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Abstract

Optical transfection is a promising technique for the delivery of
foreign genetic material into cells by transiently changing the permeability
of the cell membrane. Of the different optical light sources that have been
used, femtosecond laser based transfection has been one of the most
effective methods for optical transfection which is generally implemented
using a free-space bulk optical setup. Here in this thesis, a few novel
fabrication methods are devised to obtain easy and inexpensive
fabrication of microlensed optical fibers, which can be used to replace
traditional optical setup and perform femtosecond optical transfection.
These fabrication methods offer the flexibility to fabricate a microlens
which can focus femtosecond laser pulses at 800 nm to a small focal spot
whilst keeping a relatively large working distance. In conventional optical
transfection methods the foreign genetic material to be transfected is
homogenously mixed in the medium. This thesis reports the first
realization of an integrated optical transfection system which can achieve
transfection along with localized drug delivery by combining lensed fiber
based optical transfection system with a micro-capillary based microfluidic
system. Finally, based on an imaging fiber (coherent optical fiber bundle),
the first endoscope-like integrated system for optical transfection with
subcellular resolution epifluorescence imaging was built. The transfection
efficiency of these fiber based systems is comparable to that of a standard
free-space transfection system. Also the use of integrated system for
localized gene delivery resulted in a reduction of the required amount of
genetic material for transfection. The miniaturized, integrated design
opens a range of exciting experimental possibilities, such as the dosing of
tissue slices to study neuron activities, targeted drug delivery, and in
particular for using endoscope-like integrated systems for targeted in vivo

optical microsurgery.
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Chapter 1:

1. Introduction to Cell Transfection Methods

As early as 1917, Albert Einstein set the theoretical foundations for
the formulation of the laser in his paper “On the Quantum Theory of
Radiation”. Fifty years after this on 16 May 1960, the first working laser
was built. Nowadays, the applications of lasers are evident in our dalily life.
Lasers have been applied to surgery, national defence, printing and they
are continually gaining more importance in various research fields, such
as spectroscopy, laser annealing, interferometry, optical trapping and
microscopy [1, 2].

Laser delivery with optical fibers is a key development. As an
example, Charles Kao recently won the Nobel Prize in Physics in 2009 for
his ground-breaking achievements concerning the transmission of light in
fibers for optical communication. Optical fibers have become a major
conduit for communication within our society: it has been used to transfer
images, videos and music, globally in a fraction of a second. They have
also been extensively applied to the medical field and are becoming an
indispensable tool in this area.

Following the domination of the 20™ century by physics and the 19"
century by chemistry, many specialists predicted that this century would be
the century of biology. Although, it has been approximately 5 decades
since the discovery of the structure and function of Deoxyribonucleic Acid
(DNA), which was probably the most significant biological discovery and
medical advancement of the 20" century, it was only until June 2000, that
the first draft of the human genetic code was completed. The use of
genetically personalized medicine has been to date fairly limited and the
all-purpose stem cell has not yet been produced. Nevertheless, substantial
advancement in genetics has been achieved: researchers have
discovered hundreds of genes that contribute, alongside with

environmental factors, to multi-causal disorders such as diabetes, cancer



and heart disease. These new understanding of disease mechanisms may
lead to new diagnostic tools and treatments in the near future. Genetic
material transfer is very important in current research for molecular and
cellular biology, and in particular in many applications involved in
biotechnology. Today, many gene transfection methods that were
developed for the transfection of cultured cell lines, are now entering in
vivo and clinical trials for gene therapy and DNA vaccines.

This thesis will present a multidisciplinary approach, which
combines the knowledge from three different fields: lasers, optical fibers
and gene transfer. With regard to the later, there are many traditional
transfection technologies that can be used to deliver foreign genetic
material into biological cells. A promising and relatively new method called
optical transfection, uses lasers to temporarily change the permeability of
a cell’'s membrane in order to achieve the same goal. Following the active
trend of miniaturization in the biophotonics field, optical fibers are used
throughout this work for the laser delivery and imaging of cells.

After a brief introductory chapter, which summarizes the basic
principles of gene transfer and contemporary non-viral gene transfection
technologies, Chapter 2 will introduce the development of an optical
transfection technique using a femtosecond laser. Chapter 3 will review
the different lensed fiber fabrication techniques. Chapter 4 will discuss the
first fiber based optical transfection work, which involved using an axicon
tipped single mode optical fiber for femtosecond laser delivery and
focusing and in Chapter 5, a novel lensed fiber fabrication method will be
presented, followed by an optical transfection experiment using an
integrated system combining a liquid delivery module. Chapter 6 will
demonstrate an upgraded version of the integrated system in Chapter 5,
with which the laser delivery, focusing and fluorescence imaging of
biological cells can all be realized through one system, without the need of
an extra objective lens. Chapter 7 will explore the feasibility of using a
gradient refractive index (GRIN) lens based imaging probe, with an

increased working distance and smaller focus spot, for optical transfection.



1.1.Basic Principles of Gene Transfer

1.1.1 Introduction

The techniques of DNA delivery into biological cells have been
widely studied and applied in basic research and biology [3-5]. This
indispensable tool can be used to study gene function and regulation, and
also the production of small amounts of recombinant proteins for analysis
and verification. Normally, gene transfer is used to express delivered
genetic material into the recipient cells and offer the possibility to observe
a specific protein’s function. Genetic material transfer can also be used to
disable certain protein functions by interfering or inactivating certain
endogenous genes using small interfering Ribonucleic Acid (siRNA). The
application of gene transfer techniques ranges from using biological cells
to produce recombinant antibodies and vaccines, the production of
genetically modified animals, to gene therapy of the human body.

There have been various different names provided for different
types of DNA delivery mechanisms. The term transfection is generally
accepted as a way to describe the introduction of any sort of genetic
material DNA/RNA into a eukaryotic cell. The transfection of animal cells
thus encompasses all physical and chemical means of nucleic acid
delivery, which will be discussed in this chapter.

Regardless of the different transfection methods, successful gene
transfer into animal cells must achieve three objectives. First, the
exogenous genetic material must pass through the cell membrane. This is
a passive process, independent of the genetic material. Secondly, once it
traverses through the cell membrane, the genetic material must be
released in the cell and transported to a specific sub-cellular site for
expression or activation. In most transfection methods, genetic material is
delivered to the cytoplasm. DNA must then be transported to the nucleus.
However, this intrinsic DNA trafficking system is still poorly understood. On

the other hand, RNA does not necessitate translocation to the nucleus and



is directly involved in cytoplasmic processes. Lastly, the exogenous
genetic material must be expressed and/or interact with the host genome.

There are often various transfection methods available to
researchers and therefore it is necessary to have the means to compare
each method and measure the relative transfection efficiency. Also, it is
essential to examine the activities of transfected genes. Some traditional
methods, such as real-time polymerase chain reaction (RT-PCR) and
northern blot hybridization have been developed to detect expression of
genes at the Messenger RNA (mRNA) level [6]. However, these methods
can be laborious and time-consuming, and where multiple genes have
been transfected these traditional methods may have difficulty in
distinguishing multiple gene products.

To avoid these problems, reporter genes can be used which
encode a product that can be easily detected and ideally quantified using
a simple, inexpensive and rapid assay. GFP (green fluorescent protein)
and its derivatives is one of the most commonly used in reporter genes [7].
GFP was originally discovered in the jelly fish Aequorea victoria; many
other fluorescent proteins are also naturally occurring from different coral
reef species. These proteins are fluorescent, can be long lasting and
observed under blue or Ultra-violet (UV) light. Therefore genes that
encode these fluorescent proteins can be used to identify easily
successfully transfected cells using a fluorescence microscope. Protein
expression and its subsequent changes can therefore be monitored in real
time. These sensitive genes can be used in living cells and animals and
are available in a variety of spectral excitation and emission wavelengths.
For some systems, the fluorescent signal from GFP is not strong enough;
however, modified GFP proteins (through specific mutations) with
improved emission at a wide-range of wavelengths [GFP, CFP (cyan
fluorescent protein) and YFP (yellow fluorescent protein)] have been
created.

Another fluorescent protein that was again first isolated from coral
reefs, is called DsRed (Discoideum sp, red fluorescent protein). The



crystal structure exhibits a similar topology to GFP, but additional chemical
modifications accounts for different spectra properties [7]. The reporter
gene used throughout this thesis is a mammalian expression vector that
encodes a fusion of DsRed with a mitochondrial targeting sequence
(MitoDsRed), thereby specifically expressing DsRed only in the cell's
mitochondria. In genetic engineering, a vector is also called a plasmid,
which is double-stranded DNA, and in many cases, circular, and can
replicate independently of the chromosomal DNA within a suitable host [8].
Therefore, once a small amount of MitoDsRed plasmid enters the cell’s
nucleus, it can multiply and subsequently express high levels of this red

fluorescent protein.

1.2.Gene Transfer to Animal Cells Using Chemical and Physical
Methods

1.2.1 Introduction

In this section, the focus will be on gene transfer methods using
chemical and physical means to carry the exogenous genetic material
across the cell membrane. Chemical methods normally involve mixing
specific chemicals and genetic material together to form synthetic
complexes, which can either enter the cell through endocytosis or fuse
with the cell membrane. The genetic material is then released into the cell
cytoplasm. Without the need to form synthetic complexes, physical
transfection methods can directly change the permeability of the cell
membrane and allow the genetic material to enter the cell, and in some
cases directly enter the nucleus. Techniques such as Nucleofector [9],
utilize the advantages of both methods and combine them to greatly
enhance the transfection efficiency.

The first boundary for transfection is the cell membrane, which is

hydrophobic and negatively charged. DNA is hydrophilic but also



negatively charged. Therefore, in chemical methods of transfection, in
order to allow passage of DNA to cross the cell membrane, a fusogenic
capsule or complex that carries a net positive charge are used to enclose
the DNA molecules. Following the fusing with the cell membrane, the DNA
encapsulated in the fusogenic particles, is released into the cytoplasm and
subsequently enters the nucleus via an intrinsic transport pathway, which
is still poorly understood. However, after entering the cell through an
endocytic process, the complexes are transported into endosomes and
can be degraded by lysosomes. Therefore, the complexes must escape
from the endosome into cytosol before being degraded. Certain reagents
such as chloroquine can be further added to the transfection protocol to
disrupt endosomes and the endosomal transport pathway to release DNA.
After which, the DNA can either simply diffuse into the cytoplasm directly,
or after the positively charged complex is neutralized by intracellular lipids
and other molecules. Only free DNA can be used for gene expression or
interaction with the host cell’s genome.

The major difference between physical and chemical methods is
that, in physical methods, the DNA is delivered to the cytoplasm or
nucleus directly without having to consider the nature of the cell plasma
membrane or endosomal pathways. In this fashion, DNA molecules may
also suffer less damage from chemical agents. There are very few
similarities between the different physical methods and they are driven by
their respective physical principles. However, all of them require expensive
apparatus and need experienced experts to operate them. In the next few
sections, the most common chemical and physical transfection methods

will be briefly described.



1.2.2 Chemical Transfection Methods

1.2.2.1. Calcium phosphate

Calcium phosphate has been widely used in the chemical
transfection of animal cells [3]. The basic protocol for this method is that
DNA in a buffered phosphate solution and calcium chloride are mixed
together to generate a DNA-calcium phosphate co-precipitate, which
forms on the cells and enter the cells through endocytosis. Applying this
process on cells grown on a monolayer can provide a high transfection
efficiency. However, some cells are sensitive to the density of the co-
precipitate and also delicate primary cells often give poor results. In
addition, a major drawback of this method is that the size of the formed
particles depends on various factors including the method of mixing the
reagents. Therefore the results are not consistent and are difficult to
reproduce. Nevertheless, this inexpensive method is still easy, reliable,
and suitable for many cultured cell lines, and it can be used to provide
both transient and stable transfection.

1.2.2.2. DEAE-dextran

DEAE-dextran (diethylaminoethyl-dextran) was a popular method
for chemical transfection before the advent of lipofection reagents in the
1990s [3]. This soluble polycationic carbohydrate forms complexes with
DNA through electrostatic forces. The complexes have a net positive
charge and so interact with the negatively charged cell membrane and
then enter the cell through endocytosis (Fig. 1.1). The formed complexes
are smaller than the calcium phosphate precipitates and this limits the
maximum amount of DNA that can be used for each transfection
experiment. This method is inexpensive, simple and efficient, and although
the transfection efficiency is affected by different cell lines, this method

has proven not to be good at creating stable transformations.



®
®

[O)

P
@ S R
i /e F/\)
b .3) b ':’) ° .\.."
- B =
* ® ap b O . - @),
© ©® ® S
LA ) ~ o\~
f_\
<

Y
® W

Interaction with

Endocytosis
cell membrane 4

DNA DEAE-dextran Complex

Fig. 1.1. Transfection with DEAE-dextran. Negatively charged DNA and
positively charged DEAE-dextran form a complex with a net positive
charge. This complex then interacts with negatively charged cell

membrane and promotes endocytosis. This graph is modified from Fig. 2.3,

[3].
1.2.2.3. Lipofection

There are two types of lipofection (lipid-mediated transfection),
which are the most widely used chemical transfection methods for gene
transfer into mammalian cells [3, 10]. In the first type, hydrophobic,
unilaminar phospholipid vesicles called liposomes are first created from
lipid molecules. The DNA is packaged inside the vesicles, which
subsequently fuses with the cell membrane after being mixed with cells in
the culture medium. DNA is then released to the cytoplasm directly (Fig.
1.2). Liposome-mediated transfection was the first non-viral in vivo DNA

transfection technique, which was suitable for potential gene therapy

studies.
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Fig. 1.2. Transfection with liposomes. A fusogenic particle (liposome) is
first created with DNA inside before fuses with the cell membrane,

followed by the release of DNA into the cytoplasm. This graph is modified



from Fig. 2.4, [3].

The second form is similar to the method using DEAE-dextran (Fig.
1.2). A complex called a lipoplex, is first created using cationic/neutral lipid
mixtures and DNA. The lipoplex has a net positive charge and interacts
with the negatively charged cell membrane, entering the cell through
endocytosis. This method is extremely simple. Lipoplexes are first created
by simply mixing a lipid preparation and the DNA in a serum-free medium
which is then added to the cells. This transfection method can be very
efficient for both transient and stable transfection. However, the lipids are
generally difficult to make in the laboratory and therefore must be

purchased.

1.2.3 Physical Transfection Methods

1.2.3.1. Electroporation

During electroporation, cells in buffered solution experience a
pulsed electric field, from which a number of pores of ~100 nm in diameter
are formed in the cell membrane and remain open for up to 30 minutes [3,
5, 11]. Free DNA molecules in the surrounding medium can then enter the
cells through these pores which will self-heal. This method is applicable to
many different cell lines, and especially those cells lines that cannot be
transfected via chemical methods. This technique was initially designed for
cells cultured in suspension; however, subsequent modifications have
extended the application of electroporation to adherent cells growing on a
polyethylene terephthalate or polyester membrane [12, 13].

This technique is very easy to implement. Normally, cells in a buffer
solution are treated with a short high voltage electric pulse or pulse train.
The amplitude, duration and the number of pulses applied to the cells is
adjusted to achieve the optimum transfection efficiency. Although,

electroporation is effective in delivering genetic materials into cells, their



viability after treatment is extremely poor, and so more cells are required
as compared to other transfection methods.

Recently, a new type of electroporation called nucleofection was
developed [14]. This new technigue combines special designed
transfection reagents and electroporation using a specifically designed
electric field application for each cell line to promote the DNA delivery to
the nucleus. Many traditional difficult-to-transfect cells, including primary
neuron cells, have been transfected with this technique. Recently, needle
electrodes have also been used in in vivo and ex vivo electroporation.
Based on needle electrode, targeted single cell electroporation has been
achieved [13, 15].

1.2.3.2. Microinjection

Fig. 1.3, shows a biological cell being held by a micropipette on the
left while a micro-needle is inserted into the cell nucleus from the right.
This technique is called microinjection and is used for the delivery of DNA
into oocytes and embryos of animals for the creation of transgenic animals
and artificial fertilization [16]. This technique also allows the injection of
DNA either into the cytoplasm or nuclei of cells directly without concerns
on the membrane boundaries and the inefficient endogenous DNA
transporting pathways. Therefore, this technique has been traditionally
used to transfect cells that are difficult to transfect by other methods.
Although this technigue is highly efficient for individual cells, this
procedure is time consuming and has a low efficiency. The requirement of
DNA purity is also extremely high, which means laborious preparation is
needed. However, the automation of this technique can standardise the
procedure, reducing human error and increasing the injection rates and

reproducibility [17].
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Fig. 1.3. Microinjection technique. A cell is hold (sucked) by a micropipette
on the left while a micro-needle is inserted and delivering DNA into the cell

nucleus (Image from an unknown source on internet).

1.2.3.3. Particle bombardment

Particle bombardment is also known as biolistics or microprojectile
transfection [3, 5, 18]. This technique involves shooting micrometre sized
gold or tungsten particles coated in DNA, into cells or tissues. By adjusting
the force applied to the particles, the penetrating depth can be controlled.
This technique is especially useful for the transfection of cells with a thick
cell wall, such as with plant cells. For animal cells, this technique is
particularly useful for transfection of whole organs, tissue slices and even
living animals [19, 20]. The adjustment of the size, mass of the particles
and the force of the bombardment are essential for finding a balance for
penetration depth, transfection efficiency and tissue damage. The basic
principle and setup of this technique is shown in Fig. 1.4, where DNA
coated microprojectiles are spread onto a macrocarrier disc (Kapton disc);
a membrane restraining the gas is ruptured by an electronically driven
plunger and the disc is propelled toward the target tissue by the resulting
shock-wave; the macrocarrier is stopped by a screen while the

microprojectiles continue on to penetrate the tissue.
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Fig. 1.4. Basic features of a particle bombardment transfection system.
DNA coated microprojectiles are spread onto a macrocarrier disc (Kapton
disc). A membrane restraining the gas is ruptured by an electronically
driven plunger and the disc is propelled toward the target tissue by the
resulting shock wave. The macrocarrier is stopped by a screen while the

microprojectiles continue on to penetrate the tissue. (Image from [19])

1.2.3.4. Sonoporation

Applying high intensity ultrasound waves of specific frequencies to
a dish of cells or tissue can also be used for the transfection of cells [21-
24]. The mechanism of sonoporation relies on ultrasound generating
bubbles which oscillate and collapse violently in the vicinity of the cell
membrane. This phenomenon is known as cavitation, which produces a
shock-wave causing the fluid to move against the cell membrane. The
resulting shear force changes the permeability of the cell membrane by
opening up specific holes. These self-healing holes remain open for
several minutes and allow macromolecules to enter the cell. At certain
ultrasound frequencies and exposure settings, this technique has no
observable adverse effects when applied to the human body. However, it
has been shown that this technique gives very low transfection efficiency

on cultured cells, but as a result of its deep penetration capability, gene
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therapy has already been achieved in vivo and is being actively studied for

the use in in vivo targeted gene therapy [25, 26],

1.2.3.5. Laser induced transfection

Another in vitro transfection approach utilizes tightly focused laser
to change the permeability of the cell membrane [27]. Lasers of different
wavelengths [near infrared (NIR) [28] to UV [29]] and modes (continuous
[29] and pulsed [28, 30, 31]) can be used to achieve the transfection
through different mechanisms. So far, femtosecond laser mediated
transfection has been regarded as the most promising and the most
efficient optical transfection method, and so will be described in more

detail in the next chapter.

1.3. Summary and Conclusion

Cell transfection is at the heart of this thesis and it can be achieved
through various means. Before the presentation of optical fiber based
optical transfection techniques, which will be shown in the next few
chapters, it is necessary to understand what cell transfection is and
familiarize with other cell transfection methods. This chapter first reviewed
the basic principles of gene transfer, which include the brief introduction of
the definition of cell transfection and three basic objectives for any
successful transfections; the reporter genes that are commonly used to
assess different transfection methods and measure the transfection
efficiencies was also introduced. After that, most of the popular non-viral
(chemical and physical) gene transfection technologies were introduced
briefly. By comparison with these traditional gene transfection methods, it
is easier to understand the strength and weakness of laser based optical
transfection techniques. Although with low transfection throughput, optical
transfection has proven to be a more attractive transfection method. This

sterile, non-contact technique provides single cell selectivity with sub-
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cellular resolution and can be easily combined with almost any classic
microscopy, optical tweezers or microfluidic setups. The following chapter
will explore the most effective optical transfection method: femtosecond

laser mediated optical transfection.
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Chapter 2:

2. Femtosecond Laser Mediated Optical Transfection

2.1.Introduction

Since the advent of the laser, it has not only been used to image
biological cells [32], but also to manipulate them — ablating, moving,
cutting and stretching using optical power [33-37]. In the previous chapter,
the basic principles of gene transfection using various different chemical
and physical transfection methods were introduced. Among these
methods, a novel laser manipulation technique for the introduction of
foreign material into biological cells, has been shown to have advantages
over the others: Firstly, it is a physically non-contact and sterile process.
The cells are normally manipulated by a focused laser beam delivered
from a remote distance through an objective. Therefore the cells can be
enclosed in an environment, such as a Petri dish or microfluidic chip
without exposure to the air during transportation from the preparation
bench to the transfection setup and throughout the whole experimental
process. Secondly, laser mediated transfection can be easily integrated
with almost any conventional imaging or microscopy setup. By coupling
the laser beam for optical transfection into an imaging setup, the
researcher can treat a particular area of a carefully chosen cell while
watching the process in real time. Furthermore, this technique provides
single cell selectivity with sub-cellular precision. With a sub-micron laser
spot integrated with modern microscopy technologies, one chosen cell
surrounded by many others can be transfected and leave the other cells
unaffected. Thanks to the miniaturization trend in the biophotonics world,
laser mediated transfection has the potential to be realized along with
other imaging modalities and optical manipulation tools on a fiber based
microendoscope, which will be discussed thoroughly in later chapters.

Laser mediated introduction of foreign material into biological cells
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can be generally called optical injection. However, if the internalized
substance is a nucleic acid, such as DNA, RNA or siRNA, then the
process can also be called optical transfection [38]. Various laser sources
of different wavelengths (NIR [28] to UV [29]) and modes [continuous
wave (CW) [29] and pulsed [28, 30, 31]] can be used to achieve optical
transfection. However, the transfection mechanisms are different for
different laser systems. For CW lasers, the mechanism is probably due to
the highly localized heating [39, 40] or photochemical reaction [29]. Phenol
red is added to the buffer medium during transfection in order to increase
the heat absorption and so subsequently to increase the transfection
efficiency [29, 39-41]. For femtosecond lasers with high repetition rates
(~80 MHz), the permeabilization event is most likely due to the creation of
a low density plasma inducing chemical decomposition (bond breaking) in
conjunction with multiphoton-induced chemistry on the cell membrane [42].
At much lower repetition rates (1 kHz) with increased pulse energy, small
transient cavitation bubbles can be thermoelastically induced in the liquid
and open small holes on the cell membrane [42]. Nanosecond lasers can
generate electrons in the water, but also induce heating, cavitation bubble
formation and thermoelastic stress, which lead to the formation of a
shockwave [31, 42, 43]. Therefore, it is much easier to target an area
covered with tens of cells than a single cell using a nanosecond laser for
optical transfection. A comparison of the various laser sources and their
efficiencies is shown in table 2.1 [38]. Femtosecond lasers are currently
the most well understood powerful choice for single cell optical
transfection. Theoretically, a femtosecond laser should also cause the
lowest amount of damage to the cell due to the highly localized nonlinear
absorption and therefore achieve the highest survival rate and transfection
efficiency. Although by a similar mechanism, femtosecond lasers can
manipulate biological cells in many different ways, such as optoinjection
[44], microsurgery [45, 46] and nanopartical injection [47], but optical
transfection will be the focus in this chapter.
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Laser source: wavelength, | Reference  Likely mechanism of action Transfection
pulse duration and efficiency
repetition rate
193 nm/308 nm, 6 ns, | [48] Heating, thermoelastic 0.5%
200 Hz stress
355 nm, ns, Hz [43, 49- Heating, thermoelastic 0.3-38%
51] stress
405/488 nm, CW [29, 39- Hearting or less than
41, 52] photochemical; typically  30%
requires chemical
absorbers in the
medium such as phenol
red
532 nm, ns, kHz [53-55] Heating, thermoelastic 30-80%
stress
Approx. 800 nm, fs, [28, 30, Multi-photon effect; often
greater than 1 MHz 36, 56- generation of a low greater
73] density free electron than
plasma cloud 90%
1064 nm, ns, Hz [74, 75] Heating, thermoelastic less than
stress 2%
1554 nm, fs, MHz [76] Multi-photon effect; 77%
generation of a low
density free electron
plasma cloud
2080 nm, a few Hz [77] Not known 41%

Table 2.1. Laser sources used for optical injection, probable mechanisms

of action and typical efficiencies. (Modified from Table 1 in [38] with newly

added references)

17



2.2.Mechanisms of Femtosecond Laser Mediated Cell Membrane

Permeabilization

Throughout this thesis, cell transfection was instigated by a
femtosecond Ti: Sapphire laser emitting at 800 nm, with an output pulse
duration of ~100 fs and a pulse repetition frequency of 80 MHz (Coherent,
MIRA). With this set of laser parameters, optical transfection was
performed in the low-density plasma regime at pulse energies well below
the optical breakdown threshold and only slightly higher than those used
for nonlinear imaging. The induced moderate heating or thermoelastic
stresses can be ignored. Increasing the laser power, cumulative heating
will occur and long-lasting bubbles will be produced by tissue dissociation
into volatile fragments, which cause dislocations far beyond the laser
focus. Therefore long-lasting bubbles means that more damage to

biological cells occurs and it should therefore be avoided.

2.2.1 The Principle of Plasma Formation

The process of plasma formation from laser induced breakdown in
transparent biological media is schematically depicted in Fig. 2.1. The
quasi-free electrons are generated by an interplay of photoionization and
avalanche ionization. Quasi-free electrons, which are different from free
electrons generated in gases, are used to describe the generated
electrons by optical breakdown in condensed matter. These electrons
have gained enough kinetic energy to be able to move freely without being
captured by local potential barriers. For simplicity, the term “free electrons”

will be used in this chapter.

18



E %t Inverse Bremsstrahlung absorption

Egqg =15%A f——=—=-—=-——————-—~

Kinet. energy for
impact ionization it/

Conduction -~

* band
lonization < _ ——
potential = Egap* Eose —~—
szgdce Photo- Impact t

ionization ionization

Fig. 2.1. Interplay of photoionization, inverse Bremsstrahlung absorption,
and impact ionization in the process of plasma formation. Recurring
sequences of inverse Bremsstrahlung absorption events and impact

ionization lead to an avalanche growth in the number of free electrons [42].

Pure water can be used as a model instead of biological tissue to
study the laser induced plasma formation in bulk material, since the optical
breakdown threshold in water is very similar to that in biological tissue [78]
and optical transfection is performed in a liquid environment. According to
Sacchi, water can be treated as an amorphous semiconductor with a band
gap A = 6.5 eV between valence and conduction bands [79]. However,
under the irradiation of high peak power femtosecond pulses, the
oscillation energy of the electron due to the electrical laser field has to be
taken into account for the calculation of the band gap potential and the
effective ionization potential of individual atoms can be written as [80]
e?F?

4mw?

A= A +

(2.1)

where w and F denote the circular frequency and amplitude of the
electrical laser field, e is the electron charge, and 1/m = 1/m¢ + 1/m, is the
exciton reduced mass that is given by the effective masses m. of the free
electron in the conduction band and m, of the hole in the valence band.
Under the scope of this thesis, multiphoton ionization and tunneling
are two mechanisms thought to be governing the photoionization [42] (Fig.
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2.1). Unlike single photon ionization where an atom or molecule absorbs
one photon with the energy that is equal to or higher than the ionization
energy, several photons are simultaneously absorbed during the
multiphoton ionization process [81]. Tunneling is an ionization process that
allows electrons escaping from an atom or molecule easily due to the
intense electric field distorted potential barrier of the atom or molecule [80].
The relative contribution to the photoionization from these two
mechanisms depends on the different field strengths and frequencies of
the electromagnetic field. With relatively low frequencies and large field
strengths, tunneling is more responsible for ionization, while with typical
larger optical frequencies and moderate field strengths, multiphoton
ionization occurs more easily [80]. At a wavelength of 800 nm, the
transition between two mechanisms occurs at field strengths of about 100
— 200 MW/cm, corresponding to irradiances of 1.3 — 2.6 x 10*® W/cm? [82-
84]. One example shows that the optical breakdown irradiance for 100 fs
pulses in distilled water is 1.1 x 10**W/cm?, which is close to this transition
and very close to the irradiance used in femtosecond optical transfection
experiments. Therefore both multiphoton and tunneling ionization can be
responsible for the photoionization in femtosecond optical transfection [85].

After the generation of the first free electron through photoionization,
impact ionization will continue to produce more free electrons (Fig. 2.1).
The first generated free electron can continue to absorb photons in a
process called ‘inverse Bremsstrahlung’, which involves colliding with a
third heavy charged particle (ions or atomic nuclei) to allow for energy and
momentum conservation [86]. After several inverse Bremsstrahlung
absorptions, the free electron is accelerated to a speed (kinetic energy)
that is fast enough to ‘impact’ the other electron on the valence band and
so two slow-moving free electrons, are thus created through the impact
ionization (Fig. 2.1) [84, 87, 88]. These two electrons keep repeating the
‘inverse Bremsstrahlung’ process and ‘impacting’ more low energy
electrons, and finally lead to an avalanche growth in the number of free

electrons, if the irradiance is high enough, to overcome the losses of free
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electrons through diffusion out of the focal volume and through
recombination, and also if the energy gain through inverse Bremsstrahlung
is faster than the energy loss by collisions with heavy particles. The whole
process can be called ‘avalanche ionization’ or ‘cascade ionization’ (Fig.
2.1) [42].

For impact ionization to happen, the kinetic energy of the impacting
electron must be large enough to assist the other electrons to overcome
the effective ionization potential A and provide some extra energy for the
collision with a third particle for the conservation of energy and momentum.
This critical energy (kinetic energy), Ec, is decided by the band structure
of the water molecule and can be assumed to be equal E¢i = 1.5 A [42, 84,
89]. After overcoming the ionization potential A, the rest 0.5 A is distributed
among two free electrons and the other colliding particle. Therefore, after
impact ionization, two free electrons have energies above the conduction
band and need to gain less than 1.5 A to reach the critical energy [84, 90].
However, the average energy leading impact ionization is larger than Egi
because the impact ionization rate increases with kinetic energy and in
order to achieve avalanche ionization, a very high ionization rate is
needed [84, 89, 91]. Considering both factors, it is assumed that the
average energy gain required for a free electron (above the conduction
band) to cause impact ionization is 1.5 A, as depicted in Fig. 2.1 [42].

To study optical transfection, the important range of plasma
formation is from a point below the optical breakdown threshold to a point
slightly over it. In aqueous media with femtosecond pulses, the indication
of optical breakdown is the formation of cavitation bubbles. By contrast,
from a theoretical point of view, the optical breakdown threshold is defined
by the critical free electron density at the laser focus, above which the
plasma becomes both strongly reflective and absorbing [83, 84, 90, 92,
93]. At 800 nm, the approximate value of the free electron density is 10%
cm™ [42]. This is a constant because from experimental measurements, it
has been shown that the bubble formation is always related to a plasma
energy density with a fixed value [42].
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2.2.2 Evolution of Free Electron Density and Breakdown
Thresholds

Based on the qualitative description of the plasma formation
process as discussed above, a numerical simulation has been developed
to study the evolution over time of the free electron density o, under the
influence of the laser field [42]. Considering the photoionization (including
multiphoton and tunneling ionization), cascade ionization, and losses
through diffusion of electrons out of the focal volume and recombination,

the free electron rate equation can be written as [94]

de _ n _ B 5
dc Nphoto T NecaseQc — Ndiff@c — Nrecfc (2.2)

The first term on the right hand side, n,.¢,, represents the free electrons
produced by photoionization. The second term represents the electron
production by cascade ionization; and the last two terms describe the

electron losses. g, indicates the free electron density, 1.qse, Naifr @ANd Ny

are the cascade ionization rate, diffusion loss rate and recombination rate
respectively. The laser pulse is assumed to have a Gaussian time
variation and focused into pure water through a microscope objective with
a numerical aperture of NA = 1.3. More detailed numerical simulation can
be found in [42].

From the numerical simulation, the evolution of the free electron
density g, under the irradiation of a single 100 fs, 800 nm laser pulse at
the optical breakdown threshold, is presented in Fig. 2.2(a) [42]. The time t
is normalized with the 100 fs pulse duration (z,) and the 0 on the time axis
in Fig. 2.2(a) indicates the center (peak) of a laser pulse. The contribution
of photoionization to the total free electron density is plotted as a dotted
line. Fig. 2.2(b) shows the maximum free electron density that can be
achieved using different laser pulse irradiance |, which is normalized with

respect to the threshold irradiance Ir.
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Fig. 2.2. (a): evolution of the free electron density during the laser pulse at
the optical breakdown threshold for 100 fs and 800 nm pulses. The time t
is normalized with respect to the laser pulse duration t,. The contribution
of multiphoton ionization to the total free electron density is plotted as a
dotted line. (b): maximum free electron density g,,4, achieved during the
laser pulse as a function of irradiance, for the same laser parameters. The
irradiance | is normalized with respect to the threshold irradiance Ir, The
threshold Ir and the corresponding value of g,,,, are marked by dashed
lines [42].

Due to the ultrashort pulse duration of the femtosecond laser, a
very high irradiance can be achieved and so produce free electrons
through photoionization. With a single 100 fs pulse at 800 nm, the total
number of free electrons generated through avalanche ionization is only
12 times larger than the number generated through photoionization [Fig.
2.2(a)]. Thus the contribution of photoionization cannot be ignored. It can
be seen that the avalanche ionization can be initiated at irradiance values
noticeably lower than the optical breakdown threshold, because there is
never a lack of seed electrons for avalanche ionization [Fig. 2.2(b)]. The
maximum free electron density can be reached at the relative irradiance
value is shown in Fig. 2.2(b), from which and with the support of
experiment results [92], it can be seen that plasmas with a wide density

range below an optical breakdown threshold can be created using one

23



ultrashort pulse in bulk transparent media. The free electron density can
be controlled through the tuning of relative irradiance values. Thus low
density plasma mediated chemical, heating and thermomechanical effects
can be precisely controlled by varying the irradiance. These effects are
also very well localized due to the nonlinearity of the plasma formation
process.

The irradiance and radiant exposure (irradiance multiplied by pulse
duration) that is needed to reach the breakdown threshold with a critical
free electron density of 10** cm™ is shown in Fig. 2.3 [42], from which it
can be seen that pulse durations at the ranges below and above 10 ps
show very different behaviours. For the pulse durations shorter than 10 ps,
the threshold radiant exposure shows only a weak dependence on pulse
duration. This reflects the fact that, when the laser pulses are shorter than
10 ps, free electrons can be produced in a very short time before the
combination process starts and this set of produced free electrons (with a
constant density at the threshold) results in a roughly constant energy
density within the focal volume. This is proved by the bubble formation
experiments that always require a specific plasma energy density, which
varies little with different ultrashort pulse durations and wavelengths [42].
For the pulses longer than 10 ps, the recombination happens within one
pulse duration time and therefore the longer the pulse, the larger the
radiant exposure is needed. For the analysis of pulses longer than 10 ps,

more information can be found in [42].
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Fig. 2.3. Calculated optical breakdown thresholds (10** cm™®) as a function
of laser pulse duration for various laser wavelengths [42]. (a) Irradiance
thresholds, (b) radiant exposure thresholds.

2.2.3 Chemical Effects of Low Density Plasmas

Biological tissue is modified by low density plasma through
chemical reactions. There are mainly two types of chemical effects. The
first one, reactive oxygen species (ROS), such as OH* and H,O,, are
generated through various pathways following ionization and dissociation
of water molecules [95-97]. ROS have negative effects (causing cell
damage [56]) on biological tissues. The second type of chemical effects
can directly change the organic molecules in resonant electron-molecule
scattering. Electrons captured into a molecule can cause the
fragmentation of biomolecules [96, 98-100]. ROS and free electrons
mediate cell membrane dysfunction and DNA strand breaks [56] and this
is also believed to be the main mechanisms of the permeabilization of the
membrane during femtosecond optical transfection. More discussion about
the implications of laser induced low density plasma on biological cells and
tissues will be presented in section 2.2.5 and more details about these

chemical effects can be found in [42].
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2.2.4 Temperature Evolution during Pulse Series

Thermal effects play a big role in some forms of laser surgery [101].
Therefore, to obtain a better understanding of femtosecond optical
transfection, the temperature change near the laser focus needs to be
investigated. In the previous sections, it was shown that the laser energy
transferred to the medium forms plasma in the laser focus. After that, the
fast moving electrons transfer the energy to heavy particles through
collisions and non-radiative recombination processes, resulting in the
heating of the atomic, molecular, and ionic plasma constituents [42]. For
femtosecond lasers, the pulse duration is much shorter than the electron
collision and the recombination process. Therefore, the plasma formation
and heating (transferring of electron energy to heavy particles) can be
treated as two consecutive and independent processes for the study of
temperature evolution. The total energy delivered by one laser pulse can
be calculated by simply multiply the total number of produced free
electrons by the mean energy gain of them. Then taking into account the
repetition rate of the laser (80 MHz), wavelength (800 nm), pulse duration
(100 fs), free electron density, and properties of pure water, the evolution
of the temperature distribution within the interaction volume can be
calculated (Fig. 2.4).
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Fig. 2.4. Temperature evolution (black line) at the center of the laser focus
produced by a series 800 nm, 100 fs pulses focused into water at a NA =
1.3 with a repetition rate of 80 MHz. The volumetric energy density
deposited per pulse is always 1 Jcm™ at the focus center. The dashed
lines represent the temperature decay after a single pulse. For comparison,
the temperature evolution during CW irradiation with the same average

power as for the pulsed irradiation is also shown (red line) [42].

Fig. 2.4 shows the calculated temperature evolution at the center of
the laser focus at a NA of 1.3 and with each pulse an energy density of 1 J
cm™ (corresponding to an irradiance value below the optical breakdown
threshold) at the center of the initial temperature distribution is deposited
[42]. For other values of the energy deposition, the shape of the curve in
Fig. 2.4 will be the same but with a temperature increase (AT) proportional
to the deposited peak energy density. For comparison, the temperature
evolution during CW irradiation with the same average power as for the
femtosecond laser, is also shown in the same graph (red curve).

An 80 MHz repetition rate corresponds to a delay of 12.5 ns
between two consecutive femtosecond pulses. It can be seen that in Fig.
2.4 the temperature is first raised by 0.2 K by a single laser pulse and after
12.5 ns before the temperature drops back to the original state, the

temperature increased again by the second pulse to a higher level. After
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tens of microseconds the temperature is elevated to a balanced level,
which is 6.8 times larger than the temperature raised by a single pulse.
Moderate heat accumulation effects can be seen. With higher irradiance
(still under the breakdown threshold), larger temperature rises can be
achieved. However, thermal denaturation of biomolecules may only be a
minor effect since more free electrons will be produced and induce

chemical effects simultaneously [42].

2.2.5 Bubble Formation during Optical Transfection

The time interval for temperature rise under the irradiation of a
single femtosecond pulse is much shorter than the acoustic transit time
from the center of the laser focus to the surrounding medium. Therefore,
the thermoelastic stresses caused by the temperature rise are confined in
the focal volume and lead to the rise in local pressure [102-104].
Cavitation bubbles will be formed when the tensile strength of the liquid is
exceeded (optical breakdown). However, for cell surgery with a laser of
high repetition rate ~80 MHz, long-lasting (few seconds) bubbles will be
created before the pulse energy reaches the level of cavitation bubble
(sub-microsecond) formation. The long-lasting bubbles probably arise from
the dissociation of biomolecules into volatile, non-condensable fragments
[105-107]. The mechanisms of this dissociation can be attributed to free
electron chemical and photochemical bond breaking as well as to the
accumulative thermal effects [42]. During optical transfection, the
appearance of long-lasting bubbles means more damage to the treated
cell and it is therefore better if it can be avoided. The bubble formation
does not belong to the mechanisms contributing to optical transfection and
thus will not be introduced in this chapter. More specific information about

this mechanism can be found in [42].
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2.2.6 Conclusion

Normally for femtosecond optical transfection, a laser with a
repetition rate of 80 MHz and pulse energies at the sub-nanojoule level,
well below the optical breakdown threshold and less than one order of
magnitude higher than those used for nonlinear imaging, is used [28, 57,
105, 108-112]. 40,000 to several million pulses are applied on the cell
membrane to change its permeability so as to allow the delivery of foreign
genetic material into the cytoplasm [28]. The different low density plasma
effects and physical breakdown phenomena are summarized in Fig. 2.5,
together with the experimental damage, transfection, and dissection
thresholds on cells scaled by the corresponding values of free electron
density and irradiance [42]. From Fig. 2.5 the relative position of
femtosecond optical transfection compared with other modalities of cell
laser surgery in terms of irradiance and free electron density can be seen.
In comparison with intracellular dissection, optical transfection (membrane
permeabilization) not only needs a larger laser dose, but also more
applied pulses. The corresponding laser parameters are still within the
regime of low density free electron mediated cumulative chemical effects
but are already very close to the range where cumulative heating becomes
effective. In this regime, no transient cavitation bubbles and long-lasting
bubbles are produced. In the scope of this thesis, optical transfections are
performed at irradiances (~4.4X10° W/cm?) well below optical breakdown
thresholds using 800 nm laser pulses at durations around 1 ps. The optical
breakdown threshold at this point is ~10* W/cm? [Fig. 2.3(a)]. Experiment
evidence using transmission electron microscopy shows that during
femtosecond laser pulse irradiation, pores of 0.5 — 1 um in diameter are
formed on fixed cells [113]. With properly selected laser parameters, cell
survival rates higher than 90% after treatment can be achieved [28, 58, 62,
64, 65, 67]. Various cell membrane impermeable substances, such as
fluorophore, monosaccharides, dyes [36, 56, 58-60, 62, 64, 65, 67],
plasmid DNA [28, 30, 57, 59, 63, 64, 66, 67, 71, 114], mRNA [60, 115] and
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even gold nanopatrticles [47], have been delivered into cells.
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Fig. 2.5. Overall view of physical breakdown phenomena induced by
femtosecond laser pulses, together with experimental damage,
transfection, and dissection thresholds for cells. The different effects are
depicted together with the corresponding values of free electron density
and irradiance. The irradiance values are normalized to the optical
breakdown threshold defined by a critical electron density of 10%* cm™. All
data refer to plasma formation in water with femtosecond pulses of about
100 fs duration and 800 nm wavelength [42].

Generally speaking, in the regime of optical transfection,
femtosecond lasers enable the creation of spatially and extremely
confined chemical effects via the generation of free electrons through
nonlinear absorption. A wide range of free electron densities below the
breakdown threshold can be easily generated by tuning the relative

irradiance value. Also due to the nonlinear nature of the plasma formation,
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an effective volume below the diffraction limit can be achieved. This high
precision technique can not only be applied to single cells or the surfaces
of biological tissues, but also can penetrate at depth due to the high
transmission of biological tissue at near infrared wavelengths.

One note of caution is that the mechanisms of femtosecond optical
transfection discussed above are based on pure water, lacking the
consideration of the absorption properties of biomaterials in the actual
situation. More intermediate energy levels are also located within the band
gap for water and this might lead to free electron generation at a lower
irradiance and so lower the threshold for consequent chemical effects.

2.3. Development of Femtosecond Optical Transfection

Femtosecond optical transfection was first demonstrated by Tirlapur
et al. in 2002 [28]. In their experiment, an 800 nm femtosecond pulsed
laser beam from an 80 MHz Ti: Sapphire laser, with a mean power of 50 —
100 mW was tightly focused using a high NA objective at a sub-femtolitre
focal volume at the cell membrane. Chinese hamster ovary and rat-
kangaroo kidney epithelial (PtK2) cells were successfully transfected with
plasmid DNA vector pEGFP-N1 encoding enhanced green fluorescent
protein (EGFP) using this approach. The transfection efficiency was
claimed to be "100%” “irrespective of cell type”, although the definition of
the transfection efficiency was not given [28]. A later work presented the
first detailed study into transfection efficiency of this technique [30]. A
similar setup was used and 4000 Chinese hamster ovary (CHO-K1) cells
at a wide range of laser fluences were optically transfected. The results
from this study are shown in Fig. 2.6. In the calculation of transfection
efficiency, the fate of all of the cells treated with the laser including those
that died directly as a result of laser manipulation was taken into account.
The average transfection efficiency at a specific fluence of 1.2 pm/cm?
was found to be 50 + 10%, which was considered to be a true

representation of the usefulness of this technique. Another recent study
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also investigated the interaction between femtosecond laser pulses and
biological cells in detail from several aspects [64]. This study not only
successfully transfected a canine cell line (MTH53a) with a GFP
expressing vector, but also calculated and experimentally verified that the
relative volume exchange is 0.4 times the total cell volume during laser
irradiation by measuring the membrane potential changes using patch
clamping. The relationship between pore formation, its opening time and
the membrane potential were studied as well. This system allowed optical

transfection to be performed in a more controllable fashion.
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Fig. 2.6. Transfection efficiency data for the optical transfection of 4000

Transfection efficiency (%)

cells. Exposure times varied from 10 ms to 250 ms, and average laser
powers at focus varied from 168 mW to 225 mW. Total transfection
efficiency as a function of cumulative energy per area of cell membrane
irradiated is shown. Data points represent the average transfection
efficiency; vertical bars represent the standard error of the mean
(calculated for those points at which over 300 cells were optically
transfected) and horizontal bars mark the bin range from which points

were averaged [36].

One of the engineering challenges that has prevented the optical
transfection technique developing into a high throughput automated
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transfection system, is the tightly focused laser beam has to be precisely
targeted on the cell membrane. Based on mechanisms of femtosecond
laser mediated cell membrane permeabilization presented in section 2.2, a
beam focus needs to be as small as possible to generate enough free
electrons through nonlinear absorption and keep the damage to the cell to
the minimum (Fig. 2.7). A standard Gaussian beam focused through an
objective has a very narrow axial effective range for transfection, owing to
the small depth of focus; a mistargeting of as little as 3 um results in a
greater than 50% reduction in transfection efficiency (Gaussian beam in
Fig. 2.8) [66]. Therefore, an experienced expert is always needed to
manually target the laser focus on the cell membrane for each cell to
perform optical transfection making it a relatively difficult and low efficiency

process when compared with many other transfection methods.

objective

floating
coverslip

EGFP
S%Iution adherent cells

Fig. 2.7. A typical configuration illustrated the relative position between
focused laser beam and cells to be transfected. Due to the geometry of
the focusing beam, the laser has to be accurately focused on the cell
membrane (non-adhered side) to change its permeability to allow the
surrounding pEGFP DNA solution entering the cell. Any mistargeting will
decrease the power density and increase the interacting area on the cell of
interest dramatically, which will lead to decreased transfection efficiency
and cell viability [30].
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Fig. 2.8. Bessel beam transfection vs Gaussian beam transfection. Bessel
beam transfection of CHO-K1 cells was achieved for up to 180 pum along
the propagation axis of the beam. Each data point corresponds to the
average transfection efficiencies obtained at a specific axial position and
incudes the number of spontaneously transfected cells, which varies
between 0 and 5 for each sample dish. The inset shows the magnified
image of the area around the focus. As can be seen that the successful
transfection of CHO-K1 cells can occur over 20 times the axial distance
when using a Bessel beam, as compared to the Gaussian beam (when
considering the threshold of efficiency to be 20%) [66].

In order to overcome this challenge, a non-diffracting light mode, a
Bessel beam, was used for optical transfection [66]. The zeroth-order
Bessel beam, with the central maximum theoretically approaching the
wavelength of the illuminating light, is propagation invariant. That is the
transverse profile of the beam remains unaltered during free-space
propagation [116]. A finite approximation to a Bessel beam can be realized
by illuminating a conical glass element known as an axicon with a
Gaussian beam along the optical axis [116]. The emerging Bessel beam

from the conical surface has a propagation distance given by
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Zmax = -1y (2.3)

where w, denote the beam waist of the illuminating Gaussian beam, n and
y are the refractive index and opening angle of the axicon. The central
maximum propagates several Rayleigh ranges without significant
spreading and thus offers a focal rod of light. Targeting this type of beam
on the cell membrane obviates the need for precise focusing and allows
the permeabilization to happen over large axial distances. A comparison of
transfection efficiencies using Bessel and Gaussian light modes at a range
of axial distances is shown in Fig. 2.8, from which it can be seen that the
transfection of CHO-K1 cells is achieved for up to 180 um along the
propagation axis of the beam using a Bessel beam and the successful
transfection of CHO-K1 cells can occur over 20 times the axial distance
when using a Bessel beam, as compared to the Gaussian beam (when
considering the threshold of efficiency to be 20%) (inset, Fig. 2.8).
Application of a Bessel beam thus alleviates the requirement of precise
targeting and opens the possibility of automation of optical transfection
technique.

Another approach using a dynamic diffractive optical element,
namely a spatial light modulator (SLM), for the automation of optical
transfection was demonstrated by Antkowiak et al. [69]. The SLM can
modulate light spatially in amplitude and phase, thus providing full control
over the lateral and axial position of the beam with submicron precision.
The problem of accurate laser focusing on the cell membrane can be
alleviated by sequentially irradiating the cell membrane at three axial
positions separated by 1 um with a delay of 700 ms between doses.
Computer control of the SLM and the shutter allows the precise delivery of
a timed sequence of doses. Their system also enabled unassisted and
untargeted raster scan irradiation which provided a higher throughput
transfection of adherent cells at the rate of 1 cell per second (Fig. 2.9).
The laser beam was moved from spot to spot, rather than scanned in a

continuous manner in a predefined procedure. Depending on the cell
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plating density and the required number of cells to be treated, the
computer controlled motorized stage moves from one region to another to

cover a predefined area.

Fig. 2.9. lllustration of the raster scan irradiation. The grid (10 x 10 pm)

covers the whole area of the dish in a untargeted manner [69].

Apart from the previously mentioned advancing of optical
transfection technique from engineering aspects, significant transfection
efficiency enhancement can also be achieved biochemically [70, 72].
Praveen et al. modified the conventional optical transfection procedure by
incorporating a suitable synthetic peptide in the buffer medium during
optical transfection, assisting DNA import into the cell nucleus [72]. This
synthetic peptide consists of a nuclear localization signal at one end and a
cationic peptide at the other end. The nuclear localization signal binds to
the nucleus while the cationic end binds to the negatively charged DNA,
helping the DNA plasmid enter the nucleus. A 3-fold enhancement in the
transfection efficiency for adherent CHO-K1 cells was achieved.

Additionally, the amount of required plasmid DNA can also be reduced by
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70% without compromising the transfection efficiency. Cells in the
suspension were also optically transfected for the first time with the help of
this synthetic peptide.

As it was previously discussed in this thesis, optical transfection can
transiently change the permeability of the cell membrane so that plasmid
DNA can enter the cytoplasm. However, in order for the DNA to be
transcribed it has to be delivered into the nucleus of the cell and this
process mainly relies on the mitotic division of the cells, when the nuclear
membrane is disassembled. The plasmid DNA in the cytoplasm may suffer
from degradation as it stays in the cytoplasm, thus decrease the
transfection efficiency. Therefore if the plasmid DNA is delivered into
cytoplasm during cell division, the transfection efficiency can be promoted.
Mthunzi et al. synchronized the CHO-K1 and Human Embryonic Kidney
(HEK-293) cells at M (cell division or mitosis) and S (DNA synthesis)
phases before doing the optical transfection [70]. The results show that
both cell lines at the S phase give highest optical transfection
enhancements compared to unsynchronized cells at random phases and
cells at the M phase (Fig. 2.10).
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Fig. 2.10. Synchronized CHO-K1 and HEK-293 cells at the M phase give
the highest optical transfection efficiency compared to unsynchronized
cells at random phases. Optical transfection of cells at S phase also
shows enhanced transfection efficiency. Error bars represent the standard
error of the mean (n = 3 experiments of 50 irradiated cells). * indicates
data sets are significantly different from each other within relative cell lines
[70].

As early as 2003, Zeira et al. applied femtosecond optical
transfection technique in vivo on tibial muscle cells of mice [57]. Enhanced
in vivo gene expression was achieved with negligible risks of tissue
damage. 10 pg naked DNA was first injected into the tibial muscle of mice
followed by application of the femtosecond laser beam for 5 s, focused to
2 mm in depth upon an area 95 x 95 pm®. This resulted in the highest
intensity and duration of gene expression with no histological biochemical
evidence of muscle damage. Although this work used raster scanning
instead of single cell targeting, it demonstrates that optical transfection has
the potential to become a simple, safe, effective, and reproducible method
for therapeutic gene delivery. Another in vivo optical transfection
experiment was performed on zebrafish [117]. Single zebrafish blastomere

cells at the two, four, eight and sixteen cells stage were optically
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transfected with a GFP expressing plasmid using an 800 nm femtosecond
laser source. 24 hours post-fertilization, a wide distribution in the protein
expression was observed in the resulting larva. These optically transfected
embryos finally developed into fully functional animals.

Recently, optical transfection has started to be used to tackle
difficult biological questions. mMRNA of controllable quantities was optically
transfected into neuronal dendrites rather than cell bodies to study the
importance of subcellular localization on protein function [60]. Another
published work showed that transfer of the transcriptome (the sum of all
MRNA species within the cell) from differentiated rat astrocytes into a non-
dividing differentiated rat neurons resulted in the conversion of the neuron
into a functional astrocyte-like cell [115]. 16 pores on the cell membrane
created by femtosecond laser pulses were used to facilitate this transfer.
Mouse embryonic stem cells can also be transfected and differentiated
using optical transfection [70].

In recent years, along with the above mentioned femtosecond laser
mediated optical transfection techniques, fiber based miniaturized optical
transfection, moving towards potential clinical applications, has also been
developed which forms the main theme of my thesis and will be discussed

thoroughly throughout this thesis.

2.4.Delivery of Pulsed Laser Through an Optical Fiber

2.4.1 Introduction

Optical transfection has been traditionally performed using free-
space (bulky) optical setups, which have several drawbacks, such as
expensive, difficult to manipulate and not suitable for in vivo and clinical
environments. These problems can be overcome by using optical fibers to
replace free-space setups. The detailed pros and cons will be discussed
based on specific fiber based optical transfection systems throughout this

thesis.
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In the next few chapters, optical fibers [single mode fiber (SMF),
coherent fiber bundle and large mode area photonic crystal fiber (LMA-
PCF)] will be used to deliver femtosecond pulses. However, important
issues arise during the delivery of the ultrashort optical pulses (normally of
sub-picosecond duration at ~nanojoule energy per pulse) which are
typically used for optical transfection through optical fibers. Ultrashort
pulses of extremely high peak power can interact with the glass fiber core,
which leads to a distortion of both the pulse shape and spectrum through a
nonlinear process known as self-phase modulation (SPM). Under the high
peak power, the local refractive index is raised transiently and this leads to
a phase delay and a subsequent spectral distortion in the pulse in a
nonlinear manner [118]. Another effect known as chromatic or group
velocity dispersion (GVD) occurs when the light of different wavelengths
travels through optical fiber at distinct speeds [118]. There are two sources
of GVD in optical fiber: material and waveguide dispersion. Material
dispersion results from the dispersive nature of the silica glass: light of
different wavelengths travels at different speed [118]. Waveguide
dispersion results from the fact that different proportions of the pulse
energy at different wavelengths, transmit through the fiber cladding [118,
119]. These two dispersion mechanisms cancel each other at the so-
called zero-GVD wavelength. Under the effects of both SPM and GVD,
pulses propagating through an optical fiber, undergo temporal stretching
and a consequent pulse peak power decrease [120-122]. In order to
achieve optimized fiber based optical transfection, it is necessary to
understand the effects of femtosecond laser pulses propagating through

an optical fiber.
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2.4.2 Dispersion

2.4.2.1. Group velocity dispersion

A glass fiber core is a dispersive material, and its refractive index
varies with the wavelength of light. Since the pulse comprises of a range
of different wavelengths, each of them propagate at a different group
velocity, and so the pulse duration is stretched in the optical fiber. This
type of dispersion is called material dispersion and it is characterized
using a parameter called the dispersion coefficient, D,, in the unit of
ps/km-nm. D, characterizes how long the pulse duration (with an original
spectral width) would be after it travels through an optical fiber of a certain
length. The wavelength dependence of D, for a silica-glass fiber is shown
in Fig. 2.11. At wavelengths smaller than 1.312 um, the D, is negative,
which means the proportion of long wavelength light propagates faster
than those of short wavelength. At the wavelength that is normally used for

optical transfection, Ao = 800 nm, the D, is around -110 ps/km-nm.
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Fig. 2.11. Dispersion coefficient D, for a silica-glass fiber as a function of
wavelength A (Figure 9.3-5 in [118]).

When pulses propagate through a waveguide, such as a SMF, the
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field distribution in the fiber depends on the ratio of the core radius to the
wavelength. Thus the relative distribution of optical power in the fiber core
and cladding depends on the wavelength. Since the refractive indices and
the resulted phase velocities in the core and cladding are different, the
propagating velocities of each wavelength component are altered. For a
SMF of the wavelength around 1.312 um, where the material dispersion is
trivial, waveguide dispersion dominates. Waveguide dispersion is
characterized using a parameter called a waveguide dispersion coefficient,
Dy, in the units of ps/km-nm. D,, characterizes how long the pulse duration
(with an original spectral width) would be after it travels through an optical
fiber of a certain length.

Combined material and waveguide dispersion is called chromatic
dispersion, or GVD. Generally waveguide dispersion plays a minor role
when compared with material dispersion. However, the former does shift

the wavelength dependence curve (Fig. 2.11) to a new position.
2.4.2.2. Self-phase modulation

SPM happens when the ultrashort pulses with extremely high peak
power propagate through an optical fiber. The local refractive index is
raised transiently due to high peak power and so induces a phase delay
and a subsequent spectral distortion in the pulse, in a nonlinear manner
[118]

An ultrashort pulse with a Gaussian temporal shape and a constant

phase at time ¢t can be expressed as:

2
I(6) = loexp(~ ) @4)

where [, is the peak intensity, and 7 is half the pulse duration.
The optical Kerr effect is a case that causes a variation in the
refractive index proportional to the local irradiance I of the light, which can

be expressed as:

n(l) =nyg+ ny, -1 (2.5)
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where n, is the linear refractive index and n, is the second order refractive
index of the fiber core.

For an ultrashort pulse passing through a point in the fiber core, the
transiently raised refractive index variation can be obtained by substituting
(2.4) into (2.5) and take the derivative of n(1) with respect to time t:

an(l) _ dal

Ny— = Ny -1 _—Ztex(_—tz) 2.6
de ~  Z2qr 2 0 g2 p‘rz (2.6)

The instantaneous subsequent phase variation of the pulse induced

by refractive index variation is:
2
d(t) = wot — kx = wot — A—-n(I)L 2.7)
0
where w,, Ao and L are the center frequency, vacuum wavelength and

propagation distance of the pulse. The phase shift leads to a frequency
shift of the pulse, which is obtained by:

(D(t) — deo(t) = Wn — ﬂdn(l)

de 0 2 at (2.8)
and then substitute (2.6) into (2.8):
—t2
w(t) = wyg+ a-t-exp (1_2) (2.9)
dw 4rtLln,lg
where = — = —/—— (2.10)
dt 0 /101'

Plotting the equation 2.9 out, shows that the leading and trailing
edges of the pulse shift to lower [‘redder” (higher) wavelengths] and higher
[“bluer” (lower) wavelengths] frequencies, while the peak of the pulse is
not shifted (Fig. 2.12). The spectral width of the pulse is thus broadened.
For the portion of the pulse in the center near the peak, the frequency shift
is approximately linear and can be expressed as:

wt) = wyg+ a-t (2.11)
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Fig. 2.12. A pulse propagating through a dispersive medium undergoes a
frequency shift due to SPM. Leading and trailing edges of the pulse shift to
lower (higher wavelengths) and higher (lower wavelengths) frequencies,
while the color of the pulse peak is not shifted. Along with GVD and other
dispersion sources in the medium, the ultrashort pulse is normally
broadened (Figure 5.5-3 in [118]).

From the above discussion it appears that the optical Kerr effect
induces a rise in the localized transient refractive index (2.6), which leads
to the phase delay (2.7) and a subsequent optical frequency shift (2.9) of
the ultrashort pulse. The pulse envelope in the time domain is not affected
at the beginning, however, GVD and other dispersion sources in the fiber
core will immediately act on the pulse (Fig. 2.12). In the region of normal
dispersion (Fig. 2.11, zero dispersion may shift from 1.312 um due to
waveguide dispersion), the dispersion coefficient is negative, therefore the
‘redder” portions on the leading edge propagate faster than the “bluer”
portions on the trailing edge of the pulse and the pulse is broadened
temporally. On the other hand, in the regions of anomalous dispersion (Fig.
2.11), the pulse is compressed. For the application in this thesis, 800 nm
femtosecond laser pulses are always broadened when passing through an
optical fiber. Although the propagation of ultrashort pulses through an
optical fiber has been theoretically studied, the best method to find a

pulse’s properties is still by measuring it directly [120-122].

2.5.Summary

This chapter focused on the introduction of mechanisms of
femtosecond laser mediated cell membrane permeabilization and briefly

described other laser transfection techniques. Instead of biological tissue,
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pure water was used as a model to illustrate the plasma formation in bulk
material since the optical breakdown threshold in water is similar to that of
biological tissue and in addition optical transfection is performed in liquid
environment. Plasma formation through a highly focused femtosecond
laser beam in pure water was discussed thoroughly. Briefly summarising,
the first free electron is generated through photoionization, and the
following recurring sequences of inverse Bremsstrahlung absorption
events and impact ionization lead to an avalanche growth in the number of
free electrons.

After a plasma is formed under the irradiation of a single 100 fs,
800 nm laser pulse at the optical breakdown threshold, a simulation was
then developed to study the time evolution of the free electron. lonization
and electron losses were considered in the simulation. The simulation
shows that the electron density can be very well controlled through the
tuning of the relative laser irradiance value, and a wide density range
below optical breakdown threshold can be created. Calculated optical
breakdown thresholds as a function of laser pulse duration for various
laser wavelengths were also presented. Pulse duration at the ranges
below and above 10 ps show very different behaviours due to the time it
takes for the combination process to happen after free electrons were
generated.

Low density plasma induced chemical effects (ROS and free
electron mediated fragmentation of biomolecules) were also discussed
and are believed to be the main mechanism behind membrane
permeabilization during femtosecond optical transfection. Temperature
evolution within the laser focus is also explored through numerical
simulation and it excludes a highly localized moderate heat accumulation
effect being a major mechanism for cell membrane permeabilization. The
simulation shows that long-lasting bubbles created under the parameters
used for optical transfection are lethal to the biological tissue and should
be avoided.

After the introduction of mechanisms of femtosecond optical
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transfection, a review of the development of this technique was presented.
Fiber based optical transfection is the main topic of this thesis, therefore it
is necessary to understand the effects of femtosecond laser pulses

propagating through an optical fiber. Two ultrashort pulse dispersion
mechanisms, GVD and SPM, were introduced.
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Chapter 3:

3. Microlensed Optical Fibers: Emerging Applications and

Techniques of Fabrication

3.1.Introduction

The last few decades have seen technological advancements in
areas such as communication and healthcare with the use of photonics
technologies. A key factor which has enabled this revolution was optical
fiber technology. Today optical fibers are widely used as optical
waveguides in telecommunications and they have become more important
as interconnectors in microelectronics. However, the applications of optical
fibers are not just limited to being used as a waveguide to send digital
signals for communication. Specialized optical fibers can be used as
mechanical and chemical sensors for remote sensing applications. Also
optical fibers are used for delivering a high power laser beam for
applications such as laser cutting [119, 123]. Another emerging area
where optical fibers play an important role is bio-medical optics. Optical
fiber based devices have helped the miniaturization of optical diagnostic
probes such as optical fiber based endoscopes which enable in vivo
sensing and imaging within the human body where direct human actuation
is not possible.

Although optical fibers are small in size and are flexible, the output
beam profile is naturally divergent. This decreases the light intensity and
increases the beam diameter significantly after the light leaves the fiber.
There are several applications where such a divergent output beam profile
is not desirable, and so it is required to focus or collimate the output beam
from the fiber. One of the solutions to this issue is to use micro-optic
components fixed near the tip of the fiber. However fabrication of such
micro-optic components are technically challenging due to the requirement

of precise polishing, which makes it relatively expensive. Also it needs a
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proper housing to hold both the fiber and the micro-optic components. This
would make the overall size of the device at least one order of magnitude
bigger when compared to the diameter of the actual optical fiber [119]. An
alternative approach would be to fabricate microlens structures at the tip of
the optical fiber itself. This will help by not increasing the total size of the
device.

Microlensed optical fibers were first used in the area of optical
communications where they were used for collimating or focusing the
output beam from a single mode fiber to increase the coupling efficiency
between fibers or between a laser diode and a fiber [124-126]. There have
been several techniques developed to achieve fabrication of such
microlensed fibers. The majority of these techniques were developed and
inspired by the requirement of a specific application. There were also
some generic techniques which were developed for the general
modification of the output beam profile of an optical fiber.

There are several bio-medical imaging and spectroscopic
techniques which require fiber probes. The trend towards fiber optic
probes based on in vivo bio-imaging was initiated by early studies on
chemical sensing and spectroscopy using fiber optic fluorescence probes
[119, 127]. Such systems were used for real-time in vivo monitoring of the
chemical dynamics of tissues [128] and for disease diagnostics [129, 130].
Although fiber probes were used for bio-medical purposes since the early
1980s, the last decade has seen an unprecedented growth in this field.
Fiber based endoscope has become a commonly used tool for disease
diagnosis and for visualization during laparoscopic surgeries [131, 132].
Micro-endoscopy is another burgeoning field where fiber based systems
have proven to be useful [133]. Fiber probes have been implemented in
the miniaturization of advanced bio-imaging techniques such as confocal
two photon microscopy [46] and optical coherence tomography [134, 135].
Another field where fiber based miniature microscopes can find
applications is in the field of nano- or micro-surgery [45, 71, 133].
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While the majority of bio-medical applications mentioned before
used a probe head with micro-optic components to modify the output
beam profile, there have been several studies reported in the last 10 years,
where micro-structured fibers were used in probes. The field of bio-
imaging started using micro-structured fibers for scanning near-field optical
microscopy (SNOM), where the fiber tip with a sharp nanometric
protrusion is required for near-field imaging [136-141]. In recent years,
lensed fibers are now being used for other imaging techniques. One of the
imaging modality which has used several micro-structured fiber based
probes was optical coherence tomography (OCT) [142-144]. Combination
of the technigue of micro-structuring at the tip of the fiber with a specially
fabricated photonic crystal fiber, helped to achieve desired functionalities
suitable for bio-imaging [145, 146]. Micro-structured optical fibers were
also used for fiber based optical manipulation systems [147-150] and fiber
based optical transfection systems [63, 71, 151].

It is evident that micro-structured fibers have found applications
beyond the field of optical communication in recent years. The field of bio-
medical optics is embracing this technology to realize miniaturized optical
probes for a variety of applications which range from fundamental biology
research to medical diagnostics. In order for the transition towards hand-
held or endoscopic systems several other advanced imaging techniques
or spectroscopic techniques may adopt micro-structure fiber technology in
the near future.

In order for the fabrication of micro-structured fibers, there have
been several methods reported to date. Each fabrication methods has its
own advantages and disadvantages based on various factors such as the
type of lens it can fabricate, fabrication cost, through-put, reproducibility
and ease of implementation. Hence there does not exist a single
fabrication technique, which is versatile enough to achieve all the different
types of structures required for the various applications. It is essential to
choose the right fabrication method to create structures that are required

for a particular application. In this chapter, | provide a list of the fabrication
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techniques reported over the last three decades for producing micro-
structured lens. While most of these techniques were developed to cater
to the needs of a specific application, there are some techniques which
are not limited to a specific application. Since these techniques were
developed for a wide variety of applications, a one to one comparison of
this technique would not be sensible. So this chapter will focus on the
fabrication technique with special discussions on the flexibility and ease of
its implementation. Hence this chapter can be used as a guide to choose
the right fabrication method for a specific application, such as the works
presented in Chapter 4, 5 and 6.

3.2. Arc Discharge Technique

Arc discharge is a technique which is widely used for fiber splicing.
Microlensed fibers can be fabricated using this technique using a
commercial fiber fusion splicer. The process relies on thermal effects
during fusion arc discharge, which meld the tip of the optical fiber. As the
tip is melted, surface tension causes the melted portion to become a
rounded hemisphere, with the diameter of the hemisphere being
determined by the heat distribution and by the amount of material raised
above the glass melting temperature [Fig. 3.1(A)]. In order to focus the
output beam from an optical fiber, the beam waist (determined by the fiber
core diameter) and the radius of curvature of the lens to be fabricated,
need to be comparable. Due to the relatively large diameter (compared
with the fiber core) of the fiber tip, the lenses formed using arc discharge
always have a large radius of curvature which limits the extent to which
the output beam profile can be modified with such microlenses. A solution
to this limitation is to splice a piece of coreless silica fiber to the single
mode fiber using arc discharges, to expand the output beam. The length of
the coreless silica fiber controls the extent to which the beam can be
expanded. An arc discharge was applied to the tip of the coreless silica

piece to form a microlens [Fig. 3.1(B)]. A relatively long working distance
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of ~1 mm and a beam spot of ~10 um was obtained using this fabrication
protocol [142, 143, 145, 146, 152-156]. If a smaller beam focus was
needed, a thinner piece of silica rod can be used with a compromised
working distance [Fig. 3.1(C)] [124, 157]. In the case that the rod diameter
was too small to be cleaved, an arc discharge can be used to cut the silica
rod and form the lens simultaneously. By changing the length of silica rod,
beam expanding and the subsequent working distance and focus diameter
of the lensed fiber, can be adjusted. The coreless fiber can be replaced
with a multimode fiber (MMF) of different diameter to expand the output
beam and create lens of different diameter [143, 153, 154].
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Fig. 3.1. The lensed fiber fabrication using arc discharge technique. (A)
Electric discharge was applied at the cleaved tip of an optical fiber, which
melted the material, resulting in a convex microlensed tipped fiber. (B) In
order to achieve tighter focusing a coreless silica fiber was spliced at the
fiber end to expand the beam waist comparable to the radius of curvature
of the microlens. (C) Coreless silica fiber with a diameter comparable to
that of the size of the core of the fiber was spliced at the tip of the fiber to

obtain microlensed fiber with tighter focusing.
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For applications that require coupling multiple wavelengths to the
fiber, a microlens can be fabricated at the apex of a photonic crystal fiber
with endlessly single mode characteristics, instead of a SMF [143]. A
microlensed fiber fabricated using a hollow core fiber can be used for the
delivery of a high peak power pulsed laser beam. Ryu, et al reported a
microlensed fiber probe, based on a double-cladding fiber and related
parts, suitable for simultaneous measurements of optical coherence
tomography and fluorescence spectroscopy [142]. The arc discharges can
also be used as a heating source to create a tapered fiber tip through a
heating-pulling process before the lens fabrication process [125, 158]. This
is generally a flexible technique whose fabrication parameters can be
tuned to fabricate a tailored probe with specifically required properties.

Arc discharge has been used for fabricating microlensed fibers for a
variety of applications such as: to increase the coupling efficiency between
laser diodes and single mode fibers [124, 125, 153, 155, 157, 158], to
create an optical free-space interconnector [152] and for OCT [142, 143,
145, 146]. However, there are difficulties associated with it, such as low
fabrication efficiency, low reproducibility and the inability for batch
fabrication, have all prevented this technique to be used for wider

applications.

3.3.Laser Micro-machining Technique

There are two types of laser micromachining technigue using a CO,
laser. The first one normally utilizes the laser as a heating source and
adopts a heating-pulling scheme. The fiber can be either pulled to split or
be cleaved at a required point before melting the tip to form a lens. Using
this method, very sharp tips can be obtained and they have been widely
used as scanning probes in the field of scanning near-field microscopy
[126, 159-162].

In the second type, a pulsed CO, laser is normally focused on the
tip of a spinning fiber (Fig. 3.2). The beam ablates the fiber tip by cutting
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and heating simultaneously. The shape of the lens can be controlled by
the relative position and movement between the fiber and laser focus. This
is controlled by a computer and so the microlens profile can be modified
by appropriate changes in the movement commands [126, 163-166]. In
order to increase the coupling efficiency, a hyperbolic shaped microlens is
preferred over hemispherical shaped microlens. The ability of laser micro-
machining to modify the fiber tip with submicron precision, allows the
fabrication of such aspheric shapes which is difficult to achieve otherwise.
A near 100% coupling efficiency has been claimed using such an aspheric
microlensed fiber [166]. CO, laser heating fabrication results in more
consistent lens curvature than the arc discharge technique, resulting in
better reproducibility. However, this technique also shares some
drawbacks with the arch discharge technique such as low fabrication

efficiency and its unsuitability to be used for batch fabrication.

Precision Pulsed CO2
capillary tube laser

Optical fiber /'\,

v

Fig. 3.2. Schematic diagram of the fabrication of hyperbolic shape

microlens on the tip of an optical fiber using a pulsed CO,, laser.

3.4.Polishing Technique

Another approach to fabricate a microlensed fiber is using a
polishing technique, which is often combined with other techniques such
as chemical etching and fusing for obtaining the desired structures [167-
176]. For some micro-structured fiber tips with simple shapes, a wedge for

example, it is possible to perform manual polishing. However, in most of
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the cases, a fiber polisher or beveller (Fig. 3.3) is used to achieve fiber tips
with complex micro-structures. Automated polishing also offers high
reproducibility, smooth surface and higher throughput. The basic polishing
procedure is shown in Fig. 3.3: an optical fiber, which can be rotated
around its axes with a controllable speed and angle, is slightly pushed
against a spinning abrasive disk at an angle. A microscope is used to
inspect the whole process and a computer is needed to control all the

fabrication parameters for the automation.

Optical fiber

Motor

Belt

‘ ‘ Abrasive disk

Fig. 3.3. Schematic diagram of the automated fiber tip polishing procedure.
The tip of an optical fiber, loaded onto a motorized beveller was pressed
against an abrasive disk to create a microlensed at the tip of the fiber. The
contact angle, speed of rotation and the force with which the fiber tip was
pressed against the abrasive disk were controlled to obtain desired lens

structure.

Fibers with a wedge shaped tip [168, 169] and an elliptical
microlensed tip [167, 171, 173, 174, 177], which are fabricated using this
method have been used to increase the coupling efficiency between SMF
and laser diodes, whose beam profile is highly elliptical. The wedge
shaped fiber tip resembled a cylindrical lens which corrected for the phase
front mismatch between laser beam and optical fiber [Fig. 3.4(A)]. The
lengths and curvatures of the two axes of the elliptical microlens can be

tailored using this method [Fig. 3.4(B-F)]. This resulted in a higher
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coupling efficiency through better corrections for the mismatching between
elliptical Gaussian output beam profile of the laser diode and optical fiber.

Fig. 3.4. Different types of fiber tip fabricated using polishing based
technique. (A) Wedge shaped microlens [168]; (B) Elliptical microlens
[167]; (C, D) Elliptical microlens [177]; (E, F) Elliptical microlens [174]; (G)
Fiber tip for scanning near field microscopy [170]; (H) Axicon tipped fiber
[172]; (I-L) polygon pyramid tipped fiber [176].

Held et al. fabricated a probe for high resolution SNOM using a
polishing method combined with chemical etching (section 3.5) [170]. In
this study, a fiber with a suitable tapered tip was obtained using chemical
etching with subsequent polishing of the fiber tip to achieve a curvature
radius of the tip in the nanometer range, as well as a smooth surface to
allow a good aluminum metallization [Fig. 3.4(G)]. An optical resolution of
< 80 nm for SNOM was demonstrated using this probe. An axicon tipped
optical fiber was also fabricated using polishing for the generation of
Bessel-like beams [Fig. 3.5(H)] [172]. Any desired micro-axicon cone
angle can be produced by this technique. In order to fabricate an axicon
tipped fiber, a heat-pulling technique was first applied to the optical fiber to
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generate a tapered tip with a radius of curvature of a few micrometers
which was followed by polishing. The heat-pulling stage helped to reduce
the fabrication duration to < 5 minutes. Recently, a periodical variable
torque technique has been developed to facilitate the polishing technique
to fabricate optical fibers with different types of end faces [176]. Periodical
pressure was applied to the fiber against the spinning abrasive disk while
the fiber rotating around its axes, so as to fabricate not only an elliptical
microlens but also a polygon pyramid tipped fiber [Fig. 3.4(l-L)].

Polishing when combined with other methods allows fabricating a
variety of microstructures at the tip of an optical fiber and also offers a
smooth surface. Most of these structures can be achieved in an
automated single step polishing procedure. Hence a relatively high
fabrication yield can be achieved using polishing techniques. The lens
fabricated is independent of the nature of the fiber (core diameter, doping,
and refractive index) and a high reproducibility is guaranteed with this
technique. However requirement of high stability and high precision in
positioning is required for the successful implementation of this fabrication
technique, which makes it technically challenging.

3.5. Chemical Etching

Chemical etching using a buffered hydrofluoric (HF) acid has been
widely used in processing dielectric materials. Optical fibers consisting of
silica material can be chemically etched by a buffered HF solution. This
method can also be used to create a lensed optical fiber when using a
suitable buffered HF and etching setup. The fabrication method can be
mainly divided into three categories: selective chemical etching, protection
layer method and tube etching. Also there have been several procedures
where combinations of these methods along with other techniques, were

used for micro-structuring the tip of an optical fiber.

56



3.5.1 Selective Chemical Etching

For selective chemical etching [63, 71, 114, 144, 150, 178-189], a
HF aqueous solution of ammonium fluoride (NH4F) has been used as an
etchant to modify the shape of a fiber tip. Due to the variation in doping of
the core of an optical fiber, the etching speed of the core and cladding are
different. By varying the ratio of HF to NH4F, the relative etching speed
between the core and cladding of the fiber can be adjusted. When the ratio
is right, the etching speed of the cladding is faster than the etching speed
of the core, resulting in a conical lens at the end face of an optical fiber
[Fig. 3.5(A)]. When dipped into the etchant, due to the difference in etching
rate, initially a volcano shaped structure forms at the cleaved fiber tip. As
the etching process progresses, this structure becomes sharper and
eventually evolves into a conical shaped axicon. Meanwhile the cladding
diameter decreases at a constant speed (Fig. 3.6). After the conical lens
was formed, the axicon apex angle remains almost constant for the

remaining etching process [182].
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Fig. 3.5. Schematic diagram describing the progress of etching process in
three chemical etching schemes. (A) The selective chemical etching. (B)
Protection layer method. (C) Tube etching with etchant impermeable fiber

jacket. (D) Tube etching with etchant permeable fiber jacket.
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Fig. 3.6. Scanning electron microscopy (SEM) images of the various

stages of axicon lens formation during selective chemical etching.

In order to establish the relationship between the apex angle of the
chemically etched axicon on the end face of an optical fiber, and the ratio
of NH4F to HF, we have previously fabricated a series of axicon tipped
fibers using freshly made etchant comprising of HF (48 — 51 % in water)
and NH4F (40% in water), and commercially available optical fibers
(SM800-5.6-125, Thorlabs, UK) with a cladding diameter of 125 um, mode
field diameter of 5.6 um at ~22 °C (Fig. 3.7). The etching times varied from
tens of minutes to ~2 hours. Fig. 3.6 shows the various stages in the

formation of the axicon tipped fiber for a ratio of NH4F to HF equals to 2.
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Fig. 3.7. The relationship between apex angle of the axicon lens and the

etchant mixing ratio of NH4sF to HF. The apex angle can be controlled

through etchant combination. 3 to 7 axicon tipped fibers were fabricated

and measured for each data point. The error bars are the standard

deviation.

Selective chemical etching is a flexible, inexpensive method for
axicon tipped fiber fabrication with high reproducibility. The lens made
from the core is always created exactly on the centre of the end face of an
optical fiber. Batch fabrication can be easily realized and also multicore
fibers or coherent fiber bundles with thousands of cores, can be treated by
this method to create an array of identical axicons [114, 186, 187, 190].
This method has been used to increase the coupling efficiency between
single mode fibers and a laser diode [179, 180]. A nearly diffraction-limited
focused spot was generated by the fiber fabricated using this method [181].
By attaching a gold nanopatrticle to the chemically etched fiber tip, in order
to increase the optical signal collection efficiency, the fiber has been used
as a chemical and biological sensor on a nanometer scale [183].
Optoelectrochemical sub-micrometer - or even nanometer - sized sensors
have been achieved using this structure [184, 186, 187]. The axicon tipped
fibers fabricated by this method have also been applied in optical
manipulation [150], optical transfection [63, 71, 114] and OCT [144].
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3.5.2 Protection Layer Method

The etching process of protection layer method is illustrated in Fig.
3.5(B) [162, 188, 191-198]. The optical fiber is inserted into the etchant
solution underneath a protection layer, which should not be chemically
reactive and miscible with the etchant. Various types of oil can be used as
a protection layer which has the added advantage of low density allowing
it to cover the top surface of the etchant. During the etching process, due
to surface tension, by the time the conical tip was formed, the tip is
covered by the protection layer, resulting in self-termination of the etching
process as shown in Fig. 3.5(B).

The cone angle depends not only on the original fiber diameter, but
also on the interfacial tensions (of etchant solution, protection layer and
fiber surface). This makes it difficult to tailor the desired cone angle [162].
A solution is to build up statistical data by trying fiber etching with different
protection layers [162]. It has been reported that changing the temperature
and acid concentration can also adjust the cone angle [192]. Various
scanning probes have been fabricated based on this protection chemical
etching method [192-195].

The protection layer etching method is again an inexpensive self-
terminating process with high reproducibility. The oil layer helps to slow
down HF evaporation. While the availability of several parameters such as
temperature, acid concentration and the protection layer material to tune
the fabrication process offers flexibility, this makes calibration of this
technique difficult. Also the fiber tip fabricated with protection layer method

leaves a rough surface.
3.5.3 Tube Etching
A method called tube etching has been suggested to improve the

smoothness of the microstructure fabricated at the tip of the fiber [199-

201]. This method is similar to the protection layer method except the fiber
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is etched with its jacket on. Depending on the permeability of the fiber
jacket to the etchant, the tip formation is slightly different as is shown in
Fig. 3.5(C, D). A smoother tip can be obtained using this technique which
would help in improved metallization of the fiber tip, resulting in higher light
transmission and higher reproducibility. This method is less sensitive to
vibration and temperature fluctuation during etching. Fibers fabricated
using this tube etching method, have also been used for optical

manipulation of microscopic objects [149, 202].

3.5.4 Multistep Etching

There are several design parameters for fabricating an ideal optical
scanning probe. The tip curvature radius (tip diameter) should be small
with a small cone angle to increase the imaging resolution which depends
on the tip diameter. The cladding diameter should be as small as possible
to avoid contact with the samples (especially when uneven samples are
scanned). The tip surface should be smooth for high quality metallization
which decreases the light leakage. Also the fabrication procedure which
can offer high reproducibility of the tip structure is preferred.

Obviously, the cladding diameter can be decreased by increasing
the selective chemical etching time, but the sharpness of the tip will be
compromised in such long time etching process, especially for small cone
angled tip [203]. Therefore a multistep etching process was chosen to
reduce the cladding diameter while retaining the sharpness of the probe
tip. The first step involved reducing the cladding diameter, and the second
step was for sharpening the tip (made from fiber core) [Fig. 3.8(B)] [190,
203-205]. The smallest cone angle of 14°, a tip diameter of 3 nm, and a
cladding diameter of 8 um was obtained using this protocol [190]. Detailed
study about apex shape and transmission of the fiber tip with additional
etching can be found in [204] and [205] respectively. To further increase
the transmission efficiency a triple-tapered aperture probe was built with
the help of focused ion beam (FIB) technique [Fig. 3.8(C)] [139]. Another
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approach using multistep etching fabricated a pencil-shaped (without the
edge of cladding) fiber probe [Fig. 3.8(D, E)] [206, 207]. The pencil shape
gives the probe more flexibility when scanning a sample with rough

surface.
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Fig. 3.8. (A) A probe fabricated by one step selective chemical etching
method [190]; (B) a probe fabricated by two step etching with a reduced
cladding diameter [190]; (C) a triple-tapered probe [139]; (D)(E) an
example of pencil shaped probe [206].

Although the multistep etching procedures are more complicated
than the basic etching methods mentioned earlier, probes with tailored
properties can be fabricated with this approach. The probes fabricated
with this technique have been successfully used in SNOM [136-138, 207].

In short, chemical etching is a simple, inexpensive and flexible
method. Although the etching process is time consuming, this method is
suitable for batch fabrication and is highly reproducible. It is worth noting
that the etching method does not change the core diameter as happens in
the pulling method; therefore, the optical beam profile in the core is well
preserved, avoiding any loss due to the distortion of the fiber core.
However the HF based etchant solution is highly dangerous and therefore

extra care is required while handling this chemical.
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3.6. Microlens Fabrication Using Photosensitive Polymers

All the microlens fabrication techniqgues mentioned so far, modify
the shape of the material at the fiber tip to fabricate a microlens. Another
approach to fabricate a microlens at the tip of the fiber, is to use
photosensitive polymers (photopolymers). There have been several
methods reported for fabricating polymer microlenses at the tip of an
optical fiber [208-211]. Usually photosensitive polymers such as
photoresists or epoxy, which can be cured using UV exposure, are used
for fabricating these polymer microlenses. Although this technique offers
the flexibility to fabricate a wide variety of structures with some of the
reported protocols being easy and cheap to implement, polymer lenses
are not usually suitable for applications that requires the delivery of high
power or ultra-short pulsed laser beams. However there have been reports
where femtosecond lasers have been delivered through polymer
microlensed fibers [71]. The fabrication procedures can be divided into two
categories depending on the curing process adopted — single-photon
polymerization and two-photon polymerization.

3.6.1 Single-photon Polymerization Technique

In single-photon polymerization, a UV beam is normally used for the
curing of the photopolymer, which is a linear process and the threshold of
the polymerization corresponds to the energy that the curing beam
delivers. The general approach in this fabrication method is to create a
structure of uncured photopolymer at the tip of the fiber by dipping the
fiber into the relatively high viscous photopolymer or dropping a drop of
photopolymer at the cleaved tip of the fiber. Due to surface tension,
usually a hemispherical structure of the uncured photopolymer is formed
at the tip of the fiber, which is cured by exposing it to a UV beam.

Several methods of polymer microlensed fiber fabrication using
single-photon polymerization have been proposed [71, 208, 209, 212-214].
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One of the easiest methods is to dip vertically and raise the cleaved
optical fiber from the photopolymer such that a photopolymer hemisphere
on the fiber tip is formed due to the polymer surface tension. Then this
hemisphere is cured using UV light as shown in Fig. 3.9(A) [215]. A normal
commercial UV lamp can be used for curing through flood exposure and
does not require any specialized optical alignment. The curvature of the
lens can be varied by slightly pushing the polymer hemisphere to touch a
glass surface, from which part of the polymer is removed due to its viscous
nature [215]. Another approach uses a nano-syringe to control the amount
of polymer deposited on the fiber end face so as to change the curvature
of the microlens [212, 214]. A piece of coreless silica fiber (CSF) or MMF
can be added between the optical fiber and polymer lens for the expansion
of the output beam [208, 209, 212, 214], which is similar to the
configuration used in Fig. 3.1(B).
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Fig. 3.9. lensed fiber fabrication using single-photon polymerization

technique.
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Another approach is as shown Fig. 3.9(B) [211, 216-222]. In this
procedure, the photopolymer hemisphere, which was formed at the tip of
an optical fiber, was cured with the curing beam which was then coupled
into the optical fiber from the other side. By carefully controlling the curing
power and time, a variety of lenses can be fabricated. Lens formation is
based on the gradual growth of an optical waveguide (cured part) in the
liquid environment and the lens shape is decided by the output beam
intensity distribution (Fig. 3.10).

Fig. 3.10. Examples of the polymer lens created at the end face of an
optical fiber using the configuration in Figure 9(B). (a)&(b) [218], (c) [222].

A modification of this technique was demonstrated using the reflow
property of the photopolymer [210]. The various stages of this fabrication
process are shown in Fig. 3.11. Instead of forming a polymer hemisphere
at the fiber end face, a layer of photoresist is coated on the fiber tip. The
curing is done using a UV beam coupled through the same fiber. After
developing, a photoresist cylinder is formed exactly on top of the core area.
The cylinder was then melted by a post-baking process which allowed
reflow of the cylindrical structure resulting in a lens shape. If the fiber is to
be used for ultrahigh power applications, the curvature of photoresist lens
can also be transferred into the glass core by etching down the tip with the
polymer microlens structure through dry etching [210]. The thickness of
the polymer cylinder can be more precisely controlled using a spray
coating technique so as to increase the reproducibility of this fabrication
method [223].
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Fig. 3.11. The fabrication of lensed fiber utilizing the reflow property of the
photopolymer.

In all the single-photon polymerization techniques mentioned above,
the beam profile of the curing beam was not a factor in order to achieve
the desired microstructures at the tip of the fiber. In those methods, the
main parameters that decide the final structure were the shape of the
uncured material at the tip of the fiber and the exposure time and power of
the curing beam. This however limits the flexibility of this method. Chapter
5 will report a new fabrication method for fabricating polymer microlens
using single-photon polymerization in detail. In this technique, instead of
flood exposure using a UV lamp or curing using the UV beam coupled
through the fiber itself, a UV diode laser (wavelength = 405 nm) is used to
facilitate the curing process as shown in Fig. 3.9(C). When a laser beam is
used for the curing process, it is possible to modify the beam profile of the
curing beam to control the curing process. Thus it is possible to sculpt the
desired microstructure at the tip of the fiber by modifying the beam profile
of the curing beam. This allows higher flexibility in order to fabricate
desired structures with better control and reproducibility. Since a diode
laser is used as curing source, it is relatively cost-effective and easy to
setup this system. An example of the lensed fiber fabricated using this
method is shown in Fig. 5.1.

The same approach can also be used for fabricating collimating
microlenses with a hemispherical shape. This can be achieved by curing
the hemispherical polymer using a collimated laser beam instead of a
focused laser beam. The self-focusing property of the photopolymer
hemisphere allows gradual growth of a hemisphere at the tip of the fiber
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as the exposure time progress [Fig. 3.9(inset)]. The size of the final
polymer lens formed can be precisely controlled and lenses with a range
of radii of curvatures can be achieved with this approach as seen in Fig.
3.12 [215]. The microlens starts to grow from the center outwards. The
curing continues until the lens reached the required size, and the un-
polymerized polymer can be removed by rinsing the tip of the fiber in
ethanol or acetone. Using a photopolymer with different physical

properties (eg its viscosity) and changing the convergence of the curing

beam, it is also possible to adjust the shape of the lens.

3.75 min

30 min

Fig. 3.12. SEM images of the various hemispherical lenses fabricated with

collimated laser beam by varying the exposure time.

Using this single-photon polymerization technique, microlensed
fibers can be fabricated in a single-step procedure except when using the
thermal reflow method. For polymer lenses fabricated with this technique,
the surface roughness of the lens is not a concern and a high quality

surface can be easily obtained. This is a relatively inexpensive fabrication
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technique with a relatively high throughput. With a little creativity, a variety
of tailor made lenses can be produced. However, while the multi-
parameter space (material properties, curing beam properties etc.) offers
the flexibility to fabricate a wide variety of structures with this fabrication
protocol, this makes it difficult to optimize this fabrication technique for
fabricating a lens with specific parameters.

3.6.2 Two-photon Polymerization Technique

This is a relatively new and promising technique to fabricate
microstructures on the cleaved tip of an optical fiber. It is one of the
applications of the three-dimensional microfabrication technique with
photopolymers, which traditionally involves loading a three-dimensional
computer aided design (CAD) drawing on a computer, which controls the
scanning of an optical beam to obtain the desired structure. In traditional
photolithography, a UV beam exposed to a two dimensional photoresist
layer through a photolithography mask, solidifies the photopolymer. The
uncured photopolymer is washed away after the exposure. The solidified
area is then covered with another layer of photopolymer, and the process
is repeated in order to obtain a three-dimensional structure [224]. This is a
very complicated and time consuming process. In addition, it is impossible
to fabricate some specific structures using this fabrication protocol. The
layer-by-layer structure also limits the longitudinal resolution. Curing using
a tightly focused UV beam to improve the longitudinal resolution, is also
impractical due to the significant absorption at the non-focused area.

Using a near infrared femtosecond laser and UV sensitive polymers,
it is possible to overcome these limitations. Two-photon absorption is a
third order non-linear process. At high intensities, which is often achieved
using a focused femtosecond laser beam whose peak pulse power is high,
the energies of two photons combine together to promote the molecule to
an excited state, which then proceeds along the normal photochemical

reaction pathway [32]. The rate of two-photon absorption is proportional to
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the square of the light intensity (photon density) [225]. When a tightly
focused near infrared femtosecond beam is shone on a UV sensitive
polymer, at the focal spot and where there is sufficient photon density
available, the material absorbs the NIR photons through a two-photon
process. Thus the material at the focal volume is cured leaving the rest of
the material unaffected. This allows sculpturing of the desired structure
with a high resolution with point by point scanning. Once the scanning
process is over, the uncured material can be washed away using solvents
like ethanol or acetone. It is even possible to achieve a resolution below
the diffraction limit of light with this technique, which allows the fabrication

of complicated 3-dimensional microstructures [Fig. 3.13(A)].

Fig. 3.13. (A) Micro-“The Thinker” that is about 20 um tall fabricated using
two-photon polymerization technique. Reprinted from [226]. (B-D) Different

micro-optic elements, fabricated at the end face of an optical fiber by two-
photon polymerization technique: (B) convergent lens, (C) axicon lens,

and (D) ring shaped phase mask. (B-D) are reprinted from [227].

Since its first demonstration in 1997, the two-photon polymerization
technigue has matured so that it is used in a variety of applications [228].
The resolution of this technique depends on the numerical aperture of the
objective lens, wavelength and intensity of the laser, exposure time,
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scanning pattern, and the properties of the photopolymer. Many kinds of
material, from traditional photopolymers such as urethane acrylates and
epoxies to newly developed materials including inorganic-organic hybrid
polymers, biopolymers, photoresists and hybrid polymers containing metal
ions, have all been used for fabricating microstructures using this
technique. This fabrication technique has found applications in areas such
as photonics, microfluidics, microfabricated microelectromechanical
systems (MEMS) devices, bioengineering and micro-magnetics. A detailed
discussion on this technique is outside the scope of this thesis and can be
found elsewhere [225, 229-232].

Using this techniqgue, a polymer microlens or any other
microstructure can be easily created at the end face of an optical fiber [Fig.
3.13(B-D)] [227, 233-235]. A high quality surface profile and smoothness
with spherical symmetry are generally required for creating a high quality
output beam. Therefore, unlike the parallel linear scanning pattern
employed for traditional two-photon polymerization [236-241], Guo et al.
used the annular scanning mode cooperated with continuous variable
longitudinal scanning spaces, to achieve a high quality microlens with a
surface roughness of ~20 nm [233]. Under the same scanning pattern,
Liberale et al. fabricated spherical microlenses and a conical microlens of
arbitrary angles at the end face of an optical fiber, from which a Bessel-like
beam was generated [227, 235]. Malinauskas et al. fabricated spherical
and aspheric microlenses on the optical fiber end face using a novel
method that can reduce by 100 fold the fabrication time, but this is
dependent on the shape and volume of the structure to be fabricated [234].
To achieve this, only the outer shell of the microlens was solidified using a
laser, with their interior being polymerized using a post-fabrication UV
treatment. An average surface roughness of ~30 £+ 3 nm was obtained,
which is less than a tenth of an optical wavelength in the visible spectral
range and hence is acceptable for optical devices.

Using the two-photon polymerization technique arbitrary shapes

can be fabricated. With the help of optical modeling software, it is possible
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to design complex optical surfaces to suppress aberrations and tailor
output beam profile. However, the higher ensuing cost limits the wider

application of this relatively new technique.

3.7.Focused lon Beam Milling

FIB milling is a pure physical process. The ions collide with the
specimen and precisely remove the material at the sub-micrometer level.
Therefore, by scanning a FIB of specific energy over a substrate with a
pre-designed route and specific dwell time at each point, a micro-structure
can be sculptured. This technique mills directly on the substrate, therefore
no others preparation is needed. Normally a FIB machine is equipped with
a scanning electron microscope (SEM), which when used in the same
experimental chamber, simultaneously allowing the checking and
automated drift correction of the sample during the fabrication process.

A lens-like structure can be fabricated using an exposure pattern
composed of a series of concentric rings with different diameters,
thickness and ion dosage. However, the re-deposition effect, which
depends on several factors such as the milling sequence, the angle
between the FIB and the sample, milling depth and dwelling time, all
causes material accumulation at certain areas. Hence it is hard to achieve
a linear relationship between the ion dosage and the milling depth,
especially at deeper depths. For example, the previous milled area is
always filled with redeposit material sputtered from the newly milled
location, which causes the depth of the previous milled area to being
reduced. Another effect is the modification of the physical properties of the
substrate under ion bombardment. The high dosage induced heating
effect can change the milling rate. Compensation methods are needed to
achieve the designed lens profile. lon beam induced charging can be
neutralized using negative electron beams or applying a conductive metal

layer on the sample.
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Schiappelli et al. fabricated a spherical lens on the tip of SMFs
[242]. The profile of the fabricated lens was very well reproduced in ten
layers each 100 nm thick [Fig. 3.14(A, B)]. This lens was used to couple
the output light into a waveguide with increased coupling efficiency. A
nonlinear equation was applied to rectify the nonlinear relationship
between ion dosage and milling depth. Cabrini et al. fabricated an axicon
lens on the cleaved top of a SMF [243]. They divided a series of
concentric milling rings into various sub-rings of very small milling dosage
and used a scanning pattern that leaves as much time as possible
between two superposition of the same ring to provide a slower heating
and formation of re-deposition [Fig. 3.14(C)]. A Bessel-like beam was
generated and this fabricated axicon tipped fiber was used for optical
manipulation [150, 243]. Callegari at el. first fabricated a parabolic lens
with a similar method [243] on silicon substrate to optimize the fabrication
parameters [Fig. 3.14(D)] [244]. With a maximum milling dwell time in the
linear range, the re-deposition happened at a large milling angle (deeper
depth) — the edge of parabolic lens — was minimized. A Fresnel phase lens
was then produced on the center of the tip of an optical fiber using these
parameters [Fig. 3.14(E, F)]. The surface roughness was characterized by
an atomic force microscope (AFM) to be 3.6 nm for the central part of the
Fresnel phase lens. At a wavelength of 840 nm, a spot size of 740 nm

FWHM was achieved with the Fresnel phase lensed fiber [244].
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Fig. 3.14. Lens tipped fibers fabricated using FIB. (A) [242]; (B) [242]; (C)
[243]; (D) [244]; (E) [244]; (F) [244].

It is worth mentioning that during the milling process, especially
when using a high energy beam, the implantation of ion may occur. The
implantation depth may reach up to tens of nanometres for the energy
used for microlens milling. This will result in a decrease in the optical
transmission; however, normally it is acceptable for conventional optical
usage. The re-deposition can also be compensated by tilting the sample
stage to decrease the angle between the sample and the FIB. Chemical
gas assisted etching with gases like Cl, or XeF, can also be used to
degrade the re-deposition effect. More information about this FIB
technique is available at [245].

The FIB milling technique is a high resolution, flexible technique. It
directly sculptures structures on the substrate without the need of other
assistance. High profile microlenses can be created in a single step on the
end face of optical fiber although complex compensation calculations are
normally required. The whole milling process may take minutes to hours
and the manufacturing cost is relative high when compare with other
lensed fiber fabrication methods. Mould microfabrication on metal material
for mass production replication might be realized in the future to decrease

the cost.
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3.8.Summary

As can be seen from the discussions in previous sections, the
approaches in fabricating microstructures at the tip of the fiber varies a lot
from melting the tip of the fiber to sculpting structures on the tip using
mechanical or optical methods. Table 3.1 summarizes the pros and cons

of each of these techniques which would help one to choose the right

fabrication method for a specific application.

Fabrication o
Advantages Limitations
method
Ease of use. Low cost. Low reproducibility. Low
Commercial fiber fusion splicer fabrication efficiency.
Arc discharge can be used. Can fabricate long Manipulation becomes more
technique working distance microlenses. difficult when smaller silica rod
Suitable for high peak power was used. Not suitable for batch
pulsed laser applications. fabrication.
Laser micro- Hyperbolic shape microlens can Low reproducibility and
machining be fabricated for increasing flexibility. Not suitable for batch
technique coupling efficiency. fabrication.
Axicon, wedge and polygon
pyramid tipped fiber can be made. ] ] )
i o A fiber beveller is required.
Single step fabrication. The lens )
o i o Complex shaped lenses require
Polishing fabricated is independent of the )
, . ) computer aided control. Very
technique nature of the fiber (a pure physical } )
challenging to fabricate
process). Smooth surface. Fast - _
o ) traditional spherical surface.
fabrication speed. High
reproducibility.
Flexible, inexpensive and high Highly dangerous etchant
reproducibility. Cone angle of the | involved. Sensitive to
tip can be easily adjusted. temperature. Rough surface for
Chemical Microlens is self-aligned. protection layer etching. .
etching Multicore fiber can be etched to Unable to fabricate traditional
make multiple microlenses. spherical surface. Complex
Suitable for batch fabrication. A etching procedures for multistep
self-terminating process with etching.
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protection layer. Using multistep
etching sharp probes (with
nanometre radius curvature) with
tailored properties can be

fabricated.

Single-photon

polymerization

With ingenious design various
types microlens tipped fiber can

be made. Single step procedure.

High quality surface. Inexpensive.

Difficult to optimize the

parameters. Not suitable for high

technique Fast fabrication. Most of the power applications.
fabrication methods are suitable
for batch fabrication.
Highly flexible. High precision.

Two-photon Arbitrary structures can be made. | Relatively expensive method.

polymerization

Possible to design complex

optical surfaces to suppress

Not suitable for high power

applications. Not suitable for

technique ) ] o
aberrations and tailor output batch fabrication.
beam profile.
Expensive method. Implantation
of ion may occur which would
) ) ) o decreases the transmission
Focused ion Highly precise fabrication. Pure o )
o } efficiency of the material.
beam milling physical process. _ ) )
Require complicated non-linear
modeling Low throughput. Not
suitable for batch fabrication.
Table 3.1. Comparison of various microlens tipped fiber fabrication
techniques.

3.9. Conclusion

In this chapter, | have discussed the details of various microlensed

fiber

fabrication methods.

While choosing a suitable microlensed

fabrication method for a specific application there are several factors to be

considered such as operating wavelength, output beam profile, optical

break down threshold, fabrication cost, instrumentation and throughput.

The design requirements for microlensed fibers are so diverse due to the
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diversity of the fields in which they are used; there is no single fabrication
technique which can be chosen as the best. Each fabrication method has
its own merits and each of them caters some specific requirements
depending on the field of application. Even though the field of microlensed
fabrication has seen lot of technological advancements over the past
decade, there is still room for optimizing these techniques in terms of
reproducibility, flexibility and throughput so that they would be
commercially viable for various applications. Such commercially viable
techniques would greatly aid fields like bio-medical optics in realizing
miniaturized fiber based probes for endoscopic or handheld imaging and

microscopy.
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Chapter 4:

4. Axicon Tipped Fiber for Cellular Transfection

4.1.Introduction

The delivery of therapeutic and other biologically relevant agents
into cells which are otherwise membrane impermeable remains an
essential requirement in the study of biological cells. At present, there are
various transfection methods used to solve this problem including
chemical, physical, viral, electrical, and optical techniques [246]. Among
these, optical transfection is a technique which offers single cell selectivity,
specificity, sub-cellular resolution, high transfection efficiency and good
post-transfection cell viability. By tightly focusing a laser beam on the cell
membrane, optical transfection can transiently and locally increase the
permeability of the cell’'s plasma membrane to permit for example nucleic
acids to be internalized. Femtosecond laser assisted transfection has
proven to be a very effective method to date, amongst the use of
alternative laser systems with an excellent potential for targeting single
cells in vitro [28, 30, 38, 64, 67]. However, most of the optical transfection
techniques that have been used employ free-space (bulky) optical setups
for targeting light to the transfection site. The transfection efficiency
achieved by these setups is highly dependent on the alignment of these
optical setups, the quality of the optical transfection beam and accurate
targeting of the beam focus on the cell membrane, so an expertise in
optics is necessary to achieve efficient transfection. This approach also
limits the potential application of the technology for in vivo experiments.

A fiber based system would offer not only compactness but also the
advantage that, once the laser has been fiber coupled, no specialised
optical alignment is required to perform optical transfection. Optical fibers
could also be integrated with endoscopic techniques, which might lead

optical transfection into the clinical arena. In this chapter the efficiency of
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femtosecond transfection of CHO-K1 cells with a novel axicon tipped
optical fiber is studied.

4.2.The Fabrication of an Axicon Tipped Optical Fiber

The output beam from a cleaved optical fiber is naturally divergent,
which makes it inappropriate to use for optical transfection. As discussed
in Chapter 2, a tightly focused femtosecond laser is vital for the success of
optical transfection. Therefore, a mechanism to focus the output beam
from an optical fiber had to be developed. One option is to use a microlens
tipped fiber, which can be fabricated using various methods. Melting the
fiber tip by a heating source to form a lens is the most widely used
methods to fabricate microlensed fibers to increase the coupling efficiency
into optical fibers in the communication field [145, 161]. However, the
reproducibility of this method did not meet the requirements of my
application and only lenses with a comparatively large radius of curvature
can be fabricated. Polishing techniques [170, 176] can make axicon
lenses of different angles; however, this technique is complex, time
consuming and expensive. To obtain a high quality lensed fiber using a
polishing technique, a computer controlled complex polishing pattern is
needed. There are also other methods using photoresist reflow [210], two-
photon lithography [233], FIB milling [243] or a combination of a few
techniques [161]. However, these methods have drawbacks such as low-
precision, limited flexibility, high cost, or they can only fabricate polymer
lenses that are not suitable for high peak power pulsed laser. For a
detailed discussion about these fabrication methods please see Chapter 3.

In the presented work, a selective chemical etching method was
used to fabricate an axicon lens in the centre of a carefully cleaved fiber
end face [178-182]. This method was chosen over potential others due to
several considerations: this method is a simple single-step, flexible,
inexpensive method for axicon tipped fiber fabrication with high
reproducibility. Batch fabrication can also be easily realized. The lens is

made from the core therefore it is automatically aligned with the fiber core
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and thus suitable for a higher power application compared with a lens
made from polymer. Furthermore, this method can be applied to most
single mode silica optical fibers.

HF solution and an agueous solution of NH4F are normally used as
an etchant to modify a fiber tip. The tip of a piece of carefully cleaved
optical fiber is first dipped into the etchant (Fig. 4.1). The etching rates of
the core and cladding of the fiber are different and, by varying the ratio of
HF to NH4F, the relative etching speed between core and cladding of the
fiber can be adjusted. The etching speed of the cladding can be controlled
faster than that of the core, by choosing a suitable ratio. A protruding
axicon lens is then created at the end face of an optical fiber. It can be
seen from Fig. 4.1 that a volcano shape is created before it evolves into an
axicon shape. This is due to the fact that the slower etched core is
exposed to the etchant gradually. The etching rates for both core and
cladding are constant at a set temperature. Therefore once the axicon has
formed its apex angle remains constant and the diameter of the cladding

decreases at a constant speed.

60mins

70mins

80mins

90mins

100mins
1m

Lens
Formed

Fig. 4.1. The fabrication of an axicon tipped optical fiber using a selective
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chemical etching method. An optical fiber tip is first dipped into the etchant.
Due to the different etching rate between the fiber core and cladding, an
axicon lens is produced in the form of a volcano shape on the end face of
an optical fiber. Shown are the SEM images of the lens formation (using

an etchant comprising of NH4F:HF = 2) at different stages.

In order to discover the relationship between the apex angle of an
axicon and the mixing ratio of etchant, a series of axicon tipped fibers
were made using freshly made etchant comprising HF (48% - 51% in
water) and NH4F (40% in water) at different mixing ratios, and using
commercially available SMF (SM800-5.6-125, Thorlabs, UK) with a
cladding diameter of 125 um, and mode field diameter of 5.6 um at ~22 °C
(Fig. 4.2). The etching durations were from tens of minutes up to ~2 hours
dependent on the formation of the axicon lens. The result of each fiber
(axicon apex angle) was checked using a SEM. Two examples of axicon
tipped fibers with different axicon apex angles etched using differing
etchant combination ratios, can be seen in Fig. 4.3. With a ratio of
NH4F:HF = 2.3 and an etching time of 120 minutes, an axicon apex angle
of 111.2 + 0.4 ° (mean * standard deviation, N = 3) was fabricated [Fig. 4.2,
Fig. 4.3 (b, d)] and was subsequently used in the following optical
transfection experiment. A detailed discussion of axicon tipped fiber
characterization and theoretical modelling will be presented in the next

section (Chapter 4.3).
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Fig. 4.2. The relationship between apex angle of the axicon lens
fabricated using selective chemical etching method and the etchant mixing
ratio of NH4F to HF. 3 to 7 fibers were fabricated at each mixing ratio. The

error bars indicate the standard deviation.

2 uym 2 um

Fig. 4.3. SEM images of axicon tipped fibers fabricated using etchant
comprising NH4F : HF = 1.6 [(a), (c)] and 2.3 [(b), (d)]. Axicon lenses with

different apex angles can be readily seen.
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4.3.The Characterization and Theoretical Modeling of the Output
Beam from an Axicon Tipped Fiber

4.3.1 The Characterization of the Output Beam from an Axicon

Tipped Fiber

For characterization of the output beam from an axicon tipped fiber,
an 800 nm pulsed femtosecond laser was first coupled into an axicon
tipped fiber through a fiber collimator (Thorlabs, F810FC-780). The fiber
output light was then analyzed from a series of lateral cross sections
obtained in a water medium (since the optical transfection will be
performed in a liquid environment) using a 60X water immersion objective
(X60 Olympus UPlanSApo) in conjunction with a CCD (Charge coupled
device) camera (WAT-250D) (Fig. 4.4). The fibers were mounted and
positioned by being taped onto a vertical post whose movement was

controlled by a xyz translation stage with 1 um resolution.

Optical
Fibre

B JWater

Objective

Fig. 4.4. The setup for measurement of the output light from an axicon
tipped optical fiber.

Due to optical aberration it was difficult to determine the relative

position between the output beam and the fiber itself. For example, by
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shining a torch (white light) on the fiber end face from the side, | could
locate the end face of the fiber tip through an objective using the setup
shown in Fig. 4.4. However, after switching off the torch light and starting
to image the cross-section of the output beam (800 nm), keeping the fiber
and objective still, the position of the cross-section observed was not
coincident with the fiber end face. The cross-section at that time is actually
a few micrometers behind the axicon lens, inside the fiber, due to the
chromatic optical aberration. Therefore an alternative method was adopted:
if we define the apex of the axicon as the origin of a Z axis pointing in the
direction of beam propagation, then images of the fiber (with an axicon of
~110 °C made in etchant comprising of NH4F:HF = 2.3) output beam cross
section from around -8 um to 25 um at 1 um interval along Z axis can be
obtained (Fig. 4.5). From Fig. 4.5, it can be seen, for example, that the
cross-sections at -3 and -2 um show dark holes in the center. This is
because the image is taken through the axicon lens. It is a virtual image
rather than a real one. Therefore the first cross-section that shows a
Gaussian distribution after the images with dark holes at their center was
defined as 0 pm.

-8uym -7uym -6um -5um -4 um  -3um -22um  -1ym

um M0Oum Mym 12um 13uym 14 pum 15um

16um 17um 18um 19um 20um 21uym 22um 23um
Fig. 4.5. Images of the cross sections of the output beam from an axicon

tipped fiber taken at different position from -8 um to 23 um along Z axis.
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Measurements like those shown in Fig. 4.5 were performed for
each fiber in order to characterize the relationship between the axicon
apex angle and the output beam profile. During the measurement, the
laser intensity was adjusted to ensure the image with the highest intensity
is under saturated and the whole series of images was taken with a
constant laser power. From Fig. 4.5 the diameter for each cross section
and therefore the working distance [defined as the distance from the apex
of axicon to the cross-section with smallest diameter (focus) along Z axis]
of the axicon tipped fiber could be obtained (Fig. 4.6). Each cross-section
of the output beam, it was assumed to have a perfect Gaussian
distribution and the beam diameter was defined as the width where the
intensity falls to 1/e2 times the maximum value. The focus diameter can
also be deduced (Fig. 4.7). The interpretation of Fig. 4.6 and Fig. 4.7 will
be presented in section 4.3.2 along with the information obtained from

theoretical modeling.
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Fig. 4.6. The relationship between apex angle of the axicon and working
distance obtained from measured data.
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Fig. 4.7. The relationship between apex angle of the axicon and focus
diameter of the output beam. Blue and red points indicates the measured
data and the data predicted by modelling.

4.3.2 Theoretical Modeling of the Output Beam of an Axicon
Tipped Fiber

To understand and optimize the fiber properties, the output beam
from an axicon tipped fiber was analyzed using a computer model
modified from the literature [247]. In this model an axicon tipped fiber core
was divided into two parts: a bare tipped fiber and an axicon. The plane
wave, with Gaussian intensity distribution, traveling through the fiber core
to the end face (Fig. 4.8, Plane 1) of the bare tipped fiber, was modified by
the axicon and the surrounding medium (water) as it traveled to Plane 2
(Fig. 4.8), which was defined at the apex of the axicon perpendicular to the
beam axis. The field at Plane 2 was obtained by assigning a phase shift,
calculated using geometric optics, taking into account the refractive index
of the axicon and the surrounding medium to each component of the plane
wave at Plane 1. The light field at Plane 2 was then decomposed into a
spectrum of plane waves (spatial spectrum) by a Fourier transformation.
The spatial spectrum for any plane behind Plane 2 was obtained by

assigning the corresponding phase shift to each of the plane wave
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components, and the light field was retrieved by an inverse Fourier
transform. Using this approach, the light intensity distribution
corresponding to the square of amplitude of light field distribution can
therefore be therefore obtained. A Hankel transformation was used to

reduce the calculation from 2D to 1D (1 dimensional) [248].
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Fig. 4.8. The measured (top) and simulated (bottom) output beam
intensity profiles of the axicon tipped fiber in water where r and Z are
cylindrical coordinates with the Z axis pointing in the direction of the beam
propagation. Experimental data used are from Fig. 4.5. On the right of the
simulated graph light traveling through the fiber core reaches the fiber end
face (Plane 1) and enters water after it is modified by an axicon lens. The
simulation starts from Plane 2 towards the direction of the beam

propagation.

The lower image in Fig. 4.8 shows the theoretical results of the
azimuthally averaged intensity profile of the beam as a function of the
distance from the apex of the etched axicon in water. A 5.6 um mode field

diameter of the fiber, a 110° axicon apex angle and a wavelength of

87



800 nm were used in this model. The refractive index of the core and
surrounding medium were assumed to be 1.5 and 1.33 respectively. The
upper image in Fig. 4.8 is the experimental result, stacked using Image J,
using the data in Fig. 4.5. The experimental findings are in good
agreement with the theoretical predictions. The MATLAB source code for
this theoretical simulation can be found in Appendix A.

Using this model the axial intensity profiles of the output beam from
axicon tipped fibers with different axicon apex angles can be generated.
The input powers are identical for all the fibers. The working distances of
each axicon tipped fibers are the same, 6 um, except for 110° axicon,
which slightly shifted to ~5.4 um. The result is consistent with experiment
measurements (Fig. 4.6), which show that changing axicon apex angle
from 110° to 140° does not greatly affect the working distance. However,
from the relative intensity around the focus (6 um on Z axis), we can see
that the peak intensity decreases as the axicon apex angle increases (Fig.
4.9). The 110° axicon therefore showed the best enhancement of the

intensity since the input power in each case was the same.

—110°

0 5 6 10 15 20 25 30
Z (um)

Fig. 4.9. The axial intensity profiles of the output beam from axicon tipped
fiber with axicon apex angles from 110° — 140°.

Also from this model the lateral intensity profiles cross the centre of

88



the output beam focus could be generated (Fig. 4.10). From this
normalized graph, it is clearly seen that the focus diameter is increasing as
the axicon apex angle increases. If we treat these intensity distributions as
Gaussian distributions the focus diameters (the width at 1/e2 of maximum
intensity) can be obtained (Fig. 4.7, Fig. 4.10). The theoretical values are
slightly smaller than the experimental measurements. This may be due to
the imperfection of the axicon and the geometric optics approximation
between Planel and Plane 2 in Fig. 4.8. However, both theoretical
modelling and experiment measurements indicate that the fiber with an

axicon of 110° gives the smallest beam focus, which is around 3.7 to

3.8 um.
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Fig. 4.10. Normalized lateral intensity profiles of the focus of the output

beam from axicon tipped fiber with axicon apex angles from 110° to 140°.

4.3.3 Summary and Conclusion

Axicon tipped optical fibers with axicon apex angles between 110°
and 140° were analysed through both experimental measurement and

theoretical simulations. Due to the nature of my axicon tipped fiber
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fabrication method, selective chemical etching, as the axicon apex angle
decreased, the cladding of the fiber tip decreased as well. For the fiber
with an axicon of 110°, the cladding diameter is around 30 pm. With any
fiber tip smaller than this, the fiber proved to be too fragile and thus
unstable during the optical transfection experiment. Also, as the axicon
becomes sharper the transmission efficiency of the fiber will decrease due
to total internal reflection in the axicon area. For the optical transfection
experiment, a tight focus at a relative remote distance is preferred. Fig. 4.7
and Fig. 4.10 show that a 110° axicon generates the smallest focus and
from Fig. 4.6 and Fig. 4.9 we can see that by varying axicon apex angle
from 110° to 140° the working distance is only affected slightly. Also, if we
take into account the height of the axicon itself, the actual working
distance (from Plane 1 to the focus along Z axis in Fig. 4.8) for a 110°
axicon is actually longer. From the relative focus intensity in Fig. 4.9, it is
clearly seen that the fiber with the 110° axicon gives the best intensity
enhancement. Therefore, based on the above considerations, the fiber
with an axicon of 110° was chosen for the following optical transfection
experiment [Fig. 4.3 (b), (d)].

4.4. Experimental Procedure

4.4.1 Experimental Setup

Cell transfection was instigated by a femtosecond Ti: Sapphire laser
emitting at 800 nm, with an output pulse duration of ~100 fs and a pulse
repetition frequency of 80 MHz (2 W average power, Coherent, MIRA). At
the exit of the axicon tipped fiber, the pulses undergo stretching due to
non-linear phenomena occurring inside the fiber such as SPM and GVD.
The pulse duration of the output beam against the length of axicon tipped
fiber at 30 mW output power was measured using a home built
autocorrelator (Fig. 4.11) [249]. The pulse duration of bare tipped fiber was

also measured in the same conditions and no significant difference was
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found. Therefore it is safe to assume that the amount of pulse stretching
caused by the axicon lens can be ignored. In order to keep the pulse
duration as short as possible, and considering the physical limitation of the
experiment setup, the length of the axicon tipped fiber was set to be 35 cm

which stretched the pulse to ~800 fs.
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Fig. 4.11. The pulse duration of the output beam against the length of
axicon tipped fiber at 30 mW. Femtosecond laser pulse is stretched in the

optical fiber.

A home built experiment setup based on a Nikon inverted
microscope (TE-2000U) was used for the optical transfection experiment
as shown in Fig. 4.12. A half-wave plate was used to adjust the laser
polarization direction before it was directed into a combination of a half-
wave plate and an optical isolator (Laser2000, UK, 1-80-2), which were
used to eliminate back reflection from the beam path. A magnifying
telescope (L1 + L2) of magnification 1.6X was used to expand the
incoming laser beam which was subsequently coupled to the 35 cm long
optical fiber, through a fiber collimator (Thorlabs, F810FC-780). The
overall coupling efficiency for fiber collimator and axicon tipped fiber was
~35%. The fiber output power was adjusted using a variable neutral
density (ND) filter wheel (not shown in Fig. 4.12) appropriately placed in
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the beam path. The sample dish was held on the microscope stage and

imaged from below.

Axicon Tipped Fibre

Working

/Distance

Fibre 70° Cell

Collimator

Objective
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Laser
Isolator

Halfwave
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Fig. 4.12. Schematic of the experimental setup for fiber based optical
transfection. The femtosecond laser beam passes through two half-wave
plates, a shutter and an optical isolator. The beam is then directed by two
mirrors (M1, M2) and expanded 1.6X by a lens pair (L1, L2) before
entering the fiber collimator. The optical fiber is inserted into the sample
dish, which is held on the microscope stage, and is controlled by a xyz
translation stage. The microscope is omitted from this diagram for
simplicity. Inset (a), which is drawn to scale, shows the position of the fiber
with respect to a cell during the experiment. Inset (b) is an SEM image of
an axicon of 110.9° fabricated at the tip of an optical fiber.

During optical transfection the average power of the beam was kept
at 30 mW, with a peak power per pulse of 0.47 kW. A mechanical shutter
(Newport, UK, model 845HP-02) controlled the time duration of the laser
dosage on the cell membrane. Each cell was irradiated with 3 — 5 laser
doses. The duration of each dose was experimentally optimized to be 100
ms. The number of laser doses was experimentally determined to be the
most successful number in conjunction with a dose duration of 100 ms.

The peak intensity of the pulse was estimated to be ~4.4 x 10°W/cm? and
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the total energy per dose was estimated to be 3 mJ.

The fiber was mounted on a xyz translation stage and carefully
inserted into the medium (Fig. 4.12). Due to restrictions imposed by the
geometry of the inverted microscope and the illumination from above, the
fiber could not be accommodated vertically between the sample stage and
microscope condenser without disrupting the imaging path. Also as it is
clearly seen in Fig. 4.12(a), which is drawn to scale, if the fiber was
positioned at an angle much smaller than 70° with respect to the substrate
plane, the beam focus cannot reach the cell or can only focus on the
center of the cell. During optical transfection, beam focusing is normally
targeted to the cell membrane near the edge of a cell grown on the
substrate. In this manner, focusing near the edge rather than on the center
of a cell, significantly higher transfection efficiencies can be achieved. At
an angle higher than 70°, the fiber would obstruct the illumination from
above. The optimum angle for placing the fiber was experimentally defined
to be 70°. The imaging effect of the cell using this configuration can be
seen in Fig. 4.13, in which a cell, underneath the fiber, is under irradiation
by the laser beam. From this configuration we can also see another
advantage that the selective chemical etching method can provide: the
decreased fiber cladding size (compared with bare tipped fiber whose
cladding diameter is 125 um) permitted the placement of the axicon at a
short distance from cells. Normally during an experiment, the fiber was
positioned at 70° with respect to the substrate plane, and was lowered
until it reached the substrate. Then the fiber was lifted up by 1 to 3 um
depending on the shape of the cell so as to catch the cell membrane on
the edge Fig. 4.12(a). During the experiment, the cell sample dish was
held on the microscope sample stage, therefore to target a cell both fiber

and cell sample dish can be moved.
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Fig. 4.13. The imaging effect during optical transfection with an axicon

tipped fiber. The image was taken from below with illumination from above.
It can be seen that a cell is irradiated by the laser beam emitted by the
axicon tipped fiber which is positioned at an angle. Due to the similar
refractive indices of the fiber (~1.55) and surrounding medium (~1.33), the
illumination can pass through the fiber and the cell underneath the fiber

can be imaged.

4.4.2 Sample Preparation

CHO-K1 cells were routinely cultured in modified eagles medium
(MEM) (Sigma, UK) containing 10% fetal calf serum (FCS) (Sera
Laboratories International, UK), penicillin (100 units/ml, Sigma, UK),
streptomycin (100 pg/ml, Sigma, UK), and L-Glutamine (2 mM, Sigma, UK)
in a humidified atmosphere of 5% CO, /95% air at 37 °C. Cells were grown
to sub-confluence in 30 mm diameter glass-bottomed petri dishes (World
Precision Instruments, Stevenage, UK) in 2 ml of culturing medium. Prior
to experimentation, the cell monolayer was washed twice with 2 ml
OptiMEM (Invitrogen, UK) and for all experiments, the sample was bathed
in 1 ml solution of OptiIMEM containing 9 pg/ml mitoDSRED plasmid,
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encoding a mitochondrially targeted Discoideum sp, red fluorescent
protein (BD Biosciences, Oxford, UK).

Before the experiment, a circle with a diameter of a few millimeters
was drawn on the underside of the sample dish and only selected cells
from within this circle were laser treated. After laser treatment, the cell
monolayer was washed twice with 2 ml of culturing medium before it was
bathed in 2 ml of culturing medium and returned to the incubator. The
sample was viewed under a fluorescent microscope 48 hours later, where
successfully transfected cells within the circle expressed the red
fluorescent protein. Fluorescent cells outside the circle were categorized

as spontaneously transfected cells.

4.5. Results of Transfection

Fig. 4.14 shows an example of successfully transfected fluorescent
cells. As in our previous studies, the transfection efficiency was defined as
the number of cells correctly expressing the targeted red fluorescent
protein 48 hours after laser treatment, divided by the total number of cells
that were laser treated in a particular area of interest [30, 246]. To monitor
for potentially spontaneously transfected cells, each photoporated sample
dish was accompanied by a control sample dish in which cells were
cultured, bathed in plasmid DNA solution and then experienced the fiber
presence in the absence of laser radiation. During the whole course of this
experiment, comprising 30 cells per dish for 15 dishes, 450 cells in total
were laser treated. The transfection efficiency for each dish varied from 10%
to 67% with an average transfection efficiency of 30.22% (with a standard
error of the mean of 5.36%). The number of spontaneously transfected
cells varied between 0 — 2 cells for each sample dish. Our result shows
that the efficiency of the axicon tipped fiber based optical transfection

technique is comparable to that of the free-space transfection [30].
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Fig. 4.14. Successfully transfected CHO-K1 cells (bright cells) embedded
in the cell monolayer. The picture was taken with both bright field
illumination and fluorescence excitation. The bright fluorescent cells show

the successful optical transfections while the other cells are left unaffected.

During the experiment, the duration of laser treatment for each dish
was controlled to be less than 25 minutes, so as to keep both potential
airborne contamination and evaporation from the dish at a minimum. After
laser treatment, the cells were kept for inspection for up to 5 days and no
contamination (fungal, bacterial, etc.) was found and the cells showed a
healthy appearance.

When targeting the beam focus on the cell membrane, sometimes
there was accidental contact between the fiber tip and the cell. When this
happened, the whole dish was disposed of and the fiber was cleaned
using a sonicator. The output beam of the fiber was checked again to
confirm that the fiber tip was not damaged. Damaged fibers were replaced

for any subsequent experiments.
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4.6. Summary and Conclusion

In this chapter | have shown successful axicon tipped fiber based
optical transfection of CHO-K1 cells. A selective chemical etching method
was adopted for fabrication of axicon tipped optical fibers. This method
provides many advantages over the alternatives in this particular
application of fiber based optical transfection. The fabrication and
characterization of axicon tipped fibers and properties of the output beam
in water have been discussed in detail. A theoretical model has been
developed, which provide good simulation and prediction of the output
beam from an axicon tipped fiber. Finally, based on experimental
characterization, theoretical modeling and taking into consideration of
some physical limitations, a fiber with an axicon of ~110° was chosen to
perform optical transfection. A new experimental configuration, to include
accommodation of the fiber into a microscope based optical transfection
setup, positioning of the fiber relative to CHO-K1 cells, and imaging has
been developed. The transfection efficiencies achieved compare
favourably with the traditional free-space transfection technique.

Fiber based optical transfection provides greater flexibility over
traditional methods and opens new directions towards tissue transfection,
in vivo experiments in animal models and potential clinical applications.
However, there are technical barriers that must be overcome before the
fiber based optical transfection technique goes to a higher level of
acceptance. The relatively short working distance of the axicon tipped fiber
makes the manipulation during an experiment very difficult and slows
down the photoporation process. Methods that can increase the working
distance of a lensed fiber need to be developed. In the next chapter
various newly developed lensed fiber fabrication methods will be
presented. Fiber induced pulse stretching will reduce the two-photon effect
and decrease the transfection efficiency. Although a 800 fs pulse duration
proves to be adequate for optical transfection, a 35 cm long fiber lacks

flexibility for application in a clinical environment. In the future, pulse
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compensation techniques, LMA-PCF and hollow core PCF could be used
to reduce the GVD and SPM effects, thus decreasing the pulse stretching
and increasing the fiber length. Single cell selectivity is one of the unique
advantages of optical transfection technique. With the use of optical fiber
techniques combined with a localized drug delivery system, this advantage
can greatly promote use of in vivo or clinical environment. In Chapter 5,
the first attempt to build up such a system will be presented. A fiber based
transfection technique could be potentially particularly useful for studying
neurons in vivo or ex vivo, by selectively manipulating individual neurons
within a large cell population.

This technigue could be potentially commercialized. One of the
possibilities for commercialization is the integration with endoscopy
technique by passing the optical fiber over the working channel of a
conventional endoscope, hence new functions, such as imaging,
illumination and drug delivery could be readily realized. The optical fiber
can also be used as a sensor in vivo by measuring the collected
fluorescent signal from a pathological area [129]. In the following chapters,
attempts to improve optical transfection technique towards potential use in
clinical applications will be introduced.
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Chapter 5:

5. Integrated Optical Transfection System Using a Microlens Fiber

Combined with Microfluidic Gene Delivery

5.1.Introduction

Section 2.3 briefly reviewed the development of the traditional
femtosecond optical transfection technique, which is performed using an
expensive and bulky microscope-coupled optical system. In Chapter 4, a
new approach was successfully demonstrated for cellular transfection,
using an axicon tipped single mode optical fiber, fabricated using a
selective chemical etching method. The inexpensive fiber based optical
transfection method not only miniaturizes the whole system, but also
potentially finds a new approach towards commercialization of the optical
transfection technique. However in all these traditional and fiber based in
vitro optical transfection experiments, the foreign genetic material to be
transfected are homogenously mixed in the cell buffer medium. This
arrangement is not compatible with the modern clinical endoscopy
techniques and many in vivo experimental configurations. In the future,
needle injection could be used in animal models for agent delivery, but it is
not localized and increased physical damage may be induced. On
occasion, particularly when using an injection agent that is precious or
toxic, minimizing the amount of agent is paramount.

Development of an integrated system for localized gene delivery
through a microfluidic system is necessary in order to move optical
transfection technology towards in vivo applications. However, combining
a micro-capillary based gene delivery system to the traditional bulk optics
based system is not easily achieved, since the beam is delivered from
outside of the sample dish through the microscope objective, while the
drug has to be delivered within the sample medium. Hence the solution

was to use fiber based light delivery system and combine it with a micro-
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capillary based gene delivery system to achieve spatial localization of both
optical transfection beam and gene delivery.

To the best of my knowledge, the only reported fiber based
femtosecond optical transfection technique before this work used an
axicon tipped optical fiber for light delivery (Chapter 4) [63]. However the
HF based etching makes the fabrication procedure of axicon tips
hazardous and also the transfection efficiency is very sensitive to the
quality of the axicon tip. In addition, the short working distance produced
by the axicon makes the targeting of the beam focus at the cell membrane
very difficult: particular care has to be taken to make sure both fiber tip
and cells are not damaged. The relatively large beam focus spot
compared with traditional techniques may decrease the transfection
efficiency. These limitations make axicon tipped fiber based optical
transfection a non-viable technique for use in wider advanced invasive
applications. Another solution is to fabricate a microlens at the tip of an
optical fiber, whose properties can be tailored in order to obtain the
optimum output beam characteristics for optical transfection and cell
transfection.

Microlensed fibers are widely used in the field of communication for
increasing coupling efficiency between terminals and interconnect [208].
These fibers are also used in the field of biomedical optics as endoscopic
probe heads for OCT [143, 145], two-photon microscopy [250], scanning
near-field optical microscopy [218] and spectroscopy [251]. As discussed
in Chapter 3, there are various fabrication procedures reported for the
fabrication of microlensed fibers. Considering the previously mentioned
drawbacks of axicon tipped fiber based transfection, here | report a simple,
inexpensive method for fabricating a polymer microlens at the tip of a
standard optical fiber using commercially available UV curable adhesive.
This method has been briefly described in Chapter 3 as one of the single-
photon polymerization methods and the detailed fabrication process will be
presented in this chapter. The SEM image of the fabricated microlens is

shown in Fig. 5.1. This fabrication procedure affords the flexibility to tailor
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the lens characteristics by changing the parameters of curing the adhesive.
The microlenses yield a very small focal spot (2~3 pm) at a relatively large
working distance (=20 um). The efficiency of femtosecond transfection
with this novel microlens was studied with CHO-K1 cells and HEK-293
cells.

Further, using the microlensed fiber mentioned above, an
integrated system was engineered and this new system achieves highly
localized delivery of DNA-containing fluid during transfection which is the
first of its kind. In order to image cells during transfection, a MMF based
illumination system was also embedded into the integrated system. This
new integrated system was then used for the successful optical
transfection of CHO-K1 cells and HEK-293 cells with MitoDsRed. Also the
amount of DNA required for transfection could be reduced as the DNA is
delivered locally, close to the cell to be transfected. | suggest that this
miniaturized optical transfection system could readily be adapted for a
myriad of in vivo applications, including the optical injection of membrane
impermeable drugs.

Fig. 5.1. SEM image of the polymer microlens fabricated at the facet of an

optical fiber. (inset): shows the apex of the microlens.
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5.2. Experiment

5.2.1 Fabrication and Characterization of Microlens Tipped Fiber

The polymer microlens was fabricated onto the tip of a standard
SMF fiber by using a UV curable adhesive, cured with a focused UV beam.
The commercially available SMF had a mode field diameter of 5.6 um,
cladding diameter 125 um, and an operating wavelength of 830 = 100 nm
(Thorlabs, SM800-5.6-125). A UV curable adhesive (Norland, NOA 65)
with optimum sensitivity for curing in the 350 — 380 nm range was used as
the photopolymer for fabrication of the microlens due to its good adhesion
to glass, fast curing time, easy processing, suitable refractive index (1.524
for polymerized resin) and high transmission efficiency (~98%) at 800 nm.
These characteristics make the polymer lens ideal for the delivery of high
peak power pulsed laser light without damaging the structure.

The basic approach in this fabrication method was to dip the
cleaved tip of a fiber into the uncured adhesive and raise the tip out of the
adhesive as slow as possible so that there would be a drop of adhesive
stuck onto the tip through surface tension. Further, using an appropriate
beam profile of a violet diode laser (Toptica Photonics CVLS-LH050-2V1,
A = 405 nm, maximum output power = 40 mW) the adhesive was cured
using a controlled power and exposure time in order to achieve the
desired parameters for the microlens.

The schematic diagram of the setup used to cure the optical
adhesive so as to fabricate the ‘microstick’ is shown in Fig. 5.2. A violet
diode laser beam was shaped to TEMgy mode by coupling it to a SMF
(Thorlabs, S405-HP) through a fiber coupler (10X objective lens). The
optical fiber was carefully cleaved and the end face was examined using a
SEM to make sure a flat end face was obtained. The lateral beam profile
of the output beam was measured using a long working distance objective
(Mitutoyo x100 infinity-corrected, 6 mm working distance) to confirm a high

quality TEMgy Gaussian beam profile. A high quality beam profile and
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good alignment of the system were essential for this fabrication method.
The beam, directed by a 5 cm tube lens and a beam splitter, was focused
by an objective (x60 Nikon) at the end face of a fiber. The lens was placed
at ~6 cm away from the fiber to make the beam converge. After dipping
the tip into the adhesive, the fiber on which the microlens was to be
fabricated was vertically mounted on a xyz translation stage with 1 pm
resolution. The fiber tip was imaged onto a CCD camera (WAT-250D) to
position the curing beam at the centre of the fiber end face. A small portion
of the laser light split from the laser output (not shown in Fig. 5.2) could be
used to help finding the centre of the fiber end face by coupling the laser
into the Optical Fiber 2 from the other side and imaging the visible core
from below. The curing beam from below was then accurately focused on
the bright core on the Optical Fiber 2 end face. This process guarantees
the accurate alignment between the curing beam and the optical fiber,
which is a common problem in many lensed fiber fabrication techniques
(Chapter 3). A symmetrical diffraction pattern of the focused curing beam
on the end face of the Optical Fiber 2 also indicates a good alignment of
the system. The exposure of the curing beam was controlled by a shutter
(Newport, UK, model 845HP-02).
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Fig. 5.2. Microlens tipped fiber fabrication setup (method 1). A violet diode
laser (405 nm) is coupled into a SMF (Optical Fiber 1) through a 10X
objective lens to obtain an output beam with near-perfect Gaussian lateral
distribution. The beam, directed by a 5 cm tube lens and a beam splitting
cube is focused by a 60X objective at the cleaved facet of a fiber. The lens
is placed at 6 cm away from the Optical Fiber 1 to make the beam
converging. The fiber on which microlens is to be fabricated (Optical Fiber
2) is mounted in the setup using a xyz stage with 1 um resolution, after
dipping it into the uncured UV adhesive which forms a drop of the
adhesive at fiber tip. The adhesive at the tip of the Optical Fiber 2 is cured
for 5 s with the laser power of 0.5 mW.

The steps involved in microlens fabrication are schematically shown
in Fig. 5.3. A well cleaved optical fiber was vertically dipped and raised
from a drop of UV curable adhesive as slowly as possible such that a

hemisphere of adhesive on the fiber tip would be formed. The size of the
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hemisphere is mainly decided by the properties of the adhesive (such as
surface tension, elasticity) and the pulling speed of the optical fiber from
the adhesive only affects the hemisphere size slightly. By doing the pulling
as slowly as possible the size of the hemisphere can be kept as constant
as possible. This fiber was then mounted to the curing setup as shown in
Fig. 5.2. Keeping the power of the laser below the threshold (<0.1 mW),
where the curing process would not be initiated, the laser beam was
positioned at the centre of fiber tip facet and defocused by 20 um from the
tip of the fiber in order to get the correct beam shape which could produce
the desired lens structure. The power of the laser was increased to 0.5
mW to start the curing process. At the beginning of the polymerization
process, UV adhesive would partially cure around the centre of fiber facet
followed by a growth towards the direction of the laser. After an exposure
for 5 s, the unpolymerized adhesive was removed using acetone and a
‘microstick’ (an extended microlens as shown in Fig. 5.1) was created. At
the apex of ‘microstick’ a curved facet was formed which acts as a
focusing surface for the output beam from the fiber and the ‘microstick’
acts as an extension that allows the output beam to expand before it is
being focused by the apex.

Focusing
at fiber Lowered
Dipping facet by 20 ym Curmg Wash
Low Low High ‘ Mlcrolens )
power power power formed

Fig. 5.3. Steps involved in the fabrication of lens at the tip of the fiber. The

relative position between the fiber and the curing beam was adjusted
through these steps in order to find a suitable curing beam distribution,

which can fabricate a lens-like structure.
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The fabrication procedure is highly flexible, and by changing the
parameters such as the light distribution (which is controlled by
convergency of the curing beam and the relative position between the end
face of the fiber and the focus of the curing beam) near to the focus of the
curing beam, intensity of the curing beam (for controlling the curing speed)
or curing time (which decides the size of the fabricated structures), it was
possible to fabricate different structures at the tip of the fiber as shown in
Fig. 5.4 which shows that, the structures created are strongly related to
the beam distribution. In order to obtain a lens-like structure, curing
parameters were optimized through a series reiterative experiments and

within each experiment, one of the parameters was adjusted slightly.

Curing Beam Curing Beam Curing Beam

(a) (b) (c)

(d) (e) (f)
Fig. 5.4. Different structures can be made by changing the curing beam
distribution. Using curing beam (a), (b) and (c) with appropriate laser
power and curing time structures like (d), (e) and (f) respectively were

fabricated.

The fabricated lens was characterized by using SEM and beam

profiling. One of the SEM images of the microlens at the tip of the fiber is

106



shown in Fig. 5.1. The physical parameters of the lens were estimated
from the SEM images. The height of the lens was estimated as 11 + 1 pm,
base diameter 7 £ 1 um and top diameter 5 + 1 pm.

The output beam profile was characterized in a similar way as
described in Section 3.3.1. Briefly, an 800 nm laser from a Ti-Sapphire
laser (Coherent, MIRA) was coupled to the microlens tipped fiber and the
output beam from the microlens was profiled in water from a series of
lateral cross-sections with a 5 um step change using a water immersion
objective (x60 Olympus UPlanSApo) (Fig. 5.5) in conjunction with a CCD
camera (WAT-250D). The working distance of the lens (distance of the
focal plane from the apex of the lens) and the diameter of the focal spot
were estimated from the beam profile (Fig. 5.5). The estimated working
distance of the beam was 20 = 2 um, the focal spot diameter was 3 + 0.05
pm and the beam divergence was 15°.

pm 10 um 15 um 20 pym

25 um 30 um 35 um 40 um 45 um

Fig. 5.5. Images of the cross sections of the output beam from a microlens
tipped fiber taken at different position from 0 um (defined at the apex of
the microlens) to 45 um along the output beam.
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5.2.2 Cell Transfection Using the Microlens Fiber

CHO-K1 and HEK-293 cells were routinely cultured according to the
protocol described in Section 3.4.2. Cells were grown to sub-confluence in
30 mm diameter glass-bottomed Petri dishes (World Precision Instruments,
Stevenage, UK) in 2 ml of culturing medium. Prior to experimentation, the
cell monolayer was washed twice with OptiMEM (Invitrogen) and for the
microlensed fiber based transfection, the sample was bathed in 1 mi
solution of OptiIMEM containing 9 pg/ml mitoDSRED. For the transfection
performed using the integrated system, the solution was delivered
microfluidically.

Cell transfection was instigated by a femtosecond Ti: Sapphire laser
emitting at 800 nm, with an output pulse duration of ~100 fs and a pulse
repetition frequency of 80 MHz (Coherent, MIRA). At the output end of the
microlens tipped fiber, the pulse undergoes stretching due to non-linear
phenomena occurring inside the fiber - SPM and GVD - giving an overall
pulse duration of approximately 800 fs, as measured using a home built
auto-correlator [249]. A home built optical transfection setup was used for
the optical transfection experiment as shown in Fig. 5.6.
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Fig. 5.6. Schematic of the experimental setup for fiber based optical
transfection. A collimated laser beam generated by Ti: Sapphire laser is
directed onto a half wave plate and an optical isolator. Lens L1 and L2
expands the incoming laser beam by 1.6 times and subsequently couples
the beam into the 35 cm long optical fiber, through a fiber collimator. For
microlens tipped fiber transfection, an LED light source is used for
illumination. For integrated system, the illumination fiber is connected to a
home built fiber illuminator and a micropipette is connected to liquid
delivery tube. The inset picture shows the side view of the tip of the

integrated system.

A collimated laser beam was directed into a combination of a half-
wave plate and an optical isolator (Laser2000, UK, 1-80-2), which were
used to eliminate the back reflection from the beam path. A magnifying
telescope of magnification 1.6X was used to expand the incoming laser
beam which was subsequently coupled to the 35 cm long optical fiber,
through a fiber collimator (Thorlabs, F810FC-780). The fiber output power
was adjusted using a variable ND filter wheel appropriately placed in the
beam path. During optical transfection, the average power of the beam
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was kept at 20 mW, with a peak power per pulse of 0.31 kW. The fiber
was mounted on a xyz translation stage and was carefully inserted into the
medium. A mechanical shutter (Newport, UK, model 845HP-02) controlled
the time duration of the laser dosage on the cell membrane. Each cell was
irradiated with 3 - 5 laser doses. The duration of each dose was
experimentally optimized to be 100 ms. The peak intensity of the pulse
was estimated to be 4.4 x 10° W/cm? and the total energy per dose was
estimated to be 2 mJ.

For microlens tipped fiber transfection, due to the restrictions
imposed by the geometry of the fiber and the imaging path, the fiber was
tilted at a ~5 — 10° angle with respect to the vertical axis. With a white LED
light source on top and an imaging system below the sample, the sample
cells were observed during the transfection procedure as shown in Fig.
5.7(b). During laser irradiation no visual response was observed. After the
laser treatment, the cell monolayer was washed three times by, and
thereafter bathed in, 2 ml complete medium and returned to the incubator.
The sample was viewed 48 hours later under a fluorescent microscope,
where successfully transfected cells expressed the red fluorescent protein
as shown in Fig. 5.11.

The microlens tipped fiber has a relatively long working distance
(~20 pum) which made it easy to be positioned and focused on the cell
membrane. In contrast to the axicon tipped fiber based transfection,
transfection with a microlensed fiber does not need focusing and re-
focusing for transfection of each cell and therefore greatly increase the
transfection throughput. During the transfection, the beam focus was fixed
at 5 yum above bottom of the Petri dish, which is the average height of
these cells adhered to the bottom of the dish. Without any further axial
positioning, the tip of the fiber could be laterally scanned in order to

transfect different cells within one Petri dish.
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CHO-K1 cell to be transfecte

Fig. 5.7. lllumination at the cell sample during optical transfection using (a)
axicon tipped fiber; (b) microlens tipped fiber and (c) integrated system. It
can be seen that, with the fiber based illumination, the cell boundaries are
clearly visible during the transfection procedure, when transfected with the

integrated system (c).

5.2.3 Design of an Integrated System for Localized Drug Delivery

In order to achieve localized drug delivery during optical
transfection, the microlensed fiber mentioned in the previous section was
integrated with a micro-capillary tube (Harvard Apparatus, Inner Diameter
= 0.58 mm, Outer Diameter = 1 mm). The implementation of this
integrated drug delivery system in the optical transfection device is shown
in Fig. 5.6. A barbed T junction (Harvard Apparatus, 72-1487) with three
ports was used to build this integrated system as shown in Fig. 5.9(a). The
micro-capillary was attached to port 1 of the T junction using flexible
plastic tubing (Tygon T3601, I.D. = 0.8 mm, O.D. = 24 mm) as a
connector. The microlensed fiber was inserted through port 2, into the
microcapillary and the tip of the fiber was positioned close to the tip of the
microcapillary, as shown in Fig. 5.9(a). A cleaved MMF of core diameter
200 pm (Thorlabs, BFL37-200) was also inserted similarly into the
microcapillary in order to achieve uniform illumination in a liquid
environment. The optimum distance of the tip of the MMF from the apex of
the microlens was experimentally estimated to be ~1 cm so as to achieve
the best contrast for the sample. A slide clamp (WPI, Luer Valve
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Assortment, 14042) was used to seal the flexible tubing, attached to the
fiber inlet port, in order to ensure that the system was air-tight during
sample injection. The flexible tubing, attached to port 3 was used for DNA
delivery, whilst the other end was connected to a micropipette. A
photograph of the integrated system is shown in Fig. 5.9(b), where a gene
delivery system and a fiber based illumination system are combined with
the microlens tipped fiber.

For optical transfection, the sample was bathed in 1 ml OptiMEM,
whilst 1 ml of OptiMEM containing 20 pg/ml mitoDSRED plasmid was
loaded into the pipette for delivery. The pipette, loaded with the DNA was
connected to the integrated system through a tube as shown in Fig. 5.6.
Controlled injection of DNA locally into the medium, in the vicinity of the
cell to be transfected, was achieved using the pipette during optical
transfection. The injection was tested and practiced using food colouring
(Fig. 5.8) to ensure that the cells were immersed in the genetic material
during laser irradiation. By slight twisting (rather than pushing) the button
on the pipette, the food colouring was slowly injected into the medium.
From Fig. 5.8 it is can be seen that this is a highly controllable process
and the resolution of the liquid delivering can be controlled using pipettes
of different resolution. The flow rate of the buffer containing DNA, inside
the microcapillary, was estimated to be 630 um/s. Each cell was exposed

to this flow for ~5 s, which results in a delivery of 0.02 pg of DNA per cell.
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(b)

200 pm

Fig. 5.8. Test of the DNA delivery using food colouring. By twisting (rather
than pushing) the button on the pipette, which is connected to the
integrated system through a tube, the food colouring is slowly injected into
the liquid environment. This is a highly controllable process and the
resolution of the liquid delivery can be controlled by selecting pipettes of
different resolution. From the scale of the graphs, it can be seen that a cell
will be completely immersed in the DNA agent during transfection

experiment.

In order to demonstrate the ability of the system to optically
transfect cell lines, CHO-K1 and HEK-293 cells were transfected using this
integrated system. An image of cells recorded during optical transfection
with the integrated illumination system, is shown in Fig. 5.7(c). Despite the
poor image contrast due to a shadow cast by the optical transfection fiber,
when targeted cells were imaged, the cell boundaries were clearly visible,
which permitted them to be transfected. For the purpose of comparison,
the imaging of cells during the axicon tipped fiber transfection experiment

is also showed in Fig. 5.7(a).
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In order to ensure the sterility of the drug delivery system, before
each transfection experiment 2 ml of 70% ethanol was run through to
sterilize the whole system and was subsequently dried using filtered air.
The same capillary tube was used for multiple transfection experiments
and the subsequent experiments showed that the system remains sterile
with the above mentioned sterilization procedure.
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Fig. 5.9. (a) Design of the integrated system. A glass capillary tube with
580 um inner diameter is connected to port 1 of a barbed T junction
through a piece of plastic tube. One optical fiber for laser delivery and
another multimode fiber for illumination are inserted into the glass capillary
through port 2. A piece of plastic tube and a slide clamp are used to hold
two fibers and seal the fiber inlet at the same time. Another piece of plastic
tube for liquid delivery is connected to port 3 of T junction. (b) Photograph

of the integrated system.
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5.3.Results and Discussion

Figure 5.10 shows the comparison of the transfection efficiency of
CHO-K1 cells achieved using an axicon tipped fiber (obtained from
Section 3.5), microlens tipped fiber and my integrated system respectively,
and in addition the transfection efficiency of HEK-293, transfected with the
integrated system. The transfection efficiency is calculated in a same way
to those presented in previously reported studies. It is defined as the
number of cells expressing the targeted red fluorescent protein after 48
hours after laser treatment, divided by the total number of cells that were
laser treated in a particular area of interest [30, 246]. An example of
successfully transfected fluorescent cells is shown in Fig. 5.11. In order to
monitor for potentially spontaneous transfected cells, each photoporated
sample dish was accompanied by a control sample dish in which cells
were cultured, bathed in plasmid DNA solution and then experienced the
fiber presence in the absence of laser radiation. The number of treated
cells and the results are summarized in Table 5.1. The number of
spontaneously transfected cells varied between 0 — 2 cells for each

sample dish.
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Fig. 5.10. The transfection results of CHO-K1 and HEK-293 cells using 3
different methods. The error bar shown is standard error of the mean.
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Celltype  No. of Dish  Total No. of Transfection
Treated Treated cells  Efficiency
(zSM) (%)
Axicon CHO-K1 15 450 30.22 £ 5.36
tipped fiber
Microlens | CHO-K1 20 800 40.25 £ 3.39
tipped fiber
Integrated | CHO-K1 15 525 45.71 +4.84
system
HEK-293 5 175 64.00 £ 4.10

Table 5.1. Transfection results. SM indicates the standard error of

the mean.

My results show that the efficiency of the fiber based optical
transfection technique is comparable to that of the free-space transfection
[30]. Also as shown in these results, the microlens tipped fiber provides
significantly higher transfection efficiency with a smaller margin of
transfection efficiency than the axicon tipped fiber method. This reflects
the fact that due to the longer working distance, the manipulation of a
microlens tipped fiber is easier and more stable when compared to an
axicon tipped fiber. During the transfection procedure, the axial focal
position needed to be found only at the beginning of the procedure and
then multiple cells in the same sample dish could be photoporated by
solely moving the fiber mount laterally. This results in reduced damage to
both cells and the fiber tip, high transfection efficiency and more
consistency.

The transfection efficiency for the integrated system with localized
gene delivery is comparable to that of non-localized gene delivery systems.
The slightly higher transfection efficiency might be attributed to the higher
local concentration of DNA near the transfected cells. The average

concentration of the DNA in the cell medium after treating 35 cells in a
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dish is estimated to be 1.3 pg/ml, in contrast to the average DNA
concentration of 9 pug/ml used for the non-integrated system. It was shown
in previously reported studies that the transfection efficiency reduces
dramatically below 9 pg/ml of DNA concentration [43, 51]. The resultant
transfection efficiency obtained shows that our localized gene delivery is
successful in creating a localized high concentration of plasmid in the
vicinity of the cell to be transfected. This means that the total required
amount of DNA for performing transfection procedure is significantly low

for integrated system compared to that of non-integrated systems.

Fig. 5.11. Fluorescent microscope image of optically transfected CHO-K1

cells, incubated for 48 hours after transfection. The bright cells are
transfected successfully resulting in the uptake of the plasmid and thereby

expressing the mitochondrially targeted red fluorescent protein.
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5.4. Summary and Conclusion

This chapter has reported the first realization of an optical
transfection system which can deliver genes locally, near the vicinity of the
cell to be transfected. In order to achieve this, a fiber based optical
transfection system was developed which is viable and easy to implement
compared to its previously reported counterpart — the traditional optical
transfection system. A novel fabrication method is described to produce a
polymer microlens at the tip of an optical fiber. This technique is cheap,
less complex than most of the other lensed fiber fabrication techniques
and has the flexibility of fabricating customized microlenses for specific
applications compared to other existing microlens fabrication techniques.
This fabrication technique was used to fabricate a ‘microstick’ which can
produce a tightly focused beam (-3 um focal diameter) with a
comparatively large working distance (~20 pm), which is ideal for fiber
based femtosecond optical transfection of cells. This microlens tipped fiber
was used for optical transfection of CHO-K1 cells and the transfection
efficiency achieved is comparable to that of conventional free-space
optical transfection setups and significantly better than the previously
reported axicon tipped fiber based optical transfection. By combining the
microlens tipped fiber with a microcapillary system, an integrated system
that achieves localized drug (gene) delivery during transfection was
realized. A MMF based illumination system was also combined with this
integrated system to allow the efficient visual identification of the cell
boundaries during optical transfection. This integrated system was used
for optical transfection of CHO-K1 and HEK-293 cells and the obtained
transfection efficiency was better than that of the non-integrated system.
Also with the integrated system, the total amount of DNA required for
transfection could be lowered significantly. This new technique opens up
prospects for a portable “hand-held” system that can locally deliver
therapeutic agents and transfect cells within a fiber geometry placing

minimal requirements upon any microscope system. However, an
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objective lens was still needed in the configuration of this experiment,
which prevents the integrated system to be used in in vivo applications.
The next chapter will introduce a fiber based optical transfection system
on a microscope free platform which would be compatible with an

endoscopic system to achieve in vivo optical transfection.
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Chapter 6:

6. Optical Transfection Using an Endoscope-like System

6.1. Introduction

Laser-mediated optical nanosurgery has been developing rapidly in
recent years [246]. Pulsed lasers [28, 30, 31] and CW lasers [29] spanning
the infrared [28] to UV range of the electromagnetic spectrum [29] have
found applications in this area. Two-photon microscopy [252], cellular
microsurgery [253], neuron regeneration [45], tissue ablation [254], optical
injection [64], and optical transfection [28, 30], have all been studied.
However, traditionally these forms of experiments have involved a free-
space optical setup, and a high NA objective lens, which is required to
focus the laser beam onto the cellular sample. In addition, the short
working distance and bulky size of microscope objectives have severely
restricted the application of optical nanosurgery at depth. Therefore,
researchers are now paying more attention to the potential use of optical
fibers in order to advance such optical nanosurgery toward clinical
applications. For example, Hoy et al. recently reported a miniaturized
portable device for femtosecond laser microsurgery combined with two-
photon imaging [46]. Another design based on a scanning double-clad
fiber (DCF) was also used as a microendoscope for two-photon
fluorescence imaging and cell nanosurgery [255, 256]. Both of their fiber
probes had a working distance of over 200 um, which could be used for
deep skin treatment. In chapter 5, an integrated optical transfection
system, using a microlens-tipped SMF combined with a localized
microfluidic gene delivery and illumination has been reported [71]. Using
this setup, a transfection efficiency comparable to that obtained with
traditional free-space systems was achieved. However, the necessity of an
objective lens for imaging prevents this system being used for in vivo

applications at present. On the other hand, imaging fiber-based systems
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with subcellular resolution have been developed [119, 257, 258] and
applied in tissue imaging [259] and disease detection [260]. Optical fiber-
based Raman spectroscopy [261] and fiber-based OCT [144] have all
been developed. Generally, the use of optical fiber-based systems for the
miniaturization of traditional optics tools is gaining more importance in the
field of biophotonics.

Here report the first endoscope-like cell transfection system based
on one single commercially available imaging fiber (coherent fiber bundle).
Epifluorescence imaging with subcellular resolution, femtosecond laser
light delivery, and microfluidic localized drug delivery were combined
simultaneously. In order to achieve this, the exit face of an imaging fiber
was chemically modified to create an ordered axicon array in order to
increase the intensity and decrease the waist size (~3.75 um) of the output
laser beam at a relatively remote distance (-5 pm). A membrane
permeable green fluorescent dye was used for epifluorescence cell
imaging. Optical transfection experiments were then successfully carried
out with this system on CHO-K1 cells. This system could be readily
adapted for a number of laser mediated in vivo or ex vivo optical

microsurgery experiments.

6.2. Experiment

6.2.1 Imaging Fiber Preparation

An imaging fiber (coherent optical fiber bundle) usually consists of a
large number of cores (pixels), and each core can independently transmit
light like a conventional SFM. The cores are normally laid in parallel in a
honeycomb-like structure throughout the whole length (coherent
configuration) of the fiber. Therefore, an image projected on to one end of
the imaging fiber can be divided into pixels and transferred to the other
end. The imaging fiber not only inherits most of the features of a

conventional optical fiber, but it can also be used to image in traditionally

121



unattainable invasive endoscopic environments (e.g. the stomach,
intestines, bladder, lymph nodes, brain, reproductive organs in females,
and the prostate). In addition, it can substitute for an expensive articulated
arm-based image acquisition setup, hence allowing its potential
application into many new areas. However, the naturally divergent
properties of the output beam from each core prevents imaging of objects
(for example, biological cells) at a relative remote distance, which is
necessary for the protection of both the fiber tip and cell from inadvertent
damaging contact. Also, for optical transfection to occur, a high-intensity,
micron-sized laser spot irradiated on the cell membrane is essential to
initiate the required multiphoton process to permeabilize the cell
membrane and minimize cell damage. Therefore a lens like microstructure
at the end face of fiber tip is needed to focus or collimate the output
beams. Specifically, a microlens has to be fabricated at the tip of each
core of the imaging fiber in order to achieve optical transfection and
imaging simultaneously.

The microlens tipped fiber fabrication technique was described and
reviewed in Chapter 3. However, most of these procedures cannot readily
fulfil the requirements of optical transfection mentioned above. As such,
most methods are only suitable for a conventional single-core fiber and
have disadvantages such as complexity, high cost, or lack of flexibility.
However, chemical etching of the polished face of an imaging fiber using
HF can create structures at the end facet of the imaging fiber, which is
favourable to our application. An ordered array of conical lenses (axicon)
made from each core of the imaging fiber are created at the end face of
the imaging fiber tip [181, 186, 262]. Each axicon can focus the output
beam from each core at a relative remote position, thereby increasing the
intensity of produced light and, in addition, protect both the imaging fiber
tip and cells.

The imaging fiber used in this work was a commercially available
product (FIGH-06-300S, Fujikura, UK), where 6000 = 600 cores (pixels)

are embedded in a fiber cladding of 300 + 25 um in diameter, producing
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an image circle of 270 £ 20 um in diameter. The fiber was first soaked in
acetone for a few seconds before the resin coating outside of the fiber
cladding was wiped off using a lens-cleaning tissue. The conventional
optical fiber cleaver and wedge-shaped diamond scribe were unable to
perform a clean cleaving for our imaging fiber. Therefore, the fiber end
face was manually polished using a method modified from a conventional
fiber-polishing procedure [263]. A home-built holder based on a MMF
connector (30126G2-340, Thorlabs, UK) was used to facilitate this process.
Once a flat end face was obtained [Fig. 6.1(a) and 1(b)], the fiber tip was
chemically etched with an etchant comprising of HF (48-51%) and
ammonium fluoride (NH4F, 40%). Different mixing proportions of these two
solutions can create axicons of differing apex angles. With a decrease in
the axicon apex angle, transmittance from the imaging fiber decreased
substantially, which can be attributed to an increase in the total internal
reflection within the axicon [181]. On the other hand, an increase in the
axicon apex angle will increase the diameter of the focal spot and reduce
the working distance, which is detrimental to optical transfection. In
addition, because of the honeycomb-like structure and closeness of the
cores, the axicon evolves into a pyramidal shape while the apex angle
becomes larger (Fig. 6.2). This shape is not a preferred geometry for
optical transfection and it limits the maximum apex angle of an axicon that
can be created using a chemical etching method. Therefore, a
compromised volume ratio of NHsF to HF, 1.6:1, was chosen which
creates an axicon cone angle of ~55° [Fig. 6.1(c) and 1(d)]. The fiber tip
was immersed in the etchant for 10 minutes at 23 °C room temperature.
This procedure allows the axicon to be fully created before the cladding
material was totally removed, thus keeping the imaging area
uncompromised. The fiber tip was subsequently rinsed with both water

and isopropanol, both for 30 s, to remove the residual etchant.
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Fig. 6.1. (a, b) SEM image of the polished imaging fiber end face, from

which (c, d) an ordered axicon array was created using a chemical etching

method.

Y

Fig. 6.2. The axicons [Fig. 6.1(d)] evolve into a pyramidal shape while the

apex angle of the axicon increases during chemical etching. This
geometry is not suitable for optical transfection and therefore it limits the
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maximum apex angle of the axicons that can be created using chemical

etching method.

6.2.2 Laser Output Characterization and Modeling

The imaging fiber output beam from a single core was analysed
using a computer model modified from the literature [247] which has been
proven to be precise for a wide range of different angles of the axicon tip
including the work of axicon tipped fiber transfection reported in chapter 4.
The same model was applied to the imaging fiber for the output beam
analysis (Fig. 6.3). The detail of this theoretical model is shown in section
3.3.2.
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Fig. 6.3. (&) The simulated axial intensity profiles of the fiber output beam
in water; r and Z are the cylindrical coordinates with the Z-axis pointing in
the direction of the beam propagation. Planes 1 and 2 were defined at the
base and apex of the axicon tip, respectively. (b) On-axis intensity
distribution corresponding to the horizontal dashed line in (a). (c)
Transverse intensity distribution corresponding to vertical dashed line in

(@). A beam diameter of w = 3.75 pm can be obtained from it.
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Fig. 6.3(a) shows the theoretical results of the azimuthally averaged
intensity profile of the beam as a function of the distance from the apex of
the etched axicon in water. A 2.4 um mode field diameter (average value
from measurements) of the core, a 55° axicon angle and a wavelength of
800 nm were used in this modelling. The refractive index of the core and
surrounding medium were assumed to be 1.5 and 1.33, respectively. Fig.
6.3(b) shows the on-axis intensity distribution corresponding to the
horizontal dashed line in Fig. 6.3(a). From this can be seen that the peak
intensity occurred at ~2.5 um behind the axicon apex, which was
considered too short to allow safe manipulation. Therefore, cells were
targeted at 5 um away from the axicon apex during the experiment. At this
distance, a beam diameter (where the intensity falls to 1/e? times the
maximum value) of 3.75 um was obtained [Fig. 6.3(c)]. The experimental

measurements were in good agreement with the theoretical predictions.

6.2.3 Endoscope-like System

A system for the simultaneous epifluorescence imaging and optical
transfection was constructed (Fig. 6.3). A half-wave plate was used to
adjust the laser polarization direction before it was directed into a
combination of a half-wave plate and an optical isolator (I-80-2, Laser2000,
UK), which were then used to eliminate the back reflection from the optics.
A dichroic mirror [(DM), DMLP425, Thorlabs, UK] was used to direct the
incoming laser beam into the back aperture of a 10X objective lens, from
which the laser beam was focused onto the input end face of the imaging
fiber. The coupling efficiency of the objective imaging fiber system was
~40%. The fiber output power was adjusted using a variable ND filter
wheel. The fiber was mounted on an xyz translation stage (not shown in
Fig. 6.4) and was carefully inserted into the medium. A mechanical shutter
(model 845HP-02, Newport, UK) controlled the laser exposure time on the

cell membrane.
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Fig. 6.4. Schematic of the optical path for simultaneous epifluorescence
imaging and optical transfection. The femtosecond laser beam passes
through two half-wave plates, a shutter, an optical isolator, and a ND filter
wheel before being directed into the back aperture of the 10 x objective
lens by a DM. The epifluorescence excitation emitted from mercury lamp is
simultaneously directed into the back aperture of the same objective lens
by a fluorescence filter block (FFB). The output beam is subsequently
focused onto the entrance face of a piece of imaging fiber targeting at the
cell sample. The inset shows the imaging fiber is coupled through an
‘integrated system” for the localized drug delivery. The fluorescence
emission collected by the same beam path is imaged by a lens (L) and
CCD camera. The arrows indicate the direction of the light beams. Another
imaging system with illumination underneath the cell sample was used for
the ease of alignment of the whole system. Notation: beam splitter (BS),

mirror (M).

For epifluorescence imaging, a FFB (Nikon, B-2A) was used. The
excitation light from 450-490 nm, indicated by the blue line (Fig. 6.4), was
selected by the filter block and directed into the back aperture of the 10X
objective by the filter block. The output beam was subsequently focused

onto the entrance face of an imaging fiber targeting at the cell sample. The

127



fluorescence emission collected by the same beam path, indicated by the
green line in Fig. 6.4, was imaged by a lens and CCD camera. The
integrated system installed on the imaging fiber was described in Chapter
5. In this chapter, an upgraded version of this system replaced the
microlens-tipped fiber and illumination fiber from the previous setup with a
single imaging fiber. Epifluorescence imaging and illumination were both
achieved through this imaging fiber. Another imaging system with
illumination underneath the cell sample was used for the alignment of the

whole system.

6.2.4 Cell Culture and Imaging

CHO-K1 cells were cultured according to the protocol described in
Section 3.4.2. Prior to experimentation, the cell monolayer was washed
twice with 2 ml of OptiMEM (Invitrogen, UK) then 2 uM of Calcein AM
(Invitrogen, UK) in 1 ml of OptiMEM was added and the cells were further
incubated for 15 min. Calcein AM is a cell-membrane permeable dye. In
live cells, after acetoxymethyl ester hydrolysis by intracellular esterases,
the non-fluorescent Calcein AM is converted to green fluorescent calcein.
The power of the beam for the fluorescent excitation (450-490 nm) of the
whole imaging field was <1 mW, and the average time of exposure for
each cell was <5 s. Control dishes were prepared in the same manner
without the treatment by laser.

A typical image taken during an experiment through the imaging
fiber is shown in Fig. 6.5(a). Individual cores (pixels) can be clearly seen.
The arrow in Fig. 6.5(a) indicates a cell that has been irradiated by a laser
beam. Two relative brighter pixels in the centre of the cell are the back
reflection from the cell. However, notably the laser beam was coupled into
one core of the imaging fiber, which was confirmed by the imaging system
underneath cell sample (Fig. 6.4), and the cell was irradiated by one beam
spot at a time. According to the Nyquist-Shannon sampling theorem, the

highest spatial frequency that can be resolved is given by 1/(2d), where d
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Is the core spacing in this case. Given a core spacing of ~3.8 um, the
lateral resolution of the current version of imaging fiber is ~7.6 pum, which
is enough to identify individual cells. However, the contrast of the image
could be enhanced through image-processing techniques. Fig. 6.5(b)
shows the processed version of Fig. 6.5(a) after a fast Fourier transform
(FFT) band-pass filter (filter large, small structures down, up to 480, 8
pixels) has been applied to filter out the honeycomb-like structure and
increase the intensity while subtracting background noise. A real-time
image processing at 25 Hz could be realized for on-line visualization of the
sample. Also by using this method, the amount of Calcein AM and the
power of the excitation beam, could be reduced, therefore decreasing the

amount of potential disturbance to the cells caused by the imaging.

Fig. 6.5. (a) Fluorescent image of cells, imaged through the imaging fiber

captured by the CCD camera, on the right in Fig. 6.4. Individual pixels can
be clearly resolved. The arrow indicates a cell that is being irradiated by a
laser beam. Two relatively brighter pixels in the centre of the cell are the
back reflection from the cell. (b) By adding a FFT bandpass filter,
increasing the image intensity and then adding a background noise filter to
(a), a more convenient view can be obtained. The dashed circle indicates

the field of the view (image circle).
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6.2.5 Cell Transfection Using an Endoscope-like System

Cell transfection was achieved by using an 800 nm femtosecond
Ti:sapphire laser with an output pulse duration of ~100 fs and a pulse
repetition rate of 80 MHz (2 W average power, Coherent, MIRA). At the
output end of the imaging fiber, the pulses undergo stretching mainly due
to nonlinear phenomena occurring inside the fiber — SPM and GVD —
giving an overall pulse duration of approximately from ~0.8 to 1.6 ps for
the imaging fiber of the length from ~18 to 35 cm at the laser power used
during the experiment, as measured using a home-built autocorrelator
[249]. Laser light was coupled into one core of the imaging fiber, and the
output from the axicon on the other side of the imaging fiber was targeted
on the cell membrane, which was located 5 pm away from the axicon apex
on the centre of the cell (Fig. 6.5). The 5 um working distance is less than
the normal thickness of a biological cell. Therefore, although the cell
shape can be resolved, the centre (peak) rather than the edge of the cell
was selected for targeting by the laser. Multiple cells can be treated within
one field of view by steerring the laser beam from one core to the other
that targets on the relative cells (Fig. 6.5). However, the thin layer of
cladding between adjacent fiber bundle cores sometimes leads to optical
cross talk in which light from neighbouring image pixels (cores) can leak
into one another, reducing the beam power and creating multiple spots on
cell membrane [119]. For example, by focusing the input beam at one end
of the imaging fiber, 1 to 3 cores can be illuminated simultaneously (Fig.
6.6). Thus, the consistency of the transfection could be affected; therefore,
during the whole experiment the laser beam was kept within one core to
ensure that only one laser spot was targeted on the cell membrane at a
time. Targeting different cells was achieved by either moving the imaging
fiber or cell sample dish using an xyz translation stage. In the future,
computer assisted cell tracking [264] and raster-scanning techniques [69]
could be adapted to increase the cell selectivity and transfection

throughput. A SLM can also be used to illuminate pixels (cores)

130



sequentially without sweeping the input beam so as to decrease the cross
talk effect [265]. During experiments, the average power of the beam was
30-70 mW. Each cell was irradiated with 3-5 laser doses. About 20 cells
from each sample dish were treated in <15 min. The duration of each dose

was experimentally decided to be ~70 ms.

Fig. 6.6. 1 to 3 cores of the fiber bundle can be illuminated simultaneously
due to the cross talk between adjacent cores. This affects the resolution of
the imaging fiber and may create multiples spots on cell membrane during
optical transfection. Therefore, during the whole experiment the laser
beam was kept within one core to ensure that only one laser spot was

targeted on the cell membrane at a time.

The genetic material to be transfected consisted of a 1 ml solution
of OptiMEM containing 20 pg/ml mitoDSRED plasmid. This solution was
delivered microfluidically through integrated system during optical
transfection (Chapter 5) [71]. After the laser treatment, the cell monolayer
was washed twice with 2 ml of culturing medium before it was bathed in 2
ml of culturing medium and returned in the incubator. Then, 48 hours later,
the sample was viewed under a fluorescent microscope, where

successfully transfected cells expressed the red fluorescent protein.
6.3. Results and Discussions
In the course of this experiment, a total number of 566 CHO-K1
cells from 30 dishes were laser treated. The transfection efficiency did not

show a strong correlation with differing powers, exposure times, or pulse
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duration (which depends on the length of the fiber and output power). The
number of spontaneously transfected cells was zero for all five control
dishes. An optical transfection efficiency of up to ~72% and an overall 32%
efficiency with this system was obtained (Table 6.1). These transfection
efficiencies compare favourably with traditional free-space microscope-
based transfection [30] and previous fiber-based optical transfection
techniques [71]. However, a few dishes showed poorer results. This may
be due to the difficulty in manipulating the short working distance (~5 um)
imaging fiber. Even though a highly stabilized setup was used, a cell or a
fiber end can still get damaged, resulting in a reduced transfection
efficiency. To minimize this damage during an experiment, once a
potential contact between the fiber and a cell was observed, further
treatment of that particular sample dish was abandoned. Also in such
cases, the imaging fiber was re-etched to create an ordered axicon array
at the end face before further experiments. Another factor that may affect
transfection efficiency is that, due to the short working distance, the laser
may have targeted the nucleus of a cell, which would reduce the cell
viability, when compared to targeting at the edge of a cell [266]. In addition,
due to SPM and GVD, the pulse duration of the laser pulses targeted on
the cell was affected by the length of the imaging fiber, which was varied
during the experiment due to the accident damage. However, on the other
hand, the fluorescent imaging, cell staining, and gene delivery flow did not

compromise the cell viability from observation.
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Dish Laser No. of Total No. Transfection
Power Transfected of Treated Efficiency
(mw) Cell Cells (%)

1 30 12 25 48
2 9 25 36
3 3 20 15
4 2 12 17
5 4 19 21
6 7 20 35
7 40 6 20 30
8 1 10 10
9 9 20 45
10 3 19 16
11 8 20 40
12 14 20 70
13 50 7 20 35
14 20 35
15 20 30
16 4 20 20
17 13 20 65
18 9 20 45
19 60 2 20 10

20 1 18 6
21 4 20 20
22 6 20 30
23 7 20 35
24 2 19 11
25 70 6 13 46
26 3 20 15
27 9 20 45
28 13 18 72
29 3 8 38
30 2 20 10
Total 182 566 32

Table 6.1. Transfection results. An optical transfection efficiency of
up to ~72% and an overall 32% efficiency were obtained.
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In conclusion, the first endoscope-like, fiber-based optical
transfection system combined with localized microfluidic drug delivery and
fluorescent imaging capability was demonstrated. In order to achieve this,
an imaging fiber was used for fluorescent imaging, laser delivery, and
illumination. A circular field of view of ~300 um in diameter and a
resolution of ~7.6 um was achieved through this imaging fiber. Multiple
cells within one field of view and the shapes of each fluorescent cell can
be clearly resolved. An ordered array of micro-axicons with an apex angle
of 55° was chemically created at the polished exit surface of the imaging
fiber in order to increase the light intensity at a relative remote distance. A
beam spot of 3.75 um in diameter was targeted on the cell membrane,
which is located 5 um away from the apex of the micro-axicon lens for the
protection of both fiber tip and biological cells. This device is a step
forward toward achieving an endoscopic system for in vivo optical
transfection applications because it is possible to achieve imaging with
subcellular resolution with this device. New engineering methods have to
be developed to achieve an imaging fiber with a longer working distance,
which would enhance the reproducibility of this device. However, this new
system opens up prospects for a miniaturized, objective free probe that
could greatly reduce the cost and might be applied in tissue slices or
clinical in vivo optical transfection applications. In future, other popular
tools, such as two-photon microscopy, microfluidic chips and Raman
spectroscopy, could also be integrated with this system to make it a
versatile biophotonics tool.

In the next chapter, in order to explore the possibility of increasing
the working distance of optical transfection device, the development of
miniaturized microscope technique is briefly reviewed. A GRIN lens based
imaging probe is also developed and used in an optical transfection
experiment. This new design not only shows a longer working distance,
but also has less pulse stretching due to the adoption of a LMA-PCF for
the laser delivery. This imaging probe allows more freedom of the optical

transfection technique to be realized in the in vivo environment.
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Chapter 7:

7. An GRIN Lens Based Imaging Probe For Optical Transfection

7.1. Introduction

In previous chapters, several optical fiber based optical transfection
techniques have been presented. All of these techniques achieve a
transfection efficiency that is comparable to the traditional free-space
optical transfection technique. However, none of these would fulfill the
requirements of an ideal optical transfection tool that should have the
potential to be used in medical applications. In a clinical environment, an
ideal optical transfection tool would have the ability to image individual
cells embedded in biological tissue and to manipulate them simultaneously
whilst ensuring the damage to the patient is kept to a minimum. With
regard to the mechanism of optical transfection, an ideal tool must also
focus the perturbation beam to a tiny spot and maintain a safe distance
between the optical probe and the cell under treatment. The fiber bundle
based endoscope-like optical transfection system presented in Chapter 6
is very close to meeting these requirements with the exception that the
working distance is too short, thus extra care must be taken to keep both
the fiber tip and the targeted cell intact. In Chapter 6 a miniaturized
microscopy technique that has been developed in the last two decades
was introduced, and many ideas from this technique can be adopted into
the design of an ideal optical transfection system. This chapter begins with
a brief review of the development of this miniaturized microscope
technique and is followed by the presentation of a GRIN lens based
imaging probe used for epifluorescence imaging and optical transfection.
Preliminary optical transfection results have been obtained using this
imaging probe on CHO-K1 cells. However, epifluorescence imaging and
drug delivery have not yet been attempted on this imaging probe. Future

work in these areas is due to be undertaken.

135



7.2.Review of the Miniaturized Microscope Technique

7.2.1 Introduction

Miniaturized microscopy has been developed for around two
decades [267, 268]. Differing from traditional bulk microscopes,
miniaturized microscopes are mainly used in the area of biology.
Miniaturized microscopy permits cellular imaging under conditions where
conventional microscopy cannot be used. A miniaturized microscope can
image cells residing within hollow tissue tracts [269]. It can also provide
imaging access to cells buried deep within organs by implanting or
inserting the imaging probe into the relevant organ in a minimally invasive
manner, which allows long-term in vivo imaging to be realized [270, 271].
With the implanted miniaturized microscope, the development of cells
under the treatment of therapeutics or simply from aging can be studied in
vivo at the subcellular level [271]. It has been shown that some low-weight
flexible miniaturized microscopes can even be installed on certain parts of
the body of a moving animal [272-274]. The link between certain cells and
disease symptoms or animal behaviours can therefore be studied directly
over time. Recently, miniaturized microscopy has been increasingly
applied in clinical diagnostics [132, 275] and cell surgeries [46, 256]. Its
potential in the clinical area is just starting to show.

The challenges of building a miniaturized microscopy system
involve miniaturization of optical and mechanical components, ingenious
design of the system, and dealing with the other issues that arise from
miniaturization. Imaging using the miniaturized microscopy technique has
mainly been limited to epifluorescence, fluorescence confocal and two-
photon modalities [119, 133]. Other imaging methods using reflective fiber-
optic confocal [267, 276-278], second and third harmonic generation [279,
280] and Coherent Anti-Stokes Raman Scattering (CARS) [281]
techniques have also been adopted in miniaturized microscopy and are

currently undergoing rapid development.
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There are various different embodiments of the miniaturized
microscope [119, 133]. Some are enclosed in a small compact package
and can be used as a hand-held microscope for imaging at depth beneath
the sample surface. Some utilize a scanning fiber or fiber bundle for
miniaturization and are used as a microendoscope. GRIN and miniature
lenses are also commonly used to fabricate compact imaging probes. A
miniaturized microscope typically consists of one or more excitation
sources, a light delivery mechanism, an x-y scanning mechanism, a
focusing mechanism, a light collecting system, an optical detector, and a
computer for monitoring, controlling and coordinating the whole system.
Many of them also have customized accessories to realize specialized
functions, such as side viewing, rotation, liquid delivery, and auto-focus
adjustment. This chapter will focus on the introduction of components
commonly used in a miniaturized microscope and selected basic
embodiments that have been developed previously. Only miniaturized

microscopes with a subcellular resolution will be covered in this section.

7.2.2 Components

7.2.2.1. Optical fiber

Optical fibers were originally used as a diagnostic tools or sensors
by measuring the collected fluorescent emission from a point or an area in
vivo [127-129]. Due to its size and flexibility, optical fibers have now been
used in many types of miniaturized microscope for light delivery and
collection with the new additional capability of transferring an image. To
realize this new capability, a scanning mechanism is involved to
reconstruct an image point by point. Fiber bundles have also been used in
the miniaturized microscopy technique to transfer all the points of an
image simultaneously. Several types of optical fiber have been commonly
used in the miniaturized microscopy technique to effectively deliver and

collect signals from the specimen.
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SMF for visible light usually have a core diameter from 3-7 um and
guide only one spatial mode of light, which can be focused to a near
diffraction-limited spot in order to achieve high resolution imaging.
Therefore, the low-cost SMF is widely used in confocal type scanning
miniaturized microscopes [267, 282]. The core of the SMF also works as a
pinhole, simultaneously rejecting the out of focus fluorescence emissions.

Step-index MMF guide more than one spatial mode in the fiber core.
MMFs not only have larger cores, typically from ~50 um up to a few
millimetres, but also generally have large NA values. These fibers
therefore are more effective at collecting light when compared to SMFs
and therefore they are used for signal collection in many types of
miniaturized microscope.

Two-photon microscopy is a powerful technique that allows cellular
imaging at several hundred microns deep within biological tissues. A
femtosecond laser with pulses of ~80-250 fs duration and nanojoule
energies is normally used in a traditional microscope to induce two
photon-excited fluorescence in vivo [32]. However, due to GVD and SPM
(see Chapter 2.4), the temporal profile of ultrashort optical pulses
delivered through an SMF are severely stretched and thus the efficiency of
two-photon excitation is compromised. Therefore, alternative means of
delivering ultrashort pulses must be adopted.

Photonic crystal or microstructured fibers are a newly developed
class of optical fiber made from pure silica. Their name derives from the
regular periodic pattern of air holes and silica glass these fibers exhibit
within their internal structure (Fig. 7.1). By careful design of the air hole
array, a core of a large mode area (LMA) with single-mode operation over
a broad range of wavelengths (from UV to infrared) can be made. This
property is called endless single mode guidance and this kind of fiber is
called a large mode area photonic crystal fiber (LMA-PCF) [Fig. 7.1(a), (d)].
The air hole array decreases the effective refractive index of the material
and acts as the fiber cladding. The light travels within the silica core by a
modified form of total internal reflection. The LMA-PCF for 800 nm light,
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which is the typical wavelength for two-photon microscopy, has a mode
field diameter of ~15 pm compared to ~5-6 um mode field diameter of
SMF for the same wavelength. The light intensity in the fiber core area and

the subsequent pulse stretching is thus significantly reduced.
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Fig. 7.1. Photographs and schematics of photonic crystal fibers. (a) LMA-
PCF has a bigger core and wider transmission range for single mode
delivery compare with a SMF. (b) Hollow-core photonic bandgap fiber
(PBF). Ultrashort optical pulses are localized to the air core, effectively
eliminating SPM. (c) Double-clad photonic crystal fiber (DCF). The inner
cladding and solid core work as an LMA-PCF for guiding single mode
excitation light and the outer air cladding creates a higher-NA fiber that
can collect fluorescence emission efficiently. Scale bars, 20 pm.
Photographs are obtained from [119]. (d), (e) and (f) obtained from NKT
Photonics A/S are the relative schematic graphs of (a), (b) and (c). The
white area indicates the air hole and the grey area indicates the silica

material.
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Pulse stretching can be further reduced using a hollow-core PCF
[283]. This kind of photonic bandgap fiber (PBF) does not rely on total
internal reflection for light guiding [Fig. 7.1 (b), (e)]. The cladding of a
hollow-core PCF may be regarded as a 2D photonic crystal, which is
similar to an electronic bandgap in crystalline solids [118]. If the optical
frequency lies within the photonic bandgap, the cladding becomes
impermeable to the photons and the fiber serves as a photonic-crystal
waveguide. The air core can increase the transmission efficiency with
reduced nonlinear effects. Hollow-core PCF have been used in many
embodiments of two-photon miniaturized microscopes and other nonlinear
optical imaging modalities, because even high-energy pulses do not
undergo SPM in an air core [274, 284, 285]. Normally the working
wavelength for a hollow-core PCF covers a spectral range of several tens
to over a hundred nanometres. Within this range there is usually a zero
dispersion point at which the pulse stretching vanishes, making the hollow-
core PCF a perfect means for ultrashort pulse delivery.

Another type of fiber commonly adopted in the miniaturized
microscopy technique is double-clad photonic crystal fiber (DCF) [256, 286,
287]. DCF is basically an LMA-PCF surrounded by an outer cladding
composed almost entirely of air [Fig. 7.1 (c), (f)]. The LMA-PCF works for
the delivery of single mode high power excitation light. The outer cladding
makes the entire LMA-PCF (solid core and air hole cladding) the core of a
MMF with very high NA up to ~0.6. This arrangement allows excitation
light to be delivered through the LMA-PCF in the centre and the excited
signal is collected through the outer MMF simultaneously, all within one
DCF. Using one fiber for both delivery and excitation can decrease the
size of the miniaturized microscope imaging probe and aid in
miniaturization.

In contrast to the optical fibers mentioned above, that only have one
core for light delivery and therefore require scanning mechanisms to
reconstruct an image point by point, an imaging fiber (coherent optical

fiber bundle) can deliver an image on its own (Chapter 6). An imaging fiber
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usually consists of a large number (up to ~100,000) of cores (pixels), and
each core can independently transmit light like a conventional optical fiber.
The cores are normally laid in parallel along the fiber axis in a honeycomb-
like structure throughout the whole length (coherent configuration) of the
fiber. Therefore, an image projected on to one end of the imaging fiber can
be divided into pixels and then transferred to the other end. The total
diameter of an imaging fiber ranges from hundreds of micrometres to a
few millimetres depending on the number and size of each core.
Epifluorescence imaging can be easily realized using such an imaging
fiber (Chapter 6) [114, 275, 288]. Scanning confocal [265] or two-photon
[257] imaging modalities can also be realized by scanning the excitation
beam on the proximal (relative to the light source) end of an imaging fiber
while keep the distal end targeted at the sample. However the size of the
core in a fiber bundle, which is normally ~2-3 um, is smaller than the core
in a SMF. This means ultrashort pulses passing through these cores suffer
severe pulse stretching and this decreases the two-photon excitation
efficiency. Pre-compensation of the pulse stretching may be required
when using an imaging fiber. One advantage of using an imaging fiber is
that its small size facilitates miniaturization. The imaging fiber can be
pushed against the sample during imaging, removing the need for other
focusing optics, if damage is not a concern. The main disadvantage of an
imaging fiber is that the image is transferred in a pixelated fashion, which
reduces the lateral optical resolution in the specimen plane to about twice
the average core-to-core distance. A focusing lens can be attached to the
distal end of imaging fiber to increase the resolution and keep the imaging

probe apart from the sample.
7.2.2.2. Focusing mechanism
With the exception of miniaturized microscopes which utilizes a

coherent fiber bundle held against the tissue during imaging, a focusing

mechanism is always needed in a miniaturized microscope. For some

141



types of hand-held microscopes where there is no space limitation, a
traditional objective can be used [280, 289]. On the other hand, for
applications where miniaturization is needed, various focusing
mechanisms have been developed and successfully applied in
miniaturized microscopy. Typically a customized miniature objective lens is
used to focus the output beam from a scanning fiber or a fiber bundle to
the sample. GRIN lenses and small spherical lenses (a few millimetres in
diameter), or a combination of these, are commonly used focusing
mechanisms.

GRIN lenses resemble a piece of glass rod ranging from 0.35 — 2
mm in diameter and are commonly used in miniaturized microscopy. Their
refractive index profiles decline approximately quadratically with the radius,
which can be described using the equation: n(r) = no(1 — g*r?/2), where r is
the radius from the fiber axis, ng is the refractive index on axis and g is a
constant parameter [118]. This gradual variation of the refractive index
makes the light traveling through the GRIN lens follow an approximately
sinusoidal path where the length of one sinusoidal period is defined as one
pitch of the GRIN lens (Fig. 7.2). An image can be transferred through a
GRIN lens as shown in Fig. 7.2. Therefore a single GRIN lens of
appropriate length can be used as an image conduit for deep tissue
imaging [290]. Similar to a spherical lens, a GRIN lens of specific length
can be used to focus, collimate and diverge light; different focal lengths
can be made by cleaving the GRIN lens at relative pitch length [Fig. 7.2
(inset)]. With a flat end face, an imaging probe (objective lens) can be
easily built by gluing a series of GRIN lenses with different focal lengths
together. However, due to their optical aberrations and relatively low NA
values, GRIN lenses do not provide optical resolutions comparable to
those of conventional microscopy [291]. A normal GRIN lens based
imaging probe measures about one centimetre or more in length and
contains two or more GRIN lenses. Customized GRIN lenses and GRIN
lens based imaging probes are available from multiple vendors. Three

typical examples of GRIN lens based imaging probe are shown in Fig. 7.3.
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These triplet imaging probes comprise three parts: A coupling lens with a
lower NA, is used to receive the output beam from a scanning fiber; a
relay lens transferring the beam to a remote distance; and an objective

lens with high NA used to focus the beam at the sample plane [292].
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Fig. 7.2. A GRIN lens with a parabolic variation of refractive index with
radial distance. Light traveling through the GRIN lens follows an
approximately sinusoidal path and therefore it can be used to transfer an
image from one end to the other. The inset shows that a GRIN lens of

specific length can be used to focus light like conventional spherical lens.
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coupling relay objective
lens lens
Fig. 7.3. Top, photograph of three GRIN lens based imaging probes, of
1.0, 0.5 and 0.35 mm diameter, oriented with the coupling lens on the left,
a relay lens in the middle and an objective lens on the right [292]. A minor
tick on the scale equals 1.0 mm. Bottom, optical schematic of the beam
path in the triplet imaging probe. A coupling lens is used to receive the
output beam from a scanning fiber; a relay lens transfers the beam to a
remote distance, and an objective lens is used to focus the beam at the

sample plane.

Similar to a traditional objective lens, miniature objective lenses can
also be fabricated using spherical lenses normally from 0.8 - 5 mm in
diameter. For some imaging modalities, such as scanning microscopy, a
few spherical lenses are enough for the focusing requirement [293].
However, for other modalities, such as epifluorescence, where different
colours of excitation and emission beams are involved, more complicated
lens designs for image aberration correction are needed [255, 276, 294].
Two examples of objective lens designs are shown in Fig. 7.4 [276]: Fig.
7.4(a) is made of eight spherical lens elements; with the assistance of
optical design software, smaller objective lenses composed of five
injection-molded plastic lenses can be made [Fig. 7.4(b)]. This reduction in
the number of lenses and overall size of the objective lens result from the
use of aspheric lenses in the injection-molding process, which is extremely

difficult and expensive to manufacture with glass lenses of this size.
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Fig. 7.4. Two examples of optical designs for miniature objective lenses.

Oil

The fiber bundle is located to the left of the objective lenses and the
sample is placed to the right. (a) Glass lens design with eight spherical
lens elements. (b) Plastic lens design with five lens elements utilizing

aspheric surfaces. Diagrams obtained from [276].

7.2.2.3. Scanning mechanism

In order to transfer an image using a single fiber in a miniaturized
microscope, a scanning mechanism is usually involved to reconstruct the
image point by point. However, not every miniaturized microscope system
needs a scanning mechanism, examples include epifluorescence [114,
295] and reflective confocal modes [296]. Imaging modalities that do adopt
scanning mechanisms can be divided into two categories: proximal and
distal (relative to the light source) scanning. Proximal scanning indirectly
scans the sample by scanning over one end-face of a fiber bundle or
imaging probe, whilst keeping the other end targeted to the sample [Fig.
7.5(a)]. In this fashion, the scanning unit and the sample are separated.
Thus miniaturization of the scanning unit is unnecessary and the size of
the imaging probe can be reduced without affecting the scanning unit.

Proximal scanning can be easily realized using a pair of galvo mirrors or
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simply by attaching the fiber bundle or imaging probe to a conventional
scanning microscope [279]. Line scanning over the end-face of a fiber
bundle or imaging probe can greatly increase the image acquisition rate
[297]. A SLM can also be used to couple selectively the scanning beam
into individual cores of a fiber bundle rather than sweeping across the
entire end-face and so decrease the cross-talk between adjacent cores

and increases the resolution [265].
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Fig. 7.5. Scanning mechanisms. (a) Proximal scanning can image the

g e

sample by scanning at one end-face of a fiber bundle or an imaging probe
while keeping the other end targeted to the sample. (b) Distal scanning.
The fiber tip is vibrated at the mechanical resonant frequency driven by a
piezoelectric actuator and the output excitation beam is then focused at
the sample. Two scan patterns are commonly used: spiral (d) and
Lissajous (d). (e) Distal scanning can also be realized by using an

electrostatic driven MEMS torsion scanning mirror.

Distal scanning can be realized by scanning a single optical fiber
over the sample with a focusing mechanism in between [Fig. 7.5(b)]. A
piezoelectric excited actuator is normally used to drive the fiber tip,
vibrating it at the mechanical resonant frequency [255, 298]. Spiral [Fig.

7.5(c)] [285] and Lissajous [Fig. 7.5(d)] [272] scan patterns are commonly
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used. Thanks to the development of MEMS in recent years, electrostatic
driven torsion scanning mirrors at ~0.3 — 2 mm in diameter can be
fabricated and used for distal scanning [46, 284] [Fig. 7.5(e)]. MEMS
mirrors are fabricated through sequential material etching and deposition
processes and can be batch fabricated. One and two dimensional MEMS
mirrors are both available. This is a more robust scanning mechanism to
scan the beam delivered from an optical fiber. MEMS mirrors change the
incoming beam by 90°, therefore these are normally used in slightly larger
hand-held miniaturized microscopes (rather than the pencil-shape
implanted type) [46] or they can be used to provide a side-viewing
functionality [284] [Fig. 7.5(e)].

7.2.3 Embodiments

Using the previously detailed components, various types of
miniaturized microscope can be built. There are no set standards for
fabricating a miniaturized microscope and the modality of each
miniaturized microscope is always strongly driven by the relative
application and limited by the available technologies. On the other hand,
the same imaging modality can be realized through different types of
miniaturized microscope. In this section a few basic and common types of
miniaturized microscope will be introduced (Fig. 7.6) and it will be shown
that other types with special features can be easily modified from these

examples.
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Fig. 7.6. Different miniaturized microscope embodiments. (a) An imaging

probe is attached to a conventional scanning microscope. The imaging
probe acts as an extension of the microscope objective and can be used
to direct and focus the scanning beam on the sample. (b) By attaching the
imaging probe to a flexible fiber bundle (imaging fiber), remote and
conventionally unattainable places can be imaged. (c) Using a single
scanning fiber in addition to an imaging probe, an image can be
reconstructed point by point and a pencil-like compact miniaturized
microscope can be made. (d) By splitting the excitation beam delivery and
emission beam collection, the chromatic aberrations commonly seen in
GRIN lens based imaging probes can be circumvented. Using different
special fibers for delivery and collection can also enhance the efficiencies
of delivery and collection. (e) Using a MEMS mirror to scan the beam
delivered by a fixed fiber, one can not only realize a system with a side-
viewing ability, but can also create a more robust miniaturized microscope

than other embodiments.
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The first and also perhaps simplest type of miniaturized microscope
iIs shown in Fig. 7.6(a). An imaging probe is attached to a conventional
scanning microscope [290, 299]. The microscope objective lens scans
over the proximal end of an imaging probe which transfers and focuses
the scanning beam to the distal end on the sample plane. The imaging
probe acts as an extension of the bulk objective and allows imaging of a
conventionally unattainable area. The imaging modality then depends on
the relative modality of the scanning microscope. Scanning imaging
modalities are readily compatible with this type miniaturized microscope.
However, it is worth mentioning that epifluorescence imaging is not easily
achieved using GRIN lens based imaging probes due to the large
chromatic aberrations from the GRIN lens.

The second type of miniaturized microscope is shown in Fig. 7.6(b),
where a fiber bundle is attached to the proximal end (relative to the light
source) of an imaging probe [131, 132, 257, 259, 273, 278, 288, 295, 300].
Epifluorescence [273, 288, 295], confocal [132, 278] and multiphoton [257]
microscopes can all be realized using this type of miniaturized microscope.
The fiber bundle transfers the excitation beam from the proximal to the
distal end and then the imaging probe focuses the excitation beam onto
the sample. The reversed beam path is also used for emission beam
collection. In the application of miniaturized microscope to confocal
microscopy (both fluorescent and back reflection microscopy), a pinhole is
needed at an appropriate plane [not shown in Fig. 7.6(b)] to eliminate out-
of-focus fluorescence and produce the sectioning ability. In its application
to multiphoton microscopy, the length of the fiber bundle is limited by the
pulse stretching occurring within the core of the fiber bundle [257].

In some applications of confocal and epifluorescence microscopy, a
focusing mechanism is not necessary when the end-face of the fiber
bundle is in direct contact with the sample during imaging [259, 288, 295].
Without the focusing mechanism, the imaging probe (tip of fiber bundle)
can be made as small as ~300 um [114] and there are commercialized

products of this type of miniaturized microscope on the market already
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(Mauna Kea Technologies). The drawback of this design comes from the
image pixilation, which is due to the nature of the fiber bundle and which
decreases the image resolution. However, this might be overcome by
using a high magnification (NA) imaging probe.

Replacing the microscope objective in Fig. 7.6(a) with a single
scanning optical fiber, another type of miniaturized microscope can be
fabricated [Fig. 7.6(c)] [272, 285, 293, 298, 301, 302]. The scanning
mechanism in a conventional scanning microscope is realized by the fiber
tip scanning. SMFs can be used in this design and the fiber core itself acts
as a pinhole making this design a confocal system [298, 301]. However,
for the SMF the collection efficiency is low. Therefore, DCF and a modified
fiber tip have been used to increase the collection efficiency [287, 293,
302, 303]. Many types of multiphoton systems based on this design have
also been developed with hollow core PCF [46, 272, 285] or LMA-PCF
[120] for pulsed excitation beam delivery. Additional means for pulse
broadening compensation are used in some cases to increase two-photon
excitation. This design can be easily included in a compact pencil-like
housing with a diameter of only a few millimetres.

Another common design is made by splitting the beam paths of
excitation beam delivery and emission beam collection using a micro-
dichroic cube, [Fig. 7.6(d)] [250, 272, 274, 285]. Using relevant fibers for
different beam paths has two major advantages: firstly, in the multiphoton
imaging mode, the fibers for beam delivery and collection are separated, a
large core MMF used for emission collection can promote the collection
efficiency and a hollow core PCF used for pulsed light delivery can
promote the multiphoton excitation. Secondly, when using this design in
the epifluorescence mode, the axial position of the fiber (fiber bundle or
objective) used for collection, can be adjusted therefore avoiding the
problem of chromatic aberration (which will be discussed later in this
chapter).

Fig. 7.6(e) shows a miniaturized microscope with a side-viewing
ability which is produced through a MEMS scanning mirror [284, 304, 305].
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A side-viewing miniaturized microscope is very useful especially when
imaging a tunnel-like structure, where a normal miniaturized microscope
cannot reach. With a rotational motor a 3D (3 dimensional) model of a
tunnel-like structure can be reconstructed [269]. By keeping the position of
the fiber for excitation beam delivery fixed and using a 2D MEMS scanning
mirror, a very robust system can be built. Many imaging modalities have

been realized using this geometry.

7.2.4 Summary and Future

In this section the miniaturized microscope technique has been
briefly reviewed. Common components for building a miniaturized
microscope have been discussed: including various types of optical fiber,
focusing and scanning mechanisms. Based on these components,
different embodiments of a miniaturized microscope each with their own
merits and problems can be built. The optical principles for realizing
different imaging modalities on a miniaturized microscope are theoretically
the same as their equivalents in conventional bulk microscopy. Thus
miniaturization is more of an engineering challenge than a theoretical
problem. There are also many related issues that are very important in
miniaturized microscopy, such as a micro-motor for axial positioning or
rotational control, a micro-camera, liquid delivery system, device housing,
ray-tracing and computer-aided design software. Further information on
these aspects can be found in numerous literatures [119, 133, 306]. Other
embodiments with customized properties can be modified from the ones
discussed here. For example, a miniaturized dual-optical-zone (dual fields
of view and resolution) endoscope objective lens using a new lens was
developed in Watt Webb’s group [307]. Another in vivo epifluorescence
miniaturized microscope was achieved by connecting it to a digital camera
making this system a portable real time diagnostic tool [295]. With the aid
of a guiding tube, a miniaturized microscope can reach and image deep

within the living mammalian brain with the ability to return and observe the
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same location over a period of weeks [271].

The capabilities of a miniaturized microscope can be promoted
greatly through appropriate and ingenious accessories. Although the
miniaturized microscopy technigue has been developed for two decades, it
is only relatively recently that this technique has begun to be widely
applied in animal models to study tissue structure [269, 308], disease
diagnostics [259], and has even been used in clinical trials [131, 132, 275].
In the near future, more clinical trials will be carried out and the trend for
further miniaturization will continue. There is a drive to develop this
technique towards a portable, economical device and this technique may

be integrated with the modern endoscopy technique.

7.3.Design and Characterization of GRIN Lens Based
Microendoscope Optical Transfection System

In the last chapter an endoscope-like integrated optical transfection
system was presented. Fluorescence imaging was realized on that system
as well as a drug delivery module. Successful optical transfection results
were obtained using cultured cell lines. However, the short working
distance (-5 pm) of this system prevents its application in in vivo
experiments. A longer working distance, to keep the biological tissue and
imaging probe separated and intact, is essential for the success of an in
vivo optical transfection experiment. Therefore, based on ideas from
miniaturized microscopy techniques, a GRIN lens based optical

transfection probe was developed (Fig. 7.7).
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Fig. 7.7. The schematic graph on the left shows the design of the GRIN
lens based imaging probe. The 800 nm femtosecond beam (red) and
visible light (green and blue) for fluorescence imaging are separated in
order to avoid the chromatic aberration from GRIN lenses. The
femtosecond laser for optical transfection is delivered by a LMA-PCF fiber
and the output beam is coupled and collimated by GRIN lens 1 before it is
reflected by a prism and a custom-made dichroic cube. The beam was
then focused on the image plane by GRIN lens 2. Fluorescence imaging is
achieved in a similar way as in section 6.2.4 through a fiber bundle with an
imaging probe, made of GRIN lens 3, a dichroic cube and GRIN lens 2, on
top. A working distance (WD) of 60 um is achieved. A photograph of the

imaging probe is shown on the lower right.

Fig. 7.7 shows a GRIN lens based imaging probe adopting a design
which splits the 800 nm femtosecond beam for cell transfection and visible
light for fluorescence imaging. Beam splitting was realized through a
custom-tailored dichroic cube which was fabricated by the Tower Optical

Corporation. The cube was made by gluing two 2 mm BK7 right angle
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prisms together (Fig. 7.7). The hypotenuse of one prism was coated to
reflect the 800 nm femtosecond beam with a reflectance of over 95% and
to allow the 450 — 600 nm light to pass with a transmission over 95% at an
incident angle of 45°. A 35 cm long LMA-PCF (Thorlabs, LMA-20)
controlled by a xyz translation stage, was used for femtosecond laser
delivery. The output beam from LMA-PCF was coupled and collimated by
GRIN lens 1 (Edmund Optics, NT64-544) before it was reflected by a
prism with an aluminized hypotenuse (Edmund Optics, NT47-922) and the
dichroic cube. The femtosecond beam was then focused on the sample by
GRIN lens 2. The imaging was realized in a similar way as in Chapter 6
(section 6.2.4) except that the imaging probe was placed between the fiber
bundle (FIGH-06-300S, Fujikura, UK) and the sample to increase the
working distance for the protection of both imaging probe and biological
cells. Briefly, a fiber bundle with the imaging probe (GRIN lens 3, dichroic
cube and GRIN lens 2) was used to deliver the excitation beam to the
sample and collect the green fluorescent emission. The position of the
fiber bundle can be adjusted in order to compensate the chromatic
aberrations from the GRIN lenses. The optical components were glued
together using Norland Optical Adhesive.

The specifications of GRIN lens 1, 2 and 3 are shown in table 7.1. A
GRIN lens can be treated as a thick spherical lens in terms of its focusing
properties. Therefore, the magnification of the GRIN lens based imaging
probe is determined by the focal length ratio of GRIN lens 1 to GRIN lens
2, which in this case is 1.72/0.46 = 3.73. The mode field diameter of the
LMA-PCF is 15 um, which gives a beam spot diameter at the image plane
equal to 15/3.73 = 4 um. By adjusting the distance between LMA-PCF and
GRIN lens 1, the spot size (and also the working distance) can be
adjusted within a small range. The focal length ratio of the GRIN lens 3 to
GRIN lens 2 is equal to 0.94/0.46 = 2, which gives a 2 times magnification
of the fluorescent imaging. The theoretical resolution that can be achieved
by a fiber bundle and imaging probe combination is equal to the resolution

of the fiber bundle divided by the magnification of the imaging probe,
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which for this design (Fig. 7.7) is 7.6 pm (section 6.2.4) / 2 = 3.8 um. The
working distance of the imaging probe is decided by the working distance
of GRIN lens 2, which is 60 um (table 7.1). The longer working distance
compared with the previously discussed fiber based techniques gives this

new GRIN lens based imaging probe more flexibility.

Pitch  Diameter Length Focal NA Working Design
(mm) (mm) Length Distance  Wavelength
(mm) (mm) (nm)

(|3R|N 0.23 1.80 396 1.72 055 0.23 810
ens

1
C|5R|N 0.23 0.50 1.06 0.46 0.55 0.06 810
ens

2
C|5R|N 0.23 1.00 218 094 0.55 0.12 810
ens

3

Table 7.1. Specifications of the GRIN lenses used to build an imaging

probe.

The output beam profile of the imaging probe was characterized in
a similar way as described in section 5.2.1. Briefly, an 800 nm
femtosecond laser beam was coupled to the imaging probe (through GRIN
lens 1 in Fig. 7.7) and the output beam from the imaging probe (through
GRIN lens 2 in Fig. 7.7) was profiled in water using a series of lateral
cross-sections with a 5 um step change and using a water immersion
objective (X60 Olympus UPlanSApo). The axial position of the LMA-PCF
in Fig. 7.7 was adjusted in order to form a smallest spot on the image
plane. The reconstructed output beam intensity profile around the focus
area using beam lateral cross-sections is shown in Fig. 7.8. The working
distance of the imaging probe, as defined in Fig. 7.7, was estimated from
the beam profiling and the diameter of the focal spot and was ~50 um and

~2 um respectively.
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Fig. 7.8. The measured output beam intensity profile of the imaging probe
in water where r and Z are cylindrical coordinates with the Z axis pointing

in the direction of beam propagation.

7.4.Cell Transfection

The experimental setup was largely the same as is shown in Fig.
3.12 with the exception that the axicon tipped single mode fiber was
replaced by a 35 cm long LMA-PCF with an imaging probe attached on
the output end (Fig. 7.7). The overall transmission efficiency of the LMA-
PCF and imaging probe for femtosecond laser beam delivery is about 25%.
Due to time limitations, fluorescence imaging has not been tested on this
device and the pulse duration has not as yet been measured. However,
based on other studies it is expected that the pulse broadening of the
femtosecond pulses passing through a LMA-PCF should be significantly
decreased compared to using a single mode optical fiber at the same
length [119, 120]. Therefore, the pulse duration of the output beam in this
setup should be much lower than 800 fs as it is in Chapter 4 using an
axicon tipped single mode fiber of the same length.

Optical transfection of CHO-K1 cells was preliminary attempted
without optimization of the experiment parameters. The experimental
procedures were the same as in Chapter 4. For each dose an output
beam of 30 mW average power and 100 ms duration were used
throughout the optical transfection experiments. Due to the longer working
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distance, ~50 um, compared with previously presented fiber based optical
transfection devices, the imaging probe can be transversely scanned
across the sample dish without the risk of contact between biological cells
and the imaging probe. The efficiency of cell laser treatment was greatly
increased. A total of 250 cells were manipulated, 50 cells per dish for 5
dishes. The transfection efficiency for each dish varied from 0% to 44%
with an average efficiency of 13.6% (with a standard error of the mean of
4.25%) (Table 7.2). The number of spontaneously transfected cells varied

between 0 — 2 cells for each sample dish.

Dish No. of Total No. of  Transfection

Transfected Treated Cells Efficiency (%)
Cell

1 22 50 44

2 0 50 0

3 0 50 0

4 5 50 10

5 7 50 14

Total 34 250 13.6 £ 4.25 (SM)

Table 7.2. Transfection results. SM indicates the standard error of the

mean.

7.5.Summary and Conclusion

At the beginning of this chapter the development of miniaturized
microscope technique was briefly reviewed. Taking inspiration from
miniaturized microscopy techniques, a 2X4X7.02 mm GRIN lens based
imaging probe was designed and built. A LMA-PCF with a larger core (~20
um in diameter) was used for femtosecond laser beam delivery to
decrease the pulse broadening effect. This probe utilizes a design that has
a separated beam paths for delivery of the 800 nm femtosecond laser
beam and for fluorescence imaging (450 nm — 600 nm). A longer working
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distance of ~50 pum (which can be increased to 60 um with a larger spot
size) and a smaller beam spot of ~2 um diameter, compared with the
previously presented fiber based optical transfection technique have been
achieved. Therefore a higher transfection efficiency and a more user
friendly device can be expected. Due to time limitations, fluorescence
imaging has not as yet been tested on this probe.

This device has great potential to be used as a hand-held
microscope for skin treatment and could also be inserted directly into
biological tissue through a tube or needle for long term imaging and/or
treatment. A pencil-like or matchbox shaped housing for the imaging probe
will be developed in the future along with a liquid delivery module. A
hollow core PCF will be used to replace LMA-PCF to further decrease the
femtosecond pulse broadening in the next phase of the experiment.
Further miniaturization of the imaging probe will also be investigated. In
addition to broadening this study to include different cell lines, spinal cord
and hippocampus tissue slices will also be experimented with for optical
manipulation. The aim is to develop versatile, inexpensive, portable
devices that can be used for in vivo optical manipulation at a sub-cellular
level. This would open exciting potential for commercialization of this

device.
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Chapter 8:

8. Conclusion & Future Outlook

8.1. Summary of Thesis

This thesis began with a brief introduction to the basic principles of
gene transfer, which include the brief introduction of the definition of cell
transfection and three basic objectives for any successful transfections;
the reporter genes commonly used to assess different transfection
methods and how to measure these transfection efficiencies were also
introduced.

Chapter 1 continued to briefly introduce most of the popular non-viral
(chemical and physical) gene transfection technologies. By comparison
with these traditional gene transfection methods, it is easier to understand
the strength and weakness of laser based optical transfection techniques.

Chapter 2 focused on the introduction of mechanisms of
femtosecond laser mediated cell membrane permeabilization and briefly
mentioned other laser transfection techniques. Instead of biological tissue,
pure water was used as a model to illustrate the plasma formation in bulk
material since the optical breakdown threshold in water is similar to that in
biological tissue and optical transfection is performed in liquid environment.
Plasma formation through a highly focused femtosecond laser beam in
pure water was discussed thoroughly. The time evolution of the free
electron at the focus was studied and the simulation showed that the
electron density can be very well controlled through the tuning of the
relative laser irradiance value, wide density range below optical
breakdown threshold can be created. The relationship between pulse
duration and optical breakdown thresholds were also investigated.

Low density plasma induced chemical effects (ROS and free
electron mediated fragmentation of biomolecules) were also discussed

and believed to be the main mechanism of the membrane

159



permeabilization during femtosecond optical transfection. Temperature
evolution within the laser focus is also explored through numerical
simulation and it excludes the highly localized moderate heat
accumulation effects being a major effect for cell membrane
permeabilization. The simulation shows that long-lasting bubbles created
under the parameters used for optical transfection cause much more
damage to biological tissue and better to be avoided. Chapter 2 then
moved on to review the development of femtosecond laser mediated
optical transfection technique and discuss the propagation of femtosecond
pulses through the core of an optical fiber since fiber based optical
transfection is the main topic of this thesis. Two ultrashort pulse dispersion
mechanisms, GVD and SPM, were introduced. Chapters 1 and 2 serve as
a theoretical background to fiber based optical transfection work in
Chapter 4, 5, 6 and 7. An understanding of the mechanisms from biology
and physics aspects can help to understand better and optimize this
technique.

Chapter 3 reviewed various microlensed fiber fabrication methods,
including arc discharge, laser micro-machining, polishing, chemical
etching, single- and two-photon polymerization and FIB milling technique.
While choosing a suitable microlensed fabrication method for a specific
application there are several factors to be considered such as the
operating wavelength, output beam profile, optical break down threshold,
fabrication cost, instrumentation and throughput. The design requirements
for microlensed fibers are diverse due to the diversity of the fields in which
they are used; there is no single fabrication technique which can be
chosen as the best. Each fabrication method has its own merits and each
of them caters some specific requirements depending on the field of
application. Therefore, based on the specific applications, among various
techniques, chemical etching method in Chapter 4 and 6, single-photon
polymerization method in Chapter 5 were used to fabricate microlensed
fiber with tailored parameters that fulfill the requirements of my

experiments.
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Chapter 4 showed successful axicon tipped fiber based optical
transfection of CHO-K1 cells. An axicon tipped single mode optical fiber
was used to direct and target the femtosecond laser pulses on the cell
membrane to perform optical transfection. A selective chemical etching
method was adopted for fabrication of axicon tipped optical fibers. This
method provides many advantages over the alternatives in this particular
application of fiber based optical transfection. The fabrication and
characterization of axicon tipped fibers and properties of the output beam
in water have been discussed in detail. A theoretical model has been
developed, which provides a good simulation and prediction of the output
beam from an axicon tipped fiber. Finally, based on experimental
characterization, theoretical modeling and some physical limitations, a
fiber with an axicon of ~110° was chosen to perform optical transfection. A
new experimental configuration, to include accommodation of the fiber into
a microscope based optical transfection setup, positioning of the fiber
relative to CHO-K1 cells and imaging of the cells has also been developed.
The transfection efficiencies achieved using axicon tipped fiber compare
favorably with the traditional free-space transfection technique.

Chapter 5 reported the first realization of an optical transfection
system which can deliver genes locally, near the vicinity of the cell to be
transfected. In order to achieve this, a fiber based optical transfection
system was developed which is viable and easy to implement compared to
its previously reported counterpart — the traditional optical transfection
system. A novel fabrication method, mentioned in section 4.6.1 (single-
photon polymerization technique), was described in detail in this chapter in
order to produce a polymer microlens at the tip of an optical fiber. This
method is cheap, less complex than most of the lensed fiber fabrication
techniques and has the flexibility of fabricating customized microlenses for
specific applications compared to other existing microlens fabrication
techniques. This fabrication technique was used to fabricate a ‘microstick’
which can produce a tightly focused beam (~3 um focal diameter) with a

comparatively large working distance (~20 pm), which is ideal for fiber
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based femtosecond optical transfection of cells. This microlens tipped fiber
was used for optical transfection of CHO-K1 cells and the transfection
efficiency achieved is comparable to that of conventional free-space
optical transfection setups and significantly better than the previously
reported axicon tipped fiber based optical transfection (Chapter 4). By
combining the microlens tipped fiber with a microcapillary system, an
integrated system that achieves localized drug (gene) delivery during
transfection was produced. A MMF based illumination system was also
combined with this integrated system to allow the efficient visual
identification of the cell boundaries during optical transfection. This
integrated system was used for optical transfection of CHO-K1 and HEK-
293 cells and the obtained transfection efficiency was better than that of
the non-integrated system. Also with the integrated system, the total
amount of DNA required for transfection could be lowered significantly.
This new technique opens up prospects for a portable “hand-held” system
that can locally deliver therapeutic agents and transfect cells within a fiber
geometry placing minimal requirements upon any microscope system.
However, an objective lens was still needed in the configuration of this
experiment, which prevents the integrated system to be used in in vivo
applications. This problem was tackled in Chapter 6.

Chapter 6 demonstrated the first endoscope-like, fiber-based optical
transfection system combined with localized microfluidic drug delivery and
fluorescent imaging. This system, without the need of an objective lens for
imaging, is an upgraded version of the integrated system presented in
Chapter 5. A single imaging fiber was used for fluorescent imaging, laser
delivery, and illumination. A circular field of view of ~300 pum in diameter
and a resolution of ~7.6 um were achieved through this imaging fiber.
Multiple cells within one field of view and the shapes of each fluorescent
cell can be clearly resolved. An ordered array of micro-axicons with an
apex angle of 55° was chemically created at the polished exit surface of
the imaging fiber in order to increase the light intensity at a relative remote

distance. A beam spot of 3.75 um in diameter was targeted on the cell
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membrane, which is located 5 pum away from the apex of the micro-axicon
lens for the protection of both fiber tip and biological cells. This device is a
step forward toward achieving an endoscopic system for in vivo optical
transfection applications because it is possible to achieve imaging with
subcellular resolution with this device.

One weakness of the endoscope-like system presented in Chapter
6 is the short working distance. In order to overcome this, miniaturized
microscopy technique was adopted in Chapter 7 to build a miniaturized
microscope that can perform fluorescence imaging and optical transfection
simultaneously. At the beginning of this chapter the development of
miniaturized microscope technique was briefly reviewed. The common
components, including various types of optical fiber, focusing mechanism
and scanning mechanism, for building a miniaturized microscope have
been discussed. Based on these components, different embodiments of a
miniaturized microscope with their own merit and demerit can be built. A
few common type miniaturized microscopes were also presented. Taking
inspiration from miniaturized microscopy techniques, a 2X4X7.02 mm
GRIN lens based imaging probe was designed and built. A LMA-PCF with
a larger core (~20 pm in diameter) was used for femtosecond laser beam
delivery to decrease the pulse broadening effect. This probe utilizes a
design that has a separated beam paths for delivery of the 800 nm
femtosecond laser beam and for fluorescence imaging (450 nm — 600 nm).
A longer working distance of ~50 um (which can be increased to 60 pm
with a larger spot size) and a smaller beam spot of ~2 um diameter,
compared with the previously presented fiber based optical transfection
technigue have been achieved. Therefore a higher transfection efficiency
and a more user friendly device can be expected. Due to time limitations,

fluorescence imaging has not as yet been tested on this probe.
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8.2. Future Work

8.2.1 Engineering Aspects

Optical transfection techniques would greatly benefit from
advancements in engineering aspects. For example, the work presented in
Chapter 7 can be readily improved in two aspects. First, pulse stretching
can be further reduced using a hollow-core PCF instead of the LMA-PCF
used for femtosecond laser pulses delivery. By doing this, a smaller laser
focus spot is also expected due to the smaller mode field diameter of the
hollow-core PCF (~7.5 pm in diameter, about 1/3 of the LMA-PCF).
Therefore, theoretically, less damage to cells and the resulted higher
transfection efficiency can be achieved. Second, a pencil-like or matchbox
shaped housing for the imaging probe will be developed along with a liquid
delivery module. The housing acting as a protection cover can be easily
fabricated using a micro-milling machine.

To further improve the imaging probe, apart from adopting a micro-
motor for axial positioning or rotational control, a micro-camera to avoid
using long and thick imaging fiber for image delivery. This imaging probe
can also be connected to a scanning microscope to become a
miniaturized scanning microscope to achieve better imaging resolution
and acquire sectioning ability [Fig. 7.6(a)]. This can also be realized using
a scanning SMF [Fig. 7.6(c, d)] and by fabricating a microlens at the tip of
the fiber (using chemical etching or single-photon polymerization
technique discussed in Chapter 3), better resolution can be achieved.
Bessel beams have been produced on fiber based imaging probes [209]
and can be used for fiber based optical transfection to eliminate the
requirement for precise cell membrane targeting.

Recently, an electrically tunable lens was used to realize fast axial
focus shifts within 15ms [309]. This type of lens has a great potential to be
used in miniaturized microscopy technique to adjust the focus without the

involvement of any moving parts. In the near future, as soon as the

164



miniaturized version of this lens comes available, the flexibility,
miniaturization and imaging (sectioning) speed of the miniaturized
microscope can all be greatly improved.

Other avenues for further developing miniaturized optical
transfection technique could be to integrate this technique with other
popular tools, such as microfluidic chips, two-photon microscopy, OCT,
Raman spectroscopy and optical trapping. The long-term aim is to develop
a versatile, inexpensive, portable biophotonics workstation, which can be
used for in vivo and ex vivo optical manipulation, at a sub-cellular level.
This would open exciting potential for various applications and

commercialization of this device.

8.2.2 Biology

Apart from further improvement from physics and engineering
aspects, the fundamental breakthroughs stem from biology or
biochemistry are essential for optical transfection to achieve and finally
reach the clinical level.

One of the problems of optical transfection technique is that the
parameters (including laser power, pulse duration, DNA concentration and
cell passage number) for transfection of different cell lines are often
different [70, 246]. Therefore broadening this technique to include various
model cell lines and build up a data base with sets of optimized
transfection parameters for each cell lines (similar to nucleofection
technique introduced in section 1.2.3.1) are essential for optical
transfection technique to become standardized and eventually
commercialized. Other cell types including primary neuronal cells, stem
cells, fungi (such as yeast), bacteria, plant cells and small living organisms,
such as C. elegans roundworm could all potentially be optically transfected.

Optical transfection, especially miniaturized transfection techniques,
could be potentially proved particularly useful for studying neuronal cells in

vivo or ex vivo, by selectively manipulating individual neurons within a
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large cell population. Cultured cell lines, isolated neuronal cells, tissue
(spinal cord or hippocampus) slices and finally in vivo trials (with animal
brains) are some of the possible paths for the development of optical
transfection towards the clinical arena. The current research of optical
transfection is moving from transfection of cultured cell lines towards
isolated neuron cells. This brings another challenge as neurons are non-
dividing cells and in order for the DNA to be transcribed it has to be
delivered into the nucleus of the cell, which is mainly relies on the mitotic
division of the cells. Some synthetic peptides (NeuroFECT Reagent,
Genlantis, Inc.) have been designed for transfection of neuronal cells, but
are not effective when used in optical transfection scenario. This challenge
might be solved by using mRNA instead of DNA, because mRNA can be
directly transcribed in the cytoplasm. Other possibilities such as using
different carrier solutions (rather than OptiMEM), modulation of the
extracellular space and plasmid construction, might be keys for this optical

transfection technique to reach clinical level.
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Appendix A

A. The Simulated Output Beam Intensity Profiles of an Axicon

Tipped Fiber

The MATLAB source code:

%%%%%%0% %% %% % %% %% %% % %% %% %% % %% %% % %% %% %% % %% %% % %%
%% An example of free space propagation of the output beam from an axicon tipped single %%
mode optical fiber using Hankel transform

%% Nan Ma 2011

%%%%%%0% %% %% % %% %% %% % %% %% %% % %% % %% %% %% %% % %% %% % %%
%% Input parameters; length unit is 1jum

lambda=.8; %% wavelength

rmax=>5; %% the field boundary

w=2.8; %% width of incoming Gausian beam = half of core diameter
nf=1.5; %% refractive index of fiber core

nw=1.33; %% refractive index of water

axang=55/180*pi; %% axang is half axicon angle

axang2=axang-+asin(nf/nw*cos(axang))-pi/2;

%% axang? is the angle between output beam and Z axis

zmax=30; %% end of beam propagation

st=0.125; %% step for propagation

%%%%%%% %% %% % %% %% % %% %% %% %% % %% %% % %% %% %% % %% %% % %%
k=2*pi/lambda; %% k-vector length

N=rmax*k; %% sampling condition

r=rmax*[0:1/N:1]."2; %% declaration of radius coordinate

R=[0:1/N:1].72; %% spatial spectrum coordinate

dr=2*rmax*[0:N]/N."2;

dR=2*[0:N]/N.~2;

rlin=rmax*[0:1/N:1]; %% equidistant sampled coordinate

for j=1:size(r,2) %% to evaluate indices for r -> rlin transform
[null,ind(round(j))]=min(abs(r-rlin(j)));

end

in=1;

H=k*besselj(0,k*r'*R); %% the Hankel transform matrix
f=exp(-(r/w)."2); %% Input field declaration
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fe=f. *exp(i*k*((w-
(r*(1+sin(axang2)/tan(axang)/cos(axang?2))))/tan(axang)*nf+(r*(1+sin(axang2)/tan(axang)/co
s(axang2)))/tan(axang)/cos(axang2)*nw));
%% Axicon modification
%% Initial plane is transformed from Plane 1 to Plane2
F=(fc.*r.*dr)*H; %% Hankel transform
%%%%%%0% %% %% % %% %% %% % %% %% %% % %% %% % %% %% %% % %% %% % %%
%% Free space propagation
v=zeros(size(r,2),zmax/st+1); % % memory allocation for the intensity distribution
for z=0:st:zmax
Fz=F.*exp(i*k*z*nw*(sqrt(1-(R)."2)));
ff=(Fz.*R.*dR)*H; %% Inverse Hankel transform
fr=ff(ind); %% r -> rlin transform
plot(r,abs(ff).*2);
drawnow;
v(:,in)=abs(fr')."2; %% the field intensity
in=in+1;
end
%%%%%% %% %% %% %% %% %% % %% %% %% %% %% %% % %% % %% % %% %% %% %
imshow(log10([flipud(v(2:size(v,1),:));v]+1)/max(max(logl0(v+1))))
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