nM (see section 5.9) and compared with QD-AP. After the addition of 0.37 nM free
AP to 10 mM 1a, no detectable conversion was observed up to 1 week, but at 2 and 4 week

time points, values of 0.93 and 1.04 % conversion to 1b were recorded by HPLC. These
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values were comparable to the same time study performed with ~30 uL/mL QD-AP (volume
per mL estimated to have an upper AP concentration of 0.37 nM), where at 2 and 4 week
time points, the conversion to 1b was 0.93 and 1.18 % (compared to no conversion for the

negative control with no AP — see Appendix H).

Fluorescence spectroscopy was used to analyse the aromatic interactions occurring
between the aromatic dipeptide amphiphile molecules and also to monitor the
fluorescence characteristics of the QD-AP conjugates during the reaction. Exciting at 295
nm, the resulting fluorescence emission spectra for 1a (Figure 54) shows the typical 320 nm
peak for Fmoc and a shoulder at 370 nm, suggesting micellar structures are present, before
addition of QD-AP. Upon addition of QD-AP, the ratio of 320:370 nm peaks increases over
time, as the shoulder diminishes slightly. The changes in fluorescence intensity of the
fluorenyl groups are subtle and are not easily detected using spectroscopic methods
(negative control spectra can be found in Appendix H). The fluorescence signal is
dominated by the unconverted material as the QD-AP conversion product yield is low.
Therefore it can be concluded that fluorescence spectroscopy is better suited to samples

with faster conversion rates and which self-assemble in bulk.

180
160
140
120 :
804 : ~ -t=24h
60 :51\ -e--t=1 week
- : <

20

Intensity (au)

300 400 500 600
Wavelength (nm)

Figure 54 - Fluorescence emission spectra of 10 mM 1a in the presence of QD-AP, at t=0 (before QD-
AP addition); t=24hours (dashed line) and t=1 week (dotted line).
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6.10.1. QD-AP fluorescence quenching study

Fluorescence spectroscopy can however, reveal information on the stability of the QD-AP
fluorescence as the enzymatic reaction with 1a proceeds. Exciting at 435 nm, QD-AP
fluorescence emission spectra were obtained at regular time points, where t=0 marks the
addition of QD-AP. The A,. of the QD-AP fluorescence is reported to be at 655nm,
however, over 4 hours a blue shift from 646 nm to 643 nm is observed. The intensity of the
QD-AP peak increases initially for the first 5 hours studied but after 24 hours the
fluorescence has completely quenched (Figure 55). Other possible explanations for the
reduction in fluorescence signal at longer times, could be due to settling, however for a

typical 1 hour tracking experiment this effect would be minimal.
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Figure 55 — (A) Fluorescence emission spectra of QD-AP in the presence of 10 mM 1a. There is a shift
in the A from 646 nm to 643 nm within 4 hours. (B) Corresponding A, versus time plot, which
shows an initial increase in fluorescence of QD-AP, followed by quenching after 24 hours.

To investigate the fluorescence quenching further, unconjugated QDs (8 nM) and AP were
added separately to a 10 mM solution of 1a, to identify if the fibre formation affects the
fluorescence signal of unconjugated QDs (see Figure 56 overleaf). The A,., of QDs again
experiences a blue shift from 649 nm at t=0, to 645 nm after 5 hours. After 24 hours the
signal for QDs almost completely quenches and shifts to 631 nm, concluding that free QDs

are also quenched when the same enzymatic reaction is occurring.
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Figure 56 — (A) Fluorescence emission spectra of QDs in the presence of 10 mM 1a and AP. A blue
shift is observed in the A, (B) Corresponding A..x versus time plot, which shows quenching of QD
fluorescence with time.

A previous report, suggests that CdS quantum dots will attach to Fmoc-FF-OH self-
assembled fibres producing a red shift in the fluorescence emission of the QDs however no
quenching is observed. In the presence of the enzymes glucose oxidase and horseradish
peroxidase to the QD/fibre network system, quenching of QDs was attributed to the
products of the enzymatic reactions i.e. glucose and phenol/hydroquinone respectively.**
Phenol and hydroquinone groups are thought to act as electron acceptors from QDs, which
is turn quenches the QD fluorescence. In this study AP removes the phosphate group of the
tyrosine side chain of 1a, resulting in phenolic tyrosine. The fluorescence quenching of the
QDs experienced experimentally for this system, may be as a result of the combination of
attachment to fibres and the phenolic functionality of 1b, (however the conversion to 1b

has been shown previously to be very low compared to free enzyme).

To investigate the apparent phenolic quenching of free QDs, further studies were
undertaken. QDs were added to solutions containing potassium phosphate buffer as a
negative control; 10 mM 1a in buffer and a solution containing 4U AP also in buffer. The
fluorescence intensity for each scenario shows a 60.2, 29.8 and 8.8% decrease after 24
hours, from the starting intensity value for QD in buffer, 10mM 1a and AP respectively
(Figure 56). Quenching of QD fluorescence has been observed by a number of groups and is
thought to be due to an electron transfer process, where electrons are transferred from
QDs to an electron accepting quencher.’'® Studies have suggested a link between phenol
containing substances (as mentioned previously) but also certain amino acids such as

asparagine and tryptophan.®*®*"
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Figure 57 - QD fluorescence intensity over time, in the presence of buffer, 10mM 1a in buffer and 4
U AP in buffer. Quenching of QD fluorescence emission is observed in all cases, but more so with QDs
in buffer.

Another possible source of quenching is the presence of 1b (i.e. converted enzymatically
from 1a). To investigate this, the fluorescence emission intensity of a solution of QDs was
monitored over time, exposed to different concentrations of chemically made 1b (Appendix
1). Generally, all samples showed some degree of quenching with time, except 10mM 1b.
Overall the results were erratic, which could be attributed to the low solubility of 1b in

water.

Although quenching is observed in all cases, the extent of quenching has been
unpredictable and difficult to draw any conclusions or trends. It can however be concluded
that quenching occurs over a time frame of hours, which for nanopropulsion tracking
experiments (typically 1 hour) quenching would be minimal and would not affect the ability
to track a conjugate within a short period of time. As long as there is sufficient QD-AP
fluorescence intensity during the tracking ‘window’ of one hour, the actual QD-AP intensity

value is not important for this study.

6.11. Peptide amphiphile 2a (pyrene-pYL-OH)

Fluorescence emission spectra of 5 mM 2a are shown in Figure 58 overleaf. Upon the
addition of QD-AP the pyrene spectral changes are subtle. However, after 24 hours an

enhanced fluorescence signal is observed for peaks in both the 400 and 470 nm regions. As
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the dephosphorylation reaction proceeds using QD-AP, the fluorescence emission spectra
are expected to follow the trend of the same reaction undertaken by free AP but over a

longer time, reflecting the lower (nM) AP concentration available in the conjugate solution.

A fluorescence signal for the QD-AP conjugate can also be simultaneously detected at
longer wavelengths, around 650 nm (see arrow in Figure 58). It can be seen however that
the intensity of QD-AP is considerably lower in comparison to that of a 5mM solution of 2a

(Figure 58), leading to difficulties for future tracking experiments (see section 8.6).
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Figure 58 - Fluorescence spectra of 5 mM 2a before addition of QD-AP (t=0), then 3 and 24 hours
after addition.

Biocatalytic conversion of 5mM 2a to 2b using QD-AP was determined using HPLC.
Conversion to the product (2b) can be seen after 2 hours of QD-AP addition and after 24
hours the percentage conversion reaches 3.6, with higher conversion rates compared to 1a
and 3a reflecting the lower substrate concentration compared to enzyme concentration
(see Table 7 for full time study values). The solution was not expected to form into a self-
supporting hydrogel, however visual observations revealed non-uniform opaque regions
within the solution after a number of hours, which could signify localised aggregates of

fibres.
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Table 7 — Percentage conversion of 2a to 2b by biocatalytic dephosphorylation using QD-AP.

Time Conversion

(hours) (%)
0 0
1 0

2 1.9

3 1.4

6 2.0

24 3.6

6.12. Peptide amphiphile 3a (Fmoc-pYQ-OH)

QD-AP was investigated for the ability to convert 3a to 3b by dephosphorylation and
initiate self-assembly into spherical aggregates, as shown in previous studies.’®
Fluorescence emission spectra (Figure 60) of 10mM 3a before addition of QD-AP (t=0) and
1 week after addition, shows a similar, yet smaller red shift in the 320 nm peak (compared
to a high concentration of free AP i.e. 0.2 mg/mL, 4 U — see Figure 53 (A)). The peak at
around 370 nm changes shape and the intensity diminishes compared to the zero time
point. HPLC analysis shows ~1% conversion to 3b, 24 hours after the addition of QD-AP to

10mM 3a, confirming the ability of QD-AP to dephosphorylate 3a with conversion values in

line with other dipeptide substrates studied.
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Figure 59 - Fluorescence emission spectra of 10mM 3a before QD-AP and 1 week after the addition
of QD-AP.

6.13. Summary

The biocatalytic conversion and supramolecular self-assembly of aromatic dipeptide
amphiphiles were confirmed using free enzyme (AP) and AP conjugated to QDs. Systems
were analysed through spectroscopic and chromatographic techniques (see chapter 8 for
microscopic evidence of fibre growth). Dephosphorylation and subsequent self-assembly of
substrates by QD-AP conjugates proved to have lower conversion rates, in line with a low
enzyme concentration (7x10” U). This finding enables future tracking without hindering
QD-AP diffusion, an effect which may be observed if bulk sample gelation occurred, seen

with higher free AP concentration (4 U).

Fluorescence quenching of QD-AP conjugates was observed in the presence of 1a. Studies
to underpin the source of quenching proved inconclusive due to fluctuations in
fluorescence emission intensity. Complete quenching was generally only observed after a
number of hours, therefore for future tracking of QD-AP this effect should be taken into

account i.e. by only measuring fresh QD-AP samples within a certain time frame e.g. 1 hour.

Through studying self-assembly systems such as micelle-to-fibre and sphere-to-sphere

transformations, three potential self-assembling ‘fuels’ for QD-AP propulsion have been
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identified: (i) fibre-assembling substrates 1a and 2a, (ii) sphere assembling substrate 3a
(and from previous activity assay studies a non-self-assembling substrate (p-nitrophenyl

phosphate, 4a).
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— Chapter 7 -

Nanopropulsion by biocatalytic self-assembly

7.1. Objectives

The main aim of the project was to induce nanopropulsion by biocatalytic self-assembly
therefore this chapter describes tracking analysis of QD-AP conjugates exposed to two
fibre-assembling fuels (1a and 2a), a sphere-assembling substrate (3a) and non-self-
assembling substrate (4a). By comparing speed and diffusion coefficient data obtained for
each case a comparison can be made between unidirectional self-assembly and non-
directional self-assembly (fibres and spheres respectively). Further to this, an additional

objective was to develop a means of directional control using a fuel concentration gradient.

7.2. Introduction

Propulsion of the enzyme alkaline phosphatase from E. coli is investigated, using
biocatalytically induced self-assembly of aromatic peptide amphiphiles Fmoc-FpY*%* % (1a)

195 (2a) — see Figure 60 overleaf. The amphiphilic nature of both 1a and 2a

and pyrene-pYL
means the phosphorylated molecules exist as spherical micelle structures in water (as
mentioned in 6.3). Enzymatic removal of the charged tyrosine phosphate group by alkaline
phosphatase leads to the dephosphorylated products 1b and 2b respectively (Figure 60 (C)
(i) and (ii)). Phosphate removal results in aromatic and hydrogen bonding interactions
inducing the self-assembly of 1b and 2b into B-sheet fibre structures. By following the
motion of enzymes as they catalyse the conversion of micellar amphiphile structures into

fibres, biocatalytic conversion is explored for the capability to propel the enzyme at a rate

greater than normal diffusion.
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Figure 60 — (A) Scheme illustrating an alkaline phosphatase-quantum dot conjugate propelled by the
biocatalytic transformation of micellar fuel molecules of 1a/2a into fibre structures of 1b/2b
(scheme not to scale). (B) Key illustrating alkaline phosphatase-QD conjugates and micellar fuel
molecules of Fmoc-FpY (1a) and pyrene-pYL (2a), including a general biocatalytic dephosphorylation
reaction for all substrates. (C) (i) fibre assembling substrate 1a; (ii)fibre assembling substrate 2a; (iii)
sphere assembling substrate 3a, and (iv) non-self-assembling control fuel 4a, converted by QD-AP to
1b, 2b, 3b and 4b respectively. TEM images of resulting self-assembled structures i.e. fibres and
spheres, obtained using free AP (scale bars = 200 nm). *Images of 1b and 3b obtained by Meghan
Hughes.

The role of biocatalytic self-assembly is explored for propulsion by comparison with no fuel

as well as a non-self-assembling molecule, p-nitrophenyl phosphate (4a) (Figure 60 (C) (iv)),

318

a well-known substrate for alkaline phosphatase.”™ Further to this, a non-directional self-
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assembling control is investigated: Fmoc-pYQ (3a) (Figure 60 (C) (iii)), which upon
dephosphorylation by phosphatase is expected to self-assemble into spherical structures**®
(rather than linear fibres). All fuel systems contain molecules that will be dephosphorylated
by phosphatase; however the hypothesis is that only the fibre self-assembling substrates 1a
and 2a will induce propulsion, as the biocatalytic products (1b and 2b) self-assemble into

linear fibres, providing a directional ‘impulse’ to the motor.

7.3. Enzyme-conjugate tracking analysis

Fluorescence microscopy was used to visualise solutions containing QD-AP conjugates (as
described in section 4.3). In order to see and track single particles, an EMCCD camera fitted
with a 650/60nm optical filter was employed. QD-AP conjugates were added to a solution
of the substrate within a glass bottom dish (see Figure 30 (C)). Tracking videos obtained of
enzyme-conjugates are composed of a sequence of individual images or ‘frames’. As
discussed in section 4.3.4, each particle coordinate is determined and the distances
travelled by particles between neighbouring frames are analysed by an in-house modified
MATLAB program. Data is obtained for individual particles including trajectories, frame-to-
frame speed, mean square displacement and angle of trajectory, for the fibre self-
assembling fuels (1a and 2a), the sphere-self-assembling control (3a), the non-self-
assembling substrate (4a), and a control with no fuel, which measures free diffusion of the

QD-AP conjugate for comparison.

Because transport at the nanoscale is a statistical process where thermal fluctuations are
important, it is necessary to obtain a large amount of data for comparing each scenario. We
perform a number of experiments (repeats) for each substrate, each experiment consisting
of multiple videos. Obtaining adequate data is important as each batch of enzyme-QD
conjugates will contain a range of sizes and diffusive motion is inherently a ‘random’
process. Each video recorded was either 300 or 600 frames in length at a rate of typically 23
frames per second; since particles move in and out of the plane of focus, individual tracks
can be of varying length during the video. The number of particles tracked in each video
varied from 5 to 200, and each experiment was repeated up to 4 times, with similar data
obtained in each repeat. The frame-to-frame speed data for all frames was combined and
an overall distribution of speeds and average overall value was obtained. The number of

particles tracked is thus a combination of repeated experiments, and the nature of the
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experiment allows for specific particles to be counted multiple times as new particles if

they leave the focal plane then return at a later time point.

7.3.1. Comparison with free QDs — speed distribution

QD-AP conjugates were tracked (with no fuel present) and frame-to-frame speed
distribution data was compared with a solution of free QDs (see Figure 61). Due to differing
amounts of data obtained in each case, the frequency of particles travelling at each speed is
normalised by dividing each data point with the total number of data points. It is clear in
Figure 61, that free QDs exhibit overall faster particles compared to larger sized conjugates
(see DLS size distribution plot in Figure 43), as expected. Overall, the average frame-to-
frame speed of QDs was found to be 7.2 um/s (based on 243 particles and 3437 data
points), compared to 5.6 um/s average speed (based on 1075 particles and 17239 data
points) for QD-AP conjugate clusters. It is also worth noting that the larger size of conjugate
clusters (compared to free QDs) allows for easier visualisation and tracking, which
subsequently leads to more data i.e. a higher QD:AP ratio as estimated to be 2.8:1.0 and

13.0:1.0 for QD-AP batches 3 and 6, respectively.
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Figure 61 - Frame-to-frame speed distribution data for free QDs and QD-AP (batch 6), excited at 365
nm. Dotted line represents the theoretical distribution of speeds for a particle with an average
hydrodynamic radius of 17 nm (as found experimentally for QD-AP by DLS — see Figure 43.
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The experimentally determined plot for QD-AP conjugate clusters of varying sizes as shown by DLS in
Figure 43, is compared to a theoretical probability plot calculated using the average
hydrodynamic radius of QD-AP conjugates experimentally determined by DLS (17 nm). A
diffusion coefficient was determined using the experimentally determined hydrodynamic

radius of QD-AP and the Stokes-Einstein equation 1 (see section 1.1):

p— fsT _ 1.38 x 10723 x 295.15
~ 6mnRy  6m X 1.002x1073 x 1.7 x 1078

=12.7 um?/s

The value for diffusion coefficient, D (12.7 pum?/s), for QD-AP conjugates with a
hydrodynamic radius of 17 nm, was used in the following equation with different values of

speed (v) corresponding to those found experimentally in Figure 61.:

2
P =k.v.exp(— :—D Equation 8

Where P is the probability, k is a normalising factor, v is the speed and D is the diffusion
coefficient of conjugates with a hydrodynamic radius of 17 nm, calculated as above. The
original solution of this ‘random walk’ diffusion problem was given by Lord Rayleigh in 1880

and is discussed in letters to the journal Nature in 1905.3'%*%

It can be seen in Figure 61 that the experimental data obtained is in relatively good
agreement and fits the calculated plot (dotted line), for a fixed size (of 17 nm hydrodynamic

radius), whereas the experimentally found data represents conjugates with a range of sizes.

7.3.2. QD-AP excitation wavelength comparison

The excitation wavelengths chosen for this study were 365 and 435 nm; however a
compromise must be made between more efficient excitation of QDs at lower wavelengths
and background fluorescence/scattering issues due to the fluorescent nature of the self-
assembling fuels in the UV range. Figure 62 overleaf illustrates the frame-to-frame speed

distribution data for the same sample of QD-AP conjugates, excited at 365 nm and 435 nm.
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Figure 62 - Frame-to-frame speed distribution of QD-AP conjugates (batch 6) illuminated by 435 nm
and 365 nm wavelengths of light.

The frame-to-frame speed distributions, obtained with each wavelength, are similar,
however at the lower excitation wavelength (365 nm) we detect a population of conjugates
exhibiting higher speeds (see highlighted data points in Figure 62). The more effective
excitation of conjugates at lower wavelengths (i.e. 365 nm) means smaller (and faster)
conjugates are more easily detected and tracked. In terms of data obtained with each
illumination wavelength, the same sample resulted in different amounts of data obtained
i.e. for 435 nm illumination 357 particles were detected for a total of 8634 data points,
whereas at 365 nm excitation, as many as 1075 particles were tracked (total of 17239 data
points). The resulting number of particles tracked is related to how efficiently the
conjugates are excited; therefore it is important that the wavelength of illumination is
taken into account when comparing results. It is worth noting in Figure 62 that apart from
the small number of faster particles detected with 365 nm illumination, the speed

distribution at lower speeds is unaffected by the wavelength used.

7.3.3. Batch variation

A number of batches of QD-AP conjugates were used to accumulate all of the data for this
investigation. Batch variations exist due to day-to-day environmental conditions at the time

of carrying out the conjugation reaction (see section 5.10 for batch comparison). Individual
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experiments are time consuming i.e. 3-5 days for a motility assay to final data analysis, and
so it is not always possible to measure conjugates under exactly the same conditions.
Control data was obtained using all batches and these are compared. The speed
distribution data obtained for different batches of QD-AP conjugates (both excited at 435
nm) are compared in Figure 63. Batch variation is evident as shown in section 5.10;
however this variation can be accounted for, when comparing data for the different

substrates, by always comparing results using the same batch.
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Figure 63 - Speed distribution comparison: batches 3 and 6 of QD-AP conjugates (no fuel), excited at
435 nm.

7.4. Nanopropulsion with fibre-assembling peptide

amphiphile (1a)

For this investigation it was originally expected that fibre-assembling substrates 1a and 2a
would be studied in parallel for their ability to propel the enzyme-QD conjugate. However
for reasons explained in section 7.5, the effect of substrates 1a and 2a on enzyme-
conjugate motion will be discussed separately, firstly comparing fibre-assembling 1a with
controls (no fuel, sphere assembling (3a) and non-assembling (4a)), followed by a further

discussion of the second fibre-assembling fuel (2a) (section 7.5).
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Example trajectories of tracked conjugates with fibre-assembling substrate 1a, sphere-
assembling (3a) and non-self-assembling substrate 4a are compared along with trajectories

with no substrate (Figure 64).
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Figure 64 —Composite of example trajectories for (A) QD-AP with no fuel, (B) in the presence of fibre-
assembling fuel 1a, (C) sphere-assembling substrate 3a and (D) non-self-assembling fuel 4a. (E)
Example trajectory of a single QD-AP conjugate ‘fuelled’ by 10mM 1a. Each connected pair of data
points represents the distance travelled between subsequent frames. This data is then used to
calculate the frame-to-frame speed.

Clearly motion remains diffusive on the length-scale (microns) and time-scale (seconds)
observed here as micellar substrate fuel molecules (1a) will be encountered at random by
the QD-AP conjugates and bursts of motion driven by fibre assembly will be in random
directions. However, in the presence of 10 mM fibre-assembling fuel 1a, QD-AP conjugates
exhibit clearly enhanced rate of diffusion (as shown in Table 8): with an average frame-to-
frame speed of 5.7um/s (based on 7007 particle trajectories and 4 experiments), compared
to the no-fuel control with an average speed of 4.4um/s (719 particle trajectories and 3
experiments) i.e. an enhancement of average frame-to-frame speed of 29%. Additionally
the non-self-assembling fuel 4a has nearly no effect on the speed of the conjugates

compared to the no-fuel control (average frame-to-frame speed of 4.0 um/s for 1139
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particles and 2 experiments). Interestingly, conjugates in the presence of the sphere-self-
assembling fuel 3a also show no evidence of enhanced motion (average frame-to-frame
speed of 4.6 um/s based on 1131 particle trajectories and 2 experiments). This implies that
indeed fibre formation i.e. unidirectional self-assembly, by 1a converting to 1b is

responsible for the enhanced diffusion (see Table 8 for summary of results).

The average diffusion coefficient values for QD-AP conjugates without fuel and in the
presence of 10 mM 1a, 3a and 4a were found to be 1.42; 2.71; 1.49 and 1.99 umz/s
respectively, indicating faster diffusion with fibre assembling fuel 1a (see Appendix N for
example MSD plots). For each fuel scenario diffusion coefficients are calculated by

obtaining overall average values from individual video diffusion coefficients.

Table 8 - Summary of average speed data, as well as diffusion coefficients, for QD-AP with 10 mM 1a,
3a, 4a and no fuel (2a will be discussed separately in section 7.5).

Substrate Average speed Diffusion coefficient, D .
2 Number of particles
(10mM) (um/s) (km?/s)
No Fuel 4.4 1.42 719
1a 5.7 2.71 7007
3a 4.6 1.49 1131
4a 4.0 1.99 1139
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7.4.1. Speed distribution comparison with control

substrates

While average speeds are informative, the DLS analysis of the conjugate clearly revealed a
range of conjugate sizes, so within a conjugate population there is a range of rates of
motion. In Figure 65 the frame-to-frame speed distributions are compared, for the self-
assembling and non-self-assembling substrates (at 10mM fuel concentration) and the no-
fuel control. With self-assembling fuel 1a, there is a clear and significant population of
faster particles compared to the no fuel control, the sphere-self-assembling control (3a)
and non-self-assembling fuel (4a); moreover the peak in the speed distribution is
significantly shifted to higher values (see Figure 65), further suggesting that biocatalytic
self-assembly into fibrous structures drives enhanced motion. QD-AP conjugates from the
same preparation method are used in all experiments; hence the distribution of sizes of
conjugates and how many enzymes are attached per QD will be statistically similar: if
motion were not enhanced by the presence of fuel substrate, we would expect to see

overlapping speed distributions for all cases.

We may expect that as a fibre grows from the enzyme-quantum dot surface, the size of the
particle would increase with fibre growth, therefore increasing the hydrodynamic drag and
rotational time (tg), resulting in slower diffusion. Experimentally we observe enhanced
diffusion, suggesting that fibres do not stay attached during enzymatic conversion of fuel. A
more realistic assumption is that enzymes convert fuel molecules which then diffuse away
from the enzyme to allow for the next fuel molecule to be converted; therefore fibre

growth does not occur at the enzyme surface.

157



A) ) B)
0.2 I 0-10 um/s
"I 1
- A, 8
) 0.15 [ ] e <
g )
g ¢ o ?:' [ E— ~~~~~~~ e
£ 041 L ! s
3 e I 1} 2 o X 0
2 Py .
® [ \\ A (m} N\
Eoos A Y RN 11-20 pmis
2 & 11l N Egn N5 o4
I 1 S 2 m \ Q
(I LR | e g g . =
om Ses 2 ,W o
i) 0 5 T R “45 L
Frame-to-frame speed (um/s) ! '8
! 0
e 0.1 / 2
= ©
oo : a
@ No fuel § 0.01 ’.EDD 1 Z° 0
g A A ‘ ‘ (m] 0 \‘/ 0.0015 21-30 meS
O1la g * -
£ 0.001 Aagg-nO
e3a 3 e+UOg
(2]
3 AA?¢ OO
Ada £ 0.0001 o
S ®A
= e eeO OO
0.00001 -_— a A
10 15 20 25 30 0~
Frame-to-frame speed (um/s) Nofuel 1a 3a 4a
Fuel

Figure 65 — (A) (i) Frame-to-frame speed distribution of QD-AP conjugates with different fuels and
without fuel: 1a — fibre-assembling fuel, 3a — spherical self-assembling fuel, 4a - non-self-assembling
fuel (for 2a — see section 7.5). A significant shift in the population maximum is observed with 1a,
compared to no fuel, 3a and 4a, indicative of a faster average frame-to-frame speed. Dotted lines
illustrate the peak maxima and shift for QD-AP conjugates with no fuel compared to with 1a. (ii)
Frame-to-frame speed distribution (log scale) illustrating a significant population of conjugates at
higher speeds with 10mM 1a. (B) Histograms representing populations of conjugates for each fuel
scenario at speed ranges from 0-10; 11-20 and 21-30 um/s. With the fibre self-assembling fuel 1a,
there are fewer conjugates moving at the lower speed range (0-10 um/s), compared to other fuels
(and no fuel), while more conjugates display faster frame-to-frame speeds between 11-20 and 21-30
um/s speed ranges.

7.4.2. Effect of batch variation on speed distribution

The frame-to-frame speed distribution for conjugates in the presence of 10 mM 1a is

compared for two different batches of QD-AP conjugates (Figure 66 overleaf).

It is evident that batch-to-batch variations exist and result in different speed distributions
as well as average speed values of 5.7 and 5.4 um/s for batches 3 and 6, respectively. This
can be related to the variation in activity of the QD-AP conjugates (Appendix D); in which
faster conjugates (i.e. a greater average frame-to-frame speed) correspond to more active
(in terms of p-nitrophenyl phosphate turnover) QD-AP conjugates (batch 3). It can be seen

in Appendix D that conjugate QD-AP batch 3 is more active compared to batch 6.
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This finding could be a step towards controlling conjugate speed by controlling the activity
of the enzyme-QD conjugates. Differences in activity are likely due to differences in the
degree of conjugation of enzyme to QDs. The more active the enzyme-conjugate, the faster
the average frame-to-frame speed is expected to be, therefore engineering better
conjugation i.e. more enzymes to QDs, is a potential route to further enhancing the

propulsion effect.
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Figure 66 - Effect of QD-AP batch variation on speed distribution.

7.4.3. Experimental repeatability

The speed distributions of the same batch of QD-AP conjugates (with 10mM 1a), measured
at different times, are compared in Figure 67 overleaf. The distributions are in good
agreement with each other. Therefore it can be concluded that the biggest variation in
speed data results from batch-to-batch differences as discussed above, and that

measurements of a given batch are repeatable giving statistically similar results.
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Figure 67 - Day-to-day comparison of speed distribution for the same batch of QD-AP conjugates
with 10 mM 1a, excited at 435 nm with two repeat experiments, 1 and 2 (2284 and 1728 particles
tracked respectively).

7.4.4. Effect of 1a concentration on conjugate speed

Conjugate motion is studied with increasing fibre self-assembling fuel (1a) concentration. In
Figure 68 a shift in the frame-to-frame speed distribution is observed with increasing fuel
concentration (at least up to 10 mM fuel concentration), while with non-self-assembling

fuel (4a) conjugate speed is independent of fuel concentration.

While there is a clear increase in enhancement of motion with increasing fibre self-
assembling fuel (1a) concentration between 5mM and 10mM, interestingly at 20mM 1a the
frame-to-frame speed distribution reverts to slower conjugate speeds (Figure 68 (E)). This
dependence on fuel concentration is difficult to explain definitively; however it is worth
noting that at higher concentrations of 1a e.g. 16mM, Fmoc-FpY self-assembly has been
observed to occur without catalysis.””® This would imply that at a higher concentration
some proportion of the ‘fuel’ was unavailable since it had already converted to a self-

assembled nano-rod state.

A more detailed investigation of concentration dependence would be an interesting further
step. For example, it would be interesting to collect data at concentrations around the

critical micelle concentration (CMC), i.e. 5 mM of 1a, to examine whether enhanced motion
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is ‘switched on’ near the CMC when the fuel is in the micellar form compared to free

dissociated molecules below the CMC.
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Figure 68 — Frame-to-frame speed distributions of QD-AP conjugates with different concentrations of
fibre assembling fuel 1a (purple solid line) and non-self-assembling substrate 4a (green dashed line).
Separate plots of QD-AP conjugate frame-to-frame speed distributions with different concentrations

of 1a and 4a are provided in Appendix K.
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7.5. Nanopropulsion with intrinsically fluorescent

fibre-assembling peptide amphiphile 2a

In an effort to further understand the propulsion effect observed with fibre-assembling
substrate 1a, simultaneous visualisation of enzyme-conjugates and self-assembled fibre
structures would be beneficial (as discussed in section 8.6). Due to the fluorescence
emission of the Fmoc-based fibre system (1a) being in the low nanometre range (320 nm),
substrate 1a is not suitable for simultaneous tracking of conjugates and self-assembled
structures. Other methods such as AFM cannot easily be used in real time and in solution to
visualise fibre growth or particle motion, and often lead to drying- or surface-induced
structural effects. Alternative methods to visualise self-assembled structures including
intrinsic and extrinsic fluorescent labelling methods, are investigated in sections 8.3 and

8.4.

Pyrene-functionalised aromatic peptide amphiphile pyrene-pYL (2a) is also investigated for
propulsion of QD-AP conjugates by fibre formation, in the hope that a similar speed
enhancing effect is observed, along with pyrene as an intrinsic fluorescent probe for
visualising self-assembled fibres (as well as QD-AP conjugates). Simultaneous fibre/QD-AP
visualisation requires excitation of pyrene-functionalised substrates at wavelengths close to
334 nm. As mentioned previously, quantum dots have broad excitation wavelength ranges
(due to the broad absorption band) therefore in this case the excitation wavelength is

determined by the molecular fluorophore such as pyrene.

Before simultaneous fibre and QD-AP conjugate visualisation is attempted, first conjugate
motion alone in the presence of fibre-assembling substrate 2a is studied. QD-AP conjugates
were added to 10 mM 2a to investigate the effect of biocatalytic self-assembly on

conjugate speed (as with peptide amphiphile 1a, discussed above in section 7.4).

A similar effect of QD-AP frame-to-frame speed enhancement might be expected with 2a;
however problems arise due to the highly fluorescent nature of 2a, preventing accurate
data acquisition for tracking. The fluorescence signal of 10 mM 2a creates a significant
background signal preventing clear visualisation of single QD-AP conjugates and subsequent
tracking is not possible. Lower 2a substrate concentrations were investigated, in order to

determine the highest concentration of 2a capable of inducing an enhanced diffusion, while
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low enough to visualise conjugates at a high enough quality to track. A number of fibre-
assembling substrate (2a) concentrations were studied - 10, 5, 1, 0.1 and 0.01 mM.
However only 0.1 and 0.01 mM concentrations exhibited low enough pyrene signal for QD-
AP conjugates to be tracked effectively. It can be seen from Figure 69 that at low
concentrations of 2a ie. 0.01 and 0.1 mM, frame-to-frame speed enhancement is not
observed however there is a small population of faster conjugates at 0.1 mM 2a (compared
with 0.01 mM) see Figure 69 (B). The total population of conjugates measured with 0.01
mM is small (i.e. 444 particles compared to 1631 for 0.1mM) it is therefore difficult to
conclude statistically that speeds are enhanced for 0.1 mM due to the possibility that
within the smaller population faster conjugates were present but simply not observed.

Example composite trajectories can be found in Appendix L.
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Figure 69 — (A) Frame-to-frame speed distribution of QD-AP with 0.01 mM (triangle) and 0.1 mM
(cross) of fibre-assembling substrate 2a, including the same data shown with a log scale for the

normalised frequency (B).

163



Average frame-to-frame speeds for 0.01 and 0.1 mM 2a were found to be 3.7 and 3.5 um/s
(based on 444/1631 particle trajectories and 1/3 experiments respectively). These values
are compared to the no-fuel control with an average frame-to-frame speed of 4.4 um/s
(719 particle trajectories and 3 experiments). See Table 9 and Figure 70 overleaf for a
summary and comparison of average frame-to-frame speed for 0.1 mM 2a compared with
no fuel, fibre-assembling substrate 1a and non-self-assembling substrate 4a (at a
concentration of 0.1 mM). It is evident that at low fibre-assembling substrate
concentrations (0.1 mM 2a), frame-to-frame speed distributions of conjugates are similar
to the other fibre-assembling substrate 1a, as well as the non-self-assembling substrate 4a
and no fuel, and even appear to be slightly slower (Table 9). As described previously in
section 7.4.4, an enhancement of QD-AP frame-to-frame speed is not observed with lower
concentrations of fibre assembling substrate 1a. It may be possible that at concentrations
below the expected critical micelle concentration of 2a”~ enhancement is not observed due

to there being little or no sphere to fibre transformation.

Table 9 - Summary of average speed data, as well as diffusion coefficients, for QD-AP with 0.1 mM
13, 2a, 4a and no fuel.

Substrate Average speed Diffusion coefficient, D .
2 Number of particles
(0.1 mM) (wm/s) (wm’/s)
No fuel 4.4 1.42 719
1a 4.5 1.17 774
2a 3.5 1.06 1631
4a 3.9 1.24 607

"~ The cMmC of 2a was not measured here however it is expected to be in the same range as 1a i.e.
around 5 mM or lower due to 2a being more hydrophobic than 1a.
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Figure 70 — (A) Frame-to-frame speed distribution of QD-AP with 0.1 mM fibre-assembling substrate
1la (purple diamonds), fibre-assembling substrate 2a (blue squares) and non-self-assembling
substrate 4a (green triangle symbols), including the same data shown with a log scale for the

normalised frequency (B).

7.6. Summary

In summary it has been shown that the diffusive transport of alkaline phosphatase-
quantum dot conjugates is enhanced by the addition of a self-assembling fuel 1a at high
enough fuel concentration. The fibre self-assembling fuel 1a is dephosphorylated by the
enzyme to 1b, which facilitates fibre formation, which we propose aids the propulsion of

alkaline phosphatase-QD conjugates leading to enhanced motion.

Pyrene-functionalised fibre-assembling substrate 2a may provide a promising route to

conjugate propulsion, as well as simultaneous fibre and conjugate visualisation. However,
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background fluorescence issues of 2a at concentrations required for propulsion (e.g.

10mM) prevents tracking of conjugates.

In the case of the self-assembling control 3a, which assembles into spherical aggregates,
rather than fibrous structures, enhanced diffusion was not observed, leading to the
conclusion that the transformation from micelles to fibres of 1a to 1b molecules is essential
for the nanopropulsion of QD-AP conjugates. This supports the proposal that linear fibre-
assembly provides extra propulsion to enhance the transport of the conjugate. Since a
given fibre propulsion ‘event’ will be in a random direction depending on rotational
Brownian motion of the conjugate, the result of many events is increased diffusive

transport of the conjugate.

7.7. Towards directional control of QD-AP conjugates

QD-AP conjugates driven by substrate fuel which is dissolved uniformly throughout the
motility solution results in enhanced motion with fibre-assembling fuel 1a. However motion
is random as QD-AP conjugates encounter substrate fuel molecules at random as they
diffuse in solution, at a rate that does not depend on location. Examples of enhanced but
also directional motion have been reported through the incorporation of a fuel

3431321 pirected motion of artificial

concentration gradient into various nanomotor systems.
motors has been demonstrated using fuel saturated gel reservoirs from which the fuel
diffuses into the surrounding solution, resulting in a concentration gradient, which the

331 additionally enzyme

motors travel along in the direction of increasing concentration.
molecules have been shown by DLS to exhibit enhanced motion in response to a substrate

concentration gradient created by a microfluidics set-up.*

As an initial step towards directional control of QD-AP conjugates, a polyacrylamide gel
saturated in fuel substrate is investigated. Fibre-assembling substrates 1a and 2a, as well as
buffer control (no fuel) and non-self-assembling substrate 4a are studied for their ability to
direct the motion of QD-AP conjugates, along a substrate concentration gradient. This study
would require further development and additional controls such as free QDs with and

without fuel saturated gel reservoirs.
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A gel saturated in 5 mM substrate, then placed in buffer, results in time-dependent
diffusion of the substrate from the initially high substrate concentration of the gel to low
substrate concentration at distances far from the gel. Diffusion of the substrate from the
gel thus creates a time-dependent substrate concentration gradient within the local
environment of the motility assay. It is worth noting that although gels are saturated in 5
mM substrate solutions, it is uncertain as to the final concentration of substrate within a
given gel, as substrates may be more concentrated in the gel due to differences in

hydrophilicity/hydrophobicity.

Polyacrylamide gels saturated with fibre-assembling substrates 1a and 2a were monitored
by fluorescence spectroscopy to confirm diffusion of the substrate from the gel. Each
substrate-saturated gel was added to a known volume of buffer (1 mL) in a cuvette and the
fluorescence intensity of 1a (320 nm) and 2a (377 nm) was monitored with time (see
Appendix J). A local fluorescence emission measurement was obtained at a fixed distance
from the gel, i.e. where the fluorimeter excitation beam is centred, for both 1a and 2a
substrates which showed an increase in fluorescence emission intensity with time

indicating diffusion of the substrates from the polyacrylamide gel.

A motility assay was designed for directed motion of QD-AP conjugates with gel ‘fuel’
reservoirs. The assay consists of the same sample holder and conditions as used with
previous motility experiments (see section 4.3.3.6.). A square of substrate-saturated gel (4
mm x 4 mm x 1 mm) was added to one quadrant of the sample well (rather than the
substrate being present within the entire motility solution), as shown in Figure 71 overleaf.
The objective is focused in the centre of the sample well and as with previous motility
experiments, digital videos of the conjugates are recorded at regular time points for a

period of time (up to 1 hour).

The videos are analysed and data is obtained for QD-AP conjugate frame-to-frame speeds,
MSD, and angle of trajectory. The angle of trajectory in this case, is particularly important
to illustrate whether the conjugates are directed or remain randomly diffusive, illustrated
by angle of trajectory distributions in a specific range of angle or evenly spread,
respectively. Average frame-to-frame speeds (represented by one video per time point),

can also offer information on whether the speed is enhanced due to the substrate
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concentration gradient and may indicate trends with time due to the time-dependent

diffusion of the substrate from the gel reservoir.

A)Side view

<«<— 100x
oil objective

OiI\L ‘L joverslip
: | 5 : \

/ \ Glass bottom dish
QD-AP liquid sample Fuel reservoir gel

B)Top vew::

Figure 71 - Fuel reservoir motility assay set up. Glass bottom dish with QD-AP sample secured in a

Coverslip

well with glass coverslip, for use with oil immersion objective. The ‘fuel’ or substrate soaked
polyacrylamide gel is placed in a specific segment of the well.

7.7.1. Control reservoir — no fuel

Firstly a control gel was studied, which was saturated in buffer containing no substrate. This
ensures that any directional effect observed with substrate saturated gels is truly due to a
substrate concentration gradient and not caused by flow. Example composite trajectories
for QD-AP with a gel saturated in buffer are shown for the first 15-30 minutes of a motility
experiment and also 30-60 minutes (Figure 72 overleaf). Two time periods were analysed
separately due to the time dependent nature of the experiment i.e. the concentration
gradient changes with time as substrate diffuses from the gel. Trajectories appear non-
directional and diffusive at shorter and longer times within the control no fuel experiment,

consistent with Brownian motion and minimal effects due to flow.
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Figure 72 - Composite of trajectory examples of QD-AP with buffer saturated gel (no fuel control)
between (A) 15-30 minutes and (B) 30-60 minutes of motility experiment. Arrow represents the
general direction of the buffer saturated gel in relation to particles being tracked. Scale bars =5 pum.

In Figure 73, the angle of trajectory of QD-AP conjugates with no fuel without the gel is
compared with conjugates in the presence of a buffer saturated gel. Overall the angle of
trajectory distributions are similar and represent random motion in both cases ie. a
relatively even spread of angles (for time dependent angle of trajectory distribution see
Appendix M). Additionally MSD plots indicate Brownian motion as linear plots are observed
for a number of example particles (see Appendix N), as opposed to curved MSD plots,

indicative of directed motion.
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Figure 73 - Angle of trajectory distributions for QD-AP with (A) no fuel and no gel and (B) gel
saturated in buffer (no fuel).
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The average frame-to-frame speeds of QD-AP conjugates with buffer saturated gel (no fuel)
are compared to the overall average speed of QD-AP conjugates in buffer (no fuel, no gel).
The average frame-to-frame speed of conjugates with control gel saturated in buffer (no
fuel), show some variation between data points but there is no apparent relationship with
time (Figure 74). The overall average frame-to-frame speed value for QD-AP conjugates
with buffer saturated gel is 3.9 um/s, compared to 4.4 um/s for control with no fuel and no
gel (dotted line in Figure 74), based on 1 experiment and 133 particles. See Table 8 for no

gel average frame-to-frame speed value.

Average frame-to-frame speed (um/s)

0 T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65
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Figure 74 - Average frame-to-frame speed of QD-AP conjugates, as a function of time point, in the
presence of buffer saturated gel (control), compared to the average speed of QD-AP conjugates in
buffer (no fuel and no gel), shown by the dashed line.

7.7.2.  Fibre-assembling substrate reservoir 1a

A gel saturated in fibre-assembling substrate 1a is studied to investigate directional control
of QD-AP conjugates. Example composite trajectories in Figure 75 overleaf show more
linear trajectories (compared to random control trajectories), which are relatively aligned in

terms of direction.
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Figure 75 - Composite trajectory examples of QD-AP with gel saturated in fibre-assembling 1a,
between (A) 10-30 minutes and (B) 30-50 minutes of motility experiment. Scale bars represent 5 um.

Directionality of QD-AP conjugates is further confirmed experimentally as conjugates were

seen to move towards the gel reservoir. Further to this in Figure 76, angle of trajectory

distributions with 1a saturated gel range between +/-3.14-1.4 radians (Figure 76 (B)) (the

gel was at approximately +/- 3.14 radians in relation to tracked particles), compared to an

evenly spread distribution when fibre-assembling substrate 1a is present throughout the

motility medium (Figure 76 (A)).
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Figure 76 - Angle of trajectory distributions of QD-AP with (A) 10 mM 1a (fibre-assembling substrate)
without gel, and (B) gel saturated in 1a.
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Average frame-to-frame speeds of QD-AP conjugates with a gel reservoir saturated in fibre-
assembling substrate 1a show enhanced diffusion and decreasing speed with time
indicative of a substrate concentration gradient (Figure 77). This is thought to be due to the
substrate concentration gradient becoming less steep over time, as the substrate is more

evenly distributed in the surrounding environment.

The initial average frame-to-frame speed of conjugates is 9.1 um/s (t=10 mins) and by 50
minutes after the addition of the QD-AP conjugates, the speed has reduced to 5.6 um/s,
comparable to the average speed of QD-AP in 10 mM 1a no gel reservoir (dashed line in
Figure 77). The overall average frame-to-frame speed of QD-AP conjugates with 1la
saturated gel and gel with no fuel are 7.0 and 3.9 um/s, respectively (based on 1
experiment and 170 particles). MSD plots are curved consistent with directed motion (see
Appendix 0), however further control measures would be required to eliminate the

possibility of flow within the system
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Figure 77 - Average frame-to-frame speed of QD-AP conjugates, as a function of time point, in the
presence of 1a saturated gel, compared to the average speed of QD-AP conjugates in 10 mM 1a
(present throughout the solution) shown by the dashed line.
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7.7.3.  Fibre-assembling substrate reservoir 2a

A gel saturated in the second fibre-assembling substrate 2a is similarly studied to
investigate directional control of QD-AP conjugates. Example composite trajectories, in
Figure 78 show more linear trajectories (compared to random control trajectories), which

are relatively aligned in terms of direction.
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Figure 78 - Composite trajectory examples of QD-AP with gel saturated in fibre-assembling 2a,
between (A) 5-15 minutes and (B) 15-30 minutes of motility experiment. The arrow represents the
general direction of the gel and particle motion. Scale bars =5 pum.

Conjugates were observed experimentally to move towards the gel reservoir, however
according to the initial positioning of the gel reservoir the particles appear to move
diagonally, this could be due to a shift in the gel position over time but is also dependent on
the positioning of the objective i.e. where it is focused, in relation to the gel. In Figure 79,
angle of trajectory distributions of QD-AP conjugates with 0.1 mM 2a (without gel) are
compared to conjugates with gel saturated in 2a. Previous studies with fibre-assembling 2a
present uniformly throughout the motility solution revealed that above 0.1 mM the
fluorescence signal was intense, preventing QD-AP conjugate tracking. Here, the
intrinsically fluorescent substrate 2a is saturated within a gel reservoir at a higher
concentration (5mM starting solution). Isolating the fluorescent substrate in a gel reservoir
eliminates the fluorescent interference issues observed when the substrate was throughout
the solution. The angle of trajectory distribution of QD-AP conjugates with 2a saturated gel

reservoir shows some directionality with an angle of trajectory range between +/-3.14-1.0
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radians (gel direction approximately +/- 1.5 radians) (Figure 79 (B)), compared to a more

evenly spread distribution when fibre-assembling substrate 2a is present throughout the

motility medium (Figure 79 (A).
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Figure 79 - Angle of trajectory distributions of QD-AP with (A) 0.1 mM 2a (fibre-assembling
substrate) without gel, and (B) gel saturated in 2a.

Average frame-to-frame speeds of QD-AP conjugates with a gel reservoir saturated in fibre-
assembling substrate 2a, show no apparent dependence with time but vary between data
points (Figure 80 overleaf). This could be due to the hydrophobic nature of 2a which may
compete with diffusion of the substrate into the medium ie. 2a may interact with
polyacrylamide gel rather than diffusing into the surrounding solution, so that the time
dependence of the 2a concentration gradient will be complicated (as indicated in Appendix
J). Overall average frame-to-frame speed is enhanced with 2a saturated gel (5.3 um/s)
compared to control reservoir (3.9 um/s) and 3.5 um/s for QD-AP in 0.1 mM 2a present
throughout the solution (see Table 9), based on 1 experiment and 271 particles. See

Appendix P for example MSD plots.
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Figure 80 - Average frame-to-frame speed of QD-AP conjugates, as a function of time point, in the
presence of 2a saturated gel, compared to the average speed of QD-AP conjugates in 0.1 mM 2a
(present throughout the solution), shown by the dashed line.

7.7.4. Non-self-assembling substrate reservoir 4a

A gel saturated in the non-self-assembling substrate 4a is also studied to investigate
directional control of QD-AP conjugates. Example composite trajectories in Figure 81
overleaf show once again more linear trajectories (compared to random control
trajectories) which are aligned in terms of direction. Interestingly, differences in trajectories
arise with time as trajectories become shorter and more random after 15-25 minutes
compared to shorter times (5-15 minutes after addition of QD-AP conjugates). This effect
may be due to a diminishing effect of the concentration gradient with time, where at longer
times the substrate could have diffused throughout the motility sample until uniformly
distributed, and QD-AP conjugates revert to more Brownian motion. Although this trend is
not observed with other substrates, this could be consequential of hydrophilicity or size of
the substrate, where 4a is relatively smaller compared to 1a and 2a and is likely to be more

hydrophilic, therefore may diffuse from the gel at a faster rate.

175



A) Non-self-assembling 4a —reservoir B) Non-self-assembling 4a —reservoir
5-15 minutes 15-25 minutes

{‘ ~
Y

N
? . , <;
}"\.\ \l 3\ Z\-} T
x_} Y . #

-
§ £
g 0 N 7 - f
Q “, ~ e
$ \ . \ ; %
£ , 1 4
g ¢ 1 !
= t 3
g ,“,{ ey
5 5 . § Y
c s
§ 3 (k ™ r s
3 o “

S < : % X

! : %

I? | I

Figure 81 - Composite trajectory examples of QD-AP with gel saturated in non-self-assembling 4a,
between (A) 5-15 minutes and (B) 15-25 minutes of motility experiment. Arrow represents the
direction of gel in relation of the tracked particles and also direction of particle motion. Scale bars =
5pm.

QD-AP conjugates were observed experimentally to move towards the gel reservoir. In
Figure 82 overleaf, the angle of trajectory of QD-AP conjugates with 10 mM 4a (without gel)
is compared to conjugates with gel saturated in 4a. The angle of trajectory distribution of
QD-AP conjugates with 4a saturated gel reservoir shows directionality with an angle of
trajectory range between -1.0-1.4 radians (gel position approximately 0 in relation to
tracked particles) (Figure 82 (B)), compared to a more evenly spread distribution when non-
self-assembling substrate 4a is present throughout the motility environment (Figure 82
(A)). Comparing with the other substrate saturated gel systems (1a and 2a); conjugates

with 4a appear most directional in terms of exhibiting the smallest range of angle of

trajectories.
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Figure 82 - Angle of trajectory distributions of QD-AP with (A) 10 mM 4a (non-self-assembling
substrate) without gel, and (B) gel saturated in 4a.

Previous studies of QD-AP conjugates with up to 20 mM non-self-assembling substrate 4a
dissolved throughout the motility solution, did not exhibit enhanced motion. However it is
clear from Figure 83 that QD-AP conjugate average frame-to-frame speed is initially
enhanced at values of 11.8 um/s (t = 5 mins) and by 25 minutes (after the addition of QD-
AP conjugates), the speed has reduced to 3.5 um/s, comparable to the overall average
frame-to-frame speed of conjugates in 10 mM 4a present throughout the solution (4.0
um/s), see Table 8. Overall average frame-to-frame speeds of QD-AP conjugates with 4a
saturated gel, and gel with no fuel are 6.7 and 3.9 um/s, respectively (based on 1 hour long

experiment and 332 particles).
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Figure 83 - Average frame-to-frame speed of QD-AP conjugates, as a function of time point, in the
presence of 4a saturated gel, compared to the average speed of QD-AP conjugates in 10 mM 4a
(present throughout the solution), shown by the dashed line.
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7.7.5. Summary

In summary, initial demonstration of the directional control of QD-AP conjugates was
achieved by isolating the substrate ‘fuel’ within an acrylamide gel. Diffusion of substrates
into the surrounding buffer solution creates a substrate concentration gradient, where
substrates 1a, 2a and 4a were shown to direct the motion of QD-AP conjugates, as well as
enhance the average frame-to-frame speed at initial time points. The approximate location
of the substrate gel reservoirs (in relation to tracked particles) in most cases correlated with
the angle of trajectories observed experimentally by the particles, however the gel may be
liable to shift during the experiment and the observations are reliant on the positioning of

the objective i.e. where the objective is focused in relation to the gel reservoir.

Interestingly, in the case of substrate 4a, QD-AP conjugates, previously showed no
enhancement of speed when the substrate was uniformly distributed throughout the
motility solution, however when the substrate was released locally from a gel reservoir,
conjugate speeds were enhanced compared to the average frame-to-frame speed of
conjugates in fuel present throughout the system. Enhanced diffusion of QD-AP was
previously only observed with fibre-assembling substrate 1a at 10 mM concentrations. In
contrast preliminary studies with substrate concentration gradients suggest that enhanced
and directed diffusion may be possible even in the case of non-self-assembling substrates
(4Q). Interestingly this has also been observed with catalase and urease enzymes in a
microfluidic cell using DLS, however these catalytic effects on transport remain to be
explained.>”* This effect could be attributed to the presence of a concentration gradient,
however at this preliminary stage of the investigation, further control measures would be
required to conclusively attribute the enhanced and directed motion to the presence of fuel
concentration gradients. As the results stand, without suitable controls, the directed

motion observed could be attributed flow in the system.
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— Chapter 8 -

Visualisation of self-assembled supramolecular

structures

8.1. Objectives

As confirmed by fluorescence microscopy tracking of QD-AP conjugates, there is an
enhancement in the diffusion rate of the conjugates in the presence of fibre-assembling
substrate 1a (10 mM). It is proposed that the linear growth of a fibre which is transformed
from a spherical micellar structure provides an impulsive force on the enzyme-QD
conjugate. Therefore the ultimate aim for this investigation would be to visualise enzyme-
QD conjugates and fibres simultaneously in a fluid three-dimensional environment to gain

more information about the propulsion mechanism.

8.2. Introduction

Visualisation of supramolecular structures is generally performed by a number of electron
microscopy or atomic force microscopy techniques. These methods however involve
immobilising or drying the sample to a surface in order to image. Self-assembled fibre
structures of 1b and 2b (as in Figure 60), converted by AP and QD-AP from 1a and 2a
respectively, were initially confirmed using atomic force microscopy and electron
microscopy techniques (TEM and cryo-TEM). See Figure 84 overleaf for TEM images and

Appendix S for additional images of 2b fibres by AFM.
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Figure 84 - Transmission electron micrographs (i) and cryo-TEM images (ii) of (A) fibres of 1b
(converted from 1a by QD-AP) and (B) fibres of 2b (converted from 2a by QD-AP). Scale bars
represent 200 nm.

Although informative of resulting supramolecular structures, AFM and TEM techniques are
not ideal methods for dynamic real-time tracking of fibres and enzyme-QD conjugates
simultaneously. Fluorescence microscopy provides a potential route to simultaneous
visualisation of the self-assembled fibre structures, as well as QD-AP conjugates, in an effort
to gain information about the self-assembly propulsion mechanism of enzyme-quantum dot

conjugates (see section 8.6).

Here, two methods of fibre visualisation are investigated: firstly extrinsic fluorescent
staining using thioflavin T; and secondly incorporation of an inbuilt intrinsic fluorescence
group within the design of the self-assembling ‘monomers’ (e.g. pyrene functionalised fibre
assembling substrate 2a). Initial investigations aim to determine the optimum visualisation
technique for fibres made by free alkaline phosphatase, before undertaking similar studies

with enzyme-QD conjugates for two-fluorophore simultaneous visualisation.
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8.3. Fibre visualisation - Extrinsic fluorescent staining

of 1b fibres

Fmoc-functionalised peptide substrates fluoresce in the UV range (320 nm), therefore are
not easily compatible with most fluorescence microscopes. Thioflavin T, which emits light at
480 nm in the visible region, can be used as a fluorescent stain for the direct visualisation of
biocatalytic self-assembled fibres of for example Fmoc-FY (1b), (as ThT fluoresces in the

presence of B-sheet assemblies — see section 4.1.3).

The fluorescence microscope was fitted with a 482 nm optical emission filter to capture
fluorescence signal from ThT stained fibres (as described in Techniques section 4.3.2.1). A
control sample of 10 mM 1a solution was prepared with the addition of 1 uM ThT and
studied in a simple flow cell arrangement by fluorescence microscopy. No fluorescent
structures were observed as expected with a 1a solution consisting of micelles i.e. no B-

sheet fibrous structures of 1b are present before phosphatase addition.

With the addition of alkaline phosphatase (4 U), to 10 mM 1a containing ThT, gel formation
of the bulk sample was seen after 24 hours. The gel was placed in a simple flow cell and by
fluorescent microscopy fibre-like bundles stained with ThT were observed at the surface of
the flow cell. In addition, spherical aggregates were found throughout the three-
dimensional sample, indicating the biocatalytic conversion of 1a to 1b and the formation of
B-rich structures (see Figure 85 overleaf). The fluorescent spheres observed were in the
tens of micron size range and appeared to be immobilised throughout the gel (see Figure
85). Individual fibres were not observed, possibly due to low fluorescence emission
compared to the highly fluorescent spherulites. Similar spherulitic structures have been

2. 22,32 . . .
43322323 and also with a similar

observed by B-amyloid fibre forming proteins and peptides
dipeptide system (Fmoc-SF-OMe) which was found to assemble into 100 um diameter
spheres.” It may be possible that fibres grow radially from a central point, creating sphere-

like structures.
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Figure 85 - Thioflavin T stained (A) fibre bundles of 1b (converted from 1a by AP) on the surface of a

simple flow cell; and (B) spherulitic structures present throughout the flow cell. Scale bar represents
20 um. No structures were observed at t = 0, before enzyme addition.

A gel made from the conversion of 1a to 1b by alkaline phosphatase was dried onto a glass
surface to reduce fluorescence interference presented by a three dimensional sample. The
fibres were stained with ThT after gel formation, and visualised using fluorescence
microscopy. Fibres and fibre bundles were observed dried on a glass surface, but also large
aggregates of fibres were apparent, as observed with previous flow cell (3D) observations,

suggesting that fibres grow radially from a central point (see Figure 86 overleaf).
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Figure 86 —ThT stained fibre bundles and aggregates of 1b (converted from 1a by AP), dried onto
glass. Scale bar represents 20 um.

Visualisation of ThT-stained 1b fibres, using free alkaline phosphatase, was possible due to
the bulk gelation of the sample i.e. fibres were present throughout the sample. The fibre
growth process in the motility experiments, using alkaline phosphatase conjugated with
quantum dots is thought to occur locally, where isolated regions of fibres are expected
rather than a gel, due to the low enzyme concentration (upper limit of approximately 7.0
x10™ U). When fluorescently stained with ThT, the localised fibrous regions result in low
fluorescent signal not detectable using an EMCCD camera (despite frame averaging and
increased camera gain). Therefore for real-time visualisation of localised fibre growth made
by QD-AP conjugates, it has been shown that ThT staining is unsuitable and only large

aggregates of fibres give intense enough signal to visualise.
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8.4. Fibre visualisation - Intrinsically fluorescent 2b

fibres

8.4.1. Fluorescence microscopy

While extrinsic staining allowed for the visualisation of Fmoc-containing self-assembled
aggregated structures, observation of individual fibres or fibre bundles was only possible
when the sample was dried on a two-dimensional surface. As mentioned in section 4.1.2,
the inbuilt design of the self-assembling molecule can incorporate a fluorescent group such
as pyrene, which fluoresces at a more accessible wavelength for fluorescence microscopy
(monomer peaks at 417 nm compared to 320 nm of Fmoc as well as additional fluorescence
signals at longer wavelengths indicative of self-assembly). As discussed in section 4.3.2, the
microscope can be modified to include specific excitation sources e.g. illumination lamps
and optical filters, as well as optical filters for the collection of the target fluorescent signal.
Pyrene excitation requires UV illumination close to 334 nm using an LED lamp and a 365 nm
excitation filter. Additionally, the microscope is fitted with a 417 nm emission optical filter

for pyrene detection (see Appendix B for optical filter combination).

Initial visualisation experiments confirmed that fibres of 2b could be visualised using free
AP (4 U) added to a 5mM 2a solution. Samples were prepared by adding solutions/gels onto
a glass slide and drying before observation by fluorescence microscopy. Control images of 5
mM 2a were obtained to conclude that no fibrous structures were present before addition
of enzyme (Appendix T). Fibre growth was studied over time by preparing dried samples of
the enzymatic reaction after 1, 2 and 20 hours of the addition of AP (see Figure 87
overleaf). At the 1 hour time point, only short fibrous structures were observed but after 2
and 20 hours fibre networks and aggregates of fibres were seen. The fully gelled sample at
20 hours displayed a number of fibrous arrangements from bundles and networks to
previously observed (with ThT stained 1a) fibrous spheres, i.e. fibres growing from a central

point.
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Figure 87 — Fluorescence micrographs of 5mM 2a with AP at (A) 1 hour, (B) 2 hours, (C) and (D) 20
hours after addition of 4U AP dried onto glass surface. False coloured to represent colour physically
observed through microscope binoculars. Scale bars = 20 um.

A similar time study was performed for 5mM 2a and AP conjugated to QDs (QD-AP) - as
shown in Figure 88 overleaf. At the shorter time points e.g. 1 and 2 hours, no structures
were observed. Twenty hours after the addition of QD-AP to 2a showed localised clusters of
short fibrous structures, in line with a slower conversion rate compared to free AP (QD-AP

upper limit of 7x10™ U compared to 4 U with AP).
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Figure 88 - Fluorescence micrographs of 5 mM 2a with QD-AP 20 hours after addition, dried onto
glass surface, (A) 50x and (B) 100x magnification. False coloured to represent colour physically
observed through microscope binoculars. Scale bars = 20 um.

8.4.2. 2-photon microscopy

Previous fluorescence microscopy methods have proved successful for imaging both
extrinsically stained fibres of 1b and intrinsically fluorescent structures of 2b dried on a 2D
surface. Background fluorescence issues presented by an optically turbid three-dimensional
environment (needed for tracking experiments), proved that conventional fluorescence

microscopy was not an ideal technique for real-time monitoring of fibre growth.

Two-photon microscopy offers an attractive fluorescence imaging technique for imaging 3-
dimensional environments such as cells and tissues. Infrared laser light used to excite the
sample minimises the effect of scattering (observed for example with fluorescence
microscopy motility experiments of QD-AP in the presence of 2a). Absorption of light by the
sample can be limited to a small volume therefore a lower light dose is experienced by the
sample reducing photobleaching (often seen with one photon excitation). Two-photon
microscopy can also be used for two-fluorophore systems due to a broad excitation

spectrum.?** See Appendix R for a comparison of one and two photon excitation.
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Samples of 2a were prepared in a simple flow cell arrangement and initial experiments with
free AP (4 U) were performed to confirm visualisation of intrinsically fluorescent 2b fibre
structures. Twenty four hours after the addition of AP (to 2a), fibrous spheres were
observed, connected by networks of longer fibres (as seen previously with fluorescence
microscopy) — see Figure 89 (A). After 1 week, fibre networks are dense as seen on Figure

89 (B).

Figure 89 - Two-photon micrographs of 5 mM 2a: (A) 24 hours and (B) 1 week after the addition of 4
U AP. Samples are imaged in a flow cell environment. Scale bars represent 25 um, unless stated
otherwise.

A similar time study was performed for 2a and AP (7x10™ U) at the upper AP concentration
as calculated for a known volume of QD-AP conjugates - shown in Figure 90 overleaf. At 24
hours after the addition of AP, short fibres growing from central points in ‘star-like’
assemblies were observed throughout the sample (compared to long fibres connected in a
network arrangement with higher AP concentration). At the 1 week time point localised
clusters of fibrous assemblies were observed (Figure 90 (B)), in line with the assumption of
localised regions of fibrous structures with low enzyme concentrations (7x10” U AP

compared to 4U of AP).
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Figure 90 - Two-photon micrographs of 5 mM 2a: (A) 24 hours and (B) 1 week after the addition of
7x10™* U AP. Samples are imaged in a flow cell environment. Scale bars represent 25 um, unless
stated otherwise.

Finally, the same time study was performed for 2a and QD-AP (estimated AP upper limit of
7x10™ U). At 24 hours after the addition of QD-AP, short singular fibres or fibre bundles
were seen throughout the sample (compared to fibrous networks and star-like assemblies
for AP at 4 and 7x10™ U respectively). At the 1 week time point localised dendritic fibrous
assemblies were observed (Figure 91 overleaf). Interestingly the resulting 2b structures
observed with AP conjugated to QDs and non-conjugated AP are considerably different,
implying that the fact enzymes are immobilised or conjugated to the QDs has an effect on
the self-assembly process. It may therefore be possible to control self-assembled structures
of the same starting material by altering the enzyme e.g. conjugating to QDs, although
further work in this area is beyond the scope of this thesis. This effect could also be due to
the fact that there may be numerous QDs per enzyme molecule (i.e. estimated QD:enzyme
ratios of 2.8:1 or 13:1) which could sterically hinder the biocatalytic reaction and resulting

fibre growth, leading to the observed dendritic fibrous structures.
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Figure 91 - Two-photon micrographs of 5 mM 2a: (A) 24 hours and (B) 1 week after the addition of
QD-AP. Samples are imaged in a flow cell environment. Scale bars represent 25 um, unless stated
otherwise.

8.5. Towards fibre visualisation by co-assembly with

intrinsically fluorescent 2a

In a final attempt to visualise the self-assembled structures of 1b, free pyrene and pyrene
containing 2a were investigated for fluorescent ‘doping’ of 1b. Fluorescent doping involves
the addition of small amounts (nM-uM) of a fluorescent probe to a precursor solution of a
self-assembling system, for incorporation into the resulting supramolecular structures.
Previous spectroscopic studies of 1a (converted to 1b by AP) in the presence of molecular
pyrene, suggested that pyrene became incorporated, to some extent, within the resulting
fibre structures of 1b.””’ Additionally Xu et al. report the fluorescent imaging of non-
fluorescent phosphatase responsive self-assembled structures by incorporating a
fluorescent dansyl-analogue.’” Taking advantage of these findings, free pyrene (100 nM)
was added to a 10 mM solution of 1a before adding 4 U of AP. One, two and twenty four
hour time points were obtained by drying 25 pL onto a glass slide and drying before
observation by fluorescence microscopy. Fibrous structures were not observed, instead

only small fluorescent ‘spots’ were seen (Appendix U).

Further to this, a similar study was performed which involved combining 1a and 2a prior to

enzyme addition for co-assembly into fibrous structures. Co-assembly of aromatic

205

dipeptides, functionalised by Fmoc and pyrene, has been reported recently.”” Mixing an
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intrinsically fluorescent pyrene-functionalised dipeptide 2a (emission in the visible range),
with an Fmoc-functionalised dipeptide 1a (emission in the UV range), which both assemble
in response to biocatalytic conversion of AP, may provide an alternative method to extrinsic
staining for fibre visualisation. Xu et al. report doping non-fluorescent (enzyme responsive)
self-assembling molecules with fluorescent molecules for visualisation and detection in

cells.?®

Issues which arise from highly fluorescent 2a at concentrations greater than 1 mM (as
described in section 7.5), could also be addressed by altering the ratio of the 1a:2a mixture
to ensure pyrene fluorescence does not dominate for future uses with QD-AP tracking.
Initial fluorescence microscopy observations of dried samples of 9:1 mM 1a:2a, revealed a
number of undefined fluorescent regions on the glass surface (see Figure 92). Two-photon
microscopy analysis of the same sample, in a 3-dimensional flow cell arrangement, showed
a number of non-uniform structures such as sheets, fibres and small spheres which could
represent micellar structures. These findings indicate that individual biocatalytic systems
(e.g. conversion of 1a and 2a to 1b and 2b respectively), form fibrous self-assembled

structures, when combined disruption of the resulting supramolecular structures are seen

to take place.

Figure 92 - Two-photon micrographs of 10 mM 1a/1mM 2a, 1 week after the addition of 4 U AP.
Sample imaged in a flow cell environment. Scale bars represent 25 um.
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8.6. Towards simultaneous fibre and QD-AP

conjugate visualisation

As discussed previously, in order to gain information about the apparent self-assembly
driven diffusion of QD-AP conjugates with 10 mM 1a (section 7.4), simultaneous

visualisation of the resulting self-assembled structures and QD-AP is required.

Cryo-TEM was used to confirm the presence of fibrous structures using enzymes
conjugated to quantum dots (Figure 93), however this method does not allow for real time
dynamic monitoring of the process. QD-AP conjugates also have a similar appearance to ice
crystals which are common artefacts seen with cryo-TEM, therefore making it difficult to

distinguish between features.

Figure 93 - Cryo-TEM images of (A) 10 mM 1a (converted to 1b by QD-AP) and (B) 5 mM 2a
(converted to 2b by QD-AP). Scale bars represent 200 nm.

In theory, fluorescence microscopy offers a route to simultaneous two-fluorophore

visualisation using a combination of optical filters and fluorophores which have the
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same/similar excitation wavelengths. Individually, extrinsically stained fibres of 1b and
intrinsically fluorescent 2b fibres were studied in combination with QD-AP conjugates using

appropriate optical filters.

ThT stained fibres of 1b (made from QD-AP from 1a) were visualised dried on a glass
surface, using the conditions as described previously (section 8.3). Excitation of both ThT
and QD-AP conjugates was achieved by 435 nm illumination. Figure 94 overleaf illustrates
ThT stained 1b fibre visualisation using a 482 nm emission filter (as shown previously with
AP system). Switching the filter to 650 nm facilitates the detection of the QD-AP conjugates
within the same sample (as shown in Figure 94 (B)). A two-camera/optical filter system
would allow for real-time simultaneous visualisation of two fluorophores, without the need
to switch between filters. The final system requires the detection of multiple wavelengths
therefore dichroic filters are not employed, as these generally selectively pass light of a
particular wavelength or wavelength range, whereas here we would need to pass multiple
wavelengths to the detector. This allows for maximum light to reach the detector (camera)
however may play a part in background fluorescence or scattering noise. It can be seen
from Figure 94 (B), that although a single band optical filter is in place to capture only QD-
AP fluorescence (650/60nm), some noise/scattered light from ThT stained fibres is evident

in some cases, as well as signal from the target QD-AP conjugates.
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Figure 94 - Fluorescence micrographs of different areas containing dried samples of 10 mM 1a
stained with ThT and the addition of QD-AP (1 week after addition). (A) Detection of ThT stained
fibres using 482 nm optical filters and (B) Detection of QD-AP conjugates with 650 nm optical filter.
Scale bars = 20 um.

In an attempt to gain evidence of co-localisation of self-assembled fibres and QD-AP
conjugates, the same area of sample was visualised with both excitation filters i.e. 482 nm
for ThT and 650 nm for QD-AP. Figure 95, shows an example of ThT stained 1b (although no
defined fibres were seen) and on the same sample, QD-AP signal was detected by switching

excitation filters.

193



Figure 95 - Fluorescence micrographs of the same area of dried 10 mM 1a stained with ThT and the
addition of QD-AP (1 week after addition). (A) Detection of ThT stained fibres using 482 nm optical
filters and (B) Detection of QD-AP conjugates with 650 nm optical filter. Images obtained are of the
same area using different detection filters. Scale bars = 20 pm.

Individual observation of the intrinsically fluorescent system 2a, proved advantageous over
extrinsic methods in terms of sample preparation and fluorescence intensity. Therefore
simultaneous visualisation of fibre and QD-AP conjugates with 2a was studied using a
combination of optical filters for detection of pyrene (417 nm) and QD-AP (650 nm) — see
Appendix B for optical filter combination. Very few QD-AP conjugates were observed
however one example is shown in Figure 96, which illustrates possible co-localisation of 2b
fibres and a QD-AP conjugate (as shown in the overlaid image — Figure 96 (C)). The lack of
fluorescent conjugates observed could be attributed to a quenching effect (discussed in
section 6.10.1, with 1a), another explanation could be that the conjugates interact and
immobilise onto the glass surface leading to a quenching effect. In an effort to investigate
possible quenching but also determine whether QD-AP conjugates can be visualised
simultaneously with fibres immobilised on a surface, fresh’ QD-AP conjugates were added
to a slide containing dried fibres of 2b, prepared previously. Sample video 13
(supplementary material) shows that QD-AP conjugates can be observed (with 650 nm
optical filter) despite background noise from fluorescent 2b fibres. This effect would
multiply if fibres were present in all directions of the sample i.e. 3D flow cell, preventing the

effective tracking of QD-AP conjugates (as found in section 7.5 with 2a concentrations
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greater than 1 mM). Similarly with 2-photon microscopy, 2b fibre signal is detected in the

‘red’ QD-AP region even at 2a concentrations of 1 mM (Appendix V).

It can also be seen in sample video 13 (supplementary material) that QD-AP conjugates
appear to ‘stick’ and immobilise on to the surface and/or fibre structures on the surface,
one possible reason for the inability to detect conjugates after a period of time i.e. 24

hours.

Overlay

Figure 96 - Fluorescence micrographs of intrinsically fluorescent 5 mM 2a with QD-AP dried on glass
surface (20 hours after addition). (A) Detection of 2a fibres using 417 nm optical filter and (B)
Detection of QD-AP conjugates with 650 nm optical filter. (C) Overlaid images representing
observation through microscope binoculars. Images obtained are of the same area using different
detection filters. Scale bars = 20 um.

8.7. Summary

In summary the successful visualisation of biocatalytically induced self-assembled

structures of 1b and 2b was achieved by extrinsic and intrinsic methods respectively. Two-
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photon microscopy proved to be the most promising technique for real-time fibre
visualisation in a three-dimensional environment. Supramolecular assemblies observed for
2b were shown to differ in response to whether the enzyme was conjugated to QDs or not,
therefore offering a potential route for the control of resulting biocatalytic self-assembled

structures which would be worth further investigations.

Ultimately in order to gain further information about the QD-AP propulsion mechanism,
simultaneous fibre and QD-AP conjugate visualisation was attempted. Self-assembled fibres
and conjugates were successfully visualised by fluorescence microscopy but only when
immobilised on a 2D surface, and there remain significant barriers to an optimised
technique that could be used for the simultaneous real time tracking of fibres and QD-AP
conjugates. It may, in fact, be impossible technologically at this stage to visualise the self-
assembly process of molecules in real time due to the short (nano-second) time-scale at

which the interactions occur.
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— Chapter 9 -

Towards a multi-enzyme nanomotor system

9.1. Objectives

The objective here is to demonstrate the possibility of using different biocatalytic self-
assembling systems to achieve nanopropulsion, for example using different enzymes such
as thermolysin or a-chymotrypsin and corresponding substrates. Additionally the potential
to use different coloured quantum dots is investigated towards multi-enzyme/QD dual

tracking of conjugates.

9.2. Introduction

In previous chapters QD-AP conjugate propulsion was confirmed with fibre-assembling
substrate 1a and directional control of QD-AP conjugates was initially explored by substrate
saturated gel reservoirs. Additionally visualisation studies have proved that simultaneous
two fluorophore detection is possible with fluorescence microscopy using a combination of
optical filters. These findings form a potential route towards demonstrating separate
‘nanocontrol’ of enzymes in mixtures by self-assembly driven nanopropulsion.
Demonstrating this would involve conjugating different enzymes e.g. thermolysin and
alkaline phosphatase to different coloured quantum dots (red and green emitting) and by
combining with ‘fuel’ reservoirs containing specific enzyme substrates, enzymes may be

separated from a mixture.
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Figure 97 - Scheme of proposed enzyme-QD conjugates. (A) Alkaline phosphatase dimer conjugated
to (i) 655 nm and (ii) 525 nm emitting QDs (hashed lines represent interactions between monomer
units in an AP dimer); (iii) Thermolysin conjugated to 525 nm emitting QDs and (iv) a-chymotrypsin
enzymes conjugated to 655 nm emitting QDs. (B) 655 and 525 nm emitting QDs under UV
illumination (365 nm). (C) Bioconjugation reaction via an EDC/NHS coupling method.

As described in section 5.6 alkaline phosphatase was conjugated to 655 nm emitting (red)
quantum dots. To investigate the possibility of producing AP conjugates with a different
colour (and size) of QD, conjugation is performed with 525 nm emitting QDs (green) to

make QDs,5-AP conjugates (Figure 97 (A)).

As shown in Figure 97, a-chymotrypsin (from bovine pancreas) and thermolysin (from
Bacillus thermoproteolyticus rokko) are also investigated towards a potential multi-enzyme
system for applications in nano-separation of enzymes. Protease enzymes such as a-
chymotrypsin and thermolysin are known for their hydrolytic abilities, however here we
aim to take advantage of their reverse hydrolysis capabilities for the biocatalytic self-

assembly of aromatic dipeptides.
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9.3. Alkaline Phosphatase-QDs,5 Bioconjugation

Alkaline phosphatase was conjugated to carboxyl functionalised 525 nm emitting quantum
dots via EDC/NHS coupling as described in section 5.6. Reagents and excess enzyme were
removed by filtration and centrifugation (see section 5.7) and purification was monitored
by the colorimetric p-nitrophenyl phosphate UV-Vis assay as described in section 5.8, see

Appendix W.

An activity assay was performed to confirm activity of QDs,s-AP and to compare with QDgss-
AP conjugate (Table 10), showing that the QDs,5-AP is less active than the red QD analogue
(QDgss-AP), however the activity of QDs,5-AP is significantly above that of the no enzyme
control. Apparent loss of activity could be due to reduced QD concentration through loss of
green QDs during handling due to the smaller size compared to 655 nm quantum dots.
Filter units used for the preparation of conjugates appeared fluorescent in the green region
when observed under UV illumination (365 nm), suggesting that QDs were retained within
the filter. Another possible reason as to the reduction in activity could be attributed to the
smaller size of green QDs, leading to fewer AP molecules conjugating to QDs compared to
the larger 655 nm emitting QDs. Conjugation for this system has not been optimised so

further work would be required to improve and control the activity of the conjugates.

Table 10 - Activity assay for QDs,s-AP with p-nitrophenyl phosphate substrate monitored by UV-Vis
at 410 nm (AA410nm) and compared to the activity of QDgss-AP

Sample DAL 100m
Control 0.00
QD655-AP (batch 3) 9.6x10°
QD525-AP 1x10°

9.3.1. Alkaline Phosphatase-QDs;,5 Characterisation

DLS was performed to obtain size distribution information for QDs,s-AP compared with free
QDs (525 nm emitting) and also with QDgss-AP conjugates which are expected to be larger
in size. Figure 98 demonstrates that QDs,s-AP conjugates have a wider size distribution
compared to free QDs (525 nm) and a shifted peak giving hydrodynamic radius values of 6.4
nm and 1.2 nm respectively. QDs,5s-AP conjugates (6.4 nm radius) are found to be smaller

than QDgss5-AP which has a hydrodynamic radius value centred around 10.3 nm.
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Figure 98 — (A) DLS size distribution of QDs,5 (green solid line) and QDs,5-AP (green dashed line) and
(B) size distribution comparison between QDgs5-AP (batch 6) and QDs,s-AP (red and green lines
respectively) with average hydrodynamic radius values of 6.4 and 10.3 nm respectively.

The fluorescence emission spectra of QDs,s-AP conjugates (200 pL/mL) and a sample of 1
nM QDs (525 nm) were compared as shown in Figure 99. A small red-shift of the A, is
observed after conjugation, however from a fluorescence microscopy perspective, the shift
isn’t significant enough to affect observation and tracking, as detection relies on an optical
filter which passes light over a wavelength range. It is worth noting that during conjugation
a number of wash steps and dilutions are performed therefore the resulting conjugate
solution used for all measurement and investigations will contain unknown QD
concentrations. An estimate of QD concentration in a given volume of conjugate i.e. uL/mL,
can be performed by comparison with a known QD concentration, however this assumes

that the optical properties of the QDs are unaffected by the conjugation process.
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Figure 99 - Fluorescence emission spectra of QDs,s (solid line) and QDs,5s-AP conjugates (dashed line).
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9.3.2. Towards a two-fluorophore system

QDs,s-AP conjugates were studied by fluorescence microscopy to confirm the ability to
track individual conjugates. Under the same conditions as described previously for QDgss-AP
i.e. glass bottom dish, oil immersion objective (section 7.3). QDs,s-AP conjugates were
imaged with 365 nm illumination and detected with a 536/40 nm single band optical filter

(see Appendix X for optical filter combination).

Mixed solutions of both free QDs and QD-AP conjugates (525 and 655 nm) were analysed
by fluorescence spectroscopy to show the combined fluorescence emission spectrum when
excited at 365 nm (Figure 100). In terms of fluorescence intensity the ‘green’ QDs were less
intense despite being the same concentration as 655 nm QDs (as quoted by the
manufacturer). This effect can be related to the lower extinction coefficient of the green
QDs.””® A more pronounced effect was observed after conjugation with AP despite there
being an increased conjugate volume/mL of 200 puL/mL QDs,5-AP, compared to 50 pL/mL for
the QDgss-AP. Again this could be attributed to loss of material during conjugation. As
mentioned previously volumes of conjugate per millilitre cannot easily be compared due to
the unknown QD concentration after conjugation, as each conjugate may be washed and

diluted to a different extent.
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Figure 100 — (A) Fluorescence emission spectrum of a mixed solution containing QDs,5 and QDgss (1:1
ratio), illustrating a difference in fluorescence emission intensity with the same concentration of QDs
in each case. (B) A mixed solution of QDs,5-AP (200 pL/mL) and QDgss-AP (50 pL/mL), exciting at 365
nm.

201



A mixed solution of ‘red” and ‘green’ conjugates was then observed and tracked by
fluorescence microscopy. Each conjugate was observed individually by switching between
emission optical filters: 650/60 nm optical filter for QDgss-AP (32 puL/mL) and 536/40 nm
optical filter for QDs,5-AP (300 plL/mL) - see Appendix Y for optical filter combination.
Volumes of conjugate per mL were chosen by comparing emission spectra by fluorescence
spectroscopy, for samples which gave similar fluorescence intensities i.e. more of QDs,s-AP
is required per mL of buffer to achieve fluorescence intensity similar to QDgss-AP
conjugates. Videos were obtained for each conjugate then tracked using the MATLAB

tracking program to obtain frame-to-frame speed data (as described in section 4.3.4).

Frame-to-frame speed distribution plots in Figure 101, illustrate the overall faster speeds of
smaller (by DLS) QDs,s-AP conjugates, with an average frame-to-frame speed of 5.9 um/s
(based on 193 particles and 1 experiment). Larger QDgs5-AP conjugates display an average

frame-to-frame speed of 4.5 um/s (based on 362 particles and 1 experiment).
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Figure 101 - Frame-to-frame speed distribution plots of a mixture of QDs,5-AP/QDgss-AP without fuel.

9.4. Testing conjugation with other enzymes

Having confirmed the potential to simultaneously track a two QD/fluorophore system i.e.
QDs,5-AP/QDgss-AP by fluorescence microscopy, the next step towards a multi-enzyme-
motor system driven by self-assembly, was to investigate the possibility of conjugating

different enzymes to quantum dots.
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Thermolysin and a-chymotrypsin are enzymes reported previously for biocatalytic self-
assembly of aromatic dipeptide amphiphiles (as discussed in section 2.8).7#2%3211214 Thay
are investigated here towards the development of a multi-enzyme/multi-QD system by

bioconjugation to different coloured QDs i.e. red and green.

Thermolysin and chymotrypsin were conjugated to 525 nm and 655 nm emitting quantum
dots respectively (see sections 3.3.4 and 3.3.5 for conjugation method). Reagents and
unconjugated enzymes were removed by filtration and centrifugation. The purification of
each conjugate was analysed separately using activity assay protocols specific for the
individual enzyme. QDs,s-Therm is described in section 3.3.13 and QDgs5-Chym in section

3.3.14 (see Appendix Z and Appendix AA for UV monitoring).

9.4.1. QDs,s-Thermolysin characterisation

The activity assay for thermolysin relies on the hydrolysis of casein, monitored by UV-Vis
(absorbance at 660 nm) using Folin and Ciocalteu’s phenol reagent for the detection of
amine groups resulting from enzymatic hydrolysis. The activity assay involves incubation at
37°C with several reagents (see materials and methods, section 3.3.13), before measuring a
single absorbance value per sample at 660 nm. Figure 102 overleaf shows the absorbance
values for QDs,s-Therm compared with free thermolysin (0.15 units/mL), a blank and
unconjugated QDs,s control. It can be confirmed that the activity of the blank, free QDs and
QDs,5-Therm conjugates were similar concluding that QDs,s-therm conjugates were not
active compared to free thermolysin. Although conjugates appear more active compared to
free QDs, the method of obtaining the absorbance value involved multiple incubation steps
with a number of reagents, followed by filtrations, and only one final absorbance reading is
taken which could lead to some discrepancies between no or low levels of activity.
Therefore there is a possibility that QDs,s-therm conjugates have a very low activity that the

standard activity assay is not sensitive enough to detect.
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DLS confirmed a larger size distribution of QDs,s-Therm conjugates compared to
thermolysin and QDs (525 nm emitting). Two populations are observed for QDs,s-Therm
conjugates however, one centred close to that of free QDs with a hydrodynamic radius of
2.4 nm (compared to 1.2 nm for QDs,s), and the other hydrodynamic radius value centred
around 69.8 nm (Figure 103 overleaf). The presence of two size populations suggests that
the solution contains a mixture of free unconjugated QDs as well as conjugates. Removal of

free unconjugated enzyme is further confirmed by the absence of a size distribution similar

to thermolysin.
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Figure 103 - Size distributions of QDs,s5 (green solid line), thermolysin (blue solid line) and QDs,s-
Therm conjugates (green dashed line) measured by DLS. Plot of QDs,s-Therm is mass unweighted
whereas the other plots are mass weighted, hence the difference in scale.

The fluorescence emission spectra of QDs,s-Therm conjugates and QDs (525 nm) were
analysed as shown in Figure 104. The emission wavelength remains the same however the
shape of the curve is altered after conjugation to thermolysin. The emission spectrum of
QDs,5-Therm appears multi-modal, which suggests the conjugation reaction may have had
an effect on the QD structure. Interestingly QDs,s-AP conjugates did not show the same
effect (see Figure 99). Fluorescence emission was visibly reduced after conjugation (Figure
104 inset), a possible result of handling i.e. QDs getting trapped in the filtration units, due

to the smaller size of QDs,; compared to QDgss, as mentioned previously.
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Figure 104 - Fluorescence emission spectra of QDs,s (solid line) and QDs,s-Therm (dashed line),
excited at 435 nm. Inset shows QDs,s before conjugation and QDs,s-Therm after conjugation under
UV illumination (365 nm lamp).

9.4.2. Proposed self-assembling substrate ‘fuel’ for QDs;,s5-

Thermolysin conjugates

The fuel substrate(s) for QDs,s-Therm conjugates, for future applications in propulsion,
were Fmoc-T-OH and F-OMe (see Figure 105). A similar system was reported for Fmoc-S-OH
and F-OMe which upon addition of thermolysin underwent condensation (reverse
hydrolysis) to Fmoc-SF-OMe which self-assembled into 2-D sheets.'”® Here, Fmoc-T-OH and
F-OMe are expected to undergo reverse hydrolysis in the presence of QDs,s-Therm

conjugates, to Fmoc-TF-OMe fibres.”!!

o J OH i
== H 2N R ,}JJ\
%//\ o U‘N,‘[\ﬂ‘,OH + % OMe
< H s
g 0
Fmoc-T-OH F-OMe Fmoc-TF-OMe

Figure 105 - Proposed substrate fuel system for QDs,s-Therm. Fmoc-T-OH (10 mM) and F-OMe (40
mM) are reacted with thermolysin (conjugated to QDs) for the reverse hydrolysis to Fmoc-TF-OMe.
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The conversion of starting materials (Fmoc-T-OH 10mM:F-OMe 40 mM) was monitored by
HPLC in the presence of thermolysin and QDs,s-Therm conjugates. After 24 hours the
percentage converted to Fmoc-TF-OMe was 87 and 0 % by thermolysin and QDs,s-Therm
conjugates respectively (see

Appendix BB for thermolysin conversion).

Overall initial observations of the QDs,s-Therm conjugates show the sample to be inactive,
and the findings result in further questions about the stability of QDs and activity of

thermolysin after conjugation.

9.4.3. QDgs5-Chymotrypsin characterisation

The activity assay for chymotrypsin relies on ester hydrolysis of the substrate benzoyl-L-
tyrosine ethyl ester (BTEE) monitored at 256 nm by UV-Vis spectroscopy. The absorbance
(at 256 nm) is measured every 30 seconds for 5.5 minutes in order to determine a gradient
(rate) AA value for comparison. Table 11 shows the AA at 256 nm for QDgss-Chym
conjugates compared with chymotrypsin (20 pg/mL) and a blank control (here an
unconjugated QDgss control was not possible due to being highly absorbant at 256 nm).
When comparing rates of conversion i.e. gradients, it can be seen that QDgss-Chym

conjugates show activity compared to the negative control sample.

Table 11 - QDgs5-Chym activity assay - ester hydrolysis of BTEE monitored at 256 nm.

Sample AA(256nm)

Control 0.00000
QD655-Chym 0.00030
Chymotrypsin 0.00116

DLS analysis confirmed a larger size distribution of QDgs5-Chym conjugates compared to
chymotrypsin and QDs (655 nm emitting). As seen with QDs,s-Therm, two populations are
observed for QDgss-Chym conjugates, one centred close to that of free QDs with a

hydrodynamic radius of 3.9 nm (compared to 3.9 nm for QDgss), and the other with a
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hydrodynamic radius value centred around 16.5 nm, indicative of a successful conjugation
reaction (Figure 106). The presence of two size populations suggests that the conjugate
solution contains a mixture of free unconjugated QDs as well as conjugates. Removal of
free unconjugated enzyme is further confirmed by the absence of a size distribution similar

to chymotrypsin.
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Figure 106 - DLS size distribution plots of QDgss (red solid line), chymotrypsin (purple solid line) and
QDgs5-Chym conjugates (red dashed line).

Fluorescence spectroscopy analysis of QDgss-Chym conjugates and QDs (655 nm emitting)
are shown in Figure 107. The emission spectra are symmetrical in appearance and A,
wavelengths are comparable with a slight decrease in intensity after conjugation

(attributed to, as above, dilution during filtration) — see Figure 107 inset.
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Figure 107 - Fluorescence emission spectra of QDgss (solid line) and QDgss-Chym (dashed line),
excited at 435 nm. Inset shows QDgss before conjugation and QDgss-Chym after conjugation under
UV illumination (365 nm lamp).

9.4.4. Proposed self-assembling substrate ‘fuel’ for QDgss-

Chymotrypsin conjugates

The fuel substrate(s) for QDgss-Chym conjugates for future applications in propulsion were
Pyrene-Y-OMe and Y-NH, (see Figure 108 overleaf). A similar system was reported for Nap-
Y-OMe and Y-NH, which upon addition of chymotrypsin starting materials were converted

to Nap-YY-NH, which self-assembles into fibrous structures.”™

The resulting nanofibres
diminish over time by the competing amide hydrolysis reaction by the same enzyme. This
assembly and disassembly process could be used for a simple dynamically propelled
system, similar in concept to actin polymerisation/depolymerisation driven motion. Actin
polymerisation relies on the availability of the chemical fuel ATP for the polymerisation of
actin at one end of the filament while at the other end depolymerisation occurs more
rapidly (see section 2.1). The use of a dissipating system for motion, in which biocatalytic
self-assembly initially occurs and the same enzyme is then responsible for performing the

opposite reaction to disassemble the structures, could provide a route to a simplified

analogue of a dynamic biological system such as that displayed by actin.
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Here Pyrene-Y-OMe and Y-NH; are expected to convert to Pyrene-YY-NH, in the presence of
QDgss-Chym conjugates. This system would have the advantage of intrinsic fluorescence

from pyrene.

QDg;5-Chymotrypsin

+ MeOH

Pyrene-Y-OMe

Pyrene-Y-OH

Figure 108 - Proposed substrate fuel system for QDgss-Chym conjugates. Pyrene-Y-OMe and Y-NH,
are combined by catalysis with QDgs5-Chym to pyrene-YY-NH, (and Pyrene-Y-OH side product).

The conversion of starting materials (Pyrene-Y-OMe 20mM: Y-NH, 20 mM) in the presence
of chymotrypsin and QDgss-Chym conjugates was followed by HPLC. After 24 hours the
percentage converted to Pyrene-YY-NH, was 31.8 and 9.5% by chymotrypsin and QDgss-
Chym conjugates respectively (see Figure 109). Conversion to Pyrene-YY-NH, by QDgss-
Chym is considerably higher compared to other enzymatic (conjugate) reactions monitored

by HPLC, for example QDs,s-Therm with <1% conversion to product after 2 weeks.

Longer time points up to 240 hours were analysed for possible hydrolysis of Pyrene-YY-NH,
however this was not observed by either free chymotrypsin or conjugates. This suggests
that unlike the previously reported Nap-Y/Y-NH, system, Pyrene-Y/Y-NH, is
thermodynamically stable. Alternatively there could be a barrier to hydrolysis e.g. limited

substrate accessibility in the self-assembled state.
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Figure 109 - HPLC conversion of Pyrene-Y-OMe and Y-NH, to Pyrene-YY-NH, by chymotrypsin and
QDgs5-chym conjugates.

9.4.5. Microscopy and tracking of QDgss-Chymotrypsin

conjugates

Fluorescence microscopy was used to visualise solutions containing QDgss-Chym conjugates
(as described in for QD-AP section 7.3). The microscope was fitted with a 650/60nm optical
emission filter for QDgs5-Chym detection and conjugates were excited at 365 nm. QDgss-
Chym conjugates were added to a glass bottom dish in buffer with no fuel and a series of
digital videos were recorded for subsequent tracking via MATLAB (as described in section
4.3.4). Here the frame-to-frame speed is analysed in comparison with QDgss and QDgss-AP
with no fuel. Frame-to-frame speed distribution plots in Figure 110 overleaf illustrate the
overall faster speeds of smaller QDgs5-Chym conjugates with an average frame-to-frame
speed of 6.0 um/s (based on 1084 particles and 1 experiment), compared to QDgss-AP
conjugates (5.6 um/s for average frame-to-frame speed, based on 1075 particles and 1
experiment, excited at 365 nm). Additionally these values can be compared to free 655 nm
emitting quantum dots in which the average frame-to-frame speed was found to be 7.2

um/s (based on 243 particles and 1 experiment) as illustrated in Table 12.
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Figure 110 — (A) Frame-to-frame Speed distribution of QDgss, QDgss-AP and QDgss-Chym. (B) Speed
distributions with logarithmic frequency scale.

In general, smaller conjugates/particles exhibit faster average speeds as shown in Table 12,
which summarises average sizes and frame-to-frame speeds of conjugates and QDs.
Although QDgs5-Chym conjugates are larger in terms of average hydrodynamic radius
compared to QDgss-AP, the presence of a population of smaller particles affects the overall

frame-to-frame speed distribution.

Table 12 — Summary of frame-to-frame average speed and hydrodynamic radius values for QDgss,
QDgs5-Chym and QDgss-AP

Average frame-to- Average hydrodynamic
frame speed (um/s) radius (nm)
QDgss 7.2 3.9
QDgs5-Chym 6.0 3.9and 16.5
QDgs5-AP 5.6 10.3

9.5. Summary

To summarise, the successful conjugation of active alkaline phosphatase and chymotrypsin
to different coloured quantum dots was achieved, along with the development of methods
to monitor removal of free enzyme in each case. The conjugation of thermolysin to 525 nm
QDs was attempted but proved unsuccessful in terms of enzyme activity and fluorescence
emission of QDs after conjugation. It can therefore be concluded that conjugation of

different enzymes to QDs must be treated and optimised on an individual basis, as enzyme
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structure i.e. conjugation sites and active site residues will play a key role in the conjugation
reaction and resulting conjugate. With optimisation, however, based on the biocatalytic
self-assembling systems summarised in Table 6, the conjugation of enzymes to quantum

dots could lead to potentially many conjugate/self-assembly driven motility combinations.

A multi-QD (fluorophore) system was investigated by imaging and tracking phosphatase
conjugated to green and red QDs by fluorescence microscopy showing the possibility of
simultaneously tracking different populations. During initial studies optical filters were
switched between one camera for alternate QD visualisation, however ideally simultaneous
visualisation of red and green conjugates e.g. QDs,s-AP and QDgss-Chym could be
performed in real-time by utilising a two-camera set-up, where each camera is fitted with

an optical filter corresponding to the fluorophores being studied.

These studies are the first steps towards a nano-separation device which uses biocatalytic
self-assembly driven nanopropulsion. This idea would incorporate enzyme-specific
substrate reservoirs (as seen in section 7.7) which could be used to separate and direct

enzyme mixtures along corresponding substrate concentration gradients.
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— Chapter 10 -

10.1 Conclusions, outlook and future work

Methods were developed for the conjugation of Escherichia coli alkaline phosphatase to
655 nm emitting quantum dots via an EDC/NHS coupling. Removal of unconjugated enzyme
and reactants was achieved by filtration and centrifugation. A method was developed to
monitor enzyme removal utilising a colorimetric enzyme activity assay, followed by UV-Vis

spectroscopy.

Enzyme-QD conjugates were characterised by a number of techniques: DLS confirmed an
increase in size after conjugation compared to unconjugated QDs and alkaline phosphatase,
suggesting successful bioconjugation to QD-AP; TEM and AFM imaging techniques
confirmed the formation of larger objects compared to QDs; and the fluorescence emission
spectra of QDs conjugated to AP showed a similar spectral response compared to free QDs,
in terms of A,. and spectral shape. Differences observed for conjugate fluorescence
emission intensity can be attributed to dilution which occurs during the conjugation
reaction and subsequent filtration steps, resulting in an unknown QD concentration in the

final conjugate suspension.

An activity assay confirmed QD-AP conjugates were active, with a similar activity to an
upper limit of 7.0 x10™*U of ‘free’ enzyme. Fluorescence calibration curves of QDs were used
to estimate QD:AP ratios of 2.8:1.0 and 13.0:1.0 for different batches of QD-AP conjugates,
assuming enzymatic activity and fluorescence intensity were unaffected by the conjugation
reaction. This method was also restricted by the detection limit of QDs at low

concentrations by fluorescence spectroscopy.

Batch variation exists in terms of activity and conjugate size, however if investigated further
this ‘issue’ could in fact be advantageous to create conjugate nanomotors by which enzyme

activity is initially controlled by the degree of conjugation.

Overall bioconjugation of alkaline phosphatase to semiconductor quantum dots was
successful as the conjugated enzyme exhibited phosphatase activity, the ‘particle’ size
increased after conjugation as shown by DLS and microscopy techniques (TEM and AFM)

and the QD-AP fluorescence emission spectral shape was comparable to unconjugated QDs.
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A number of phosphatase responsive aromatic dipeptide self-assembling substrates were
investigated towards the nanopropulsion of QD-AP conjugates. Initial studies confirmed the
enzymatic conversion of substrate starting materials to self-assembling products, with
unconjugated AP. Two previously reported fibre assembling substrates (1a and 2a) and one
aromatic dipeptide substrate (3a) which reportedly self-assembles into spheres in response
to AP were studied by spectroscopic techniques to confirm supramolecular interactions.
Substrates 1a and 2a exist as micellar structures and upon addition of AP are converted to
fibrous assemblies of 1b and 2b. The enzymatic reactions of 1a, 2a and 3a to corresponding
dephosphorylated products were followed by HPLC. X-ray diffraction techniques could
potentially be used to confirm the suspected B-sheet conformations of the fibre forming

systems 1b and 2b, and determine spacing between sheets.**

Conversion studies were also performed for QD-AP responsive self-assembly, by which
conversion to dephosphorylated products (1b, 2b and 3b) was confirmed by HPLC to be in

line with a 7.0 x10™*U “free’ enzyme conversion.

The enzyme-QD conjugates (in the presence of self-assembling substrates) were
successfully observed and tracked in motion by fluorescence microscopy using an EMCCD
camera and a combination of optical filters corresponding to the excitation and emission
wavelengths of the conjugates (435 and 650 nm respectively). As well as two fibre-
assembling (1b and 2b) and one sphere-assembling substrate (3b), an additional non-self-
assembling substrate (4b) was studied as a control. Videos were obtained for QD-AP
conjugates with different substrates and analysed by a custom modified MATLAB
programme to obtain data of individual ‘particles’ such as trajectories, frame-to-frame
speed, MSD, diffusion coefficient and angle of trajectory. Large quantities of data were

gathered giving results with significant statistical stability.

For this study we focus on the frame-to-frame average speed to detect enhancement in
diffusion characteristic with different fuel substrates, however further data analysis could
be performed to calculate the rotational diffusion coefficient and diffusion time (tg) for the

data obtained here.

QD-AP conjugates were found to exhibit enhanced diffusion with 10 mM fibre-assembling
substrate 1a compared to non-self-assembling and sphere-assembling substrates, indicative

that the micelle to fibre transformation causes a propulsive effect. Intrinsically fluorescent
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pyrene-functionalised substrate 2a resulted in background fluorescence issues at

concentrations required for propulsion preventing tracking of conjugates.

Additionally, a shift in the frame-to-frame speed distribution is observed with increasing
fibre-assembling substrate 1a (at least up to 10 mM fuel concentration), while with the

non-self-assembling substrate (4a) conjugate speed was independent of fuel concentration.

Our original assumption that fibres stay attached to and push along the enzyme linearly,
seems less likely given the results. A more likely explanation is that the fuel substrates are
converted by the enzyme conjugates, diffuse away from the active site and form fibres
independent of the conjugates. It can therefore be assumed that the biocatalytic
transformation from spherical micellar fuel to monomeric fuel (and subsequent self-

assembled fibre structures), leads to the enhanced motion observed here for 10 mM 1a.

Further experiments to investigate this could take advantage of fluorescence resonance
energy transfer (FRET). FRET relies on the emission spectrum of a donor molecule
overlapping with the absorption spectrum of an acceptor molecule for energy transfer.?*’
Therefore by labelling the peptide and enzyme with donor and acceptor molecules the
molecular interactions between substrate molecules and the enzyme during biocatalysis
could be investigated. This technique could give an indication of whether fibre growth
occurs independently of the enzyme-conjugates or whether the fibre grows at or near to

the conjugate surface.

The potential for directional control of QD-AP conjugates was tested by isolating the
substrate ‘fuel’ within an acrylamide gel. A concentration gradient results as substrates
diffuse into the surrounding medium. Substrates 1a, 2a and 4a were shown to direct the
motion of QD-AP conjugates towards the substrate saturated gel, as well as enhance the
average frame-to-frame speed. Interestingly this effect is observed with the non-self-
assembling substrate 4a, despite having no enhancement on conjugate speeds when
present throughout the entire motility medium, suggesting at this stage that a flow could
be responsible. Future control experiments, for example, unconjugated QDs in gel reservoir
systems with and without fuel, are required to conclude true directional control with fuel

saturated reservoirs and eliminate the possibility of flow within the system.
44,328A

An attractive feature for a self-propelled motor is the ability to start and stop motion.

possible strategy to ‘start’ and ‘stop’ an enzymatic system such as QD-AP could be achieved

216



using a reversible inhibiter. Vanadate is a competitive inhibitor for alkaline phosphatase,

with complete reversal by EDTA or dilution.**

Experiments could be designed for repeated
‘start/stop’ motion of QD-AP conjugates, by the addition of vanadate to revert to slower
diffusion rates consistent with a no fuel system, and addition of EDTA would ‘restart’
motility e.g. QD-AP conjugates would exhibit enhanced motion in the presence of fibre-

assembling substrate 1a.

A biocatalytically propelled system could be used for applications such as cargo
transportation, nano-separation of enzymes and also potentially allows information to be
gained on enzyme motion and forces during catalysis. Initial conjugation methods could be
developed to further control the conjugation and minimise batch variation of conjugation.
On the other hand, if precise control over the degree of conjugation could be achieved, this
would lead to a method of controlling the overall speed of the conjugates e.g. more

enzymes to QDs, results in a higher catalytic activity and subsequently faster conjugates.

Visualisation of biocatalytically induced self-assembled fibres of 1b and 2b was achieved by
extrinsic and intrinsic methods respectively. Extrinsic fluorescence methods utilised
Thioflavin T for the fluorescent staining of 1b fibres. Fibres of 2b were visualised by the

intrinsically fluorescent aromatic group pyrene.

Two-photon microscopy proved to be the most promising technique for real-time fibre
visualisation in a three-dimensional environment. Fibres made by QD-AP were dendritic in
appearance compared to fibrous networks by AP. Fibrous assembles made with low AP
concentrations (7.0x10* U) and QD-AP conjugates resulted in regions of localised fibre
formation compared to extensive networks observed for 4 U of AP. Supramolecular
assemblies observed for 2b were shown to differ depending on whether the enzyme was
conjugated to QDs or not. The dendritic fibrous structures of 2b made by AP conjugated to
QDs, suggests that supramolecular structures could be influenced by initially controlling the

conjugation e.g. the degree of conjugation of AP and QDs.

Simultaneous fibre and QD-AP conjugate visualisation was successful by fluorescence
microscopy, using both extrinsic staining methods and intrinsically fluorescent substrates,
but only when samples of fibre-assembling substrates containing QD-AP conjugates were

immobilised on a 2D glass surface.
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Alternative fluorescent probes for visualisation of B-sheet fibrous structures could be
investigated. Nile Red is an alternative extrinsic dye that has an affinity for hydrophobic
surfaces of proteins and has therefore been used for the detection of protein aggregations

330-333

in such cases as fibril formation. In an aqueous environment Nile Red exhibits little or

no fluorescence but upon binding with a hydrophobic surface an intense fluorescence

emission between 610-623 nm is observed, when excited at 560 nm.**°

This system may not
be suitable in conjunction with 655 nm QDs as the excitation maxima values are relatively
close and the excitation wavelength may be unsuitable for simultaneous QD and fibre-dye

excitation, however other QD wavelengths could be investigated.

334-336

Congo red is an extrinsic protein stain used for the detection of amyloid fibrils. Upon

illumination with polarised light, Congo red-stained fibrils exhibit a green birefringence

which could be utilised for microscopy purposes.®43247:33

Congo red staining is thought
to be more difficult to perform and analyse than Thioflavin T, however it would be useful to

use a variety of methods to determine the best technique for the system being studied.

Ultimately the simultaneous and real-time visualisation of supramolecular fibres during
nano-propulsion of enzyme-QD conjugates would be advantageous to gain more
information about the propulsion mechanism. Questions still remain as to how enzyme-
conjugates are propelled by fibre growth and how the micelle to fibre transformation of 1a
to 1b provides an extra propulsive force compared to non-self-assembling substrates and
sphere-to-sphere transformation. Stochastic Optical Reconstruction Microscopy (STORM)
confocal microscopy could offer a potential route for real-time visualisation of

supramolecular aromatic dipeptide fibre formation.**

Alkaline phosphatase and chymotrypsin were successfully conjugated to different coloured
guantum dots e.g. 525 and 655 nm emitting QDs. For each enzyme-conjugate activity
assays were developed to monitor the removal of unconjugated enzyme and determine
enzymatic activity of the final conjugate. The method described in this thesis for the
bioconjugation of enzymes with QDs could be applied to a variety of enzymes. However this
study has shown that each system must be treated individually, illustrated by the
unsuccessful conjugation of thermolysin to 525 nm emitting QDs. Combining enzyme-QD
conjugates with biocatalytic self-assembly there is potentially a vast array of enzyme

conjugate/self-assembly driven motility combinations available to study.
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A multi-QD system was successfully imaged and tracked by fluorescence microscopy by
switching between optical filters. Simultaneous visualisation of red and green conjugates
e.g. QDs,5-AP and QDgss-Chym could be performed in real-time by utilising a two-camera

set-up, and optical filters corresponding to the two fluorophores being studied.

The preparation of multiple enzyme conjugates with different coloured QDs, could lead to
the development of a nano-separation device. This idea would incorporate enzyme-specific
substrate reservoirs used to separate and direct enzyme-QD conjugate mixtures along
corresponding substrate concentration gradients. Additionally a two-camera/optical filter
set-up could be employed for simultaneous visualisation of different coloured enzyme-QD

conjugates.

Designing different peptide substrate-enzyme motor combinations, in which enzyme-QD
motors have affinity to different molecular or particulate cargo, systems of highly selective
driven nanoscale transport could be achieved. Dynamically unstable enzyme-peptide

4

systems such as the chymotrypsin/NapYY-NH, system,”** could lead to a potential

‘recharging’ of fuel for a simple analogue of actin polymerisation driven motion.

10.1.1. Summary

Overall the successful conjugation of alkaline phosphatase to fluorescent QDs allowed for
the visualisation of nano-sized conjugates in a three-dimensional environment. Upon the
addition of fibre assembling substrates, QD-AP exhibited enhanced motion, which we
suggest is due to one dimensional fibre growth. It was initially proposed that fibre
propulsion would result in linear and directed conjugate motion, however conjugates
continued to display random albeit faster motion. More realistically it seems that
conjugates experience short ‘bursts’ of propulsion caused by transformation of micelles to
one-dimensional fibre structures which occurs at a very short timescale (nano seconds).
Between bursts, conjugates rotate due to Brownian motion, hence the direction of
different bursts is random. As shown with examples of micro- and nano-sized motors,
asymmetry seems to be important in achieving ballistic or linear motion. However we
propose that self-assembly driven enzyme-conjugate motors only experience short periods
of symmetry breakage by the release of products, in this case fibres, from the conjugate

surface.
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To the best of our knowledge this is the first example of enhanced motion driven by the
self-assembly of aromatic peptide amphiphiles into supramolecular fibre structures.
Previous examples show enhanced motion of enzymes or artificial motors using fuel

concentration gradients.

The findings provided here offer the next steps towards understanding fundamental
principles in biocatalytic self-assembly, as well as a method to monitor enzyme motion
during catalysis, towards future applications in biocatalytic self-assembly driven nano-

construction, transportation and separation devices.
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Supplementary material

Supplementary material (available on disc) includes sample videos of enzyme-conjugates

with different fuel scenarios, and raw data files for all of the tracking experiments included

in this thesis.
Example videos

QD-AP no fuel

QD-AP 10 mM 1a

QD-AP 10 mM 3a

QD-AP 10 mM 4a

QD-AP 0.1 mM 2a

QD-AP control reservoir

QD-AP 1a reservoir

QD-AP 2a reservoir

QD-AP 4a reservoir

QD-AP (525/655 mixed) 536 EM
QD-AP (525/655 mixed) 650 EM
QD655-Chym no fuel

QD-AP added to 2a fibres on surface

Raw data files

QD655

QD-AP no fuel

QD-AP 0.1 mM 1a

QD-AP 1 mM 1a

QD-AP 5 mM 1a

QD-AP 10 mM 1a

QD-AP 20 mM 1a

QD-AP 0.1 mM 2a

QD-AP 10 mM 3a

QD-AP 0.1 mM 4a

QD-AP 1 mM 4a

QD-AP 5 mM 4a

QD-AP 10 mM 4a

QD-AP 20 mM 4a

QD-AP no fuel control reservoir
QD-AP 1a reservoir

QD-AP 2a reservoir

QD-AP 4a reservoir

QD-AP 525/655 mixed sample no fuel

QD655-Chym no fuel
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Appendices

Appendix A
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Figure 111 - Full chemical structures of biocatalytic self-assembling aromatic dipeptide amphiphiles
in Table 6. Dotted line represents those used in conjunction with Fmoc-FpY and alkaline phosphatase
for co-assembly.
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Appendix B
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Figure 112 - Example plot of optical filter combination required to capture fluorescence signal for a
two fluorophore system of 655 nm emitting QDs in QD-AP and intrinsically fluorescent 2b fibres
(pyrene). EX = excitation and EM = emission.
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Appendix C
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Figure 113 - Calibration curve to estimate the concentration of QD-AP (batches 3 and 6) in an
unknown conjugate solution. Lines do not always pass through zero due to the fluorescence
detection limit at low QD concentrations as discussed in section 5.9.
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Appendix D
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Figure 114 - Calibration for the estimation of enzyme concentration of QD-AP conjugate solutions
batches 3 and 6 (32 pl/mL) and AP (7.0 x10™U).
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Appendix E
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Figure 115 - DLS size distribution plot for 10 mM 1a and 2a. The size distribution plots are centred at
5 and 8 nm respectively. Peaks observed below 1 nm are artefacts of the DLS instrument.
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Appendix F
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Figure 116 - DLS size distribution plot for 10 mM 3a and 3b, where 3b is implied after the addition of

AP to 3a (t=24hours). The size distribution plots are centred at around 70 and 34 nm respectively.

Peaks observed below 1 nm are artefacts of the DLS instrument.
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Figure 117 - Comparison of the initial conversion rates of 1a/2a/3a to 1b/2b/3b respectively by AP.
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Figure 118 — Negative control: Fluorescence emission spectra (a) and HPLC conversion study (b) of

10mM 1a in buffer without enzyme.
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Figure 119 - Fluorescence quenching study for QD-AP in the presence of different concentration of
chemically synthesised 1b.
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Appendix J
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Figure 120 - Diffusion study for polyacrylamide gels saturated in fibre assembling substrates 1a and
2a, measured by fluorescence spectroscopy. Fluorescence intensity of 1a and 2a measured at 320
and 377 nm respectively over a period of 60 minutes.
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Appendix K
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Figure 121 - Frame-to-frame speed distribution of QD-AP with different concentrations of (A) 1a and
(B) 4a, fibre assembling and non-assembling substrates, respectively.
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Appendix L
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Figure 122 - Example composite trajectories of QD-AP with (A) 0.1 mM fibre-assembling substrate
13, (B) 0.1 mM fibre-assembling substrate 2a and (C) non-self-assembling substrate 4a. Scale bar =

Sum.
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Appendix M
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Figure 123 - Angle of trajectory distributions of QD-AP with gel saturated in buffer (no fuel). (A)
Experiment 1 angle of trajectory distributions from 15-30 minutes and 45-60 minutes of time study;
and the same for experiment 2 (B).
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Figure 124 - Mean square displacement versus lag time for example particles with buffer saturated
gel (no fuel), up to lag times of (A) 1 second and (B) 0.2 seconds, including example diffusion
coefficient, D, values for each particle.
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Figure 125 - Mean square displacement versus lag time for example particles with 1a saturated gel
reservoir, up to lag times of (A) 1 second and (B) 0.2 seconds.
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Figure 126 - Mean square displacement versus lag time for example particles with 2a saturated gel
reservoir, up to lag times of (A) 1 second and (B) 0.2 seconds.
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Appendix Q
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Figure 127 - Mean square displacement versus lag time for example particles with non-self-
assembling substrate 4a saturated gel reservoir, up to lag times of (A) 1 second and (B) 0.2 seconds.
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Appendix R
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Figure 128 — One and two-photon Jablonski energy diagram.
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Appendix S

A)

Figure 129 - Atomic force micrographs of 2b fibres (converted from 2a) with (A) QD-AP and (B) AP.
Scale bars = 2um.
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Appendix T

Figure 130 - 5mM 2a no enzyme or QD-AP (t=0) control fluorescence micrographs. Scale bars
represent 20um.
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Appendix U

A)

B)

Figure 131 — (A) 10 mM 1a doped with pyrene dried onto a glass surface, 24 hours after the addition
of 4U AP (B) 10 mM 1a and 1mM 2a dried onto a glass surface, 24 hours after the addition of 4U AP.
Scale bars represent 20 um.
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Appendix V

Figure 132 - Two-photon micrographs of (A) 1 mM 2a with QD-AP and (B) 5 mM 2a with QD-AP. Both
samples were visualised at two wavelength ranges: (i) 400-550 nm for pyrene and (ii) 600-700 nm for
QD-AP conjugates. Both samples were imaged 1 week after the addition of QD-AP and were in a flow
cell environment. Scale bars represent 25 pum unless otherwise stated.
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Figure 133 - QDs,5-AP conjugation analysis, each filtration/centrifugation wash was analysed by UV-
Vis in the presence of p-nitrophenyl phosphate. The absorbance at 410 nm was monitored over time
for each wash, revealing that the absorbance at 410 nm had reduced to the negative control after
wash 11 therefore indicating that all free (unconjugated) AP had been washed away.
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Figure 134 - Optical filter combination for QDs,5-AP. Excitation optical filter: 365 nm; Emission filter
536 nm for the detection of QDs,s-AP fluorescence emission (green dashed line - secondary axis).
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Figure 135 - Optical filter combination of for QDs,5-AP/QDgss-AP mixture. Excitation optical filter: 365
nm; Emission filters 536 nm for the detection of QDs,5s-AP and 650 nm for the detection of QDgs5-AP.
Fluorescence emission spectrum of the QDs,5-AP/QDgss-AP mixture (dashed line - secondary axis).
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Appendix Z
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Figure 136 — Conjugate purification analysis of QDs,s-Therm. Each filtration/wash was analysed by
the thermolysin activity assay involving the hydrolysis of casein in the presence of amine detecting
Folin and Ciocalteu’s phenol reagent and monitored at 660 nm by UV-Vis spectroscopy. Dotted line
represents a blank sample i.e. negative control, therefore after wash 11 the absorbance value of the
wash was below the blank indicating removal of unconjugated thermolysin.
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Figure 137 - Conjugate purification analysis of QDgss-Chym. Each filtration/wash was analysed by the
BTTE activity assay at 256 nm by UV-Vis spectroscopy. Each analysis consisted of monitoring the
absorbance over a period of 5.5 mins every 30 seconds to ensure unconjugated enzyme was fully

removed from the conjugate.
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Figure 138 - HPLC conversion of Fmoc-T-OH and F-OMe to Fmoc-TF-OMe by thermolysin.
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