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Abstract

In nature, a number of organisms and organelles are capable opregltision at the

micro- and nanescale. Inspired by biological motorsjghnvestigation aims to induce self

propulsion of an enzyme, by the biocatalytic sedEembly of aromatic peptide amphiphile

molecules into supramolecular fibre structures. The individual motion of enzymes is
measured directly using fluorescence micrgsgoby the covalent attachment of alkaline
phosphatase to fluorescing quantum dots. Enzygomentum dot conjugates represent

VI y2LE NIAOdzZ F S WOSKAOE SaQ G(N}YaLRNISR o6&
adz0 AGNI GS WTFdzSt a Qs larjorniakelstiudied forlth@igaBiltyad ppel Ay |
enzymequantum dot conjugates, by biocatalytic dephosphorylation causingassémbly
intooneRAYSyaarz2yltf TFTAONBaAd® ¢KS STFSOG 2F G(KS W¥
controls consisting of no &l, a nonselfassembling substrate and a ndirectional sel

assembling substrateé.¢.one that assembles into spheres, but not fibres).

Significant quantities of data were obtained for each substrate scenario and speed
distribution plots revealed thaenzymeconjugates exhibifaster transport with the fibe

forming system, compared to controBurther to this, upon increasing the concentration of

the fibreforming fuel, the average speed of the conjugates increases, although
directionality remains ragiom. An initial investigation for idectional control iscarried out

dzaAy 3 WTdzStQ NBASNW2ANR O2yaradAy3a 2F &dz &l
diffuse from the gelrito surrounding motility mediuntreating a concentration gradié

which the enzymemotors are proposed to travel along in a directional manner.

The proposedpropulsion model forselfassemblydriven motion of enzyme&onjugatesis
that short bursts of fibre growtlprovides linear propulsion whichincreases thaliffusion
rate of the enzymeconjugate. Smultaneous visuadation of selfassembled fibres and
enzymequantum dot conjugates is attempted, using extringied intrinsic fluorescent

methods, to investigat¢he mechanisnproposedfor fibre-propulsion

Finally, enzymes thermdld A y -¢hyhiRtrypsin are investigatedis a step toward
generalising the method for other enzymes aak their potential use in a mukHi
enzyme/multicoloured quantum dotsystem for future applications nanoseparation of

enzymes.
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¢ Chapter 1¢

Introduction

1.1. Motion at the micro- and nanascale

Motion is a fundamental physical property 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 raaanicronscale
rangei.e. 1-1000 nanometes. This size range lies between atomic or single md&c
dimensionsand macroscopic objects that are visible to the human eyéthin a colloidal
systemparticles of onéphaseare dispersed in a medium of another phase, for example a

solid micronsized particle suspended in water.

At colloidal dimensiongyravity is negligible over short timescales andstoidal particls

will not quickly sediment but remain suspended in the surrounding medium. While
suspended, ctbidal particles will exhibit randonor Brownian motion named after the
botanist Robert Brown, who was the first to measure microscopiciermotion of pollen
grains in water* The random motionexhibited by a colloidal particlis the result ofthe
suspended particlebeing bombarded by the molecules of the surrounding fluid, causing
the partide to become displaced from its original position. When followed over a period of
GAYSSE GKS LI NIAOESQa (NI 2SO02NE,efaredtoad S dS | €
a random walk Therefore motion at the nanoto micro-scale is different to maoscale
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 = V), instead is proportional to the square root of time.

The mean square displacement (MSD) is a measure of how fBroavnianparticle has
moved from its starting position over a certain period of tifiBhe MSD is related to the
size of the colloidal particle (hydrodynamic radius) by the diffusion coeffi@@ntvhich is
a measure of the migration characteristics of a partidéae diffusion of aparticle is

dependent on the particle radius and also the surrounding medium viscosity and
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temperature.According to the StokeBinstein equation beloequationl), a particle with

a largerhydrodynamiaadius Ry) will have a smaller value faliffusioncoefficient D).

4,

WhereR; is the hydrodynamic radiugsis the Boltzman constant (1.38x18° m?kg $°K™);

Equation 1

T = absolute temperaturgKelvin) ' = viscosity of the medium anD is the diffusion

coefficient.

For a one dimensional random walle. where a particle can either move in one direction
or the other along thex axis, in a given time period (t), the probability for each scenario is
1/2.

For two and three dimensional random walk, motienin thex andy, orx, y, z directions,

respectively. Motion in each direction is statistically independent of the others for example:
<xX> = 2Dt; <§p = 2Dt; and €z = 2Dt

For two dimensional diffusion (which is measured in this study) the squarehef t

displacementX, y) from the origin (0, 0) is given by:
MSD, =X +y’and therefore: 4 4 &, T < Equation 2
(or in three dimensions Mgp= X + ¥ + Z, < MSR,,> = 6D}

As well as translational diffusion, a particle will experience rotational diffuign\hich is
a measure of the orientation of a particle. The rotational diffusion can be expressed by the

following Stoke<Einstein equatioh

I Equation 3

Particles with a smaller hydrodynamic radius e faster rotational diffusion than larger
particles, so a characteristimtational time (_g) can be defined as the inverse of the

diffusion coefficient:

Equation 4
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Therefore taking into accounboth the translational and rotational diffusiothe MSDof a

particlecan be expresedas:

T 5 ro <« W“. i Equation 5

At short times(n i _g) the particle trajectory isgiven by the quadratic relationship
illustrated by the following equationsMSQ,> = Vt* b n Fwhere v is the average
velocity)® This also show by a curved MSD versus lag timeFigoire1A.” At longer times
(compared to the rotational diffusion timgn & _g)), translational diffusion will dominafé

and equation 5 reduces to:

T s T2 4rr\A( » « LY Equation 6

For the purposes of this project which, studies nanoscale motion we will be focussing on
the n 5 teaim of Equation 6 which canbe shown by a linear MSD versus laget plot
(FigurelB).

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

|
A) a
s

(At < 1)

Lag time—

<MSD, > = 4DAt
B)

MSD—>

(At > 1) Lag time—

Figurel - Scheme representing (A) short and (B) long time frames compared to rotational_tjme (
with corresponding MSMersus lag timelots.
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For this studyinwlving nanesized particlestotational diffusion was not measuretle to

the typically much faster rotational diffusion compared to translational diffusion, compared

to micro-sized objects. blveverrotational diffusionis included here for completeneste

key parametersneasured for this studgre frameto-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 avedragee-to-frame

speeds and angle of trajectory.

1.2. Research mn

The ultimate aim of this research is to engineer a nanoscatetor propelled by

biocatdytically induced selassemblysee scheme ifkrigure2). Ourapproachis inspired by

biological nanoscale motion, for examplee protein kinesin which converts ATP to ADP

producing walking motioalong a track

B) - ;;:; Alkaline phosphatase-

= quantum dot conjugate
(QD-AP)

OJ\”/?\)LOH
|y Y 0 T

O
O-b-oH

o
OO ad
N OH
¢ e

M
o o

Ve

2a 0\

, 32

o @
R—@»O—Q—OH R
OH  -H;PO,

Dephosphorylation reaction

Figure2 ¢ A) Scheme of proposed nanomotor design propelled by biocatalytfeassemblyB) The
enzyme nanomotor(alkaline phosphatasquantum dot conjugate)is propelled asthe enzyme

convers micelle fuel(1aor 2a) into fibres.

There are three key factots takeinto account when designingrano-sizedmotor. Firstly

a chemicalfuel is requiredthat is converéd by the motor to produce mechanical energy.

Secondly, asymmaeyris important whether it isnherently built into the motor design or

whether symmetry breakage occudiuring fuel conversioe.g.R dzS (i 2

0KS NBfSFas

T dzSf e cledtibn ofa fuel concentration gradient. Finagllthermal fluctuations
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(Brownian motion)must be overcome to achieve transport enhancedmotion beyond

expected diffusion.

A hypotheticalnanomotorin a fluid environmentwithout fuel or apropulsive force will
diffuse in a random walk mannéwith the addition of a chemical fuel there are a number

of possible scenarios that the hanomotor could encounter. For example the conversion of
fuel could provide little or no propulsive effect on thotor, over andabove thermal
fluctuations therefore having no observableffect i.e. motor would continue todiffuse
randomly. Another possibilitis that the conversion of fuel to mechanical motion is ron
directional resulting in fasteor enhancednanomotor diffusion but motion remais
directionally erratic Lastly, if the fuel is converted and released asymmetrically from the
surface of the motor or a fuel gradient arisése motorwould move linearlyi.e.following a
ballistic trajectory, on a timesale associated with how long tresymmetry or gradient

persistsfor.

An enzyme moleule capable of seffropulsionby the conversion of a substrate fuel to self
assembled linear fibre structurgbas the potential forenhancedtransport of the enzyme

i.e. fibre growth exhibits a propulsive effect on the enzyrikerefore theobjective of this
work isto design and engineer an enzyme nanomotor suitable for single molecule tracking
in order to determine the diffusive properties of the motare( whether erhanced and/or
RANBOGSR LINRLIMzZ dA2y A& | OKASOlIof S0z g6-AlGK

dimensional selhssembled fibrous structures by the enzyme motor.
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1.3. Layout of thesis

In Chapter 2a literature review serving as theéetailed ackgroundfor the thesis iggiven
Part 1 describes the imlogical inspiration for motionat the micro- and nanaescale,
followed by a review of historical and key examples of biologically inspired +rd@am
nano-motors, engineeredfrom purely artificialcomponents orfrom hybrids containing
biological and synthetic elements.dtbrs are classified into three magroupsaccording to
their propulsion mechanisnthose propelled linearly by catalysis digea gradient; motors
with added asymmetry causing rdi@nal motion and motors capable of walking motion.
The second part of the review describeslfassembly; gecifically biocatalytic seH
assembly of aromatic dipeptd amphiphiles will be discussed for a potential route to

nanopropulsion.

Chapter 3 detds materials and methodsemployed for the bioconjugation of enzyme
molecules to fluorescent nanoparticles, including characterisation and development of a
number of seH 3aSYot Ay3 FNRBYIFGAO RALISLI A-8pSandWT dzSt Q
motility assaydesign will be described as well as methods towards the simultaneous

visualisation of enzymeonjugates and selissembled structures.

Chapter4 describesthe techniquesused for the development ofmethods to achieve
enzyme nanomotors propelled by biocatiytic selfassembly. Part 1 details the
bioconjugation method chosen to visualise ey WY2(i2NRQ | yR (GKS
electronic properties ofsemiconductor nanoparticte used for bioconjugationPart 2
summarises fluorescent spectroscopic methods for thetection of selassembled
structuresvia intrinsic and extrinsic staining techniques. Parfio8uses on techniques for

the visualisation of single enzyr@2 y 2 dz3 I (i &nd $&eWaaserabiedi ructures, with

an in depth discussioof the microscopeconfigurationcapable for this purpose.

In Chaptels, the bioconjugation and characterisation dkaline phosphatasguantum dot
conjugates arediscussed including a caosideration of batch vari@n and long term

stability.

Chapter 6 looks at the biocasically induced selassembled systems studied féneir

potential asfuelsfor enzymequantum dot motors. Two micel®-fibre andone sphereto-
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sphere assembling systanare characterised initially with unconjugated enzyme, before

repeating the study vtih enzymequantum dot conjugates.

Chapter 7 details how enzymeuantum dot motors observed using fluorescence
microscopy can be trackedroviding speed, trajectory, and mean square displacement
RFEGF® | SNBXI WY230i2NR Y23GARAsS YHOE AGAY LAdNER NF A BK

initial attempts at directed motion are discussed.

Chapter 8 describesnethods used towards theimultaneous visual&ion of enzyme
quantum dot motors alongside resulting sesembled structures to gain further

information on the propulsion mechanism.

Chapter 9shows how the bioconjugation techniques used for alkaline phosphatastei

be used for other enzynsowards a multienzymemulti-fluorophoresystem This chapter
discusses how bioconjugatidie QDscan be applied tahermolysin and chymotrypsin.
Potential selfassembling substrate fuels are investigatedvards other possible enzyme

quantum dot motors propelled by enzymatically induced-ssifembly.

Finally the overall conclusions are summarised and suggedtongure workare

provided inchapter 10.
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¢ Chapter 2¢

Literature review Part 1: Microand nanaescale

propulsion

2.1. Introduction: Biological Inspiration

Biological system&mploya number of strategies for controlling the motiari individual

cells for exampleby changing shapeand for the intracellulartransportation of vital
components. Within tk cell, filaments composed of polymerisewnomeric proteins, can

lengthen or shorten by polymestion and depolymerisatigrespectively. This lengthergn

YR &K2NISyAy3a Aa GKS YSOKIFIyAay F2N G6KS WON

where the growth of the filament pushes the membrane promoting cell mobffity.

Flaments similar to thoseused for cell crawling are also employed by nanosizexdor
proteins inside the cellMotor proteins usefilaments such as actin or microtubuleas
NI O1 a aldrg) andl ih boing @sesi NI y & L2 Ndund¥#@teNH 2 Q | NJ

G-actin-ATP G-actin-ADP

ooob ooi
ATP/ADP exchange
Polymerizatior/ \ Depolymerization

Figure3 - Actin Polymesation - G-actin with bound ADP exchanged with ATP. Polysagan occurs
preferentially at the barbed (+ve) end of thfidament by association oATPactin monomers.
Enzymatic cleavage ghosphate from ATRctin within the filament releases inorganic phosphate.
Depolymerisation occurs preferentially from the pointede) end by disassociation of acthbP.

25



Intracellular plymerised actin filaments consistof a double chain of subunitef actin
monomers(diameter 6 nm) At one endof the filamentpolymerkation is more rapidhan
depolymerisationand at the otherend depolymerisation occurs at a greater rate. These
ends are termed the barbed/positive and pointed/negative ends respecti{gelg Figure
3).1° Each actin monomer hasnaadenosinebinding site, capable of binding either
adenosine triphosphate (ATP) or adenosine diphosphate (BDPjhe form of the
nucleotide bound will influence the kinetics of the monomésr example monomers
containing ATRire found more frequenthat the polymerising end of the filament and the
ADRbound actin at theend which is depolymeriisg.™® Polymerised actin containing AT
readily hydrolysed by the addition of water, transforming the bound nucleotide to ADP and
inorganic phosphate (P° The resulting filaments are dynamic as the polysation is a
reversible process, in which actimonomers essential for microfilament growth are

supplied by the disassembly of the filament from another region

Motor proteins which utilisefilamentous tracks for examplkinesin andmyosin catalyse
the conversion of chemical fuel to mechanical energy rhotion. Motor proteins are
involved in intracellular transport, cell division and muscle contrattiand enable the
OGN} YALRNIENH2QY Il 2FYy POl FdzSt O2y OSYydNI GA2Y 3INI

I** Myosin, the motor protein associated with actin is present within the majority of

cel
eukaryotic cells and its main function is ftire 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 sectibfihe head groups of myosin have

binding sitesfor ATP or ADP. The tail is a coitsdl structure of the two polypeptide chains

twisted together and coff SOG SR (2 GKS medQsdgmentNhaieldse alcoe | W
smaller polypeptide chains that help to strengthen the neck so it can successfully act as a
molecular lever. The head groups chimd independently with actin subunits; only one

head unit binds to actin at a time and changes in protein conformation with ATP Iiagidro

allow the myosin head to bind, release and then rebind to the actin filana¢ra different

position, resulting in a walking motioff.
Another motor proteinflament combination is the kinesin/microtubule syste

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

microtubules can assemble and disassembkilting in a stimuli responsive changethie
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shape of the cell’ Dimers associate in an e#d end fashion to form short linear fibres
called protofilaments. These protofilaments come ttgg in a sideby-side alignment with

an element of curvature to form a hollow tubulgiameter 25 nmj’ Similar to actin
filaments, microtubules are classified at each end according to the polsatien kinetics.

The positive end extends at a faster rads,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

polymeriation %8

The motor protein kesin has a similar structure to myosin with two globular heads
attached to a coiledtoil tail. Each head in thisase has a tubulin and nucleotide binding
site. Kinesinis capable ofransporing vesiclesas WargdQ towards the positive end of the
microtubule by stepvise movements along a single protofiliaméhtt has been reported
that the netmovementof a kinesirstep while carrying cargo is ~80 A which is roughly the

length ofone dimer unit®*°

2.2. Atrtificial micro- and nane propulsion examples

In order to &hieve artificial propulsive motioat the micre and nanescale, the design of
the motor is crucialThemotor designinfluences the resultingpropulsion mechanisre.g.

the catalyst employed, the type afotion exhibited and also possible applications.

The following sections will review recent (and historical) examples of rdananaescale
Y202NA® ¢KS SEFYLIESa FNB OfFaarFASR dzy RSNJ
LINR LJdzf aA 2y QT WNRGFGA2Yy T Y20A2y dulyafiiRial Wg - £ 1 A
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 discussedle. taking advantage of act polymerisation, rotary ATPase

enzymes and walking motor proteins.

Each subsection will discuss motor/fuel desigasymmetry motility, propulsion

mechanismmethods of directional and speed contrahd resulting applications.
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2.2.1. Gradient/Catalytic Propision

The firstartificial catalytic notor was reported by Whitesidest al. usingmillimetre sized
plates propelled asymmetricallyat the air/water interface,by the decomposition of
hydrogen peroxie on a platinum coated surface This larger scale catgtic motor

subsequentiyinspired small scale (micrto hanometre) 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 chemichirfube
surrounding local environment, to product®roducts released asymmetrically from the
surfaceof the catalyst resultin a propulsbn effect By far the most reported catalytic
reaction for propulsionis the decomposition of hydrogen peroxide fuel water and
oxygen by platinum. Albeit the most studied system, there is much controversy as to the
mechanism of propulsion and alsthe terminology used includinglocal bubble

formation?™®"; electrocatalysi&~*®; and interfacial tensiofi*° propulsionmechanisms.

Other approaches take advantage of biological catalysts, for exapmgmes such as

é4,37,4l

catalas or glucose oxidas¥:** The biological catalysts play the same role as the

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

2.2.1.1. Atrtificial catalytic propulsion

Artificial catalytic motors can be classified accordimghe propulsion mechanism but also
how asymmetry is achievedlhis reviewclassifies the following examples under the
heading of propulsionia generation of product grdienti.e. oxygen concentratioyproton,

or monomer/polymer gradients. There assothree obvious classificationfer achieving
asymmetry firstly, Janus particles are colloids with two diffiet faces, for example
bimetallic rodsor asymmetric spheresNext, striped or multimetallic rod examples are
discussed, showing that by incorporating additional metlds example nickel, the motor
directionality can be magnetically controlled. Finally, rolled up nrmétallic tubes
containing active catalyst othe 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 spéeand directionality control.
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Firstly the three mainpropulsion mechanismgelectrochemical, interfacial tension and
oxygen bubble gradients) are discussed using the extensively stiniieetallic Pt/Au
artificial rods as examples (s&ggure4). 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 ewmorkers® were the first to report nanesized gold/platinum Janus rods
propédled autonomously in a hydrogen peroxide soluti@ee Tablel1 entry 1) The same
system was also studied more recently in 2010 by Posner, Wheat and ¥ieeiTable1
entry 4). Boh systems show similar motion in which the rsldaped particles move
towards the platinum end however different mechanisms are proposed;ebah describe
nanorod motion by an interfacial tension gradient propulsion mecharitsmhereas
Posier, Wheat and Morardescribe the movementby an electrochemical propulsion
mechanisni” illustrating the controversy involved in determirina common propulsion

mechanism. &far three different hypotheses have been proposed.

Key

- = platinum (Pt) segment

B D = gold (Au) segment

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°
mw‘-ﬂ‘f‘f‘,"‘\w P, =4H,0
o —
U ﬂ = direction of motion
LD = T

O, covered
hydrophobic Au

Figure 4 - Mechanisms for catalytic propulsion of Au/Pt bimetallic rodshiydrogen peroxide
solution. (A) Oxygen bubble propulsigiB) Electrochemical propulsiomnd (C) Interfacial tension
gradient propulsion.
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2.2.1.2.1. Electrochemical propulsion

The electrochemical propsibn mechanism describes motioiaa redox reaction occurring

at the opposite ends of a bimetallic ro@xidationtakes placeat the platinum segment of
the rod releasing oxygen, protons and @l®ns. The dectrons and protons dw from the
platinum anoa to the gold cathode. The generated proton gradieesults in a force
Ol LJ o LJ8z& B ¥ y Ihe sumouridigigafliiid, 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 waterHectrochemical reactionsan be enhaned by the incorporation ofcarbon
nanotubesinto the motor designas a supply of extra electrof$*® and the addition of
redox enhancing additive hydrazirie the motility medium (see Table 1 entries 3 and
10).33,43

2.2.1.2.2. Interfacial tension gradient

A secondpropulsion mechanism is attributed tthe disruption of the local interfacial
tension caused by rygen generon 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 fuélThe 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 populsion)(seeFigure4C). 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. Conwdys if the gold is nopolar or
hydrophobic, the rods move toward the platinum segment due teeardase in interfacial
tension® Therefore the proplsion 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 th&*/8d.
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2.2.1.2.3. Oxygen bubble propulsion

¢KS W2Ee3Sy o6dzo6f S LINR LIz & A 2y Qiatiadymmefiic &Y RS a
release of oxygen bubblesom the platinum surface. I&inum decomposes hydrogen
peroxide to release wateend oxygen, but nistead of oxygen dissolution, oxygen bubbles
grow from the surface of the platinum and eventually bréede due to buoyancy force
(seeFiguredA).* Water quickly enters the space that the oxygen bubble aumipied and

this flow of wateris the force responsible for the propulsion of the obj&dnterestingly in
contrast withother propcsed propulsion mechanismthe direction of motion, due téocal
oxygen bubble productiois towads the gold segment of the ro@he reason as to why, in
some cases, oxygen bubbles form preferentially (rather than dissolve) resulting in
propulsion towardghe 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 farinto 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 investigationis requiredto determine thedistinguishing factors affectg whether
oxygen dissolves dorms bubbles at the platinum surfacgiving an insight intohow to
control which propulsion mechanism will dominate. Moof a challenge however, is
distinguishing between interfacial and electrochemical propulsion, where perhaps the

propulsion observed is in fact a combinatiomuodre than one mechanism

2.2.1.3. Designing a bimetallic rod system

The design of a iimetallic rod system is not confined to gold and platinum, other
combinations of metalsave been investigatedncluding Pt, Pd, Ni, Au, Ru and Rim.this
investigation fifteen combinations ofbimetallicnanorods were studie@nd 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 rotel motion was only
observed for motors with extra asymmetry. Measuring the potential difference betwee

the two metals within the rodsevealed thata greater potential differenceesults infaster

31



motor speed. The direction giropulsion of a bimetalti rod relieson the combination of

metals due to thdlow of electrons, protons and water.

Other fuel systems have also been investigated with catalytic platinum/copipestallic
motors, inmotility mediacontaining bromine or iodineCopper actsasan anode and the
platinum end catalytically reducesthe halogen fuel. Propulsion occursvia an
electrochemical mechanisngue to redox reactions occurring at each end of the.rod
Directionality in this case was towards the copper section and motors were @iséov

move faster inl, compared with the same concentration of ,Bwith speeds ofl2 and 7

> Y graspectively¢ KS Y2i{i2NRa tAFSGAYS Ay GKAaA&a O &8

being consumed during propulsidh

Improved speedsare achievedby incorporating carbon nanotubes into the platinum
section of a Pt/Au nanorotlia electrodeposition(see Table 1 entry 3)* The added CNTs
assist in the redox reactions resulting in an increaghénaverage speedf the motorfrom
T®H >YkKa (basedpmapprokimadtel$0 nanorods) The reason for this is still
unknown, but could be due to a supply of additional electrtwysCNTs. Speedsan be
accelerated further by thdéuel additivehydrazine which speeds ughe oxygenreduction
reactionat the gold segment*®*°It has also been shown that hydrazine is decomposed in
the presence of hydrogen peroxide at a catalytic carbon sufaedcoording to example
trajectories of nanorodand accelerated nanorods containing CNtssts of linear motion

along with changes in directias observed

These highly accelerated artilal motors can exceed the speed of most biological motors
and motors not containing CNTs, with motion occurring towards the platinum region as
seen with previouselectrochemically propelledPt/Au examples. The driving force for
motion of the CNIPt/Au mdors is thought to bevia electrochemical propulsion (explained

in section2.2.1.2.3.%

2.2.1.4.  Controlling directionality

In the previous motor examples, althoughihey are directional to a certain extent (i.e.
towardsone end of the rd), different motors stillmove in different directionssince their

individual orientations at any moment is rando®en and Velegol report the first artificial
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chemotaxis of platinurgold rods in hydrogen peroxideeeTable1 entry 2).3* Chemotaxis

isa term usually used to describe the movement of a living orgarmnards or away from

a localchemicalstimulus Here the movement of the Pt/Au rods can be compared to
biological systems which move according to chemical gradients, despite the two systems
0SAy3a O2YLX SGSte& RAFFSNBylIGd ¢KS FdzSt Ay (KA
allowing it to diffusefrom the gel into the surrounding solution generating a fuel
concentration gradient The flud A YYSRA I 1St & & dzZNNRBdzy RAW#eI GKS
greatest concentration of #D,, and at increasing distances from the gel theel
concentration decrease Diffusion of the fuel fronthe gel was estimated usingjffusion

theory. The rods actively diffuse towards higher concentrations of hydrogen pkr@tong

I FdzSf O2yOSYyGNIGA2y 3INIRASYy(d (26FNRA&A (KS K@
is attributable to a combination of electrochemical propulsion and Brownian rotation giving

the movement a random walk appearand@a combination of directdé and random

fluctuationsyp h G KSNJ Y2 (i2N& KI @S fa2 0SSy RBLRZ2NISR

2.2.1.4.1.  Spherical Janus Particles

Spherical catalytic motors can Ipeoducedby asymmetrically coating spherical objects on
one hemisphere, inthis case with a catalyst/metal (sometimes referred to as Janus
particles). Gibbsand Zhao report propulsion of spherical particlestbg oxygen bubble
propulsionmechanism describeéh section2.2.1.2.3(see Table 1 entry 7).° This system
utilises thewell-studiedhydrogen peroxide/platinunsystem but instead of a bimetallic rod,
oxygen bubbles develop from the surface of the spherical silica/Pt colloidal particldse
same way thabimetallic rods are propelledyubbles form on the catalytic (Pt) surfacetil

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 tensiointhe madility medium, demonstratedby

the addition ofvarying amounts afodium dodecyl sulfate (SDS).

Howse et al. report the motion of polystyrene spherespated with platinum on one
hemisphere® As observed with other Pt4@, systems, the hydrogen peroxide is
decomposed by the platinum face of the spheFer individual spheres, ballistic (straight

line) motion is observed, but at longer time$e directional motion reverts to a more

diffusive random motion with changes in directitn  NBFSNNBR (2 ,lasi I WN.
discussed in chaptet.1> RdzS G2 LISNOSLIWGIA2Y 2F (kEe® O2 YL
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equation 5)¢ KS OKI NI OGSNARaGAOa 2F (GKAa aedaidsSvyQa
(i dzY arfot®displayed by some types of bactetia

Other sphericalAlGa and Mg basedanus motoriave been fuelled by watetand sea
water,** respectively.Propulsion is achieveby the breakdown ofhe water at a catalytic

surface, generating hydrogen bloies.

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 mati®>’

Velegol, Sen and eworkers investigated photocatalytic spherical mienotors driven by

an asymmetric gradient of lightéeTablel entry 5).° A numberof spherical particles, and
sometimes Janus particf8shave been functionalised by photo responsive moieties, for
example azobenzern®. 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®, by Pt, UV light initiates a photolysis reaction
with silver, producing Agand OOH ions, which in turn creates a chemical gradient.
Propulsion is said to béia a seltdiffusiophoresis mechanism, whereby the pelés move

away from the generated ion gradient created by UV illuminatfon.

2.2.1.4.3. Hollow tubular motors

A popular design employed by a number of research groups hsllow tubeshaped
motor.1® 17 18.19.20. 21. 2. §hjq type of motor contains the catalytic surface on the interior of
a tubular support. In fuel rich environmentsatalyticreaction products produced insidbae
tube, are released asymmetricakhg fuel is taken in from one end, bubbles evolve from the

other, resulting in propulsion of the motor.

Severakxamples report catalytic Pt on the inner surface of the tutianium on the outer
surface and an intermediate layer of either Cr, Co of*F%!* Other designs incorporate

an inner catalytic surface with thermoresponsive polymeric tubes, which roll and unroll
with changes in temgrature® Many tubular motors are propelled at the diquid
interface ofthe motility medium containing4,O. fuel, due to buoyancy created by oxygen

bubbles® Theintermediate layer can be useful for directionalntml 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 cargd®

2.2.1.4.4. Conical motors

Bimetallic conicamotorsfunction in a similar way to the tubular motors, such that there is

a catalytic imer surfacefor examplePt. Conicathaped (rather than tublar) 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 rfiofoFhe
motors movevia 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 motorwhere smaller openings lead to decreased speBdan
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 éargo.

35



Table 1 ¢ Summary of artificial catgtic motors propelledvia gradient generation. *ROME ring
opening metathesis polymerisatidseesection2.2.1.5.

Size ¢ Y U Average
Description | Length/ | Asymmetry | Catalysis Fuel Speed Reference
diameter (> Yk §
1 | AuwPtrods | 1000/370| Halfpt | DECOMP-| po, ~10.0 Paxtori®
of B0,
Decomp. 4
2 Au/Pt rods 2/0.37 Half Pt of HO, H,O, 0.1-0.6 Hongf'
AUCNTF Decomp. 50.0-
3 Ptrods 2/0.22 Half Pt of HO, H,0, 50.0 Laocharoensu®
Decomp. 32
4 Au/Pt rods 2/0.37 Half Pt of HO, H,O, 2.0-30.0 Moran
Photolysis
. reaction
5 SiQ-Ag NA/2.34 Ha!f coated between H,0, Not Ser®
spheres in Ag stated
Ag and
HG,
Polystyrene Decomp. _
6 | o spheres NA/L Half Pt of KO, H,0, 0.53.0 Howsé
SiQ-Pt Half coated | Decomp. _ 0
7 spheres NA/2.01 Pt of HO, H,0, 1.06.0 Zhad
Au/SiQ- Hemisphere 024
8 Grubbs' | NA/0.96 | coatedin | RQMP* | Norborene | 0 Pavlick*
spheres catalyst )
Pt/Ni/Au/Ni . Decomp. .40
9 JAU rods 1.5/0.4 Terminal Pt of KO, H,O, 2.43.1 Kline
Au/Ni/Au/Pt | 2/cargo . Decomp. . 43
10 CNT 13443 | TerminalPt| ool o H,0, 4.015.0 BurdicK
O, released
TilFe/Pt 50/cargo from one Decomp.
1 tubes 10-15 terminal of | of HO, HO, 60.0 Sanche?
tube
PENP vesr?lcﬁés 1 YY2Y | Decom
12| coated po (bt | S AF2N wozp' H,O0, 2.53.0 Kumaf®
vesicles NPs 9nm) coating
Pt
decomp.
Pt/Ni/Au- of HO,
13| AgHRP | 0.25NA | TerminalPt| and H;(r?f”igd ~12.0 Manesl§*
wires polymers
ation by
HRP

2.2.1.5. Other exampleof artificial catalytic propulsion

A current hot topic of research is the fabrication of simple, artificial cell mimics. These must
include features such as permeable wall, fibrous skeletaltémior and a means of
movement.Kumaret al. report propulsion oselfassembledspherical vesicledy catalytic

td 2y (KS adzNF (DS abk Fentiy KB AYsetiPritr2pte @k drtificial

systems, hydrogen peroxide fusldecomposed by Pt, amtirected propulsionresultsvia a
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diffusion gradient mechanisnThissimple systens a step closeto mimickingthe complex
structure of living cells using artificial Pt catalysis aseans of propulsionhowever this is

very different to cell locomotion mechanisms such as actin polysauboi.

The skeletal interior is achieved by the biocatalyselfassembly of the amino acid
derivative, Fmoghosphotyrosing into fibres by dephosporylation using alkaline
phosphatase. (This seisembling system has been reported previolislyrhe resulting

fibre network which forms within the vesicjt & | &aAYLI S YAYAO 2F (KS
More simplified versions were reported for hollow capsules partially coated in platinum

nanoparticles® and platinum loaded stomatocytés.

The vast majority of catalytigradient propelled motors rely on the,8,/Pt catalysis
combination, however not all gradient propulsion mechanismlire the decomposition

of hydrogen peroxide. A simple and artificial mimic to actin polysagdn-based

propulsion has reently been accomplished by Sen al. (see Table 1 entry 8.** This

example illustrates the first polymesdtion powered micremotor reported outside

biological systems. The motor is a Janus pafiicleK  f ¥ 02 § SR ¢AGK DNXz0 6
propelled by the generation of a fuel/product concentration gradient. The catalytic
polymergation reaction involves ringpening metathesis polymesation (ROMP) of the

monomeric fuel norboreneA smilar ROMP propulsion method has also been employed
NBEOSyidfte F2N GKS Y2iA2y3 & propudsiom edtfatishisy | y 2 & .
thought to be due to osmophoresis, in which the substrate is catalysed to polymerize on

one hemisphere of the particle. The polymer prodigt¥ NS A3 aQNBF GAy 3 |y
force on the patrticle, leading to a net flow dfig fluid from theuncoatedhemisphere.
Unexpectedly, the particle is thought to move in the direction of polysadion, opposite

to fluid flow. The polymesation-powered motor also shows chemotaxsmilar to the

previously mentioned example by Sen aiklegol’* Motors show an increase in

' 33aINBIFGAZ2Y 2N Y2GA2Yy (26 NRa |y | ONBflYARS
norborene. Motors movealonga concentration gradiendf 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 reactionsave also been reported for the propulsion of micromotors,

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

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

n2101721.22.25383% increasing  temperatur@®’ or by the presence of

fuel concentratio
additivese.g hydraziné**or surfactant?®?*?°*°0Other speed control measures involve the
overall design of the motosuch as thesize and shape; and also thecationand type of
catalyst ued. An investigation into the relationship between motor speed of bimetallic
AU Ni nanorods and catalytic surface area was reported in 2009 by Ozin amorkers?A
larger surface arewas found topromote accelerated decomposition of fuel, resulting in
greater motor speeds. By controlling the motcatalytic surface roughnesthe overall

speed of the resulting nanomotor caim turn,be controlled.

Sudies of spherical Janus partislehave shown that by altering the platinum overlap of
Pt/Au coated spheres, thenotor speed wasaffected® Motors with larger gold surface
areas resulted in greater motor speedslhe motors arethought to be propelled via
electrochemical propulsen mechanism but only when the gold and platinum surfaces are in

contact with each otherin the presence duel.

2.2.1.6.1. External speed control

Externaly controlling the speed of nanomotorsvolves methods which affect the speed
indirectly for, in somecasesa more precise speed control without the need for an inbuilt
mechanismsuch as chemical fudfor exampleWanget al. report electrochemical speed

control of Pt/Aunanomotor motion in hydrogen peroxide fuélf ! y W2y k2FFQ &g
mechanism was incorporated by alternating the applied potential whievereased motor

@St 20AG0ASa I NBE SELISNRSYOSR ies& Gegativé gofential 8 3 G SY
(compared to when switche® 2 WHel® motion isdue to Brownianfluctuations only)

Enhanced speed caused by a maregative potential, ishought to be dueo the reduction

of oxygen. This effect can be explained for the interfacial tension gradient propulsion
mechanism where apositive potential,the concentration of oxygen is high causiting

hydrogen peroxide concentration gradient at the platinum segment to decreastirn

redudngthe overall speed of the motoithe opposite effect is seen at a hegative potential,

as a low oxygenconcentrationresults therefore the fuel concentratiorgradient and the

motor speed are increased.
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S\YATI2NITWR2 6 SKI @A 2fdzNimeialicirodsidbswiiz NdcrSaRing the solution
temperature resuled in acceleration of the nanorod. Thermal pulsing(increasing and

decreasing motility medium temperaturéd thought to cause rod acceleration at higher
temperatures e.g 65°C, due to a combinationf decreased water viscosity and an

increased rate of electrochemical reactions occurring.

2.2.1.7. Other applications

The examples above displaanhanced motion compared to Brownian diffusjdmowever
most systems lack precisemeans of controlling directionalit which is key in developing
motors for example that carransportcargo to specific location&s touched upon briefly,
one method of externally controlling the direction the motor travels, is the introduction of
a magnetic component into the motor desi@?°**®%"® which can be further applied for
pick-up and transportatiorof cargo.?®?®* Other methods of motor control include using

ultrasound for propulsiorf?

For magnetically controlled motion, the design of the catalytic motor encompasses
ferromagnetic regions by layering betem 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****3When a magnetic field is applied to the rods, most align themselves with
the catalyst end forward and in a pegndicularmanner to the field, thought to be similar
mechanism used bgnagnetotactic bacterid”’® Added contol can be employed with the

use of microfluidic channels in addition to magnetic guidafice.

One magnetically controlled motor, uses a nanopatrticle-assiembly method resulting in a

motor with both catalytic Pt and ferromagnetic nanopartics.

Besides transportation applications, motors cpotentially be used to perform specific

tasks such aglrug delivery*™

functionalised Pt/Ni/AvAg nanewires are capable ofV g INgRG 2y I 2 f Ra ad dzZNF | OS

and nano-motor writing on microsurface$ Enzyme

enzymatic polymerggtion reaction.Under external magnetic controlhé enzyme facilitates
the polymergation of aniline in the presence of hydrogen peroxigéich is deposited or
WgNRGOSYQ 2y | . TAig tnahomairA i© NaiardyNFdpéd&l by the
decomposition of hydrogen peroxide fuela the platinum present within the nanowire

however the enzymatic polymestion reaction, involving horseradish peroxidase (HRP)
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may also have an effect on the motion of the ovesystem and shouldlsobe taken into

account.

2.2.1.8. Summary

By far the most studieartificial catalytic motors involve platinum catalysiof hydrogen
peroxide fuel withthree main propulsion mechanisms being reported: surface tension
gradient, electrochemil and oxygen bubble propulsion. It is clear there is still some
debate as to which mechanism best describes plainum catalysed motor motionand
perhaps it is not as simple as there being only one explanation. It is more likely that the
propulsion mebanism of these systems is more complex and involves a combination of
forces and effects and depending on the experimentadditions;one mechanism may be

more prevdent.

Controlled directionality surface writing and transportation of simple motors hlasen
illustrated by the addition of ferromagnetic componerits allow for magnetic guidance,
cargo pickup, transportation and specific release of cargo such as artificial particles and
even biological cells. These systems have the potential for-saalgtransportationin vivg
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 seeveabith

the simplecell mimic that was achieved by the formation of filmentaining vesicles. The
vesicles are essentially much simplified versions of biological cells containing cytoskeletal
like fibre networks enclosed in a permeable membrane. The medmovement however,

is far from biological cell locomotion. Controlled, directional and localised fibre growth or
extension, as opposed to platinubased catalysis to achieve motion, would bring this
motor closer to a simple cethimic. All in all, theadvances show a promising way fordar

for the fabrication of simple and controllabt®lloidal 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 artifial objects, towards the construction biocatalytic analogues of
artificial catalytic motors reviewed abovéBio) catalystsoffer an acceleratedpathway

from reactants to productsyith lowered activation enerigs, 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 platthdrhe
comparable decomposition rates are dependent on typeathlase and concentration of
catalysts used! In most cases the biocdidic motors are propelled by asymmetric
distribution of an enzymefor the catalysis of a reactigrwhich 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 proplsion

Bioelectrochemical propulsioof carbon fibresontaining a glucose oxidizing anoaled an
oxygen reducing cathode was reported by Mano and H&l&scurrent flows through the
fibre, ions are transported resulting imotor movementat the airwater interface ¢ee
Table2 entry 1).Thedesign of thdibre includesa hydrophobic section to allow it to float at
the airwater interface andhydrophilic electrode segments for contact with the electrolytic
solution(seeFigure5). Glucose oxidass coated onto one end of the wire for the oxidation

of glucose and on the other end of the fibre oxygen is reduced by ¢émzyme bilirubin
oxidase (BOD)The propulsion mechanism can be explained using the electrochemical
mechanism, in which electronsygions and fluid flow are in the direction of anode (GOXx)
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 glucosexidase resulted in a spiral trajectory whereas a large excess

produced rotational motion.

Direction of motion

L
7

H,0 20t D-glucose

Electrolyte

Figure5 - 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 enzymesatalase and glucose oxidasere attached covalentlyo carbon nanotubes
resulting in autonomous propulsion of the motor, in aqueous glucose'fd@&lisbiohybrid
motor involves a similar mechanism to platinum based catalytic nsot@viewed in

previous sections®33027a80

The primary fuel, glcose, is enzymatically converted to
hydrogen peroxidewhich is then finally decomposed by catalase resulting in propulsion of
the nanotubes(seeFigure6). Breaking down the concerted enzymatic reaction, firsalof

the glucose oxidase facilitates the conversion of glucose to gluconolacton and molecular
oxygen, producing hydrogen peroxide. The catalase then decomposes the hydrogen
peroxide into waterand oxygen which forms bubblégather than dissolution). Thetter

stage is analogous toxygenbubble propelled platinum based motors seen in previous
examples ¢hown inTablel). Themulti-walled carbon nanotube (MWNTs)end to bundle
together andthe resultingaggregatesre propelled at various velocitiesee Table2 entry

2) depending on thesize ofaggregate formedMotor movement and directionality is
dependent on the nanotube aggregation size and shape formed, however dppears 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

Figure6 - GOx and catalase attached itaulti-walled carbon nanotube@MWNT9 for oxygen bubble
propulsion.

Schmidtet al. published work on biocatalytic nro-motors composed of hollow tubgsee

Table 2 entry 3),** similar to the above mentioneaurtificial 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 containghe enzymecatalase(seeFigure7). When placed imqueous hydrogen
peroxide,OF G I f 1 84S LINRPRdzOS& 2E&3Sy o0dzmofSa 6KAOK
with the platinum example. The release of the oxygen bubbpgsies a viscous drag force

resulting in propulsion of the micrmotors at the airwater interface. Changes in direction

and circular motion are induced by torque produced by the growth and release of the

oxygen bubbles.

Oxygen Bubble Propulsion

Figure7 - 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 includingn vivotransportation. One such applicatioreports the detection of
aqueous ptiutants using conical catalase micromotofEable 2 entry 4).* In a polluted
environment, catalase is inhibited resulting in reduced release of oxygen bubbles and hence

slower motion.

Making useof biological catalysis to produd¢gohybrid motors could lead to more effective
motors. However 1 is clear from the smaller number of reported biohybrid motaisat

there is much room for expansion and improvement on the already reported systems.
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Table2 ¢ Summary of motors which make use of biological catalysts for motion.

{AT S
Description Length/ Asymmetry Catalysis Fuel Average Reference
. Speed
Diameter
Different o(jigi);ces
GOxFibre 0.51 enzyme on glucose, BOD Glucose 1 emis Mang2
BOD cm/7 each (and Q)
. ¢ reduces
terminal
oxygen
GOx¢
. oxidises
Catalas Localised lucose
& various | releaseof @ | Y ’ Glucse | 0.2-0.8 cm/s| Pantarottd™
GOXCNT catalaseg
bubbles
decomposes
HO,
TilAu- O, bubbles
Catalase 50/NA | emerge from Decomp of H,0, 167.4> YK | qonche?
HO, (max)
tubes one end
Catalase O, bubbles Decomp of
AU/(PEDOT)| 2/NA | emerge from H Ozp H,0, Various wand"
conical tubes one end 2

2.3.2.

The atin polymergation-driven motion of bacterial cells has inspired many groups to

Making use of biological polymesation for motion

investigate actin polymesation for the propulsion of artificial objects. This section will
briefly describe some key examples of artificial objects being propelled by actin
polymeriation ¢ termed as | QG A Y Wa g A YY S Ndtidhdreactida Sccurddg & Y S NRA
generates a monomer/product gradient and propulsive force on the object. Most of the
d0dzZRASa Lzt AaKSR 2y FTOGAY WagAYYSNAQ |

physiological actin polymesation, rather than designing a novel ator powered by

NI

polymeriation; however as shown with artificial polymeation powered motors this type
of propulsion is effective atransporting artificial objects(see section2.1 for actin

polymeriation descriptio.

2321. 1 OGAY WagAYYSND oA2t23A0Ff O2Yl
Actin cell matility relies on a number of proteins being present at localised regions on the

surface of the cellln additionpathogers are known to enter host cells\d promote actin

polymerst G A2y | G ( KfSr motisri®t ToeamechatNdofladiSpolymerisation

within certain cellsis thought to rely onthe protein family WASP (Wiskefidrich
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syndrome protein)for the activationof the Arp2/3 complexwhich subsequentlycatalyses

the growth of an actin filamer?® There are also WASP mimicstsas the protein ActA

In additionthe pathogenRickettsiapromotes actin polymesation by the protein RickX.
Physiologicaactin 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 depolymesation and crossdinking. 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 requred, isolating them and combining, to replicate a cell extract.

2.3.2.2. Asymmetry

One ofthe key features with actin polymesdtion-powered motors is that asymmetry
required for propulsion occurs spontaneously from an initially symmetrical motor. Upon
addition of a symmetrically nucleating protetoated object, to a medium containing
fluorescently labelled aati monomers,actin polymersation occurs around the entire
adzNF I OS 2F G(KS 20280600 ! Ftd2NBaoOSyid wOt 2dzR¢C
given thickness, over a given period of time, depending on a number of $actthese
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 bya spontaneous symmetry breakaged the formation of an symmetric tail
shaped extension of actin filamentseg Figure 8 overlea). The reason why symmetry
breakage occurs on a symmetrically coated sphere is unclear, but could be due to a small
defect on the patrticle sdiace or slightly more monomers adding to one side of the patrticle
over time. This asymmetric distribution of actin polymsiion near to(or on) the surface

of the object drives it forward in the direction away from polynsation (without actin tail
formation the objectexhibits Brownian motion). Thdirection of movement contradicts

that of the artificial polymesing motors reported by Sen® It may be important to
determine how and where the monomers in each case add to the polymer to attribute how

directionality is achiesd.

45



&
.“4° Directed motion

e

Figure8 -1 QG A Y Wa g A Y'Y $ANMtificvaSobjéct/bgakl igheédn) coated uniformly with an
actin polymergation-promoting protein in a solution containinGactin monomers (purple)B)Actin
polymergation begins tooccur(in the presence of ATRniformly around the bead surface forming
Fy | Ol A (0 Sywinets drBaRae occur@) Actin tail formation begins to propel the bead
away from polymesation. This shows a very simplified representation of the procegsere
molecular detail is not included as this varies depending on the polgatien promoting protein
used.

One of the first artificial objects driven by actin polynsation was reported in 1999 by
Theriot et al® The study involvedsymmetrically coating beads (0.5pm i.d.) and
asymmetricallycoatinglarger micro-beads(1um i.d), with the protein ActALager beads
were only driven when an asymmetrical coating was employed with speeds comptrable
that of the bacterial cell.. monocytogends (see Table 3 entry 1). Symnetrically 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 thie nucleating potein was not essential
for polymergation driven directional motion of small beadsbut by introducing an
asymmetric distribution oActA on the motor, ehanced speeds can be achieved and larger

beads can be propelled.

The symmetry breakage stagevas studed further using plystyrene beads coated

uniformly with the active rgion of the WASP protein famifgee Table 3).3%° Results
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apparentbyl  aYl ff WK2fSQ FT2NKS yIKeaheS @ szBntilit SG Ay Of
large enougtfor the bead to move through it. The study alsimowed that actin cloud size

and the time taken for symmetry to be disruptectre related to the sie of the bead.

Schwartzet al. take a slightly different approach to actin polynsation propulsionfather
than spheres, theyniformly coaed both sides of polystyrene diskgth ActA(seeTable3
entry 4." As observed with the spherical objectmeas ofactin polymersation initially
devdop around theentire ActA coated disk and eventually formto two elastictails on
either side of the disKflat regions only. It is also reported that flat disks cathieve
enhancedvelocitiescompared withcurved or spherical beads, possibly duehe tual tail
formation working cooperatively to push the disc, in the direction away from actin

polymerisation'*®’

A simulatedmodel representing disks asymmetrically coated with the Arp2/3complex on
only one sidehas been studiedIn this model actin filaments grow exclusively on the side
with the activated plymerisation-promoting protein, resulting in asymmetric
polymeriation which pushes the dik away from the growing polymer as seen

experimenglly with previousexamples.

2.3.2.3. Controlling actin tail formation

A study was performed iB010by Kanget al. which showed that actin polymerisation could

be controlled by the additiolf bovine serum albuin (BSA) and/or ADF/cofiliseeTable

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 adtiedpromote actin
depolymerisation, in turn supplying more monomers into the surrounding solution

available to take part in polymerisation.

2.3.2.4. Liposomecargo transportation

Actin polymerisation can be employed for the transportation of cargo, for examplel
mediated actinpolymergation has been shown ttransportvesiclegseeTable3 entry 6).”
ARF1 (ADHRbosylation factor 1) is aguanosine5'-triphosphate (GTP)binding protein,

involved in a cascade of reactiomsading to the promotion of actin polymerisatio
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Artificial liposomes bound with ARF1 were prepared as simple vesicle mimics and in motility
medium, actin cloud were observed around the liposome, incréag in thickness over

time, & a4S8Sy LINBOA2dzate 6AGK o0SI R Ydlavadibx G& SEI
either collapse of the liposome or actin tail formatiamly resulting in movementn 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 ¢hliposome is a key factor for

achieving motility’®

Table3¢{ dzYYI N®B 2F I OQlAYy WagAYYSNERQ® Ly |ff OFa

and actin polymesation, with ATP and-@ctin monomers as fuel molecules.

. Size Average Speedg
Description (um i.d.) Asymmetry (um/min) Reference
ActA coated Asvmmetric
polystyrene 1 y . 6.00 Cameroft*
ActA coating
beads
VCA coated Asymmetric
polysyrene 6 actin tail 0.50 van der GucHf
beads formation
VCA coated Asymmetric
polystyrene 1and?2 actin tail 0.086 Kand®
beads formation
, Asymmetric
ACtA coated p ondy actin tail 0.37 Schwartz'
disks thick) .
formation
Asymmetric
WASP coated 1 actin tail 0.20 Yaraf®
beads .
formation
Asymmetric
ARF1 coated 1-20 actin tail 0.52 Heuvingh®
vesicles f .
ormation
. Asymmetric
RickA coated 0.5 actin tail 320 Jend?
beads .
formation
ActA coated 05 Azz?nnl:itlr Ic 720 Van
beads : ; ' Oudenaardef?
formation
2.3.2.5. Summary

In summary the examples described above hapeoved that artificial objects can be
successfully propelled, making use of biological gotiltymersation. There are many

theories proposed fothe 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 ¥ (i KS cddtdiesiah Ndimediately high
concentration of monomer, with decreases along the length tfe resulting actin tail.

AOG A Yy  WamakeYu¥eSoR afety of polymersation promoting proteins which have
comparable mechanisms and speeds. Interestiniilg need for the motor to initially be
asymmetric, seen foragne artificial andbiohybrid motor systems, is natrucialfor actin
polymersation-driven motility. Asymmetryor symmetry breakages however important for

the overall motility of the object, where actin tail formation acts as the trigger to the

motion. As mentioned previouslythese studies were aimed at understanding actin
polymergation further and the focus was not on polynmetion powered motion. Perhaps

AT GKAAa ¢l & GKS LINAYFNE 3J21f3X FOGAY WagAYYS
with imLINE 3SR WagAYYAYy3IQ alLISSRaz Yl poyyidsingdzaS 2 F

proteins and additives.

2.3.3. Rotational movement

For the scope of this review, the focus is on directidralisticmotion, therefore rotational
motion will only be briefly discussedtivthe use of key examples of artificial and biohybrid

rotary systemgseeTable4).

As demonstrated in the previous sectiom number of micre and nanemotors aim to

achieve linear motion, however number of ecent efforts have beeimspiredbyy I i dzZNB5 Q &
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 objectsvhich have extra built in asymmetry within their design.
Research groups have successfully reported rotary motion by purely artifieais. There

are a variety of ways to design artificial catalytically driven motors with additional
asymmety and hencerotational motion, such as bimetallic rof%spherical rotational

motors,* "®L- or spring shaped rotor$,and multimetallic rods®**

Generally clockvise and antclockwise rotation is reported with no apparent control over

the directiorf®>%

and for one example rotary motion is only observed in viscous solutions
such as glycerdf. In most cases motors are not restricted to rotational motion but
QNI yatFaGA2yrf sz OibrNdavdzisb bdenl rgp&tedPREBRutharyoIs Y 2

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
added ferromagnetic layer within the ator design®*® In one case a silica helix is coated
with cobalt and by applying a magnetic field rotation occurs, resulting in rotationally

induced translationaiotion.**

Ferromagnetic nickel nanowires are capable of magnetically inducedaongtfand in turn
translational) motion, when the motor comes into close proximity with a vertical
boundary?® Cargo pickup and transportation is also possible through magnetic control of

Ni nanowires*

Table4 ¢ Summary of artificial rotary motors. All examples catalyse the decomposition of hydrogen
peroxide.

- Size gm) Average
Description Length/ diameter Asymmetry Speed (rad/s) Reference
1 Mn catalytic rotor on Si9 NA/S0 Local Qb.ubble 155 1 Vicarid®
spheres formation
. Ni at one Fournier
2 Au/Ni rods 2.5/NA terminus 15 Bido#®
3 AU-Pt rods 5/0.36 Au/Cr bilayer half 25 Qin”
coating rod
Half of sphere 0
4 Ptpolystyrene spheres NA/2 coated with Pt 0-1.3 Ebbeng
5 Sl/_Pt and Si/Ag rod-land Various Asymmgtnc Pt Various Het
spring shaped nanomotors coating
Half coated in
6 | AuRu rods coated in trilayel 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 ofproducirg rotary prque. The rotary motor ATPases an
enzyme that hydrolses ATP in living organisms. Hydrolysis of three ATP molecules by the
enzymegenerates a net torque to driveotation. ATPase has been attached to artificial
objects to gain knowledge of th@tational motion under physiological conditigh®® but

for the purposes of this review thegre classifiedor 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
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surface. In many cases both types of movement banachieved by applying different
conditions, for example increasing the solution viscosity or allowmgyemation of the
motors. Other motors exhibit motion somewhere in between or a combination of
rotational and translational.e. Wi dzY 6 f ratafyAr@ucet Kkanslation motiori* The key
factor in ensuring rotary motion is the structural asymmetry of the objechdpgiropelled.
The motor must be fabricated in a way to precisely control the asymmetry anct#udting
motion. Many of the rotational motors arise accidentally due to surface def&tter
interactions with other components in theystem?*® Other methods involvephysically
anchoring one section of the motor to a surfamedesigring the motor carefully to ensure

asymmetric distribution of reaain 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 observetf. 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 asY 2 1 2 NJ O2y il AyAy 3 (62 2wWkkhY2 NB
alternate for forward (or backward) motioklltimately biologicamotor proteinscapable of

Wg I £ atAhgé Badoscalehave inspired artificial molecular walkers. Soecfic detaik of
walkerswill not be described in this review, however for completeness molecular artificial
walkers are mentioned brieflyvith reference to recent papers and reviews in the

area® ">’

2.4.1. Making use of DNA for walking motion

. A 2 fs thigrén&ion carrying moleculadeoxyribonucleic acid (DNA), hesen employed
for the development otiologicalmolecularmotors capable ofvalking motion As asystem
normally associated foracryinggenetic information many DNA walkertske advantage of
specific complementary base pairing, therefore udigjogicalfunctionality not nomally

used for motion in nature.

There are two major DNA walker systems reported in literatditee first involves the
walker molecule that is capable of cleaving sites on a DNA Wiackeavage enzyme&<%

forcingthe walker onward to new site$:*
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¢tKS aS02yR YSGK2RXZ (GSNX)SR MuiichNisyaRds Rat areJt | OS Y
not exactly complementari®™® 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
system!®Smartsystemshave been developethat are responsive to stimuli such as B,

and INA molecular walkers have even been employed for cargo transport&tion.

2.4.2. Making useof motor proteins for walking motion

Directedwalkingmotion along a surface has been studied with the use of biological motor
proteins and theircorrespondingselfassembled filamentous trackas discussed in section
2.1). The most commonly used pairs of motor proteins and filaments are the kinesin

microtubule and myoskHactin systems.

In nature, moor proteins walk along the corresponding filaments in a directed fashion to
one end of the track and are capable of transportiresiclesalong these tracks within
cells® A number of groups have taken advantage of this type of motion by imrsagili
filaments 6 W¥ A E SR orffoAd durfadeyihicR motor proteins walk ang 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 arrangemen{®) WCAESR LINEGSAYQ
example myosin is attached to a glass surface and actin filaments glidéngwersence of ATRB)

WCAESR &g dctin Yl&neiitsare fixed to the surface and an artificial object is coated with

myosin. When combined the object is transported along the length of the filaingtie presence of
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ATP fuel The direction of motion is dependent ap the motor protein and conditions used in each
individual assay.

Another, more popular method of motion along a surface turhe previoussystem around
and instea of immobilising the filamentthe motor proteins are attached to the surface
O WT A E2SN?  LYNeHifieSikaryfeqtd are then added to the system and glide along the

carpet of motor protein molecules.

Further studies havénvestigated not only the directed motion of the filaments but also

their ability to transport cargo. As a result many ifictal objects including bead$’
liposomes® and quantum dots (QDSYhave been successfully transported either by the

motor proteins themselves or by being attached to the gliding filaments, depending on the
Y2GAtAGE Faale o0SAy3 dzaSRT WTAESReeHidued YSY i Q
on previous page This review will describe examples of the myesitin systens onlywith

020K -WAFAIESRY (i QnotbrypiRtein@arrangednents first of all introducing the

general features of the devicedn addtion there are a number of review papers

summarising motor proteiin vitromotility assaysor 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 wdhi the motility medium is added which contains
essential componentfr motor protein function in ann vitro environment'*****Other
additivescan beincluded to minimise photebleaching and phot@xidation®***!*” The

most important addition to the motity buffer is the chemidafuel ATPwhich powers

motion and in some examples the fuel can be released in a controlled mé&finer.

Another important aspect of thedevice is the underlying surfacevhich can be
lithographically patterned with a variety of substances to create tracksnimior protein
guidance''**>M1%12 Many groups haveledicated studies investigatintpe interactions
200dNNNAY3I 680658y (KS Y202N) LINRGSAY +FyR GKS
LINBR G SAYy Q IP*RNIFhgsastudi&yhavé found thasurface hydrophobicity is an

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

(HMM) is used instead of the full motor molecdfé This molecule is simply the myosin
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head region minus the tail fragmefft'*° After motor protein adsorption to the substrate,
an inert protein such as casein or bowiserum albumin (BSA) is added to coat the free
surface, preventing unwanted adsorption of the filaments. Once the surface and maotility

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

In order to visualise movementilaments are usuall labelled with a fluorescent tagif

imaging, for example actilabelled with rhodaminehalloidin*® Most studies record the

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

concentration?’1% pH2128

NIFy3IAy3a FNRY | FSg (Sya 27 VliseféZaulés) Bdng LISNJ 3

|118,119,12
)

ionic strength?® and temperaturé®®***?® with speeds

6.30,131

devices incorporate elements of external conteadj.electrica °and magneti
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Table5 - Summary of myoskactin motility assays

ATP Speed Track
concentration P Myosin Cargo Tracks/surface | Width Reference
(Lm/s)
(mM) (nm)
1 Rabbit
1 0.51.3 skeletal None PTFE 10-100 | Suzuki®®
HMM
2 HMM TMCS/Q@plasma | 150 14
1 4.010.0 myosin I None OMMA 00 Sundberd
3 7.5 0-20.0 | Not stated None PMMA 1000 | Riveliné®
4 Rabbit
2.9 and PDMS on . 15
2 e skeletal None PAH/PSS micro Jabet
HMM
5 1 4.05.0 HMM None PMMA 100 Bunk?°
myosin Il 700
6 Rabbit
Not stated 2.56.5 skeletal None SW-CNT/ODT or| - nano Byurt?*
cysteamine micro
HMM
7 21.0, 49.0, .
500nM, 2and 5 15 myosin V None N/A None | Arsenault®®
UM (nmis) and X
8 Ratbit ak Kb 3t
Not stated 16.8 (max)| skeletal None Nitrocellulose None 9
HMM
9 Rabbit
2 0-8.0 skeletal None Nitrocellulose | None | Gordort*®
HMM
10 Rabbit Albet
1 0-1.2 skeletal None Range of surfacey None 22
Torred
HMM
11 Rabbit
2 0-3.3 skeletal None PMMA and AAPC None | Nicolad®
HMM
12 Rabbit
1 8.4 skeletal None graphene/PyNH, | None Byurt'®
HMM
13 Rabbit Nitrocellulose or
1 5.07.0 skeletal QD None | Manssor™®
TMS
HMM
14 HMM Liposomes
15 1.7-2.4 . andE.coli Nitrocellulose None | Takatsuk®
myosin Il
cells
2.4.2.2. Controlling motion and cargo transportation

The use ofpolymer patterned surfacess employed to introduce an element of spatial

confinement within the motility assayand offer a way of controlling walking or gliding

speeds'!314115120 plternativelyactin guidance can be accomplishasing carbon nanotube

(CNT) patterned surfacé&. Actin filaments gliding in a controlled manner can then be
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employed to transport cargo, such as fluorescent quantum d8igosomes:® and even

cells can be transported by actin filament bundi®s.

External control of walking motion has been reported by the applicatiaxtdrnal electric
fields. One example shows directional control over negatively charged actin filaments
gliding toward positive electrode’’ Others show electrochemically controlled thermal
acceleration/deceleration of actin filaments, taking advantage of increased reaction rate

trends at higher temperaturd®$h yk 2 F¥Q Y2GAt AdGe Oly Ft&az2z 068 ¢

controlled releas of ATP fuet!®

2.4.2.3. Kinesinmicrotubule motility assays

As with the actinmyosin walkers, equivalent work has been published for kinesid
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
topic®**® ¢ KS WT A ESTKMITWVAR | W3 i & 'FR* atrdNGeriets vir® also
reported for MT and kinesin motility assays. Walker motion can be controlled by a variety
of techniques including #huse of predetermined tracks for guidante***4°**115gnd the
external application of electrit®'® or magnetic fidds********Startstop motion can also

be achieved using thermoresponsiVeor photoresponsive materiafé®

Kinesin molecules or microtubiean be loaded with cargo irKtS WFAESR FTAf Il YS
WFAESR LINR i S A ngectiveNNA yuhiBelv 8f ydifférent cargos have been

reported to be transported, such as mierand nane sized particled314144154.164.165

quantum dots40143144.148152154 551 qroplets™®’  liposomes;”  vesicles” and
biomoleculed******* for example DNA®* More complex systems have incorporated

loading and unloading of cargo, with the use of DNA hysatiin.**>*** Applications of

such devices have included naseparation or sorting?’**° drug delivery’’ and

biosensing>®

2.5. Summary

In conclusiorit can be seen that seffropelledmicro- and nane motion can be achieved in
multiple ways Artificial selpropelled mdors 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.

Catalyic biohybrid motors are becoming a popular area of research, with the incorporation
of highly efficient biomolecules with artificial objects for motioithe propulsion
mechanismsdescribed for artificial systemsan also be appliedfor biohybrid motors.
Overall the three main propulsion strategies for catalytic motors can be classified as the

formation of a gradient, whether is achemical, bubble or electricgradient

Overall it can be seen that asymmetry is key to designing directed propulsion @ti¢che

and nanescale. 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 beiledor
semiLISNXY Iy Sy i WLz aSaQ 2F a@YYSGNROFE OF Gt &z

Brownian yet enhanced diffusion.

Actin polymergation powered motor examplefave shown that initial asymmetry is not
necessaryand that spontaneos symnetry breakage is observedinitiating motor
movement however further studies areequired to fully understand the mechanism of

symmetry breakage.

LYAaLIANI GA2Yy FNRBY o0Az2f238Qa gl f1Ay3 Y202N LN
molecular walkerswalkers 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 propesti@sovement at
sucha small scaleand how to overcome Brownian fluctuations to achieve propulsiom
addition micro- and nane motors could be used for the loading, transportation and

unloading of cargpseparation or constructioand alsdor biosensing applications.

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

large numbers of particles or motots achieve reliable results

To date there have been no knaweports of propulsiorvia biocatalytic seHassembly.

Therefore this project aims at developing a new method for mprapulsion using
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biocatalysis for the selissembly of aromatic dipeptide amphiphile molecules into fibre

structures.
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Literature reviewPart 2:&lf-assembly

Selfassembly is the spontaneous apdtentially reversible seHassociation of two or more
molecules into higher ordered structures, held together by supramolecular interactions.
There are many examples of salsembled systems in nature, for example nucleic acids,
phospholipids and amino acids are all natural building blocks capable efsselinbling
into more complex systemsy noncovalent interactions to make up tHeNA double helix,
membranes and thehree dmensional structure oprotein moleculs, respectively®®*®’
Such biologicaledf-assembled structures rely on weadompared to chemical bondspn-
covalent inteactions such as hydrogen bonds adctrostatic, hydrophobic, aromatic and

van der Waals interactiont&®16°

2.6. Supramolecularnteractions

A typical covalent bond can range in strength from 880 kJ mot however biological

systems and supramolecular sesemiing systems employ generally much weaker
supramolecular interactions ranging from 2 kJ frfok van der Waalinteractions to 250 kJ

mol™* for ion-ion interactions. The length scale between interacting groups of a -non
0201t Syid W62y R Qof MAyconip&redioya shomeSintexakoniia distance of
2 A for atoms bonded in a covalent bohd.Individually supramolecular interactions are
weak but with the combination of manyteractions dynamic and reversible structures are

seen widelyfor example in biological systeraach as those mentioned abavé

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 atda oxygen or nitrogen. The bond then
occurs between the hydrogen and an electron withdrawing atseeFigure10 overlea).

The type of donor and acceptor groups atite bond geometry influences the overall
strength and length scale of a hydrogen bond, whergmcial hydrogen bondan rangan
strength from 4120 kJ mat.'”? The sirrounding 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 assembbss,

hydrogen bonl donors and acceptors occur betwetar examplenucleic acids within the
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DNA double helix and amino acids of a protein molecule, leading to tertiary and quaternary

structures!’?

R

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

Donor Acceptor

Figurel0- A carbonyl group acting as an acceptor for a hydrogen atom from an amine donor group.

2.6.2. Electrostaticinteractions

lonic (and dipolar) interactionsccur between oppositely charged groups and atdras
negative and positive charges. Electrostatic interactions can be grouped into three main
classes: i) iofion interactions; ii) iordipole interactions and iii) dipoldipole interactions,
where the strongest interaction is seen for {m interactiong(seeFigurell). The strength

of individual ionic interactions depends on the atoms or species involved, however ionic
species will result in stronger interactiotfstrength typically between 20800 kJ mat)

than dipolr species(5-50 kJ mof) due to ions possessing a greater charge deriéity.
Biological systems make use of electrostatic interactions for a variety of recognition

processesfor example the interaction between an enzyme active site and a substrate.

2 (D)
i Doun(S)

c) 57»&06'----{9:06'
171

Figurell - Electrostatic interaction§) iontion, (b) ion-dipole and(c) dipoledipole:

2.6.3. Hydrophobic interactions

The hydrophobic effect arisedsom the exclusion of hydrophobic or ngrolar molecules

from aqueous environments.The driving force for this type of interaction is thagter
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molecules interactvia hydrogen bonds with other water molecules or polar grotps.
Therefore molecules that are unable to take part in hydrogen bonding with waseunyut

the local structure of the water and result in hydrophobic molecules grouping together in
order to reduce the free energy of the systéf Hydrophobic interactions are important

for membrane lipid®wing to the fluid properties of membrané®

2.6.4. Aromatic interactions

" -interactions occur between aromatiings, usually where one ring constituent is electron
NAOK YR FYy2GKSNJ A4 StSOGNRY LR2NW» ! G4NF OGAC
electronOf 2 dzR 2 F (KS Nianyedf ahothBr atomatidapsipAti A &S

There are thought to be two main typ&s¥-~~ A y (i S:NFacd{bXageyiiere parallel
aromatic rings interact in such a way that the centre of one ring interacts with a corner of
another; and ii)edgeto-face interactions occur between the hydrogen atom of a ring
perpendicular to the ceme of another aromatic group (shown using benzene as an
example inFigure12).*”? The aromatic amino acids phenylalanineosine and tryptophan,

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

aromatic interactions between bageairs'’>*"

a) b) ©
LD

Figurel2-~- A y (i S (d)IfabeioAfare/afidb) edgeto-face conformations.

2.6.5. van der Waals interactions

van der Waalgor London)nteractions occubetween overall uncharged atoms, moléesi
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, raguiti
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attraction between the two atoms. The interaction strength depends on other atoms in the

molecule and how polarisable the atoms involved Hfé’?

2.7. Peptide selfassembly

Selfassembled structures usually exist due to @mbination of the above described
supramolecular interactions. The sadsembling building blocks can be designed to
interact in specific orientations with each other. Vast arrays of artificial materials are
capable of sethissembly but for the purposed this project only peptide selissembly will

be reviewed.

Peptides are biological polymers containing two or more amino aliid®d in a chaidike
fashionvia peptide bondsi.e. the bond formed between the carboxyl group and amino
group of neighbourirg amino acidsin the chain. Peptide sequences can be designed
specifically using the twenty naturally occurring amino acske Figure 13) as well as
artificial amino acids and functiongtoups not found in natw:'” The inbuilt design of the
peptide sequence can producgpecific W NJi &efasSeibldd Qtructures, inspired by
biologically assembled structures vast library of possible peptide sequences can be

achieved by alteringhe chain length, primary sequence, and by modifying the amino acid

side chains or termini.

Histidine (H) Arginine (R)

. o HN_ A
O T [
LRI R oH ,
’ OH ~NH,
OH I HN O

Serine (S) Threonine (T) Asparagine (N) ~ Glutamine (Q)

Figurel3- Naturally occurring amino acids.
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Inspired by biology, peptide sequences have been designed tassdinble to mimic the

178,179

t527%1"" sheets!

commonly found biological architectures, such as helices/cails

tubes;***® fibres'®*'% and amphiphilic assemblé&;*®

via supramolecular interactions
such as electrostatic, aromatic andbdénding interactions (as mentioned section2.6). In
many cases sedssembled structures extend hierarchically to larger length scales, to
produce for example fibrous netvorks capable of entrapping water, resulting in self

supporting hydrogel$®

2.7.1. Applicationsof peptide nanematerials

Possible applications for selésembled peptide materials depend on thsgructures
formed, for example fibrous hydrogels can be used as synthetic mimics for the three
dimensional environment of the cell, for uses in cell culture applicatidridydrogels have
potential in drug delivery, by trapping drug molecudesl releasing in response texternal

stimuli 18818

Amphiphilic peptides designed to salfsemble into vesicles or spherical aggregates have
potential as drug carriersAmphiphilic assemblies of nanes and vesicles have been
used for the delivery of DNA using a fiogly charged peptide amphiphile to trap
positively charged DNA?

Nanamaterials for specific applications often require stimuli responsive-assémbled
materials,ie.1 KS OF LI oAt AGe (2 WagAldOK 2yQ laaSvyof:
sequences can be designed to display-asffembly in response to egific external factors

such as pH®'*°temperature!® light,'** sound**'** saltd® and biocatalyst§**°**%’For

the purpose of this project, biocatalytically triggered sedbembly will be discussed

further, with a particular focus on enzyme respassiaromatic dipeptide amphiphiles.

Recent review articles summarise biocatalytic conversion of peptides teassdimbled

structures!®&2%

2.8. Biocatalytic seHassembly of aromatic dipeptide
amphiphiles

Peptide sequences can be designed not only to influenceassémbly but also to act as

substrates for biological catalysts, such that catalysis initiates assembly. Enzyme responsive
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seltassembly has been reported over recent years, with a variety ofneezyand peptidic
substrates. The enzymes convert the peptide substrates to another form, capable-of self

assembling into supramolecular structurg&?%*

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

with groups recogrsied by specific enzymes.

Aromatic dipeptidesare defined as thesimplest peptidesequence (two residues), with an
aromatic functional group, usually at thetbrminus®’ Therefore for a peptide sequence

to be classified as aaromatic peptide amphiphildt must contain an aromatic moiety as

well as both hydrophilic and hydrophobic regions. Such peptides can aggregate or assemble
above a critical aggregation concegtion 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 tle molecule.

Aromatic dipeptide amphiphile structure

X =H, Me or NH,

W O R
Ar\rr N\)LN/KH/OX R = any AA side chain
R, H o

Aromatic groups (Ar-)

oo 'y &Y

Phenyl Napthyl Fluorenyl Pyreneyl

Figure 14 ¢ General structure of an aromatic dipeptide amphiphilemposed of two amino acids
(AA)and possible Nerminal aromatic group§Ar-).

Aromatic groups are commonly used to modify dipeptide sequences aafit to the
hydrophobicity of the molecule. Functionalisation of the peptide termini can be achieved

using fluorenyl, pyrene, naphthalene, or phenyl grougeefigure14).’*"2°%2% 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 incorporatd charged amino acids such as
the positively charged histidine, lysine and arginine; or negatively charged aspartic acid and
glutamic acid. Phosphorylated amino acid side chaiesphosphotyrosine, serine or
threonine, can also offer hydrophilicityithin the amino acid dipeptide sequence, due to

the polar phosphate groug®®*%

For an aromatic dipeptide amphiphile to be enzyme responsive, the design of the sequence
must incorporate an enzyme cleavable or recognisable group. Examples ineledei@l

P%#00r thermolysin?®*?*'dephosphorylation

methyl esters {OMe) hydrolysed by silisin
of phosphorylated residues e.g tyrosine by phosphatasg§?°%208212213  gpq
hydrolysis/reversd hydrolysis of peptide bonds by thermoly$fi?°®#* chymotrypsid™
and lipasé?’® Enzyme responsive systems of aromatic dipeptide amphiphies

summarised iMable6.

The terminologywe useto name an aromatic dipeptide amphiphijlier example FmoépY-
OH,whichreads from the Nto Gterminus of the sequencee. from left to right, contains

an Nterminal fluorenyl group KmogQ (see Figure 14). Gther Nterminal groupsinclude

pyrene or Nap (naphthalene). The amino acid sequence is named according to the one

letter code (see amino acid tabieFigure130 = T2 NJ SEl YLX § wCQ &il yRa&
W Q FT2NJ G@NBaAySo py,Sdietts Alphaseharylatey side Ghiih df B& & dzO
amino acid to the right of th@ (in this case phosphtyrosine) The @erminus is named

due to the functionality it possesses. carboxyl {OH), amine-NH,) or methyl {OMe).
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Table 6 - Summary of biocatalytic sedfssembling (SA) aratic dipeptide amphiphile (PABee
Figure111 AppendixA for full chemical structures of PA precursors.

Enzyme Aromatic PA precursor| Product SA structure
Alkaline phosphatase FmoeMpY- FmoecFY¥OH Micelle to fibre
O|_FO7,208,212,213
FmocFpY-OH+ FmocFY¥OH + Micelle to fibre (ce
FmocS/T/RG1 FmocS/T/RGD assembly)
FmoepY FOH™® FmocYTFOH Fibres
FmoepYSOH™ FmocYSOH Fibres
FmocpYNOH™ FmoeYNOH Fibres
FmoepYQOH™ FmoeYQOH Spheres
PyrenepYL-OH™ Pyrene-YI-OH Fibres
Subtilisin (ester hydrolysis) FmogYL-OMe™® Fmac-Y1-OH Fibres
FmoeYFOMe ™’ FmocYFOH Fibres
Fma-YSOMe™’ FmoeYSOH Fitres
FmocYNOMe™ FmocYNOH Fibres
Fma-YQOMe™ FmocYGQOH Spteres
Thermolysin (ester hydrolysis| FmoecSFOMe > FmoeSFOH Nanosheets
FmoeTL-OMe™> 21 FmoeTL-OH Short twisted fibres

FmoecSLEOMe™ FmoeSLOH Nanobelts
FmoeTFOMe™" FmoeTL-OH Extended twisted fibres

Thermolysin (reverse FmoeS/FOMe™"° FmoeSFOMe Sheets

hydrolysis)
Chymotrypsin (reverse NapY-OMe/Y-NH,"* NapY¥NH, Fibres

hydrolysis)
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2.8.1. Phosphatase responsive sedssemblyof aromatic

dipeptide amphiphiles
A number of groups have investigated phosphorylated aromatic dipeptide amphiphiles and
the ability for phosphatase enzymes toecognise synthetic phosphueptides as
substrates?*%°%2%8217|n most cases alkaline phosphatase (AP) is employed, however acid
phosphatase has been used to initiate sedtembly, for example in the conversion of

FmoepY to Fmoey 228

The design of an AP responsive peptide must include an amino acid capable of
functionalsation with a phosphate groupCommonly phosphdyrosine residues (and
serine or threonine) are incorporated within the @ 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 exampgieenylalanine, leucine, glutamine
giving rise to variousanostructures$® An Nterminal aromatic group is usually required to
encourage self 84 SY ot & -stadkiNRinteSaktions, such as fluorefiff®+12#3or
pyreneé® groups.

FmocFpY has been investigatedqviously as a switchable sel§sembling micelle to fibre
system?®?” The phosphorylated form has been reported form spherical micelkike
aggregate®°®?° but at higher concentrations assembles into nanorddsThe molecule
(FmoeRaY) exhibits a @@rminal polar region due to phosphylated tyrosine and
negatively charged carboxyl terminus. At thediminus, phenylalaime is functionalised

with Fmoc.The combination othe two aromatic groupsesults in the Nlerminal region
being overall hydrophobic in nature. Hydrophobic (and aatio) interactions occur
0SUisSSYy (KS KeéRNER LK tmaecule exeliiding Water blecllés2ay the 2 F
hydrophobic sections gather together, protected within a central hydrophobic csge (
Figure 15 overleafd ® ¢ KS  LJ2-feimhal &do8 lofRtke péptide is capable of
hydrogenbonding with water and so forethe outer surface of the aggregat€igurel5).

The initial seHassembled structures of FmépY (.e. before enzyme addition) have been
proposed to be spherical micelles, confirmed by critical aggregation measurements,
dynamic light scattering” and microscopic techniqué$® Similar observations have been

reported for the single amino acid analogue Frpy¢*

67



Figure 15 ¢ AP catalysed dephosphdagion of FmoeFRpY-OH (micellar structures) to Fm&¢¢OH
(fibrous assemblies). The aromatic Faggoup is represented in blue and the polar phosphate is
highlighted in rec”’

Upon addition of alkaline phosphatase to a solution containin@d¥pY, the phosphate
group is enzymatically cleaved from the tyrosine side chain, resulting in a hydroxyl moiety
(Figurel5). The molecules are now driven to form a stacking array, due to hydrophobic and
s A aftiors Noktween the aromatic groups, as well as hydrogen bonding between
dipeptide chaind”?®*FmoeC, A & (i K2 dz3 kdheetla@angemdntddwevenft isl i

unclear whether the parallel or angiarallel conformation is prevalet®

The stacking of fluorenyl groups extenda selfassembly until fibrous networks form, and
at high enough conversigrresult in hydrogel formationThe overall system therefore
represents an example of biocatalytic micelle to fibre transformatioarofnatic dipeptide
amphiphiles. By altering thamino acid sequence and the aromatic group of an aromatic
dipeptide, the resulting supramolecular structures can be controlled, for exanipye
changing one amino acid in the sequence Fpdd to FmoepYQ,*® fibres or spheres are

produced respectivelyassummarisedn Table6.

Sructure switching systemsimilar to the micelle to fibre transformatiomave been
reported, for example nanotubes going tvesicles by dilutidi*?*®> and nanotubes
switching to microspheres by a change inPHhowever the biocatalytic route to structural
switching offersmild physiological conditions, biocompatibility and also aemidolbox of

possibleselectivecatalysts that can either break or form bonds trigger selfassembly of a
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peptide substraté?” To illustrate this, different amino acid sequences and aromatic

functionalities have been employed for sasembled fibrous or spherical structures.

196,203,208,212

Going a step further, muHenzyme systems have been used to switch between
phosphorylated/dephosphorylated fars of a naphthalene functionalised pertaptide
derivative using a kinase/phosphatase switch, resulting in a gel/sol/gel tranSitiddthers
combine phosphatase/tyrosinase to initiate a concerted enzymatic reaction. In this case a
soluion of phosphepeptide (AeYYYY-OMe) was converted to a hydrogel of-X¥YYOMe

by phosphatase and finally back to a solution, using the enzyme tyrosinase to convert the

hydroxyl groups of the tyrosine residues to quindfie.

2.9. Summary

In conclugin, it has been illustrated thagnzymeresponsivearomatic dipeptideave the
potential to selfassemble into a number of differestipramolecular structuredn addition
several examples of phosphatase responsive-asdembling structures ophosphe
tyrosinecontaining peptide substratehiave been studiedas the aromatic nature of
tyrosine alsacontributes ™ -interactionswithin the supramolecular assemblie&dditionally,
phospheserine 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 ex@runderexpression of phosphatase"

Here, the ultimate aim is to use biocatalytic fibre formation to drive enhanced motion of
the enzyme (and cargo). Aromatic dipeptide amphiphsubstrates act as the enzyme
Y2G2NJ WFdSt Q> FyR GKS addzRe 2F FAONB FyR
determine whether a relationship exists between the resulting-asffembled structure,

and the ability to enhance the motion of the enzysmetor.
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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 chapte£s9.

3.2. Materials

All reagents were purchased from commercial sour¢eg. Sigma Aldrich, Bachem,
Rathburn)at the highest purity and were used as supplied, unless stated otherwise in the
experimental proceduresHigh performance liquid chromatography (HPIlgtade water
(Rathburn) was used throughout the study unless stated otherwili@line phosphatase
(Escherichia cgliwas purchased from Sigma Aldrich and quantum dots from Invitrogen
(Q21321MP Lot: 891174 and 1252823). HRw¢ (1a) was purchased from £ Bio Co.,
PyrenepYL 2a) and FmoepYQ(3a) were synthessed by Sisir Debnath{see Figure 16 for
chemical structures)FmoeFY used for QD quenching studies was synthesised by Sangita

Roy.

Seas 4@* “if; h

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

Figurel6- Chemical structures of FmépY (La), PyrenepYL 2a) and FmogYQ(3a).
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3.3. Experimental methods

3.3.1. FITC labelling method development using bovine

serum albumin (BSA)

Fluorescein isothiocyanat@~IT¢ was used for the fluorescent labelling ofofeins ¢ as
discussed isection5.3. A 10 mg/mL solution of FITC isomer 1 (Sigma Aldrich) in DMF was
prepared (I mgf mMnn >[ 5acCi0 | Akg/diRIAdainileRvasipyépared A
buffer and a24 molarexcessof FITGvas added(comparedto BSA) 14 pL of FITGtock
solution was added to the 1mg/nBSAsolution and left to reactfor 1 hour at room
temperature ona blood rotator.

Excess FITC was removed by dialysis WSliagA-Lyzef? dialysis cassettes (B, 20K
molecular weight cubff (MWCQ) purchased fromThermoScientific (PerbioA 0.53 mL
SlideA-Lyzef? dialysis cassette was hydratedphosphate bufiered saline PB$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 syringg excess air s removed from the
cassette. ALRf eadeNByS WwWFt2r4Q o+a | GdF OKSR G2
submerged in a beaker containing 300 mL PBS and a stirrer bar. The reaction mixture was
dialysed with fresh PBS buffer every hour for foauts. The FIFTBSA sample was removed
using a syringe after the fourth buffer exchange. During labelling and dialysis all FITC
containing samples were covered in foil.

Dialysiswas monitored by measuring the fluorescence emission speatraach buffer
exdhange 1 mL of each buffer exchange was added ta cuvette for fluorescence
spectroscopy measurementasingthe following parameters: excitation 495 nm, emission

range 306600 nm, slit width Tim.

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

I mn Y3IKY[ &a2ftdzZirAz2y 2F CL¢/ Aa2YSNIm O{AdYL

DMF) and wrapped in fo{see sectiorb.3). A 1 mg/ml enzyme solution was preparefi
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alkaline phosphatase from calf intestinal muc@€4\P)(Sigma Aldrich P67710 KU, 2,000
4,000 DEA units/mgof protein, 2545 % protein, 8.15 mg solid, 1228 units/mg of solid,
3721 units per mg/protein) and 24 molarexcesf FITGvas addedcomparedto CIAP).
5.835 pL of FITC stock solution was addenl 1 mg/mL AP solution and left to react
overnight. Excess FITC was removed by dialysis StigA-Lyzef® dialysis cassetteas
described for BSA method development. 1 mL of |IIRP was added to a cuvette for
fluorescence spectroscopy measuremenising the fluorescence parameters as described
for FITEBSA.

3.3.3. Bioconjugationof AP toQDs

A 10 mM pH 7.4 drate buffer was prepared bydissolving763 ng of borax (sodium
tetraborate NaBO;) in 30 mL kD. The pH was adjusted to pA4 using 0.2 M boric acid,

before adjusting the volume to 200 mL with water.

A 50 mM pH 8.3 drate buffer was prepared bydissolving3.81 g of borax (sodium
tetraborate - NaBO;) in 30 mL kD. The pH was adjusted to pH 8.3 using 0.2 M boric acid,

before adjusting the volume to 20GL with water.

o} ~
I EDC ! NHS 1L N L /‘
@ o o ot - @
H § 0.0 3 H
NN =N N 0"
& N= - 7\
Ho-N<
)i
0 = protein/enzyme

Figure 17 - Alkaline phosphatase bioconjugation reaction with quantum deis an EDC/NHS
coupling method.

Thealkaline phosphatasquantum dot(QDAP)conjugation method was adapted from the

Invitrogen bioconjugabn method(seeFigure17).%°!

n ®y6p5 nmamitting quantum
dot (QDysss5) solution was prepared in 10mM pH 7.4 borate buffer. A reaction mixture was

prepared by comiming EDC activated quantum dots, with alkaline phosphat&sen

"Iy Syleyvy$S dzyald o6'0 A& RSTAYSR la (KS Fyzdzi
minute within specific condition such as temperature and pH. Substrate and conditions are
dependent on the enzyme.
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Escherichia co{Sigma Aldrich P5931 lyophilized p®r, 3060 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

O2yadzaAl 4GS ¢l a TFAftiSNSD Rfiltel ikitdl@n dxmikon Ultracebtiifugal Yt 9 {

ultrafiltration unit with a 100 kDa cutoff (Millipore), and then diluted with 20k 0f10 mM

pH 7.4borate buffer. The conjugates were centrifuged in an Eppendorf centrifuge 5415R at
10, 000 rpm for 5 minutes andén washed wittb0 mM borate bufferpH 8.3up 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 determingtieby
addition ofp n > [ 2aBh s8rhpl@ fto ample containing 0.0081 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 factivity assay of pure conjugate). After the wash sample

absorbance resembled that of the negative cofitro §t KS O2y a2dzal ( STheé | &

diluted by the addition 64 mL of 50 mM pH 8.3 borate buffer. The final conjugate solution

was stored at £C(see section$.6,5.7and5.8).

Batches 1 and 2 were prepared for method develemin purposes using only EDC
coupling. Batches -8 were prepared using the method described abdve EDC/NHS
coupling. Batch 5 was prepared using QDs which had expired and were therefore not used
for any tracking experiments. All experimental trackingufisswere therefore obtained

using batches 3, 4 and 6. QPAP conjugates prepared as method described above.

3.3.4. QDszszThermolysin bioconjugation

The enzyme&D conjugation method was adapted from the Invitrogen bioconjugation
method?®® as mentioned previously. A 0.8 a 525 nm emitting quantum dot QD)
solution was prepared in 10mM pH 7.4 borate buffer. A reaction mixture was prepared by a
combirg EDC activated quantum dots, witlermolysin fromBacillus thermoproteolyticus
rokko and NHS at a molar ratio of 4x1500:6500 (QD%hermolysirEDC:NHS). The
reaction mixture was left to react on a blood rotator for 2 hours at room temperature. The
condzal 4GS 61 & FAL G§SNBR {KNEP dzankAmicon DlttaHcentrifdgalt 9 {
filtration unit with a 100 kDa cutoff (Millipore), and then diluted with 20h 0f10 mM pH

7.4 borate buffer.Thereaction mixturewascentrifuged in an Eppendorf ceifuge 5415R
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at 10, 000 rpm for 5 minutes and then washed wsh mM borate bufferpH 8.3up to 12
times (until no catalytic activity was measured in the wash), whilst retaining each of the

wash samples for further analygsee sectiord.4.1).

3.3.5. QDsss" -chymotrypsin bioconjugation

h-chymotrypsin from bovine pancreas) was conjugated to 655 nm emitting QDs as per
method described above for @3 Thermolysini.e. reaction mixture prepared with molar
ratio of 1:40:1500:6500 (QDs-chymotrypsinEDC:NHSPurificationwas as per previous

conjugation methodgsee sectior®.4.3. (Peformed alongside Sisir Debnath).

3.3.6. Dynamic Light Scattering (DLS)

DLS was performed on an AVLASBB4 light scattering electronics and multiple tagithl

correlator. Solutiong4 mL)of QDs, free AP and @EP conjugatestc. were filtered, using a

NOH >Y a&8NAY3AS TFAf i SeNIsindayDiRinsBuineéntada ténmperauze | Y R
of 295 K, with an angle of 90° and wavelength of 632 nm.

3.3.7. Transmission electron microscopy (TEM)

Carboncoated copper grids (200 mesh)wer 3f 26 RAAOKI NASR Ay AN ¥
sample was transferred to the support film, left for 30 seconds and blotted using filter

LI LISNX bS3IFGASGS adlAy o6wn >[= ™M 2 o aSikK
Nanoprobes) was applied and the ise 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 Mallat Glasgow Universi}y

3.3.8. CryoTEM

Three microlitres of the sample was transferred onto a thin film grid of2@® nm. The
grid was then plunged into liquid ethane (temperatures beld®0 °C) and transferred to a
GATAN 626 cryoholder and imaged using a JAOQ transmission electron microscope
fitted with a GATAN 4K Ultra scan camerary&€ TEM analysis was carried out at Unilever,

Bedfordby Meghan Hughes
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3.3.9. Atomic force microscopy (AFM)

Hn >[ wa$ Placéd Sn a trimmed, freshly cleaved mica sheet attached to an atomic
force microscopy (AFM) support stub, which was left tedayr overnight in a dustree
environment, prior to imaging. The images were obtained by scanning the miccsurf

air under ambient conditions using a VeebtltiMode with NanoScope 1lID Controller
Scanning Probe Microscope (Digital Instruments, Santa Barbara, CA, USA; Veeco software
Version 6.14r1) operated in tapping mode. The AFM measurements were obtasiveyl al

sharp silicon probdTESP; nominal length (Inom) = 12&, width (wnom) = 40>m, tip

radius (Rnom) = 8 nm, resonant frequency (nom) = 320 kHz, spring constant (knom) = 42 N
m™; Veeco Instruments SAS, Dourdan, Franaedl, AFM scans were taken at 512 x 512
pixels resolution. Typical scanning parameters wertbews: tapping frequency 308 kHz,
integral and proportional gains 0.3 and 0.5, respectively, set point 0.B V and scanning
speed 1.0 Hz. The images were asadyusing Veeco Image Analysis software Version

6.14r1.

3.3.10. Fluorescence spectroscopy

Fluoresence emission spectra were measured on a JasebB® spectrofluorometer with
light measured orthogonally to the excitation light-2 mL of sample is required in a

cuvette for measuring the fluorescence emission spectra of the sample.

For Fmoccontainirg dipeptide systems.e. 1a and 3a, the excitation wavelength was 295

nm and the emission detection range was 3lDnm.

For fluorescence studies usipgrene as a probe or dipeptides functionalised with pyrene
i.e. 2a, the excitation wavelength was 334nnand the emission range was 3600 nm,

with band widths set to 10 and 3 nm.

For samples containin@Ds or QBenzyme conjugatesxcitation was typically 435 nm
unless stated otherwise, with an emission range of -480 nm.For QDBAP quenching
studies thefluorescence intensity of QD t  ,,60¢ 655 nm) was monitored over time in the
presence of a number of materiabsg. FmoeHY 1a, FmoeFY 1b, alkaline phosphatase

and/or 0.6 mM phosphate buffer.

For Thioflavin Tassay studies the excitation wavelength wa& nm and the emission

range was 45&00nm. The bandwidth was 3 nm.

75



3.3.11. Ultra violet-visible spectroscopy (UW¥is)

A Jasco V660 UVis spectrophotometerwas used for all absorbance and spectral

measurements. -2 mL samples were measured in PMMA cuvetteh@FiScientific).

3.3.12. Alkaline phosphatase activity assay

0.003M p-nitrophenyl phosphate solution was prepared by dissolving 11.14 mg of PNP in
10 mL of waterEach sample containemL 1.5 M Tris.ClpH@nn > namdbsda t bt

>[ 2F alYLXS 2NJ gl aKd LYYSRALFLGStEe@ FFGSNI GKS
nm was measured every 30 seconds fak®minutes. The same activity assay was used to
monitor the removal of unconjugated AP from @ conjgates by measuring the
absorbance as a function of time for each conjugate wash. AARRonjugate life time

study was undertaken for QBP batch 4, in which the activitye. absorbance at 410 nm

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

3.3.13. Thermolysin activity assay

Prior to activity measurement a number of reagent solutions and standards were prepared:
Reagent A50 mMLI2 G a8 & A dzY LIK2ALKFGS 0dzZFFSNI LI 1 dp |0

Reagent B; 0.65% (w/v) casein solution, heated gently to-® ¢ / F2NJ mn YAy dz

stirring

Reagent € 110 mM trichloroacetic acid (TCA)

Reagent@C2ft Ay IyR / A20F f (GSdzQa LIKSYadtileNddterISy i3 w
Reagent E 500 mM sodium carbonate solution

Reagent € 10 mM sodium acetate with 5 mM calcium acetate

Reagent G; 1.1 mM Ltyrosine standard, solution heated gently on a hot plate for a few

minutes
Reagent K, Thermolysin solution (0-0.2 units/mg)

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

mL reagent D, 5 mL reagent E and 0, 50, 100, 200 or 400 uL of reagent G (standard). Each
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sample was adjusted to a final volume of 8 mL with distilledew 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:

Y= o] e W E | kW Rt

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
3%/ F2NJ mn YAydziSa GKSy tk8SachsBiiple @idDP mi2 T H Py
reagent H to sample 2 only. Both samples were mixed by swirling and incubated for a
FAZNIKSNJ on YAydziSa |G ov1e/ @ ! FiaDRUnsyridgzd | G A 2y

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

Colour development was achieved by combining 400 pL of either thermolysin sample or

blank to a mixture containing 1 mL reagent E and 200 uL reagent D. The samples were
mixed by swirling and incubated for 30 minutes3d@s / ® ! F i SNJ &yplszeereli A 2y
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 ofTQEm conjugtes as well as

conjugation wash samples to monitor removatlod free enzyme.

3.3.14. h-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 bengaylrosine ethyl ester (BHE) in 50% wi/w
methanol and 100 pL enzyme, conjugate or wash sample. The absorbance at 256 nm was
monitored every 30 seconds for 5.5 minutéschymotrypsinpositive control sample was
prepared at 1 mg/ml in 0.001 N HCI then diluted @lkb 20 pg/mL(Performed alongside

Sisir Debnath

3.3.15. QD fluorescence calibration

A number ofQD (655 nm) samples were prepar€d08, 0.05, 1, 2, 4, 6 and 8 nM by diluting
the 8 uM stock solution supplied by Invitrogen. The fluorescence emission specfrum o
SIOK O2yOSYiNY GA2Y 61 a 200G+ AY S RauflugtescBiSet ONR 6 S

intensity versus concentration shaa linear relationship which can be used to determine
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an unknown QD concentration within samples of -@ixyme conjugates, assurgirthe

optical propertiesof the QDsare unaffected by conjugation.

A number of QEBenzyme dilutions were preparece. 5, 10, 25, 32, 50, 100 and 200 pL/mL
0.6 M phosphate bufferThe fluorescence emission spectrum of each concentration was

obtained as desied previously.

3.3.16. Cdculation to determineQD:APratio

A p-nitrophenyl phosphate colorimetric activity assaynitored by UWis was used to
estimate the effective activity of the enzyme after conjugatiofigure 114 AppendixD)
relative to free enzyme by measuring the change in absorbance at 410 nm with time for

different AP concentrations.

Thefluorescence calibration curvaf QDs was used testimate the QD concentrativin a
given conjugate solutione. 32 uL/mL(Fgure 113 AppendixC). For the same volume/mL of
QD-AP an activity assay was performed and compared taatliwvity offree AP, to give an
estimated QDAP conjugate effective activity approximately equivalent to a free enzyme
concentration of 0.37 nM (equivalent to approximately 7.0 %10i.e. 43.68 U/mg protein

and 19.9 U/mg of solid, as per manufacturer). Note that thigesents 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 QDAP sample for batches 3 and 6.

Calculation:

ImgmL AP solution (MW 9KDa)(¢ stock solution 1

papT
Wt n%ﬁ)_{ﬂﬂﬂp&it(p@p-n

po2

Stock2m>[ 2F 40201 ™M At m Y[ o0dZFFSNIT mdncEwmn

op >[ 2F 40201 HZ Ay MY[ 6F4& daSR F2NJ I aal e

# 6 # 6

P8l @ Dp@oty # Dp M T
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# o p@pH 8 | ECQDAP(3)

ForQD-AP(6)the gradient representing activity is 2.4 times less thanAp3)i.e.0.37/2.4
= 0.15 nM(seeAppendixD).

QDAP-pn>[ Ay wm®pp Y[ T oH >[KY]
Equation of lineKigure114 AppendixD):

U o ¢ ¢ w@® Y Equation3a QDAP(3)

U ¢d wo @ ¢ uc@quation3b QDAP(6)

LT E I' on >[kY[] GKSyY

QDAP(3)y (intensity) = 63.2 au by substitutimgnto equation3a

QD-AP(6)y (intensity)= 204.6 au by substitutinginto equation3b

Using the values calculated foriye. 63.2 au and 204.6 au. The equation of the QD
calibration plot Hgure 113 AppendixC) can be used tosgtimate the QD concentration in a

given volume of QAP of both batches (3 and 6).

By substituting y = 63.2 or 204.6 iftb p T8 p Pw B T Equation4d
x (QD concentration) £.04 nM QDBAP(3)

x (QD concentration) 2.00 nM QDBAP(6)

¢KSNBET2NBE G2 SatAYLrdS GKS NIXdAz2 2F vba4
AP: 1.04/0.37 nM = 2:8.0and QBAP 6: 2.00/ (0.37/2.4)M = 13.0:1.0

Ratio of QD:AP 2.8:1.0 QBAP(3)

Ratio of QD:AR 13.0:1.0 QBAP(6)

3.3.17. Biocatalytic selfassembly methodvith AP and Qb
AP

A typical reaction oia, 2aor 3awith AP or QEAP involves dissolving the dipeptide powder

2

(6.3 mgla; 6.2 mg2aor 62 mg3ato make 10 mM, 1 mL final volume) in 980 pL or 968 pL

0.6 M phosphate buffer (pH 9) before the addition of 20EulColAP (4 U) or 32 pL QAP

conjugate solution, respectivelffor chemical structures dfa, 2aand3aseeFigurel6. 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 containingARDFor
samples containing 7xT0U AP, aromatic dipeptidesere dissolved in 996.5 pL 0.6 M
phosphate buffer followed by the addition of 3.5 pL diluted AP solution (Img/mL AP
solution diluted by the addition of 1 pL in 1 mL of buffer). Samples were mixed by

ultrasonication and vortexingfter the addition ofAP or QBEAPR.

3.3.18. Pyrene and 2a doping of 1a

A 10 mM1lasolution was prepared (6.3 mg in 1 mL final volume). Pyrene was added to the
solution oflato make a final pyrene concentration of 100 nM or 0.5 puM. The mixture was
then mixed by ultrasonication and vesting before the addition of 4 U AP (as described

above).

For coassembly dfb with 2b converted by AP, 10 mi#aand 1 mM2awere combined and
dissolved in 980 pL phosphate buffer (0.6M pH 9), before the addition of 20 uL AP (final
concentration 0.2 mg/ml,4U). The samples werthen mixed by ultrasonication and

vortexing then I to react at room temperature (see secti@b).

3.3.19. High performance liquid chromatographyHPLE

A Dionex P680 HPLC system equipped with a Macidagg C18 column of 250 mm

length, 4.6 mm internal diameter and 5mm particle size was used to sm#tg 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 usindglav rate of 0.7 ml/min and

detection wavelength of 301 nnffor the detection of aromatic groups such as Fmoc
functionalised dipeptide derivative®) { F YLIX S LINBLI NI} G§A2YY HnAn>f
acetonitrile/water (1.5 ml, 50:50 v/v mixture) containing 0.1%fluoroacetic acid.For

samples containing QBnzyme conjugates, these were filterddrough Amicon Ultra

centrifugal ultrafiltration unit with a 100 kDa cutoff (Millipgréefore being injected into

the HPLC column.

3.3.20. Motility assay

Optical tracking motilityexperiments were performed using 35 mm glass bottom eksh
OLOARAT (0@ Mo 9 phdsphateFbufferas added to the wellcontaining QPAP
conjugateswith FmocFpYla, pyrenepYL2a, FmoepYQ3a, p-nitrophenol phosphateta or
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no fuel A glass covslip (22x22 mmNo. 1.5 thickness: 0.1 19 mn) was placed over the
well and immersion oil was added to the coverslip for use with 100x oil immersion objective
(see sectiont.3.3.9. Each experiment was repeated up to 4 tinad®wing for repeatability

analysis.

For fuel reservoir experiments 4x4 mm substrate saturated polyacrylamide gels were
placed in one quadrant of thglassbottom dish prior to addition of QAP conjugated in

buffer (see sectiory.7).

3.3.21. Optical imaging

Video acquisition was performed using a fluorescence microscope (Nikon Eclipse LV100)
with a 100x oil immersion 0:5.3 NA objective (Nikon Plan Fluégn)5 ndcz, Kk nodm
combined with an AndoiXornt+ 897 EMCCD camera fitted wib0/60 nm and 536/40 nm

single bandoptical filters (Semrock) to capture the signals from tB85 nm and 525 nm
emitting quantum dotsrespectively.The @amera shutter was permanently opeturing

video acquisition. Videoapture is achieved hiyre detector using detector chip which has

an areaexposed to the sample and another that is used as a storage area (not exposed to
the sample). The storage arstores theimage information temporarily before processing,
while the camera (exposed area of the chip) acqutlree next imageExcitation of quantum

dots was performed by BMUEPhalogen lampg50 W)combined with a 43810 nm optical

filter (Semrockland UV-LEDdriver LEDDI Thorlabs, CW full power, Imax = 700 mAEDd L
(Thorlabfitted with a 365 s M365L-Z1, SN M00268758) combined with DAPI filter set
containing excitation optical filteB65 nm (Carl Zeiss 042879, G365) 395 nm dichroic

filter and 420 nm long pass filteMideos were obtained in kinetic acquisition mode with
typically 23 framess A Thorabs optical table was used to minimise vibrations during

motility measurements.

Optical imaging of ThT stained fibresldf was achieved by the use dB82/35 nm single

ol YR 2LIGAOFE FTAfGSNI F2NJ RSGSOGAZ2Y 2F -nyn VYyY
sheet assembliegexcitation at 435 nm)Simultaneous QP (655 nm emitting) and ThT

stainedl1b, used corresponding optical filteesg.650 and 482 nm respectively, which were

fitted in turn.

For2b fibre visualisation, @17/60 nmsingle band opticalilfer was fitted for detection of

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

respectively.

For samples containing a mixture QD,,5AP and QRsAP, optical filters were switched

between 536/40 nm an@50/60 nmfor 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,&0 pL SDS and 2.00 miOHFollowed by the addition of 50 uL 10% APS and
15 yL 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 fr@2a and 4a and

left to saturate overnight at room temperature.

3.3.23. Gel diffusion study

Substrate saturated gel squares containiteyand 2a were separately placed in cuvettes
containing 1 mL 0.6 NMhosphate buffer. The fluorescence emission spectra for each were
recorded every 5 minutes for 1 hour. Fluorescence parameterslfoand 2a are as

described previously.

3.3.24. Sample preparation for fibre visualisation by

fluorescence microscopy

Simple flow cel were prepared by the deposition of 20 UL 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 depositin§02QL liquid orgel
sample onto a glass slide. The slide(s) were left to dry overnight in the dark environment.
For samples containing fibres dif 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 exd@®&dswith water and

drying for a final time before imaging.

3.3.25. 2-photon microscopy

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

glass slide and adding a 22x22 mm glass coverslip over the sample, before finalty sealin
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with clear nail polish. A Leica SP S Mulitbton 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 respectivelgctioa
ranges for pyrene containing samples was-%00 nm and for samples containing P,

the detection range was 66000nm. 100x 1.4NA and 10x 0.3 NA objectives were employed
for image capture. Images obtained were 2048 x 2028 pixels and 1 pixelakteqr2.11

nm. Background noise reduction was achieved by averaging over 10 #Panfarmed

alongside Gail McConnell.

3.3.26. Thermolysin tiel system method development
FmocTFOMe

A mixture of 10 mM Fme¢-OH and 40 mM©Me was prepared by dissolving 7.2 argl

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 puL QI3 Thermolysin.

3.3.27. h-chymotrypsin tiel system method development

PyreneYY¥NH,

A mixture of 20 mMpyrene'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 h-chymotrypsin (final concentration of 1Img/mL) or 25 pU/mL QRssChymotrypsin
(performed alongside Sisir Debnath
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¢ Chapter 4

Techniqueg; Part 1

4.1. Spectroscopic techniques for the analysis of self

assembled structures

4.1.1. Fundamentals of fluorescence spectroscopy

Fluorescene is the emission of photonéor light) from fluorophore moleculeswhich are
excitedto higher energy levels by a fixed and appropriate wavelengtiglof (usuallyin the
ultra-violet UV) region)? Initially ght is absorbedy the fluorophore moleculén the
form of a photonand the resulting specidsecomes excitedby the promotionof electrons

from the ground state (pto higher energy levelfor example §to S (seeFigurel8).

} vibrational levels

SO A 4 \"4

Ground state

Figurel18¢ Energy state diagram for fluorophore excitation and relaxation.

Excited moleculet f2aS SySNH& 2N WNBfIEQ & GKS
vibrational energy levels tothe first singlet excited state (5 The excited singlet state
fluorophore i.e. S returns to the ground state ¢ by the radiative or nomadiative
processes, fluorescence (F) or internal conversion (IC), respectjvebe Figure 18.%%°

Fluorescence excitation and emission is characteristic tartbkecule. 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 theasd&émbly modes of aromatic dipeptide
amphiphiles. In particular fluorescence spectroscopy can be used for systems involving
aromatic moieties such as Fmoc or pyrene, as their fluorescerttrsppeproperties 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 peples are typically excited at around 300 nm and display

OKF NJ OG SNR a i ANB auDS/yOSY SHINA aTafAdRAL, ofad2ds Al fdd = G A
Fmoc?®®?°"?*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 FmBgY, a charactéstic shoulder at 37680 nm is

indicative of micelldike assemblies in which Fmoc groups make up the hydrophobic core of

the micelle in aqueous environmentseg Figure19). Alkaline phosphatase converts the

dipeptide derivative to a more neutral FmétY, resulting in a diminished spectral shoulder
B70oynyYo |a GKS YAOSttS adNHz2OGdzZNBEA ' NBE RA &N

align in a different orientatioR’<*%

Anti-parallel B-sheet Parallel B-sheet Micelle

/‘]"\_

Figure 19 - Schematic representation of differentrientations of seHassemblyi.e. anti-parallel,
paralleli -sheets and micellar structures.

i
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Subsequent selissemblyof FmocFY into aromatic stacked arrangements. parallel or
anti-LJ- NJ SHed@stFigure19), can also be detected usirfigorescence spectroscopy. A
red shift in the 320 nm Fmoc peak is observed with some systems indidatimg
excimer§?*??' and a peak at 400 nm can suggest Fmoc pbenyl Jaggregates

forming .62,221,231,232

PSSy S TFdzy OliA2yltA&aSR LISLIWARSE NB SEOAGSR |
multiple emission peaks at 375, 380, 385, 398 and-41® nm, representing the major

vibrational bands I, I, Ill, IV and V respectiv&***** The spectral peaks are duetd, " *

transitions of monomeric pyrene, whetbe third vibrational state (385 nm) can be used to

monitor the environment polarity>®> As with the Fmosystem, selassembly of pyrene
functionalised peptides into fibrous structures is indicated by a change in the emission
spectra, whee excimer peaks become more intense compared to those associated with the
WY2y2YSNRP ¢8LAOlIffte dzyadNHzOGdzZNSR 01555Ra | NR

nm) .235

A redshift of a peak can indicate aromatic stacking interactions; however the
fluorescence emission spectrum of a pyrerantaining peptide is more complex
(compared tofluorenyl functionalised peptide) due to the different pyrene orientations
available. For example, the fluorescence emission spectra chssdinbled pyren&’L,
exhibits a broad lesdefined profile, accompanied by quenching of peaks astatiaith

monomers?®

4.1.3. Fluorescence spectroscopy usingtensic

fluorescence

As well as an inbuilt claical fluorescent probei,e. pyrene or Fmocextrinsic fluorescent
probes can be added to peptide solutions, in order to gain more information about the self

assembled structures and resulting local environments.

"Iy SEOAYSNI 2NAIAYFGSBY RNRPRAYVEKSD g2 WHR a NBUSIEDS 41 SRD
which are table and exist in an excited state.

” Jaggregates 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 pyrenecan be used to determine cigal micelle concentration (CMC) of peptides
suspected of forming micellesde Figure 20 for the molecular structure of pyrene). The
free pyrene fluorescence signal depends on the solvent environment of the ni@lecu
therefore upon encapulation by micellar aggregatethe 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 p&dks

In a hydrophobic environment band Il increases compared to band | (the opposite effect is
seen in polar environment$j® In the presence and absence of micelles the ratio between
the two bands is high or low respectivéf}**"By plotting the ratio value against surfactant

(or peptide amphiphile) concentration, the resultimgirve can be used to determine a

value of CMG.e.where there is a sharp change in the curved prdfiie.

The fluorescence method ofetermining the CMC using pyrermn be employed for
peptides which are not already functionalised at théekminus by pyrene. For example,
the CMC of FmeEpY has beennaviously determined to be 5 mMsing free pyrene as a

probe?”’

S CH,3

CH, CI
oy Ve
O S

Figure20- Chemical structures &) pyrene andb) ThioflavinT.

Thioflavin T(ThT)A & |  Ff d2NBaOSy i LsheBtatRictuieqHigire2Q, y A Y R/
FYR A& G&LKAOI f-fich amyraids fRrils (agsocid& (wdhOpiiotein misfolding
RA&ASIFaSa &adzBR*¢ &c¢ ! @A StuauseslEnd 8 can be used to detect

seltk 3aSYo0of SR LISLIARS &0 NUzehedzNIBere isidemnte s @itte R 2 F
mechanism by which ThT néh2 @I £ Sy (i t &richoakyloriafibrild, avhefe some

suggest that aromatic andydrophobic amino acid residues provide a recognition site for
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ThT binding??* Alternatively, it is thought that ThT forms micellar structures capable of
oA Y RA yich fibfilg 2iN G KIF G AAT S &LISOASudurefordadyd Sa | NJ

to penetrate?*<?43

¢KS Ftd2NBaoOSyO0S Syiraarzy OKI NI OGSbskairOa
structures(exciting at 442 nm)lue to a shift in the emission maxima from 445 to 480 nm

YR |y AYyONBlIasS Ay TFid2NBaOSyOS SYishaaizy
strucures 40242244246 Tha shift and subsequent increase in fluorescence enmissia 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 (deg Figure 20),

leading to an increaseguantum yield and fluorescence outptit:40244248
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Techniqueg; Part 2

4.2. Visualisation of proteins using bioconjugation to

fluorescent nanoparticles

Single biomolecule tracking has led to the undeamgiag of how many molecular motors
movein vivoandin vitro.?**?*! Biomoleculeshowever, can prove difficult to visualise using
fluorescence microscopy technigues, with the exception of naturally fluorescing proteins
such as the green fluorescent protéitt:>>*Proteins exhibit a natural intrinsic fluorescence
for sequences containing ammtic residues tryptophan, tyrosine or phenylalanine.
However, this fluorescence intensity is weak and in the low nanometre wavelength range
(200350nm), so is generally unsuitable for vissaly proteins by fluorescence
microscopy.’’ Therefore, methods to visualise and track singlelecules and proteins
require the attachment of a fluorophore or particle to allofer visualgation. Strategies
currently in place for protein observation and tracking include labelling with an organic

fluorophore " genetically fusing to a fluorescent proteif;”®® conjugating to

,260

fluorescing or metallic nanoparticf@&®® and attachingto the surface of micron sized

particles®®<?%*

Sirmgle biomolecule observatiortan be achievedy modification withorganic molecular
fluorophores only if the fluorescence signal is sufficiently greater than the background
noise. In most cases organic fluorophores have low fluorescence emission in@ndity
cannot offer sufficient time resolution for single molecule tracki¥igConjugation to larger
micron-sized particless more convenient irterms of visualisation, but the larger size,
compared to nanoparticlegpresents an increased Idaon the biomolecule. This in turn
cause a decrease in the diffusion coefficieot the overall conjugateand thereforecould
potentially prevent realistic tacking of the attalsed biomolecule. Nanoparticles (NPs) are
comparable in size to many proteins. NPs composed of metglgold or silver are ideal

for darkfield microscopy as they are highly contrastifitf®®

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

molecules. In this investigation wiastly label the enzymewith an organic fluorophore
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(fluorescein)and alo conjugat to fluorescent nanesized quantum dot¢see Chapter 5).
Quantum dotenzyme conjugates were utilised for all subsequent tracking investigations

therefore here we focus on the fundamental properties of semmductor quantum dots.

4.2.1. Quantum dots

Quantum dots (QDs) areidhly fluorescent semiconductor nanocrystalwhich offer
attractive optical properties for the conjugation and tracking of biomolecules. QDs range in
size from 220 nm in diameter, with around 2000,000 atoms per crystai®®*?*®The
general structure of aore-shell QD comprises o& primary semiconductor core such as
CdSe plus an optional layer of different semiconductor for examplgFg&e21).%’ The

outer semiconductorshell functions as a protective layer against oxidation and it also
enhances thequantum vyield of the QB***® An additional coating of polymer or ligands
allows for solubilisation of QDs in either organic or aqueous environniétitsis 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

Figure21 - Structure of a coreshell quantumdot, with semiconductor core and shellg. 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
their electrons by a potential barriéf? QDs differ from bulk semonductors 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

bonding molecular orbitalare found in QD¢seeFigure22 overlea).”’ 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 materfal.

Bulk Semiconductor QD Semiconductor

Figure22¢ Electronic state schematic diagrasomparing 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 occupgher energy levels, similar to the promotion

of an electron from the valence to the conduction band in a bulk semiconddCtor.
Emission of light then arisesud to the recombination of electrehole pairs from the
discrete energy levels, as in bulk semiconductors where eledtods pairs are recombined

in the shallow and deep traps caused by defétts.

The size of the QD influences the spacing or band gap between thetdistrergy levels.

By changing the size and composition of the QD nanocrystal, the band gap is affected
therefore influencing the optical properties of the G As a result, the wavelength of light
emitted by a particular ge of semiconductor nanocrysti controlled by the bandgap and

therefore by the size of # crystal®®
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4.2.1.2. Opticalproperties

As mentioned previouslyhe QD fluorescence emission wavelength is dependent on the
size of the nanocrystal, with a rangé light being emitted from ultraviolet to infrared
regionsof the electromagnetic spectrufi®****"?As the size of the QD decreasthe band
gap increases, where smaller sized nandefgsi.e. 2 nm QDsemit blue/green light,

whereas largeb nmQDsemit in the red regiorf>*?%%2"

QDs have a number of advantages for microscopy imaging applications, compared to
organic fluorophoresnd fluorescent proteins. QDs are-100 times brighter due to their
large molar extinction coefficients between 6510 M™* cm™ (compared to 7x10M™* cm®

for FITC§*2%722"They are generally highly photostable allowing them to be used for
longterm tracking application&'*?*?"22"5 Organic fluorophores, on the other hand, can
experience considerable photobleaching after only a few minutes illuminatine to

permanent photochemical destructioif’

QDs hag narrow, symmetrical fluorescence emission spectra with broad adsorption bands
allowing simultaneous excitation of multiple coloured Qf§$>1268272274 Qrganic
fluorophores have narrow adsorption and broad emission spectra that tend to overlap and

are les symmetricaf®?>+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
diffusion of that moleule?™* QDs also suffer frorblinking (alternation between emission

and nonremission), thought to be caused by the crystals diffusing in close ptgxina

surface”"**®This blinking effect can make singharticletracking difficult.

4.2.2. Bioconjugation

Despite the downsides of QDs for singiemolecule tracking, there have been a number of
reported example®f successfutonjugationand subsequenimicroscopic imaging*?"+%®

or tracking of a variety of biomolecul&%:%#27%® The observatiomf enzymes conjugated

with QDs noving along and cleaving a DNA extension was repdffedlotor proteins

OF NNEAYy3 v5a a OFNH2 KI @S ogSfesotubtild2eackE® & F dzf &

Other single molecule tracking stiesinclude bioconjugation of QDs to: virusé&wheat
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germ agglutinin protein& prion proteing® and mRNA for tracking within cefi$?°® QD
nanocrystals have nevéo our knowledgebeen reported for trackingpiocatalysts involved

in seltassembly processes

As mentioned, aariety of biomolecules have been successfully attachesketnicondictor
nanocrystals andhere area number ofstrategies for bioconjugation to QDs including
electrostatic; thiol; streptavidifbiotin conjugation techniques and also amide Mon

formation or silane chemistry, and these are summarised as:

() Electrostatic conjgation - QDs with negatively charged surfaces are able to
electrostatically bind to positively charged biomolec &8 271.276.282,283
Biomoleales can also be engiaeed with positively charged hexahistidine tags to
enable electrostatic interactionsith negatively charge@Ds?®*

(i) Thiol conjugatiorr Coupling of maleimidactivated QDs to thiols of biomolecules is
achieved by either engineering the molecule with efréhiol groups or taking
advantage of any thietontaining cysteine residues within  the
sequence02°1:208:2711.276.289 i strategy however has a few downsides, for example
thiols can be sensitive to oxidation and free tsicaare rarely found in native
proteins as they are usually bound within disulphide bridgé3he ZnShiol bond
is relatively weak and therefore prins attached in this way can deta€h.

(iif) Amide bond formation between COOH and,NHEDC and sulfdlHS can be used
for the activation ad coupling of the carboxyl group on the surface of QDs to
amino groups of the biomolecule to form a stable amide b&tid’*276.2832828 Thjg
type of conjugation can also be used for coupling amino (PEG) QDs and carboxyl
groups on the biomoleculé®

(iv) Silica coating and silane chemistrfsome QDs have a silica coating that can be
modified using silane chemistry for the attachment of a number of functional
groups on biomoleculeS*™*

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

streptavidin and biotin have for each oth¥?2°0268.276.281,283,2¢093
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A handful of alternative methods have also been reported, such as the direct adsorption of
serum albumins to the surface of water soluble GB©ne example illustrates a orstep

incorporationof BSA by addinifpe proteinto the precursos used foiQD preparatiorf™*

Takinginto consideration the current strategies in place for bioconjugation to QDs, the
amide bond formationvia carbodimide 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 streptavitiatin or silane strategies.

A protein model oEscherichia catilkaline phosphatase wassualisedusing VMD softwae
from the crystal structure obtained from Protein Data BanBTGO(see Figure 39 for
model).?** From the threedimensional model it caneb seen that tiere are a sufficient
number ofamino groupgi.e. 56 lysine residues; of which 32 are availatnethe surface of
the enzymé@. Therefore carboxyl functionaid QDs were chosen for conjugation to
alkaline phosphatasevia the EDC coupling stiegy (seesection 3.3.3 for conjugation

information).
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Techniqueg; Part 3

4.3. Single particle tracking microscopy technique and

method development

4.3.1. Introduction

Here the florescence microscopy techniquesiployedto track single fluorescent enzyme
quantum dot conjugatewvill be discussed.hEe microscope configuratiowill be highlighted

along with the major challenges posed for single particle tracking of nanosized species.
Challenges such as achieving sufficiesblution 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 twituorophore detection and trackingill
be presented, as a natak step beyond this study would ke track QDAP conjugates as

well as seassembling filwusstructures.

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

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

4.3.2. MicroscopeConfiguration

Visualisingand trackingthe motion of single particles in a threBmensional environment
can prove challenging, particularly whéackingsingle nanosizedpeciesin a potentially
optically turbid environmentfor example in the presence of fluorescent fuel molecaled
other scatterers QDenzyme conjugatesxhibit Brownian diffusion characteristicas
explained insection1.1, therefore br real time visualisation ofingle QRAP conjugates,
the microscope configuration is importart to accurately trackmotion at nanoscale

resolution as calculated in sectieh3.3.1

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

fluorescent or fluorescently labelled particléBracking gneraly relieson gatheringa series
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of images for a period of tim&° Intense spots captured in each image can be assigned as a
single particle, which due to its position will have individual coordinate safierhe
position of a particle will be assigned according to the centre of the intensity distribasion
described in4.3.4.1%%°

As cescribed insection4.2, the chosen method for labelling alkaline phosphatase was to
conjugate to fluorescent nanosized quantum dots, for visualisation usinfuspescence
microscopy gee Figure 23 overleaf for microscopy configuration Once a method of
labellingwasdeveloped, theravere a number of parameters which requielevelopment

before single particle trackingasachieved.

Conventional widdield fluorescee microscopes operate by illuminating the sample with
the chosen excitation wavelength, and the sample can be observed through oculars or a
camera seup (Figure 23 overlea).?®” The environrent that the microscope is set up in
must have low light levelsuch asan appropriate dark room and the room temperature is
usually controlled in order to control the performance of electronics such as EMCCD

cameras’”’

The microscoe configuration for imaging QBP (emission 655 nm) is shownHigure23.
Depending a the wavelength of light required for illumination, either a halogamp or
UV-LEDwas coupled to the microscope. Filter comditions to direct and detect light at
specific wavelengths, correspondirtp the sample excitation and emission, can be
incorporated eitherafter the light source or as part of an optical filter culsegFigure23
overleal). Emission filters for capturing the sample signal can be placed before the camera

or within a filter cube.
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Emission filter 1 2

e.g. 650/60 nm
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Figure23 ¢ Schematic of widdield epifluorescence microscope sap (with optional twocamera
setup). The light sources used were switched between halogen aneLBEIV lamps, depending on
the required sample excitation wavelength. The filter -apt here explores different filter
combinations tdored to the sample requirement.dthmercially availale standard ifter cubes are
usedonly for 365 nm excitatiofdichroic 395, long pass 420 nripr 435 nm illuminationindividual
excitation and emission filters are employéaffter the light source and fitted before the camera
respectively) For applications in imagg a twofluorophore systensuch as QE2nzyme conjugates
and selfassembled fibresa 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 ThTstained fibreswith band widths of 60 and 35 nmgspectively

4.3.2.1. Simultaneous enzyme and fibre visualisation

For visualisation oénzymeQD conjugaes and selassembled fibresimultaneously the
microscope design must batered accordinglyEnzymeQD conjugates can be visualised
using a combination of optical filters whiaorrespond tothe excitation and emission
properties of the QDForthe vistalisation ofselfassembled structurg two techniques can

be employed: extrinsically staining the saffsembled structure with a fluorescent probe
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i.e. Thioflavin Tgection4.1.3 or incorporating an intrinsi fluorescent moiety into the self

assembling aromatic dipeptide derivatiegg.pyrene 6ection4.1.2).

In order to truly track and visualise a two fluorophore system such as fluorescent enzyme
QD conjugatesra intrinsic or extrinsically fluorescent saésembled 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 sa#sembled structure is the

defining factor for deciding the excitation wavelength.

To obtain digital video dataf each fluorophord.e. conjugates and selissembled fibres,
the microscope design would incorporate a dual cameraupend beamsplitter to ensure
light is passed to each camgiigure23). For a one camera selp 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 showkignre23. Each camera
would be ftted with an optical emission filter corresponding to the emission wavelength of
either the QDs or the sedssembled structures. For example a system containirignéd
emitting QDconjugates and thioflavin T stained fibres (emission wavelength 48Q sea
section4.1.3; 650nm and 482 nm optical filters would be fitted respectiveefigure24
overlead. Dichroic filters in this case are not required as the emissijaital filters only
pass light of a certain wavelength range band, preventing lightat the excitation
wavelength from entering the detector. Fan optical filter combination capable of
detecting fluorescence emission from intrinsically fluorescebte of 2b and QDAP

conjugates sedppendixB.
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Figure24 - Example plot of optical filter combination required to capture fluorescence signal for a
two fluorophore system of 655 nm emitting QDs and 480 emitting Thioflavin -Btained fibres
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4.3.3. Challenge®f tracking at the nanoscale by

fluorescent microscopy

There are a number of potential challges or factors worth contemplating when imaging
fluorescent nanesized 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 approfate 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 lighgy. diffraction Gee

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 plane is typically 200 nit’’
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The numerical aperture (NA) of an objective gives an indication of the light acceptance
angle of the objective and determines thehigcollection, resolution and depth of field.
High numerical aperture objectives (NA 1.451.65) are capable of improved signal
collection, but at the same time with an increased collection of n&iS€o achieve a higher

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 applicationise. 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.

Equation7

Where d is the resolvable feature size&;is the wavelength okemissionlight, n is the
NEFNI OGABS AYRSE 2F GKS YSRAdzY o0Si-an§&of (KS
the inverted cone of lightentering objective andy’ ' &NM\Gf the objective gee

Figure 25).”® An alternative equation is simphiR ' <whishbcan be used to estimate

the optical resolution of the setip used to image fluorescent @zyme conjugates.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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Fgure 25 - Scheme representing objectives with different numerical aperture (NA) valBghas a
larger NA value tharfA) due to the light cone increasing in which in turn increases the angular
aperture.

The axial resolution atepth offield must also be taken into account, especially for tracking
particles in a liquid sample wellhe depth of ield alsorelies on the numerical aperture of
the objectivewherelow and high NA objectives can bemparedin Figure26. The depth of
focus or image depthnelies on the magnification and NA of the objectitgher NA (and

magnification) objectives usually have a larger depth of focus.

Low NA
High NA

Depth of 7
field — —Plane

v

Figure26 - Depth of field compeson of an objective with low or high numerical aperture (RKR).

For this study a number of objectives were tested for the best resolution of-AFD
conjugate samples (50«ir, 60x water immersion and00x oil immersion). e objective
chosen wasa Nikon Plan Fluoobjective with 100x magnification oil immersion with an

adjustableNA between0.5-1.3 (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

possibie.

4.3.3.2. Light source

The light source used will depend on the excitatiorvalangth required. fie absorption
spectia of QDs are broad and therefore offer a wide range of excitation wavelengjths.
ensure high signal to noise, the correct light source for daritlumination is important®’
For studies which illuminate at wavelengths of 38D nm, glass equipment such as slides

and coversslips may supply added background fluorescence to the system.

In this case two light sources wenevestigated: Halogen and LED lan{pse Figure 27
overlea). A UVLED was investigated to increase the illumination light intensity for single
particle tracking as well as excitation in the UV wavelength rangemiomre 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 waveleingthe visible
regione.g.>400 nm which may not be suitable for all samples and other light sources such
as mercury lamps areot sufficiently powerfulin the UV regiorfor single QDtracking
applications. Although many single particle tracking studiepley lasers for illumination,

high power LED light sourcese available in a range of wavelengths from-IRVand so

offer an alternativdight source inmany cases, to exposed laser beams.
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Figure27 ¢ Spectra of UNLED and &logen lamps used for this study.

4.3.3.3. Optical filters

Optical filtersoperate byremoving unwanted wavelengths of light but at the same time,
allow the target wavelength t@assthrough the microscope system. There are generally
three types of filters emplogd 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 tihelsgpass

to the output i.e. 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 theptimum 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 alsoi.e. from UV to low visible mgion. Two excitation filters were chosen
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for this study: 365/25 and 435/40 nm (central wavelength/ band width} also important
when choosing an optical filter, particularly for low levels of fluorescence, to ensure the
transmission is high which imrn 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. Aglie band filter passes light within a certain wavelength
rangei.e. a 650/60nm filter allows 650 nm light to pass with 30 nm each side of 650 nm (a

range of 626680 nm), ashown inFigure28.
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Figure28 - Optical filter combination for 365 or 435 nm illuminated sample of 655 nm emitting QDs,
collected using 650 nm emission filter (primary axisansmission (%)). &hedplot represents QD
fluorescence emission spectrum ¢emdary axi Intensity (au)) and dotted plot represents 395 nm
dichroic filter employed with 365 nm excitation onfyX = excitation, EM = emission.

4.3.3.4. Image capture

To obtain images or video data of nanoparticles a suitable camasanecessary to detect

and record thesignal of individual particles. Typicalharged coupled device (CCD)
cameras are employed for tracking single fluorescent particles, due to the high quality and
low noise images produced CCD camera is an optical detector thatverts light to a
voltage outputi.e. photoelectrons,which are amplified and converted fronanalogueto

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 eleadtiplying 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 tel0°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 samplegwever noise is equally detected. Noise can be
reduced by controlling unwanted ligle. 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 eximal 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 sirgike pracking
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, biahdtir the accurate

tracking of nanesized particleshowever lack sensitivity compared to EMCEDs

4.3.3.5. Microscopyecalibration

In order to determine distances for data analysis of tracked particles each objective used in
the study was calibrated using a reference. AxFM/optical reference (Pacific
Nanotechnologyvith SiO squardeatureswas used to calibratéhe objectives (Figure29).

Using ImageJ software the images were asedyto calculate the numbeof microns per

pixelfor eachobjective as follows:
50x 0.55 objectivemn >Y Top®Hpm LIAESEt AT nodoHyo YAONRYA

100x oil immersion objectv¥ mMn >Y I cH®opn LAEStAT nodmcn Y
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Figure29 ¢ 50x magnification of optical reference used to calibrate microscopic objecii@¢slO
micron square/20 micron pitch(B) 5 micron square/10 micron pitchC} 2.5micron square/ 5
micron pitch,and (D) 1.5 micron square/3 micron pitcfE) 100x magnification of 10 micron squares.

4.3.3.6.  Solution sample holdedesign

In order toallow fluorescent partiles (in this case enzyngeiantum 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 ceadlcapable of holding liquid samples with the ability to skalexample

glass capillaries, glass bottom dishes and simple handmade seiEigure 30 overleaj.
Choosing the correct sample holder depends orumber 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, thereferthe sample holdewas required tobe compatible

with the addition of oil and contain a suitably flat surface for contact with the objective.
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Simple flow cell

Glass capillaries
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Figure 30 - Schematic representation of flow cel(®) glass capillary tubes with taogular and
square crossections,(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-sbpefor use with oil
immersion objectivelnset¢ image of a glassottom dish.

The sample cells shown Iigure 30 were evaluated forin-situ imaging of enzym&D
conjugates where glass capillary tubes offered simple sample loading through capillary
action and were plugged ataeh 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-sex$®nal design such as circular,
square or retangular (sed-igure30 (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 &duce 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-sbpé¢Figure 30 (B)). This

sample preparation techniquewas simple and materials areeadily available, however

SO LRNYGARZY 61 & 20aSNISR AT GKS &FYLXS 61ayQ
Glass bottom dislsample holdersare purposefully designed for imaging cells usig

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

tracking applications glass bottom dishes can be used witHl@miescence microscopy
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where the objective is positioned above the samplée dishes incorporate a wethpable
of holding liquid samples. For use with an oil immersion objective the liquid samge
sealed within the well by the addition of a cowvdip over the well(Figure 30 (Q). The
coverslip offered a semipermanent method dsealing the sample, asvitasremoved after

observation and the sampleas easily recoverefr further analysis.

The sample cell chosen for this investigation wesefore a glass bottom disffor usewith
epifluorescence microscopws it provided gnple sample loading and recovery and was
compatible with oil immersion objectives, without the need permanently secure the

sample.

As the liquid sample contains fluorescent particles in suspension other important factors
were taken into account durinthe method development stage of the study, for example
the concentration of QDs or enzyrwenjugates was investigated to achieve the optimum
concentration for imaging.e. enough QDs to image but not too many as to create
background fluorescence issues @pwding. 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 surfacéshe sample holderBy using an oil immersion
objective (rather tha a water immersion), the top glass coxgip 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. MATLARata analysis

Individual enzyme&D conjugate motion is recorded indigital videousingan EMCCD
camera. The frame rate and length of video can be controlled by manipulating the exposure
time of the camera. A typical experiment reded videos 300 or 600 frames long with a
frame rate of 23 fps andn exposure timegthe amaunt of time each frame is exposed for)

of 001 seconds. Videos obtained using specialised camera software are required to be
converted to TIFF file format for subsequent tracking and data analysssworth noting

that the conversion of files to otheofmats can, in some cases, cause compression of the

file, and subsequent loss of information.
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Video frames are composed fromdividual pixels arranged in a tadimensional grid.e.
512 x 512, with a video consisting of a number of frames in sequermaded at specific
time intervals.The camera view coulde reduced to achieve higher frame rates, however
when working with higlyl diffusive nanoparticlest was concluded thagathering as many
particle tracks as possibleas more important for this stily, therefore 512 X 512 pixels and

23 fps wereused

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 softwae is available commercially however AWILABprograms, based oran
original IDL code by John Crocker and David &Fiean be altered for specifisystems. For

this study, an irhouse modifiedVIATLABorogram was used to obtain data on conjugate

motion using three main stages of data analysis:tpaeking, tracking and analysis.

Other tracking programmes such as Nanosigt@ commercially avaitde; however in this
case were not be suitable feideo acquisitiorusing the available microscope/camera-set
up, as it did not allow fothe detection oflow levek offluorescence. Alternatively the raw
data videos recorded using the EMCCD cameraugeuld in theory beanalysed using
Nanosight, however the videofr@me) dimensions would require to be altered and
dimensions reducedb match the specifications of the Nanosight programmesulting in

loss of information.

4.3.4.1. Pretracking

The pretracking $age 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 assigned coordinat¢Bigure 31 overlea). A minimum diameter cubff is
required €.g.6 pixels)andl WY I -A &(Ht@ydaiiof the intensity/area of the particle)

value of 1000 awgliminates noisebeing mistaken for diffusing particles

8 Develpment of MATLABrackingprograns performed by Alexander Hope, originally developed for
algae tracking and modified for enzyr@D tracking applications.
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Figure31 - (A) Snapshoimageof a paticle inone frame. (B) The correspondi® intensity profile
of the particleused to identify particles

4.3.4.2. Tracking

Tracking relies on informatiomecorded from the preracking stagei.e. positional
coordinates. Particles in neighbouring frames which are in close proximity are compared
and identified as either being the same particler different particles, depending on a
maximum distance value that 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 ovetime, resulting in particle trackss shown irFigure32 overleat
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Figure 32 - Particle tracks for a 300 frame lorexamplevideo. Tracks are mde bycombining
individual coordinate®f particles(assigned per frame)mage dimensions: 512 x 512 pixels. Green
corresponds to the start of a track and magenta is the end of a track Kgpee 64 for example
trajectories).

The tracking program reg@is 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 pixadsH @® n. This¥sithemaximum distance in pixels that a
particle can travel between frames BNE 06 SAy 3 Wi NBI i SRIGlatihgt | y 2 i
the distance travelled by the fastest particle tracked (assuming linear displacement) with a
ALSSR 2F HTOM >YI 20SNJ GKS GAYS LISNA2R 2F ™
have travelled 1.2 Y 6 AF o0l ff AaGA00® ¢KSNBEF2NBE | 002 NR
GKAOK KI @S RAALI I OSYSyia BHodn >YI akKzdzZ R S

individual particle identification numbefhe ninimum duration of tracke.g.10 frame$ is

0

the minimum number of frames in length a particle track should dedore it will be
disregardedThe memory omaxmum number of dropped frames, in this cadsdramesis
the maximum number of frames a particle can be undeteatagl going out ofthe focal

plane and reentering, before being given a new identification number.
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4.3.4.3. Analysis

The analysis stage measures how parametegs 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 stagesl 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 (sed.3.3.5. The andysis programtakes particle coordinates to
producethe speed of each particle, the mean squared displacement (MSD) (and diffusion
coefficient) for individual particles, but also population averages; and angle of trajectory

(see chapted.l).

¢KS ALISSR 2F |y AYRAGARdZ to-FINI NABAQO f 8SLISASR ~ R $K
measured over a 10 frame intervaé. frames 110; 211; 312 etc, to reduceerrors in
identifying the centre of a particle due to QDs, for exampldilgiing 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 travellad i

given time.
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Figure33 - MSDvs.lag time plot for an example video of AP conjugatesThe gradient of the plot
can be used with equation 2 to calculate the diffusion coefficient.

The MSD plot can reveal how a particle opplation of particles are diffusing, for example
a linear MSD versus lag time plot is indicative of normal random diffsM80,H ' ynsni

whereDis the diffusion coefficientas discussed in sectidnl. However, directed motion is
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shown by a quadratic relationship illustrated by the following equatiSD,> = Vit +
n 5 pihere v is the averagevelocity) and a curved MSD plétFrom an MSD plotfor
exampleFigure33), the diffusion coefficient can be determined using the gradient of the

line (MS[R) and the following equation:
. -” B re < (Equation2)

The angle of trajectory of an individual particledistermined by assigning the starting

position (x and y coordinates) of a particle with imaginary gsesFigure34), which are

dzZaSR (2 YSIadaNB GKS Fy3atS o6Sis6SSy (krSa 2NAIA

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

4

N,

-n/f2

Figure34 ¢ Radian argand diagram representing a particle at position 1 (green) which over a given
time has displaced to position 2 (red). The angflérajectory is a measure of the angle from starting
position to the new position of the particle according to the imaginary axis values.

A possiblesource of erroywhich could arise duringarticle trackingis the precision irthe
initial particle idg/ G A T A O A 2 sfageVA iNaRirinudd-e@dit thig’ a@e would occur
if the centre of the particle was measured incorrectly at a distance equal to the raflius
0KS LJ NIAOt SQa FigyfeB$H.\Addiidchally dridsRah odcd in dvkich she
acquisition timeof the cameracould be long therefore particlpositions could bemissed
i.e. the particle could have moved multiple steps in the time it takes for the camera to
acquire the next image/frame dhe video and these would not have been recordel@re,
we analyse the framo-frame speed distributios for large amounts of particle datéor
statistical stability and we then compare with a measured distributioBy analysing
distributions datafor a population of particlesve give a full picturecompared to quoting
solely an average speed valu&dditionally, datais acquiredand analysed using the same

techniquesfor all experimentgo ensure results are directly comparable.
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¢ Chapter 5¢

Towardsvisualisation 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 microscopging organic labelling and covalent attachment to
fluorescent nanoparticlesSecondly¥ f dz2 NBa OSyiGte WwWtloStt®BRO Syl
O2YyFANY adz00Saa¥dZ WwWiloStftAyaQs a ¢Sttt | a
iKS SyiTeyvyS NBYIAya I OlA Fbaly thelebzihe Bdudz2 weB & O Sy
investigated to determine whether mammalian or bacterial alkaline phosgeateould be

preferential for this study.

5.2. Introduction

Alkaline phosphatase (AP) (EC 3.1.3.1) was chosen for this study as-sipeauifically
hydrolyses phosphate monoester moieties, such as the natural substrate inorganic
pyrophosphate (PPof mammalianAP3*** Phosphatases exist in a variety of unicellular and
multicellular organisms; from bacteria to humans, functioning for the regulation of protein
activity and signal transducticfi* Furthermore expression levels of phosphatases in certain
organisms can be affected by diseases such as diabetes, cancer and multiple stlerosis.
Therefore elevated or decreased levels of phosphatase can be used to detect certain
diseases. Here we use AP, and take advantage akliggively non-specific behgiour
towards phosphate containing substrates, for the dephosphorylation of short aromatic
dipeptide amphiphiles ando consequently trigger molecular selésembly gee section

2.8). The overall aim is to vislige and analyse the motion of individual AP molecules
during the biocatalytic sefissembly 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 moleculdabelling could facilitate the visualisation and
tracking of individual enzyme molecules, the organic fluorophore: fluorescein
isothiocyanate (FITC) was chodenlabel alkaline phosphatase. The optical properties of
FITCfor example, excitation and emision maximum wavelengths of 494/518 fith
respectively, allow for potential visualisation using a fluorescent microscope fitted with a
FITC optical filter set. Labelling biomolecules WHIiC relies on reactivity with amine
groups such as lysine side chains, and also tterrNinal region of the proteir{seeFigure
35) 257
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Figure35 - FITC labelling od protein or enzyme byhe reactive isothiocyanate group of FITC with
primary amines bproteinsto produce the thio urea product.

The FITC labellingnethod was tested first of alising the less expensive protein, bovine
serum albumin (BSA). The labelling method required an excess of FITC to BSA, therefore
extensive purification was requiredfter labelling to remove unreacted FIT@urification

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 fluoresce 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 froifigure36 overleaf,that even after fourdialysis wash steps,

the fluorescence emission of FITC can still be detected; therefore further wash steps would

be required.
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Figure36 - FITEBSA purification monitored by fluorescence spestapy.

For FITC labelling of alkaline phosphatase from calf intestinal mucegd)Cbne main
issue arose: the full amino acid sequence of the bovine form of the enzyme is unknown
therefore possible sites for labelling cannot be determinedsites onthe surface of the
enzyme molecule with amine groups. Despite this, labelling was attempted by reacting FITC
and CIAP. Free/unlabelled dye was removed by dialysis against water, using the method
developed with BSA. The fluorescence emission spectra Gfdfid FITBP were compared

with a resulting red shift in the emission maximum of FITC, from 520 to 547 nm, after
labelling to AP, sygesting successful attachme(itigure 37 overlea). The spectral shift
could bea 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 pdticles,
as more FITC molecules becomealised in a given area, interactions can occur between
neighbouring FITC molecules resulting in a shift towards longer wavelengths. The lower
fluorescence intensity displayed by FAE(shown by secondary axis scaleRigure 37

over leaf),could be partly due to this effect but is thought to be mainly caused by a dilution
effect, during purificationi.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-AP[Gxcited at 495 nnPrimaryaxis
illustrates the intensity (au) of FITC compared to a lower intensity of&APTSecondary axis).

A solution of FIT¢belled CIAP was subjected toubrescence microscopy to determine
whether single molecules of labelled enzymes could be visualised in combination with a
FITC optical filter set. However, the fluorescence of AF@as low and the camera agb

available was not capable of detectinggisamolecules in suspension.

Overall the method of conjugation and purification was partly successful. The purification
by dialysis required multiple buffer exchangmsd large volumes of buffewhich proved

time consuming and ineffective at removingd@ithe unreactive fluorophoreThe presence

of unreacted FITC prevesd single molecule trackinglue to significant fluorescence

background issues (results not included).

5.3.1. Escherichia cohlkaline phosphatase
It became apparent from thattempt to label CEFAP with FITC, that it was importato

determinepossible conjugation sites on the surface of a molecule of alkaline phosphatase.

From this point on, alkaline phosphatase from the bacterigstherichia coteplaced Cl
AP, as the full amino acid sequenis knowf™ and possible conjugation sites rcde

predicted.
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When comparing GAP withE.coliAP, the major differences are thought to thext CIAP is
a glycoprotein and exists bound to the cell membrane wherBasoli AP is present
unbound, within the periplasmic space of the bacterial cell. Membr proteins have
proven difficult to establish amino acid sequences and therefore structures, due to
difficulties in expression, purification and crystallisati®hThe primary structures of @IP
and E.coliAP are therefore different but sequence similarities have been reported, for
example the common serine residue involved in the active site. The overall enezymat

reaction occurring in each case is thought to be the séthe.

Alkaline phosphatase fror&.coliwas first studied between 19560 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 inactiv8’ Each monomeric polypeptide chain is composed of 449

amino acids with a masof 47 kDa per monomer (dimer mass is 94 Kf¥a).
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Figure38 ¢ (A) The mechanism for phosphate ester hydrolysis by alkaline patsgt The reaction
involves nucleophilic attack by the active serine residue on the phosphate ester to form a
phosphoserine intermeiate. The alkoxide leaving group then requires a proton from solution to

form the alcohol.(B)The expected transition state during dephosphorylation of a substrate.dli
AP'309,310
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As mentioned previously, the actigge in each monomer of alkaline phosphatase contains
an active serine residu&****which ispresent at position 10®f the amino acid sequence

in E.coliAP3%® During the hydrolysis reaction involving the phosphate ester of the substrate,
the active serine residue is phosphorylated. The resulting phogplzagme complex can
then react with an alcohol to form a phosphate ester which then dissesifrom the
enzyme (Figure 38 A)).3®® The dephosphorylation step is dependent on pH and also the
presence of metal ions at the active sifé The optimum pH for AP is found to be around
pH 8 and thesoelectric point at pH 4.%8° One magnesium anivo zinc atoms are required

at each active sité"***The guanidinium group of arginine (pidsi 166 iNE.coliAP) is also

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

310

activesite (Figure38B)).

Figure39 - Escherichia colilkaline phosphatase model (PIB 3TGOWwith chain A and B in blue and
green respectively. &ic residues (lysine and arginina)e highlighted inred and active sites
illustrated byyellowspheres

The crystal structure dE.coliAP in he presence of vanadate provides a suitable model for
the proposed transition state during the catalytic reaction at the active’stte¢anadate is
isostuctural 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.coliAP dimer is found to be 10050 x 50 A (10 x 5 x 5 nm) with the two active ises in

each monomer being 38 (3 nm) apart®** The dimericE.coliAP(PDB Ix 3TGO)structure,

in terms of labelling or conjugatiohas 56 lysine residig 32 of which are available on the
surface, with the potential to conjugate tamine reactive molecules grarticles Figure

39).

119



5.4. Summary

In summary attempts at labelling the enzyme with an organic fluorophdeTC), 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). Therefothe most attractive method to erae
visualisation of individual biomolecules by fluorescence microscopy is to conjugate with

fluorescent nanoparticles.

Initial tests with GAP demonstrate the importance of knowing the full primary structure of
the enzyme for the purpose of reacting withfluorescent molecule or particle. For this
reasonE.colialkaline 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 dotsare hghly fluaescent semiconductor nanocrystaihich can be modified
with a number of biocomatible surface functionalitiesfor 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 phosphase to

guantum dot nanoparticles

APfrom E coliwas conjugated t@arboxyl functionalised CdSe/Zg&antum dots(emission
wavelengh 655 nm)via ED@NHScoupling(Figure40 overlea). Common QD bioconjugate
methodsuse EDCalone for coupling, however NHS hagen shown to stabilise activated
carboxyl reactive groups for a longer period of tinttlgerefore allowing for a more efficient
coupling reactior*® EDC activated carboxyl functionalised QDs can couple to free amines
available on theAP molecule.As mentioned adimeric molecule ofAPfrom E.colihas 32

lysine residuesavailable on the surface, with the potential to conjugate ¢arboxyl
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functionalised QD& Having a number of possible attachment sites, leads to a variety of
conjugation confirmations, therefore cluster formation is expected. A clustethisrtype

of QDenzyme 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 beadvantageous for visualisation purposes and cgaja 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 deis an EDC/NHS
coupling method.

5.7. Bioconjugate purificatbn

Due to the large excess of reagents compared to QDs required during the coupling reaction
it is vitalthat the complete removal of all unconjugated enzyme anactants is achieved,

as the true activity of the conjugate is required without interferencfrom free
unconjugated enzymeRurification of the conjugate is possible due to the difference in size
of the conjugate compared to the unreacted QDs and enzyme moledateesxample the
conjugate is expected to be larger in size compared to free QBABn(as demonstrated

by DLSFigure 43). This is accomplished using a filtration unit capable of retaining the

conjugate but allowing the unconjugated enzyme and reagents to pass th(gigire41).
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Conjugation reaction Gib-AP conjugate

mixture
HO\P//O
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Wash — unreacted AP/reagents

Figure4l - (A) QDAP purificationvia filtration and centrifugation with a number of wash steps to
remove unreacted enzyme. The resulting conjugate is analysed uspgiteophenyl 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 conjugagewhen free enzyme no longer
exists in the filtration wash samples.

To ensure all free/unmacted enzyme moleculesvere removed from the conjugate,
multiple filtration and centrifugation wash steps were performed and the purification wash
samples were retained andubjected toa colorimetric activity assay Figure 41). The
substrate p-nitrophenyl phosphate is dephosphorylated kany alkaline phosphatase
remaining in the washresulting in a yellow colour change which can be monitored by
measuring the absorbance at 410 nm by-\¥ spectroscopy. After 82 washes the
absorbance at 410nm is reduced to the negative control vafumuffer only indicatingthat

all unreacted alkaline phosphatase had been remoigure4?2).
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Figure42 - Each @-AP purification wash was analyséak shown irFigure4l (C) by UMVVIS in the
presence op-nitrophenyl phosphate. The absorbance at 410 nm was monitored over time for each
wash, revealing that after 8 washes the absorbancélfi nm had reduced to the negative control,
therefore indicating that all free (unconjugated) AP had been washed away.

5.8. Bioconjugate characterisation

The purified conjugatesolution was characterised bydynamic light scattering (DL®)
obtain size distribtion information. Before conjugation the average hydrodynamic
diameter ofAPmoleculesand QDsn suspensionvere found to be approximately 8 nm and
10 nm respectively, (compared to theoretical dimensions for alkaline phosphatagé k0

5 nnt*and 12x 6 nm for free QDsas quoted by manufacturer). Analysis of the purified
conjugates (QDAP) by DLS revealed a larger size distribution with a hydrodyraciics
centred around 17 nnfi.e.diameter of 34 nm)indicating successful conjugati@figure43

overlea).

123



Normalised Frequency

o
o
—

1 10 100 1000 10000
Hydrodynamic Radius (nm)

Figure43 - Size distribution plot of QDs, AP and-@P conjugates by dynamight scattering(size
distributions observed below 1 nm are attributed to an artefact commonly observed using the DLS
instrument).

In order to visualise QBP conjugates, atomic force microscopy (AFM) and transmission
electron microscopy (TEM) techniquesre used. It can be seen froRigure44that QDAP
conjugates are larger in size compared to unconjugated QDsan be seen after
conjugation that larger clusters are observed compared to single E)pse 44 (A) and

(BY(C), respectively.

Figure 44 ¢ (A) TEM image of unconjugated QDs (scale bar 200(Bh)TEMimage of QBEAP
conjugateclusters(scale bar 200 nm); an€) AFM image of QRP cofugates (scale bar 2 pm).

For the successful visualisation and detection of enz@ieconjugates by fluorescence
technigues enzymeQD attachment must be achieved without hindering the fluorescence
emission properties of the QDs. Equally, it is importdrdttthe enzyme remains active

after conjugation. The absorption and fluorescence emission spectra of QD#IND).8

before and after conjugation (108 2 F O2yadzal GS LISNJ YAf f Af A G N
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to show that the emission maximum at 650 nm was fieeied by the conjugation and the
absorption profileof QDAP resembled the free QD spectrughigure 45). The lower
fluorescence intensity of the conjugate is due to dilution durthg conjugation and

purification steps.

45 - - 1.4
—QD Em
= 1\ 1.2
\ —QD-AP Em
35 1§
1
\ L
30 4 ﬁ — -QD Abs
25 g 0.8 —
= T\ 3 - -QD-AP Abs
8 [ =
Z 20 1 06 2
a v\ 3
g 15 1 \ o
= \ N - 0.4 a2
10 - <
B | 0.2
o ‘ @ — = 0
250 350 450 550 650

Wavelength (nm)

Figure45 - Fluorescence emission spectra of QDs (red solid line) ardREbnjugates (blue solid
line) ¢ primary axis. The corresponding absorbance spectra are plotted on the secondary axis with
QDs (red dotted line)rad QDAP (blue dotted line).

5.9. Estimation of QD and AP concentration in a given

volume of conjugate

After conjugation the resulting conjugatecontains unknown enzyme and QD
concentrations. In order tassess the enzymatic activity and fluorescence interditye
conjugatea number of calibratiorsteps were performed. First, ffluorescence calibration
curve wasobtained by measuring the fluorescence emission intensity for a range of QD
concentrations, used ultimatelyto estimate unknown QD concentratiors of QDAP
solutions (Figure 46 overlea)). Using the equation of the line for the calibration curve
(Figure 46), a fluorescence emission intensity value of a conjugate solutam be
substituted into the equation to calculate a concentration of Q&= 6ection3.3.16for full
calculation).It can be seen fronfrigure46 that there is a detection limit of théuorimeter

below a QD concentration of iM, and the plot does not cross through zero. However for
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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 enzymiéyaatid fluorescence

properties are unaffected by conjugation
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Figure46 - Calibration curve to estimate the concentration of QDs present in an unknown conjugate
solution.

Next, an activity assaycalibrationwas performed to detrmine a similaractivity of free
enzyme ompared to a given volume of @BP conjugate. The activity assay also served to
confirm enzyme activityhad been retained after conjugatioffrigure 47 overleal). The p-
nitrophenyl phosphate colorimetric assay was used to analyse the activity of thfeeg@ur
conjugate. Negative and positive controls were also analysed; consisting of free
unconjugated QDs and\ariety ofknown concentratios of free enzyme respectively It

was identifiedthat a dilution of 32ul/mL of QD-APconjugate in buffer had similar activity

to 7x10* U of free enzymewith an estimated upper concentration limif 0.37 nM
Whereas, the enzyme is supplied d48.68 U/mg protein and 19.9 U/mof solid agper

manufacturer (seesection3.3.16 for calculation.
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Figure 47 - Calibration for the estimation of enzyme concentration in a given volume 6ARD
conjugate solution (32ul/mL)The table lists line gradients for each sample illustrating the rate of
substrate p-nitrophenyl phosphatgturnover.

Using the information gained from thenzyme activitycalibration and the fluorescence
calibration of QD emission, it can be estimated ttiere is 1.04 nM QDs and an upper limit
of 0.37nM AP in a diluted QBP solution32ul/mL) This translates ta 2.8:10 ratio of QD

to enzymein the QDAP conjugatébatch 3) assuming that the activity of the enzyme and
the fluorescence emission intemgiof the QDs are unaffeetl by the conjugation reaction
(see calculatiorg section3.3.16. It has been shown with streptavidin conjugated QDat

as many as twenty protein molecules can be present per catgugnd there are a variety

of possible spatial conformations for protein attachméft?®*

In addition, a activity lifetime study showed thathe rate of p-nitrophenyl phosphate
dephosphorylation(the increase in absorbance at 410 nm over time) remaigatively
steady over at leasteight weels (Figure 48 overlea). This implies that the conjugates

remain at a constant activity level for at least this time duration (8 weeks).
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Figure48- QDAP 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.Enzymeguantum dot conjugate batch

comparison

A number of batches of enzyr@D conjugates were prepared throughout the entire study,

of which the first two batchegl and 2)were used for method development and were
therefore not used for final enzyme tracking experimertatches 4 and 5 were dieped 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 eagmctivity,
fluorescence properties of QDs and size distribution of conjugatdsgime49 (overleaf)it

can be seen that QBP conjugates vary in terms of fluorescence emission intensity and
LIS Y I EJAbutl alsodtke size distribution plots show some variation between

batches.
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Figure49 ¢ (A) Fluorescencengission spectraof QDAP batch3 (dashed line) and 6 (solid lin€B)
size distribution of QEAP batches measured by dynamic light scattering.

For each batch of enzy@D conjugate a fluorescence calibration study was performed by
measuring the fluorescence emissioneinsity at 655 nm for a number of QBP conjugate
dilutions @ppendixC). QDAP batches exhibit variation in fluorescence emisgigure49)
which could be attributed to differences inDQconcentration due to dilution during
conjugation and handling.g.removal of free AP, but may also be a result of the different
degree of conjugation.e. more QDsattachedto enzymes. The fluorescence emission
intensity of a given volume of each coggte per millilitre was used to estimate the QD
concentration by comparing the fluorescence intensity with the calibration curve obtained
using free QDsAppendixQ). In addition an activity assaypmpared with free enzyméas
dexribed above), was performed for each batch in order to obtairapproximateQDto-
enzyme ratioas described abovésee AppendixD). For batch 3 it was estimated that the
QD:AP ratio was 2.8:1, assuming an upper concentratiom ion AP and that enzymatic
activity is unaffected by conjugation to QBsdthat the fluorescence emission properties
of QDs are unaltered by conjugation. Variations inA¥Dconjugate batch can be illustrated
by the degree of conjugation estimated to Be8:1 and 13:1 QD:AP for batches 3 and 6

respectively Batch variation with respect to tracking analysis is discusssektiion7.3.3

5.11.Summary

Huorescent labelling of bovine alkaline phosphatase using an organic fluorogRbrE),
proved unsuitalde for single molecule tracking. Therefoaebioconjugation method was
employed for the covalent attachment of alkaline phosphatase fimnlito fluorescent

nanosized quantum dots. The resulting @P conjugates were characteriseloly
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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. Nurserou
batches of QBAP conjugates were prepared throughout the study, these were
characterised and compared. Variations between batches were observed which were
attributed to differences in environmental and d&y-day conjugation conditions,
ultimately resuling in different QD:AP ratios. Dilutioof QD-AP during removal of free
enzyme and lossf materialdue to handlinge.qg.filtration, could offer a further explanation

to vanying fluorescence intensities of Q&P conjugate solutiondJlitimately if the extat of
conjugation could be controllede. number of enzymes to QDs, this could offer a potential
route to controlling enzymatic activity of conjugates which could be advantageous for

enzyme motor application&ee sectiory.3.3.
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¢ Chapter 6¢

Biocatalytic seHassembly of phosphatase responsive

aromatic peptide amphiphileg Part 1

6.1. Objectives

In order to develop a selissembly system for the propulsion of enzy@BP conjugates,
seltassembling substrates wergudied, firstly with free enzyme to confirnevidence of
supramoleculaiinteractions and conversion to dapsphorylated producs with a known
concentration of ARpart 1) Secondlyenzyme conjugates were tested for their ability to

convert substrates to dephosphorytal fibre- and sphereassembling products (part 2).

6.2. Introduction

¢FH1{Ay3a FTRGFYyGFEAS 2F E1lItftAYyS LKz2aLKIGFrasSQa
phosphecontaining substrates, three aromatic dipeptide amphiphiles were chosen for this
study, for futue investigations for the nanopropulsion of the enzyme, AP. FR¥eOH

(18)°%2%. pyrenepYl-OH @a)*** and FmogYQOH Ba)?*®® have previously been reported

as substrates for alkaline phosphatase by dephosphorylation to fA%@H (Lb); pyrene

YL 2b) and FmoerQOH @b) respectivelyFigure50 overlea).

1b and 2b are expected to selissemble into linear fibrous structuré¥;*®whereas it has
been shown previously thaBb forms spherical aggregaté®¥ The substrates are
AYy@SadAaalr GdSR lnhapdr gorte@ym¥ BahoPropdisich and the resulting

selfassembled structures are studied to determine how they influence enzyme motion.
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Figure 50 ¢ Sructure of aromatic dipeptide amphiphiles studiedi) FmoeRpY (@a) is
dephosphorylated @ FmoeFY {b) by alkaline phosphataséi) PyrenepYL 2a) going to pyreneYL
(2b) and (iii) FmopYQ Ba) going to FMo&'Q 8b) by the same biocatalytic dephosphorylation
reaction. Aromatic groups shown in blue anftibogphocontainingtyrosine side chaishown in red.

Aromatic dipeptide amphiphiles are discussed in more detadeiction2.8, in summary

they are generally short peptide sequences containing both hydrophobic and hydrophilic
regions within one mlecule. 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 Nerminus with an aromatic group such as Fmoc or pyréh&?2%
Hydrophilicity can be incorporated within the amino acid sequence, by using charged amino
acidssuch as arginine, lysine, glutamic acid and aspartic acid or phosphate containing

groups such as phosphgrosine.

As mentioned previoushsection2.8), aromatic dipeptide amphiphiles are capable of self
asembling into a variety of supramolecular structures. The driving force foilasséfmbly

Ad (K2dAKG G2 0S5 RstaSking igterdctiond Be¥veen Wrbniaficypupe ¥
and hydrogen bonding between C=0 andHNgroups on neighbouring dipeptide

molecules’

In Figure 50 above, the aromatic dipeptide amphiphileba, 2a and 3a all contain
hydrophilic phosphéayrosine residies (red) and either fluorenyl or pyrene aromatie N

terminal groups(blue) By altering the amino acids within the dipeptide sequence, in this
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case,phosphotyrosine, phenylalanine, leucine or glutamine, the structures in each case

will be expected to beitferent.

6.3. Structure of phosphorylated substrated g, 2a,
3a)

la (FmoecRY-OH) has previously been reported to form micelles with a hydrodynamic
radius of 5nm, in aqueous conditions, above a critical micelle concentration of 5thi&
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 carboxyH&minus offers a charged hydrophiiK S I R Q
region, on the surface of the micelle. Similardg (pyrenepYl-=OH) is expected to form
micellar supramolecular structures, as each molecule contains the aromatic pyrene group
at the Nterminus and also contains a polar phosgiyoosine residue. Aie structure of3ais

so far unknown; however dynamic light scattering measurements presentagpendixF,

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

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

Addition of phosphatase tdla, 2a and 3a triggers the dephosphorylation reactioof
phosphaetyrosine in each of the sequences, therefore removing phesphate group and

negative charge associated with(#&eeFigure50). The resultindb and 2b are expected to

then spontaneously self 88 SYof S | yR S Esh&y/sRucthrgsiiby ardmate NB dzad |
" -stacking interactions and hydrogen bonding, as previously repdffed’ If extensive
TAONRdzA ySié2Nyla NB | OKASOSR (KSasS {4+ NB SEI
supporting hydrogel.

In the case of the dephosphorylated produglh, previous reports have shown spherical
aggregates rather than networks of fibré8.Upon dephosphorylation 08a (FmoepYQ

OH) by AP t8b, it is expected that spherical aggregates will form, as shown with previous
studieswith alkaline phosphatag® and anothersubtilisin responsiveystemi.e. the self

assembly of Fme¥QOH (from FmoeYQOMe)?*° 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 structuré¥.

Each of the seldssembled systems were characterised individually using a number of
techniques including: fluescence 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 micellasr spherical structures.

6.5. Peptide amphiphile laKmocHpY-OH)

The fluorescence emission spectra of 10rhdbeing dephosphorylated by AP (0.2mg/mL,

4 U), shows the expected spectroscopic change in the aromatic fluorenyl environment
when compared with previaistudied” (see sectiont. 1 for further details on fluorescence
spectroscopy techniqugsExcitingla at 295nm reveals an emission maximum at 320 nm
with a shoulder at 370 nnndicative of micle structures(Figure51 (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 experiencesd shift and a

peak at 450 nm is observed, implying extendedh 6 NB T2 NX¥ I 0 A ¥ S NIyGRi A2
involved(Figure51 (A) dashed ling.%?

DLS analysis of a solution of 10niM revealed structures with average hytynamic

207 At the concentration

radius values of 5 nm, as previously reportegde AppendixE).
measured forla i.e. 10mM, this is above the critical micelle concentration of 5fM

therefore micellelike structures are expected.

HPLC was then employed to monitor the enzymatic reaction, as the phosateagtarting
material will have a different retention time compared to the dephosphorylated product.
The enzymatic dephosphorylation dfa to 1b by AP monitored by HPLC showed a
conversion of 58% after 24 hou(Sigure51 (B)). Figure51 (B) inset shows the resulting
seltsupporting hydrogel ofilb after 24 hours. This se#fissembling system has previously
been characterised in more detail, and results expressed here dirgeinvith the previous

207

study:
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Figure51 ¢ (A) Fluorescence emission spectra of 10 mdvat t=0 (no enzyme) solid linend t=24h
(after addition of4U AP) dashed lingB) Percentage conversion béito 1b by HR.C. Insetimage of
FmocFY gel after 24hours.

6.6. Peptide amphiphile 2a (prene-pY:OH)

The fluorescence emission spectra2at reflects the different pyrene aromaticfunctional

group attached to the Nterminus of the dipeptide, compared to the previouslgalssed
Fmoc functionalised systertFigure 52 (A) overlea). Excitation at 334 nnresults in a
number of peaks in the visible region of the electromagnetic spectrum betweerb300
nm. The most intense peaks atentred at 400 and 470 nm (seection4.1.2for a detailed

description). With the addition o4 U AP to a solution of 5mM2a, an enhanced
fluorescence signal at 400 nm is observEle fluorescence spectra obtaid resemble that

of the recently published pyrenrtinctionalised YL dipeptid@®
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A solution of 10mMawas analysed by DLS and an average hydrodynamic radius value of 8

nm was determinedAppendixE).

Monitoring the phosphatase responsive dephosphorylatio2afo 2b by HPLC, resulted in
a conversion of 55% (t=24 hourgidure52 (B)). Figure52 (C)shows the starting solution
of 2a (left) and the resulting seupporting hydrogel ofb after 24 hours (right). The top

images show that pyrene flwesces in the visible region, when excited at 365 nm.
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Figure52 ¢ (A) Fluorescence emission spectra of 5 rAdt=0 (no enzyme) solid lingnd t=24h
(after addition of4 UAP) dashed lingB) Percentage conversion 2&to 2b by HPLQC) Images of
2asolutions (left) an®b gel t= 24 hours after addition of AP (right). Top imagsamples excited at

365 nm.
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6.7. Peptide amphiphile 3aKmocpYQOH)

Aromatic dipeptide derivative systenis and 2a undergosupramolecular transitios from
micelle containing solutions to hydrogels composed of fibrous netwbskdiocatalytic
dephosphorylation(see section2.8.1). 3ais expected to behave differently due to the
hydrophilic nature of glutamme which remains unchanged after enzymatic
dephosphorylation of 3a to 3b. Fluorescence spectroscopy reveals that the
dephosphorylation reaction o8ato 3b shows the opposite spectral response to that of
1la/lb. The shoulder associated with micellar struetiat 370 nm is apparent after the
addition of AP (0.2mg/mL4 U (Figure53 (A)). The spectral profile 08b (t =24 hours)
appears similar to previous reports of the same syst&hopwever in this case a red shift

of the 320 nm peak was observed compared to the blue shift reported in recent stitlies.

The FmogYQOH/AP systm, as well as an analogous system: F¥@OMe/subtilisirf™°
result in enzymatic conversion to FmWQOH, which is reported to form spherical
aggregates by TEREIt is therefore expected that the corresponding dephosphorylated
product i.e. 3b (FmoeYQOH) in this study will form similar spherical aggregaismamic
light scattering revealedtructures with hydrodynamic radius values of approximately 70
and 34 nm for3a and the biocatalytic producsb respectively AppendixF). These results
differ from the values obtained for the subtilisin responsive-asfembling system, due to

the different enzyme and buffer conditions used in this stédy.

An HPLC conversion study & to 3b shows after 24 hours (of AP addition) 99.9 %
conversion was achieve@igure53 (B)), in line with previous reportd> For this system,
visually the solution appears unchanged after AP addition and no hydrogelation is
observed, as expected® It can be seen idppendixG that the initial conversion rates are

faster for3ato 3b compared to thela/ 1b and2a/ 2b systems.
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Figure53 ¢ (A) Fluorescence emission spectra of 10 B&t=0 (no enzyme) solid linend t=24h
(after addition of AP) dashed lin@B) Percentage conversion ®ito 3b by HPLC.

6.8. Summary

In summary, characterisation by fluorescence spectroscopy, HPLC andhdi.Shat
generally forla and 2a the dephosphorylation reaction by AP converts supramolecular
micellelike structures to fibrous networks, and above a critical gelation concentration
hydrogelation of the bulk solution results. Fluorescence spectroscopysesl in this
instance to monitor the environment of the aromatic moieties which enable
supramolecular structures to be predicted. HPLC monitors the enzymatic reaction of
phosphastarting material to the dephosphorylated product. The sei$embled structes

expected to form follb and2b are confirmed irsection2.8.

138



Biocatalytic sefassemblyof aromatic peptide

amphiphilesby QDphosphatase conjugateg Part 2

6.9. Introduction

QDalkaline phosphatase corgates prepared as isection5.6, were investigated for their
ability to catalyse the conversion @f, 2a and 3ainto the corresponding selissembling
species:1b, 2b and 3b respectively Figure 50). The enzyme, attached to QDs, was
confirmed to be active using penitrophenyl phosphate activity assay éssection5.8),
however this does not directly determine whether @I conjugates will suessfully
initiate the micelleto-fibre or sphereto-sphere transitions, of the above mentioned
aromatic dipeptide amphiphiles. Each dipeptide system was studied individually, using
fluorescence spectroscopy and HPLC to monitor the-assémbly and enzymatic
conversion by QIAP. Due to the concentration of enzyme in a given volume cARI3
estimated to benano molar (nM), the conversion for each system is expected to be in line
with a nM concentration of free enzyme. Therefore 0.37 rivpper limit) free AP
conversion studies were performed (fhai.e. FmocHY system only) for comparison with

QD-AP (concentration determined by an activity assay calibratiorseeton3.3.16.

6.10.Peptide amphphile 1a FmocHpY-OH)

To test the ability of QEAP to dephosphorylatiéa, an HPLC time study was performed. 200

> [ K Y [-AP wé&s added to 10 mMa and HPLC samples were obtained at regular time
points. No conversion téb was detected up to 5 hours after addition of the conjugate, but
after 24 hours, 48 hours and 1 week, pertage 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 regie of séf-assembly and fibre growth arexpected.As a
comparison, a conversion study béito 1b was performedwith free enzyme concentration
equal to that estimated for the enzyme concentration in a given volume cARBolution
i.e.0.37 nM(see sectin 5.9) and compared with QIAP. After the addition of 0.37 nM free

AP to 10 mMLa, no detectable conversion was observed up to 1 week, but at 2 and 4 week

time points, values of 0.93 and 1.04 % conversiorilionvere recorded by HPLC. These
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valueswdl\E O2Y LI NIr o6t S G2 GKS al YS {A¥YAP (vaimdzRe LISN
per mL estimated to have awmpper AP concentration of 0.37 nM), where at 2 and 4 week
time points, the conversion téb was 0.93 and 1.18 % (compared to no conversion for the

negaive control with no AR seeAppendixH).

Fluorescence spectroscopy was used to analyse the aromatic interactions occurring
between the aromatic dipeptide amphiphile molecules and also to monitor the
fluorescence karacteristics of the QIBP conjugates during the reaction. Exciting at 295
nm, the resulting fluorescence emission spectralfafFigure54) shows the typical 320 nm
peak for Fmoc and a shoulder at 370 nm, sutiggsnicellar structures are present, before
addition of QBAP. Upon additiorf QDAR, the ratio of 320:370 nm pealiscreases over
time, as the shoulder diminishes slightly. The changes in fluorescence intensity of the
fluorenyl groups are subtle and ernot easily detected using spectroscopic methods
(negative control spectra can be found #ppendix H). The fluorescence signal is
dominated by the unconverted material as the @P conversion product yield is low.
Therefore it @an be concluded that fluorescence spectroscopy is better suited to samples

with faster conversion rates and which safsemble in bulk.
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Figure54 - Fluorescence emission spectra of 10 rilin the presence of QBBP, at t=0 (befie QD
AP addition); t=24hours (dashed line) and t=1 week (dotted line).
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6.10.1. QD-APfluorescencequenching study

Fluorescence spectroscopy can however, reveal information on the stability of th&PQD
fluorescence as the enzymatic reaction witla proceeds. Exting at 435 nm, QAP
fluorescence emission spectra were obtained at regular time points, where t=0 marks the
addition of QB! t ® (. Kdb the<QDAP fluorescence is reported to be at 655nm,
however, over 4 hours a blue shift from 646 nm to 643 nm is ege The intensity of the
QDAP peak increases initially for the first 5 hours studied but after 24 hours the
fluorescence has completelguenched Figure 55). Other possible explanations for the
reduction in flusescence 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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Figure55 ¢ (A) Fluorescence emission spectra of-@P®in the presence of 10 ml& There $ a shift
AY  {§.K®m 646 nm to 643 nm within 4 hour§. 0/ 2 NNB & LddsiRting @ot, which
shows an initial increase in fluorescence of-@B, followed by quenching after 24 hours.

To investigate the fluorescence quenching furthemconjugated QDs (81M) and ARwere

added separately to a 10 mM solution bé, to identify if the fibre formation affects the
fluorescence signal of unconjugated Q@se Figure56 overleah ®  ¢,.K06QDs again
experieces 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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Figure56 ¢ (A) Fluorescence emission spectra of QDs in the presence of 1Q@awed AP. A blue
AKATEO Aa 2 @806 RNNF ARG @ot, which shows quenching of QD
fluorescence with time.

A previous report, suggests that CdS quantum dots will attach to ARG sel
assembled fibres producing a redfsln the fluorescence emission of the QB®swever no
quenching is observedn the presence of the enzymes glucose oxidase and horseradish
peroxidaseto the QD/fibre network systemquenching of QDs was attributed to the
products of the enzymatic reactisi.e. glucose and phenol/hydroquinone respectivét§.
Phenol and hydroquinone groups are thought to act as electron accefptmsQDs, which

is turn quenches the QD fluorescendethis study AP removes the phosphate group of the
tyrosine side chain ofa, resulting in phenolic tyrosine. The fluorescence quenching of the
QDsexperienced experimentally for this systemay be as a result of theombination of
attachmentto fibres and the phenolic functionality ofb, (however the conversion tab

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 solutionentaining potassium phosphate buffer as
negative control; 10 mMa in buffer and a solution containing 48P also in buffer. The
fluorescence intensity for each scenario stsosv60.2, 29.8 and 8.8% decrease after 24
hours, from the starting intensity Wwe for QD in buffer, 10mMa and AP respectively
(Figure56). 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 aresteared from

QDs to an electron accepting quencl&rStudies have suggested a link between phenol
containing substances (as mentioned previoudly} also certain amino acids suas

asparagine and tryptophat®®’
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Figure57 - QD fluorescence intensity over time, in the presence of buffer, 10balfh buffer and4
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 presencéhofi.e. converted enzymatically
from 1a). To investigate this, the fluoresceneaission intensity o& solution ofQDs vas
monitored over timegexposed tadifferent concentrations of chemically madé (Appendix
). Generally, all samples showed some degree of quenching with ¢xeept 10mML1b.
Overall tle results were erratic, which could be attributed to the low solubilitylbfin

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 conjugat within a short period of timeAs long as there is sufficie QDAP
FTEd2NBaAOSYyOS AyiGuSyaAiaide RdNAy3I (KSAPinthdsi] Ay 3

value is not important for this study.

6.11.Peptide amphiphile 2a (prene-pY-OH)

Fluorescence emission spectoh 5 mM 2a are shown inFigure 58 overleaf Upon the
addition of QBAP the pyrene spectral changase subtle. However, after 24 hours an

enhanced fluorescence signal is observed for peaks in both the 400 and 470 nm regions. As

143

y



the dephosphorylation reaction poeeds using QBBP, the luorescence 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 signdbr the QDAP conjugate can also be simultaneously detected at
longer wavelengths, around 650 nm (see arrowigure58). It can be seen however that
the intensity of QPAP is considerably lower in comparison batt of a 5mM solution oRa

(Figure58), leading to difficulties for future tracking experimenseé sectior8.6).
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Figure58 - Fluorescence spectra of 5 mR&a before addition of QBEAP (t=0), then 3 and 24 hours
after addition.

Biocatalytic conversiorof 5mM 2a to 2b using QPAP was determined using HPLC.
Conversion to the producp) can be seen after 2 hours of AP addition and after 24
hours the percentge conversion reaches 3.6, with higher conversion rates compargd to
and 3a reflecting the lower substrate concentration compared to enzyme concentration
(seeTable7 for full time study values). The solution wagt expected to form into a self
supporting hydrogel, however visual observasorevealed noruniform opaque regions

within the solution after a number of hours, which could signify localised aggregates of

fibres.
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Table7 ¢ Percertage conversion o?ato 2b by biocatalytic dephosphorylation using P

Time Conversion
(hours) (%)

0 0

1 0

2 1.9

3 14

6 2.0

24 3.6

6.12.Peptide amphiphile 3aKmocpYQOH)

QDAP was investigated for the ability to conveda to 3b by dephaphorylation and
initiate  selfassembly into spherical aggregates, as shown in previous stidies.
Fluorescence emission spec{féigure60) of 10mM3a before addition of QEAP (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 Aie. 0.2 mg/mL. 4 U seeFigure53 (A)). The peak at
around 370 nm changes shape and the intensity diminishes compared to the zero time
point. HPLC analysis shows ~1% conversi@bt@4 hours after the addition of QBP to
10mM 3a, confirming the ability of QIAP to dephosphorylat8awith conversion valugin

line with other dipeptide substrates studied.
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Figure59 - Fluorescence emission spectra of 10mkibefore QDAP and 1 week after the addition
of QDAP.

6.13.Summary

The biocatalytic conversion and supramolecular -asfembly ofaromatic dipeptide
amphiphiles were confirmed using free enzyme (AP) and AP conjugated to QDs. Systems
were analysed through spectroscopic and chromatographic techni¢gess chapter 8 for
microscopic evidence of fibre growtH)ephosphorylation and subgeent selfassembly of
substrates by QAP conjugates proved to have lower conversion rates, in line with a low
enzyme concentration (7xX0U). This finding enables future tracking without hindering
QDAP diffusion, an effect which may be observed if mdknple gelation occurred, seen

with higher free AP concentration (4 U).

Fluorescence quenching of AP conjugates was observadthe presence ofla. Sudies

to underpin the source of quenching proved inconclusive due to fluctuations in
fluorescence emion intensity. Complete quenching was generally only observed after a
number of hours, therefore for future tracking of QAP this effect should be taken into

accounti.e. by only measuring fresh GBP samples within a certain time fraraey.1 hour.

Thraugh studyingselfassembly systems such asicelleto-fibore and spherdo-sphere
transformations, three potential self 8 8 SY 06 f A y 3 -APFfpdafulsidrOhave dedd v 5
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identified: (i) fibreassembling substrate$a and 2a, (ii) sphere assembling substrada
(and from previous activity assay studies a {setFassembling substratep{nitrophenyl

phosphate 44d).
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¢ Chapter 7¢

Nanopropulsion by biocatalytic selhssembly

7.1. Objectives

The main aim of the project was to induce nanopropulsiorblmcatalytic sekassembly
therefore this chapter describes tracking analysis of-@® conjugates exposed to two
fibre-assembling fuelsl@ and 2a), a sphereassembling substrate3§ and nonself
assembling substrated§). By comparing speed and diffusigoefficient data obtained for
each case a comparison can be made between unidirectionalassdimbly and non
directional seHassembly (fibres and sphereespectively). Further to this, an additional

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

7.2. Introduction

Propulsion of the enzyme alkaline phosphatase frdin coli is investigated,using
biocatalytially induced selassembly ofiromatic peptide amphiphileFmocFpY %% (1a)
and pyrenepYI_195 (2a) ¢ seeFigure60 overleaf The amphiphilic nature dfoth 1aand2a
means the phosphorylated atecules exist as spherical micelle structures in wdeer
mentioned in6.3). Enzymatic removal of the charged tyrosine phosphate gtomuplkaline
phosphatasdeads to the dephosphorylated prodwsctb and 2b respectively(Figure60 (O
(i) and (ii)). Phosphate removatesults inaromatic and hydrogen bonding interactions
inducingthe seltassembly oflb and 2b A y {i-¢heet fibre structures. By following the
motion of enzymes as they catadythe conversion of micellar amphiphile structures into
fibres, biocatalytic conversiois explored foithe capability to propel the enzyme at a rate

greater than normal diffsion.
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Figure60 ¢ (A) Scheme illustrating an alkaline phosphatgsantum dot conjugate propelled by the
biocatalytic transformation of micellar fuel molecules d&2a into fibre structures of 1b/2b
(scheme not to scale)B) Key illustrating alkaline phosphata@D conjugates and micellar fuel
molecules of Fmce€pY (La) and pyrenepYL 2a), including a general biocatalytic dephosphorylation
reaction for all substrategC)(i) fibre assembling substrates; (ii)fibre assemblig substrate?a; (iii)
sphere assembling substra8a, and(iv) nonselfassembling control fueta, converted by QAP to
1b, 2b, 3b and 4b respectively. TEM images of resulting ssfembled structurese. fibres and
spheres, obtained using free AP (echars = 200 nm). *Images &b and 3b obtained by Meghan
Hughes.

The role ohiocatalytic seHassemblyis exploredfor propulsionby comparison witmo fuel

as wellas anon-selfassembling moleculg-nitrophenyl phosphatg4a) (Figure60 (C) {v)),

a weltknown substrate for alkahe phosphatasé™ Further to this a non-directional self
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assembling control is investigated: Fr@¢Q (3a) (Figure 60 (Q (ii)), which upon
dephosphorylation by phosphatase is expected to-as#femble ito spherical structured’

(rather thanlinearfibres). All fuel systems contain molecules that will be dephosphorylated

by phosphatase; howevéhne hypothesis is thabnly the fibreselfassembling substrateka

and 2a will induce propulsionas the biocatalytic productslp and 2b) selfassemblento

linear fibres providingt RANBOGA2Yyf WAYLMz aSQ (G2 G(KS Y2i:

7.3. Enzymeconjugate tracking analysis

Fluorescence microscopy was used to visaatolutions containing QBP conjugategas
described irsection4.3). In order to see and track single particles, an EMCCD camera fitted
with a 650/60nm optical filter was employed. ¢ conjugates were added to a solution

of the substrate within a glass bottom digbeeFigure30 (C). Tracking videos obtained of
enzymeconjugates are composed of a sequenceloff RA @A RdzZl £ AYRALDSA&A 2N
discussed insection 4.3.4 each particle coordinate is determined ante distanes
travelled byparticles between neighbouring frames are anaid by an ifhouse modified
MATLABrogram Data is obtainedor individual particlesncludingtrajectories frameto-
frame speed, mean square displacement and angle of trajectfmy,the fibre self
assembling fuel (1a and 24d), the sphereselfassembling control 3g), the nonself
assembling substrat@la), and a control with no fuel, which measures free diffusion of the

QD-AP conjugate for comparison.

Because transport at the nascale is a statistical process where thermal fluctuations are
important, it is necessary to obtain a large amount of datadomparingeach scenariolVe
perform a number of experiments (repeats) for each substrate, each experiment éogsist

of multiple videos. Obtaining adequate data is important as each batch of engime
Oz2yedaAl 6Sa gAff Oz2yiat Ay | NI y3IsS 2F aiisa |
processEach videwecordedwaseither 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 ofvarying length during the videdrhe number of particles tracked in each video
varied from 5 to 200, and each experiment was repeated up to 4 times, wititasidata
obtainedin each repeat.The frameto-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, &ednature 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

QDAP conjugates were tracke@with no fuel present) and frameto-frame speed
distribution data was compared with solution offree QDgseeFigure61). Due to differing
amounts of data obtained in each case, the frequency of particles travelling laspaed is
normalised by dividing each data point with the total number of data points. It is clear in
Figure61l, that free QDs exhibit overall faster particles compared to larger sized conjugates

(see DLS size thibution plot in Figure43), as expected. Overalthe average frameo-

frame speed2 ¥ v5a& gl & F2dzyR (G2 0SS TdH >Yka 001 &8s

LRAyGaos O2YLJI NAJe spéedl (basducon OVaKtidles lar@ 17239 data
points) for QBAP conjugate clusterd. is also worth noting thathe larger size of cqugate
clusters (compared to free QDshllows for easier visualisation and tracking, which
subsequently leads to more data. a higher QD:AlPatio as estimated to be 2.8:1.0 and

13.0:1.0 for QEAP batches 3 and 6, respectively.
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Figure6l - Frameto-frame speed distribution data for free QDs and-@P) (batch 6), excited at 365
nm. Dotted line represents the theoretitaistribution of speeds for a particle with an average

hydrodynamic radius of 17 nm (as found experimentally forApDby DL& seeFigure43.
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The experimentally determined plot for QEP conjugate clusters of wang sizes as shown by DLS in
Figure 43, is compared to a theoretical probability plot calculated using the average
hydrodynamic radius of QBP conjugates experimentally determined by LB nm) A
diffusion coefficient was determined using thexperimentally determined hydrodynamic

radius of QPAP and theStokesEinstein equation {see sectiorl.1):

8 HOZXv

The value for diffusion coefficientD (12.7 > Y/s), for QDAP conjugates with a
hydrodynamic radius of 17 nnias used in the following equation with different values of

speed(v) correspormling to those found experimentally Figure61.

Equation8

Where P is the probability k is anormalisingfactor, v is the speed an® is the diffusion
coefficientof conjugates with a hydrodynamic radius of 17 noglculated as abovelhe
2NAIAY LT az2fdziazy 2F (GKAAa WNIYR2Y 41 f1Q RATFT

and is discussed in letters to the journal Nature in 1368

It can be seen irFigure 61 that the experimental data obtained is in relatively good
agreement and fits thealculatedplot (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. QDAP ecitation wavelength comparison

The excitation wavelengghchosen for this studywere 365 and435 nm however a
compromise must be made between more efficient excitation of QDs at lower wavelengths
and background fluorescence/scattering issues due to the fluergseature of the self
assembling fuelén the UV rangeFigure62 overleafillustrates the frameo-frame speed

distribution data for the same sample @D-APconjugates, excited at 365 nm and 435 nm.

152



W g1
—
g o
0.01 -
% <8
% ¢ QD-AP(6) 435nm
S R & [ QD-AP(6) 365nm
: 8-
- - 0 \
5 0.0001 (
2 0Om /'
~N_7
0.00001 : T ‘
0 10 20 30 40

Frame-to-frame speed (um/s)

Figure62 - Frameto-frame speed distribution of QBP conjugates (batch 6) illuminated by 435 nm
and 365 nm wavelengths of light.

The frameto-frame speed distributions, obtained with each wavelength, are similar,
however at the lower extation wavelength (365 nmye detecta population of conjugates
exhibiting higher speeds (see highlighted data pointd=igure 62). The more effective
excitation of conjugates at lower wavelengthse (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 detectear fa total of 8634 data points,
whereas at 365 nm excitation, as manyl&@¥5particles 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 importatitat the wavelength of illumination is
taken into account when comparing resulisis worth noting inFigure62 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 ofbatches of QEAP conjugates were used to accumulate all of the datahis
investigation Batch variations exist due to d&y-day environmental conditions ahé time

of carrying out the conjugation reactiqeee sectiorb.10for batch comparison)individual
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experiments are time consuminge. 3-5 days for a motility assay to final data analyars]

so it is not ahays possible to measure conjugates under exactly the same conditions.
Control data was obtained usingll batches and these are compared The speed
distribution data obtained for different batches of Q&P conjugates (both excited at 435
nm) are comparedn Figure 63. Batch variation is evident as shown section 5.10
however thisvariation can be accounted for, when comparing data for the different

substratespy alwayscomparing resultsisingthe same batch.
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Figure63 - Speed distribution comparison: batches 3 and 6 ofADconjugates (no fuel), excited at
435 nm.

7.4. Nanopropulsion withfibre-assemblingpeptide
amphiphile (1a)

For this inveggationit was originally expected that fib-assembling substrateka and 2a
would be studied in parallel for their ability to propel the enzy@B conjugate. However
for reasons explained isection 7.5, the effect of substrees 1a and 2a on enzyme
conjugate motion will be discussed separately, firstly comparing -lseemblingla with
controls (no fuel, sphere assemblingg) and norassembling4a)), followed by a further

discussion of the second fibgssembling fuel2@) (section7.5).
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Example trajectories of tracked conjugatesth fibre-assemblingsubstrate 1a, sphere
assembling3a) and nonselfassemblingsubstrateda are compared along with trajectories

with no substratgFigure64).

10mM 1a
A) No fuel B) (fibre-assembling fuel) E)

Example trajectory

7 = distance travelledin 1 frame

C) 10mM 3a D) 10mM 4a
(spherical-assembling fuel) (non-self-assembling fuel)
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Figure64 cCompositeof exampletrajectories for(A) QD-AP with no fuel(B)in the presence of fibre
assembling fuella, (C)sphereassembling substrat@a and (D) non-selfassembling fuelda. (E)
Example trajectory of a single @Dt O2y 2dzal G4 S Wa &’h dotheced pie of dama Y a
points represents the distance travelled between subsequent frames. This data is then used to
calcuhte the frameto-frame speed.

Cleary motion remains diffusive on the lengtitale (microns) and tieascale (seconds)

observed here amicellar substrate fuel moleculgta) will be encountered at random by

the QDAP conjugates and bursts of motion driven by fibre assembly will be in random
directions. However, in the presea of10 mM fibreassembling fuela, QDAP conjugates

exhibit clearly enhanced rate of diffusigas shown inrable8): with an average framo-

TN} YS ALISSR 2F Qbparticerajectodias bridl & éxpedinyentsyompared

to the nofuel controlwith an average spee@ ¥ ndn>Yka oT1md LI NI AOfS
experiments)i.e. an enhancement of average frante-frame speed of 29%. Additionally

the nonseltassembling fal 4a has nearly no effect on the speed of the conjugates

compared to the nduel control (averageframeto-¥F NI YS & LISSR 2F non >
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particles and 2 experiments). Interestingly, conjugates in the presence of the spélére
assembling fueBa also show no evidence of enhanced motion (average fraoérame
ALISSR 2F ndc >YKA& o0l aSR 2y wmmo Mhidihphds hadt S
indeed fibre formation i.e. unidirectional seHassembly, byla converting to 1b is

responsible for theenhanced diffusiorfseeTable8 for summary of results).

The average diffusion coefficient values for -@P conjugateswithout fuel and in the
presence of 10 mMLa, 3a and 4a were found to be 1.42; 2.71; 1.49 arid99 >m?/s
respectively, indicating faster diffusion with fibassembling fuella (see AppendixN for
example MSD plots)For each fuel scenario diffusion coefficients are calculated by

obtaining overall average values from individuialeo diffusion coefficients.

Table8 - Summary of average speed data, as well as diffusion coeffsciemtQDAP with 10 mMLa,
3a, 4aand no fuel awill be discussed separately in sectit).

Substrate Average speed Diffusion coefficient, D :
6>YKALd o >2fé) Number of particles
(10mMm)
No Fuel 4.4 1.42 719
la 57 2.71 7007
3a 4.6 1.49 1131
4a 4.0 1.99 1139

156

i NI



7.4.1. Speed distribution comparison with control

substrates

While average speeds are informative, theStdnalysis 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 distributionsre comparel, for the self
assembling and noerelfassembling substrates (at 10mM fuel concentration) and the no
fuel control. With selfassembling fuella, there is aclear and significant population of
faster particles compared to the no fuel control, tephereselfassenbling control 8a)

and nonselfassembling fuel 4a); moreover the peak in the speed distribution is
significantly shifted to higher valugsee Figure 65), further suggestingthat biocatalytic
seltassembly intoibrous structures drives enhanced motion. @P 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 na enhanced by the presence of fuel substrate, we would expect to see

overlappingspeeddistributions for all cases.

We may expect that as a fibre grows from the enzygmantum dot surface, the size of the
particle would increase with fibre growth, therefincreasing the hydrodynamic drag and
NR G I G A 2 yR) fesuliing ¥ Slowér_diffusion. Experimentally we observe enhanced
diffusion, suggesting that fibres do not stay attached during enzymatic conversion of fuel. A
more realistic assumption is thahzymes 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.
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Figure65 ¢ (A) (i) Frameto-frame speed ditribution of QDAP conjugates with different fuels and
without fuel: 1a ¢ fibre-assembling fuglBa ¢ spherical sefassembling fuela - non-selfassembling

fuel (for 2a ¢ see section7.5). A significanshitt in the population maximums observed withla,
compared to no fuel3a and 4a, indicative of a faster average frarie-frame speed. Dotted lines
illustrate the peak maxima and shift for P conjugates with no fuel compared to witl (ii)
Frameto-frame speed distribution (log scale) illustrating a significant population of conjugates at
higher speeds with 10mMa. (B) Histograms representing populations of conjugdtaseach fuel
scenario at speed ranges froml0; 1220 and 220 1 > YK & ® Pe BelfdSsemthiry fudla o
there are fewer conjugates moving at the lower speed range @ > Yk a0 3> O2Y LI NBR (2
(andno fuel), while more conjugatedisplay fater frameto-frame speeds between 120 and 2130
>Ykda &aLSSR NIy3aSao

7.4.2. Effect of latch variationon speed distribution

The fameto-frame speeddistribution for conjugates in the presence of 10 mb is

compared fortwo different batches of QBEAP conjugatef~igure66 overleal.

It is evident that batcko-batch variations existra result in differentspeed distributions
as wellasaveragespeed valuesf 5.7 and 5.4 Y kfat batches 3 and Grespectively.This
canbe related to the variation in activity of the Q&P conjugatesAppendixD); in which
faster conjugatesi(e. a greateraverage frameo-frame speed correspond tomore active
(in terms ofp-nitrophenyl phosphate turnover) QBP conjugates(batch 3).It can be seen

in AppendixD that conjugate QBEAP 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 enzymeQD conjigates.Differences in activity are likely due to differences in the
degree of conjugation of enzyme to QDs. The more active the enzgmjagate, the faster

the average framdo-frame speedis expected to be, thereforeengineering better
conjugationi.e. more enzymes to QDs, is a potential route to further enhancing the

propulsion effect.

- 1 10 mM 1a
o)
(o]
2 01 +QD-AP (3)
Q
2 or s = QD-AP (6)
g‘ ) “
Q
5 "eave
T 0.001 N
i) ]
€ 0.0001 -‘-".“
S .
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0 10 20 30 40

Frame-to-frame speed (um/s)

Figure66 - Effect of QPAP batch variation on speed distribution.

7.4.3. Experimental repeatability

The speed distributianof the same batch of QBP conjugates (with 10mNla), measured
at different times, are compared ifrigure 67 overleaf The distributionsare in good
agreement with each otherTherefore it can be concluded that the biggest variation in
speed data results from bateto-batch differences as discussed above, and that

measurements of a given batch are repeatable giving statistically similar results.
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Figure 67 - Dayto-day comparison of speed distribution for the safatch of QBDAP conjugates
with 10 mM 1a, excited at 435 1m with two repeat experiments] and 2(2284 and 1728 particles
trackedrespectively)

7.4.4. Effect of 1a concentration on conjugate speed

Conjugate motion istudied with increasingbre selfassemblig fuel (La) concentration In
Figure68 a shift in theframe-to-frame speeddistribution is observedvith increasing fuel
concentration (at least up to 10 mM fuel concentratjpwhile with nonselfassembling

fuel @a) conjugatespeed is independerdf fuel concentration.

While there is a clear increase in enhancement of motion with increasing fibre- self
assembling fuell@ concentration between 5mM and 10mNhterestinglyat 20mMlathe
frame-to-frame speed distribution revert® slower conjugate speedgigure68 (B). This

dependence on fuel concentration is difficult to explain definitively; however it is worth

noting that at higher concentratianof 1a e.g. 16mM, FmocFpY selfassenbly has been

observed to occumwithout catalysis™® This wold imply that ata higher concentration

a2YS LINPLRNIA2Y 2F GKS WFdzStQ 41 a dzyd OF At 0

assembled nanood state.

A more detailed investigation of concentration dependence would be an interesting further
step. For eample, it would be interesting to collect data at concentrations around the

critical micelle concentratiofCMC)j.e.5 mMof 1a, to examine whether enhanced motion
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Figure68 ¢ Frameto-frame speed distributions of QBP conjugates with different concentrations of
fibre assembling fuela (purple solid line) and negelfassembling substratéa (green dashedire).
Separateplots of QD-AP conjugate framo-frame speed distributions with differertoncentrations

of laand4aare providedin AppendixK
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7.5. Nanopropulsion withintrinsically fluorescent

fibre-assemblingoeptide amphiphile 2a

In an effortto further understand the propulsion effect observed with fibmesembling
substrate 1a, simultaneousvisualgsation of enzymeconjugates and selfassembéd fibre
structures would be beneficialas discussedn section 8.6). Due to the fluorescence
emissionof the Fmoebased fibre sytem (18) being in the low nanometre range (320 nm),
substrate 1a is not suitable for simultaneous tracking of conjugates and-assémbled
structures.Other methods such as AFM cannot easily be liisedal time andn solution to
visualse fibre growth or particle motion, and often lead to dryingr surfaceinduced
structural effects. Alternative methods to visualise sel§sembled structures including
intrinsic and extrinsic fluorescent labelling methods, are investigateskatiors 8.3 and
8.4.

Pyrenefunctionalised aromatic peptide amphiphile pyrep¥L 2a) is also investigated for
propulsion of QEAP conjugates by fibre formation, in the hope that a similar speed
enhancing effect is observed, along wilyrene asan intrinsic fluorescentprobe for
visualising selassembled fibres (as well as @P conjugate$. Simultaneous fibre/QB\P
visualisation requires excitation of pyrefienctionalised substrates at wavelengths close to
334 nm. As mentioned previously, quantum dots have broad excitation wavelength ranges
(due to the broad absorption bandherefore inthis case the excitation wavelength is

determined by the molecular fluorophomich agyrene.

Before simultaneous fibre and @&P conjugate visualisation is attempted, first conjugate
motion alone in the presence of fibil@ssembling substratais studed. QD-AP conjugates
were added to 10 mM2a to investigate the effect of biocatalytic selésembly on

conjugate speed (as with peptide amphiphilg discussed abovia section7.4).

A similar effect of QIAP fameto-frame speed enhancement might be expected waty
however problems arise due to the highly fluorescent natureaf preventing accurate
data acquisition for tracking. The fluorescence signal of 10 2aMreatesa significant
background signal peenting clear visualisation of single @P conjugates and subsequent
tracking is not possible. Low@a substrate concentrations were investigated, in order to

determine the highest concentration @acapable 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 substrate2) 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 frbigure 69 that at low
concentrations of2a i.e. 0.01 and 0.1 mM, framé&-frame speed enhancement is not
observed however there is a small population otéagonjugates at 0.1 mMa (compared

with 0.01 mM) sedrigure69 (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 wepeesent but simplynot observed.

Example composite trajectories can be found\jpppendixL
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Figure69 ¢ (A) Frameto-frame speed distribution of QBP with 0.01 mM (triangle) and 0.1 mM
(cross) of fibe-assembling substrat@a, including the same data shown with a log scale for the
normalised frequency (B).
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Averageframe-to-frame speed for 0.01 and 0.1 mMawere found to be3.7 and 3.5 Y K &
(based o0M444/1631 particle trajectories andl/3 experimentsrespectively. These values
are compared to the nduel controlwith an averageframe-to-frame speedof 4.4> Y Kk a
(719 particletrajectories and 3 experiments). Sdable 9 and Figure 70 overleaf for a
summary and comparison of averafyfame-to-frame speedor 0.1 mM2a compared with
no fuel, fibreassembling substratela and nonselfassembling substrateda (at a
concentration of 0.1 mM). It is evident that at low fibassembling substrate
concentrations (0.1 mMa), frameto-frame speed distributions of conjugates are similar
to the other fibre-assembling substratéa, as well as the nogelfassembling substratda
and no fuel, and even appear to be slightly sloWeable9). Asdescribed previously in
section7.4.4, an enhancement of QBP frameto-frame speed is not observasith lower
concentrations of fibre assembling substrdta It may be possible that at concentrations
below theexpectedcritical micelle concentration & enhancement is nobbserved due

to there being little or no sphere to fibre transformation.

Table9 - Summary of average speed data,vesll as diffusion coefficientdpr QDAP with 0.1 mM
1a, 23, 4aand no fuel.

Substrate Average speed | Diffusion coefficient, D .
. L 2 Number of particles
0.1 mM) 0 > ¥)K 0 >°¥)
No fuel 4.4 1.42 719
la 4.5 1.17 774
2a 3.5 1.06 1631
da 3.9 1.24 607

” The CMC a2a was not measured here however it is expected to be in the same ranteizs
around5 mM or lower due t@a being more hydrophobic thata.
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Figure70 ¢ (A) Frameo-frame speed distribution of QBP with 0.1 mM fibreassembling substrat

la (purple diamonds), fibreassembling substrate2a (blue squares) and neselfassembling
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 thahe diffusive transport of alkaline phosphatase
quantum dot conjugates is enhanced by the addition of a-agdembling fuela at high

enough fuel concentrationThe fibre seKassembling del 1a is dephosphorylated by the
enzyme tolb, which facilitatesibre formation,which we proposeaids the propulsion of

alkaline phosphatas®D conjugates leading to enhanced motion.

Pyrenefunctionalised fibreassemblingsubstrate 2a may providea promising route to

conjugate propulsion, as well as simultaneous fiangl conjugate visualisation. However,
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background fluorescence issues B& at concentrations required for propulsiofe.g.

10mM) preventstracking of conjugates

In the case of the selissembling controBa, which assembles into spherical aggregates,
rather than fibrous structures, enhanced diffusion was not observed, leadinghé
conclusion that the transformation from micedieo fibresof 1ato 1b moleculess essential
for the naropropulsion of QRAP conjugates. Th&uppors the proposal that linar fibre-
assembly provides extra propulsion to enhance thensport of the conjugate.Since a
IAPSY FAONB LINBLIMzZ aizy WS@OSyaQ ogAfft oS
Brownian motion of the conjugatethe result of many events is increased falfive

transport of the conjugate.

7.7. Towards drectional control of QBAP conjugées

QDAP conjugates driven by substrate fuel which is dissolved uniformmbughout the
motility solutionresults in enhanced motion with fibr@assembling fuela. However moton

is randomas QDAP 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
concentration gradient intavarious nanomotosystens.******'Directed motion of artificial
motors hasbeen demonstrated usinduel saurated gel reservoirs from whicthe fuel
diffuses into the surrounding solution, resulting a concentration gradientwhich the
motors travel alongn the direction ofincreasing concentratiaff->* Additionally enzyme
molecules havéeenshownby DLSo exhibit enhanced motion in response to a substrate

concentration gradient created by a microfluidics-spt®**

As an initial step towarddirectional control of QBAP conjugates, a polyacrylamide gel
saturated in fuebubstrate is investigated. Fibessembling substratekaand 2a, as well as
buffer control (no fuel) and noselfassembling substratéa are studied for their ability to
direct the notion of QDAP conjugatesalong a substrate concentration gradiemtis 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 5mM substrate, then placed in buffer, results in tirdepencent
diffusion of the substrate from the imally 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 timdependent substrate concentration gradient within the local
environment of the motilityassay. 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 concentratedthe gel due to differencesn

hydrophilicity/hydrophobicity

Polyacrylamide gels saturated with fibassembling substratelka and 2a were monitored

by fluorescence spectroscopy tonfirm diffusion of the substratefrom the gel Each
substratesaturated gel was addkto a known volume of buffer (L) in a cuvette and the
fluorescence intensity ofla (320 nm) and2a (377 nm) was monitored with time (see
AppendixJ. A local fluorescence emission measurement was obtained at a fixed distance
from the ge| i.e. where the fluagimeter excitation beam is centredor both 1a and 2a
substrates which showed an increase in fluorescence emission intensity with time

indicating diffusion of the substrasefrom the polyacrylamide gel.

A motility assay was designed for directed motiohQD! t O2y a2dzal 4S&a 6AlGK
reservoirs. The assay consists of the same sample holder and conditions as used with
previous motility experiments (sesection4.3.3.6). A square of substrateaturated gel4

mm x 4 mm x 1 mm) wasadded to one quadrant of the sample well (rather than the
substrate being present within the entire motility solution), as showRigure71 overleaf

The objective is focused in the ceatof 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 forABDronjugate framéo-frame speed,

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 angleewenly spread,
respectively. Average frarie-frame speed (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 theetmkependent

diffusion of the substrate from the gel reservoir.

A)Side view

oil objective

OiI\L ‘ joverslip
: | 5 : \

/ \ Glass bottom dish
QD-AP liquid sample Fuel reservoir gel

B)Top vew::

Figure71 - Fuel reservoir motility assay set up. Glass bottom dish witktA@ample secured in a
well with glass coverslip, for use with oil immersion objectiveSThWT dzSt Q 2 NJ & dzo & G NI
polyacrylamide gel is placed in a specific segment of the well.

’ <«<— 100x

Coverslip

7.7.1. Control reservoir¢ no fuel

Firstly a control gelasstudied, whichwassaturated in buffer containing no substrate. This
ensures that any directional effect adrwed with substrate saturated gels truly due to a
substrate concentration gradient and notused by flow. Example compositejectories
for QDAP with a gel saturated in buffer are shown for the first30bminutes of a motility
experiment and also@60 minutes(Figure72 overlea). Two time periodsvere analysed
separatelydue to the time dependent nature of the experimene. the concentration
gradient changes with timas substrate diffuses from the gellTrajectories appear nen
directional and diffusive at shorter and longer tisgithin the control no fuelexperiment,

consistent with Brownian motion and minimal effects due to flow.
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A) Control - buffer saturated reservoir B) Control - buffer sat.urated reservoir
15-30 minutes 30-60 minutes
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Direction of gel

Figure72 - Compositeof trajectory examplef QDAP with buffer saturated gel (no fuel control)
between (A) 1530 minutes and(B) 3060 minutes of motility experiment. Arrow represents the
general directiorof the buffer saturated geh relaion to particles being trackedscale bars = 5 um.

In Figure73, the angle of trajectory oQDAP conjugates with no fuelithout the gelis
comparedwith conjugatesin the presence o buffer saturated gel. Overall the angle of
trajectory distributions aresimilar and represent random motion in both case®. a
relatively even spread of angles (for time dependent angle of trajectory distribution see
AppendixM). Additionally MSD plots indicate Brownian motion as linear plots are observed
for a number of example particles (sépendixN), as opposed to curved MSD plots,

indicative of directed motion.

No fuel — no reservoir control No fuel = with reservoir control
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Figure 73 - Angle of trajectory distributions for QBP with (A) no fuel and no gel an(B) gel
saturated in buffer (no fuel).
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The average framo-frame speeds of QBP conjugates with buffer saturated gel (no fuel)
are compared to the overall average speed of-@P®conjugates in buffer (no fuel, no gel).
The average framto-frame speed of @njugates with control gel saturated in buffer (no
fuel), show some variation between data points but there is no apparent relationship with
time (Figure74). The werall average framéo-frame spee valuefor QDAP conjugates
with buffer saturated geis 3.9 um/s, compared to 4.4 pm/s for control with no fuel and no
gel (dotted line inFigure74), based on lexperiment and 133 particle§ee Table8 for no

gel average fram#o-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
Time (minutes)

Figure74 - Average framdo-frame speed of QIAP conjugates, as a function of time point, in the
presence ofouffer saturated gel (control), compared to the aveeagpeed of QEAP conjugates in
buffer (no fuel and no gelshown by the dashed line

7.7.2. Fibreassembling substrate reservoir 1a

A gel saturated in fibrassembling substratéais studied to investigate directional control
of QDAP conjugatesExample compadt trajectoriesin Figure 75 overleaf show more
linear trajectories (compared to random control trajectories), which are relatively aligned in

terms of direction.
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A) Fibre-assembling 1a —reservoir B) Fibre-assembling 1a -reservoir
10-30 minutes 30-50 minutes
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Figure 75 - Composite tajectory examples of QBP with gel saturated in fibrassemblingla,
between(A) 1630 minutes andB) 3050 minutes of motility experiment. Scale bars represent 5 um.

Directionality of QEAP conjugates is further confirmed experimentally as conjugatye
seento move towards the gel reservoir. Further to thisFigure 76, angle of trajectory
distributions with1a saturated gel range between -8.14-1.4 radiang(Figure76 (B)) (the

gel was at approximately +8.14 radians in relation to tracked particles), compared to an
evenly spread distribution when fibr@ssembling substratéa is present throughout the

motility medium(Figure76 (A)).

A) 10 mM 1a B) Fuel reservoir 1a
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Figure76 - Angle of trajectory distributions of QBP with(A) 10 mM1a (fibre-assembling substrate)
without gel, and(B) gel saturated ida.
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Average framdo-frame speeds of QiBPconjugates with a gel reserirasaturated in fibre
assembling substrateéla show enhanced diffusion and decré&as speedwith time
indicative of a substrate concentration gradigfigure?77). This is thought to be due to the
substrate concentation gradient becoming less steep over time, as the substrate is more

evenly distributed in the surrounding environment.

The initial average fram®-frame speedof conjugatesh & ddm >Ykad oO0GTmMAan YA
minutes after the addition of the QBP conj I 1 Sa> G(KS &aLISSR KlFa NBR
comparable to the average speed of @P in 10 mMla no gelreservoir(dashedline in

Figure 77). The oerall averageframeto-frame speedof QDAP conjugates withla

saturated gel and gewith no fuel are 7.0 and 3. Yk &> NBaLISOGAGSte
experiment and 170 particlesMSD plots are curvedonsistent with directed motion (see

Appendix O), however further control measures would be requiréa eliminate the

possibility of flow within the system

10 -

Average frame-to-frame speed (um/s)

0 [ [ [ [ [ 1
0 10 20 30 40 50 60
Time (minutes)

Figure77 - Average framdo-frame speed of QAP conjugates;as a function of timepoint, in the
presence ofla saturated gel compared to theaverage speed of QAP conjugtes in 10 mMla
(present throughout the solutiorghown by the dashed line
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7.7.3. Fibreassembling substrate reservoir 2a

A gel saturated in the second fibessembling substrata is similarly studied to
investigate directional control of QBP conjugates. Brple composite trajectories, in
Figure78 show more linear trajectories (compared to random control trajectories), which

are relatively aligned in terms of direction.
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Figure 78 - Compogte trajectory examples of QBP with gel saturated in fibrassembling2a,
between (A) 515 minutes andB) 1530 minutes of motility experiment. The arrow represents the
general direction of the gel and particle motion. Scale bars =5 um.

Conjugates weax observed experimentally to move towards the gel reservoir, however
according tothe 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 objectivée. where it is focusedin relation to the gel. IfFigure79,

angle of trajectory distributions of QBP conjugates with 0.1 mMa (without gel) are
compared to conjugates with gelts@ated in2a. Previous studies with fibrassembling?a
present uniformly throughout the motility solution revealed that above 0.1 mM the
fluorescence signal was intense, preventing -&® conjugate tracking. Here, the
intrinsically fluorescent substrat@a 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 anglof trajectory distribution of QEAP conjugates witBa saturated gel

reservoir shows some directionality with an angle of trajectory range betweeh1#41.0
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radians (gel direction approximately-+1.5 radiars) (Figure79 (B)), compared to a more
evenly spread distribution when fibr@ssembling substrat@a is present throughout the

motility medium(Figure79 (A).

A) 0.1mM 2a B) Fuel reservoir 2a
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Figure 79 - Angle of trajectoy distributions of QBPAP with (A) 0.1 mM 2a (fibre-assembling
substrate) without gel, an(B) gel saturated i2a.

Average framdo-frame speeds of QIBP conjugates with a gel reservoir saturated in fibre
assembling substrat@a, show no apparent dependee with time but vary between data
points (Figure80 overlea). This could be due to the hydrophobic nature Zd which may
compete with diffusion of the substrate into the medium.e. 2a may interact with
polyacylamide gel rather than diffusing into the surrounding solufi®o that the time
dependence of th&aconcentration gradient will be complicated (as indicated\ppendix

J. Overall average fram®-frame speed is enhanced withba & I 4 dzNJ 6§ SR 3 S
O2YLI NBR (2 02y iNEfy RNB&DNIARNMIO. Toddeipressitk a 0
throughout the solution (se€Table 9), based on 1 experiment and 271 particl&ee

AppendixPfor example MSD plots.
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Figure80 - Average framdo-frame speed of QAP conjugates, as a function of time point, in the
presence of2a saturated gel, compared to the average speed ofADconjugates in 0.1 miga
(present throughout the solutionshown by the dashed line

7.7.4. Non-selfassembling substrate reservoir 4a

A gel saturated in the neselfassembling substratela is also studied to investigate
directional control of QBAP conjugatesExample composite tjactories in Figure 81
overleaf show once againmore linear trajectories (comparedo random control
trajectories)which are aligned in terms of direction. Interestinglifferencesin trajectories
arise with timeas trajectories become shorter and more random after285 minutes
compared to shorter times (85 minutes after addition of QBP 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 QBAP conjugates revert to more Brownian motion. Although this trend is
not observed with other substrates, this could be consequential of hydrophilicitzerosi
the substrate, wherdlais relatively smaller compared ttaand 2aandis likely tobe more

hydrophilic, therefore may diffuse from the gel at a faster rate.
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Figure81 - Composite trajectory examples of QAP with gel sattated in nonselfassemblingda,

between (A) 515 minutes and(B) 1525 minutes of motility experiment. Arrow represents the
direction of gel in relation of the tracked particles and also direction of particle motion. Scale bars =
5 um.

QDAP conjugates are observed experimentally to move towards the gel reservoir. In
Figure82 overleaf the angle of trajectory of QAP conjugates with 10 m¥a (without gel)

is compared to conjugates with gel saturateddim Theangle of trajectory distribution of
QDAP conjugates witlla saturated gel reservoir shows directionality with an angle of
trajectory range betweenl.0-1.4 radians (gel position approximately O in relation to
tracked particlesjFigure82 (B)), compared to a morevenly spread distribution whemon-
selfassembling substratda is present throughout the motility environmer{Figure 82

(A)). Comparing with the other substrateaturated gel systemslé and 2a); conjugates
with 4a appear most directional in terms of exhibiting the smallest range of angle of

trajectories.
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A) 10 mM 4a B) Fuel reservoir 4a
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Figure 82 - Angle of trajectory distributions of QBP with (A) 10 mM4a (non-sdf-assembling
substrate) without gel, an¢{B) gel saturated ida.

Previous studies of QBP conjugates with up to 20 mM naelfassembling substratda
dissolved throughout the motility solution, did not exhibit enhanced motion. However it is
clear fran Figure 83 that QDAP conjugate average frante-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 pmdsnparable to the overall average
frame-to-frame speed of conjugates in 10 m#& present throughout the solution (4.0
um/s), seeTable 8. Overallaverageframe-to-frame speeds of QIBP conjugates witida

saturatedgel, and gel with no fuel are 6ahd 3.9> Yk a2 NB A LIS OGA @St & ool a

experiment and 332 particles).
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Figure83 - Average framdo-frame speed of QAP conjugates, as a function of time point, in the
presence of4a saturated gel, compared to the average speed of-A¥Dconjugates in 10 mMa
(present throughout the solutionshown by the dashed line
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7.7.5. Summary

In summary initial demonstration ofthe directional control of QEAP conjugates was

achieved by isolatingthé@ dzo a G NI ¢S WFdz2St Q GAGKAY |y | ONBf I
into the surrounding buffer solution creates a substrate concentration gradient, where
substratesla, 2a and 4awere shown to direct the motion of GQBP conjugates, as well as

enhance theaverage framedo-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, howeverghegy be

liable to shift during the experiment and the observations are reliant on the positioning of

the objectivei.e.where the objective is focused in relation to the gel reservaoir.

Interestingly, in the case of substratéa, QDAP conjugates, previsly 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 enhancemmpared to the average frame-frame geed of
conjugates in fuel present throughout the systefnhanced diffusion of QBP was
previously only observed with fibressembling substratéa at 10 mM concentrations.nl
contrast preliminary studies with substrate concentration gradients suggestethhanced

and directed diffusion may be possible even in the case ofsalffassembling substrates
(4a). Interestinglythis has also been observed with catalase and urease enzymes in a
microfluidic cell using DLS, however these catalytic effects orspiah remain to be
explained® This effect could & attributed to the presence of a concentration gradient
however at this preliminary stage of the investigatidmrther control measures would be
requiredto conclusively attribute the enhanced and directed motion to the presence of fuel
concentration gadients. 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 seHassembled supramolecular

structures

8.1. Objectives

As confirmed by fluorescence microscopy kiag of QDAP conjugates, there is an
enhancement in the diffusion rate of the conjugates in the presence of-bsembling
substratela (10 mM). It is proposed that the linear growth of a fibre which is transformed
from a spherical micellar structurgrovides an impulsive force on the enzyO®
conjugate. Therefore the ultimate aim for this investigation would be to visualise enzyme
QD conjugates and fibres simultaneously in a fluid tkd@eensional environment to gain

more information about the propuien 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 orderitage. Seltassembled fibre
structures oflb and 2b (as inFigure 60), converted byAP and QD-AP from la and 2a
respectively, wereinitially confirmed using atomic force microscopy and electron
microscopy techniges TEMand cryeTEM). Sed-igure 84 overleaffor TEM images and
AppendixSfor additional images dZb fibres by AFM.
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Figure 84 - Transmission electron micragphs (i) and cryeTEM imageqii) of (A) fibres oflb
(converted fromla by QDAP) and(B) fibres of2b (converted from2a by QDAP). Scale bars
represent 200 nm.

Although informative of resulting supramolecular structures, AFM and TEM techniques are
not ideal methods for dynamic re#ime tracking of fibres and enzym@D conjugates
simultaneously. Fluorescence microscopy provides a potential route to simultaneous
visualisation of the selissembled fibre structures, as well as-8P conjugates, in an effor

to gain information about the seissembly propulsion mechanism of enzymeantum dot

conjugates gee sectior8.6).

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 sdif 8 & SY 0 f A y 3 e.W MeegeFuicididiged fibre
assembling substrat2a). Initial investigations aim to determine the @aptum visualisation
technique for fibres made by free alkaline phosphatase, before undertaking similar studies

with enzymeQD conjugates for twifluorophore simultaneous visualisation.
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