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Abstract

Recently, laser light sources of different regirhese emerged as an essential tool in the
biophotonics research area. Classic applicatiomtude, for example: manipulating
single cells and their subcellular organelles,isgrtells in microfluidic channels and the
cytoplasmic delivery of both genetic and non-genetiatter of varying sizes into
mammalian cells. In this thesis several new findiagecifically in the optical cell sorting
as well as in the photo-transfection study fields presented. In my optical cell sorting
and guiding investigations, a new technique foraewing the dielectric contrast of
mammalian cells, which is a result of cells natyrangulfing polymer microspheres
from their environment, is introduced. | explorewhthese intracellular dielectric tags
influence the scattering and gradient forces up@séd cells from an externally applied
optical field. 1 show that intracellular polymer emdspheres can serve as highly
directional optical scatterers and that the saatjeiorce can enable sorting through axial
guiding onto laminin coated glass coverslips upamctv the selected cells adhere.
Following this, | report on transient photo-trarctfen of mammalian cells including
neuroblastomas (rat/mouse and human), embryonieelidChinese hamster ovary as
well as pluripotent stem cells using a tightly feed titanium sapphire femtosecond
pulsed laser beam spot. These investigations pgednaédvanced biological studies in
femtosecond laser transfectioficstly, the influence of cell passage number on the
transfection efficiency; secondly, the possibitilyenhance the transfection efficiency via
whole culture treatments of cells thereby, synciaiog them at the mitotic (M phase) as
well as the synthesis phases (S phase) of thecgel; thirdly, this methodology can
activate the up-regulation of the protective héamick protein 70 (hsp70). Finally, | show
that this novel technology can also be used tcstemh mouse embryonic stem (mES) cell

colonies and the ability of differentiating thes#l€ into the extraembryonic endoderm.
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Chapter 1

Introduction

1.1 Preface

Lasers are highly coherent, monochromatic lighinee¢hat may be focused into a small
spot size (~um). Depending on the energy level sehehe population inversion, an

essential step in lasing, can be either short Iimethaintained continuously. In the latter
mode of operation, the continuous wave (CW) regithe, laser output is relatively

constant with respect to time. On the contrary,pghised mode of operation results in a
laser output that varies with respect to time, abi@ristically giving high peak powers

(figure 1.1).

L
-
>

Power
Power

Time Time

Figure 1.1 (A) profile of CW laser output with respect imé while (B) denotes the output profile of a

pulsed laser relative to time.

Both these modes of laser operation have promotedal@undance of innovative
techniques in the biophotonics research arena.iristance, since the conception of
optical traps in 1970 (1), the first observation sifigle beam trapping of dielectric
particles (2), and the first demonstration of ogititveezers in manipulating biological
species by Arthur Ashkiet al, 1987 (3), the use of lasers has fuelled the dpweént of

key advances at cellular scale. Optical forcesamsiple for such micromanipulation are



induced by the transfer of momentum between thalémt light field and transparent
micro-particle under investigation. Optical foraagsa CW laser light beam spot can for
example, be exploited to either hold (when the beatightly focused) or deflect (in a
weakly focused beam spot) tagged biological mdteridhese two scenarios are depicted

in figure 1.2.

Bead
pushes
light
down

Bead pushes light
right

Light pushes bead
left

Figure 1.2 In a tightly focused beam spot (A), transparergraparticles of high refractive index can be
held trapped in the region of highest beam intgn<iin the contrary, optical deflection (guiding) of

microparticles (B) is possible in a weakly focuseam.

Thus, CW laser sources mainly dictate optical twegftrapping), guiding and sorting
experiments as they rarely induce the two-photdeceimainly administered by pulsed
laser sources. Separately, the properties of pldseds pronounces them uniquely suited
to creating nonlinear effects necessary for gemgrahventive approaches for optical
imaging, sensing, nanosurgery and laser-assistkdtraasfection. In this chapter, |
introduce the two major areas of my thesis wheserka of different regimes can be

employed, namely: optical cell sorting, and phatosfection of mammalian cells.



1.1.1 Mammalian cell sorting

In a mixed population of cells, the ability to s@md separate rare cells such as for
example, stem cells from bone marrow cells is \atgactive in biology and medicine.
There are various methods of separating and soditflg of interest, some including
commercial cell separation methods such as fluerdgsactivated cell sorting (FACS)
and magnetic-activated cell sorting (MACS) (4). IBof these macroscopic cell sorting
techniques possess high specificity and selectibdgause they consist of extremely
precise immunoreactions between the membrane mparétgins and labeling antibodies.
However, these technologies make use of large ats@iranalyte volumes, millions of
cells and are expensive to run. On the other hand;immunological methodologies
determine and separate types of cells accordintpeiv size, shape and other physical
properties (5). But, these passive cell sortingpegues demonstrate a low specificity for
cell separation, as cells do not remarkably shdWerdinces between each cell type with

the exception of their immunological properties.

Newly emerging optical cell sorting schemes pronsseting of rare or precious cell
samples in nanoliter volumes of analyte, indeed thifers prospects for potential
measurements of precious biological materials exasnipcluding stem cells as well as
cancer cells. In this thesis, a new microscopicfflow-free passive cell sorting method
is presented, this makes use of a two dimensioaak§an CW laser beam geometry in a
simple micro-sample chamber that allows the sortofga mixed population of

mammalian cells.

1.1.2 Photo-transfection of mammalian cells

Several cell transfection systems such as chergatibnic polymers and lipids), viral or

physical approaches have been developed to adwgtake of foreign genes and other
exogenous matter into mammalian cells (6). Howethery each have limitations, viral

vectors for an example possess strong gene traiosféeatures on mammalian cells but,
can incur risks such as a random recombination namunogenicity (7). Cationic

polymers and lipids on the other hand, interachwhie negatively charged DNA through



electrostatic interactions resulting in polyplexasl lipoplexes successively, the major
consequence of utilizing these particularly in egst delivery, are their aggregation,
instability and toxicity (8). While these vectorave a low immunogenic response, the
possibility of selected modifications and the catyato carry inserts as large as 52
kilobases. Their employmeim vivo requires systematic administration which has been
reported to escalate in a toxic response and igefthre incompatible with clinical
applications (8). Yuan, 2008 reported on the adwged of some of the physical
approaches used for gene therapy, drug submissidntheir potential application on
vaccine administration. The report states that goration on chick embryos is superior

to electroporation, with the latter presenting sisk lethal damages (9).

For bothin vitro andin vivo procedures, a gene, drug and/or vaccine delivelngrae

possessing a minimum cytotoxicity and immunogemisponse, which can be applied
under sterile tissue culture protocols and can after targeted treatment of individual
cells, organelles and organs, is highly desirallptical cell transfection, henceforth
known as photo-transfection, satisfies these @itén this thesis | present novel photo-
transfection studies, entailing the photo-transdectof new cell lines including

pluripotent stem cells and investigations towardproved photo-transfection efficiency

using femtosecond (fs) laser pulses.

Both the optical cell sorting and photo-transfectitopics in tandem with their
adaptability to portable micro sample chambers farikey part of the broader vision of

the Biophotonics research area on a global scale.

1.2 Synopsis of thesis

Seven chapters are transcribed within this theGisapter 1, as already outlined,
summarizes some of the uses of optical forces anthder pulses in Biophotonics.
Chapters 2 and 3 focus on optical cell tweezing guilling projects. Explicitly, in

Chapter 2, the forces governing the optical twegzirocedure are described in detail.



Mechanisms for the two approaches followed in @btteveezing particles of different
sizes, namely, the Mie and Rayleigh regimes arereff. The Rayleigh regime (ak<
where a = diameter of the tweezed particle ‘ardhe wavelength of the tweezing beam)
is followed where the particle size is smaller thlae wavelength of the tweezing beam;

in contrast, in the Mie (a%3 regime the particles have diameters larger then t

wavelength of the tweezing beam see figure 1.3vinelo

a<<),

a>> i

¢

Rayleigh regime

Mie regime

Figure 1.3 In the Mie regime the diameter of the particleb® manipulated is large compared to the

wavelength of the tweezing beam and in the Rayle®gime the particle is much smaller than the

wavelength of light used for tweezing.

The chapter then proceeds to explain measureméritse aptical trap efficiency and
gives illustration on constructing a basic optitaéezing setup. Following this, optical
trapping using a tightly focused 3D Gaussian (bkERMode) beam profile of colloidal
particles is demonstrated. Thereafter a reviewhef laser beam trapping wavelengths
suitable for optical treatment of biological ma#ério avoid photo-damage is presented.
Then, the employment of optical forces in optical guiding and/or deflection as well as
optical cell sorting is explored. A description tbe arrangement of a two-dimensional
TEMpo mode beam optical trap utilized for optical guidipgrposes is given. Finally a
review of optical cell sorting with specific empigson immunological (both

macroscopic and microscopic) versus non-immunoddgas well as with fluid flow



versus without fluid flow optical sorting schemesutlined.

Chapter 3 covers laboratory data and the analysiseatheoretical concepts surrounding
the particular experiments. Initially this chapt&roduces the concept of phagocytosis as
an intracellular tagging technique to improve thedegttric property of cells. Thereafter a
comprehensive description of experimental work lavg microsphere-cell incubation,
cell viability measurements, microsphere detectioyn fluorescence and confocal
microscopy and finally microsphere quantificatiosing Labview particle tracking is
presented. To study the effect of these intracalldielectric tags on the scattering and
gradient forces during three dimensional trappirgese the beam is tightly focused and
the gradient force overcomes the scattering fothe, trapping efficiency of cells
encapsulating the different numbers of microspheoespared to those without engulfed
spheres is determined. The chapter moves on téagliipat, in a diverging beam optical
field, where the scattering force overcomes theligra force, the intracellular polymer
microspheres serve as highly directional opticaltecers. Hence, axial optical guiding
(pushing in the direction of laser beam propagatadrcells engulfing a varying number
of spheres compared to those without dielectric ti@genhanced by strong scattering
forces from these cells. Finally in this chaptbe tmproved axial guiding nature of cells
with spheres is capitalized upon for levitating thigacellularly tagged cells onto laminin
coated coverslips thereby optically sorting theonfrthe rest of the cell sample lacking

the dielectric tags.

Chapters 4 to 6 are based on fs laser assistesfaction work or photo-transfection as it
is called in this thesis. Specifically, chapter dgims by explaining the biological
significance of cell transfection, detailing theagiha membrane composition of
eukaryotic cells and transport mechanisms of biecuwes through the plasma
membrane. This chapter then continues to give #ewewf the different modes of
developed cell transfection strategies includingearphasis to laser assisted transfection

techniques. Finally, in chapter 4 the mechanisnfs tinsfection are briefly described.



Both Chapters 5 and 6 provide laboratory data ofafer assisted mammalian cell
transfection. Chapter 5 begins by explaining measents of the fs beam profile and
pulse duration in a basic TEYimode beam setup. Thereafter, the experimental part
starts by reporting on the different cell lines cssfully photo-transfected with the
Discodeum red (DsRed2-Mito) and enhanced greemdhoent protein (EGFP) plasmid
DNA including the previously difficult to transfeoeuroblastoma cell lines. This chapter
then addresses various aspects which influencphbto-transfection efficiency, such as
the change in optical parameters (average powgaubyirradiance) and time of beam
exposure on the cell sample), culture passage mjrabé the stages of the cell division
cycle. Following this, studies investigating potahtellular stress responses and/or the
cytoprotective role of hsp70 post photo-transfecaoe performed. Lastly in this chapter,
a study reporting on the introduction of mRNA, whics directly translated upon

reaching the cytosol without crossing the nucleamfrane, is presented.

Chapter 6 details the photo-transfection as wethasdifferentiation of pluripotent stem
cells. Initially in this chapter an introduction efem cells and their employment as a
therapy is explored. The chapter then continuesxplaining the use of stem cells as a
cell-based therapy. Experimental results displaysugcessful photo-transfection of
El4g2a mouse embryonic stem cells using pDsRed@-plasmid DNA are offered.
Finally, laboratory data showing differentiation tifese cells to the extraembryonic
endoderm using the pCAGSIH-Gata-6 plasmid througdtgtransfection is reported.

To finish, chapter 7 summarizes the content andud&ons within this thesis, with
special emphasis on the novel aspects of this vaork its potential impact to future
experimental projects in the optical cell tweezieg]l sorting and photo-transfection
research fields. The last portion of this conclgdimapter outlines the publication status

and conference presentations of the work presentenis thesis.
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Chapter 2
Optical forces for tweezing, guiding and sortingbadlogical and

colloidal particles

Introduction

In this chapter, a brief history of the differemgtical trap geometries including the dual
beam trap, the levitation trap and an optical teeerap is described. Following this, the
gradient and scattering forces responsible for 3Beoptical tweezing procedure are
described in detail. Then the mechanisms for tragppdie (the ray optics approach) and
Rayleigh particles, as well as a detailed desomptf measurements of the optical trap
efficiency (the Q-value method), are offered. Cangion of a basic optical tweezing

apparatus using a diode laser (658 nm, averagerpg@veW) is given, with the use of

each optical element in the trap explained. Nextermonstrate simple optical trapping
using a tightly focused 3D TEdd mode beam profile of colloidal (3 pm polymer
microspheres) particles achieved using this trdfholigh laser light sources of different
wavelengths can be utilized for building opticalkegzers and for successfully trapping
colloidal particles, normally, near infrared lasemvelengths are suitable for conducting
biological studies. Therefore, a brief review ot tlaser beam trapping wavelengths
appropriate for optical treatment of biological evél to avoid photo-damage is

presented.

Since using a less tightly focused Gaussian beaynp@anit either horizontal or vertical
(depending on the direction of beam propagationjcap deflection (“pushing”) of
particles via radiation pressure. The employmentopfical forces in cell guiding
(transporting) as well as sorting is explored ims tbhapter. Firstly, Gaussian beam
propagation properties such as the beam divergigéeaand Rayleigh range are briefly
explained. Then a description of the arrangemerd @D Gaussian beam optical trap
utilized for guiding and eventually sorting purpsse shown. Finally, a review of optical

cell sorting techniques is outlined with specifimghasis on active (both macroscopic



and microscopic), passive, fluid-flow and flow-freerting schemes.

2.1 Optical Traps

2.1.1 Overview of the different optical traps

An optical trap or “optical tweezers” as it is naity called, allows use of optical forces
to either stably trap (hold) or deflect (guide) oastale and micro-scale particles (1, 2).
Light as a photon entity carries momentum, a pitygéiat is utilized for the operation of
optical tweezers. When light interacts with a menpérticle, it can exchange both energy
and momentum with the particle. The force exertedtlwe particle is equal to the
momentum transferred per unit time. Since optiae&ezers exert piconewton (8 N)
size order forces, they lack the ability to mangpelmacroscopic sized objects but have
been shown to manipulate various microscopic mateincluding whole mammalian
cells and their intracellular structures such asADishromosomes and protein motors.
Three of the earliest trapping geometries are degim figure 2.1 below, the first one,
(figure 2.1 (A)) demonstrated in 1970 is the courgempagating beam trap. Then in
1974, stable single beam optical levitation trafigufe 2.1 (B)) were demonstrated,
where transparent, dielectric spheres of high céfra index were manipulated (3).
Optical traps reported during this time dependedaaiiation pressure force from a laser
beam to stably hold particle in the axial plané@itagainst a counter-propagating beam
or against gravity. The transverse gradient forekl the particle in the center of the
Gaussian beam. Figure 2.1 below illustrates thgsestof traps compared to an optical

tweezers trap.

10
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Figure 2.1 (A) is a dual beam or counter propagating trapene lateral confinement is governed by the
counter-propagating beams. (B) is a vertical l¢iatatrap, in this geometry the Gaussian beam gitgn
distribution provides lateral trapping and the ogltiscattering force dominates the gradient foké tap).
Finally (C) is an optical tweezers or gradient ®tcap. In this case the optical gradient forcesearough

to overcome scattering force resulting in threeetisional trapping of particle.

Optical traps of a wide variety based on the basiattering and gradient forces of
radiation pressure for the tweezing of neutralatiglc particles have been demonstrated
(4-6). In the 1980s, stable single beam three dsmeal trapping of particles with
varying diameters suspended in water came to foreyugh using a single tightly focused
laser beam (figure 2.1 (C)) (7). This single bearmadgnt trap known as “optical
tweezers” can be used for trapping atoms, as weltha full spectrum of Mie and
Rayleigh particles. Also, it employs only a sing@ghtly focused beam in which the axial
gradient force dominates the axial stability. SmctR.2 below give a description of the
roles of the gradient and scattering forces in su@D trap, explaining trapping of the
Mie and Rayleigh particles, and finally displayswhthe trap efficiency of an optical

tweezers system is determined.
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2.2 Optical forces for trapping

2.2.1 Gradient and scattering forces in a 3D trap

Three dimensional optical traps are generated ditlyi focusing a laser beam with an
objective lens of high numerical aperture (NA) 98, The arising optical force is said to
be divided into two important components known [@s gradient force (g (in the
direction of the spatial light gradient) and thatsering force (ka) (in the direction of
light propagation). In a TER mode beam the latter can be thought of as a photon
exerting a force on the particle in the directidnlight propagation while the gradient
force tends to draw the particle towards the ceatahe focal region (9, 10). Balance
between the two forces results in the axial equilib position of a trapped particle to be
located slightly beyond the focal point (10). Optibweezers therefore work because the
transparent microparticles with a higher indexedfaction than their suspending medium
are pulled to the region of maximum laser intensifyhe particle (microsphere or cell)
thus trapped in the beam can be moved about by ngothe laser focal spot to
manipulate its position. Two different approaches aeeded to further elucidate the
forces driving the optical trapping process, ongebleon the ray optics for particles is the
Mie regime, and the other based on the electrid fissociated with light for Rayleigh
particles (see section 2.2.2).

2.2.2 Interaction of light and Mie particles

To calculate the forces acting upon a dielectridigda with a diameter larger than the
wavelength of the trapping light beam, the ray @p#pproach is used. To model how the
laser beam impinges with the transparent partecleundle of rays is utilized; with each
ray weighted according to the light intensity itspesses (i.e. the closer to the region of
higher light intensity of the Gaussian beam pat{@&igure 2.2 A), the higher the light
intensity of the ray and the thicker its weight).

12



A photon of wavelength has a momentum:

p= or nk (2.1)

N

where,h is Planck’s constant; is h/2r andk is the wave number. On interacting with
light through, for example, reflection or refractjoan object causes light to change
direction. The change in momentum of the light walise an equal but opposite change
of momentum on the object. Within the Mie reginfeg transparent microscopic particle
is situated within a gradient of light, the refiaat of rays of differing intensity (due to
gradient) through the particle results in a chaingtal momentum of the existing light
beam and hence a corresponding reaction force epdtticle, which draws the particle
into the region of highest light intensity of thedm (see Figure 2.2 (A) below). A
balance is reached and the particle is held incmre of the beam as the rays of light
passing through and exiting the particle reach ldgiwim with no overall change in
momentum of the beam. This trapping force is dudaéatransverse gradient force which
is a result of the Gaussian intensity distributminthe laser mode, however an axial

gradient is also required in order to lift the paetand manipulate it in three dimensions.

In the case of axial trapping i.e. in the z direct{vertical plane), off-axis rays come in at
an angle towards the particle and gain momentutherdirection of beam propagation.
This change in momentum leads to a force which ggishe sphere upwards against the
direction of beam propagation towards the focaliaegof the beam resulting in a
trapping force in the z-direction, and thus a thdimensional optical trap. The
equilibrium position is reached when the scatteforge and gravity (which both act to
push the sphere downwards) is balanced by the gxdaient force (which pushes the

sphere upwards) (Figure 2.2 (B)).
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Figure 2.2 In an upright trap, the force arising from thedabeam equal the pull of gravity. For particles
to be tweezed in 3D, it is imperative to exert agitudinal force in the same direction as the |aset a
transverse force at right angles to the beam. fdresterse force results from having the laser gitgrat
the central axis of the beam. (A) If the dielectluject is of a high refractive index than the sunding
medium, and is placed to the left of the centrghbst intensity portion of the beam, it resultsniore light
rays to be refracted from the right to the lefitlasy pass through the object and not vise versa. gt
effect is to transfer momentum to the beam in #fedirection and the particle experiences an equal
opposite force drawing it towards the centre ofltkam (right direction) according to Newton’s thiagv
of motion. (B) Off-axis rays contribute to axiabpping by being refracted in the direction of beam
propagation. A force is exerted on the particleegiial size but opposite direction to the change of

momentum of the light (8).

2.2.3 Trapping Rayleigh particles

Particles with a much smaller diameter compareth wie wavelength of the tweezing
beam satisfy the Rayleigh regime. As a result efritinute sizes of Rayleigh particles,
the ray optics approach is not appropriate to ¢aleuthe tweezing forces as only a
fraction of the wave has an effect on the parti€ler these particles it is better to

consider the force in terms of the electric fieldhe region of the trapped particle.
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Upon being placed in an electric field, a polariegharticle will experience an electric
dipole moment in response to the electric fieldlight and is attracted to intensity
gradients in the electric field towards the focifstife polarisability is positive, i.e.
relative refractive index > 1). The energy of tlystem will be at a minimum when the

particle moves to wherever the field is highest #rad is at the focus.

Both the colloidal and cellular micro particles dse the experimental work of this thesis
comprise diameters larger that of the laser wagglerof the tweezing beam and

therefore, lie primarily in the Mie regime.

2.2.4 Optical trap efficiency

The well known Q value method is employed to gugritie trapping strength; it is an
easy and rapid procedure by which the quality ¢efficy) of the trap is determined. This
method works by dragging a known trapped partibi®ugh a sample medium and
recording the terminal velocity at which the pdditeaves the trap (see illustration in
figure 2.3 below). This is achieved by simply tlatisg the motorised stage where the
sample chamber is held at a known velocity andetifegr calculating the velocity at
which the particle falls out of the trap. Duringetprocess at which the sample stage is
translated and the object falls out of the trap, $itokes drag force skkesiS equal to the
optical force exerted on the particle,sf Using a motion controller, it is possible to
manoeuvre the sample stage at a constant veldtigysample chamber usually consists
of a glass slide (bottom) and a top glass covesdjparated by a vinyl spacer (~ 100 um
depth, diameter = 12 mm). The dielectric partittee trapped are normally suspended

in water.
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Figure 2.3 The drag force opposes the relative motion oadigle through a fluid, acts in the direction
opposite to the oncoming flow velocity and depenmdshe velocity.

FStokes = 67777rv (2.2)

This is the maximum force that the optical trap eaart at the specified laser power and
will typically be of the order of 13? N (11). Where is the viscosity of the mediumjs
the particle diameter, ands the velocity of the particle with respect to thed, exceeds
the applied trapping force. The critical velocity femoval of the trapped particle scales
linearly with the laser power in the optical trags (shown in equation 2.3 below). The
trapping efficiency of any optical tweezers confafion is usually described in terms of
a dimensionless paramet@r the fraction of momentum transferred to the tnaggorce
from the trapping laser beam, which is relatecheforce on the particl&;ap, the power

output of the lase?, ¢ the speed of light, and the refractive index @& surrounding
medium,ny, through the relationship:

rap S — (2.3)
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Since the Stokes drag is equal to the optical fexsted on the particle;

— 2.4
I:Stok% - |:trap @9
therefore,
Qny,
6rmrv = (2.5)
C
and,
_brmrve (2.6)
Q = :
n P

Previously researchers have reported on both tiz @¥%xia) as well as the lateraQ(;;)
trapping efficiencies of microparticles to quantihe degree to which these particles are
effectively trapped (12). For optical forces actomga small dielectric particl€ values
tend to be in the range 0.03 to 0.1 (13). Dat&owvalues for a variety of experimental
optical trapping geometries consisting of differilager beam shapes is available in the
literature, though this work has been mostly penfed using microspheres (14-16).

Within conventional optical tweeze€xia is usually an order of magnitude smaller than

Q. (17).

In chapter 3 | calculate th@ value of an optical trap experimentally by measgyiiihe
maximum velocity that intracellularly tagged mamiaalcells can be dragged through a
viscous medium. First in the following section, désdribe the construction of a basic

optical tweezing setup.

17



2.3 Basic optical tweezing system

2.3.1 Building optical tweezers

Assembly of an optical tweezers system can be waetiiewith standard optical
components. In order to expand, reflect and ste=tweezing beam at the back aperture
of the delivering objective lens, sets of lenses i@irrors were arranged in the beam path
of an optical tweezers system. In order to obtaertecessary diffraction-limited spot at
the beam focus, as the laser beam is emitted, st beiexpanded to either exactly match
or slightly overfill the back aperture of the delnng objective lens. In addition, the
ability to steer the beam is crucial to enable béi#ting at the back aperture. Letal,
2007 (14) report on the necessary guidelines ostoaeting and characterizing a basic
single beam tweezing setup. Figure 2.4 below i&iss an optical tweezers setup which
consisted of a 658 nm, 50 mW diode laser. The bepat emitted with a 1.5 mm
diameter was magnified through a simple two plaoovex lens telescope L1 and L2 (f =
50 mm and f = 150 mm respectively) to ~ 5 mm. Thanbevas then reflected on a flip

mirror M placed at 45to the incident laser beam path.

Mirrors M1 and M2 were used in conjunction to aligne beam optimally through the
microscope objective. Mirror M2 located the beantoamirror M1, which was conjugate
with the back aperture of the objective. Therefamanipulating M1 allowed tilting of the
beam in the back aperture of the objective, thissvathg lateral movement of the focused
beam spot in the focal plane. M1 (the beam steemimgpr) was therefore used to get the
beam through the objective. A simple 1:1 telescapangement, the optical relay system
that consist part of the optical conjugates set usesl to steer the laser beam spot. This
comprised of two identical plano-convex lenses,ad8l L4 (f = 100 mm each), which
were displaced by the sum of their focal lengths,tlsat an incident parallel beam
produces a parallel output of the same beam dianiEde 18). By placing these lenses
with their flat surfaces facing one another, sptaraberration was minimized without

resorting to expensive aplanatic lenses.
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If L3 was pushed towards L4, then, movement inatkial (z-) direction occurred because
the parallel beam entering the telescope (at thek lmh L3) became divergent after
leaving L4. This pushed the focal spot away frora tbjective and deeper into the
specimen. Conversely, if L3 was pulled away fromih4the axial direction, the light
from the telescope became convergent, bringing fteais towards the objective.
Movement of lens L3 in the x-y plane, perpendicularthe optical axis, produced a
deflection in the light leaving the lens in essenm@ating the beam. If the lens L4 was
imaged into the back of the objective aperturenttieés rotation occurred in a conjugate
plane to the objective aperture, resulting in agdfation of the laser beam spot (19). To
give the smallest possible spot size at the foatsch is imperative for stable three
dimensional trapping, a 100X oil immersion objeetlens with a high NA i.e., 1.25 NA
was employed (10). By translating the xyz stagembich the sample was placed, the
sample can be moved. A dichroic mirror positionédt® reflected the incident laser
beam into the microscope objective but also allowdite light to pass through and an
image to be formed on the charge coupled devicddjG@mera which can be viewed on
a computer monitor. The setup was filtered by mimgna neutral density filter in the
mouth of the CCD camera to limit saturation assalteof excessive transmission of the
laser light. Below the sample stage was a 35 Wdraddamp that provided incoherent

illumination of the sample.
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Figure 2.4: A display of a basic optical trapping device proel using a diode 658 nm diode laser with
maximum output power of 50 mW. Such a setup isuidef colloidal trapping applications rather than
biological applications since it consists of a lvisilaser light that may be absorbed in biologiakerial
and result in heating and therefore cause opt@adagdje (optocution). Radiometric effects were awbiole

suspending relatively transparent particles indpanent medium (water).

To image the beam a glass slide with some indexhirag oil was used. The filter
between the objective and the CCD camera was resindweng this stage. By translating
a slide up and down at the sample cell plane &atif the focused light beam was seen.
The incoherent light beam was left off during th@nt and once a spherical beam image
was acquired at the sample stage only then coafipiing be tested. After building and
aligning the setup illustrated in figure 2.4, itsvased for tweezing of 3 um polymer
spheres with a refractive index) (1.56 (see figure 2.5 below).
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Figure 2.5 Pictures from the CCD camera displaying z-tragmh3 pm polymer micro spheres using the
optical tweezers illustrated in figure 2.4, thetdes experience axial guiding by the trappingcés of

laser light and migrates in the z-direction of ttep.

Figure 2.5 above illustrates the simple tweezingalmer microspheres (diameter = 3
pm) utilizing a 658 nm diode laser system. Optitakéezers have had widespread
application in biological studies as they offerpfrinvasive” precise micromanipulation
of a specimen in a closed sterile environment. fidgponse of biological cells to an
applied laser beam is largely dictated by the las®arelength as well as the laser power.
Thus, Ashkin in the first studies with tweezers bBiological material, recognized that
near infrared (NIR) laser trapping could reducetphnduced damage in biological cells
when compared to traps made using visible ligh).(Z@erefore to prevent the photo-
damage (photobiological) effects escalating; magifing, guiding, sorting and porating
lasers operate in the NIR region of the light speut Since the late 1980s a huge variety
of cells and intracellular structures have beeppea and manipulated using optical
tweezers. Outlined below is a summary of laser Vemgth influences for biological

matter.
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2.4 Laser wavelength and biological material

2.4.1 Laser wavelength suitable for biological studs

The interaction of light with both biological analiidal material can result in the
refraction, reflection, absorption as well as sratg of the incident light rays. For
biological species, whether individual cells, orglées or even tissue, such light-matter
interactions can be subtle and may initiate a chamvents. In biological materials these
interactions can also lead to the manifestatiorploysical, thermal, mechanical and
chemical effects, or some combination of them. @&beorption of light by biological
materials (cells, for example) can cause damagdt amay induce an excessive
temperature rise or additional thermally generdgtadiometric) forces amounting from
temperature gradients within the material (21). Bus reason the choice of laser
wavelength for optical treatment of biological neatts critical. Section 2.4.2 gives a

detailed description of the absorption of lighteils.

2.4.2 Laser light absorption in cells

Biological cells are rich in proteins which are pessible for a diversity of functions,
from carrying oxygen, to complex processes suchpesviding a light-induced
neurological response for vision. The building l®of proteins are the alphabetic or
aromatic (containing ring structures) amino aciflke former absorb the ultra-violet
(UV) light of wavelengths shorter than 240 nm. Heem aromatic amino acids
including phenylalanine, tyrosine and tryptophasasb at wavelengths longer than 240
nm but well below the visible region of the liglgtestrum. In addition to light absorption
by constituent amino acid residues, protein bondingh as the polypeptide bonds and
the disulfide linkages are also absorptive conthifguto the total protein absorption of
light. Proteins also contain chromophores whichvgl® strong absorption bands;
examples include the heme group (in hemoglobinyal as thecis-retinal (in case of
retinal proteins). The absorption peaks for hemimgldall around 280 nm, 420 nm, 540
nm and 580 nm. To further illustrate typical absiomp coefficients for bio-matter (skin
cells, whole blood, etc) Figure 2.6 below exhiliite absorption characteristics of these

species, including that of water.
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Figure 2.6. The absorption spectra of some biological spe@eatine access date - 19.11.09 (22)). In the
UV region, there is an increase in absorption gifitliwith shorter wavelengths due to protein, DNAI an
other molecules. In the IR region, the increasalisorption of light with longer wavelengths restittsm

the tissue water content. There is minimal absongti the red and NIR.

Aside from proteins, other cellular components algbsorb light. Purines and
pyrimidines, the basic components of DNA and RNAab light ranging from 230-300
nm and carbohydrates have absorption coefficiegli®n230 nm. A cellular component
exhibiting absorption in the visible is NADH, withe absorption peaks around 270 nm
and 350 nm. Although water has no absorption bangeaks from UV to NIR, it starts
weakly absorbing light above 1.3 um with more prameed peaks at 2.9 um and very
strong absorption at 10 um, the wavelength of daradioxide laser beam. Typically
most cells display good transparency between 8@01800 nm hence most biological

investigations are performed with lasers operatedese wavelengths as well.
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Nonetheless, Vorobjesgt al, 1993 (23) examined the wavelength dependencetifabd
trapping in the NIR region of the spectrum in orttedetermine the potential damage of
the trapping wavelength due to absorption. Theynted that when using a tunable
titanium-sapphire laser at 130 mW of power at thanb focus to irradiate chromosomes,
maximum damage occurred when irradiating at inteliate wavelengths of 760 — 765
nm while there existed minimum sensitivity to in@tbn performed at 700 and 800 —
820 nm. To further investigate the influence ofefagavelength in mammalian cells,
Lianget al, 1996 (24)Yound a change in the cloning efficiency of Chinaaenster ovary
(CHO) cells during treatment at different waveldrsgtExplicitly, their findings showed
maximum clonability at 950 — 990 nm and least cholityt at 740 — 760 and 900 nm.
Then, Neumaret al 1999 (25), later looked at the impact of trappiieids from 790 —
1064 nm orE. coli bacteria. They discovered that the action spdotrgphoto-damage
exhibited minima at 830 and 970 nm and maxima @ta8id 930 nm.

Such data in literature reports therefore encowagease specific investigation of optical
damage to biological systems, since the mechanimghotodamage are not well
understood. To avoid photo-toxicity (photo-therneéfiects in cells) as a result of light
absorption, the cell lines and other biological pke® used in this thesis were optically
treated (trapping, guiding, sorting and porating}he NIR to the early IR (780 — 1070
nm) regions of the light spectrum.

The next sections address optical guiding, to aehike desired optical deflection and/or
transportation of microparticles, the optical seatty force must predominantly
overcome the gradient force. Section 2.5 belowtstay giving the principles governing

two dimensional Gaussian beam traps that are wseaxpfical guiding experiments.
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2.5 Optical forces for guiding or deflecting

2.5.1 Optical guiding using a Gaussian beam

Using a less tightly focused (slightly diverging)asian beam propagating either
horizontally or vertically it is possible to movepatrticle by optically “pushing” it along
using radiation pressure, this concept is knowopal guiding and/or transporting (1).
Refraction of light through the particle acts tawrthe particle to the most intense region
of the beam. This radially confines the particléwwo dimensions within the beam.

2.5.1.1 Gaussian beam propagation
Gaussian beams consist of a single maximum cental@ty the beam propagation
direction, diverging at an angle (see equation 2way from beam waisty. The

diverging angle can be described by the following expression:

0=—- (2.7)

wherel is the wavelength of the laser light. The Rayleignge, &, of a Gaussian beam
(equation 2.8) is a standard length by which tiverdjence of the beam is measured. This
is the distance wherein the cross-sectional arélaedbeam waist doubles (see fig. 2.7).
T

Z_ =
R (2.8)
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Figure 2.7 The beam waisly, and Rayleigh rang&z of a Gaussian beam are depicted. The beam width
w(2) is given as a function of the axial distancestihie depth of beam focus a@dis the total angular
spread (online access date - 10.11.09 (26)).

For a laser of wavelength of 1070 nm and a bearstwéi5 pum, the Rayleigh range of a
Gaussian beam can be calculated to obtain 73 pm.cfircial difference for optical

guiding, compared with optical trapping, is howhtiy focused the beam is. In optical
guiding the scattering force dominates the gradierte. Section 2.5.2 below discusses

how such two dimensional guiding Gaussian beamgpsetre created.

2.5.2 Gradient and scattering forces in a 2D trap

A two dimensional optical trap built using an olijee lens of low numerical aperture,

presents a slightly diverging beam that can be eyl in optical guiding experiments.

In this case a less tightly focused beam causémage in the dominant force, resulting
in the axial gradient force becoming much reduaethat the scattering force dominates,

thereby allowing particle guiding (figure 2.8).
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Figure 2.8 A sphere central to the tightly focused (convegyiTEM,, beam (left). Depicted in the image
on the right is a sphere on a weakly focused (ding) Gaussian beam that experiences a scattaring f
in the z-direction. This force arises due to paréflections from the incident light as it intetaavith the

surface of the sphere.

As with the tightly focused beam, the gradient éoltacalizes a particle radially to the
region of highest intensity. Here, a less tighttgdsed beam can be deemed parallel to
the propagation axis in the focal region. The rengsting confinement in the z-direction
are not as strong, inducing a much weaker grafieoe. In chapter 3, | demonstrate how
this weakly focused Gaussian beam arrangement esl us the actual sorting of
mammalian cells. This is performed through enhancgending of cells tagged
intracellularly with dielectric microparticles ontaminin coated coverslips and thus

separating them from the non-tagged cells.
Firstly, in section 2.5.3, | briefly review the djgation of optical forces particularly to

cellular material giving an overview of the typelsstudies performed, with emphasis

upon optical cell sorting.
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2.5.3 Optical cell sorting overview

Among cell manipulation techniques, technologiasdell separation and isolation with
high specificity are restricting the rapid growthaell biology because cell populations
are frequently heterogeneous and the cells of @steare suspended in a solution or
mixed with different types of chemicals, biomolezsiland cells. To allow availability of
physiological information needed for the identifioa and characterization of individual
cells in biomedical research, specific cell subtpafions often require isolation or
purification from the sample solution containingamplex mixture of various cell types
(27, 28). Examples include the selective isolatma cloning of genetically modified
cells for genomic and proteomic studies, separatmh differentiated versus
undifferentiated cells and sorting cells from pattisamples for developing new cell lines
(29). In clinical oncology and biomedical researttte ability to rapidly and accurately
perform the enrichment and isolation of both rand aot so rare populations of cancer
and stem cells from large mixtures of contaminatetjs is highly desirable (30, 31).
Cell sorting via optical sources at the microflgidicale is highly attractive; various
literature reports display the possibility of trpoging and sorting mammalian cells in
optical tweezing setups (28, 32-34). Sorting ceflsterest is another area where optical
forces may play a key role, though not necessarilyirect trapping but in deflecting or
guiding given cells to a reservoir. Firstly a distion between active and passive cell
separation methods is made, and then fluid-flonwai as flow-free optical sorting
methods briefly described.

2.5.3.1 Active cell sorting methods

Active sorting and uses an external marker e.g., dieteatnarker attached via
immunological means or the use of a fluorescentkerae.g., green fluorescent protein
(GFP) to differentiate between the cell types pmesé&xamples of this type of
immunological sorting at the macroscopic scalebased on commercial cell separation
methods such as FACS and MACS (35).
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FACS machines can detect and sort cells accordirgglarge number of parameters, and
readily sort cells at rates in the order of &6lls per second (36). In a FACS device, cells
contained in liquid droplets are discharged from aoustic vibrating nozzle and
streamed through a detection region. In the deteategion, the light scattering and
fluorescence properties of a given cell are reabrdeto photodetectors as the cell
transverses a laser beam. The cells may be tagijlecppropriate fluorescent markers
(fluorescently labeled monoclonal antibodies), ity specific cells to be recognized. If
the light scattered from a cell corresponds tocthesen fluorescence signal, an electrical
charge is applied to the droplets containing tHecsed cells. One or more droplets are
then separated from the main stream of droplets antollection chamber. In the same
fashion, droplets containing different cell typee directed toward separate collection
vials by a static electrical field (37). In thisogess, the FACS machine can also record
the cell size, volume or viscosity (granularity)NR or RNA content as well as the
presence of surface antigens or internal protdt®CS has a variety of uses and has

found application in the diagnosis of leukaemiaapyroma and immunodeficiencies.

The MACS cell-sorting technique is mostly usednmriunology (35), and offers a direct
and rapid separation between two cell types. Roidhe magnetic separation process, the
cells are incubated with paramagnetic micro bebds are coated with the appropriate
antibodies. This permits them to preferentiallyaettt to the cells that are expressing the
specific surface antigens in the sample. Subselyuiéra cells of interest may be sorted
by use of an externally applied magnetic field.sTteichnique is reliant upon the need for
suitable antigens on the cell surface allowinggheamagnetic beads to accurately bind
to or “tag” cells of interest. Furthermore, the rhen of paramagnetic beads that can be

used in parallel is more limited than for FACS.

Both the FACS and MACS cell sorting techniques psessigh specificity and selectivity
because they consist of extremely precise immuctoes between the membrane
marker proteins and labeling antibodies. Anotheraathge of FACS and MACS cell
sorting schemes is the achievement of high-througbell separation. This fact not only

means that there is a requirement of large numitecells for efficient separation, but
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immunologically isolated cells may often experiedeenage during follow on processes
such as the elution of cells from the capturingbertties, and additionally overall these
cell separation systems are bulky and expensiveu tdehnologies for cell sorting are
emerging; these can be used with rare or precielisamples in nano-liter or micro-liter
volumes. For such minute analyte volumes, innoeasiorting methodologies that readily
deal with small sample volumes and are easily &dafmt microfluidic environments are
necessary. So, in contrast to the macroscopicngostthemes previously mentioned, the
next portion of this sub-section therefore desa&ilaerecent active sorting technique

performed in a micro sample chamber (microscopiva@sorting).

In this example active optical sorting exists, vehéne combination of optical forces
typically with microfluidics aims to replicate mobeilky FACS machines but in a more
compact geometry. Specifically, in the study of \Yah al, 2005 (38), a microFACS
(WFACS) system that used a microfluidic cartridge andaser at 488 nm to excite
fluorescence, and a subsequent 1064 nm laser riacete sorted cells in a microfluidic
flow was developed. This therefore produced a #aoence-activated microfluidic cell
sorter. The researchers assessed the performatitis dévice on live, stably transfected
HelLa cells that expressed a fused histone-greeoretigent protein. Viability was
measured by evaluation of the transcriptional esgoa of two gene${SPA6 andFOS,
known indicators of cellular stress, and no detnitak effects on the cells from the
optical sorting were observed. Another examplé@as in figure 2.9 (39) below, where
the principle of active cell sorting via opticarées in suchuFACS devices is illustrated.
Several groups have implemented microfluidic foraisFACS, as mentioned in the
review by Andersson and Berg (40). The methods @medell identification are similar
to those of macroscopic FACS machines. Hydrodyndotasing is used to generate a
laminar cell flow into a detection area, and sulbsed] deflection into the appropriate
extraction channel is performed by electrical otiagd switches. At the microfluidic
scale level, the requirement of separating cetisnfimicro liter samples may lead to a

reduced throughput compared to that obtained imr@saopic sorting apparatus.
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Figure 2.9 Principle and illustration ofiFACS based on optical forces. The hydrodynamicfmbused
macrophage: (A) is detected by forward scatter{By;enters the IR laser spot; (C) is deflected ptioal
gradient forces; (D) and finally is released iniffedent laminar flow stream (reprint by permissifsom
Analytical Chemistry (39)).

2.5.3.2 Passive (non-immunological) cell sortingadkniques

Passivesorting is a type of non-immunological techniqueeveéh the selection and
separation of cells occurs purely by their diffgrphysical (intrinsic properties) response
to the light field. In these methods, the type efl are determined and separated
according to their cell size, shape and other playgiroperties. Non-immunological cell
sorting techniques demonstrate a low specificityckell separation, as cells do not show
remarkable differences between each cell type thighexception of their immunological
properties. Examples of such passive sorting ini@ascopic environment, include the
case where a Bessel light beam was used by Paterar2007 (33) to separate red and
white blood cells based on their intrinsic propesti There are several methods of
generating a Bessel light beam and in this casexaron, a non-diffractive optical
element with a conical shape was illuminated withreident 1064 nm Gaussian beam to
generate a Bessel beam (33, 41). Since the wheéedrincident light beam is utilized
when creating the resultant Bessel light patter £ZtDo?/4A, whereDg is the beam

waist diameter), transmission is high with negligimmount of light lost on lens
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reflection. This makes use of an axicon an effectthoice of generating the Bessel

beam.

In this study a mixture of equal quantities of Iymopytes and erythrocytes were
suspended in complete cell culture medium and dlat@a sample chamber. These cells
were then illuminated using a Bessel beam with déetral core size of 5.0 um and
average laser powers ranging from 300 up to 800 mwing laser illumination, it was
reported that the erythrocytes got locked in theiotings of the beam while the bigger
and more spherical lymphocytes got drawn into theter of the beam, were optically
separated from the red blood cells and collecteddnmcro-capillary tube (figure 2.10).

(a) Beam off

(e) t=150s (f) Cells collected

-’@f -

Figure 2.1Q Sorting oflymphocytes from erythrocytes in a Bessel lightrbda-e), lymphocytes migrate
to the central core of the beam and can be cotleictt® a micro-capillary tube (f). However, because
their disc like shape, erythrocytes are trappggpéd on the outer rings of the beam which possaserl

power compared to the central core fep(int by permission frompplied Physics Letters (32)).
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2.5.3.3 Optical sorting methods with fluid flow

This is another microscopic sorting case whererabdoation of microfluidic flow and
optical forces are used for sorting purposes. Badhogical and colloidal particles may
be driven by flow over the potential energy langscédight pattern); an example of such
a process is optical chromatography where parsiefgaration occurs due to the balance
between the optical and fluid forces. Usually setaseam is mildly focused by a long
focal length lens (rather than a high numericalriape objective) into a fluid channel

containing the sample of interest (illustratedigufe 2.11 below) (42).

Group of concentrated particles

Iaspr—‘

Group of concentrated narticles

Figure 2.11 Depicts the optical chromatography glass micoaviiell. (A) shows the construction of the
microfluidic device with the pathway for fluid (greentering and exiting the separation channel, thed
laser beam focused through the channel. In (B),pkamseparation is demonstrated where the sample
particles are constrained to the focal point oftieam by the size of the separation channel tHdlkeid by

the laser beam focus (reprint by permission fojptics Express (42)).

In their optical chromatography experiments, Hal, 2007 (42) reported using a 1064
nm ytterbium fiber laser aligned with the microélig flow cell mounted on a linear x-y-z
translation stage to demonstrate the ability toceotrate spores dacillus anthracis (6

X 10" spores/ml) and in another experiment, 2 pm potgsiy beads (4 X 10
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particles/ml) both suspended in water. Basicallyhis flow cell, the fluid flow with the
sample of interest enters the device and movessadm the laser separation channel
where it interacts with a mildly focused laser bg@meused using a 100 mm focal length
lens). At this point, as is shown in figure 2.11),(Bhe laser beam fills the channel,
therefore all particles in the fluid experienceiogitpressure. The separation channel size
of 50 um diameter and 500 um length was compldidgd with the focused beam.
When the beam is left on, the particles are rethioencentrated in the separation
channel. On switching the beam off, the concerdraggeam of particles are then
released; see data displaying the concentrati@hyoh spheres in figure 2.12. Following
crossing through the laser separation region, lind &xits the device where it can be

collected with the separated particles for addélanalysis.

Laser beam “OFF” beiore pariicie conceniraiion

concentration

am WOTTY na

release of prevltl)usly:retamed particles

Figure 2.12 lllustrate the concentration of 2 um polymer rogpheres with 0.9 W of a 1064 nm laser
beam focused into the 50 um optical chromatogragitannel. In (A) the liquid containing the sphergs i
introduced as a constant flow at a flow rate of BlJer hour (beam “off”). When the beam is swithe
“on”, there are no visible spheres within the chelnas they are concentrated outside (B). Afterethre
minutes of microsphere retention, the beam is &&dc off’ and the concentrated stream of spheres is

released into the channel (C) (reprint by permis§iom Optics Express (42)).

2.5.3.4 Flow-free optical sorting methods

A method using the optical fields to separate dbjét the absence of any flow is now
explored. In the absence of flow microparticles aoemally trapped, unless the trap
potential is engineered such that it is shallovdileg to production of a metastable state
which causes the particles to escape due to thexatiaiation from the optical potential
well. Assays during flow-free sorting procedure® awormally performed in simple

micro-sample chambers, typically consisting of asglslide or glass bottom petri dish
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(bottom) and a coverslip (top). No expensive pungpgcialized micro-chambers and
micro-fabrication of channels coupled to electrod@e necessary in this case. An
example of flow-free sorting was demonstrated biefRanet al, (33) in this work they
report on enhanced passive sorting of externafjged human promyelocytic leukaemia
cells (HL60) within a mixed cell population using mopagation invariant (“non-
diffracting”) Bessel beam pattern. This beam peofis a central core that propagates for
a distance much greater than the Rayleigh rangeGdussian beam. The bottom of their
sample chamber consisted of a type-1 thickness glagerslip (0.13-0.17 mm thick X 22
X 50 mm), a vinyl spacer of thickness 80 um andtdpewas a second glass coverslip
(0.13-0.17 mm thick X 18 X 18 mm). Pulled glassiltapes (outer diameter = 20 um,
inner diameter and 10 um) were used in combinatitimthe sample chambers to collect
the optically guided and sorted cells (33). Durcg]l sorting, they filled the sample
chamber with 20 ul of sample analyte which was xechipopulation of tagged and non-
tagged HL60 cells and illuminated it with a Bedsehm (250 mW, 1064 nm ND: YVO4
laser). On interacting with the beam the HL60 caidernally tagged with 5 um
streptavidin-coated silica spheres, were repouedave a faster migration rate from the
outer rings to the central core of the beam comptrdhe non-tagged cells. In addition,
on reaching the central core, tagged HL60 celleweported to guide a vertical distance
of 160 um in just 6 seconds compared to 37 secvedgal guiding time of the non-
tagged cells. This enhanced guiding feature of édggL60 cells was then used to
passively sort them from the non-tagged cell pamrain a flow-free fashion using a
Bessel beam. Following optical sorting, they reporon the collection of ten optically
guided tagged HL60 cells in a pulled glass micrpHtay filled with 0.1 % trypan blue
for monitoring cell viability (33) (figure 2.13).1eir results displayed no compromise to
cell viability, thus, confirming successful sortjngpllection and then recovery of healthy

HL60 cells, achieved in a simple fluid flow-fredlcrting chamber.

35



Figure 2.13 Depicts extracellularly tagged HL60 cells postiexiion in a glass capillary tube filled with
trypan blue to test cell viability following optickeatment. These tagged cells were optically ediend
subsequently sorted from the non-tagged cell pdipulain a flow-free Bessel beam passive sorting
chamber. After collection the cells were allowedrtoubate in the presence of the viability dye doiew
minutes (0, 2 and 4). The cells did not stain duwen after 4 minutes of dye incubation, indicatihgt
both capillary collection as well as laser irragiatduring guiding and sorting did not compromissl ¢

viability (reprint by permission frordournal of Biomedical Optics (33)).
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It is worth mentioning that during flow-free passisorting; a large difference in size or
refractive index between cell types is requiredonder for effective separation and
sorting to occur. The heterogeneity within or betwenost cells types does not consist of
large enough differences, particularly, in refraetindex. Therefore to improve cell
sorting, typically in flow-free methods, cells arermally tagged with dielectric particles

of high refractive index such as silica or polymecrospheres.

2.6 Summary

Optical traps have allowed developments of a hugaltv of Biophotonics studies. In
this chapter the different types of optical trapgioally employed in earlier experiments
were mentioned. Then a detailed study of the gulesi use and construction of the three
dimensional optical tweezers trap was presentathl&ibeam trapping or tweezing of
polymer microspheres through a 658 nm diode lastupswas displayed. | then
elucidated the reason most laser sources utiliaeaptically treat biological matter are
usually operated on NIR region of the light spetir®ptical deflecting or guiding in a

two dimensional Gaussian beam optical guiding wap displayed.

The different types of microscopic cell sortingheologies mentioned (UFACS, Bessel
beam passive sorting, optical chromatography amal-fiee Bessel beam sorting) in this
chapter show the many possibilities associated whih use of optical forces for

promoting cell sorting studies. In contrast to fttiadal macroscopic cell sorting

methodologies (e.g. FACS, MACS, etc), minute volanaad low cell concentration

numbers are used with microscopic sorting techriguiéhis therefore makes these
methods very useful, particularly in investigationgolving clinical samples or precious
cell lines that are difficult to culture and expaimto large populations. For example,
only a few cells are sufficient for many downstreapplications such as vitro cloning

or polymerase chain reaction (PCR). Added bengiitsnicroscopic sorting schemes
include the ease at which they could be integratéml microscopes and other optical

elements, which may lead to a new generation oftiffurictional workstations in
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biophotonics laboratories. In the following chaptewill present my experimental data
demonstrating a new fluid flow-free 2D optical cglliiding and sorting technique. In
contrast to the flow-free work reported by Patersoal, 2007 (33), during my studies a
weakly focused Gaussian beam was used to sortweglisohagocytosed (intracellularly
tagged) microspheres from a non-tagged cell popunlah a flow-free micro-chamber
made of a type zero glass bottom petri dish ammpactverslip. During optical guiding,
the tagged cells were retained (got attached) artminin coated coverslip (top of the
chamber), collected through separating the top rstipefrom the rest of the sample

chamber and successfully re-cultured for furthexysis.
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Chapter 3
Phagocytosis for intracellular dielectric taggimgdahe enhanced

optical guiding and sorting of mammalian cells

Introduction

In the previous chapter, | described 2D Besselt ligkam passive cell sorting using
extracellular tagging as an example of a possilde-free cell sorting scheme. This
chapter introduces the concept of phagocytosisrasnatype of mammalian cell tagging
procedure to promote improved optical guiding aleavifree sorting in a 2D Gaussian
beam trap. Firstly, | outline the difference andaolvantages between the extracellular
and intracellular dielectric tagging proceduresjirgy examples of where each tagging
technique has been successfully employed. Thendepd to my own studies involving
phagocytosis as an intracellular tagging methodhoice, where, | perform experiments
to quantify, detect and assess the viability of thedl-sphere phagocytosis. These
investigations include the tracking of microsphevéghin cells via Labview particle
tracking, trypan blue exclusion dye assays and teaély, imaging techniques such as
fluorescence microscopy and confocal laser scanmiggoscopy. The initial studies
were performed with Chinese hamster ovary (CHO-&dl)s but three more cell lines
were used in this chapter namely, the retinal pignepithelial cells (RPE), human
promyelocytic leukemia (HL60) cells and haematopoi&DCP-mix C2GM (C2GM)

cells.

Following these characterization experiments, ltmeport the effect of the intracellular
dielectric tags on the scattering and gradientef®rduring three dimensional trapping,
where the trapping efficiency of cells encapsutatithe different numbers of
microspheres are compared to those without therephesing a diverging beam optical
field (2D trap) the intracellular polymer microspbg are seen to act as highly directional
optical scatterers; hence, axial optical guidingcefls that have engulfed a varying

number of spheres is enhanced by a strong scattienioe from these cells, as compared
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to those containing no spheres. Finally in thisptég the improved axial guiding nature
of cells with internalized spheres is achieveddoythting the intracellularly tagged cells
onto laminin coated coverslips thereby capturind aptically sorting them from the rest
of the cells lacking the dielectric tags.

3.1 Extracellular versus intracellular tagging

3.1.1 Refractive index of the material to be maniplated

The measure of how much the speed of light is redluoside a particular medium
(compared to light traveling in air) is known ag ttefractive indexn() of that medium.
When light rays cross an interface from air to asglor any other transparent material of
high refractive index, they not only experienceharge in direction via refraction, but
also get partially reflected by the surface of thaterial. For this reason, materials of
high refractive index are amenable to optical tmagp guiding as well as sorting
methods. When dealing with optical forces and lgmal materials, the ability of light to
exert forces may be hindered by the relatively lefvactive index difference between,
particularly, a cell and its surrounding mediumeTbow refractive index difference may
make it difficult to ensure cell manipulation basedthe native cellular response, as the
scattering and gradient forces exerted are nohgtemough to initiate significant cell
manipulation, guiding and sorting without the udehmh laser powers. One way of
avoiding this hurdle is by altering the dielectgontrast of cells through attaching
dielectric particles to the cell surface so thasth act as tags or “micro-handles” to be
used during optical treatment. This process ofaeeliular tagging has been previously
explored in literature for optically manipulatingweealth of different biomolecules and
whole cells (1-5). Although successfully utilizeétle process of extracellular tagging is
very complex requiring careful consideration of theface chemistry. This introduces
the need for use of expensive antibodies and higipécific ligands. Herein, | present a
new cellular tagging approach by which cells ndlyrangulf dielectric particles via a
process known as phagocytosis. Particle uptakkisnnhanner results in an intracellular
tagging scheme which is achieved through simpld-peeticle incubation without
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additional costly reagents. The two approaches knmmienhance the refractive index of
biological species thereby significantly improvirtgeir optical treatments i.e. the
extracellular and intracellular dielectric taggiteghniques are described in the following

sub-sections.

3.1.1.1 External (extracellular) dielectric cell tgging

Optical manipulation of biological species relies specimen tagging mostly using
extracellular attachments with a prominent refractindex, compared to that of the
suspending medium. These attachments are thenassbdndles between the trapping
beam and the actual particle under investigatiaor. iRstance, the trapping force of
CATH.a cells, a neuronal cell line was increasedolgr 270 % via a one-to-one
coupling of these cells to carboxylated polystyrér@ads (1). In another experiment
researchers reported, irregularly shaped diamomticies, n = 2.4, when treated with
0.01 % poly-L-lysine which promotes adhesion ofsct solid substrates, and used these
as optical handles providing improved degrees eedom to manipulate cells and
molecular assemblies (2). Patersbal, 2005 reported enhanced optical trapping of a T-
cell subpopulation of mononuclear cells througlacittment of Streptavidin-coated 5.17
pm diameter silica microspheres. This enabled theroptically separate and collect
lymphocytes into a microcapillary, from a mixed p&giion of cells containing
erythrocytes (3). Figure 3.1 is a schematic rempriasi®n of extracellular cell tagging.
Such forms of dielectric sphere tagging processesaawell established method in
manipulation of macromolecules (4). However anotkh&advantage is that these
methods can be time consuming. In addition, durihg optical manipulation
experiments, microspheres externally attached @octll surface often disengage from
the cells once exposed to the forces of the laapping beam, as a result of weak cell-
sphere binding affinity. Also, this mode of celjtgng is not very effective since in some
experiments, only 1:100 cells get successfully ¢éagdt would, therefore, be a significant
step for optical cell sorting, and more generaliaggtmanipulation methodologies to

explore a simplified method for enhancing cell npashétion.
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Figure 3.1 (A) Streptavidin-coated, silica microspheres & .47 um diameter (pointed by black arrows —
B1l) were attached to the T-cell subpopulation ofnorclear cells (B3) via a mouse CD2 primary

antibody and a secondary biotinylated antimous#ady (B2) attachment to form a complex depicted in
B4. Image (C) further illustrates the binding prdeee (online access date - 30.12.09 (6)). Attackitica
microspheres, targeted to a specific subpopulatibeells via antibody-antigen binding enhances this
method of cell separation as the microspheres tedhbe optical landscape more strongly than ¢8lis

To achieve this and overcome all of the challeragesind extracellular tagging, another
tagging approach that provides more stable, noit-teendles that can be acquired via a
natural cellular process known as phagocytosisréesgmted in section 3.1.1.2. This
efficient intracellular dielectric tagging fashias inexpensive and the tagging protocol

(Appendix A (iv) page A3) requires no complex, tisensuming immunological steps.
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3.1.1.2 Intracellular dielectric cell tagging

Internalization of a foreign body by a cell is aogess that can be categorized as
phagocytosis (“cell eating”) (7). Compared to rdoep mediated endocytosis
(internalization of small particles e.g. macromales and viruses) and pinocytosis
(uptake of fluid and solutes “cell drinking”) (§)hagocytosis is the uptake of relatively
large particles > 0.5 um into vacuoles by mechasitimt are clathrin independent and
usually require actin polymerization (9, 10). THegocytic process can be divided into
sequential events, starting with the recognitiorihef particle by dedicated receptors on
the phagocyte. Opsonic receptors such as thedeeptor (FgRs) are among the well-
characterized phagocytic receptors (11). Partiocudment is therefore triggered by the
clustering of FgRs which results in a local and oriented polymeiara of actin
filaments that encourages the plasma membraneroda invagination which wraps the
particle within pseudopods. A contractile forcghien generated by the cell body (figure
3.2) specifically to attract and pull a particleanthe protrusion of the cell plasma
membrane. Once within the cell, the phagosome y#®cle containing the ingested
material), is degraded by lysosomes which are @a@did rich in hydrolytic enzymes.
There are numerous reported studies in the litexatin the engulfment of inert,
degradable on non-degradable particles such a®spiceres (polymer, latex and silica)
(212-14). In unicellular organisms phagocytosis tanutilized for nutritional purposes
(15). Conversely, in higher organisms, phagocyhetuding macrophages, neutrophils
and dendritic cells, facilitate the elimination sgnescent cells and invading pathogens
through this process. Thus phagocytosis is cetdralhost’'s defense mechanism against
infective agents, and to help in tissue modeling damage from inflammation. An
interesting application utilizing this phagocytopi®cesses is when cells are allowed to
internalize dielectric particles, thereby promotisgudies in optical manipulation,
trapping, guiding and sorting of mammalian cellecéntly, optical tweezers have been
used in several studies investigating specific mmamd binding mechanisms behind
phagocytosis (16, 17). In other studies, opticaterers have been employed to move
internalized beads within fibroblasts in order dentify the anomalous diffusion scaling

to the density of the microtubule network withiniaihthe bead was embedded (18).
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Figure 3.2 Phagocytosis is the process by which the memboérse macrophage type white blood cell
surrounds and engulfs a bacterium in a membranaebshell called a phagosome. Inside the cell, the
phagosome fuses with a lysosome which carries tigeenzymes that destroy the bacterium. Cells also
use this process for feeding purposes (online aatat® - 10.12.09 (19)).

The internalization of functionalised beads haso aéabled intracellular studies,
including calcium signalling detection (20), pH elgion, force measurements and
cytoskeletal rearrangements (21). Sinebal, 1988 (7) studied the biophysical aspects of
microsphere uptake by human neutrophils. This woldntified a store of excess
membrane area existing on cytoplasmic granulest thay be recruited during
phagocytosis for fusing to the membrane projectiemd promote membrane enclosure.
Depicted in Figure 3.3 (A), is a cancer cell indgdawith multifunctional capsules
consisting of a polymer shell having certain redeapermeability and adhesion
properties. These capsules have an inner compartimencan be loaded with materials
of different properties, examples including drudaminescent quantum dots or
biologically active materials (22). In this studys claimed that such capsules promise to
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be the ideal system for targeted and controlledvelgl system of drugs within
pathological cells. Figure 3.3 (B) depicts phagosig of both coated and non-coated
polystyrene microspheres of 750 nm diameter, infibrablast cell. These microspheres
were found to create a well ordered 3D crystalimatvithin a fibroblast cell when they
were co-incubated at a high concentration (21).tHis study, the mechanism for
phagosome crystallization was reported to be simbdaclassic colloidal crystallization:
where, in a thermal bath, colloidal crystallizatioh mutually-repulsive microspheres
occurs when the microspheres’ density exceedgiaatrconcentration. Thus, the spatial
confinement caused by the cell membrane is saidetdhe driving force behind the
crystallization. The particles become concentrgtexoting crystallization when bound
by the membrane and pumped into the perinuclear\aeeretrograde motion (movement
in the direction opposite that of the cell membjangtudies analyzing crystallite
formation within cells, offer a comprehensive irngignto the physical environment

within cells.

10pm |

Figure 3.3 (A) shows an overlay of phase-contrast and flsocgace images of a human breast cancer cell
of the cell line MDA-MB-435s with internalized cagss. The capsules are 5 mm in diameter; six capsul
were counted as being phagocytosed by this paatiadll (reprint by permission fror@mall (22)). (B)
Displays a scanning electron microscope image wiudti-layered three-dimensional colloidal crystalli
(750 nm sized particles) inside of a fibroblast.c60 nm and 1 um particles are reported to foratl-w
ordered crystallites when there are enough pastitde create three dimensional structures (reprint b
permission frongoft Matter (21)).
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In addition, such investigations may provide inrtoxa&a tools for studying the
rearrangements, forces and stresses acting upocytbskeleton. An understanding of
organelle-membrane interactions and cellular trartspf multiple particles may also be
developed by such experiments.

The process of phagocytotic internalization cac@m@bined with a variety of intriguing
physical, biochemical and optical processes. Nextxplore optical studies using
phagocytosis for enhancing the intrinsic dielectomtrast of different mammalian cell
lines. This is where cells naturally take up polymacrospheres from their environment
and thus respond more strongly to an applied dpfiel. | characterize the optical
forces on these cells, and show that this simplexpensive and non-toxic internal
tagging technique can be used to investigate emldaoptical manipulation and enable a
simple new technique to optically sort mammaliabisceAppendix A (i) to (iv) pages
A1-A3 explains the detail on cell lines used, @eilturing, microsphere preparation and

cell-microsphere incubation respectively.

3.1.2 Microsphere quantification using CHO cells

Prior to optical experiments, initial studies foedson the internalization parameters of
the microspheres into specifically CHO cells. Sitteese have been well characterized in
the literature, they were also used for testingabié viability post sphere phagocytosis,
confirming microsphere uptake through fluorescenéercury lamp) and confocal laser
scanning microscopy measurements. To quantify sglere uptake, the red photo-
transfected CHO cells were incubated with the GErosipheres over five different time
periods, namely, 3, 6, 24, 48 and 72 hrs. Folloviimg microsphere incubations at the
recorded times, non internalized (superimposed@gshwere removed by rinsing the cell
monolayer twice using 2 ml complete medium, leavapproximately 200-250 pl of
medium covering the sample surface to prevent theatayer from desiccating. Samples
were then analyzed via fluorescence microscopyguaidOX microscope objective lens
(NA 0.25) to capture images of the fluorescing-splhere samples with a large field of

view over different time periods (figure 3.4).
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Figure 3.4 Using a color digital camera (CCD), fluoresceritnographs were captured through a 10X,
NA 0.25 microscope objective for quantifying theamt of microspheres taken up by the CHO cells over
different time periods. (A) an image taken 48 Isoqpost microsphere incubation and B&C depict tHe ce

sphere sample area 72 hours post incubation.

These images were then imported into a LabVigarticle tracking program that was
written specifically to count sphere uptake pet ¢etitten by Dr. Graham Milne in an
independent PhD study). Figure 3.5 displays thentifization data of microsphere
ingestion by mammalian cells, showing that maximuatarnalization for both the 2 and
3 um spheres was achieved at 24 hrs post incubattbrthe cells. Also for both 2 and 3
pum spheres at 48 — 72 hrs, microsphere internaizalrops. This result is expected as
CHO cells are adherent cultures which reach sabmraiensity as of 48 hours post
seeding as is evident in images a, b and c ofdi@u. Normally in cell cultures, at 24
hrs post seeding the nutrients in the growth meditarts depleting (23). This then alters
general metabolism and biochemistry of cells wimgght be the reason for a decrease in

microsphere uptake at 48 and 72 hrs.
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Figure 3.5 lllustrates cellular uptake of 2 and 3 um diam&é& microspheres. The maximum number of
cells that internalized microspheres occurred ath2dost incubation for both sphere sizes. Errois bar
indicate the standard error of the mean (SEM) & experiments repeated trice for each column). gJsin
ANOVA followed by Dunnett’s and Fisher’s tests: ans data points are significantly different fromete
other in both the case for 2 and 3 pm GF sphemgwiftt by permission fronhEEE Journal of Selected
Topics in Quantum Electronics (24)). Appendix A (v) pages A6-A7 shows full s&tical analysis of this
plot.

After quantifying microsphere ingestion by mammaliaells and noting that the
maximum engulfment was possible at 24 hours postibation, samples utilized in
optical trapping and other experiments were theeeftells incubated over this time

period.
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3.1.3 Microsphere phagocytosis detection via fluosgence and confocal microscopy
The 24 hour incubated samples were evaluated dkingescence as well as confocal
microscopy to confirm the degree of microsphereakptwithin the cells. After plating
and incubating CHO cells with the different sizecrasphere for 24 hrs, the monolayer

was left covered with roughly 250 ul of medium teyent dehydration and fluorescent

images of live cells were captured using a camgstes attached to a Zeiss Axioscope
(figure 3.6).

Figure 3.6 Shows a fluorescent micrograph of red fluorescihiOCcells containing 2 and 3 um (A&B
successively) green fluorescing microspheres. Mages were taken using a Zeiss Axioscope microscope
through dual band filter (TRITC — red and FITC -egm) 24 hrs post microsphere incubation. The image

was viewed through a 63X, NA 1.4 oil immersion aljee lens.

To perform the confocal laser scanning microscagyeament, an equidistant stack of
images was captured in confocal laser scanning n{@sM) and confocal laser
scanning reflectance modes (CLSRM) of live CHO <cellith phagocytosed green
fluorescing microspheres. By scanning many thintiees through the cell-sphere
samples it was possible to detect that the 2 punsgibieres were totally phagocytosed by
the CHO cells (figure 3.7A Leica TCS-SP2 AOBS confocal system coupled teid
DMIREZ2 inverted microscope using a Plan Apo 63Ximimersion objective (NA 1.4)
was utilized for CLSM and CLSRM imaging of the sellith spheres. A double dichroic
mirror (DD488/543) was employed for CLMS imagingdaan RT 30/70 (30 %



reflection, 70 % transmission) dichroic mirror wased for CLSRM. Under CLSM, the

cells were excited by a 488 nm laser with collettlmetween 500 — 780 nm. Under
CLSRM, the microspheres were excited at 468 nm withection between 533 — 553

nm. Planar images were taken at 1 um intervalse@lialong the axial plane through the
cells with engulfed spheres. Finally, 3D recondtaurc of the planar stacks and digital
merging of the CLSM and CLSRM image stacks werdopered using the Image J

program. Using the same procedure mentioned hedeita, images for the CHO cells
incubated with the 3 pum spheres confirmed onlyiglariternalization of these spheres.

Figure 3.7. In (A) data obtained via confocal laser scannimigroscopy (i)—(viii) z-scans of 1 um
confirmed total internalization (pointed by arroves)2 pm GF microspheres (reprint by permissiomfro
|EEE Journal of Selected Topics in Quantum Electronics (24)). The image in (B) is a fluorescent pictufe o
a CHO cells with internalized 2 pm spheres, arrpaisit to the spheres within the cell. Both A&B were

viewed using a 63X, NA 1.4 oil microscope objectiens.

3.1.4 Cell viability measurements

Once the spheres were confirmed to be inside the (@eum) and/or partially embedded
(3 um), cell viability using the trypan blue exalus viability dye assay was undertaken.
Cell viability for cells incubated with spheres otke time periods indicated in section
3.1.2 was determined. This was measured by riniagnonolayer twice with 2 ml of

OPTIMEM each time post cell plating and incubatiover the required time period.
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After aspirating the second 2 ml of the wash mediani60 pl of 0.4 % trypan blue
exclusion dye solution was added per dish, the Bzsngllowed to incubate at room
temperature for 5 — 15 minutes and then imagedavieome built Kohler illumination

system created using a white light source (figuéy.3

Figure 3.8 Taken fifteen minutes post incubation in 0.4 % &wyolue at room temperature and imaged via
Kohler illumination (20X, NA 0.42 objective lensy, an illustration of adherent CHO cells engulfigm
spheres (A) and the partially included 3 um beadsshown in picture B. The microspheres appear as
reddish-brown dots on the cells and there is naiweace of blue staining in any of the cells, tifame this
proves the CHO cells were viable after sphere ptytgsis.

This was done to acquire images with optimum reswiy minimum heating, uniform
illumination field and good contrast for brightfielmaging. Trypan blue exclusion dye
experiments performed on CHO cell samples incubaidd microspheres over 3, 6, 24,
48 and 72 hrs; confirmed no compromise to cell litgbas no cells included the dye
following microsphere ingestion. Cell viability @&ss performed using the same
procedure mentioned in this section, subsequenptizal treatment experiments to be
reported in the remaining sections of this chapteo proved the cells to be viable. These
trypan blue experiments were performed in ordgsrave that the ingestion of inert non-
digestible particles (2 and 3 pm spheres) by e@ls not toxic to the cells.
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3.2 Gaussian beam optical cell-sphere trapping anguiding

3.2.1 Optical lateral trapping efficiency and axial guiding of cells internalizing
microspheres

In chapter 2 sections 2.2.4 and 2.5.2 | introdutieel concepts of optical trapping
efficiency and guiding respectively, outlining tf@ces governing these processes. In
this section the effect of the intracellular di¢tectags on the scattering and gradient
forces of a stable 3D optical trap is determinegrdsent experimental data on how
efficiently cells internalizing different number$ polymer microspheres trap compared
to those without ingested microspheres. Also, Inefedisplay that in a diverging beam
optical field (2D trap) created using a low numafi@perture objective lens the
intracellular polymer microspheres serve as highigctional optical scatterers. Hence,
axial optical guiding of cells engulfing a varyimgimber of spheres compared to those
without dielectric tags is enhanced by strong scaty forces from these cells.
Laboratory results for this optical guiding expegmh are also presented in the following

sections.

3.2.1.1 Experimental setup of the optical trappin@nd guiding apparatus

Using a high numerical aperture microscope objec{MO), an inverted microscope
system (Nikon TE2000U), and a Prior motorized tiaien stage (Prior Scientific)
(setup by Dr. Steve Lee in an independent PhD pt)pjihe latera-values and the axial
guiding velocities of cells both with and withounternalized microspheres were
measured. The trapping beam and guiding beams hathegenerated using a 1070-nm,
5-W fiber laser (YLM-5, IPG Photonics). For thedatl trapping studies, the Gaussian
beam was magnified to slightly overfill the backegpre of the oil immersion MO (of
NA 1.25, magnification 100X) to form a diffractidimited spot that acted as a 3-D
optical trap. The transverse beam waistjwat the full-width at half maximum
(FWHM), was measured to lbe 380 nm. The beam diameter was calculated via the
direct camera technique, this method entails dilkohination of the charge-coupled-

device (CCD) camera. The image of the focused wjastcaptured and processed using
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the IMAQVision program (National Instruments). A&dm steering system was formed
using a conjugate lens pair where the image ofteering mirror was imaged onto the

back focal plane of the MO. The 3D optical trap wasntained at a power of 22 mW.

A low NA 0.25, 10X objective was used for the agliiding experiment, where the
transverse beam waist at FWHM was calculated te bgm and the power was kept at
250 mW. In this work, both the axial distance amdettaken for cells with spheres
guiding were determined to calculate the opticaidigpg velocities. Notably, as
calculated using equation 2.8 (chapter 2), the &glylrange of the 3D trapping beam set
using a high NA lens was determined to bet.2 um. This was distinctively short
compared to that of the guiding beam which was orealsusing the same equation to be
~ 73 um. Thus, with the low NA objective, we werdeato obtain a beam with a longer
Rayleigh range, thus propelling the particles fertlalong in axial direction (optical
guiding) as opposed to a high NA objective prodgarshorter Rayleigh range beam. As
both the optical trapping and guiding experimeng&eansetup on a commercial inverted
microscope, there was a smooth transition betwedtclsng from one objective to the
other without requirements of aligning the systenbeétween the experiments. The back
aperture of both the 100X and 10X Nikon objectigases used for these studies were
measured to have diameters~o8 and 14 mm respectively. For sample imaging, & CC
camera was aligned to one of the side ports ofrltceoscope and connected to a monitor

or a computer for capturing videos (see figure/B&nhd B).

56



e

inveried
. Microscope

Figure 3.9 (A) is a picture of the Nikon TE2000U invertedamiscope used during this project. (B) an
outline of the optical tweezing and guiding setspnas aligned within the microscope. A fiber ladaw,
ytterbium-doped fiber laser, IPG) provides a Garsdgieam (M < 1.1, beam diameter 1.6 mm) that is
expanded by lens L1 and L2 to 9.6 mm. A linear ppoéat (LP) is used to rotate the polarization o th
beam. The expanded Gaussian beam is relayed thuggam steering lens system (L3 and L4), via
reflecting off M1 and M2 (silver mirrors). The beaim then reflected by NIR dichroic mirror (DM)
(z900dcsp, Chroma) onto the back aperture of the W@ sample is mounted onto a motorized stage
(MS). For brightfield and fluorescent illuminatiomye make use of the brightfield and fluorescence
assembly supported by a commercial inverted mioms¢TE2000E, Nikon). FC is the fluorescence cube
and TL is the tube lens. A color digital camera @JGHAD, Pulnix) is used to record the microscopic
images (reprint by permission frofBEE Journal of Selected Topics in Quantum Electronics (24)).

For the axial optical guiding studies, it was necessary for the magnified Gaussian
beam (diameter ~ 9.6 mm) to overfill the back aper{¢- 14 mm) of the low NA 10X
MO. In this project there was no specific requiramfor a diffraction limited optical
field but rather for a less tightly focused beanorgetry found essential for particle

transport.
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3.2.1.2 Measuring Q-Values and Guiding Velocities

Having established the optical setup as describedea | next measured the late€@l;
values and the guiding velocities of different ¢gfies both with and without internalized
microspheres. As described in chapter 2, | use@thealue measurement technique to
guantify the lateral trapping forces. A typical sgenchamber used for optical tweezing
consists of a microscope glass slide (BDH, Poolg fdKthe base and a glass cover slip
(type zero or one, 0.13 — 0.17 mm thick) (BDH, R0odK) on the top side, sandwiched
using a vinyl spacer (National Sign, Scotland, WKih a central well between the two
glass compartments. The sample itself was a taddinve of 20 ul of cell-sphere
dielectric entities suspended in complete cultueglionm dispensed within the well in the

middle of a vinyl spacer.

After loading the sample chamber it was placedhenmotorized sample stage over the
microscope objective with a drop of index matchilugd (oil) on the bottom side of the
sample chamber to contact the anterior of the tkpgcOn viewing, the cells with
phagocytosed spheres were noticed to move arouthe iiquid due to Brownian motion.
Because the laser was properly aligned througimibeoscope objective, a faint image of
the focused laser beam was visible at the bottothesample slideBy translating the
beam focus into the plane of freely moving parscd@d manipulating the z-controller of
the sample stage on the setup to translate thelsahgreby matching the laser beam to
the position of mobile spheres three dimensiongigd trapping was achieved. This was
demonstrated by the cells (or cell) with internadizspheres being pulled into the beam
when the beam is placed close to their vicinityerBafter, the cell (with or without the
phagocytosed spheres) was held in the trap anchbgrsing the sample stage utilizing a
motion controller at constant velocity until thdldell out of the trap (upon attaining the
critical drag force velocity), the amount of momenttransferred onto the cell from the
trapping beam, was established. Figures 3.10 a@rdshows the @ values obtained for
the different cell types but also dependent on rihenber of spheres that had been

internalized.

58



& U0
W FFE
83 - e mHAGD
E B
X m B
5 0.12 ] .
¥ 011 L._NpA| i %
S ool e HE r—
] N B ||
i N N
| _ 1IN
| 1IN

Pl
Gl

<

Figure 3.1Q Lateral Q-values of different cell types containing diffeteeimounts of 2 um polymer
microspheres. In general, cells containing onenar spheres per cell, trapped with the highest iefficy.
Error bars represent the SEM (n = 3, experimemisated trice for each column). Notably, for theadait
cells engulfing 3 spheres, only two samples outhef triplicate contained cells with 3 spheres fothb
CHO and C2GM cells. However, in all the triplicafes RPE and HL60 cells, no cells were found with
three internalized spheres. Additionally, only an& of three samples tested contained cells witir fo
phagocytosed spheres for CHO, RPE and C2GM callsthis experiment, none of the HL60 cell samples
were found containing four spheres per cell. UsiiOVA followed by Dunnett's and Fisher’s tests: *
and ** means data points are significantly diffaréiem each other within each of the separate loeds
(Appendix (v) pages A8-A13).
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Figure 3.11 Lateral Q-values of different cell types containing diffeteeamounts of 3 um polymer
microspheres. Notably compared with the cell litewlly internalizing the 2 um GF spheres, higher
trapping efficiency values were obtained for celish the partially included 3 um spheres. Errorsbar
represent the SEM (n = 3, experiments done ini¢efds for each column). In CHO cells, two out loé t
three samples analysed contained cells with thregrialized spheres and only one sample had célhs w
four engulfed spheres. Also, one of the triplicedst samples of C2GM cells contained cells witkeé¢hr
spheres and no C2GM cells had four spheres forekgieriment. In both RPE and HL60 cell samples
neither three nor four polymer spheres per cellewaibserved to be up taken. Therefore, no trapping
efficiency data is available for these cells. UsikigOVA followed by Dunnett’'s and Fisher’s testsand

** means data points are significantly differerarfr each other in each cell line (Appendix (v) pag#8-
A18).

During the tweezing of the cells with either togadr partially internalized spheres, it was
noted that the cell would orientate such that theraspheres (either 2 um or 3 um) were
aligned to the tweezing beam. This then resultedthe actual trapping of the
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microspheres and not necessarily the whole cell.nfkast cells, one to two internalized
microspheres provided the highe3t; values for trapping in the lateral plane. The
consistency of th&);;: values was dependent on the quality of the traptha trapped
particle. Hence, the microspheres provided an asgreof the lateral gradient force.
Markedly, for both the 2 um and@n cells with phagocytosed spheres, the HL60 cells
did not appear to respond as well as the othetioel to the optical field and displayed a
poor trapping efficiency. In addition it was notit in all four cell lines for both the 2
and 3 um spheres, there was lack of consistentheipresence of cells containing 3 and
4 spheres. In some cases there were no cells with 8 engulfed microspheres. This
might have been due various reasons includingagglor even an undetected change in
cell culture conditions within the incubator. Fudwstudies will aim at a thorough study to
investigating this issue alongside creating a rashtary physical model that will be
utilized for studying the role of sphere placemetthin the cell and its consequential

role on the trapping efficiency.

Contrarily, by using a weakly focused Gaussian b#danmugh a low NA objective, the
axial gradient force is much reduced so that thettegng force dominates thereby
allowing cells or cells with phagocytosed sphetebd deflected in the direction of beam
propagation. Sample preparation for this experimeas similar to that used in the
optical trapping methodology. In this experimentdey objective was employed,
therefore, | positioned the sample chamber comtgimells with and without ingested
microspheres on the sample stage in the beam pathdiverging Gaussian beam. By
recording and observing the guiding velocity of tedls, | was able to measure that cells
with polymer spheres guided an order of magnituaiger than cells without spheres.
With larger numbers of ingested microspheres, leoled an increase in the guiding
velocity of the cells. This increase of the guidirejocity of the cells was attributed to an
increase in the axial scattering due to the preseriche ingested spheres. From this
effect, a conclusion was drawn that the increastheneffective axial scattering exerted

onto the cells was due to the ingested microspheessfigure 3.12 and 3.13).
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Figure 3.12 Axial cell guiding data, displaying maximum guidi velocities for cells containing different
numbers of 2 um GF spheres per cell. Cells witlsptreres displayed no axial guiding. Experimentswer
performed in triplicates, for each data point. Elrars represent the SEM (n = 3). Using ANOVA foléxd

by Dunnett’s and Fisher’s tests: * means dataaetsignificantly different from each other wittéach of

the three cell lines (Appendix (v) pages A19-A22).
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Figure 3.13 Axial cell guiding data, displaying maximum guidi velocities for cells containing different
numbers of 3 um spheres per cell. Cells with neesghdisplayed no axial guiding and compared to the
data in figure 3.12 previously presented, cellshw& pm spheres showed enhanced axial guiding.
Experiments were performed in triplicates and regabdhree times. Error bars represent the SEM.dJsin
ANOVA followed by Dunnett's and Fisher’s tests: *eans data sets are significantly different fromheac
other in each of the different cell lines presentexprint by permission frothEEE Journal of Selected
Topicsin Quantum Electronics (24)). See appendix (v) pages A22-A25 for fullistacal analysis.

In both cells incubated with 2 and 3 pum spheredls ogith five spheres guided

significantly faster than those with only one sghealso the cells with 3 pum spheres
showed profound guiding velocities compared to ¢hoxubated with 2 um spheres.
Notably, the HL60 cells either with or without 2 8rpum spheres displayed no axial

guiding on exposure to the weakly focused lightiie
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3.3 Optical cell sorting using a Gaussian beam

3.3.1 Optical cell sorting through axial guiding tolaminin coated coverslips

| have shown that on exposing CHO cells to a dimgrgptical field obtained through
use of a low numerical aperture objective, cellghwingested microspheres have
enhanced axial guiding (Figs. 3.12-13). Therefbsmught to capitalize upon this feature
to develop a novel optical cell sorting methodoldgy the separation of cells from a
mixed cell population. To do this, | implementede tlsorting of the cells with
microspheres on a self-built inverted optical tiagpsetup, using analyte volumes of 100
pl as elucidated in section 3.3.1.2 to follow.

3.3.1.1 Experimental setup

A home built optical guiding apparatus was employ@tiere a diffracting Gaussian
beam was directed upwards through a 10X objectves I(NA 0.28) (Comar, USA)

towards a mixed population of CHO cells (with anidhaut internalized microspheres)
suspended between a hydrophobic glass bottom g@istni and a laminin-coated top
coverslip. Only cells that had internalized microsges were propelled axially to the top
of the sample chamber and attached to the lamméted glass coverslips. Figure 3.14
below illustrates the home-built optical guidinguge used in this optical cell sorting

experiment.
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Figure 3.14 Cell sorting system built using a 1064 nm Nd:YA&Ser, the beam (diameter = 1.5 mm) was
emitted and the average power attenuated usingi@aheensity filter-wheel (FW), before expandirige t
beam via a two lens magnifying telescope systerarid L2 (f = 50 and f = 200 mm) to a 6 mm diameter.
Then it is reflected using members of a periscopeons M1 and M2 via a dichroic mirror (DM) ontoeth
back aperture (diameter = 8mm) of low NA 0.28, IKroscope objective (MO). The XYZ stage is the
sample stage which was illuminated using Kéhlemiiination consisting of a light emitting diode (LED
three lenses (f = 20 mm, f = 20 and 65 mm respelghivand two diaphragm apertures. A tube lens ((fL)
= 100 mm) was positioned beneath the sample stad€faused the collected bundle of rays onto the
sensor of a CCD camera through which the image ifgyndata is transferred onto a data capturing

computer.
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3.3.1.2 Selective separation of CHO cells with intealized microspheres

A mixed population of CHO cells with a range of riers of partially internalized 3 um
microspheres was trypsinised from a T25 culturskfland suspended in complete growth
medium. These were strained through a 40 um poesfitier (Millipore, UK) to obtain a
mono-dispersed cell sample. The cell concentraised for the sorting experiment was
calculated to be 6.2 X 2@ells/ml. A 100 pl of this cell sample per sortiegperiment
was used. Sample chambers used in these experiomsisted of 30 mm diameter type-
zero glass bottom petri dishes (bottom compartm@itprid Precision Instruments,
Stevenage, K) and 22 mm diameter round glass tgpeeoverslips (top part) (BDH,
Poole UK). To prevent cell adhesion to the 23 masglsurface of the dishes, the dishes
were coated with sigmacote (Sigma-Aldrich), a readbat reacts with surface silanol
groups on glass to produce a neutral, hydrophobaroscopic thin film. The coating
procedure involved adding 1 ml of neat sigmacotedigh and incubating them at room
temperature in a class Il level Bio-hood (bio-hoémt) 12 hrs, before aspirating and air
drying the within the bio-hood. In contrast, the woverslips were coated withugy/cnt
laminin solution made up in sterile tissue cultgrade water (Sigma-Aldrich) to promote
cell adhesion upon close physical contact (25)cdat, the coverslips were incubated in
the laminin solution overnight in a %7 incubator and thereafter allowed to air dry ia th

bio-hood before use in experiments.

After sample preparation the sample chamber waseglan the sample stage of an
inverted microscope optical setup. The sample wassed to the beam and an average
of 50 cells with ingested spheres per experimemeéwsetically sorted and separated from
the rest of the sample (figure 3.15).
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“ulture Medium

Figure 3.15 lllustrates a 1064 nm laser Gaussian guiding bksss tightly focused through a low NA
objective to propel cells with intracellular dielgc tags onto the top surface on the sample charités
image explicitly displays cells with 3 um spheresgnly optically transported onto the laminin coagtass

slide whilst neat CHO cells remain on the bottonthef sample assembly without any optical treatment.

Optical guiding was achieved due to an increaséal agattering force exerted onto cells
with internalized microspheres compared to thogld wo ingested spheres. The sorting
occurred at a maximum rate 11 cells/min. Figuré 3Hows the actual laboratory results

of this experiment.
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Figure 3.168 Sample chamber containing 100 pl of a mixed path (with and without ingested
microspheres) of CHO cells was suspended betwdgrdephobic glass bottom petri dish and laminin-
coated top coverslip, while a diffracting Gausdieam (red dotted circle) emerging from a 10X oliject
with NA 0.28 was illuminated toward the laminin-¢ed coverslip (video available). (A) and (B) CHO
cells begin to migrate toward the centre of thenine@) CHO cells with ingested microspheres staitbe
axially propelled onto the top laminin-coated glasserslip. (D) CHO cells with ingested sphereseaidh
to the top glass coverslip, and subsequently, eaoultured separately (reprint by permission fidEE
Journal of Selected Topicsin Quantum Electronics (24)).

The separated cells that adhered to the laminitedoaoverslip were then further
cultured by placing the coverslips into 500 pl dtef-sterilized conditioning medium
(collected from routine sub-culturing of CHO celis) 30 mm diameter plastic petri
dishes at 3% with 5% CQ , 85% humidity, and the medium changed every 4&fter

four days of culturing, the optically sorted cellere trypsinised; their viability tested
using the trypan blue exclusion dye method, andhisml A total cell count number of
1.2 X 10 cells/ml was obtained with 100 % viability. In fige 3.17, a brightfield image
of the re-cultured CHO cells viewed with a 20X, 05454 microscope objective is shown.
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Figure 3.17 Brightfield image of a sample chamber containimgcultured CHO cells with ingested
microspheres (dark spots) viewed with a 20X obyeckens of NA 0.54 (reprint by permission frdEEE
Journal of Selected Topicsin Quantum Electronics (24)).

3.4 Discussion

Effective optical trapping, guiding, and sorting otlls remain a key topic for
biophotonics. The application of optical forces fioe trapping, guiding and/or sorting of
cells was investigated in the studies offered is thapter. The phagocytosis process was
presented as a new technique for enhancing thecttiel contrast of the mammalian cells
for enhanced optical treatment. During this proaasdls were allowed to naturally take
up non-functionalized polymer microspheres from irthsurroundings. Maximum
engulfment for cells incubated with both the 2 &dgm polymer microspheres was
possible 24 hrs post incubation. The extent of asighere inclusion in cells was
confirmed by fluorescence and laser scanning cahfatcroscopy, confirming total
engulfment of the 2 um spheres and only partidusion of the 3 um spheres within the
cells. I have shown that a range of different tgles (both adherent and suspension cell
lines) are capable of taking up microspheres with@arm. Cell viability (~ 98 %) post
microsphere uptake was supported by the trypan kkmusion dye experiments.
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Therefore, it is possible to enhance the dieleatantrast of cells to promote effective
optical micromanipulation of these cells by the algt of nontoxic microspheres.

Furthermore as phagocytosis is a physiological ggscto achieve cell tagging this way
implies minimum interference with the biologicalssgm under study. By studying how
these intracellular microspheres influenced théscedsponse to an applied optical field,
| was able to exploit both the lateral gradientivadl as the axial scattering forces to both
optically trap and guide cells engulfing variouscamts of microspheres compared to
those cells which expressed no spheres. The opitaggping efficiency results showed

that in a 3D trap, cells with one or two spheregpped better (higher Q-values) than
those with higher numbers of spheres (lower Q-\@glu&his is due to the increased
volume of cells with more that two spheres, optieaezers can only exert picoNewton
size order forces and these might not be stronggmto maneuver cells with more than
two spheres. However as a result of their lowerative index, cells without spheres
trapped with a poor efficiency (typical Q-valueddwe 0.06 for both 2 and 3 um spheres)
compared to those with spheres and therefore araneeld dielectric contrast.

Interestingly, although having phagocytosed therosigheres, compared to the other cell
lines the HL60 cells displayed lower Q-values amasta poor trapping efficiency. This

apparent difference could be due to their smallsr 10 um) and also having a larger
nucleus to cytoplasm ratio in comparison to theepottell types (26). Nonetheless, HL60
cells with spheres trapped with a significantly Hag efficiency to those without any

spheres at all.

Contrarily in the 2D trap, cells with the highestnmber (5 spheres per cell) of spheres
displayed significantly stronger axial optical gaigl velocities (roughly 30 um/s and 63
pum/s for 2 and 3 um spheres respectively) compatittd those that had one or two
spheres (> 20 um/s for both 2 and 3 um sphere®3.ighn because these cells had an
overall increased scattering force compared t® aah a lower number of spheres or no
spheres at all. HL60 cells either with or withoub23 um spheres did not respond to
axial optical guiding on exposure to the weaklyused light field. This cell line was
established from promyelocytic leukemia tissue Brelocytes have an indented nucleus

it is therefore likely that the engulfed spheres/ha embedded to these indented regions
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in the nucleus. This could explain the reason ler poor optical guiding of these cells.

However, more experiments are required to proettieory.

The enhanced optical guiding behaviour of cellsmyg investigations was used to
successfully sort cells via a simple, inexpensara] nontoxic flow-free optical process.
From an initial concentration of 6.2 X 3éells/ml, roughly 50 cells with ingested spheres
were optically guided at a maximum rate of 11 ¢elis. These were sorted and carefully
separated from the rest of the sample, as theyatgathed to the laminin coated top
coverslips of the sample micro-chamber. Four dailewing collection and re-culturing,

a total number of 1.2 X £@ells/ml with 100 % viability was obtained. Thisindeed a
very good result considering the simple desigrhefdample chamber used with no fluid
flow or bulky microfluidic pumps. This kind of flosiree passive sorting also promoted
no hydrodynamic focusing of the cells, leadingdssl mechanical stress normally caused
by fluidic shear on the cells (5). In contrast he previously reported flow-free passive
cell sorting performed using a Bessel beam repdrte@atersoret al, 2007 (5), where
cells were externally tagged using a tedious anmkesive protocol as well as collected
using pulled microcapillary glass tubes, | showhdttan effective flow-free sorting
scheme can be realized using phagocytosis fortagdling, a laminin coated cover slip
(top of the sample chamber) for cell collection @an®D Gaussian beam trap requiring no

special optics (e.g. an axicon lens) for cell guidi

In future, it might be possible to apply this nevethod to studies within, for example,
the immune system, to isolate different phagocwas non-phagocytes. It may also be
possible in future studies, to sort and separatdthe versus diseased cells in this
manner. Uptake of microspheres by pathogenic ceitgt be facilitated by modifying

the surface of the spheres with specific recepteaules that target only diseased cells.

Furthermore, since optical tweezers and/or guidivgasures, have been applied in cell
sorting and separation experiments they possesgatieatial to be the key contributing
element to the success of lab-on-a-chip systemesal®e microfluidics systems enable

use of nano and/or micro liter sample scales, dgveént and improvement of these
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devices is of extreme importance. In the cell sgrproject reported, | showed successful
sorting of a mixed population of cells using onB01ul of sample volume. This study is
both time and cost effective, creating an oppotyufor permitting crucial cell sorting
technologies which promise the conduction of midtitbiomedical tests with
employment of minute amounts of reagents and saanabyte sizes. Also in cases were
rare or precious cell populations are a samplen@rést, lab-on-a-chip approaches may
provide a more successful means of sample anaysighe current study might help in
the developing of such systems. Hence, future etudiill be performed towards the
improvement of this technique for the microfluiddavironment with computer-based

analysis system (27, 28) for automated high-thrpugkell sorting.
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Chapter 4
Photo-transfection of mammalian cells using fentosd laser

pulses: Review and mechanisms

Introduction

In chapters 2 and 3 the exploitation of opticaté&s using continuous wave laser sources
for optical tweezing and cell sorting studies wagplered. Pulsed laser sources also
promise rapid development of research subjects asgcbell nanosurgery and recently
laser assisted cell transfection. Therefore, ia thiapter and the next two chapters of this
thesis, | present work on femtosecond (fs) lasansfiection (photo-transfection).
Specifically, this chapter starts by a brief reviefsthe use of a pulsed fs laser source in
biological experiments with particular emphasispirto-transfection studies. | explain
the biological meaning of cell transfection, detalthe composition of eukaryotic cell
membranes, specifically the natural transport meishas of biomolecules through the
plasma membrane. Thereafter, | review the differerdthods of cell transfection
including chemical methods (cationic polymers aipits$), viral methods and physical
methods (microinjection, biolistic particle deliyerelectroporation and sonoporation).
Next a particular focus is placed on pulsed lagt kssisted method of cell transfection,

the photo-transfection technique and its mechanisms

To study the mechanisms for pulsed laser transiectihe concept of laser-induced
optical breakdown is described to elucidate thecgss of free-electron plasma
production in a transparent material. Multiphotonization responsible for the creation
of the free-electron plasma is briefly describetie, the influence of pulse duration
(nanosecond, picosecond and femtosecond pulsesinechanical effects such as
cavitation bubbles and shock wave emission durasgrtinduced optical breakdown is
outlined. An explanation on the self-healing abiliff the cell plasma membrane as well
as the tension reduction and patch hypothesedasedf Finally, implications for laser

effects on biological cells and tissues are presknt
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4.1 Cell transfection

The introduction and subsequent expression of @asrembrane impermeable nucleic
acids into eukaryotic cells is known as cell tracsbn. In essence, cell transfection
entails the introduction of the negatively chargdzbxyribonucleic acid (DNA) and
ribonucleic acid (RNA) into cells which have an mlénegatively charged membrane.
This gene transfer and cytoplasmic expression tdoly is a powerful tool for studying
gene function in cells and has crucial roles in iwied and biology (1). Typically there
are two kinds of cell transfection, namely, transignd stable transfection. The former is
for short-term nucleic acid expression, lasting dofew days in cells. Whilst in stable
transfection, long-term transfection of cells ishiaged with the integration of the
transfected DNA into the chromosome of the foreigil (2). During cell transfection,
different approaches have been developed to faeliiptake of foreign genes and other

macromolecules specifically into eukaryotic ce8%. (

A typical eukaryotic cell contains a rich arrayiofracellular organelles with different
densities and varying amounts of internal membraiegably, these cells encase a
nucleus which is also enclosed in a membranouseau@nvelope. The entire region
between the nucleus and the outer membrane bournttiegcell is known as the
cytoplasm. It consists of a semi-fluid medium adltbe cytosol, a viscous environment
where the organelles of specialized form and fomctare contained. Hence, for
successful cell transfection, the desired nucleid anaterial to be introduced into the
cells is required to first traverse the plasma memé, the highly viscous cytosol, then
the nuclear membrane and finally the nucleoplasmchwlexceeds the cytosol in
viscosity. Prior to discussing the various methodm@s employed during cell
transfection, the following sections give an owliof eukaryotic cell membranes, the

transport of exogenous material therein.
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4.1.1 The plasma membrane of eukaryotic cells

In eukaryotic cells the plasma membrane is a bayndasponsible for the inward
passage of sufficient oxygen and nutrients as aglthe outward trafficking of cellular
waste. This boundary, that segregates and prdiéztmside the cell from its outward
surrounding environment, is a thin film of roughy — 8 nm (4). Through being
selectively permeable i.e. allowing certain substanto cross it more easily than others,
the plasma membrane also provides overall reguladfoall trafficking of materials in
cells. Plasma membranes are referred to as a fhodaic of lipids, proteins and
carbohydrates, implying that membranes rather thamg static, rigidly arranged
molecular structures, are flexible structures asy tbomprise hydrophobic interactions
which are characteristically weaker compared toatawt bonds. This therefore means
that most lipids and proteins in membranes can ldtiérally in a plane.

Of crucial note, membranes must be fluid for thefiective functioning. However, a
temperature drop in cells gives rise to membrankdiBcation. Membrane lipid
composition dictates the critical temperature atcWwithe membrane starts to solidify,
and maintain their fluid status when rich in phadghds. These are comprised of
unsaturated hydrocarbon tails because unsaturgitddarbons are structurally arranged
more sparsely in comparison to saturated hydrocarbehich naturally pack more
closely together. At 3T, the steroid cholesterol is found wedged among th
phospholipids in the plasma membrane of animakc#ius making the membranes less
fluid through restricting phospholipids mobility.|% cholesterol prevents the close
arrangement of phospholipids, thereby loweringtdrmaperature required to solidify the
membrane, providing membrane fluid stability. Mear® solidification alters membrane
permeability resulting in enzymatic protein inatgvwithin the membrane which can
then prevent substance transportations across ¢ngbrane. Therefore, as an adjustment
to the changing temperature, a cell can alterifiid tomposition of its membrane to a
certain degree and avoid membrane solidificatign (5
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Although the plasma membrane composition mainlysisis of a lipid bilayer, embedded
in the fluid matrix of this lipid bilayer are mangifferent proteins. These proteins
determine most of the membrane’s specific functiditee plasma membrane as well as
all other organelle bounding membranes possessgsusakinds of unique proteins.
Nonetheless, the two major membrane protein popukiare known as the integral and
peripheral proteins, with the latter not embeddethe lipid bilayer but rather appearing
as appendages attached to the intracellular sudiatee membrane. Integral proteins on
the other hand penetrate through the membrane widir hydrophobic regions
surrounded by the hydrocarbon tails of the membigés. In addition to membrane
proteins, the plasma membrane also has carbohgdmademally restricted to its
extracellular portion and responsible for cell-cedtognition. Usually the membrane
carbohydrates are branched oligosaccharide i.at shains with fewer than 15 sugar
units. In cases where oligosaccharides are covwaleonded to lipids they are referred to
as glycolipids, some however, form a covalent barith membrane proteins and are
called glycoproteins (5). Depicted in figure 4.laisletailed cross section of the plasma

membrane.
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Figure 4.1 Mosaic properties of the cell membrane. A phosiphts bilayer constitutes a typical structure
of animal cell membranes. With the hydrophobicyfaitids acyl tails of the phospholipids formulatihg
middle of the bilayer and the polar hydrophilic ieaf the phospholipids expressed on either sidbef
membrane surface. Integral proteins are embeddatieinipid bilayer but the peripheral proteins are
primarily associated with the membrane via spegifiotein-protein interactions. Oligosaccharidesdbin
mainly to membrane proteins (glycoproteins), somevédver are found binding to the lipids to form

glycolipids (online access date - 12.12.09 (6)).

The cell membrane therefore is comprised of a syimcaé assembly of proteins, lipids,
glycolipids and glycoproteins which are construckgdthe endoplasmic reticulum and

Golgi bodies/apparatus of the cell.
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4.1.2 Biomolecular transport across the cell membrze

The hydrophobic core (phospholipids tails) of theermbrane hinders passage of
hydrophilic ions and polar molecules. Nonetheldsgirophobic molecules such as
hydrocarbons and oxygen can freely traverse throtigh section of the plasma
membrane. Also, small polar, uncharged moleculet @1 water and carbon dioxide
rapidly pass through the membrane. The lipid bilayémpermeable to larger, uncharged
polar molecules (e.g. sugars such as glucose)getiaatoms or molecules and even small
ions such as Hand N&. The proteins embedded into the membrane playyadle in
governing trafficking across the cell membrane. Fatance, hydrophilic substances
evade contact with the lipid bilayer by passingotigh transport proteins that are
diversely placed along the membrane. Figure 4.plajys a situation where integral
transport proteins within the lipid bilayer membegmossess a channel which hydrophilic

molecules use as a hydrophilic tunnel through teenbrane.

[ Qutside of cell [ @,

.

- r’
}H:M(i:ﬁ I W‘ 1(

Inside of cell

g

Figure 4.2 lllustrates selective trafficking of hydrophilimolecules (down the concentration gradient)
from the outside of the cell through a channel thatctions as a hydrophilic passageway thereby

permitting intracellular placement of these molesulonline access date - 12.12.09 (7)).
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Other transport proteins bind to the moleculesrotento physically move them across
the membrane this mode of membrane protein tratedpor is shown in figure 4.3

below.
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Figure 4.3 Solutes transported from the outer membrane efiflid bilayer membrane via a periplasmic
substrate-binding protein into the inner plasma tm@ame compartment of the plasma membrane and then

eventually into the cytosol (online access dat2.12.09 (8)).

In any of the two transport cases reported abgaasport proteins are very specific for
the substances they translocate, selectively pemgitransportation of only certain
molecules and/or class of closely related moleculdserefore, the native selective
permeability of a membrane depends on both theridisating barrier of the lipid

bilayer and the specific transport proteins embdddé the membrane. Recently, the
idea of cell transfection has promoted researcHiesuleading to the introduction of a
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wealth of other exogenous material within cellst &ample, the incorporation of a wide
selection of potentially therapeutic agents inahgdproteins, oligonucleotides (9), drugs
such as bleomycin and cisplatin (10) has had afiapplications in clinical trials studies
among other things. On the other hand, cellularlugion of biological dyes,
chromophores and fluorescent markers which exhdiié specific expression in
organelles and subcellular compartments is essefudra cellular and/or organelle

imaging, studying discrete organelles and a vaoétther intracellular investigations.

Since the cell plasma membrane possesses limitadepeility to all sorts of exogenous
substances, these therefore fail to be naturadiysported into the cell unless the
membrane integrity is somehow disrupted. Nucleitsasuch as DNA, mRNA and
viability dyes such as trypan blue cannot be nédiuteansported into the cell via the
previously mentioned membrane embedded proteirssélBubstances are all reported to
be negatively charged and are physically large; trypan blue (molecular weight =
906.80524 g.mdl), DNA (~3.5 kb) and mRNA (~1.7 — 1.9 kb (11)). Besawf the
presence of anionic phosphatidylserine (PS) phdgpt® found bound in the cytosolic
leaflet of the cell plasma membrane (12), the gembrane is negatively charged (13).
For these reasons, different techniques have beetessfully employed for assisted
delivery of both cell transfection foreign genetiaterials as well as a wide range of

other exogenous matter.

4.2 Different modes of cell transfection

In chapter 5 of this thesis | present laboratomadiavolving cellular expression of trypan
blue, DNA and mRNA within different kinds of mamnaai cells. But before this, the
various modes of cell transfection and translocaintroduction of biological stains and

other non-genetic materials) methodologies areudsed in the following section.
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4.2.1 Chemical reagents — cationic polymers

DEAE-dextran was one of the first chemical reagargsd for the transfer of nucleic
acids into cultured mammalian cells (14). DEAE-dartis a cationic polymer that
tightly associates with negatively charged nuchmals. An excess of positive charge,
contributed by the polymer in the DNA-polymer coml allows the complex to come
into closer association with the negatively chargedl membrane. Uptake of the
complex is thought to be facilitated by endocytosiher synthetic cationic polymers
have been used for the introduction of DNA intolgseincluding polybrene (15),

polyethyleneimine (16) and dendrimers (17).

Then, in the early 1970s, calcium phosphate coHptaton became a popular
transfection technique (18). The protocol of caltiphosphate precipitation involves
mixing DNA with calcium chloride, carefully addirtgis in a buffered saline phosphate
(PBS) and allowing the mixture to incubate at rommperature. The controlled mixing
generates a precipitate that is then dispersed thetaultured cells. Here as well, the
precipitate is engulfed by endocytosis into thdscahd this method has been used for

both transient and stable transfection procedures.

While inexpensive, both chemical transfer methodsvigde high (80 — 90 %) cell
transfection efficiency. However, these reagents taxic, (especially DEAE-dextran),

and as a result are not suitedifovivo gene transfer to whole animals.

4.2.2 Cationic lipids

In 1980, artificial liposomes became the methodhadice for delivering DNA into cells
(19). In this case, the cationic head group of lthel compound associates with the
negatively charged phosphates on the nucleic @bid.association leads to a compaction
of the nucleic acid in a liposome-nucleic acid ctawp presumably from electrostatic
interactions between the negatively charged nueeid and the positively charged head
group of the synthetic lipid. Entry of this compléxto the cell occurs either via
endocytosis or fusion with the plasma membrane. @06lJowing cellular internalisation

the complexes appear in the endosomes and latiee mucleus (figure 4.4).
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Figure 4.4 Herein a polycation with ligand complexes with egatively charged DNA molecule. On
association with the cell membrane, the complexldionto specific receptors forming an endosomédéns
the cell the endosome is digested, resulting inréease of the contained DNA which then continizes

traverse the nuclear membrane into the nucleoplésmtiine access date - 14.10.09 (21)).

An overall net positive charge of the liposome-eilacid complex, results in a high
transfection efficiency since close associatiothefcomplex with the negatively charged
plasma membrane is achieved. In addition, liposoradiated delivery offers advantages
such as the ability to transfect certain cell tyfied are resistant to calcium phosphate or
DEAE-dextran, the successful delivery of RNA (1hyagroteins (22). In addition, both

transient and stable transfection can be perforttmeadigh use of cationic lipids.

On the other hand, cationic polymers and lipideriatt with the negatively charged DNA
through electrostatic interactions resulting inyptéxes and lipoplexes successively.
While these vectors have a low immunogenic respotise possibility of selected

modifications and the capacity to carry inserttagge as 52 kilobases. Their employment

in vivo requires systemic administration which has beg@orted to escalate in a toxic
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response and would therefore be incompatible vittical applications (23).

4.2.3 Viral methods

The use of viruses as possible vectors for theveisliof foreign genes into cells has also
been explored. For example adenoviral vectors gessemerous key features that make
them attractive for gene transfer purposes, theyrapidly infect a broad selection of
human cells and achieve high levels of gene trangfey can accommodate relatively
large DNA (~7.5 kb) species and transduce thesedeares in non-proliferating cells; in
addition, adenoviral vectors can be easily manipdlaia recombinant DNA techniques
(24). Consequently, viral vectors possess stromg giansfection features on mammalian
cells, yet contrarily, adenoviral vectors have av Ipackaging capacity and their
production is labour intensive (24). Also, the eoyphent of these vectors comes with
the risk for the potential activation of latent eises (24), as well as a random

recombination or immunogenicity (25).

4.2.4 Physical methods

Physical approaches for gene transfer were deveélapd used as of the early 1980s.
Although making use of a fine needle to directlycrainject cultured cells or their
respective nuclei is an effective technique for tiedivery of nucleic acids, it is also
reported to be laborious (26). This method has lsed to transfer DNA into embryonic
stem cells that are used to produce transgenicnmma (27) and for introducing
antisense RNA into C. elegans (28). The draw b&c¢hkis methodology however, is that
it is expensive and tedious, and is only applicdbiestudies requiring transfection of a
few number of cells. An illustration of DNA micrgacttion into a mouse zygote is

presented in figure 4.5 below.
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Figure 4.5 (A &C) pronuclei (arrows) developing in a mousgate approximately 20 and 26 hrs after
injection with the human chorionic gonadotopin (HQG enhance super-ovulation. Image (B) displays
microinjection with the fine needle shown in thdt Iside of the image. And image (D) showing the
pronuclei as they start to disappear (reprint bynigsion fromExperimental Physiology (29)).

Another physical method for gene delivery is batigarticle delivery also known as
particle bombardment using a device called the geme This method relies upon high
velocity delivery of nucleic acids on micro-projges to recipient cells by membrane
penetration (30). This method has been succesduilyloyed to deliver nucleic acids to
cultured cells as well as to cells vivo (31-33). Ballistic particle delivery is relatively
costly but the technology has also been used faetge vaccination and agricultural
applications (figure 4.6).
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Figure 4.6 In this example, the plasmid DNA-coated gold jote$s are desiccated onto a plastic membrane
and placed on a holder roughly 5 cm above the gissiie within the chamber of the micro-particlengu
Once a predetermined pressure is reached, thesgatebsed and the disc is projected against @rscre
which then stops the plastic disc, but allowingyathle gold patrticles to be released into the tady@tiant
cells. Upon their penetration into the cell waligse particles then perform intracellular delivefythe

plasmid DNA thereby transfecting the cells (onlaeeess date - 13.12.09 (34)).

Electroporation which was first reported for geransfer studies into mouse cells (35),
has been mostly applied in cell types such as pbaotoplasts that are difficult to

transfect via other means. The mechanism is bgsewl perturbing the cell membrane by
an electrical pulse which forms transient pored #ibbw the intracellular passage of
nucleic acids (36). The method requires fine-turang optimization for the duration and
strength of the pulse for each type of cell usddoAelectroporation often requires more
cells than chemical methods because of substamtiiadieath, and extensive optimization

is often required to delicately balance transfecgfficiency against cell viability.
Ultrasound can also be used for the introductiorg@fetic materials into cells: this

procedure is called sonoporation. This technoldgizes the acoustic piercing of micro-
bubbles to facilitate the delivery of DNA molecul@3).
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As in the case of electroporation, when using slmsoporation technique cell viability
must be accounted for. For instance, Yuan, 2008rteg on the advantages of some of
the physical approaches used for gene therapy, gsubgnission and their potential
application on vaccine administration. The repdsb astates that sonoporation on chick
embryos is superior to electroporation, with thieelr presenting risks of lethal damages

(38). Figure 4.7 depicts the electroporation asl| ves sonoporation transfection
techniques.
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\

=
=
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=

Figure 4.7: Image (A) is an illustration of an electric pulssed to create pores in a single cell that is held
in a microfluidic device (reprint by permission iind_ab on a Chip (39)). The picture in (B) shows how a

tiny bubble may form and then produce a shock vihae generates pores on the cell membrane to permit
entrance of genetic material into a cell (onlineess date - 10.12.09 (40)).

Overall each of the previously mentioned deliveygtems for cell transfection features
limitations and draw backs. im vitro as well agn vivo procedures, gene, drug and/or
vaccine delivery schemes possessing minimum cyiotgxand an immunogenic

response that can be applied under sterile tisgitiere protocols and can offer targeted
treatment of a large number of individual cellgyaelles and organs among other things

is highly desirable. Optical cell transfection dropo-transfection (as it is called in this
thesis) using laser light satisfies these criteria.
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Additional benefits are that optical transfecti@iups can be easily integrated with other
optical techniques such as confocal laser scannifggoscopy and optical tweezers
systems (41, 42). For example it has been recehtiyvn that gold nanoparticles can be
optically tweezed to a desired location and subsetiyintroduced into mammalian cells
by such photo-transfection (42). Optical transtattof mammalian cells via an axicon
tipped optical fibore has also been demonstrateds thpening the future prospect of
coupling this photo-transfection methodology withdescopes forn vivo applications
(43).

Since the conception of photo-transfection by T&okhi et al, 1984 (44), lasers of

different wavelengths and type, ranging from CWhlessources (45-49) to pulsed infra-
red (44, 50-52) sources have been widely utilised duccessful introduction and

expression of genetic materials into mammaliarsc€MW laser transfection experiments
have been mostly performed in the near UV regiohshe light spectrum and this

approach leads to ablative effects as a resulteatilg and linear photon absorption.
Although diode lasers at near UV wavelengths haegipusly been a popular choice as
they are cheap and compact, during cell transfec@/ membrane perforations require
considerably high irradiations which result in tesrgiure increase at the site of
irradiation. This therefore gives rise to collatedamage that is linked to compromised
cell viability and consequently a high level oflaiath.

In pulsed laser sources, initial cell transfectexperiments involved nanosecond (ns)
pulses and as compared to CW sources they provelebmane perforation at lower
irradiances (44, 53, 54). The disadvantage hereehervis that the interaction of ns
pulses with the plasma membrane has been assowidtednechanical effects such as
shock waves and cavitation bubbles. These can qaarseanent damage at the area of
interaction and collateral damage due to the limgdre of the photon absorption at the
targeted region. Nonetheless, induced mechanitedtefare decreased with shorter pulse
durations such as picosecond (ps) and femtosedshguylses as these required much
lower irradiances for membrane perforation. Optitahsfection with ps pulses (55)

involves plasma membrane perforation with inducextimanical effects that are milder
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compared to that obtained with ns pulses. Thetbasefore less heating and collateral

damage in this case.

The most commonly used laser source in the argzhofo-transfection is the fs laser
since it emits extremely short pulses and has adbspectral range in the near infrared
regime extending within the 700 — 1000 nm regiorhew focussed to a diffraction
limited spot, fs pulses possess high peak poweatssafficient photon density to trigger
non-linear effects such as multiphoton absorptibphwtons confined at the laser beam
focus. Therefore employment of fs laser pulses dooto-transfection, offers a high
degree of spatial confinement of the depositedgsulsading to precise local disruptive
effects at the targeted area and very minimum tesh damage. First reported by
Tirlapur et al, 2002 (52), fs lasers have revolutionized lasesisted cell transfection.
During their experiments, a mode locked titaniunppare laser with 100 fs pulse
duration and 80 MHz repetition frequency was useghoto-transfect CHO and rat-
kangaroo epithelial cells with plasmid DNA encodihg green fluorescent protein gene
(52). Interaction of this tightly focussed beam hwihe plasma membrane of cells
permitted transient membrane permeabilization amthsequent diffusion of the
exogenous plasmid DNA into the cytoplasm of théscél number of mammalian cell
lines have since been transfected using fs pulsésey do not compromise cell viability,
cause minimum collateral damage and appear to éentist biologically safe mode of

cell transfection.

Transient permeabilisation and subsequent intreoluaif both genetic and non-genetic
species into mammalian cells without concomitartbtoxicity is achieved through the
exploitation of laser light. In the next sectiorlucidate the mechanisms responsible for
this photo-transfection procedure briefly descrmpiutilization of nanosecond versus

picosecond and versus femtosecond laser pulses.
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4.3 Mechanisms of femtosecond laser transfection

4.3.1 Laser-induced optical breakdown

In the literature, a wealth of information on theypical aspects governing pulsed laser-
matter interaction exists. Tight focussing of lapeises to high peak intensities onto
transparent media (cells or water), leads to tlelyction of a free-electron plasma in the
medium through multiphoton or single photon proesssdepending on the laser
parameters. This all occurs via a process callserdmduced optical breakdown. In the
theoretical model of optical breakdown described/bgel et al, 2005 (56) and Sacchi

al, 1991 (57), the water model was treated as an @mas semiconductor of bandgap
energy Eg = 6.5 eV. The meaning of the term “frizeteon” plasma, which usually
describes ionization in gases, is utilized herdah@sabbreviated form of “quasi free”
electrons which upon ionization travel from theerale to the conduction band of the

water molecule.

In both solid and liquid materials the effects gdtical breakdown have been well
characterized. In liquids, this laser-induced aticreakdown is mainly of interest for
both biological and medical applications. Also iquids, depending on laser pulse
duration, laser-induced optical breakdown amouatthé creation of both shock wave
emission as well as cavitation bubbles. For exanipe-electron plasma formation due
to ns optical breakdown in water results in mectareffects including the generation of
intense shock waves and cavitation bubbles whictiago the vaporized matter. These
cavitation bubbles oscillate and subsequently ps#adue to hydrostatic pressure
resulting in the damage of the targeted materiat. @®mpared to ns pulses with longer
pulse duration, for shorter pulses such as ps putbe required intensity threshold is
reduced as the peak power is increased leadingirionom collateral damage in the
breakdown region. Additionally, fs laser pulses éahe ability to localize cellular

disruption to sub-micron regimes, the low thresherergy required for cellular ablation
and a lower conversion of energy into shockwaveksaavitation bubbles which lead to

adverse consequences for enhancement of spagait@ftcellular damage (56, 58).
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Consequently, use of fs pulses with ultra-shortation and a high repetition rate
produces ultra-fine effects in the irradiated regth a high spatial resolution. For this
reason, pulsed fs lasers have become the apparatiwice for an array of precision
dependent applications. These include, laser nagesu(whole cells as well as their

subcellular organelles) and most importantly irs thiesis, photo-transfection.

4.3.2 Plasma formation in transparent materials

Visible light allowed to pass through substanceshsas glass or water, often undergoes
scattering, reflection, refraction and even absomptin these cases the light-matter
interaction seldom results in material breakdowmeitdown. This is due to the fact that
ordinary light intensities possess insufficient rgyeto ionize any material they pass
through. Nonetheless, light intensities around W0cn? as is the case for fs pulses,
possess sufficient photon density leading to a Mglsibility of multiple photons
interacting with the same molecule simultaneoullys this cooperative behaviour of
multiple photons that can give rise to materialization. The mechanisms reported to
cause the production of free-electron plasma thrdager-mediated optical breakdown in
transparent media involve multiphoton ionization asell as avalanche ionization

(cascade or impact ionization).

In multiphoton ionization, an unexcited electromsitaneously absorbs the energy of
several photons (figure 4.8), so that the combireergy of these photons is sufficient to
boost the electron to an excited state or maytfreelectron to form electron-ion plasma.
Since overcoming the energy gaps in transparengérmabs require multiple photons, the
possibility of ionization depends on incident ligaser intensity to a power equivalent to
the number of photons. This multiphoton ionizatimmcess requires that the photon
density is high enough that the probability of abstg multiple photons at one time is
non-negligible but achievable. For example, acewydo Faret al, 2001 (59) a plasma of

order 18% — 1¢° electrons/crimust be produced.
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Figure 4.8 Schematic representation of the multiphoton iatian process. When the energy required for
an atom or molecule to be ionized is greater thandf the incident photons, then there is a pritibathat
multiple photons will be simultaneously absorbed aause the transport of an electron from the gidan
an excited state. This may occur provided the Bwidaser field is extremely intense, as is thes agish

ultra-short laser pulses. This multiphoton exaatphenomenon takes place when intense laseratiaiali
interacts with matter (60).

In summary, during laser ablation newly generatedteons transfer energy to the ions
and this energy heats the material leading to vagion in the interaction volume

(multiphoton ionization). This multiphoton ionizati depends on the laser intensity in
the interaction volume, and requires minimum thoéghntensity prior to breakdown

initiation. Usually, effective material ablation iachieved when the incident laser
irradiance exceeds the material breakdown threshole threshold relies on the
ionization potential (the bandgap) of the matetiiagé pulse duration and wavelength of

the incident laser pulse (59). In the next sectidiscuss the mechanical effects attributed
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to laser pulse duration post laser-induced opboahkdown.

4.3.3 Description of femtosecond optical breakdowim transparent media

Distilled water has been employed in most theoaétimd experimental models for the
investigation of laser optical breakdown; this ec@use water is the primary constituent
of most biological materials. When laser pulseshigh intensities are focused into a
transparent material or medium (water, soft tisbame, dental material at 1 um depths),
there is the formation of laser-induced opticalaidown, amounting to the creation of
both shock wave emission as well as cavitation mshlsenerally, shock waves do not
lead to morphological damage but, accordingirtovitro experimental reports shock
waves can alter cell membrane permeability (6Xyjemce cell viability (61, 62) and can
cause fracturing of DNA strands (62). However, majssue displacement and
compromise resulting from cavitation bubbles hasnbielentified as the main source of

collateral damage in nanosecond photo-disrupti@h (6

However, the use of shorter laser pulses (e.g.ufsep) can dramatically reduce the
undesired side-effects associated with laser-indiumatical breakdown. Noackt al,
1998 (64) presented the reason behind this obsenvet be associated to the fact that,
pulse energy necessary for optical breakdown dsesewith decreasing pulse duration.
In this report, they further demonstrated the meat# effects of the laser pulse duration
post laser-induced breakdown. On using a pulse ggnequivalent to a sixfold
breakdown threshold during all their experimentseyt reported a ~ 4 % energy
transmission for the 76 ns pulse whereas ~ 52 %~ahfl % energy transmission was
measured for the 60 ps and 300 fs pulses resplctiMeaning that for shorter pulse
durations (i.e. 60 ps and 300 fs), a higher fractbthe energy is transmitted. Hence, for
these shorter pulses a larger fraction of pulsegsnis required to evaporate the focal
volume, as a result less energy is available fochaeical processes (64). Figure 4.9
shows the cavitation bubble images obtained pasrdmduced optical breakdown in
high purity distilled water for laser pulses offdient duration. These cavitation bubbles

were reported to range in radius from 2.5 mm (7@ulses) to less than 50 um (100 fs
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pulses); this size reduction was attributed togtmall amount of energy deposited into
the focal volume of the shorter pulses. For thegémmanosecond pulses, roughly one
fifth (~ 20 %) of the deposited laser pulse enegyeported to result in the creation of
the cavitation bubble whereas only 6.5 % of thespuéenergy gets converted to
mechanical energy of the cavitation bubble amogritiom the 100 fs pulses (64).

Figure 4.9 lllustrates the breakdown regions obtained viposxre of high purity distilled water to 76 ns
(a), 6 ns (b), 60 ps (c), 3 ps (d), 300 fs (e) aAd fs (f) pulses. The laser pulses possessed engyen
corresponding to a sixfold breakdown threshold amde incident from the left hand side. The vertical
lines across each image represent the positioheostreak slit. The length of the scale was 100fpmm
images (a) and (b) the rest of the images (b-f) reported to be of equal magnification (reprint by
permission fronJournal of Applied Physics (64)).
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Subsequent to laser optical breakdown, shock wawgsseon streak images
corresponding to the different pulse durations gme=d in figure 4.9 were captured and

these are shown in figure 4.10.

Figure 4.1Q Streak image profiles of shock wave emission paser-induced optical breakdown with
pulse durations: 76 ns, 6 ns, 60 ps, 3 ps, ands360rresponding to images a-e successively. Itdse of

the 100 fs pulses, a shock wave with poor contrast produced thus no usable streak image could be
captured. The plasma appeared as the dark cebfeadtavith the two inclined dark lines above antble

it indicating the outward propagation of the shagkve. The bars are scaled horizontally at 10 ns and
vertically at 100 pm for each image (reprint byrpission fromJournal of Applied Physics (64)).
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This data revealed that for nanosecond pulsesshibek pressures were almost double
the size of those arising from the picosecond agmitdsecond pulses. At sixfold
threshold, the shock pressure was noted to cldskbyv the trend observed in the energy
transmission for the different pulse durationssiteported that with longer pulses (ns)
roughly the entire pulse energy is deposited dufasgr induced optical breakdown.
Therefore, the energy density of the resultantpéasis very large leading to high shock
pressures. On the contrary, ps and fs pulses wite@ased transmission, create a drastic
reduction in the energy density and thus, plasm#ésreduced shock pressures (64).

During laser-induced optical breakdown, significeeduction of mechanical effects such
as cavitation bubbles and shock wave emission hgeaable via the employment of
shorter laser pulse durations. This is mostly bseathe threshold energy and
consequently the energy available for mechanidacef are decreased for shorter laser
pulses. Notably the incident pulse energy divideid itransmission energy, cavitation
bubble energy, shock wave energy and heat of vagimn energy, changes with
decreasing pulse duration. For the longer pulsiEsge portion of the incident energy
results into mechanical effects whilst for the s@opulses the incident pulse energy
leads mainly to the transmitted energy and heaapbrization energy. Hence, the photo-
transfection studies reported upon in chapter thisfthesis involves investigations using
a pulsed fs laser source.

4.3.4 Membrane repair and restoration: tension redation and the patch hypotheses
During photo-transfection experiments, plasma mambperforation is an essential step
to achieving successful cytosolic delivery of exoges materials into mammalian cells.
The question on how the cell membrane restoresugifirahe self healing process after
induced permeabilization, is as crucial to answerthat on how the micro-pores are
created. Literature report by McNet al, 2003 (65) presents studies on rapid repairing
and resealing of plasma membrane disruption foligwioth physiological and induced
cell membrane wounding in different cell types. yeport membrane resealing as an

active and intricate process involving the endomamé (intracellular membrane)
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alongside both cytoskeletal and membrane fusiotejr®. Where through a &zelicited
response to plasma membrane injury and via exadsytdse endomembrane gets
deposited to the site of disruption to initiate theembrane self-healing process.
Extracellular C&' ions migrating through the membrane lesion haven regorted to
promote a vesicle-vesicle and vesicle-plasma-menebriusion response (66, 67).
Further, in nucleated cells the endomembrane hexs $eid to play a critical role in rapid
resealing of disrupted plasma membrane post wouofiittion using a mode locked
titanium sapphire laser (67).

McNeil et al, 2003 (65) provide evidence supporting the hypgthéhat in eukaryotes;
cytoplasmic vesicle-plasma membrane (i.€*@pendent exocytosis) fusion events are
responsible for cell membrane repair mechanismeyTised two related hypotheses
namely, tension reduction and patch formation tarifyl how this rapid C& driven
resealing procedure is achieved. In brief, theitenseduction hypothesis is supported by
findings which suggest that, cell membrane woursgakng is promoted by a reduction
in the membrane tension. In this instance, althotigh mechanism is not yet clear,
exocytosis occurring at the membrane injury locati® reported to be followed by a
decrease in membrane tension. On the other haagatth hypothesis comes into play
in cases where cells experience membrane disrigtbmore than 1000 |fnsize scale.
Damages of this size range are reported to bevathby numerous cell kinds, whereby
membrane restoration demands the replacement ehime plasma membrane segment
(65). It has been reported that the newly produtednbrane which gives rise to the
resultant patch is formed through a massive homotysion responses (68). According
to Steinhardet al, 1994 (69) compared to the exocytosis-reliant mamd repair system,

these fusion reactions possess a highéf theeshold.

Considering plasma membrane disruption repair astbration mechanisms mentioned
above, it is worth noting that plasma membraneqgpations induced by fs laser pulses
are of a submicron size range. Therefore, the manebresealing mechanisms post fs
photo-transfection might be an energy-intensivecgss requiring Ga and intracellular

vesicles. However, the resealing procedure in td@transfection might not necessarily
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involve formation of the membrane patch. For exan@chlicheret al, 2006 (70),

reported that ultrasound-mediated uptake of moéscul(proteins and other
macromolecules) into cells via plasma membrane wewf up to micron dimensions,
are repaired within minutes by vesicle exocytosisrd) a C4" rich process. Even though
the response to plasma membrane permeabilizatisnbban briefly covered in this
chapter, numerous questions of particularly whaipleas at the molecular level during
the cell self sealing process, still remain unclé€radditional interest would be future
studies on long-term changes regarding for exampghe expression, in cells surviving fs

induced laser perforation.

4.3.5 Implications for laser effects on biologicatells and tissue

Numerous publications on the mechanisms behindstpalse ablation between high and
low (i.e. 80 MHz vs. 1 kHz) laser oscillation rejpien rates are available for fs pulse-cell
interactions. This is due to the overall usefulrteggther with the applicability of fs laser
pulses in nanosurgery to both mammalian and plafit tansfection investigations.
Based on the comparison of the physical effectketinto fs laser-induced plasma
formation elucidated in the previous sub-sectiohsis worthwhile at this point to
consider the mechanisms for both the 80 MHz anHA tkeatment regimes in biological

materials.

In the case of 80 MHz ablation with long pulse egfrom fs oscillators, the pulse energy
is below the threshold energy for optical breakdowith each pulse producing low
density plasma. In this regime roughly*101@ pulses simultaneously interact with one
specific location on the sample of interest to echithe desired dissection or membrane
permeabilization. This manner of ablation, partéeiyl in biological material, occurs via
the interaction of multiple pulses through freectlen induced chemical decomposition
of the material by bond-breaking. Whereas, low tiépa rates such as 1 kHz of the
amplified pulse series for example, have pulse geerslightly above the threshold for
transient bubble formation. In this instance, tlhuenber of pulses delivered at any one

location ranges between 30 and several hungngdss.
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Also, in this case, large plasma densities aretedeasulting in the formation of minute
cavitation bubbles. Such cavitation bubbles havenlbeported to be cytotoxic and are
responsible for the dissection of the biologicaltenal (71). In Figure 4.11 is shown a
summary of the different low-density plasma effeamsl aspects of physical breakdown,
alongside experimental damage, transfection ansedi®n thresholds on mammalian

cells is presented.

Free-electron oW denaltrl fracts Irradiance
. ow-densi asma effec
density (cm)™ AL (/14)
‘IO13 1 (1) One free electron per pulse 1
0.05
2 (2) Cell damage after scanning irradiation 2
15
10 0.1
3 (3) Intracellular dissection @ 80 MHz .
10"
4 (4) Cell transfection @ 80 MHz
4
10" (5) T = 100°C reached after
. pulse series (80 MHz) 5 0.5
6 (6) Bubble formation by 1 pulse 6
21 21 =3
10 7 (7)p=10"cm 7 1.0
8
g (8) Mitochondrion ablation @ 1 kHz 8
(9) Axon dissection @ 1 kHz
9

Figure 4.1 An overview of physical optical breakdown obs¢imas from fs laser pulses, the different
effects are scaled by corresponding values of dieetron density and irradiance (standardized & th
optical breakdown thresholg, decreasing by a critical electron densitypgf= 10** cm®. In the figure
numbers (1), (5), (6) and (7) represent physiceines or threshold criteria. (2), post scanningdiation
with 800 nm at 80 MHz, PtK2 cells were observedtssess membrane dysfunction and DNA strand
breaks leading to apoptosis like cell death. (3) &) represents intracellular chromosome dissectiod

cell transfection through membrane permeabilizatimth performed via 80 MHz pulses from a fs
oscillator respectively. (8), is the ablation osiagle mitochondrion in a living cell using 1 kHzlpes.
Finally (9), refers to axotomy in liv€. elegans worms performed with 1 kHz pulses of a regeneeativ

amplifier (reprint by permission fromypplied Physics B (56)).
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Finally, fs laser pulses win favour in photo-tratdfon and other biological studies due
to their ability to localize cellular disruption sub-micron resolutions, plus the threshold
energies necessary for ablation are very low. Tdadswer conversion of energy into

detrimental effects such as shockwaves and cauitdtiubbles is kept at a minimum. In

the next chapter, fs pulses focused to a diffraclimited spot using a 60 X microscope
objective lens (NA, 0.8) at 80 MHz, 790 nm, 20(idse duration and energy levels of ~
0.76 nJ (peak power = 3.75 kW) are used for phaastection.

Notably, during my photo-transfection experimentee bubbles observed under
brightfield imaging indicates a cytotoxic dosagecefls. These bubbles were caused by
the high tuning of the laser irradiance and/or neiy and the cavitation bubbles
associated with the shockwave generation and ¢&vitaf vaporized material studied by
Vogel et al, 2005 (56) have no relation to those bubbles epkexl in my experiments
which were due to accumulative thermal effectsadidition, the observation of these
bubbles, which have an extremely small lifetimeyavemployed in my experiments to
indicate optical toxic doses that are undesirabl o should be avoided. Mostly, these
bubbles were observed during trial experimentsgisain setting optimal parameters for
photo-transfection and they were also useful fer determining Gaussian beam focus-
plasma membrane alignments. Therefore, at optineweld for photo-transfection which
resulted in the enhancement of photo-transfectifiniencies, no bubble formation or
cellular disruption and/or response should be lasits this will be a direct indication of

cytotoxicity.

4.4 Summary

Chapter 4 was initiated by explaining cell transifet giving details on the fluid mosaic
model of plasma membranes. Thereafter, selectivacellular trafficking of hydrophilic

molecules through a channel that functions as aromylic passageway versus
intracellular transportation by a periplasmic stdistbinding protein was explained. Due

the fact that plasma membranes have highly setegiermeability with a wealth of

101



substances lacking ability to be naturally tranggmbthrough membranes, as this poses a
problem during amongst other things, cell transéecstudies. Herein, different means of
delivering biological molecules including genes &veonsidered. A brief review of the
different technologies developed for cell trangtetstrategies such as chemical reagents
(cationic polymers and/or lipids), viral as well aghysical (microinjection,
electroporation, ballistic particle delivery (gegan) and sonoporation) methods with
particular interest granted to fs laser assistadsfiection (photo-transfection) techniques

was presented.

Finally, in this chapter a systematic study of tihhechanisms of femtosecond laser
transfection was discussed. | presented a studyaong the employment of pulsed ns
versus ps versus fs laser source in theoreticaleapdrimental water models to predict
possible implications in biological systems. Thee usf fs pulses during photo-
transfection promotes generation of highly localizplasma membrane disruption,
resulting in minimum damage and accuracy in mensrtrgeting. Laser-induced
optical breakdown was described to clarify the pssc of free-electron plasma
production in transparent material. The physicatima@ism driving photo-transfection is
plasma mediated optical breakdown, a process wihuchultra-short pulses is almost
entirely a multiphoton effect. The €aich membrane self sealing process post transient
cell perforation is also a critical step during ftransfection. The influence of laser
pulse duration on mechanical effects such as danthubbles and shock wave emission

during laser-induced optical breakdown was outlined

Finally the mechanisms of femtosecond laser rapetrate i.e. 80 MHz versus 1 kHz on
various biological applications was presented. Atizvrepetition rates and lower laser
irradiances, fs cellular transfection occurs beeanfsphotochemical effects caused by
multiphoton plasma formation in the breakdown arf@aring photo-transfection, the

undesirable thermal and mechanical effects arelynaaused by high irradiance levels.
Chapters 5 and 6 of this thesis will involve demat®n of the photo-transfection

experimental results obtained during my studieslllpresent data on cell lines that have

never been photo-transfected before such as theliaatomas (SK-N-SH and NG108-
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15), embryonic kidney (HEK-293) and pluripotentrsteells.
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Chapter 5
Photo-transfection of mammalian cells via femtoselcdaser

pulses

Introduction

In chapter 4 an introduction of the delivery of niwame impermeable molecules into
cells during the transfection processes, was ptedemlongside the mechanisms
governing photo-transfection. In this chapter, falbary data of femtosecond transfection
is provided. Chapter 5 starts by briefly describihg mechanisms of DNA transcription,
MRNA translation as well as protein synthesis aqatession in mammalian cells during
photo-transfection. Then measurements of the fesotsl beam profile and pulse
duration in a basic Gaussian beam setup are eeplairhereafter, | describe the photo-
transfection setup employed throughout my experimagiving a full description of the

cell sample preparation as well as the photo-temtisin protocol. | also provide a
description of how the photo-transfection setup teated and optimized via trypan blue

dry run (photo-translocation) experiments.

Following this a report on the different cell linesccessfully photo-transfected with
DsRed2-Mito and EGFP expressing DNA plasmids issgm&ed. This includes the
previously difficult to transfect NG108-15 and SKSH neuroblastoma cell lines. | then
address various aspects which influence the phatwsfection efficiency, such as a
change in optical parameters (average power owpdttime of beam exposure), the
culture passage number and the stages of theieislioth cycle (particularly the M and S
phases). Following this, studies investigating pté& cellular stress responses and/or the
cytoprotective role of the hsp70 post photo-tractsba are described. Lastly,
introduction of mRNA which is directly translateghan reaching the cytosol without

crossing the nuclear membrane is presented.
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5.1 From genes to protein

Since diverse forms of life share a common genmide, it is possible to program one
species to produce proteins characteristic of amatpecies by transplanting DNA. For
example during cell the photo-transfection studegsorted herein, genes from jellyfish
(green fluorescent protein (GFP)) anDiscosoma species (DsRed2-Mito) are
incorporated into different mammalian cells. Onagccessfully introduced and/or
delivered into cells, these foreign genes are msipte for making specific proteins.
However, a gene does not construct a protein djrectther the connection between
genetic information and protein synthesis occurs an intricate process involving
ribonucleic acid (RNA). The process involved in hgenes become proteins occurs
through two main steps known as transcription amahslation. In eukaryotic cells,
transcription is the synthesis of RNA under theclion of DNA while translation is the

synthesis of a polypeptide, which occurs undedihection of mMRNA (1).

In eukaryotes, the nuclear membrane decouples tbeegses of transcription from
translation. Transcription takes place in the noulasm and the newly synthesized
MRNA is dispatched to the cytoplasm which is the &r the translation. Briefly, during
transcription enzymes called RNA polymerases fapen the two DNA strands apart
and hook together the RNA nucleotides as they pasealong the DNA template (figure
5.1). The RNA polymerase works its way downstreaomf the initiation site, prying
apart the two strands of DNA and elongating the mPARN the 3’ — 5’ direction. The
RNA polymerase continues to elongate the RNA madéeaatil it reaches the termination
site end of the transcription unit. Then mRNA, anscript of the gene is released (figure
5.1) and the polymerase subsequently dissocia@m® fthe DNA. During protein
translation in the cytoplasm, the mRNA strand didlerough a ribosome, a complex
particle with many enzymes and other agents thalittde the orderly linking of amino
acids into polypeptide chains. Within the ribosadimere is an mRNA-binding site as well
as transfer RNA (tRNA) binding sites. The tRNA nmlkes function as interpreters
during protein translation, in that each type haspacific anticodon at one end (the

ribosome binding site) and a particular amino atithe other end.
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Figure 5.1 A simplified illustration of, the two main stepd protein synthesis occurring in separate
compartments i.e. transcription in the nucleoplasmd translation in the cytoplasm of a eukaryotilt. ce
After its synthesis in the nucleus, mRNA is traeslied into the cytoplasm through pores within the
nuclear envelope. The function of the ribosomalARKRNA) is to provide a mechanism for decoding
MRNA into amino acids and to interact with the tRiNduring translation. Therefore, in the cytoplatim t
MRNA molecule slips into the ribosome while the #RNrings the amino acids to the ribosome to have

them incorporated into the growing protein polypég@thain (online access date - 23.12.09 (2)).
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Thus, a tRNA fits into a binding site when its antion base-pairs with an mRNA codon.
So, as the mRNA slides through the ribosome, codoms$ranslated into amino acids one
by one because a tRNA adds its amino acid cargogmwing polypeptide chain when
the anticodon binds to a complementary codon omtR&A (figure 5.1). This is how
the foreign genes which are normally delivered lasmid DNA into mammalian cells
during cell transfection become processed intogmet These transcribed proteins are
commonly fluorescent and can be viewed under flem@rce microscopy. Such gene
transplantation (i.e. from one species to differene) experiments are crucial for
numerous applications. For example bacteria carprogrammed to synthesize the
human protein insulin, a product that can be usedrdat diabetes. Other examples
include the creation of transgenic animals which egpress genes from a range of other
organisms and are subsequently used for studiesstigating genetically inherited

diseases.

In the following sections of this chapter the pass for coupling laser light and genetic
studies through the process of fs photo-transfeciiodies, opens doors to more novel
and advanced biological investigations. The prooégs photo-transfection requires use
of a tightly focused beam located on the plasma lonane of the cell to irradiate it with

ultra-short pulses of higher peak powers. Thussdation 5.2, | describe the methods
utilized for characterizing the beam waist, the jeral duration of the pulsed output of
the fs titanium sapphire (Ti: sapph.) laser used ainl details of the experimental

procedures followed during my photo-transfectiopements.

5.2 Femtosecond laser beam profile and pulse durath measurements

5.2.1 Beam profile and laser characteristics

The experimental data to be presented in the rengarchapters of this thesis were all
performed using a tunable Kerr lens mode-lockeds@pph laser (MIRACoherent)
which emits ~100 fs near infrared pulses of 80 Mefzetition rate and ~ 2 watts average

power output at the laser exit aperture. The bemmeter was measured using a laser
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beam profiler which was used to display and captedransverse intensity profile of the
emitted laser beam. The output beam spot si&g) (uring mode-locked operation along
the x direction was measured to be 1.547 mm £ OBBilerror and along the y direction
1.524 mm £ 0.001 mm error.

5.2.2 Pulse duration measurements

As the Gaussian laser beam pulses were emittedtireraxit aperture of the Ti: sapphire
laser, their temporal profile was measured direatgr the exit, in the beam path before
the periscope as well as at the microscope obgébieus of the photo-transfection setup.
The measurements were obtained via a commerciaEWMRP, E750 Elliot Scientific
LTD, UK) interferometric autocorrelator that comprisesoptical detector head and a
control box unit. Pulse duration measurements tiearexit and directly before the
periscope were performed by simple horizontal atignt of the TIMEWARP detector to
the beam path and recording the reading from tiralounit at each of these points in
the photo-transfection setup. Thus assuming the séaped pulse, during all my photo-
transfection experiments the pulse duration wassored to be ~ 116 fs near the laser
exit aperture, ~ 187 fs just before the periscopt-ai96 fs at the sample plane. This
difference is because, upon traveling through thetgtransfection setup optics
(particularly passing through beam splitter cubes- @ cm thickness), the laser pulse
duration undergoes a small amount of temporal ctieg, which results in an

approximately 10 — 15 fs increase in pulse duraiori90 nm.

5.2.3 Experimental setup

The photo-transfection setup consisted of a dupdatibe optical system as depicted in
figure 5.2. Briefly, the femtosecond laser beamsesilemitted by a titanium sapphire
laser (790 nm, 80 MHz, 200 fs, average power = B0 at the focus) were magnified by
a simple two lens telescope to match the back agedf the 60 X air objectiveN{kon)
lens with numerical aperture (NA) 0.8. This creatediffraction limited spot of (17
diameter= 1.1um. The pulse energy at the objective front fodah@ was calculated to
be ~ 0.76 nJ with an associated pulse peak powers KBN. The mechanical shutter
(Newport, UK, model 845HP-02) on the beam path was used tdategihe time of beam
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exposure at the cell sample plane on an XYZ tréioslastage Klewport). The sample
chamber was illuminated via a Koehler arrangemantl imaged by a Watec colour
camera (WAT-250D) situated below the sample stagpendix B (i) to (iii), page B1-
B2 explains the detail on cell sample preparaticsl| culturing and plasmid DNA

preparation.

— L ET
ﬁ ( ==ESLS
g ! Washiar |
= ﬁ IIIl.Jn;i-r;.e.ll?i.oni i 4
0 | v

[—— ]

Figure 5.2 Photo-transfection setup for my studies. An irdfthGaussian beam (beam diametev,)2=

1.5 mm) is emitted by a titanium sapphire lasernoed off mirror (M1) and expanded via lenses (L% (f

50 mm) and L2 (f = 175 mm). A half wave plat¢2) and polarizing beam splitter cube (PBS) weedus
attenuate the power output, while mirrors (M2 an8)Merved as a periscope. Mirror M4 reflected the
beam onto the back aperture of a 60 X objective (@A 0.8). A light emitting diode (LED) provided
sample lighting when arranged into Koehler illuntioa via passing through lenses (L5, L4 & L3) ano t
apertures. The sample imaging system consisted g working distance (LWD), f = 200 mm, 50 X
Mitutoyo objective lens (NA = 0.55), a tube len$)land a charge coupled device (CCD) camera. These

were connected to the output computer by a dataueagard (reprint by permission frodournal of
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Biomedical Optics (3)).

5.2.4 Photo-transfecting different mammalian cellihes

For photo-transfection experiments, approximat@icells in 2 ml of complete medium
were seeded in 35 mm diameter type zero glassrhetigetri dishes (23 mm diameter =
glass working area, fronWorld Precision Instruments, Sevenage, UK). These were
incubated to sub-confluence over 24 hrs in optingrowth conditions. The monolayer
was washed twice with 2 ml of OptiMEMn{itrogen) each time, to remove the serum.
Thereafter the cells were submerged in 60 ul afradree medium containing 10 pg/mi
of pDsRed2-Mito and/or pEGFP plasmid DNA (pDNA).eTeample chamber was then
covered with a 22 mm diameter type-1 coversBbil, Poole UK). Targeted photo-
transfection of individual cells was then performegd laser irradiation through
administering three shots of ultra-short duratidmlevavoiding visual cellular response
(i.e. no bubble formation or cellular disruptio@uring this process, the top surface of
the cell's plasma membrane is directly exposedhe¢opDNA and fs beam focus, the area
where the multi-photon effect is confined (figur&)%4). Alignment of the beam focus to
the cell’'s plasma membrane therefore promotes #émermgtion of free-electrons which
photo-chemically react with the membrane resulimtihe induction of transient holes (5)
through which pDNA diffuses into the cytosol. Feliong irradiation, the DNA
containing medium was aspirated, the monolayer a@since with OptiMEM, covered
in 2 ml condition medium and incubated under optimgrowth conditions for 48hrs

before live cell fluorescence analysis.
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Figure 5.3 Sample chamber illustrated (~ 50 um depth). latiah of the top surface of adherent cells
facilitated by targeted delivery of the infraredl&ser beam permitted transient opening of thenpdas
membrane and subsequent diffusion of surroundiagnpid DNA (reprint by permission frodournal of
Biomedical Optics (3)).

Subsequent to constructing and aligning the phaiostection setup and prior to
performing the intended transfection experiment®t@-translocation experiments using
a membrane impermeable dye were performed. Thiguryexperiment was done not
only to test and optimize the system but was used means to determine and confirm
whether photo-transfection of cells caused plasrambmane perforation. Thus, a sample
of CHO-K1 cells was plated and prepared as mendioné.2.4 but the cell monolayer
was submerged in 60 pl of 0.4 % trypan blue exclusiiability stain instead of DNA.
Figure 5.4 depicts the results obtained post phataslocation in CHO-K1 cells at 790
nm, 80 MHz, 200 fs, 40 ms and average power = 200 ab the focus. Upon laser
irradiation at power levels greater than optimalels (50 — 60 mW), membrane
perforation was achieved leading to intracelluldfudion and inclusion of trypan blue
through the membrane pore. Trypan blue translocdstaining) was apparent within 30

seconds following laser irradiation.
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However, no dye inclusion was observed at 50 — 8U sven after 30 minutes of
incubation in the presence of the dye subsequewiptical treatment. In addition, no
photo-transfection i.e. with either DsRed2-MitoES6FP expression plasmid occurred at
the photo-toxic dosing of 200 mW. Instead, 48 hostpcell irradiation at 200 mwW
resulted in the detachment of most of the monoldy@n the surface of the sample

chamber.

Figure 5.4 CHO-K1 cells photo-translocated with trypan bliability dye imaged under brightfield using
a 50 X Mitutoyo objective lens (NA = 0.55). In (ajneans viable cells that were neither opticalbated
nor did they naturally include the surrounding toxiye five minutes post incubation in its presence.
Nonetheless, the blue stained cell (white arrow$ weadiated via administering one shot at 790 8,
MHz, 200 fs, 40 ms and 200 mW. And as of 30 secqmus photo-translocation and consequential
membrane perforation the dye was included intactheplasm resulting in blue staining of the nuclels
(B), three healthy CHO-KI cells imaged in the prese of trypan blue before photo-translocation are
shown. Image (C) displays the same three CHO-KI$ @ehdiated as mentioned in (A) and left incubgti

in the presence of trypan blue for ten minutes sgbsnt to optical treatment. The green arrow iridita
cell blebbing (“cytoplasmic bleeding”) as a resaflirradiation at power levels greater than optifeakl of

between 50 — 60 mW power output at the beam focus.

Of note, Schlicheet al, 2006 (6) stated that ultrasound promotes suadedsfivery of
molecules (protein, macromolecules, etc) into cdlley further reported that, depending
on the size of the molecules, their introductioto ithe cytosol can persist for more than
one minute following plasma membrane sonicationeyrTltherefore concluded that
ultrasound-induced cellular transport occurs thlopasma membrane wounds of up to
micron size ranges, which get repaired by vesictecgosis within minutes (6).

Therefore, the lack of trypan blue inclusion at posvbelow 200 mW could be attributed
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to both the size of the molecule as well as thathef induced pore. The pore sizes
induced at 50 — 60 mW may not be opened long endaigiliow extensive and rapid
entrance of visually detectable amounts of theanyplue. In support of this, Chasgal,
1992 (7) reported that membrane holes induced leietreporation permitted cytosolic
transport through 1 — 10 nm size openings, thantspeously resealed without the
involvement of special wound-repair machinery (ATRE", intracellular vesicles, etc) as
reported by McNeil et al, 2003 (8). Therefore, tasiently induced membrane holes at
50 — 60 mW might be wide enough to allow the erdeanf plasmid DNA molecules into
the cytosol yet short lived to avoid photo-toxidityat results in cell blebbing.

Although the irradiation of cells at very high pawevels allowed quick checks of the
alignment of setup, beam focus-plasma membranenmkgts, they also induce
cytotoxicity displayed through localized visual mueexplosions (bubble formation)

during the optical shots and followed by cell blglgbas shown in figure 5.4 (c). So, for
my photo-transfection experiments (i.e. using pDN#e photo-toxic parameters
operating at lethal irradiances were avoided hittst employed only for optimization

purposes. For all photo-transfection experimemtadiance thresholds (~ 50 to 60 mW)
safe for optical transfection which are indicatgdthe lack of a visual response of the

cell during optical treatments were applied.

Thus, the versatility of the photo-transfectionhigique under these optimum parameters
of 60 mW average power output and 40 ms time ofrbeaposure at the cell sample
plane was tested. Using these optical parametefalnbe 5.1 is shown the successful
transient transfection efficiency of various mamnal cell types. These include
neuroblastomas (SK-N-SH and NG108-15) that haven baeviously described as
difficult to transfect by conventional transfectioechnologies examples including, the

lipid based gene delivery methods (9).
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Throughout my experiments, the transfection efficie(%) was calculated according to
Tsukakoshi et al, 1984 (10) and Stevenson et @9 Z01) using the expressiongN=
((E/D).100)/%. Where Nor = the population corrected transfection efficien&y,=
number of cells transiently expressing the pDNAemft suitable amount of time has
passed, D = number of cells dosed on a given expeti and ¥ = the ratio of
proliferation that has occurred in the dosed da#isveen dosing and the measurement of

expression (see appendix B (iv) page B2 for example

Table 5.1 Summary of the cell lines photo-transfected atn®® and 40 ms with a gene encoding red
fluorescent protein (pDsRed2-Mito). Experiments aveerformed in triplicate with a minimum of 150
individual cells treated per experiment. The trantbn efficiency (%) values reported were corrécis

previously described (reprint by permission frdoarnal of Biomedical Optics (3)).

Cell type Tissue of origin Transfection efficiency (20)
CHO-K1 Ovary (hamster) 63 (2500 cells treated)
HEK-293 Kidney (human) 52 (2000 cells treated)
NG108-15 Brain (mouse/rat) 40 (1500 cells treated)
SK-N-SH Brain (human) 45 (1500 cells treated)

5.3 Optical parameters and cell transfection effi@ncy

A study directly comparing the influence of utihg varying optical parameters during
photo-transfecting was conducted in order to shiogirteffect on the cell transfection
efficiency. In these investigations to obtain optim optical parameters for photo-
transfection, different optical parameters wereedriand tested including photo-
transfecting at 130 mW/ 40, 30, 20 and 10 ms Kemping the average power output
constant while altering the pulsed beam time ofoskpe). Different power outputs
(ranging from 130 to 40 mW) at the beam focus whieping the time of exposure
constant at either 10 or 40 ms were also testedeprarate experiments average power

output was reduced to 60 mW and kept constant ekettee time of beam exposure at

119



the focus, varied between 40, 30, 20 and 10 msalbpttwo different sets of optical
parameters employed proved successful. One passiigulting in reduced transfection
efficiency involved treatment of cells with 130 m&Verage power coupled with a 10 ms
beam exposure time at the focus. The other regiwh&h resulted in a two-fold increase
in transfection efficiency compared to the one nogr@d above, was photo-transfecting
with a 60 mW average power at the focus and 40 wmatidn. Figure 5.5 depicts the
results of this experiment in CHO-K1 cells. A sianilexperiment was run on HEK-293
cells and displayed complementary results as ircéise of CHO-K1 cells (figure 5.6). In
each of the figures below, experiment number pibite the x-axis referrers to the

different experiments performed per time period sepkated in triplicate.
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Figure 5.5 Cells photo-transfected with pDsRed2-Mito at 6&/rand 40 ms (A), show a two fold increase
in transfection efficiency when compared to thasadiated at 130 mW and 10 ms (B). The data herein
presents the corrected transfection efficiencyutated as mentioned before. Error bars represensEM

(n = 3 experiments of 50 dosed cells). Using ANOMAowed by Dunnett’'s and Fisher’s tests, ** means
the data sets between image (A) and image (B) wigreficantly different from each other (Appendix B

(viii) pages B6-B7 shows full statistical analysfsthis plot).
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Figure 5.6 Results from photo-transfecting HEK-293 cellshaii0 pg/ml of pDsRed2-Mito at 60 mW and
40 ms (A) and 130 mW and 10 ms (B). Although aedéht cell line is employed in this case, the data
obtained using the two different sets of opticalapaeters complemented the data presented in figGre
The SEM (n = 3 experiments of 50 dosed cells) {esented by the error bars. ANOVA analysis
alongside Dunnett’'s and Fisher’s tests ** illustchtthat, data presented in image (A) was signifigan
different from that given in image (B) (Appendix(Hii) pages B7-B8).
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Most neuroblastoma cell lines are derived from lyighalignant tumors (12). However,
many neuroblastoma cell lines remain hard to temtsfvith established protocols,
hindering consecutive analysis. Indeed in sub-sedi2.4 photo-transfection was shown
to be a valuable tool for nucleic acid deliveryainvide variety of cell types. Notably, the
capability to photo-transfect neuroblastoma ceith wucleic acid molecules of choice at
relatively high efficiency while maintaining celliability is essential for elucidating
various biochemical pathways and other geneticissud herefore in order to potentially
improve the transfection efficiency, | comparedngsilifferent optical parameters for the
transfection of neuroblastoma cell lines SK-N-SHi 8G108-15. The average power
output of 130 mW at the sample plane and 10 ms tifrleeam exposure proved to be a
photo-toxic dose for NG108-15 and SK-N-SH cellsmasfluorescence was detected on
analyzing the cells 48 hrs post photo-transfectioell detachment, death and lyses in
both cell lines were observed at this dose. Howesgerccessful transfection was
obtainable on treatment with 60 mW and 40 ms iseheeuroblastoma cell lines. Figures
5.7 and 5.8 depict SK-N-SH and NG108-15 cells retspaly, 48 hrs post photo-
transfection using either the pDsRed2-Mito or pE@REB3mid DNA.
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Figure 5.7 Fluorescent images of SK-N-SH neuroblastoma gefisto-transfected with 10 pg/ml of
plasmid DNA, DsRed2-Mito (A) and EGFP (B). Protetngressed 48 hours post laser treatment at 60 mW
and 40 ms, the plot (C) illustrated the transfectefficiency achieved post optical treatment with
pDsRed2-Mito. The error bars represent the SEM,revire= 3 experiments of 50 cells treated. Using
ANOVA followed by Dunnett’'s and Fisher’s tests * &nd *** means that data points are significantly
different from each other (Appendix B (viii) pagg8-B10).
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Figure 5.8 Both the DsRed2-Mito (A) and EGFP (B) plasmid DN2Opg/ml) could be successfully
transiently photo-transfected into NG108-15 cetisekpress the respective proteins 48 hrs postaptic
treatment at 60 mW and 40 ms. Image (C) is the migaleanalysis of cells photo-transfected with
pDsRed2-Mito where 50 cells were dosed per experiraad each experiment repeated trice, hence the
error bars represent the SEM. ANOVA with both Dutiseand Fisher’s tests showed that the data point
labeled with ** are significantly different from el other (Appendix B (viii) pages B10-B11).
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5.4 Culture passage number and photo-transfectiorffeciency

The extent of sub-culturing a cell line is ofterpessed as a “passage number”. This
process of passaging causes mechanical injury Ite fmdlowed by changes in gene
expression (13). Generally, in transfection expenta the passage number of cell lines
can affect not only the transfection efficiencyt blso protein expression (14). Compared
to those in lower passage numbers, cell lines ghdni passage numbers undergo
alterations in cell morphology, response to stimglowth rates, protein expression,
transfection and signalling (15-20). Mechanisms f@ssage number effects vary.
However, according to Ryan 2007 (21), cells inungdtare cells under stress from being
in an alien environment. Ryan further reports tgahetic engineering and cell line
transfection poses additional stress on culturdd. @enetic engineering forces a cell to
express foreign proteins, and expression of thesenative proteins at high levels
requires energy from the cells. Hence, expressiorower-expression of artificially
introduced genes forces the cells to redirect gnesguired for cell growth and
subsequently leads to a slower than normal groatth in addition as the cells proliferate
and are sub-cultured, the stress of culture createslective pressure (21). Harvitro
investigations the cell line quality is essenti@r fsuccessful experimentation and
avoiding the use of cells that have been in cultw® long is critical. Therefore |

investigated the effect of passage number on piiatsfection efficiency.

The plasmid DsRed2-Mito was photo-transfected @tdO-K1 and HEK-293 cells of
different culture passage number. As can be seBgure 5.9 (A), in CHO-K1 cells from
passage 19 through to 30, then the efficiency iwvden 40 — 60 % peaking at
approximately passage number 28, but this dropmgdfisantly once the cells were at
passage number 34. This effect was also shown kK-293 cells (figure 5.9 (B)), as
there was a significant increase in the photo-fesnion efficiency from passage 8
through to 26. At P26 there was a peak of ~53 %steation efficiency which then
started to decrease from passage 31. Thereforectnfrmed that, as with other
transfection techniques, the passage number oflldiree plays a significant role in

establishing the efficiency of photo-transfection.
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Figure 5.9 CHO-K1 (A) (reprint by permission frodournal of Biomedical Optics (3)) and HEK-293 (B)
cells photo-transfected at an average power of @0and 40 ms time of exposure illustrates the infoee

of culture passage number on the photo-transfectfficiency. Error bars represent SEM (n = 3
experiments of 50 treated cells). Using ANOVA feolled by Dunnett’'s and Fisher’s tests: * means data
sets are significantly different from each othethivi each cell line (Appendix B (vii)) pages B11-B1
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Future photo-transfection experiments of cellsifiegent passage numbers will involve
studies investigating whether there might be a ghan the refractive index of cells that
photo-transfect with maximum efficiency (i.e. thels resulting in the peak of each plot
in figure 5.9). Change in might be brought about by an increase in the nurabeells
at maybe the S phase of the cell cycle as a resukte change in intracellular protein:
DNA ratio.

5.5 The cell division cycle and photo-transfectioefficiency

In this section the possibility to enhance the dfaction efficiency via chemically
aligning cells so they display a common propertgxplored. The process by which a
series of events within a cell leads to its divaisamd duplication (replication) to daughter
cells is described as the cell division cycle (f@y.10). The actual division (cytokinesis)
state is known as mitosis (M) phase, while the dmding stages are collectively called
the interphase. Interphase is further sectioneal imee stages, namely, first gap (G1),
DNA synthesis (S) and second gap (G2) phases. §hrabe use of whole-culture
synchronisation approach, Brunner al, 2000 (22), previously conducted a study
analysing the cell cycle dependence of six diffegane transfer systems. Their findings
indicated a clear and comparable variation in fext®n efficiency between cells
transfected in late S/G2 phases to those treatite &1 phase for five of the transfection

systems investigated.

Improvement of both transient and stable cell tieet®n efficiencies was also achieved
by Goldsteinet al, 1989 (23) through synchronizing cells in the G2ihase and then
treating them with butyrate. This combination alémiva decrease in the electroporation
voltage and DNA concentration while greatly enhagcihe transfection efficiency. In
addition, Musianiet al, 1983 (24) showed that cultures infected in S ehagh DNA
from different strains of the human cytomegalovjrte efficiency of transfection was

higher than cells infected in G2, M and G1 phasspectively.
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Therefore | explored whether changes in the cetllecycould also influence photo-
transfection efficiency. In my experiments, cellsre/reversibly arrested at the M and S
phases. To synchronize the cells at the M phasewrnd was used. This is a drug which
through its binding to a tubulin dimmer, inhibit®lpmerization of microtubules and
forces the cycling cells to accumulate in pro-mbtse-like state (25, 26). Also addition
of colcemid to the cells prevents the centriol@sfrorganizing the microtubules, which

are necessary for chromosome migration to the ghlasg cell division (27).
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Figure 5.10: lllustrates the cell division cycle where G1 is tirewth phase the cell enters when it senses
growth signals. During the S phase the DNA is Bggized and in the G2 phase the cell arranges and
checks chromosomes. There is a major checkpoi@Rito ascertain that DNA replication has succelsful

occurred, if not a normal cell undergoes apoptdsishe M phase once the mitosis chromosomes are
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drawn apart by molecular motors, the cell dividéhere is also a checkpoint here that ensures that
chromosomes are correctly attached to the spindoidsre segregation takes place. Cells that are not
dividing leave the cell cycle and stay in the G@g#h(online access date - 23.12.09 (28)).

A double thymidine treatment which primarily aresells with an S-phase DNA content
was also performed to achieve synchronization atS3hphase. Briefly this works as
thymidine is taken up by cells and subsequently sphorylated to thymidine-
monophosphate (IMP) and thymidine-triphosphate ) TThhe accumulation of TIP then
results in a feedback inhibition of other nucleesidriphosphates, particularly
deoxycytidine-triphosphate (dCTP) which is critidat DNA synthesis (29). Detailed
cell synchronization protocols followed during mgperiments are described in appendix
B (v), page B3 In figure 5.11 the results of CHO-&id HEK-293 cells synchronized at
the M and S phases of the cell division cycle dews and provide evidence of the

influence of cell synchronization on the photo-gfaation efficiency.
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Figure 5.11 Arresting CHO-K1 and HEK-293 at the M-phase gaveigher photo-transfection compared
to cells treated while at random stages of theecydbwever, arresting at the S-phase gave hightamced
photo-transfection efficiency; this was observedboth cell lines. The corrected values of transbect
efficiency are presented. Error bars represent3B& (n = 3 experiments of 50 dosed cells). Using
ANOVA followed by Dunnett’'s and Fisher’s tests: *eans data sets are significantly different fromheac
other within the different cell lines. Appendix Bii() pages B13-B15 shows full statistical analyséshis
data. Reprint by permission fradournal of Biomedical Optics (3).

5.6 Investigation of cellular stress induced postlpto-transfection

Next, | performed a study investigating potentialldar stress responses post photo-
transfection. The up-regulation of the stress sgnkieat shock protein 70 (hsp70) was
tested during photo-transfection of mammalian célisat shock proteins asefamily of
functionally related stress proteins whose synthissenhanced through subjecting cells
to elevated temperatures or other stresses (30nkdes of this stress protein family

particularly hsp70 are highly responsive to tempgeavariations.
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Hsp70 is a molecular chaperone and plays a keynm@eomplex of genetic network that
allows the organism to respond to lethal effectsstoéss (31). Schlesinger 1990 (32),
report that in mammalian cells, hsp70 is also ssited for several other reasons than
just to indicate heat shock stress&&rious literature reports have indicated no
compromising of the cell viability in photo-transfed cells (33). This is particularly the
case when using infrared laser beam as a delivadob since thermoelastic and/or

heating effects are not a major consideration (5).

However, to explore whether intracellular strespomses are activated by this process, |
made use of HSP-CHO-K1 and HSP-NG108-15 cells. & laes mammalian cells which
had been previously stably transfected with thenater of the heat shock protein 70
(hsp70) fused to the green fluorescent protein (GIFRus for these cells when they are
exposed to a cellular stress e.g. an increaseripegature between 39 and°@5the heat
shock promoter hsp70 is activated and hence GEnihesized and the cells fluoresce
green. Appendix B (vi), page B3 gives a full dgstton on the stable transfection of
CHO-K1 and NG108-15 cells with the HSP70 promotaney The results in figure 5.12
show that when the cells were heat shocked by atoudpthem in a 4& oven for half
an hour, upregulation of the hsp70 gene promoteuroed for both HSP-CHO-K1 and
NG108-15 cells, but there was a difference whewg Were exposed to the laser treatment
(i,e. 60 mW, 40 ms). The laser irradiated HSP-NG188cells displayed no GFP
synthesis and expression meaning no up-regulatiotheo hsp70 promoter, while for
HSP-CHO-K1 cells there was a detectable switchimg’ ‘of the hsp70 promoter gene.
Morphological differences between these two typlesetl lines may explain the reason

for this result obtained after cells were lasaxdiated.

CHO-K1 cells normally have a top surface that bsilgp and is axially deeper providing
easier targeting during photo-transfection shotsthis cell feature also causes easier
micro-explosion and/or photo-damage if the beanudas improperly aligned to the cell
surface. On the other hand when compared to CH@e{l$, NG108-15 cells are more
naturally flat (shallow z-direction) making it dhitly harder to align the plasma

membrane with the beam during photo-transfectiahiscase.
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45°C, 30 min
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Figure 5.12 Captured images of stably transfected HSP-CHGaHd HSP-NG108-15 cells. Displayed in
images A & B are fluorescent cells as a result efthinduced (incubated at °@q for 30 min) hsp-70
upregulation. In pictures C & D the cells were dieted at 60 mW and 40 ms in the absence of DNA. In
the case where the cells were irradiated HSP-NQ@BOED) cells displayed no GFP synthesis and
expression meaning no upregulation of hsp70 ocdumwhile HSP-CHO-K1 (C) cells indicated a slight (~
23 % - quantified via Matlab) “on” switching of tlesp70 promoter gene.

5.7 Photo-transfection with messenger RNA (mRNA)

Earlier in this chapter | described the transamiptand translation procedures, showing
the processing of genes into proteins post theoduiction of foreign pDNA into
eukaryotic cells. In this section the introduct@mfrmRNA which is delivered directly into
the cytosol via photo-transfection is describedh#ligh both DNA and RNA are nucleic
acids they have two major structural differencdsese differences include dissimilarity
in the five-carbon (pentose) sugar component otindeotides. Deoxyribose, the sugar

component of DNA, has one less hydroxyl group thbose, the sugar component of
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RNA. The second difference is in the selection @fogenous bases. Adenine (A),
guanine (G) and cytosine (C) are common to bothemuecids. However, thymine (T) is

unique to DNA as a different base called uracil @Xnique to RNA (figure 5.13).
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Figure 5.13 DNA (deoxyribose nucleic acid) and RNA (ribosecleic acid) are both nucleotide polymers.
These molecules are very similar but there are sdistmct differences between them. Both molecales
helical structures but DNA is a double helix wherdaNA is a single helix. DNA is made up of the
nucleotides Adenine (A), Thymine (T), Cytosine @) Guanine (G). RNA is also made up of A, G and C
but T is replaced with Uracil (U). Another distinuticleotide difference between them is that DNA e
less oxygen on the 5 carbon sugar than RNA,; thiswas for the difference in their names. Deoxys#o

simply refers to a ribose sugar lacking an oxygeteoule (online access date - 26.12.09 (34)).

Because of its inherent structural stability patacly when inserted into plasmids, in
most transfection experiments DNA has mainly beegeaetic material of choice.
Contrarily, use of RNA for transfection purposeshie past was avoided due to its rapid
nuclease degradation durimg vitro experiments as well as the inability to obtaimit
sufficient amounts. Nonetheless, since Maleina, 1989 (35) reported on the successful
use of cationic lipids to deliver mRNA into NIH 3T8ouse cells, there has been several
examples of the employment of RNA in the field ehg therapy. In fact, transfection of

in vitro-transcribed mRNA into targeted cells and/or their subcellufagions is an
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efficient method to achieve transient transgeneresgion. Once delivered to the
cytoplasm, mRNA is rapidly translated and in cositta expression DNA plasmids, with
MRNA transfection there is no requirement for nacleansfer. This advantage not only
allows protein expression within minutes after iteacellular introduction of RNA (36,
37), but also opens an opportunity to successtaliget even quiescent and post-mitotic
cells which lack the cell cycle-dependent breakdasinthe nuclear envelope (22).
Cytoplasmic processing of RNA thus implies that n#R&an be relied upon to express
therapeutic proteins within slowly dividing or pasttotic (non-cycling) cells. The other
attraction to using RNA instead of DNA for trandfen is its lack to integrate into the
host genome, meaning no risk for insertional mutagis, an important advantage during

clinical gene therapy trials (38).

Several transfection agents have been employatiddntracellular delivery of mRNA in
cells. Mainly reported in literature is the usecationic lipids (39, 40). But some reports
mention the use of polycations for mRNA deliverxamples include poly (L-lysine)
(41). Interestingly, exogenous mRNA can be selegtiintroduced into eukaryotic cells
via photo-transfection. Barredt al, 2006 (36), reported on targeted photo-transfeatio
MRNA into rat hippocampal neurons. In this studgytemonstrated the effect of the
site specific delivery oElkl mRNA, where photo-transfection of this transcrigbd the
cell’'s dendrite resulted in cell death whilst tledl€ remain viable through introduction of
Elk1 mRNA into the cell's body. This behaviour of celNgs attributed to the possibility
of having different post-translational modificat®onccurring in dendrites versus those
taking place in the cell body. From the findingsB#rrettet al, 2006 (36) fascinating
biological investigations are coming into illumimat. Also with photo-transfection
playing a special role of allowing region specifargeting of cells, specific biological
consequences of a local cellular environment caramaysed in detail. In another
literature report, Wuet al, 2007 (37) dendrites are described to account nimst
postsynaptic sites in the nervous system. Theyéunteport that dendrites also possess
an active role of the local splicing and translatiof RNA. In addition they present
information that soma free dendrites are abledadiate proteins and that dendrites are

capable of removing introns of precursor mRNA.
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Through all this information they concluded thabtpin translation from the RNA
moving between the nucleus and the dendrite vdranslation directly from dendritic
RNA will result into varying cellular events. Su@ihdings create a niche for even more
fundamental biological questions and with techn@sguch as photo-transfection that
allow site specific addressing and subsequent eigliof different types of exogenous
naked nucleic acids into cells, numerous biologmpaéstions can be answered. Since
there is a crucial requirement towards the undedstg of mMRNA photo-transfection
experiments, during my studies | performed prelamynexperiments aimed at optimizing
the photo-transfection conditions required for ¢éteg delivery of mRNA into CHO-K1
cells. Appendix B (vii), page B4 explains the metblogy followed during this

experiment.

Subsequent to mMRNA photo-transfection, the cellsewaonitored under fluorescence
microscopy in the presence of a FITC filter eveaf an hour for the first 12.5 hours post
laser treatment after which they were then analysedix hour intervals. It was noted
that from roughly six to eight hours following mRNxoto-transfection, the cells started
displaying a weak and punctuate fluorescence sitiral became more prominent and
uniform with time as the cells received furtherubation at 37C, 6 % CQ and 85 %
relative humidity. At roughly 12 hours post treatthdluorescence signal was strong
enough to capture images (figure 5.14) of the feanted cells as well as to quantify the
MRNA transfection efficiency. Notably, at roughl8 fo 24 hours the fluorescence signal
started to fade away and was completely diminigitegdughly 36 — 42 hours. The results
shown in figure 5.14 indicate successful proteamstation following optical introduction
of thein vitro transcribed EGFP mRNA even though this occurrediwithe first 12 hrs
of treatment rather than within minutes as reporitediterature. The other crucial
observation to note is the time course dependentase and subsequent decrease of the
synthesized protein together with its consequeaemrfluorescence signal during this

experiment.
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Figure 5.14 Preliminary data of live CHO-K1 cells photo-tréested at 60 mW and 40 ms with 15 pg/ml
of in vitro transcribed EGFP mRNA. Image (A) is the brightfield pictureda¢B) its fluorescent version
captured using a 20X objective lens of NA 0.54 tweelhours following photo-transfection. The

transfection efficiency calculated as previouslynti@ned (section 5.2.4 and appendix B (vi)) was9a

5.8 Discussion

Photo-transfection is becoming an applicable texigin technology. This technique
allows the delivery of both molecular and non-maleac particles of various sizes into
mammalian cells. Key characteristics to this aliag methodology include its ability to
keep cell viability intact, retain the quality ofemgetic materials being introduced,
producing a minimum immunogenic response and its wsder sterile tissue culture
protocols. During all the photo-transfection expents undertaken in my studies three
different types of negative controls were run. Ehegre labelled: 1. laser /no DNA, i.e.
cells irradiated using the laser conditions mermrabove (60 mW, 40 ms) in the
absence of DNA, 2. DNA /no laser, i.e. cells allowecubating at room temperature in
60 ul of transfection mixture (10 pg/ml DNA or 1§/ml mRNA made up in OptiMEM)
for £ 20 min and 3. No DNA /no laser, i.e. cellfwled incubating at room temperature
in 60 pl OptiMEM for + 20 min. For all three negadi controls no fluorescence was
detected, meaning no intracellular transportatioany exogenous material was possible.
This observation led to a confirmation that merbbthing cells in the presence of

whatever foreign naked genetic or non-genetic mdties not amount to its intracellular
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inclusion in the absence of perforation. Thus dythre photo-translocation (dry run with
trypan blue) experiments, the induction of transigores on the cell plasma membrane
allowed the intracellular accumulation of the trgplalue viability dye with the influx
occurring in a matter of seconds after optical ttremt. Although the trypan blue
experiment was performed at high laser irradiagoergies, this experiment displayed
successful membrane permeabilization and intrdeeltiffusion of the extracellular dye.
Due to realized cell blebbing subsequent to cedldiation at 200 mW and 40 ms during
the photo-translocation studies and to therefoesgmve cell viability, the different types

of cell lines were photo-transfected using lowewppbsetting (irradiance).

The ability to specifically tailor the optical trsfection conditions and parameters during
photo-transfection renders this technique versalilds statement is supported by the
data presented in all the results in this chapWhereas on photo-transfecting
neuroblastomas, it was discovered that identifgipgmal laser time of exposure as well
as the average power output was of critical impmea This was because at more photo-
toxic conditions, (e.g. 130 mW, 10 ms) the neurstaaa cells could not be transfected
but they rather died. It is worth noting that, Mieez et al, 2003 (9) in their
electroporation studies discovered that comparedaoto-neuronal cells, neurons were
more difficult to transfect. They attributed thisding to the fact that neurons recover
more poorly from permeabilization and also exptemssgenes less effectively compared
to other cell types. Neurons are also reportechasod the examples of non-renewing cell
types (42). The poor behaviour of neuroblastomad peatment at 130 mwW/ 10 ms
might therefore be associated with the fact thit dptical dosing did induce irreparable
damage leading to the slight cellular recovery pestmeabilization. However, both
CHO-K1 and HEK-293 cells did successfully photasfect at 130 mW and 10 ms
although it was with a lower efficiency comparedatgentler treatment of 60 mW and 40
ms. This behaviour of the different cell types be tdifferent transfection conditions
elucidate that during photo-transfection studiedl, gensitivity can be accounted for and
the conditions can be specifically optimised. T#adedelivery addressing individual
cells during photo-transfection is also an exceyatio feature. This is because

morphological change particularly in adherent csllmfluenced by range of biochemical
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changes within the cells. For example, adheren$ celind up either during cytokinesis

or when dying. The ability to then during an expent target distinctively spindled or

stellate shaped cells increases the attractiorhofgptransfection as a method of choice
when working with adherent cell lines.

It appears that there is a strong dependency gihltbeo-transfection efficiency to the cell
passage number. Therefore for future studies, iinerative to establish the passage
number under which a cell line is at to optimisangfection efficiency. The effects of
passage number on cell lines are intricate andbeamfluenced by factors such as the
type of cell line, the tissue and species of itgior and also the culture conditions of the
cells (21). As results my studies indicate, a pgass@nsidered high for one cell type may
not necessarily lead to any significant passagectffin another. On analyzing the
transfection efficiency data obtained and presefrmd particularly the bell-like shapes
of figures in 5.5 (A), 5.6 (B) and 5.7 (C), it bewa apparent that there is a certain
optimum point where the transfection efficiencyateas a peak after which it begins to
decline. Hughest al, 2007 (43) state that, when kept in culture foreatended period
cell lines show a reduced or altered function thgrailing to represent reliable models
of their original source material. It is known tham working with cell populations
specifically cells grown am vitro cultures, that no two cells are exactly the safmel
this population inhomogeneity in cultured cells da brought about via a number of
changes, including culture passage numbers. THeralifce in passage number peaks
may also be attributed to a difference in the nundfecells in metaphase per passage
during the time the experiments are performed. d&foexample, Yt al, 2006 (44) in
their cell cycle analysis studies, revealed thatiseofetal fibroblast cells at passage 3
contained the highest % of metaphase cells compartdmouse oviductal epithelial
cells and mouse granulosa cells at the same pasBagiefore, the fact that the cells are

also at different stages of the division cycle gkys a role here.
My results also demonstrated the influence of thetabolic state of the cells on

transfection efficiency. In fact, in cells photasisfected while synchronised at the S

phase, the efficiency of transfection was signiitba higher than in cultures treated
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while synchronised in the M phase and even thosa nmon-arrested state. Notably a
photo-transfection efficiency of ~ 80 % for CHO-Kilvals many chemically induced
methodologies. This observation therefore demotestrahat the photo-transfection
efficiency reflects cell cycle dependency. Thiseeff was also reported for the
improvement of both transient and stable cell fiescton efficiencies using
electroporation technology, where cells were symaized in the G2/M phase and then
treating them with butyrate (23). This combinatallowed a decrease of electroporation
voltage and DNA concentration while greatly enhagcthe transfection efficiency.
Brunner et al, 2000 (22), reported that transfecéfiiciency is strongly dependent on the
cell cycle phase with S/G2 cells giving 30 to 50@ifgreater levels of transfection than
G1 cells. My results showed that arresting cellsnat different stages of the cell cycle
can significantly enhance photo-transfection e#fay, with those arrested in the S-phase
the most efficient. The reasons for this are depehdn the processes occurring in the
different phases of the cell cycle. In the M-phdbke, nuclear membrane disappears and
as a result gene transfection efficiency increaseplasmid DNA can easily access the
nuclear machinery (22, 45). Whilst in the S-phdhes is the point in the cycle where
DNA is synthesized, thus plasmid DNA will be alsiped and transcribed increasing its

overall copy number and thus subsequently allownioge transcription.

Although photo-thermal stresses play no role inscphoto-transfected through pulsed
infra-red laser beams, cell thickness (axial deptlay contribute to negligible cellular
stress and /or damage during laser treatment.i hisplayed by my data of when HSP-
CHO-K1 and HSP-NG180-15 cells were irradiated i @élvsence of plasmid DNA. The
HSP-NG108-15 cells which are axially flat compared the HSP-CHO-K1 cells
expressed no upregulation of the hsp70 promoteg.gers worth noting that, even in the
positive control that was incubated a@5HSP-NG108-15 (figure 5.12 B) displayed a
milder upregulation of the hsp70 promoter gene cmexqb to the HSP-CHO-K1 cells.
This result illuminates the fact that, cell thicksgroundness) somehow plays a role in
triggering potential minor cellular stress durinigofo-transfection experiments. On the
contrary though, hsp70 induction has been repddgatovide a cytoprotective role (46,
47). For example, in literature it is reported thE8Ps are expressed in the stomach and
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possess a protective influence against mucosatyirifty). This finding should therefore
not be disregarded, as the upregulation of the lhhgpdmoter especially in the irradiated
HSP-CHO-K1 cells may be associated with cellulantguotion rather than cellular
damage.

Notably, in contrast to other methodologies, phoémsfection permits the delivery and
expression of small molecules including mRNA inpeafic subcellular regions within
cells (36), and also the ability of targeting indival cells within a population of cells.
Although in my mRNA photo-transfection studies pintexpression was fully detectable
as of 12 hrs post photo-transfection rather thathimiminutes. This might have been
because the experiment was performed using norenalucells with the CHO-K1 cells
not necessarily photo-transfected on the dendite.at al, 2007 (37) revealed that the
protein translation time courses in soma and deegldan differ. They further report that
during their investigations, upon metabotropic ptoe(a subtype of membrane receptors
at the surface or in vesicles of eukaryotic celisjivation, a slow increase in GFP
fluorescence takes place in the soma, whereasrththe dendrite shows a much more
rapid increase. Hence in cells such as CHO-K1 whrehnormally irradiated on the cell
body (soma) and lack prominent dendrites as thosgept in neurons, protein expression
took muck longer. In addition it is also reportéatt the difference in the dynamics of
protein synthesis in dendrites as opposed to thwssoma proposes that for RNA
translation, the location might serve differentesolin cellular function (37). In my
investigations the fluorescence intensity was seewvary during the different time
periods of analysis and it initially appeared inpanctuate fashion (interspaced
fluorescent patches) before becoming uniform thinoudy the cells. This heterogeneous
nature for protein translation might be linked e tdispersed location of the ribosomes
within the cytoplasm and the time-dependent in@eais protein expression has been

reported in literature (36).
In summary | have shown that fs laser photo-trantigfie has the ability of becoming a

standard transfection method, as it now has thktyabif transfecting cells at a high

efficiency, a wide variety of cell-types, but withe additional capability of being
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targeted when required. | explored new parameteositethis process, initially showing
that this technology can be applied to a varietgifferent cell types. Now in the next
chapter | will display the capability to photo-tefi@ct successfully mouse embryonic
stem (MES) cells both in a targeted manner butwitothe ability of transforming these

cells into a new cell type.
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Chapter 6

Photo-transfection and the differentiation of enaorg stem cells

Introduction

In chapter 5 | showed that femtosecond lasers eamsbd to photo-transfect a range of
different cell lines proving the versatility andpdipability of this methodology. Herein |
show for the first time that this novel technologlgo allows transfection of mouse
embryonic stem (mES) cell colonies. Stem cellsthoeight to be capable of advancing
current therapies for tissue regeneration and/gmeering, which makes the cell-based
technology very attractive. Thus, in this chapté&Srcell colonies were not only photo-
transfected to express a gene encoding red fluemésgrotein, but also induced to
differentiate into a specific tissue type via photnsfection with the Gata-6
transcription factor. Initially in this chapter antroduction of stem cells and their

employment as a therapy is described.

Thereatfter, | illustrate the photo-transfectionupeemployed throughout the mES cell
experiments, describing the cell sample preparatisnwell as the photo-transfection
protocol. Then, the experimental results showirgeessful photo-transfection of E14g2a
mouse embryonic stem cells using pDsRed2-Mito pidsmNA are described.
Following this, | present laboratory data showihg photo-transfection and subsequent
differentiation of these pluripotent cells into @dmbryonic endoderm (EXE) using a
transcriptional factor, Gata-6 plasmid. This catutlifferentiation result was supported
by an observable morphological alteration of E1l4g@anies and also by a biochemical
analysis using reverse transcriptase PCR (rtPCR)doitor the upregulation of Gata-4
transcription factor and the downregulation of @ctand Nanog pluripotency

transcriptional factors, thus proving stem celfetiéntiation.
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6.1 Stem cells, their use as a cell-based therapy

Organ transplants are now a routine procedure. Memvevith the shortage of organ
donors and potential immunological rejection, thasethe two major challenges leading
to transplant failure. Several possible solutianbdth these problems are being tried and
tested. Autologous grafts, involving the harvestrigissue from one part of the body to
repair another are often performed to avoid immaogickl rejections. Another possible
solution to avoid potential immunological rejectsosnd that also eliminates the necessity
of employment of whole organs and/or tissue, isue of special cells called stem cells.
As stem cells are undeveloped (non-specialized§,dbley possess the ability to become
any type of cell and so form any type of tissududing bone, muscle, nerve etc. This is
because of their self-renewal and pluripotency attaeristics which renders them with
the potential to advance current therapies in ¢issegeneration and/or engineering.
Hence, with stem cell therapy, the idea is to sameflsolate such cells, multiply and
process thenin vitro to eventually utilize them in the replacement ahthged tissue.

Many disease conditions could then be treatedisnntfanner.

There are many different types of stem cells arebdhare present at all stages of an
organism’s life from the early embryo to adult ggssgNonetheless the ideal option in
facilitating stem cell based therapy would be tigtodhe isolation of embryonic stem
from a patient, which might be difficult for treadmt of adult patients. But technologies
such as the nuclear transfer (cloning) techniques lmovided a platform for reversing
the normal direction of cell differentiation; re8ng in the reprogramming of the nucleus
of an adult cell, thus allow suitable stem celld®engineered from an adult cell. The
two potential methods for obtaining suitable stestiscfor cell-based therapy which are

also ideal for patient-specific purposes are itlatsd in figure 6.1.
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Patient-Specific Stem Cell Therapy
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Figure 6.1 In (A) on the left side of the figure, stem celi® obtained for therapy via redirecting one type
of adult stem cells into another i.e. blood to eestem cells in this example. In (B) on the righesan
adult cell is reprogrammed into an early embryd telgenerate the necessary stem cells (onlinesacce

date — 7. 1.10 (2)).

One of these methods involves the isolation andegirent reprogramming of one kind
of stem cells into another type of stem cell. Fwtance, in figure 6.1 (A) is depicted
blood stem cells converted into nerve stem cellsiciwvin turn could be used to cure
various kinds of nerve cell disorders. On the camyir cell nuclear replacement
technology is where a biopsy is collected from diepd and by nuclear transfer,
reprogramming of an adult cell into an early embiyachieved (figure 6.1 (B)). The
latter is achieved through removing the oocyte’'sféttilized egg) own nucleus and
replacing it with that of an adult donor cell’s teus resulting in the artificial creation of
an embryo. The availability of the embryonic stegfiscwould then be through amvitro
culturing of the blastocyst stage and the latevésting of its inner cell mass. Embryonic
stem cell differentiation performed using a hosvafious techniques would then permit
the formation of various cell types relevant foll based therapies that are also patient-

149



specific. Some of the diseases for which stem resiéarch is projected to benefit are:
heart disease, spinal cord lesions, non-union a€t@ired bones, Parkinson disease,
Huntington disease, type 1 diabetes, corneal &aétiesions, motor neuron disease,
cerebrovascular disease, Alzheimer disease andutanstystrophy (2).

One of the advantages of the use of laser lightirffeestigating biological materials,
particularly stem cells, is that it promotes linditese of reagents and chemicals that can
interfere with the physiological properties of taetherapeutic cells. More work on
optical manipulation of stem cells further endorgesfact that there is normally minimal
requirement for use of chemicals during optical eekpents used in studying and
answering biological questions. Uchugonova et @Q8(3) investigated the two-photon
excited autofluorescence of multipotent human stais and the onset of collagen
production of differentiated cells through detestiof second harmonic generation
signals at 435 nm. In this paper they also repat tultiphoton microscopes hold novel
non-invasive ability for marker-free optical sterallccharacterization. Further in their
other paper they reported on the optical cleaningtem cells based on highly precise
multiphoton processing using ultrashort near iméd{s laser pulses. This was performed
to isolate single cells of interest in order todtmeate undesirable single cells within three
dimensional stem cell clusters (4). Thus, the Bbtlb photo-transfect embryonic stem
cells is highly desirable, especially because thasisfection technique promotes the

introduction of chemical-free naked pDNA.

The two major kinds of mammalian stem cells congoog embryonic stem cells (from
embryos) as well as adult stem cells (mainly froomdo marrow). Generally embryonic
stem cells are able to differentiate into all of tifferent specialized embryonic tissue.
On the contrary, adult stem cells act towards thdyls repair system, replenishing
specialized cells as well as maintaining the normalover of regenerative organs such
as blood, skin, intestinal tissue, etc. Stem aaly in the diversity of their differentiation
descendants and are classified as totipotent (eygi@m cell), pluripotent (embryonic
stem cells), multipotent (adult stem cells) (5).ribg my studies | made use of

pluripotent mouse embryonic stem (mES) cells, th@see both photo-transfected to
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express a foreign plasmid and were also opticalliijyced to differentiate into a new cell

type.

In bothin vivo andin vitro investigations preservation of mainly pluripotetém cells is

of critical importance. As a result, recent litenrat reports on the dedifferentiation
techniques allowing the reprogramming of fully dréntiated cells into induced
pluripotent stem cells that closely resemble ESsceal their developmental potency.
Nuclear replacement technology (figure 6.1 (B))oise way of achieving this but
Takahashiet al, 2006 (6) demonstrated the induction of pluripbotetem cells from
mouse embryonic and adult fibroblasts by introdgdwia retroviral transduction) into
these cells four pluripotency transcription fact@reown as Oct3/4, Sox2, c-Myc and
KIf4 under ES cell culture conditions. These fomdararious others (e.g. Nanog) are
crucial factors that are necessary to maintainjpdtency and a key feature reflecting the
developmental capacity of ES cell lines is thagamly embryo they express such markers
of pluripotency. Therefore core transcription fastcare required and essential to
maintain the undifferentiated state in ES cellsesén factors activate genes that are
necessary for ES cell survival and proliferationiletiepressing target genes that are

activated only during differentiation.

Stem cell based-therapy, their properties, diffea¢ion pattern and lineage commitment
are all essential biology topics currently undegngicant investigation in literature.
However, there still remains a pressing necessityariswer the biological questions
concerning how the renewal and differentiation paogs are operated and regulated at
the genetic level. Genetic manipulation such awegl of exogenous gene expression or
knockout with small interfering RNA (siRNA) is reieely rare in ES cells. The ability of
ES cells and adult stem cells to differentiate isfecific cell types holds immense
potential for therapeutic use in cell and gene a@pgr Realization of this potential
depends on efficient and optimized protocols faredie manipulation of stem cells.
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The remainder of this chapter presents experimavitere | investigated photo-
transfection of pluripotent stem cells and alsaagiity induced differentiation of these

cells.

6.2 Photo-transfection of pluripotent stem cells usg a femtosecond laser

Several non-viral gene delivery methods for mE3$scglch as liposome based vectors;
electroporation and nucleofection have been deeelap avoid the safety issues of viral
vector based gene transfer. Previous literaturerte 20 — 70 % ES cell transfection
efficiency using the effectene liposome based femtion system (7). Further, Wastl
al, 2002 (8) reported 50 — 80 % transfection efficieexpression of plasmid EGFP in
five undifferentiated mES cells lines (BL/6lll, DE14TG2a, MESC20 and 129) on
using the lipofectamine transfection reagent in ntélis. Another study displayed that
using EGFP as a reporter gene, nucleofection pextiacten fold transient transfection
efficiency (i.e. 63.66 %) of mES cells compared@dl % transfection efficiency
achieved via electroporation (9).

Photo-transfection is becoming an attractive methayy for the transfection of stem
cells as these cells are important for cell-bakedapies. The first optical transfection of
stem cells was reported by Uchugonetval, 2008 (10) where they report on preliminary
data obtained during optical transfection of indual human pancreatic and salivary
gland (multipotent) stem cells using sub-20 femtose laser pulses of mean powers <7
mW (figure 6.2). They further reported that thensf@ction of stem cells is a major
challenge for transfection technologies using eithehemical, mechanical or electrical
means. In their experiments, it was claimed that pmoblem was overcome by gently
creating transient nanoholes in the cellular membtay low power i.e. 5 — 7 mW (66 —
93 pJ at 75 MHz) and 50 — 100 ms of sub-20 fs lpsées which resulted without any
collateral damage and disturbance of the self-reygpipotency of these cells (10).
Compared to delivering 200 fs laser pulses as Wwascase in my photo-transfection

experiments, these ultra-short pulses of sub-2@usation have a very short time
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bandwidth which allows for significantly higher pepower to be obtained per pulse

even at very low irradiances (average power).

Figure 6.2 Photo-transfected human salivary gland stem amligjed three days after laser transfection in
the presence of 0.2 pug of pDNA vector pEGFP-N1 endpd in 5 ml extracellular medium (reprint by
permission fronOptics Express (10)).

Using sub-20 fs laser pulses for their photo-tractsbn studies allowed precise
membrane perforation, in the absence of colla@sahtage and a transfection efficiency
of 70 — 80 % in multipotent stem cell lines. Durimy experiments using 200 fs, 50 mW
and 40 ms laser pulses at the beam focus, mouse/@md stem cell colonies were not
only photo-transfected to express a gene encodidgfluorescent protein (pDsRed2-
Mito), but also induced to differentiation into Exit& photo-transfection with the Gata-6
transcription factor. Appendix C (pages C1-C2) eevihe methodology followed for

pluripotent stem cell culturing and plasmid prepiara

6.3 Sample preparation and photo-transfection

For photo-transfection experiments, the E14g2a aeéire seeded at approximately’ 10
cells/ml and plated in gelatin coated 35 mm diamégpe zero glass bottomed petri
dishes (23 mm diameter = glass working ak&eagld Precision Instruments, Stevenage,
UK). These cells were suspended in 2 ml of completetty medium when incubated to

sub-confluence over 24 hrs in optimum growth caads.
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Then the cell colonies were carefully washed twigd 2 ml of serum-free KDMEM
each time, to remove the serum. Thereafter they waebmerged in 60 pl of serum-free
medium containing 10 pg/ml of pDsRed2-Mito plasniMlA (pDNA). The sample
chamber was then covered with a 22 mm diameter-lypeverslip BDH, Poole UK).
Targeted photo-transfection of individual cell quks was then performed via laser
irradiation through administering three shots dfaskhort duration while avoiding a
visual cellular response. Irradiation of the adherstem cell colonies facilitated by
targeted delivery of the infrared fs laser beamsgsil(50 MW and 40 ms) permitted
diffusion of surrounding plasmid DNA into individugroups of stem cells per colony.
Following laser irradiation the DNA containing meadi was aspirated, the stem cell
colonies washed once with serum-free KDMEM, coveared ml complete medium and
incubated under optimum growth conditions for 48 tbefore live cell colony

fluorescence analysis and imaging.

6.4 Expression oppDsRed2-Mito in E14g2a cell colonies post photo-tresfection

In my studies a 25 % transfection efficiency of mte8 colonies using the DsRed2-Mito
plasmid DNA was achieved. Figure 6.3 below depstiscessful photo-transfection of
non-differentiated pluripotent E14g2a stem cellspandicating the possibility of the
selection and targeted treatment of specific eeillsin a mass of cells.
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Figure 6.3 A 50 X Mitutoyo long working distance objectivenis (NA 0.55) was used to capture image A
displaying a brightfield view of the E14g2a cel&irrounded within the red circle is the samplentdriest
i.e. the non-differentiated cell colony. 10 pg/mi@sRed2-Mito pDNA was photo-transfected into these
cells at 50 mW and 40 ms. 48 hrs later a 10 X Ni&bjective lens (NA 0.25) was employed to capture
images B (brightfield image) and C (fluorescent gegin the presence of a TRITC filter cube (rephint
permission fromJournal of Biomedical Optics (11)).

6.5 Investigating stem cell differentiation via phto-transfection

Following successful photo-transfection of the jgatent cells, the possibility of taking
this technology an important step further was epgulo Previously |1 have commonly
photo-transfected a fluorescent reporter gene wattous mammalian cells. However,

within the field of stem cell biology it would be significant step forward to use
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physiologically relevant genes. Indeed, Uchugonetval, 2008 (3) reported on an urgent
requirement in stem cell research on technologies rfoninvasive, marker-free
observation of growth, proliferation and stabildyliving stem cells under physiological
conditions. In their studies, through the detectdérsecond-harmonic generation signal,
they investigated two-photon excited autofluoreseenf human stem cells and the onset

of collagen production of differentiated cells.

Expressed in the EXE are numerous transcriptiotofacGATA factors and hepatocyte
nuclear factors (HNFs). Both Gata-6 and Gata-4raported to be master regulator
candidates because loss of function of either edalfactors results in loss of function of
all HNFs (12). Notably, mES (E14g2a) cells can d&kntiated into extraembryonic
endoderm by the activation of the transcriptioraaitér Gata-6. Thus, using the sample
preparation and photo-transfection parameters ledtad in both section 6.3 and
appendix C, the endoderm associated transcripthatorf Gata-6 gene was optically
introduced into El4g2a cells. Specifically, posedeg and plating as previously
mentioned, these cells were photo-transfected $bting/ml of naked Gata-6 expressing
plasmid DNA at 40 ms pulse duration, 50 mW avenageer levels at the focus. After
laser treatment the cells were rinsed with seriea KDMEM and incubated in optimum
growth conditions in complete medium without LIFtkselecting with 200 pg/ml of
hygromycin (nvitrogen, UK). The LIF-free medium was changed every two déAgsa
result of the Gata-6 induced differentiation evemtsnorphological change in E14g2a
cells 96 hrs post optical treatment was observegliré 6.4 displays pictures of this
result, showing an altered morphology of El4g2aomiels producing identifiable
individual cells with spindle and stellate shapedrphology which is characteristic of

extraembryonic endoderm tissue (12, 13).
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Figure 6.4 Photographs A & B (negative controls) are briighd images of the E14g2a cell colonies 48
hrs post routine sub-culturing, growing in the prese of LIF. Obtained 96 hrs after photo-transfectt
50 mW, 40 ms with the Gata-6 vector, images C &®the morphologically altered E14g2a cells setécte
in the presence of LIF. All pictures were captutiebugh a 10 X Nikon microscope objective lens (NA
0.25) (reprint by permission frodournal of Biomedical Optics (11)).

To biochemically confirm this morphological chanipe differentiated cells were tested
by reverse transcriptase PCR (rtPCR) for the espeof key transcriptional factors. To
achieve this, total RNA was isolated from differatéd ES cells by trizol reagent
(Invitrogen, UK). For rtPCR analysis, cDNA was dyeized from 5 pg of total RNA,
with an oligo-dT primer and transcriptor reversanscriptase (RT)Roche, UK). One

twentieth of the single strand cDNA products wetiézed for each PCR amplification

experiment. PCR was performed according to the faatwre’s instructions using the

157



readymix taq PCR reaction kiGfma, UK). Primer Eurofins, UK) sets (Gata-4 = 469
bp, Oct-4 = 455 bp and Nanog = 425 bp) describedrugikura et al, 2002 (12) were

used at 10 picomoles (pmol) and 40 cycles perigadh figure 6.5 the upregulation of
Gata-4 (marker towards cell differentiation) andwdeegulation Oct-4 and Nanog
(pluripotency marker) transcription factors is derstoated.

r Undifferentiated 1

i

r Gata-6 —|

4

800 bp

600 bp

400 bp

200 bp

Figure 6.5 rt-PCR analysis of germ layer markers. Lane lilddalar weight marker: Hyperladder 1
molecular weight markerB{oline), Lane 2: rtPCR product for Gata-4, Lane 3: rtP@Bduct for Oct-4,
Lane 4: rtPCR product for Nanog gene transcriptdifferentiated cells (Gata-6). Lane 5: rtPCR pradu
for Gata-4, Lane 6: rtPCR product for Oct-4, LanertPCR product for Nanog gene transcripts in
undifferentiated cells. This experiment was repgdteee times (reprint by permission fralournal of
Biomedical Optics (11)).

The results confirm that the stem cells have be#erentiated as can be seen: firstly the
amplification of Gata-4 (lane 2) in the Gata-6 mhtrainsfected cells as compared to the
undifferentiated cells (lane 5) and secondly doeguiation of both Oct-4 and Nanog
(lanes 3 & 4) in the differentiated cells as coneglato the undifferentiated cells (lanes 6
& 7). These observations are in agreement with \laatbeen previously observed and
reported for these transcription factors (12). Tother verify successful ES cell
differentiation following optical delivery of the &Ba-6 transcription factor, future
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experiments will involve direct sequencing of theRPproducts (more in particular the

Gata-4 band) from the agarose gel slices.

6.6 Discussion

In this chapter the possibility to use new photm$fection parameters for targeted
transient transfection of mES cells was explored floe first time. Previously,
electroporation and liposome-mediated methods wWerenost commonly used methods
to transfect mES cells. However, electroporatios baen reported to have typical
transient mES transfection efficiency of less thad % (9). Although offering
improvement to both the stable and transient mE&8stection efficiencies, chemical
transfection via reagents can lead to the changeedtabolism of these cells and limit
their use as a cell-based therapy. For examplesdime-based methods are reported to
promote ES cell differentiation since the protoabthis cell transfection method requires
that the cells be exposed to serum free conditi(d)s The risk of spontaneous
differentiation of stem cells under serum-free dbads could lead to heterogeneity
within the ES cell population, hence, complicatiagd alteringin vitro stem cell
investigations. Stem cell differentiation means slom “stemness” and gain in
specialization, as a result, transfection reagemng$it lead to loss of the very critical mES
cell properties. For instance the ability to mamtdoeir potency and expression of stem
cell markers such as Oct4, Sox2, Nanog, Sall4, CDXEA, etc, post genetic
manipulation is desirable. This is because theslenaany more transcription factors are
responsible for preserving cell lineages and prewgrstem cell plasticity.

The experimental data presented in this chaptewshwmow an all optical system as
photo-transfection (naked pDNA introduction) canused for genetic introduction into
pluripotent cells. Thus, the problems of cytotayiciand stem cell population
heterogeneity resulting from using other cell tfaogon methodologies can be avoided.
Compared to the optical parameters used by Uchwgosical, (10) of 5 — 7 mW (66 —
93 pJ at 75 MHz) and 50 — 100 ms of sub-20fs Ipséses, during my investigations ~
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200 fs laser pulses (790 nm) at 50 mW (0.76 nDd#fBz) and 40 ms were employed to
successfully introduce the DsRed2-Mito reporteregeith 25 % efficiency in pluripotent
stem cells. This result is very interesting as Elb Imes can assist in the understanding
of pathological diseases including the origin aficas, testing the efficacy of drugs and
in monitoring the development of genetic disordérsr instance, for genetic disorders
human ES cell lines could be constructed from #&dfédlastocysts identified at pre-

implantation genetic testing.

Notably, the protocol used in my studies has tlpabaity to photo-transfect successfully
MES both in a targeted manner but also with thigylbif transforming these cells into a
new cell type. The controlled ability of ES cellsdaadult stem cells to differentiate (non-
spontaneous differentiation) into specific cell égp holds immense potential for
therapeutic use in cell and gene therapy. Bothrtbgphological and biochemical results
displayed by figures 6.4 & 6.5 prove that El4g2#dscean be optically induced to
differentiate into extraembryonic endoderm by thevation of the transcriptional factor
Gata-6. There was downregulation of the pluripoyetransfection factors (Oct4 and
Nanog) in the differentiated cells. Also the praiut of the cell differentiation
transcription factor, Gata-4, post introduction @ata-6 confirmed successful
differentiation of the El4g2a cells. The capability optically induce stem cell
differentiation at will indeed guarantees a nonasive and marker-free treatment of
MES cells. This is a very attractive result asgbeetic manipulation such as delivery of
exogenous genes is relatively rare in ES cellstd?transfection therefore provides an
ideal method for transfecting both pluripotent amdltipotent stem cells. However,
future studies will concentrate on making the tetbgy more efficient.
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Chapter 7

Conclusion

This thesis presented 6 chapters starting withoat shtroduction of the impact of laser
sources of different regimes in the Biophysics aesie. A brief discussion on the
employment of optical forces to tweeze, as weB@$ mammalian cells was provided. In
addition, pulsed fs laser-assisted cell transfaec{ghoto-transfection), which is a non-
invasive and innovative technique was also preserifiteese in conjunction with other
Biophotonics applications are helping to illuminate understanding of single cell and
biomolecule structure and function. All of which earcritical subjects for the

establishment of solutions to complex biochemichipphysical and biomedical

problems.

In chapter 2, | outlined the forces governing tiptical tweezing procedure; specifically
the mechanisms for trapping Mie particles as dualhgny experiments the diameter of
the materials to be manipulated was large comptréde trapping or guiding beam. A
description of how the optical trap efficiency iasured was described to create an
understanding of the Q-value experimental datartegan chapter three. Thereafter the
construction of a basic optical tweezing setup prasided, followed by a demonstration
of 3D optical trapping (dominant gradient force)3fim polymer microspheres using a
diffraction limited beam spot of a 658 nm diodeelagpage 20-21). To avoid photo-
damage (optocution) of biological material duringtical treatments NIR lasers were
mostly used and therefore an overview of the lagmrelengths suitable for biological
material was provided. The employment of opticatés in optical cell guiding and/or
deflection as well as optical cell sorting was adsplored. In addition a comprehensive
study was presented describing the arrangementvwad @aimensional TENMy mode beam
optical trap, with a prominent scattering forcelizgid for optical guiding purposes.
Finally a review was outlined of optical cell sadgi with a specific emphasis on
immunological (both macroscopic and microscopigsue non-immunological as well as

optical sorting schemes with and without fluid flowhis was described to highlight the
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advantages and disadvantages of each methodology.

Experimental results on optical trapping, guidingd asorting of intracellularly tagged
mammalian cells during my studies were describechapter 3. The refractive index of
various mammalian cell lines commonly used in lgatal laboratories was enhanced by
allowing the cells to phagocytose 2 and 3 pum polysgheres { = 1.59). During
phagocytosis a series of biochemical events leadbd engulfment of particles found
within the extracellular environment. In my studiaptake of the inert polymer spheres
promoted a cheap, toxic-free and less tedious ngggpproach for the effective optical
trapping, axial guiding and subsequent sorting ainmmalian cells. Cell viability
measurements via trypan blue viability assays ocmefil the intracellular dielectric
tagging approach to be safe and scanning laseocanficroscopy techniques detected
internalized microsphere (pages 53-54) which werantjfied using Labview particle
tracking (figure 3.5, page 51). Therefore using thovel procedure, the influence of the
intracellular dielectric tags on the scattering gnaidient forces during three dimensional
trapping and optical guiding experiments was dermates] for the first time. My results
indicate that, the optical trapping efficiency etls which had encapsulated microspheres
in a diffraction limited beam spot obtained throubhl use of a high NA lens was higher
than that of non-tagged cells (page 59-60). Thiemause cells lacking the dielectric tags
have a low refractive index and so have poor optregping capability. Although, this
3D optical trap had a smaller Rayleigh range aapping beam spot, it was able to
successfully trap both tagged and non-tagged esllg is with this geometry that the
gradient force is stronger than the scatteringefomy results show that in a bigger laser
beam spot with a larger Rayleigh range, then usingw NA lens, the intracellular
dielectric tags function as highly directional @pli scatterers. Therefore, the axial optical
guiding of cells that engulf a varying number ohepmges compared to those without
dielectric tags is enhanced (figures 3.12-3.13).tHis optical arrangement, particle
guiding rather than trapping was observed sincethéering force was stronger than the
gradient force. This was further endorsed by theeolation of lack of guiding of cells
without microspheres while those tagged were axidéflected at faster (~ 30 to 60

pm/s) velocities.
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Finally in this chapter, the improved axial guidingture of cells with spheres was
manipulated for levitating the intracellularly tagtcells onto laminin coated coverslips
thereby optically sorting them from the rest of tedl sample. Therefore these studies
provide the basis of a new technique where cellddcbe passively sorted in flow-free
micro-sample chambers (roughly 80 um depths) whiduld be a significant step
forward in cell sorting experiments where the ateakize is in the micro liter volumes
size range. This would be important in scenarioemtsing precious or rare biological
samples. In addition these studies are cheap anttl dme adapted to microfluidic

channels for the sorting of diseased cells fronitheaells.

Chapters 4 to 6 of this thesis were based on f&r |pRoto-transfection. Specifically,

chapter 4 begins by explaining the biological figance of cell transfection, detailing

the plasma membrane composition of eukaryotic celsder to describe the complexity
of the movement of exogenous matter through thistdary. As the hydrophobic core of
the plasma membrane prevents the passage of tmepimiit material some molecules
are therefore impermeable to the plasma membramei transport systems that are
highly specific for the substances they translqceés permit selective transport. The
chapter summarized the most developed cell trangfetechnologies emphasizing the
advantages and disadvantages of each method. itoagdd description was provided on
the implications for laser effects on biologicall€and tissues. At MHz repetition rates
and irradiances levels well below the optical bdeatn, the interaction of fs pulses with
the cell's plasma membrane leads to localized piubtion ionizations which

progressively results in free electron plasma fdiona At these low irradiances,

cumulative thermal effects play no role, sincetihee of duration of the pulses is shorter
than the time scale of any thermal effects. Thehaeism behind fs laser transfection is
therefore predicted to be due to photochemicalceffavhich results in membrane

perforation, high resolution pore formation withmmum collateral damage (1).
Both chapters 5 and 6 demonstrate the novel phatsfiection experimental data

obtained during my studies. Chapter 5 was staryegikplaining the molecular biology of

how genes become proteins via describing the trgmi®n and translation processes.
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This was done in order to elucidate how foreignegeimtroduced into mammalian cells
during the transfection process end up expressethdyeceptive cells as fluorescent
proteins. Following this, measurements of the femtond beam profile and pulse
duration in a basic TEM beam upright photo-transfection setup were takéereafter,
the different cell lines were successfully photnsfected with the DsRed2-Mito and
EGFP expressing plasmid DNA. This included the jonesly difficult to transfect
neuroblastoma cell lines which therefore indicatezlversatility and applicability of the
photo-transfection technique (Table 5.1, page 11IBis chapter then addressed various
aspects which influence the photo-transfectionceficy, such as the change in optical
parameters i.e. the irradiance level (average poaggut) and time of beam exposure at
the beam focus, to show that at lower irradianaghédn transfection efficiency can be
achieved compared to at higher irradiances (padel22). Also for sensitive cell types
such as neuroblastomas no transfection was posdibigher irradiances of 130 mwW and
10 ms time of beam exposure. At low irradiance Iewand short time duration of the
laser beam pulses at the focus, there are no ctiveulthermal effects that may
compromise cell viability and consequently the phibansfection efficiency. So the
optimum laser dose producing transfection efficielbetween 40 and 60 % depending on
the cell line under investigation was 60 mW and@)beam exposure time at the laser
focus. The results concerning the culture passag®oar indicated that the cell's age is
critical during photo-transfection experiments as hagher passage numbers the
transfection efficiency dropped (figure 5.9, padg¥)l At high passage numbers, cells
undergo alterations in cell morphology, responsestinuli, growth rates, protein
expression and signaling (2-4). Cell transfectiosgs additional stress on cultured cells
since the expression of foreign proteins requiresrgy from the cells. Hence, the
expression of the photo-transfected genes foraesdhs to redirect energy required for
cell growth and subsequently leads to a slower thammal growth rate. This might
explain the drop in the photo-transfection effiagmbtained when CHO-K1 and HEK-
293 cells were treated at higher passage numbeysiid P34 and P31 in CHO-K1 and
HEK-293 cells respectively). In addition, the metib state of the cell also influences
the photo-transfection efficiency and can be madated to improve the efficiency. This

was achieved by synchronizing the cells at disthecstages of the cell division cycle.
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Specifically, those which had been synchronizethéenS-phase were most efficient (page
131). The reasons for this are dependent on theepses occurring in the different
phases of the cell cycle. In the M-phase, the mualgembrane disappears and as a result
gene transfection efficiency increases as plasmitAZan easily access the nuclear
machinery. Whilst in the S-phase, this is the poirthe cycle where DNA is synthesized,
thus plasmid DNA will also be copied and transaliliberefore increasing its overall
copy number and thus subsequently allowing morastmé@ption. Notably a photo-
transfection efficiency of ~ 80 % for CHO-K1 rivalsiany chemically induced

methodologies.

During pulsed NIR laser transfection at MHz repetit rates, thermoelectric and/or
heating effects are not a major consideration Tb)test this | used cell lines that were
stably transfected with the stress sensing hspdfig@ier gene that is highly responsive to
elevated temperatures or other stresses (5). Tédtseindicated that there was no
upregulation in the HSP-NG108-15 (figure 5.12, pad@8) cells however hsp70 was
switched on in the HSP-CHO-K1 cells (figure 5.12ge 133). This result might be
associated with the observation that HSP-CHO-K1scetcur to be axially thicker

(rounder) compared to the morphologically flat HS8108-15 cells. Cell thickness

provides easier targeting of the cell membranendutargeted fs transfection shots. But
also during experiments, rounder cells were obsketaebe more prone to laser focus-
membrane interaction misalignments, which can t@suhicro-explosions as a result of
micro-pore formation. The high resolution pore fatian supports the idea that fs photo-
transfection is a highly localized effect with mimum collateral damage. However, even
at 60 mW and 40 ms mismatches between the fs bsesan focus and the cell plasma
membrane during Gaussian beam photo-transfectioagdupe photochemical and

cumulative thermal effects resulting in visual migore formation and subsequent cell
damage. For this reason, during Gaussian beam {ptamisfection precise laser beam
focus-plasma membrane alignments are a very drigcpiirement. Upregulation of the

hsp70 gene in HSP-CHO-K1 cells may also be indieatf the cell’s biochemical

protection as the induction hsp70 can provide aprgtective role (6, 7). To further

demonstrate versatility of the photo-transfectiechnique, the delivery and expression of
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MRNA which is directly translated upon reaching thdoplasm was also achieved.
Results for this experiment demonstrated that afjhohighly susceptible to nuclease
degradation, mMRNA could be successfully photo-fiested into CHO-K1 cells with 35
% transfection efficiency (page 137). In additioompared to plasmid DNA which
normally takes 48 hrs before protein expressiorobserved, using mRNA protein
expression was achieved 12 hrs post photo-tramsfiedtor example, Barreét al, 2006
(8), reported on targeted photo-transfection of PARNoO rat hippocampal neurons with
protein expression achieved as early as half an past photo-transfection.

Finally in chapter 6, novel experimental data oe thhoto-transfection as well as
differentiation of pluripotent stem cells was pra®el. | started the chapter by describing
the use of stem cells as a cell-based therapy.wWéssdone to highlight the importance of
stem cells and the reason why it is essential tadawse of chemicals during theirvitro
handling and treatment. Although the employmenstem cells as a cell-based therapy
offers the ability to revolutionalize the biomediead gene therapy research fields, more
experiments are required to further develop theinegic manipulation by expressing
exogenous genes or gene knockout using siRNA. Tdrerethe development of
optimized protocols for the genetic manipulatiorstdm cells would be highly desirable
and so, | attempted to photo-transfect mES cellachieved the successful photo-
transfection of E14g2a mES cells using pDsRed2-diésmid DNA with approximately
25 % transfection efficiency (figure 6.3, page 15&hce photo-transfection promotes the
delivery of naked plasmid DNA into cells, this tedue can then be used to prevent
problems of cytotoxicity and spontaneous differanin associated with using other cell
transfection techniques. In addition both morphmlal (figure 6.4, page 157) and
biochemical (figure 6.5, page 158) data showed difédrentiation of these cells into the
EXE using the pCAGSIH-Gata-6 plasmid through photosfection was successfully
achieved. This is a very significant result as ¢batrolled ability of ES cells and adult
stem cells to differentiate into specific cell tgpeolds immense potential for therapeutic

use in cell and gene therapy.
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Considering projects reported in this thesis, fitstudies are aimed at more innovative
laser light assisted Biophotonics investigatiors. the optical cell sorting projects, since
the polymer microspheres that were used in my iiyegsons were non-digestible, future
studies will involve using biodegradable spherekigher refractive index (for example,
the poly (dle-caprolactone) microsphereBo{ysciences, Inc.)). This will allow further
analysis and characterization of the collectechgdHularly tagged cells. In addition the
adaptation of the intracellular cell tagging scheiiwe optically sorting cells in
microfluidics and/or optical chromatography chansbeith higher throughput might be
pursued. By functionalizing the microspheres, ityralso be possible in future studies to
sort and separate healthy versus diseased celtak&jpf microspheres by pathogenic
cells might be facilitated by modifying the surfaakethe spheres with specific receptor
molecules that target only the diseased cells.rEuttork will also involve modeling the
spatial guiding of cells with spheres to investg#te intricate processes occurring at

fundamental level.

For the photo-transfection work, since mRNA carnrdleed upon to express therapeutic
proteins within slowly dividing or post mitotic (necycling) cells. Future studies might
involve more mRNA photo-transfection experimentsthwihe possibility to target
quiescent and post-mitotic cells which lack thd cgtle-dependent breakdown of the
nuclear envelope. Additionally, mRNA transfectiorosps no risk for insertional
mutagenesis this might lead to future investigatimvolving the introduction of mMRNA
into pluripotent stem cells. Also, because withire tfield of stem cell biology, the
capability to use more physiologically relevant gerexamples including, stem cell
markers such Oct4, Sox2, Nanog, Sall4, CDX2, TEA, would be a significant step
forward. Future studies will be therefore addregsthis requirement. Since gene
knockout methods serve as a powerful tool to undedsthe function of genes, another
possible project may include photo-transfecting Iknmaerfering RNA (siRNA) into
pluripotent stem cells. Manipulating the level @ng expression in these ES cells might
assist in understanding the specific signalingpaifs involved in their specification and
differentiation processes. Photo-transfection efficy of 25 % was obtained during my

MES cell studies this might be improved in futuhedges by photo-transfecting using a
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Bessel light beam (BB) instead of a Gaussian b8aampoulaet al, (9) demonstrated
that using this non-diverging beam for photo-trangbn eliminated the critical
requirement for laser focus-plasma membrane aligiinidneir results showed that when
assuming the threshold for successful transfeaftioiency to be 20 %, the axial range
over which successful transfection is obtained gidime BB was over twenty times
greater compared to the TgMmode beam. For this reason, using the BB for photo

transfecting the E14g2a cell colonies might helpagre the transfection efficiency.

During the photo-translocation experiments, theugtidn of transient pores on the cell
plasma membrane allowed the intracellular accunwuaif the trypan blue viability dye
with the influx occurring in a matter of secondseafoptical treatment. This was due to
successful membrane permeabilization and intrdeeltiiffusion of the extracellular dye.
However to study laser threshold energies requoadliably permeabilised a cell with a
certain set of pulse parameters, future experimefitanvolve using propidium iodide
instead of trypan blue. This should also allow dimetermination of whether the cell is

immediately lysed or it recovers, to thereafterwdaethe process of cell apoptotisis.

Minimum use of chemicals is not only attractivestem cell research, arresting cells
(CHO-K1 and HEK-293) at the S-phase and M-phaseygyufiymidine double blocks
and colcemid respectively was not only invasive &lsb time-consuming. Literature
reports that using scanning and transmission electricroscopes indicated an increased
height and roundness of adherent rat kangaroo @#&) in late anaphase (second last
stage of the M-phase) (10). Thus, with the aim e@faloping a non-invasive method of
estimating growth activity of adherent cells, #bal, (10) investigated the correlation
between the laser phase shift determined usingeps$tafting laser microscopy and the
cell cycle phase of CHO cells. Their results showeat in the G2/M-phase, the laser
phase shift was higher compared to that of cellshen G1/S-phase. In addition on
determining the refractive indices of these cdlig refractive index of the G2/M cells
was measured to be 1.47 while that of cells inGAéS cells was 1.45. They used these
refractive indices to calculate the height of th2/\& cells (2.24 = 0.32) which was
higher than the height of G1-phase (1.71 + 0.32)%4phase (1.63 + 0.41) cells.
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Future photo-transfection projects might therefiorlve using imaging techniques for
detecting the cell cycle phase of adherent cellseerahan drugs or chemicals which may

alter the biochemistry of cells and their plasmanbeane.

Finally, as previously mentioned within this thelsiser light sources have played a huge
role in the development of innovative Biophotoniesearch area. The major goal of most
of these projects is aiming towards providing amsweithin the biomedical field.
Therefore more laser-tissue and/or laser-cell autgyn studies are required to promote
an understanding of single cell and/or moleculeicstme and function. This could
provide insight into the biochemistry of diseasesllsc and help develop valuable

treatment regimes for a whole host of diseases.
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A. Materials, cell culturing and microsphere prepamation

i. Cell lines used

A range of cell lines routinely used in both metlimad biological research laboratories
were used in these studies. For example, Chinesstaaovary (CHO) cells are widely
used as a cell line that grows rapidly as an attéatell population. Retinal pigment
epithelial cells (RPE) are an example of a humaithelml cell line that has been
immortalized by transduction with human telomerasé retain a near-diploid karyotype.
Human promyelocytic leukemia (HL60) cells grow uspension and are commonly used
for studies on drug sensitivity and for investiggtfactors that induce cell differentiation
in leukemia. Haematopoietic FDCP-mix C2GM (C2GMliscare a murine cell line with
stem cell-like properties whose growth is dependenthe presence of growth factors.
Both the CHO and HL60 cell lines were purchasedhftbe European collection of cell
cultures (ECACC). The RPE cells were donated by Bndrea Bodnar, Geron
Corporation, USA and C2GM cells donated by Dr. igaSpooncer from the Paterson
Institute for Cancer Research, Christie HospitalSNHust in Manchester, UK.

Before their incubation with microspheres, the foell lines were grown at 8¢ with 5

% CQO, and 85 % humidity (optimum growth condition) in5f'2ented top tissue culture
flasks (Nun&") and sub-cultured twice weekly at a ratio 1:4. @ifeerent cell lines were
also grown in different cell culture media, saltsiffers, antibiotics and growth factors
(section ii (&) — (d)). These were supplementeth Wwirse or fetal calf/bovine serum and

this is referred to as complete medium.

il. Cell Culturing

a) CHO cells
CHO cells were grown in minimum essential mediunEW) (Invitrogen, UK) with 2
mM L-glutamine (Invitrogen, UK), 1 % penicillin—ggptomycin (PEST)Sigma, UK),
0.5 mg/ml geneticin (Invitrogen, UKand supplemented with 10 % fetal calf serum

(FCS)(Sera laboratory Int., UK). These particular celisre used in previous work and
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had been photo-transfected with a plasmid contgiaim antibiotic-resistant gene and a
gene encoding a mitochondrially targeted red flsogat protein (pDsRed2-Mito —xE
556/Em 586 nmfrom Clontech Laboratories, Inc), thereby provglian internal
fluorescent red marker (1). The reason for usingciigally fluorescent cells was to
provide ease of detection during performing therat@rization experiments mentioned
in sections 3.1.2 and 3.1.3. Since these are aerawthcell line, 0.25% (w/v) trypsin—
ethylenediaminetetraacetic acid (EDT@®igma, UK), solution was used to harvest the

cells for performing experiments.

b) RPE cells
These cells were grown in 10 % FCS Dulbecco’s mediEagle’s medium (DMEM)
(Invitrogen, UK) supplemented with 10 pg/ml gentami(lnvitrogen, UK), 0.348 %
sodium bicarbonate (w/v) (Sigma, UK), 15 mM 4-(dhgxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (Sigma, UK)74, and 10 pg/ml hygromycin
B (Invitrogen, UK) in phosphate buffered saline §B(Sigma, UK). This adherent
human epithelial cell line was trypsinised using.25 % (w/v) trypsin—EDTA solution

for cell sample preparation prior to optical treatm

c) HL6O cells
HL60 is a human promyelocytic leukemic cell linaattlgrows in suspension. It was
maintained in Roswell Park Memorial Institute (RBM&igma, UK) 1640 medium
supplementedvith 10 % FCS and penicillin (50 U/ml) (Sigma, Ukgireptomycin (50
pg/ml) (Sigma, UK), and L-glutamine (2 mM).

d) C2GM cells
C2GM cells are a growth-factor dependent haemagdigostem-cell-like cell line that
grows in suspension. These cells are derived frong-term murine bone marrow
cultures and have the ability to differentiate idiferent haematopoietic cells (2). They
were cultured in DMEM containing 2 mM L-glutamirne % penicillin—streptomycin, 10
ng/ml murine recombinant granulocyte macrophagergoktimulating factor (GM-CSF)

(Invitrogen, UK), and supplemented with 20 % hasaum (Sigma, UK).
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iii. Microsphere Preparation
Hard-dyed (internally dyed) green fluorescing (Gi6)ymer microspheres which have
the dye incorporated throughout the polymer mgand so are not easily quenched) with
diameters 2 uym and 3 pum were purchased from Dulent8c. The microspheres are
made of polystyrene with a density of 1.05 g Jand a refractive index of 1.59. | used
this type of fluorescent microspheres as they anitight distinctive green color with an
improved contrast and visibility relative to theckground material to provide easy
detection. The spheres were dyed with fluorescemthiocyanate (FITC) and had an
excitation maximum at 468 nm (blue) and an emissimximum of 508 nm (green).
Their stock concentrations were 1.7 X Hdd 6.7 X 18 spheres/ml (solid 1 %) for the 2
pm and 3 pm respectively. For experimental purposese were then further diluted
1:1000 in the different complete growth media (®ecti (a) — (d)) depending on the cell

line being investigated.

V. Cell-microsphere incubation

The cells were co-incubated with either 2 or 3 pkgelymer microspheres within the
optimum growth condition stated before (section. (The experimental procedure for
incubating the adherent cell lines, CHO and RPI& capproximately 10cells in 2 ml
complete medium were seeded onto sterile 30 mm ede&mculture plates prior to
microsphere treatment. These cells were grown tocsafluency overnight within
optimum growth conditions. The following day (~ 2¢spost plating), 2 ml of culture
supernatant that was left on top of the samplesaspsated and replaced with the same
volume of media containing either 2 or 3 um diamsggheres. For HL60 and C2GM
suspension cell lines, seeding was performed anias cell concentration as with the
other two cell lines: however, these cell sampleseagrown in microsphere containing
media immediately post seeding. 24 hrs followinguimation, fluorescence and confocal
microscopy were used to confirm microsphere infezaton, and trypan blue exclusion
tests indicated cell viability. Every experimentsyaerformed in triplicate and repeated

five times.
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V. Statistical analysis of data
Throughout the data sets presented in this thesi€anducted using MINITAB; analysis
of variance (ANOVA), specifically one way ANOVA dhe data was run followed by
Dunnett's (which compares group means) and Fish@r'statistical significance test)
tests. The error bars in the graphical presentaifoall the data in the thesis represents
the standard error of the mean (SEM). This wasutatied in Microsoft Office Excel
using the equation:

SEM = STDEV/ SQRT (n)
where, STDEV = standard deviation and SQRT (nhie=dquare root of the number of

times the experiment was repeated. Below is falligical analysis of data presented in
chapter 3.
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Figure 3.5 (2um GF microsphere data)

Analysis of Variance for C2
Source DF SS MS F P
C1 5 4044214 808843 6.08 0.001
Error 24 3195107 133129
Total 29 7239321

Individual 95% C

Based on Pooled
Level N Mean StDev ------- oo

0 5 0.0 0.0 (- pf— )

1 5 1180 40.6 (-----*------

2 5 1852 1831 (- *____

3 5 1066.4 835.1

4 5 664.8 206.6 (-

5 5 512.0 153.6 (----
_______ R

Pooled StDev = 364.9 0 5

Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.0126

Critical value = 2.70

Control = level (0) of C1

Level Lower Center Upper --------- +--
1 -505.1 118.0 741.1 (--------- *
2 -437.9 185.2 808.3 (---------
3 443.3 1066.4 1689.5
4 417 664.8 1287.9 (-
5 -111.1 5120 1135.1 (-
P +--
0

Fisher's pairwise comparisons

Family error rate = 0.338
Individual error rate = 0.0500

Critical value = 2.064
Intervals for (column level mean) - (row level mean
0 1 2

1 -594
358

2 -661 -543
291 409

3 -1543 -1425 -1357
-590 -472 -405

4 -1141 -1023 -956
-189 -71 -3

5 -988 -870 -803
-36 82 149

One-Way An

Is For Mean
StDev

-75
878

78 -323
1031 629

alysis of Variance
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Figure 3.5 (3um GF microsphere data)

Analysis of Variance for C2

Source DF SS MS F P
C1 5 4887759 977552 2.46 0.062
Error 24 9537267 397386

Total 29 14425026

Individual 95% C
Based on Pooled

Level N Mean StDev --------- S S

0 5 0.0 0.0 (--—--- LS

1 5 106 123 (------ S JR—

2 5 1384 451 (- *oo

3 5 1072.2 1516.6

4 5 746.6 229.2 (----

5 5 569.2 1714 [(E—
_________ I

Pooled StDev = 630.4 0

Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.0126

Critical value = 2.70

Control = level (0) of C1

Level Lower Center Upper -+--------- +
1 -1065.9 10.6 1087.1 (---------- *

2 -938.1 138.4 12149 (---------

3 -4.3 1072.2 2148.7 (

4 -329.9 746.6 1823.1 (-

5 -507.3 569.2 1645.7 (-----

SN— +
-1000 0

Fisher's pairwise comparisons

Family error rate = 0.338
Individual error rate = 0.0500

Critical value = 2.064

Intervals for (column level mean) - (row level mean

One-Way An

Is For Mean
StDev

N S oo
700 1400

________ P
1000 2000

0 1 2
1 -833
812
2 -961 -951
684 695
3 -1895 -1884 -1757
-249 -239 -111
4 -1569 -1559 -1431
76 87 215
5 -1392 -1381 -1254
254 264 392

-497
1148

-320
1326

-645
1000

alysis of Variance
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Figure 3.10 — Q |5t 2um microsphere data set

C2GM cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
C1 7 0.025113 0.003588 3.62 0.016
Error 16 0.015858 0.000991
Total 23 0.040971
Individual 95% C
Based on Pooled
N Mean StDev --+-----—--—-- +een
0.03325 0.00199 (------- *omeoeo
0.10492 0.00298 (
0.11180 0.00788
0.07390 0.06401 (------
0.03407 0.05902 (------- Fomeeeo
0.10826 0.00500
0.06536 0.01576 (------- *
0.03440 0.00000 (------- Fomeeeo
R S, +ee-
Pooled StDev = 0.03148 0.000 0.050

,_
(9]
<
(8

~NOoOOR~WNELO
WWWWWwww

Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.00993

Critical value = 2.92
Control = level (0) of C1

Level Lower Center Upper ---+--------
-0.00339 0.07167 0.14673
0.00349 0.07855 0.15361
-0.03441 0.04065 0.11571 (----
-0.07424 0.00082 0.07588 (----------
-0.00006 0.07500 0.15006
-0.04295 0.03211 0.10717 (-
-0.07391 0.00115 0.07621 (----------
R R,
-0.060 O
Fisher's pairwise comparisons

~NoOOoTR~,WNE

Family error rate = 0.443
Individual error rate = 0.0500

Critical value = 2.120
Intervals for (column level mean) - (row level mean
0 1 2

1 -0.12616
-0.01717

2 -0.13304 -0.06137
-0.02405 0.04761

3 -0.09514 -0.02347 -0.01659
0.01385 0.08552 0.09240

4 -0.05531 0.01635 0.02323 -0.
0.05367 0.12534 0.13222 0.

Is For Mean
StDev

e oo R
0.100 0.150

| mean

+ + +-ee-

000 0060 0.120

01467
09432

A8



5 -0.12950 -0.05783 -0.05095 -O.
-0.02051 0.05116 0.05804 O.

6 -0.08660 -0.01493 -0.00805 -O.
0.02239 0.09406 0.10094 O.

7 -0.05564 0.01603 0.02291 -0.

0.05335 0.12502

Figure 3.10 — Q |t 2um microsphere data set

CHO cells

One-Way Analysis of Variance

Analysis of Variance for C2

Source DF SS MS F
Ci 7 0.03155 0.00451 2.53 0.059

Error 16 0.02852 0.00178
Total 23 0.06006

0.13190

P

Individual 95% C
Based on Pooled

,_
(9]
<
(8

0.14104 0.00298
0.16168 0.00596
0.09105 0.07887

0.10503 0.00289
0.09460 0.00298

~Nooh~,WNELO
WWWWWWwwWww

[T R

Pooled StDev = 0.04222 0.000

Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.00993

Critical value = 2.92

Control = level (0) of C1

Level Lower Center Upper -+--------- +

N Mean StDev -+----
0.05160 0.00000 (------

0.05153 0.08926 (-----

0.08428 0.00298 (-

S S,

0.060

~NOOR_~WNE

-0.01121 0.08944 0.19009
0.00943 0.11008 0.21073
-0.06120 0.03945 0.14010
-0.10072 -0.00007 0.10059 (
-0.04722 0.05343 0.15408
-0.05765 0.04300 0.14365
-0.06797 0.03268 0.13333

Fisher's pairwise comparisons

Family error rate = 0.443
Individual error rate = 0.0500

Critical value = 2.120

Intervals for (column level mean) - (row level mean

0 1 2 3

08885 -0.12868
02014 -0.01969

04595 -0.08578 -0.01160
06303 0.02321 0.09739

01499 -0.05482 0.01936 -0.02353

05417 0.12835

Is For Mean
StDev

0.120 0.180

| mean

+ +
0 010 0.20

0.08546
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1 -0.16252
-0.01637

2 -0.18316 -0.09372
-0.03701 0.05244

3 -0.11253 -0.02309 -0.00244
0.03362 0.12307 0.14371

4 -0.07301 0.01643 0.03707
0.07314 0.16258 0.18322

5 -0.12650 -0.03706 -0.01642
0.01965 0.10909 0.12973

6 -0.11608 -0.02663 -0.00599
0.03007 0.11952 0.14016

7 -0.10576 -0.01631 0.00433
0.04040 0.12984 0.15048

Figure 3.10 — Q |5t 2um microsphere data set

HL60 cells

One-Way Analysis of Variance
Analysis of Variance for C2

Source DF SS MS F P
C1 7 0.0162743 0.0023249 415.42 0.000
Error 16 0.0000895 0.0000056
Total 23 0.0163639
Individual 95% C
Based on Pooled
Level N Mean StDev --+--------- +---
0 3 0.034401 0.000000 (
1 3 0.040364 0.005164
2 3 0.074650 0.002597
3 3 0.000000 0.000000 (*)
4 3 0.000000 0.000000 (*)
5 3 0.068458 0.001576
6 3 0.053321 0.002979
7 3 0.034401 0.000000 (
[ S .
Pooled StDev = 0.002366 0.000 0.025

Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.00993

Critical value = 2.92

Control = level (0) of C1

Level Lower Center Upper -----

1 0.000323 0.005963 0.011603
2 0.034609 0.040249 0.045889

-0.0335
0.1125

-0.0870
0.0591

-0.0766
0.0695

-0.0663
0.0798

R

-0.12657
0.01958

-0.11614 -0.06265
0.03001 0.08350

-0.10582 -0.05233 -0.06276
0.04033 0.09382  0.08340

(G20 ) ww oo [(oN e}

Is For Mean
StDev

e Fommmmmeee R
0.050 0.075

| mean
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0.028417 0.034057 0.039697
0.013280 0.018920 0.024561
-0.005640 0.000000 0.005640

~Nooh~,Ww

Fisher's pairwise comparisons

Family error rate = 0.443
Individual error rate = 0.0500

Critical value = 2.120

Intervals for (column level mean) - (row level mean

0 1 2 3
1 -0.010058
-0.001868

2 -0.044344 -0.038381
-0.036154 -0.030191

3 0.030306 0.036269 0.070555
0.038496 0.044459 0.078745

4 0.030306 0.036269 0.070555
0.038496 0.044459 0.078745

5 -0.038152 -0.032189 0.002097
-0.029962 -0.023999 0.010287

6 -0.023015 -0.017053 0.017234
-0.014825 -0.008863 0.025423

7 -0.004095 0.001868 0.036154
0.004095 0.010058 0.044344

Figure 3.10 — Q |t 2um microsphere data set

RPE cells

One-Way Analysis of Variance
Analysis of Variance for C2

Source DF SS MS F P

-0.040041 -0.034401 -0.028761 (-*-)
-0.040041 -0.034401 -0.028761 (-*-)

0.0
0.0

-0.0
-0.0

-0.0
-0.0

-0.0
-0.0

Ci 7 0.038030 0.005433 9.48 0.000

Error 16 0.009167 0.000573

Total 23 0.047197
Individual 95% C
Based on Pooled

Level N Mean StDev ------ +omeee-
0 3 0.03325 0.00199 (-----*--
1 3 0.10492 0.00298
2 3 0.11180 0.00788
3 3 0.00000 0.00000 (-----*-----)
4 3 0.03753 0.06500 (-----*-
5 3 0.11008 0.00596
6 3 0.06536 0.01576 (--
7 3 0.03440 0.00000 (-----*--
______ I S,
Pooled StDev = 0.02394 0.000

-0.000 0.025 0.050

04095
04095

72552 -0.072552
64363 -0.064363

57416 -0.057416 0.011041
49226 -0.049226 0.019231

38496 -0.038496 0.029962 0.014825
30306 -0.030306 0.038152 0.023015

Is For Mean
StDev
R S e— T — +
)
(resteee)
(rreeetee)
)
(rrmoetee)
N )
)
E S e— T — +

050 0.100 0.150

All



Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.00993

Critical value = 2.92
Control = level (0) of C1

Level Lower Center Upper ------ -
1 0.01460 0.07167 0.12874
2 0.02148 0.07855 0.13562
3 -0.09032 -0.03325 0.02381 (-------- *-
4 -0.05280 0.00427 0.06134 (----
5 0.01976 0.07683 0.13390
6 -0.02496 0.03211 0.08917
7 -0.05592 0.00115 0.05821 (----
...... 1
-0.060
Fisher's pairwise comparisons

Family error rate = 0.443
Individual error rate = 0.0500

Critical value = 2.120
Intervals for (column level mean) - (row level mean
0 1 2

1 -0.11310
-0.03024

2 -0.11998 -0.04831
-0.03712 0.03455

3 -0.00818 0.06349 0.07037
0.07469 0.14635 0.15324

4 -0.04570 0.02596 0.03284 -0.0789
0.03716 0.10883 0.11571 0.0039

5 -0.11826 -0.04659 -0.03971 -0.1515
-0.03540 0.03627 0.04315 -0.0686

6 -0.07354 -0.00187 0.00501 -0.1067
0.00933 0.08099 0.08787 -0.0239

7 -0.04258 0.02909 0.03597 -0.0758
0.04029 0.11195 0.11883 0.0070

Figure 3.11 — Q |5t 3um microsphere data set

C2GM cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
C1 7 0.065351 0.009336 14.35 0.000
Error 16 0.010409 0.000651
Total 23 0.075759
Individual 95% C
Based on Pooled
Level N Mean StDev ----- R +
0 3 0.05332 0.00298 (----*--

| mean
S S +-
O —
)
-------- )
_____ *--------)
C—
(cmmmmerbreeeeees
P, )
+ +

0.000 0.060 0.120

3 4 5 6
6

1

2 -0.11399

5 -0.03112

9 -0.06927 0.00329
3 0.01360 0.08615
3 -0.03831 0.03425
3 0.04456 0.11711
Is For Mean

StDev

_________ S R ——

)

-0.01047
0.07239
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1 3 0.16340 0.00788

2 3 0.13244 0.00298

3 3 0.04111 0.07121 (----*---)

4 3 0.00000 0.00000 (---*---)

5 3 0.10664 0.00596

6 3 0.09460 0.00298 (-

7 3 0.02924 0.00298 (---*---)
----- E S

Pooled StDev = 0.02551 0.000 0.0

Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.00993

Critical value = 2.92
Control = level (0) of C1

Level Lower Center Upper ----- oo
1 0.04927 0.11008 0.17089
2 0.01831 0.07912 0.13993
3 -0.07302 -0.01221 0.04860 (-----
4 -0.11413 -0.05332 0.00749 (------ *on
5 -0.00749 0.05332 0.11413
6 -0.01953 0.04128 0.10209
7 -0.08489 -0.02408 0.03673  (-------
_____ Fommmme
-0.080
Fisher's pairwise comparisons
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Figure 3.11 — Q |51 3um microsphere data set

CHO cells
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Figure 3.11 — Q |t 3um microsphere data set

HL60 cells
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Figure 3.11 — Q |5t 3um microsphere data set

RPE cells
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Family error rate = 0.443
Individual error rate = 0.0500

Critical value = 2.120
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Figure 3.12 — Axial guiding 2pum microsphere data se
C2GM cells
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Control = level (0) of C1

Level Lower Center Upper ---------- +- + +
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7.165 9.800 12.435 (---*----)

10.298 12.933 15.568 (---- *oo)

14.432 17.067 19.702 (==-*----)

22.698 25.333 27.968 (m=-*=mmv)
---------- +- + +

12.0 18.0 240
Fisher's pairwise comparisons

ObrhwWNE

Family error rate = 0.314
Individual error rate = 0.0500

Critical value = 2.179

Intervals for (column level mean) - (row level mean )
0 1 2 3 4
1 -10.780
-6.820

2 -11.780 -2.980
-7.820 0.980

3 -14913 -6.113 -5.113
-10.953  -2.153  -1.153

4 -19.047 -10.247 -9.247 - 6.113
-15.087 -6.287 -5.287 - 2.153

5 -27.313 -18.513 -17.513 -1 4.380 -10.247
-23.353 -14553 -13.553 -1 0.420 -6.287

Figure 3.12 — Axial guiding 2um microsphere data se  t
CHO cells

One-Way Analysis of Variance
Analysis of Variance for C2
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Control = level (0) of C1
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Fisher's pairwise comparisons
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Figure 3.12 — Axial guiding 2pum microsphere data se
RPE cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
C1 5 456.151 91.230 93.73 0.000
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Control = level (0) of C1

Level Lower Center Upper ----- +-omee
1 2.964 5300 7.636 (----*---)
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Fisher's pairwise comparisons
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Figure 3.13 — Axial guiding 3um microsphere data se
C2GM cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
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Family error rate = 0.0500
Individual error rate = 0.0133

Critical value = 2.90

Control = level (0) of C1
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Fisher's pairwise comparisons
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Figure 3.13 — Axial guiding 3um microsphere data se

CHO cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
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Family error rate = 0.0500
Individual error rate = 0.0133

Critical value = 2.90

Control = level (0) of C1

Level Lower Center Upper ----+------- + + +---

1 10.421 13.600 16.779 (-*-)
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Fisher's pairwise comparisons
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Figure 3.13 — Axial guiding 3um microsphere data se t
RPE cells
One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
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Dunnett's intervals for treatment mean minus contro
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B. Materials, cell culturing and plasmid DNA preparation

I. Cell sample preparation

All the mammalian cell lines employed in the workegented in chapter 5 were
purchased from the European collection of cell e (ECACC). The cells were
cultured in a 37TC, 5 % carbon dioxide (Cf and 85 % humid incubator (optimum
growth condition). To prevent detachment of the olayer, when working with the
mouse/rat neuroblastoma x glioma hybrid (NG108-48)l human embryonic kidney
(HEK-293) cell lines, the glass surface of the ipdishes was coated with a thin layer of
2 pglent laminin (coating procedure similar to that desedibin sub-section 3.3.1.2)
before these cells were seeded. Once the différads of culture media used had been
modified with antibiotics and supplemented withafebovine serum (FBS) €Ba
laboratory Int., UK) they are described as complete medium. For statigourposes all
experiments were done in triplicate and each erpart repeated three times under the
same conditions to prove reproducibly. For my itigasions, cells were never used post
passage number 35 as high culture passage levelslend to the generation of
inaccurate results (1). After assembling and atigrthe photo-transfection setup, it was
tested by performing dry run experiments where titypan blue viability dye was

introduced into Chinese hamster ovary (CHO-K1)scell

il. Cell culturing
The various adherent cell types were grown in Tébted top culture flaskNgnc™).
Sub-cultured twice weekly at a ratio 1:4, CHO-KLytan neuroblastoma (SK-N-SH)
and HEK-293 cells were grown in minimum essentiadam (MEM) (nvitrogen, UK)
with 1 % penicillin-streptomycin (PESTHE@mMa, UK) supplemented with 10 % FBS. The
NG108-15 cells, were grown in Dulbecco's modifiedgle's medium (DMEM)
(Invitrogen, UK) with 1 % PEST and 10 % FBS. CHO-K1 and NG108-Hisc
transfected with the heat shock protein (HSP) @nater gene were designated HSP-
CHO-K1 and HSP-NG108-15 respectively. These celisevgrown in DMEM with 1 %
PEST, 0.5 mg/ml geneticihnyitrogen, UK) and 10 % FBS.
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iii. Plasmid DNA preparation
A 4.7 kilobase (kb) plasmid (pDsRed2-Mito fro@lontech Laboratories, Inc), a
mammalian expression vector that encodes a fusioDiswosoma sp. red fluorescent
protein (DsRed2; 1, 2) and the mitochondrial tamgesequence from subunit VIII of
human cytochrome c oxidase (Mito; 3, 4) was usdtk €nhanced green fluorescent
protein plasmid (pEGFP from@lontech Laboratories, Inc) carries a red-shifted variant of
wild-type GFP which facilitates brighter fluorescen and higher expression in
mammalian cells. Additionally, this pEGFP (3.4 ldncodes the GFPmutl variant which
contains the double-amino-acid substitution of BA&o Leu and Ser-65 to Thr. Both
pDsRed2-Mito and pEGFP were prepared from transfdrEscherichia coli (E. coli)
cells by utilizing the mini-prep DNA purificatiorystem according to the manufacturer’s
instructions Qiagen, UK). The HSP-70 plasmid was obtained from Mr. Lei hya
(Medical College of Georgia, United States of Arog)i This plasmid is a 5.3 kb DNA
containing promoter and 5" -untranslated regionhef mouse hsp70.1gene fused with a
complementary DNA (cDNA) coding for the GFP witlpalyA signal from SV40 large

T antigen gene inserted into a pSP72 vector cantqa hygromycin resistance gene (2).

V. Calculation for transfection efficiency using Nor = ((E/D).100)/%
The transfection efficiency of 63 % given for CHQ-Kells in table 5.1 (pagel19) was

calculated as follows:

Ncor= the population corrected transfection efficiency

E = number of cells transiently expressing the pDA8Ars post photo-transfection = 71
D = number of cells dosed (photo-transfected) = 50

Xp = the ratio of proliferation that has occurredhe dosed cells (90 % confluency — 72
hrs post seeding) between dosing (40 % confluen@4-hrs post seeding) and the

measurement of expression = 90/40 = 2.25

Therefore, N = ((71/50).100)/2.25
=63 %
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V. Cell synchronization by Thymidine and Colcemid
This work was performed on CHO-K1 as well as HEK32@lls, where both cell lines
were reversibly synchronized at the M and S phasiegshe cell division cycle
independently. In both aspects, cells were platedamplete medium in T25 tissue
culture flasks at concentration ®1€ells/ml and incubated in optimum growth condigon
over 48 hours (hrs) prior to arresting. Then, a-ledhal metaphase arrest was induced by
treating the cells with 10 pg/ml of colcemith\itrogen, UK), followed by a further
incubation of 6 hrs. Thereafter the cells were bai®@d using 0.25 % trypsifigma, UK)
and plated for photo-transfection. In another expent, the cells were synchronized at
the S-phase via a thymidine-1 (TdRgma, UK) double block. Briefly they were treated
with 2 mM of TdR for 18 hrs, released into completedium for 9 hrs and then
incubated in medium containing 2 mM TdR a furth8rhts. After which the cells were
again harvested with 0.25 % trypsin. In both casesnsure that the cells were photo-
transfected at the desired stages i.e. M and Sephdbe cells plated for photo-
transfection were left to recover (incubated for8-Hts) for one full cell cycle which
takes ~ 18 hrs for both CHO-K1 and HEK-293 cellb)defore optical treatment at 60
mW and 40 ms.

Vi. Preparation of stably transfected HSP-CHO-K1 and H®-NG108-15
cells

To generate stably transfected cells expressingi®ie-70 promoter, both CHO-K1 and
NG108-15 cells were chemically transfected with &ammer fratagene, UK)
according to the manufacture’s instructions (Thes#ls were transfected in an
independent PhD program by Mr. David Carnegie)efBri complexes were formed
using 2.2 mg/ml of pDNA, 97 ul serum free DMEM &gl GeneJammer. This mixture
was incubated at room temperature for approximat®lgnin and thereafter added to a 50
% confluent 35 mm petri dish and the cells incuthateder optimum growth conditions
for 24 — 72 hrs. This was then split 1:4 into glownedium containing the selection
antibiotic hygromycin Ifwitrogen, UK) at a concentration of 0.5 mg/ml. Once stably
transfected these cells were labeled HSP-CHO-K1H8@-NG108-15.
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For optical treatment, cell samples were plated@egared as mentioned in section B (i)
but the cell monolayer was submerged in 60 pl ailpM as opposed to DNA for this

experiment.

Vi, MRNA photo-transfection procedure
During this project, capped EGFP mRNA was syntlebsiznsing the mMESSAGE
MMACHINE mRNA synthesis kitAmbion, UK). This was done with extra caution to
enhance a nuclease free environment. In brief, pE@Fepared as described above
(section B (iii)) was linearized and used as a fatepfor in vitro transcription via the
instruction manual obtained from mRNA synthesis Kbllowing successful completion
of the capped transcription reaction assembly armsexjuent recovery, mRNA was
guantified by UV light absorbance using a spectobdpimeter. Separate batches of the
MRNA produced this way resulted in different quiaedi with a general amounts ranging
between roughly 1.5 — 3.6 pg/ul. CHO-K1 cell culigrand sample preparation for
photo-transfection experiments was kept constarih@se already mentioned before in
section B (i and ii) respectively. For photo-trattion, the CHO-K1 monolayer was
bathed in 60 pl of 15 pg/ml EGFP mRNA made up irtildgM and targeted photo-
transfection of individual cells was then performea laser irradiation (60 mW, 40 ms)
through administering three shots of ultra-shonatdan while avoiding visual cellular
response (i.e. no bubble formation or cellular upsion). After optical treatment the
monolayer was rinsed twice in 2 ml of neat OptiME&kch time and then incubated in 2

ml of complete medium under optimum growth condisio
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viii.  Statistical analysis of data

Figure 5.5 — Photo-transfection parameter data
CHO-K1 cells

One-Way Analysis of Variance
Analysis of Variance for C2

Source DF SS MS F P
Ci1 10 11344 1134 4.93 0.001
Error 22 5064 230

Total 32 16408

Individual 95% C Is For Mean
Based on Pooled StDev
Level N Mean StDev ------- — S dommeee
0 3 000 0.00 (-----*-----)
1 3 40.67 35.57 - e %)
2 3 50.00 17.78 [
3 3 6267 8.33 [,
4 3 48.00 16.37 [ .
5 3 24.00 14.00 (—-=* e )
6 3 14.67 13.32 (-----*--- -)
7 3 2133 5.03 (-----*- =)
8 3 16.67 3.06 (------ *_ )
9 3 16.67 9.02 (------ *oo ---)
10 3 12.00 11.14 (-----*---- J)
------- S — S
Pooled StDev = 15.17 0 30 60
Dunnett's intervals for treatment mean minus contro | mean

Family error rate = 0.0500
Individual error rate = 0.00728

Critical value = 2.96

Control = level (0) of C1

Level Lower Center Upper -------- +--- + +
1 4.00 40.67 77.33 - e L — )
2 13.33 50.00 86.67 (— L S )
3 26.00 62.67 99.33 [(C— *olo
4 11.33 48.00 84.67 (e L — )
5 -12.67 24.00 60.67 (----—- - L )
6 -22.00 14.67 51.33 (--------- L )
7 -15.33 2133 5800 (- - L —— )
8 -20.00 16.67 53.33 (--------- S )
9 -20.00 16.67 53.33 (--------- S — )
10 -24.67 12.00 48.67 (--------- o )

-------- +omn + +

0 35 70

Fisher's pairwise comparisons

Family error rate = 0.605
Individual error rate = 0.0500

Critical value = 2.074

Intervals for (column level mean) - (row level mean )
0 1 2 3 4 5 6 7 8
1 -66.36

-14.97



2 -75.69 -35.03
-24.31 16.36

3 -88.36 -47.69 -38.36
-36.97 3.69 13.03

4 -73.69 -33.03 -23.69 -11.03
-22.31 18.36 27.69 40.36

5 -49.69 -9.03 0.31 1297
1.69 4236 51.69 64.36

6 -4036 031 9.64 2231
11.03 51.69 61.03 73.69

7 -47.03 -6.36 297 15.64
4.36 45.03 54.36 67.03

8 -4236 -1.69 7.64 2031
9.03 49.69 59.03 71.69

9 -4236 -1.69 7.64 20.31
9.03 49.69 59.03 71.69

10 -37.69 297 1231 2497
13.69 54.36 63.69 76.36

-1.69
49.69

7.64
59.03

0.97
52.36

5.64
57.03

5.64
57.03

10.31
61.69

Figure 5.6 — Photo-transfection parameter data

HEK-293 cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P

C1 10 11899 1190 10.01 0.000
Error 22 2615 119
Total 32 14514
Individual 95% C
Based on Pooled
Level N Mean StDev ------ S ——
0 3 000 0.00 (--—-*--)
1 3 39.33 18.58
2 3 4200 13.11
3 3 4467 9.02
4 3 52.00 15.87
5 3 4733 6.43
6 3 6.67 1155 (---—--*-)
7 3 533 611 (---*-)
8 3 14.67 14.05 (----*---
9 3 1433 4.04 (----*---
10 3 8.00 557 (----*----)

Pooled StDev = 10.90 0 2
Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.00728

Critical value = 2.96

Control = level (0) of C1

Level Lower Center Upper -------- +---
1 1299 39.33 65.68

2 15.65 42.00 68.35

3 18.32 44.67 71.01

4 25.65 52.00 78.35

5 2099 47.33 73.68

6 -19.68 6.67 33.01 (-------- *-

-16.36

35.03

-23.03

28.36

-18.36

33.03

-18.36

33.03

-13.69

37.69

-32.36
19.03

-27.69 -21.03
23.69 30.36

-27.69 -21.03 -25.69

23.69 30.36 25.69
-23.03 -16.36 -21.03
28.36 35.03 30.36
Is For Mean
StDev
R S e— T — +
()
()
()
()
(-t
)
)
R S e— T — +
5 50 75
| mean
+ +
O
|
O
O )
O —
------- )
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7 -21.01 533 31.68 (-------- *o
8 -11.68 1467 41.01 (-------
9 -12.01 1433 40.68 (------
10 -18.35 8.00 3435 (-------- *
————— e
0

Fisher's pairwise comparisons

Family error rate = 0.605
Individual error rate = 0.0500

Critical value = 2.074

Intervals for (column level mean) - (row level mean

0
1 -57.79
-20.87
2 -60.46
-23.54
3 -63.13
-26.21
4 -70.46
-33.54
5 -65.79
-28.87
6 -25.13
11.79
7 -23.79
13.13
8 -33.13
3.79

1

-21.13
15.79

-23.79
13.13

-31.13
5.79

-26.46
10.46

14.21
51.13

15.54
52.46

6.21
43.13

2 3

-21.13
15.79

-28.46
8.46

-23.79
13.13

16.87
53.79

18.21
55.13

8.87
45.79

-25.79
11.13

-21.13
15.79

19.54
56.46

20.87
57.79

11.54
48.46

9 -32.79 654 921 1187
413 43.46 46.13 48.79

10 -26.46 1287 1554 18.21
1046 49.79 52.46 55.13

Figure 5.7 — Photo-transfection neuroblastoma data

SK-N-SH cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
C1 5 4153.8 830.8 9.49 0.001
Error 12 1050.7 87.6
Total 17 5204.4
Individual 95% C
Based on Pooled

Level N Mean StDev ------ S —

0 3 0.000 0.000 (-----*-----)

1 3 16.667 7.024 (-----*-

2 3 24.000 13.115 (-

3 3 39.333 8.327

4 3 43.333 7.572

5 3 11.333 13.317 (-
______ [ I

Pooled StDev = 9.357 0 2

Dunnett's intervals for treatment mean minus contro

-13.79

23.13

26.87
63.79

28.21
65.13

18.87
55.79

19.21
56.13

25.54
62.46

22.21
59.13

23.54
60.46

14.21
51.13

14.54
51.46

20.87
57.79

-17.13
19.79

-26.46
10.46

-27.79

9.13

-26.13 -27.46 -18.13
10.79 9.46 18.79

-19.79  -21.13 -11.79
17.13 15.79 25.13

Is For Mean
StDev
E R +
__;_) )

(st

(rrertonees )

-)
E R +
0 40 60
| mean
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Family error rate = 0.0500
Individual error rate = 0.0133

Critical value = 2.90
Control = level (0) of C1

Level Lower Center Upper ----- oo
-5.489 16.667 38.823 (--------
1.844 24.000 46.156 (-----
17.177 39.333 61.489
21.177 43.333 65.489
-10.823 11.333 33.489 (-------- *o

..... 1

0

Fisher's pairwise comparisons

ObrhwWNE

Family error rate = 0.314
Individual error rate = 0.0500

Critical value = 2.179
Intervals for (column level mean) - (row level mean
0 1 2

1 -3331
-0.02

2 -40.65 -23.98
-7.35 9.31

3 -5598 -39.31 -31.98
-22.69 -6.02 1.31

4 -5998 4331 -3598 -
-26.69  -10.02 -2.69

5 -2798 -11.31 -3.98
531 21.98 29.31

Figure 5.8 — Photo-transfection neuroblastoma data

NG 108-15 cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
C1 5 3251 650 4.37 0.017
Error 12 1786 149
Total 17 5037
Individual 95% C
Based on Pooled
Level N Mean StDev -------- oo

0 3 000 0.00 (---—--—-- Hooeee
1 3 12.00 13.11 (------- *.
2 3  14.67 7.57 (------ *
3 3  26.67 9.45 (-
4 3 3233 2214

5 3 40.00 9.17

________ I,

Pooled StDev = 12.20 0

Dunnett's intervals for treatment mean minus contro

+ + +--
)
R )
e
(o)
------ )
+ + +--

)
3 4
20.65
12.65
11.35 15.35
44.65 48.65
Is For Mean
StDev
[ S — (S S
)
------ )
------- )
_____ *__;____)
)
(srmmmm¥emmnes )
[ S — (S S
20 40
| mean
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Family error rate = 0.0500
Individual error rate = 0.0133

Critical value = 2.90

Control = level (0) of C1

Level Lower Center Upper ------- —
1 -16.89 12.00 40.89 (-----------

2 -14.22 14.67 43.55 (----------

3 -2.22 26.67 55.55 (-----

4 3.45 32.33 61.22 (-

5 11.11 40.00 68.89 (

—————— i
0

Fisher's pairwise comparisons

Family error rate = 0.314
Individual error rate = 0.0500

Critical value = 2.179
Intervals for (column level mean) - (row level mean
0 1 2

1 -3371
9.71

2 -36.37 -24.37
7.04 19.04

3 -4837 -36.37 -33.71
-4.96 7.04 9.71

4 -5404 -42.04 -39.37 -
-10.63 1.37 4.04

5 -61.71 -49.71 -47.04 -
-18.29 -6.29 -3.63

Figure 5.9A — Passage Number data
CHO-K1 cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
C1 5 7495 1499 4.25 0.019
Error 12 4229 352
Total 17 11724
Individual 95% C
Based on Pooled

Level N Mean StDev -------- oo

0 3 000 0.00 (---—--—-- Hooeee

1 3 40.67 35.57 (-

2 3 50.00 17.78

3 3 6267 8.33

4 3 48.00 16.37

5 3 24.00 14.00 (-------
________ I,

Pooled StDev = 18.77 0

Dunnett's intervals for treatment mean minus contro

----- U S
*; _________ )
T
________ *__________)
*,
----- U S
25 50

)
3 4
27.37
16.04
35.04 -29.37
8.37 14.04
Is For Mean
StDev
[ S — (S S
)y
)
(ormetene)
R — )
------- )
[ S — (S S
30 60
| mean
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Family error rate = 0.0500
Individual error rate = 0.0133

Critical value = 2.90

Control = level (0) of C1

Level Lower Center Upper ------ +omee-
1 -3.79 40.67 8512 (-
2 555 50.00 94.45 (-
3 18.21 62.67 107.12 (
4 3.55 48.00 92.45 (-
5 -20.45 24.00 68.45 (-----------
...... 1
0

Fisher's pairwise comparisons

Family error rate = 0.314
Individual error rate = 0.0500

Critical value = 2.179

Intervals for (column level mean) - (row level mean

0 1 2

-74.07

-7.27

-83.40 -42.73
-16.60 24.07

-96.07 -55.40 -46.07
-29.27 11.40 20.73
-81.40 -40.73 -31.40 -
-14.60 26.07 35.40
-57.40 -16.73 -7.40

9.40 50.07 59.40

Figure 5.9B — Passage Number data
HEK-293 cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
C1 5 4516 903 7.44 0.002
Error 12 1456 121
Total 17 5972
Individual 95% C
Based on Pooled

Level N Mean StDev ------ S ——
0 3 0.00 0.00 (-----*-----)

1 3 28.67 11.85 (---

2 3 3333 252 (-

3 3 36.00 5.29 (

4 3 52.00 1442

+ + +-
______ S
________ Fnnnalo)
* )
________ )
R )
+ + +-

3 4
18.73
48.07
5.27 -9.40
72.07 57.40
Is For Mean
StDev
R S e— T — +
_*_;___)
— ;____)
--------- )
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5 3 39.33 18.58

______ I S,
Pooled StDev = 11.02 0 2
Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.0133

Critical value = 2.90

Control = level (0) of C1

Level Lower Center Upper --------- +--
1 2.58 28.67 54.75 (-----------
2 7.25 3333 5942 (-
3 9.92 36.00 62.08 (--—-----
4 25,92 52.00 78.08
5 13.25 39.33 65.42 (-----
——————— +--
20

Fisher's pairwise comparisons

Family error rate = 0.314
Individual error rate = 0.0500

Critical value = 2.179
Intervals for (column level mean) - (row level mean
0 1 2

1 -48.26
-9.07

2 -5293 -24.26
-13.74 14.93

3 -55.60 -26.93 -22.26
-16.40 12.26 16.93

4 -71.60 -4293 -38.26 -
-32.40 -3.74 0.93

5 -58.93 -30.26 -25.60 -
-19.74 8.93 13.60

Figure 5.11 — Cell Synchronization data
CHO-K1 cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
C1 3 10062.0 3354.0 186.33 0.000
Error 8 1440 18.0
Total 11 10206.0

Individual 95% C

Based on Pooled

Level N Mean StDev ---+--------- +--
0 3 0.000 0.000 (-*)
1 3 41.000 3.606
2 3 62.000 6.557
3 3 77.000 4.000
R B +--

R S — T R— +
5 50 75
| mean
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_*__; _________ )
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40 60
)
3 4
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16.26 32.26
Is For Mean
StDev
————— I i R
=)
)
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—————e S R
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Pooled StDev = 4.243 0 25
Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.0205

Critical value = 2.88

Control = level (0) of C1

Level Lower Center Upper ---------- +-
1 31.023 41.000 50.977 (-----*----
2 52.023 62.000 71.977
3 67.023 77.000 86.977
__________ +-
45

Fisher's pairwise comparisons

Family error rate = 0.176
Individual error rate = 0.0500

Critical value = 2.306
Intervals for (column level mean) - (row level mean
0 1 2

1 -48.99
-33.01

2 -69.99 -28.99
-54.01 -13.01

3 -8499 4399 -22.99
-69.01  -28.01 -7.01

Figure 5.11 — Cell Synchronization data
HEK-293 cells

One-Way Analysis of Variance
Analysis of Variance for C2
Source DF SS MS F P
Ci 3 5270.9 1757.0 24.95 0.000
Error 8 5633 704
Total 11 5834.2
Individual 95% C
Based on Pooled

Level N Mean StDev ----- o +
0 3 0.000 0.000 (---*---)
1 3 24.000 5.568 (----*
2 3 32.333 15.308 (--
3 3 58.667 4.041
----- B
Pooled StDev = 8.391 0 25

Dunnett's intervals for treatment mean minus contro

Family error rate = 0.0500
Individual error rate = 0.0205

Critical value = 2.88

Control = level (0) of C1
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=) .
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)
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Level Lower Center Upper -------- +--- + +

1 4.267 24.000 43.733 (--------- Lo e— )
2 12.601 32.333 52.066 (-~---—-- - L )
3 38.934 58.667 78.399 (mmmmmmmmn L — )
-------- +-- + +
20 40 60

Fisher's pairwise comparisons

Family error rate = 0.176
Individual error rate = 0.0500

Critical value = 2.306

Intervals for (column level mean) - (row level mean )
0 1 2
1 -39.80
-8.20

2 -48.13 -24.13
-16.53 7.47

3 -7447 -50.47 -42.13
-42.87 -18.87 -10.53
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C. Materials, cell culturing and plasmid DNA preparation for stem cell photo-

transfection

I. Experimental setup

During all the pluripotent stem cell studies, tiseldser beam profile as well as pulse
duration were measured as mentioned in subsecii@$ and 5.2.2 (page 112-113) of
this thesis. The photo-transfection setup was alsanged and aligned the same as
previously described (subsection 5.2.3, page H@)statistical purposes all experiments
were done in triplicates and each experiment reped#tree times under the same
conditions. In addition throughout my experimentse transfection efficiency (%) was
calculated according to Tsukakoshi et al, 1984 4@yl Stevenson et al, 2009 (2)
(appendix B (iv) page B2).

il. Pluripotent stem cells used

The pluripotent mES cells utilized during my stwdend presented in the data within
chapter 6 are called E14g2a cells. These cells olatigned as a kind donation from Dr.
Judith Sleeman (University of St. Andrews, SchddBiology, Scotland). Although these
cells are not specifically a cell line, in that yhieave not been transformed and do not
have longevity genes required to make permanentontaincell line, they divided
frequently when cultured in the presence of thé&deuia inhibitory growth factor (LIF).
LIF is an interleukin 6 class cytokine, which ischemical that affects cell growth,
development and influences embryogenesis. Sinceyemioc stem cells arise from the
ICM at the blastocyst stage, their removal frons tbication results in their removal from
their natural supply and source of LIF. Conseqyemédmoval of LIF imposes stem cell
differentiation. Therefore, durinign vitro culturing of mES cells LIF supplementation is

crucial to maintain the stem cells in an undiffeizied state.
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iii. Cell Culturing
The El4g2a cells were always cultured in 835 % carbon dioxide (Cpand 85 %
humid incubator (optimum growth condition). Thesiarent cells were grown in 0.2 %
gelatin (Sigma, UK) coated on the surface of a V@bted top culture flask$Ngnc™).
They were sub-cultured twice weekly at a conceiotnadf 1 X 16 cells/ml in complete
growth medium constituting of Knockout DMEM (KDMEMY)Invitrogen, UK)
modified with 1 % non-essential amino acidswvitrogen, UK), 1 % L-glutamine
(Invitrogen, UK), 1 % sodium pyruvatelrvitrogen, UK), 0.1 % B-mercaptoethanol
(Sigma, UK), supplemented with LIRillipore, UK) and 10 % FBSRHiosera, UK).

iv. Plasmid DNA Preparation

The same 4.7 kb plasmid (pDsRed2-Mito) as usediquely was used for stem cell
photo-transfection (appendix B (iii) page B2). Tdfatentiate the El4g2a cells, a
transcription factor Gata-6 gene was obtained al Igift from Dr. Josh Brickman
(University of Edinburgh, Scottish Centre for Regetive Medicines, Scotland) which
was already introduced into an 8.6 kb pCAGSIH vectsistant to hygromycin. This
plasmid was also multiplied iB. coli and thereafter purified using the mini-prep karfr
Qiagen. Expression of Gata-6 in embryonic stensaslisufficient to trigger the proper

differentiation program towards EXE (3).
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