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ABSTRACT

BIOPHOTONIC APPLICATIONS OF ULTRAFAST
FIBER LASERS: FROM BIOMATERIAL SURFACE
MODIFICATION TO SUB-CELLULAR
NANOSURGERY

Mutlu Erdayan
PhD in Materials Science and Nanotechnology Program
Supervisor: Assoc. Prof. Dr. FatihOmer llday
September, 2014

Just a year after the invention of the LASER in 1960, it was demonsited
that lasers could be used for the treatment of certain skin abnomtities. At
present, lasers are extensively used in a broad range of medicabtments.

After the development of femtosecond pulse lasers in the 1980sere more
exciting possibilities in a diverse range of elds have been realized. Acdingly,
ultrashort pulse lasers are widely used in biological applications in rete/ears.

In parallel to these, ber laser systems have increasingly been utiéid in a wide
range of scienti c and biomedical applications, since they are highlyompatible
systems for being employed for industrial and biomedical applicatien

Consequently, the aim of this Ph.D. thesis proposal is to develop cpatct,
simpler to operate, and cost-e cient ultrafast ber lasers with di erent repetition
rates and pulse energies. By using such systems, we demonsttagebiophotonic
applications of these lasers on two di erent biological research eid

As a part of this thesis study, we develop ultrafast ber lasers andpply them
in biomaterial surface modi cation. We demonstrate that di erent surfaces with
micro- and nano-scale topographies can be generated at high sheerecision
and repeatability. The outcomes of biomaterial surface modi catio with dif-
ferent laser parameters are compared in terms of topographiaatiformity and
repeatability. Additionally, a variety of topographical modi cations are assessed
with respect to the e ciency on cell attachment and proliferation o metal im-
plants.



As the second part of this thesis, we develop a custom-built ultregt. ber
laser-integrated microscope system for nanosurgery and tissalelation experi-
ments. Subsequently, we employ this system in order to make highepision cuts
onto di erent biological specimens ranging from the tissue level toubcellular
level, such as a part of an axon or a single organelle. Finally, we improves
integrated system in a way that it becomes capable of generatingtmal pulses in
any desired sequence possible. This is achieved by using acoustaopodulators
(AOM) and custom-developed eld-programmable gate arrays (FBA).

Keywords: Biophotonics, Nanosurgery, Tissue Ablation, Multiphoton Ablation,
Ultrafast Laser, Ultrashort Pulse Laser, Fiber Laser, Biomateria Surface Modi-
cation, Implant Modi cation.



OZET

ULTRAHIZLI FIBER LAZERLERN BIYOFOTONIK
UYGULAMALARI: BYOMALZEME YUZEY
MODIFIKASYONUNDAN HJCRE-ALTI
NANOCERRAHYE

Mutlu Erdayan
Malzeme Bilimi ve Nanoteknoloji, Doktora
Tez Yeneticisi: Dac. Dr. Fatih Omer lday
Eyll, 2014

LASER olgusunun 1960'taki kes nden sadece bir y | sonra, deritebaz anor-
mal yap lar n bu teknoloji kullan larak yok edilebilecegi gesterildi. Genamuzde
lazerler, t bbi uygulamalar anlam ndacok gens bir kullan m alan bulmslard r.

Buna ek olarak, 1980'lerde femtosaniye lazerlerin icat edilmesiyle birlé&ktaz-
erlerin daha bircok farkl alanda kullan labilecegi fark edilmstir. Nitekim, ul-
trak sa at ml lazerler, biyolojik ve biyomedikal arast rmalarda kenderine her
gecen gun daha fazla uygulama alan bulmaktad .

Tam bunlara paralel olarak ber lazerler, endsstriyel ve biyomedkal uygula-
malardaki ihtiyaclara son derece uygun olduklar tin, bu alanlardagens capta
bir kullan m alan bulmustur.

Tam bunlar g@z enene al ndg nda, sunulan bu doktora tezinin hede ; cesitli
tekrar s klklarna ve atm enerjilerine sahip olan, keoak hacimli, kullan m
basit ve desdak maliyetli ultrah zI ber lazerler gelstirmek ve bu sistemlerin
farkl biyofotonik arast rma alanlar ndaki uygulanabilirliklerini deneysel olarak
gestermektir.

Bu balamda, bu doktora tez alsmasnn bir belwmande, farkl optik
parametrelere sahip ultrah zl ber lazerler gelstiriims ve bu lazeler biy-
omalzeme ydzeylerini modiye etmek wzere kullanImstr. Ayrca, mkro ve
nano eceklerde topogra lere sahip farkl yazeylerin yaksek hzda ve hassasl kta
wretilebildgi de taraf mzca gesterilmstir. Farkl lazer parame treleriyle modi ye
edilms farkl yazey yap lar , topogra k dezganksk ve tekra rlanabilirlik ac s ndan
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kars last r Imst r. Buna ek olarak cesitli topogra k yap lar, h wcrelerin metal im-
plantlara tutunmas n n etkinlgi bak m ndan degerlendirilmstir.

Sunulan bu tezin ikinci k sm nda ise, doku kesimlenmesi ve nanocerrdbney-
lerinde kullan Imak wzere butanlesik bir ultrah zI ber lazer-mikro skop sistemi
gelstirilmstir. Bu sistem kullan larak doku seviyesinde ve hatta tek bir ak-
son veya tek bir organel gibi hdacre-alt seviyelerde, yaksek kaasl kta kesim-
ler yap Imstr. En son asamada bu bdtenlesik sistem, optik at mlar istenilen
her sekilde uretebilecek ve ernege genderebilecek sekilde tgtiriimstir. Bu
amecla, akusto-optik modsdlaterler (AOM) kullan Ims ve bu AOM'le r yine kendi
gelstirdgimiz alan-programl kap dizileri (FPGA) ile kontrol edilmi stir.

Anahtar sszaskler: Biyofotonik, Nanocerrahi, Doku Kesimleme, Gok-fotonlu Kes-
imleme, Ultrah zI Lazer, Ultrak sa Atml Lazer, Fiber Lazer, Biyomalzme,
Yuzey kleme, Implant Modi kasyonu.
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Chapter 1

Introduction

The term biophotonics refers to the combination of biology and phonics, with
photonics being the science and technology of generation and a#iten of pho-
tons in order to probe and manipulate biological phenomena. Biophmtics can
also be explained as the \development and application of optical meitologies,
especially imaging, to study biological processes in cells and tissue©ne of
the key advantages of using optical techniques for biology is thalbéy are much
less invasive compared to mechanical techniques, so that they Higlpreserve
the biological integrity during examination. Thus, biophotonics has écome the
common term for all methodologies that contend with the interactio between
biological substances and light.

1.1 History of Biophotonics

One of the earliest application elds of biophotonics is optical microspy. More-
over, given that a greater number of organisms are not visible toémaked human
eye, microscopy is probably the most important among all the teclhgques used
in biology.



Today, microscope is undoubtedly the most fundamental element biopho-
tonics research. Like many other inventions there is a debate in ong of the
inventors of the microscope. The same dispute applies to who invedtthe micro-
scope. During the late 16th century, Dutch spectacle makers veeexperimenting
with lenses and by putting numerous lenses in a tube, they made an ionpant
discovery: The size of the view of the object near the end of thelte appeared
to be increased. Although this invention of the compound lens systepaves the
way for the observation of small organisms and cells per se, it wastém van
Leeuwenhoek (1632-1723), again a Dutch scientist, who in the ldat@&th century
became the rst man to make and use a real microscope. Van Leanhoek was
the rst to discover and de ne microorganisms, which he originally neorted as
animalcules. Van Leewenhoek's work was veri ed and further develed by En-
glish scientist Robert Hooke, who published the rst work of microsipic studies
by collating them in the historical book Micrographia, in 1665. Robert Hooke's
detailed studies opened up the scienti ¢ eld of microbiology, and acgnced bio-
logical science as a whole. He is also notable for coining the biologicahteell;
Figure 1.1.

Figure 1.1: Hooke was the rst person who described the cell. He digol the
term cell, because plant cells, which are walled, reminded him of the cells in a
honeycomb.R.H., Micrographia, 1665.



In the late 19th century, Koehler illumination, which is a method of spemen
illumination that permits to generate an even illumination of the sample iad that
eliminates the formation of the image of the illumination source in the seilting
image, was invented. Further inventions such as Phase Contrast Brits Zernike
and Nomarski Interference Contrast (DIC) by Georges Nomaksin mid-1900s,
allow imaging of unstained, transparent samples. With these improvents in
illumination and contrast-enhancing optical techniques, the micraspe as we
know it today has come into being.

In parallel to these later advancements in light microscopy, ideas dAtASER
concept began to emerge in early 20th century. Albert Einstein is enof the
pioneers who studied the fundamentals of the nature of the light-atter interac-
tion and established the theoretical foundations for the laser via l@-derivation
of Max Planck's law of radiation, basically constructed on probability ce cients
for absorption, spontaneous emission, and stimulated emission tHotromagnetic
radiation. Later in 1950s, Alfred Kastler proposed a technique faptical pump-
ing, which was experimentally approved two years later, by KastleBrossel and
Winter. Shortly after the rst experimental demonstration of an optical or light
laser in 1960s, biophotonics methodologies have been employed fopinthalmol-
ogy to cosmetic surgery.

Ancient Greeks and Egyptians used sunlight for treatment, and ewn there
is a mythological connection of such an idea that Apollo, the Greek dahat
is responsible for both healing and light. Although the idea of using lighior
curing illness has been recognized for thousands of years, it hasydreen since
the invention of the laser in 20th century, which has revealed the pmtial of
light for medicinal and biological purposes. The exceptional featess of lasers
make them much suitable than sunlight or other light sources for biodacal appli-
cations. Lasers operate within a speci ¢ narrow wavelength ranged the light
emitted is coherent, together with their capacity of reaching highmical powers.
Their beams can be focused to very small points, which also enabléghhoptical
power densities. Such features have led lasers being utilized in a widage of
biomedical and biological research, e.g. Laser Scanning Confoc&tgscopy and
Laser Surgery are two of the most recognized examples of lasensticbution into
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such research elds.

Discovery of the lasers has revolutionized biology and medicine. Esdly
with the demonstration of femtosecond lasers in the 1980s, invgsttors from
a wide variety of research elds have acquired a versatile tool forgbing and
manipulating diverse range of natural phenomena. What makes udtfast lasers
particularly useful for biological and medical research is that thegnostly operate
in near infrared wavelength, which has a high penetration depth in Himgical
tissue. Additionally, their ultrashort pulse duration makes it possibleto reach
high peak powers at very low pulse energies and average optical pmv For
instance, an ideal laser system can generate 1 Joule of energy Withfemtosecond
pulses and the peak uence value at the focal point can exceecdW cm 3, this
is orders of magnitude higher when compared to the total solar uat the Earth,
which is approximately 1687 W.

An important advantage of ultrashort pulse lasers is that they erae time-
resolved experiments with which ultrafast phenomena can be prabe Another
biophotonic application in which ultrashort pulse lasers are utilized is nitiphoton
imaging of biological materials. In multiphoton microscopy, a uoresent dye is
excited through nonlinear absorption in a volume that is strictly limitedto the
focus of the objective lens, which permits for optical 3D sectionirngs shown in
Figure 1.2.

Figure 1.2: (a) Linear excitation of uorescein dye by focused 48Bnlight. (b)
Nonlinear excitation by focused fs pulses of 960nm light. [1]



An alternative and unique application of ultrashort pulse lasers tale ad-
vantage of the potential of these lasers on reaching enormousapeowers with
moderate energies and optical powers. Through nonlinear intetemns, ultrashort
pulses are able to produce highly localized e ects in materials. Hentkis makes
ultrashort pulses especially suitable for ablation of biological matets fragmen-
tation (e.g. DNA into fragments that may be analyzed via Mass Speiscopy),
etc. In addition to these, another recent application eld is ultraslort pulse laser
micromachining of materials. Such ultrashort pulses are expected tesult in
cleaner cuts, because ultrashort pulse durations do not let thengperature to
increase up at the irradiated area.

In parallel to all these advancements in optics and photonics, bdaser sys-
tems have increasingly been utilized in a wide range of scienti ¢ and bi@aical
applications. Compatibility of a system for being used outside the rearch lab-
oratory is a fundamental requirement for industrial and biomedidaapplications.
Fiber lasers are clearly advantageous in this respect. In addition tbeir long-
term stability in operation, the optical bers provide isolated paths for light
propagation, which minimizes the e ects from the environment thaimay cause
optomechanical misalignments throughout the system.

1.2 Future of Biophotonics: Nanobiophotonics

Nanobiophotonics is the next step of photonics in biological and biowtieal ap-
plications. This step will literally be a small (hano) one, but will be a giant leap
for mankind. The fantastic, though inevitable, combination of nantchnology
and biophotonics o ers a great potential especially for the delivergf light in an
extremely speci c and controlled manner into living systems, toge#r with the
capability collection of data at the same precision.

A ctional, yet probable, world in which light-emitting and image-capturing
nanorobots capable of navigating through tissues of organismsuwieb be the cul-
minant therapeutic technology for most of the diseases that theumankind has



encountered so far. In a state-of-the-art case, these nanbpts would circulate
throughout the body with speci ¢ purposes, e.g. for detecting ahcounteract-
ing cancer cells or for ultrahigh-resolution mapping of the neuronaletworks in
the brain as illustrated in Figure 1.3. Although such practices, at leagor now,
appear to be the subjects of far-future technologies, the integion of nanotech-
nology and nanophotonics into biological applications has already heg so that
novel terms such as nanobiotechnology and nanobiophotonics leaserged.

Figure 1.3: An artist's impression of a nanorobot in the vicinity of a newon [2]

The ideal integration of photonics into nanobiotechnology and theby the
technological achievements imagined are fundamentally dependemt the ad-
vancements in nanophotonics. Nanophotonics is a eld that invesages the be-
haviour of light on the nanometer scale, conceptually on a scale musmaller
compared to the wavelength of light used, and of the interaction afanometer-
scale objects with light [3]. In order for this integration to occur asreisioned,
nanoscale con nement in di erent methodologies of photonics mu$te achieved,
and these can basically be categorized asnoscale con nement of radiation
nanoscale con nement of matterand nanoscale photoprocessd4].

Today, nanoscale con nement of radiation is conceptually the subgt of near-
eld optics, a branch of optics that deals with exceeding the opticalesolution
limit (mainly di raction limit) by engineering the properties of evanescat waves.
Contemporarily, near- eld optics and microscopy has emerged agpawerful bio-
logical research methodology to observe submicron-sized biologsteuctures and
to probe functions of nanoscale phenomena.
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The optical resolution limit of conventional microscopes, that is di action
limit, is approx. half the wavelength of the illumination light. Thereby, while
imaging at visible spectrum, the minimum resolvable structures are irhé order
of hundred nanometers. In contrast, by exploiting near- eld optal methods, it
has been achieved to optically resolve structures as small as a deupf tens of
nanometers in size. At this point, it is important to note that the mos widely
employed near- eld apparatuses as near- eld probes are tapdreptical bers.
The light, either delivered or collected, propagating through the ler leads to a
resolution determined by the dimensions of the tip of the ber and itglistance
from the specimen. The size of the ber tip is usually around a few tenof
nanometers and the resolution of a near- eld system is mainly depdent on
the probe size, thus, such factors necessitates further deysteents in nanoscale
con nement of matter in terms of producing nanometer-sized ples and light
sources.

Nanoscale con nement of matter considering nanophotonic applitans ex-
ploits the nanoscale manipulation of molecular architecture and anamy, which
allows to precise control over the optical and electronic propergeof a mate-
rial. For instance, if light can be transmitted in a con ned manner, it @n also
be detected with a con ned detector. In parallel to these, resezhes that deal
with reducing the sizes of light sources such as lasers and LEDs in@anometer
scale will result is an the development of ultra-compact light emittersxhibiting
both optical and electrical functionalities. Such technological innations require
a priori knowledge and a better understanding of fundamentals @anophoton-
ics; thus, contemporary sciences of optics and photonics are nawthis phase.
Two interesting examples are generation of light with nanolasers [Shé non-
linear plasmonics [6]. The initial applications of the technological achiements
in nanophotonics would likely be into the data transmission and commigation
systems, but as happened previously in the invention of the lasemsdatheir em-
ployement in biological applications, it will not take much time to conver the
methodologies of hanophotonics into tools of nanobiophotonics.

Nanoscale photoprocesses such as optical lithography o er faddg for
nanofabrication. For instance, near- eld photolithography can b employed for
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creating nanometer scale chip-arrays for nucleic acid detectionuch nanometer-
scale photoprocesses enables the production of ultra-high depnsihip-arrays,
thereby allowing the use of lower quantities of specimens. This holds axcel-
lent potential for analysis of biochemicals with minuscule amounts, e.g@ven at
the nucleic acid levels for which there is no possibility of PCR ampli catiothat
enables detection. Such a methodology will allow to earlier diagnosisditeases
when compared to current molecular and biochemical diagnosis tediogies, even
at the moment of infection.

Figure 1.4: (Upper panel) Schematic of the nanofabrication procesvhen while
the laser beam is scanned over the surface. (Lower panel) SEM imag mesh
nanostructures -left- and nanocircles -right-. [7]

Thus, micro- and nanofabrication on surfaces is increasingly becoig impor-
tant and widespread in nanotechnology researches. There aresallly established
methods such as e-beam lithography, photolithography and interfence lithogra-
phy. Recent developments such as the demonstration of a techuggthat utilizes
nonlocal feedback mechanisms for ultrashort pulse laser-induacaghostructuring
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with extreme uniformity and speed, even on non-planar surfacas,especially ex-
citing and promising [7]. The capability of the methodology allowing struaring
of inde nitely large areas even at sub-nanometer precision, as shoin Figure 1.4,
is particularly promising for nanophotonic, plasmonic, photon deté&on, nano-
electronic applications and especially for engineering superior qualiijomaterial
surfaces for the manipulation and control of cell behaviours in nameter preci-
sion.

1.3 Overview of the Thesis

Considering all these, as a part of this thesis study, we develop w@#hort pulse
ber lasers and demonstrate their use in biomaterial processing. ademonstrate
that di erent surface topographies with micro- and nano-scale &ures can be
generated at high speed, precision and repeatability. The outcomef biomaterial
surface modi cation with alternative laser parameters are compad in terms of
topographical uniformity and repeatability. Additionally, the results of various
di erent surface modi cations are evaluated with respect to the eiency of cell
attachment and proliferation on the medical implants.

As the second part of this thesis, we develop a custom-built ultragt ber
laser-based microscope system for nanosurgery and tissue abtaexperiments.
Furthermore, we applied this system for doing high-precision cutdp various
biological specimens ranging from the tissue level to subcellular levelch as
a part of an axon or a single organelle. Finally, we improve this integred
system such that, through the use of AOM's and custom-develogpd-PGA's, it
can generate arbitrary pulse patterns with no limitations.



Chapter 2

Biomaterial Surface Modi cation

Biomaterial is a term that speci es any substance that has been gimeered to
take a form, and alone or as part of a composite system, to regudathe progress
of any therapeutic or diagnostic procedure, by controlling the intactions be-
tween the constituents of living systems. During these proced&ethe main part
of the biomaterial that directly contacts with the living system is the surface
of the biomaterial. Hence, biomaterial surface modi cation have amportant

role in manipulating the interactions between the biomaterials and livingys-
tems. Through appropriate modi cations of their surfaces, bionmtarials can be
altered to improve biocompatibility, attachment and tissue interacions. Thus,
surface modi cation is critical in the design and development of noldioma-

terials and medical apparatuses. Thereby, modi cation of biomatmal surfaces
aims to enhance biological performance by optimizing the interactisrwithin the

living system.
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2.1 Theoretical Background of Biomaterial-
Tissue Interaction

The subject of biomaterials embodies the combination of physical @ipiological
sciences. As a matter of course, it is of great consequence thhése aspects
are combined to develop eligible biomaterials that function optimally in biog-
ical environment. The key to this issue remains in the interactions bgeen the
biological substance of interest and biomaterials . The recent sdiemand tech-
nological advances in elds such as molecular and cellular biology, biot@ology
and tissue engineering as in other connected disciplines, gave risatnamportor-
tant increase in the development and utilization of apparatuses withio-logical/-
medical purposes, such as catheters [8], heart valves [9], and stds for tissue
engineering [10, 11]. Nevertheless, mainly because of the fact thatimplanted
biomaterial naturally undergoes a functionality loss through time &ér implanta-
tion, it is critical to establish an e ective and mechanically stable integation of
the biomaterial to the surrounding tissue. Inadequate in vivo furionality and
permanency of this integration are essential issues, originating tegr from the
normal homeostatic or the abnormal reactions against the implaation, or even
to the lack of biocompatibility per se, between the biomaterial and th living
system [12, 13, 14].

There are many factors having a role in the e ciency of the biomateal used
as an implant, and being in uential on the fate of the implant in the living
system. In addition to the physical and mechanical features of biaterials,
the core and determinative factor is the interaction between theitmaterial and
the surrounding tissue. These interactions are predictable only ®ome extent
due to their complex nature and comprise many factors, elementadcelaborate
interactions; yet, a brief but practical categorization has been atde by D.F.
Williams, considering the essential phases of the integration of a biaterial to
a living system [12]:

(1) \The initial events that take place at the interface, lagely concerned with
the physicochemical phenomena that take place in times meed in seconds or
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minutes following contact between biomaterial and tissyes

(2) \the e ect that the presence of a foreign body has on thessue surrounding
the implant, which may be seen at any time ranging from minwgeo years;

(3) \the changes seen in the material as a result of its presamin the tissues,
usually described under the headings of corrosion or degaidn; and

(4) \the sequelae of the interfacial reaction that are seerystemically (that is,
throughout the body) or at some speci ¢ but remote site.

These events cooperatively outline the biocompatibility phenomenon

One of the fundamental concerns in biomaterials studies is biocontidlity.
In brief, biocompatibility is general a term for the nature and the satus of interac-
tion between biomaterials and living systems [15, 16]. Given that thesponse to
di erent materials could also di er from one application to another, bocompati-
bility could not only be dependent on the properties of material itselbut also has
to be related to the situation in which the biomaterial is employed. Marover, an
increasing number of studies demonstrated that the biomateriahsuld respond
to the tissues in concordance with the planned application, rathehan be ig-
nored by them [17]. In relation to this, it is necessary for some appliwans that
the biomaterial should decompose or degrade over time in the bodsgther than
staying inde nitely. Hence, a more accurate and appropriate deition would be:

\Biocompatibility is the ability of a material to perform with an appropriate
host response in a speci ¢ situation17].

It seems that there are numerous distinct ways in which biomaterialand
living systems interact with each other so that it is usually challenginga un-
ravel the underlying mechanisms. Collection of information and comghension
of these interactions is essential for designing of biomaterials thgive the opti-
mized performance and these are primarily evaluated in the broadrntext of the
biocompatibility phenomenon.

The introduction of a foreign substance into living tissue on purpossuch
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as a medical implant used in biomedical applications, or by mistake as &ra

splinter penetrates into the tissue gives rise to the formation of iatfaces between
the material and the surrounding tissue. In terms of the kineticsral thermody-

namics, surfaces have di erent characteristics compared to cesponding bulk of
the material and contain reactive bonds, which in turn lead to the fonation of

surface reactive layers such as the surface oxide layers on mefa& 19]. Meet-
ing with the living system precedes surface reactions that altersetsurface, and
causes to the adsorption of water, ions, and biomolecules, whiclean a dynamic

equilibrium within the living system. Interruption of the exact nature of these
dynamics in uences the behaviour of cells connecting the materialirface, and

hence the tissue response.

The surface of a material is a termination of a three-dimensionalrstcture, and
therefore, as a rule, corresponds to an increase in energy; ag #tomic level, this
energy is represented as unsaturated bonds and if there is a tegcenvironment
as in air or water meets a metal surface, these terminals readily otdo create
new bonds and compounds, thus lowers its surface energy [19]. brallel to
these, living systems consist of a mixture of biomolecules such as evabxygen,
cations, anions, proteins etc. The biological and non-biological sstences contact
and interact at the interface, which might react to lower the surfee energy of
the system. There are two key factors that disable such undesireeactions; one
of which is that when the material and the living system are disconneszl, both
substances have their lowest thermodynamic state already, andet other factor
is that the inherent kinetic barriers prevent all possible reactions @1 20].

The chemical components of the biological milieu e ect the interacties at the
interface [19, 20]. For instance, in case the biomaterial is metal-legils corrosion
may cause the release of metal ions from the metal-oxide surfact®ithe milieu
within the biological system, which has a potential for triggering adsrse systemic
e ects [21, 22]. In addition to this, a biomolecule at the biological sidefdhe
interface and the biomaterial surface at the other side may form @mentary van
der Waals bonds or even covalent bonds, which are stronger andlge. In case
that such interactions are so strong, macromolecules may irresély become
denatured [23].
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In the medium and long term, the larger and more complex elements likells
communicate the interface with their membrane. In view of the fadhat the cell
membrane as a composite bioorganic structure and the biomaterisiirface are
both active, they may develop a complex and dynamic interface. Depding on
the properties of the surface of the material, cells respond di endy to di erent
biomaterials.

Eventually, the ultimate aim of engineering the tissue-biomaterial irgrface is
to control cellular responses. The basic approach to this this ph@menon is to
consider the factors those are used by cells when they are intdraic with the
surrounding substrate, and the parameters those are utilized lsyrface scientists
when they are trying to control the interactions between di erebhmaterials. Such
factors or cues to which a cell will respond can principally be categoed into
three categories: Chemical, topographical, and mechanical. Thebkece di erent
types of factors can have related e ects [23]. It is recognized thtne structure
of a biomaterial surface rules the phenotypic response of intetiag cells [24].
Accordingly, surface features such as chemical composition, hyghobicity and
roughness are all known to have in uence on the response of celsittinteract
with a biomaterial. Moreover, there is an intertwined relationship beteen these
diverse properties of a surface and altering one feature pracfiigaalters others
as well. For instance, altering hydrophobicity of a polymer biomaterlas accom-
panied with a change in the chemical composition of side groups at tearface
of the biomaterial, hence its surface energy [25, 26].

On the other hand, recent maturation of biological studies in parallé¢o the
outcomes of the Human Genome Project, along with accompanyingchnological
progresses in molecular and cellular biology, places the strategiesl anethod-
ologies of molecular and cellular biology into a distinctive position. By bein
equipped with the capability of examining the gene/protein expressiochanges
within biological systems of interest via transcriptomic and proteom methodolo-
gies, molecular biology has led to further understanding of the moldar basis of
a broad range of physiological activity at the biomaterial-tissue intéace [27, 28].

In addition to the physicochemical properties of the surfaces ofdmaterials,
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cells also substantially interact with the topographical features othese surfaces,
as shown in Figure 2.1, principally through a phenomenon known as tact

guidance [29].

i ’* ;
3 = |G 3

Figure 2.1: SEM images of cells cultured on nanostructured subdiea. [30]

The topography of material surfaces regulates a range of cellulprocesses
such as cell adhesion, cell shape and cellular di erentiation [31]. Forstance,
epithelial cells attach and align along grooves and ridges with featudemensions
smaller than 100 nm [30]. Nanoscale topographic textures induce mialkzation
of human mesenchymal stem cells [32]. Another example to such tgpaphical
guidance behaviour is that human SaOS-2 osteosarcoma cells cidtlion metal
surfaces with parallel lines of di erent widths and distances oftenr@ntate along
these parallel lines [33]. Besides, tissue-biomaterial interactionseaalso directly
related to the fact that di erent cell types respond di erently to alterations in
the same surface property. For example, increasing surface hyphobicity in-
duces adhesion of endothelial and epithelial cells to the surface [26]t reduces
adhesion of osteoblasts [34].

Consequently, a complete understanding of tissue-biomaterial @ractions is
the key parameter that will pave the way for designing and developinfunctional
biomaterials and medical implants. And, because of the fact that thbiomaterial
surface is the major portion that directly interacts with the surraunding tissue, it
is critical to have methodologies that allow the modi cation of surfae properties
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such as topography. Such methodologies would lead to developmant costless
production of higher quality medical implants with optimum performare.

2.2 Surface Modi cation of Medical Implants

Hard tissues are mineralized biological tissues that contain mineralssoft matri-
ces. Usually these tissues provide a structural support or pratitve shield [35].
In addition to the mollusc shells, radiolarians, diatoms etc.; there arseveral
mineralized tissue types, and so called hard tissues, such as botesth enamel,
dentin, tendons and cartilage found in the human body [35, 36].

On the other hand, bone is one of the few tissues in the human bodyat
is capable of undergoing spontaneous regeneration and having ahhaapacity
of remodeling its micro- and macro- structure. This is accomplishedrough
a precise balance between the osteogenic (bone forming) and oskastic (bone
removing) activities [37], which enables bone tissue to adapt to di ene mechan-
ical environments by allowing it to adjust the dynamic balance betweethese two
biological processes.

As hard tissue replacements have become an conceivable treattien pa-
tients, it also has become even more evident that the interaction treeen host
tissue and the implanted biomaterial surface is of critical importaree The whole
biological response of host tissue to medical implants can be sepadaas two
di erent, but interconnected periods. Initial period comprises tle biological pro-
cesses of a clinical healing, which immediately follows the implantation thie bio-
material. During this recovery period, the early biological activities md molecular
deposition on the biomaterial surface are followed by cell adhesiaonigration, and
di erentiation. It is thus crucial to realise the characteristics of he biomaterial,
which have an in uence on the initial formation of the host tissue-imiant inter-
face. These early tissue activities result into cellular expression aegtracellular
matrix formation and eventually into the development of bony interdces with the
implant [38]. With Branemarks and his colleagues huge amount of coifttution
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to this research eld, the characteristics of the implant substrag which permit
biomaterial-tissue integration has been realized. When the early Hew period
is completed, within months, the maturing interface transforms asiomechanical
stresses are placed on the implant, and this also is closely interretteo the
initial degree of tissue-implant surface interaction [39].

At this point, osseointegration phenomenon becomes critical anctigrmina-
tive. The concept has been portrayed by Branemark as the direcbntact between
bone and implant, principally on the light microscopic level [40], as illusttad in
Figure 2.2.

Figure 2.2: A representative picture of the implant/tissue interfae. The surface
of titanium is in contact with the living bone [39]

Currently, an implant is regarded as osseointegrated if there is haqgressive
relative movement between the implant and the bone with which it is dikely con-
tacted. During the osseointegration process, mesenchymal celted osteoblasts
migrate and attach to the surface of the biomaterial, beginning fro the early
stages of implantation. With the accumulation of bone-associatedqieins and
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establishment of a extracellular layer on the implant surface that cdrols cell

attachment and mineralization, integration of the bone tissue andhe biomate-
rial begins [41]. Subsequent to this, primary bone formation occuos implants

to reestablish continuity. Primary bone structure lIs the initial space at the
implant-bone boundary. The physical architecture of a three-diensional regular
network provides a biological sca old for cell attachment and bongedimentation,
[42]. Eventually, bone in contact with the implant surface goes thragh morpho-
logical remodeling as adaptation to biomechanical stress and loading@uring

the remodeling of this peri-implant bone, new osteons circle arounte implant

perpendicular to the long axis of the implants. Osteoid tissue is ger¢ed by
osteoblasts, which indicates that osteogenesis is in progress. Mogleled bone
at its later stages can expand up to 1 mm from the implant surface [}2

Di erent materials and implant surface treatment together with suface coat-
ings have been proposed to enhance the quality of osseointegratidhe biocom-
patibility of the biomaterial is of great importance and a necessity foosseointe-
gration. In this regard, titanium metal is widely used as a hard tissueeplacement
implant material. Titanium has signi cant advantages with its great bioccompat-
ibility, resistance to corrosion and lack of toxicity on living systems wit its little,
if any, in ammatory response in peri-implant tissues [43]. Titanium's londensity
[4.5 g/cm3] and good mechanochemical characteristics are main gaeters for
implant application. There are various types of commercially availablatanium
and titanium alloys for surgical implant applications. Ti6Al4V titanium alloy
is extensively utilized to construct implants. The core alloying elemestof the
Ti6Al4V are aluminum (5.5 6.5%) and vanadium (3.5 4.5%). The addition ofla
loying elements to titanium allows it to gain a numerous features e.g. Alinum
and Vanadium serves for the resistance to the external forceadastrengthens
against mechanical loads [43].

Metal surface modi cation is frequently utilized for enhancing osséntegra-
tion by means of the manipulation of the dynamics at the tissue- bionterial
interface. Cells at the interface and their secreted biochemicals aived in the
course of osseointegration change the organization and physietical features of
the biomaterial surface. Interconnectedness in the case of mafeatured surfaces
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and surface roughness in the case of micro-featured surfacesgenerally consid-
ered as suitable surface structures for osseointegration [44].sBles, surfaces of
biomaterials are rarely smooth at the molecular level mostly due to éhprocesses
the fabrication of the biomaterial and these surface featuresych as roughness
may or may not be formed intentionally. On the other hand, microniged topog-
raphy has been demonstrated to have a central role in regulatingltadhesion
and tissue-biomaterial integration [45]. Biomaterial modi cations ag recently of
particular interest, with the aim of controlling cell adhesion and spr&ding. In
this regard, modi cation of biomaterial surfaces, particularly by onsidering the
topographical surface properties, is at utmost importance [46]. hEre are vari-
ous kinds of metal implant surface modi cation targeting topograbpical features
such as titanium plasma spraying, hydroxyapatite coating, machinprocessing,
polishing, sandblasting and acid etching. These techniques are argdhe most
commonly used commercial surface modi cation methods [47].

On the other hand, these techniques commonly used to create faue textures
in commercial applications are all incapable of creating selective andilbred-
topography, which is recently of particular interest for the contol of osseoin-
tegration in a precisely regulated manner. Recently, laser surfatexturing has
emerged as a novel technology for creating a large variety of micemd even nano-
structured biomaterials including medical implants. Laser texturingof material
surfaces has exceptional advantages over other surface stming techniques, e.g.
photolithography, such as:

(1) Capability of modi cation of virtually all types of materials, including
metals and polymers;

(2) Competence for texturing of non-planar surfaces;

(3) Capacity to create micro- or nano-structures on surface eas from micro-
scale to macro-scale;

(4) Maskless single-step processing even at high speeds undemabenviron-
mental conditions, without the requirement of a clean room facility.
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Although surface patterning can be performed using continuous sers,
nanosecond or longer-pulsed lasers, they lead to unwanted thatre ects, which
is restrictive for the degree of precision. Thermophysical resps of the mate-
rial is dependent on the pulse length of the laser and shows subgtahdi er-
ences below and above the picosecond regime. Ultrashort pulseshi@ pico- and
femtosecond regimes have signi cantly reduced thermal e ectgnabling high-
precision and con ned processing with little or no e ect to the incidenhregion on
the textured material surface [48].

In this regard, high precision can be achieved by employing ultrasheulsed
solid-state lasers [49]. Nevertheless, they are complicated andtlyoslevices;
hence, application of them on surface modi cation of biomaterials lsabeen re-
stricted mostly to laboratory experiments. Ultrafast ber laserso er excellent
potential for biomaterial surface modi cation at micro- and nanosale with an
exceptional spatial control. Operating at high speed and togetheavith their de-
sirable features such as robust operation, low cost, compact sikew intensity
noise and di raction-limited beam quality; modi cation of biomaterial surfaces
using ultrafast ber lasers is a promising methodology.

2.3 Experimental Methods

2.3.1 Sample Characterization
2.3.1.1 Scanning Electron Microscopy (SEM)

Micro- and nanostructural observations of the titanium surface are carried out
using the scanning electron microscope in UNAM, Bilkent University; SEM,
Quanta 200F, FEI on ultra-high resolution mode with ETD detector amder ul-
tralow vacuum conditions are used with approx. 10 kV. Imaging of #eattach-
ment on titanium surfaces are performed with the same microscofyy using
GSED detector under low vacuum conditions without application of anconduc-
tive coatings in order to directly observe the morphologies, opeerat at approx.
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5 kV.

2.3.1.2 Atomic Force Microscopy (AFM)

The surface topography of the titanium implants are analyzed usintpe atomic
force microscope in UNAM, Bilkent University; AFM, XE-100E, PSIA innon-
contact mode.

2.3.1.3 Energy-dispersive X-ray Spectroscopy (EDX)

The chemical structure of the modi ed areas are identi ed throug EDX analyses.
EDX analyses are performed using Bruker AXS detector with ultréhin window
attached to the Carl Zeiss Evo40 SEM in Dept. of Chemistry, Bilkentniversity.

2.3.1.4 Raman Spectroscopy

Further chemical structure analysis of the modi ed areas are caed out through
the Raman spectroscopy in Dept. of Chemistry, Bilkent UniversityHoriba Jobin
Yvon micro-Raman equipment is used for Raman analyses, where thaurce of
radiation was a laser operating at a wavelength of 632.8 nm and a poveg 25
mW.

2.3.1.5 Bright- eld Optical Microscopy
Optical imaging of nanostructural textures is performed with thdight microscope

in UNAM, Bilkent University; Axio Scope.Al, Carl Zeiss at room tempeature
conditions.
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2.3.2 Cell Culture

2.3.2.1 Cell lines and Growth conditions

Human osteosarcoma cell line SaOS-2 is used for cell attachmentl golifera-
tion. The cells are cultured in McCoys 5A medium supplemented with 15%tal
bovine serum, 2 mM L-glutamine, streptomycin/penicillin 100 U/mL, ar in a
humidi ed atmosphere of 95% air and 5% C@at 37 C.

2.3.2.2 Attachment and Proliferation Assays

Cells are seeded onto 8-mm diameter Ti6Al4V disks with three dierent
commercially-modi ed surfaces and di erent ber laser-modi ed sufaces. Before
use, all samples are sterilized for 30 minutes in 10% NaClO with an ultasc
cleaner and placed in 24-well cell culture plates with a density of 200cells/ml.
Separate attachment tests are done for incubation periods of B6urs and 7 days.

2.3.2.3 Fixation and Fluorescent Imaging of Cells Attached on Im-
plants

At the end of the incubation periods, disks are washed with PBS, tated with

trypsin/EDTA solution for 20 seconds to eliminate the poorly attacted cells, and
then xed in 0.1 M sodium cacodylate bu er with 3% glutaraldehyde, pH7.2 at
4 C overnight. For each surface type, 3 Ti disks are used (sampleg &iplicated),

hence 12 Ti disks are used for each incubation period in total. Follovgrup
the xation stage, cells are stained with 300 nM 4, 6-diamidino-2-pimglindole,

dilactate (DAPI, dilactate) in PBS and with Mitotracker Red 580 (Invitrogen)

in McCoys 5a and subsequently counted under a uorescent micoope (Nikon
Eclipse Ti/U).
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2.3.2.4 Cryopreservation of Stock Cells

Exponentially growing cells in 100 mm cell culture plate were harvesteoy
trypsinization and collected in 5 ml growth medium. Then, cells were pcip-
itated at 1500 rpm for 3 min. The pellet was suspended in a freezing dnem
(8% DMSO, 92% FBS). Pellets were resuspended in 1 ml freezing meudlitn
cryotubes and they were left at -20C overnight. The next day cells were stored
at -80 C for 1 day to 1 month. Finally, the tubes were transferred into theéiquid
nitrogen storage tank for future experiments.

2.3.2.5 Thawing of Frozen Cells

The frozen cell line was taken from the liquid nitrogen tank and immedialy put
on ice and then placed into a 3TC water bath for 1-2 minutes. The cells were
transferred into 15 ml tubes and resuspended in 9 ml growth mediu The cells
were centrifuged at 1500 rpm for 3 minutes. Supernatant was disded and the
pellet was resuspended in 10 ml culture medium to be plated into 100 nuish.
After overnight incubation culture mediums were replenished.

2.4 Results

2.4.1 Surface Modi cation with Pulsed Fiber Lasers

Biomaterial surface modi cation is currently of special interest, wh the aim of

directing cell attachment and spreading. In this context, modi céon of bio-

material surfaces, especially in consideration of the surface tapaphies, is at
utmost importance [46]. There are di erent, commercial, metal implat surface
modi cation types, focusing on the generation of discernible topogphical fea-
tures e.g. titanium plasma spraying, hydroxyapatite coating, mache processing,
polishing, sandblasting and acid etching (For some examples, Figur&R
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Figure 2.3: Examples of commercially-modi ed metal implant surfacega) Acid
etched, (b) SLA, (c) Sand-blasted (d) Hydroxy-apatite-coate (M.E. archive).

Although these techniques are among the most commonly-used coercial
surface modi cation methods [47], they are all incapable of creatingelective
and tailored-topography, which is recently of particular interestdr the control
of osseointegration in a precisely controlled manner. On the othernihd, laser-
based surface modi cation has emerged as a novel methodologydenerating a
great diversity of micro- and even nano-structured biomaterialusfaces including
medical implants.

Laser surface modi cation has been increasingly used as a noveltmoelol-
ogy for creating precisely-controlled surface topopgrapies on fnaterials such as
metal medical implants. Laser modi cation of biomaterial surfacebas signi cant
advantages over other surface modi cation techniques such asibg capable of
modi cation of almost all types of materials, and of creating ne stuctures on
surface areas from micro- to macro-scale (e.g. Figure 2.4).
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Figure 2.4: Titanium surface modi ed with the laser parameters of 3VWbutput
power, 80 ps pulse duration (M.E. archive).

For the purpose of surface modi cation, we develop and make usgshort-
and ultrashort pulse ber lasers with MHz-repetition-rate, micropule- and sub-
microjoule-energy pulses [50]. Modi cation of Ti6AI4V alloy-based bioaterial
surfaces is performed using home-built femtosecond and picosecpulsed ber
lasers. Additionally, we make a comparison of the e ects of thesegiemes with
nanosecond regime by using a commercial nanosecond ber laser.

We utilized home-built picosecond and femtosecond pulse ber lasersgems
in order to assess the e ects of MHz-level repetition rates and oélatively low
pulse energies on biomaterial surface modi cation. We demonsteathat a range
of surface topographies with micro- and nano-scale features che created at
high speed with high precision and repeatability. We compared the rdis of
picosecond and femtosecond pulses with those of commercial reoond ber
laser and as a result, we showed that there are signi cant thermal ects with
reduced precision in nanosecond regime. In the end, e ects of iears surface
topographies on cell adhesion and proliferation is investigated.

The experimental setup is depicted in Figure 2.5. Two distinct, custo-built

25



pump protection pump laser

liter
;;;;;;;; * coupler _—
OSCILLATOR k ““““
@ — " om  AMPLIFER
pumplﬁrotection pump laser | AOM ﬁ?—' >
er e coupler —r—f.‘“‘“ﬁéstretching Iber ;
“““““ S — : isolator
A Yb-doped lher
K_%M high-power
o F collimator _ laser diodes
- L] BS * POWER AMPLIFIER -
( grating s polarization =
polarization compressor'

controller
collimator
polarization with isolator signal-pump -
combiner =

port
LMA-DC Yb-doped !ber

controller
isolator o

collimator

grating compressor objective

- >
3

neutral density !lter

D motorized
stage

Figure 2.5: Depiction of the ultrashort pulsed all- ber-integrated Yo ampli er
and the biomaterial modi cation setup, BS: beam splitter, AOM: acasto-optic
modulator, LMA: large mode area, DC: double-clad.

26



pico- and femtosecond ber laser systems and a commercial naaosnd ber
laser (FL-NS-8W, FiberLAST) are utilized in this research. The namsecond
laser generates 70 ns-long pulses at 20-200 kHz repetition rated anaximum
average optical power of 8 Watts.

One of the ultrashort pulse laser systems is seeded by an all-norrdapersion
(ANDi) mode-locked Yb oscillator [51] with a central wavelength of 8D nm and
the other one by a self-similar mode- locked Yb oscillator [52] with a deal
wavelength of 1035 nm. The oscillator repetition rates are 43 MHz dr28 MHz,
respectively. Both oscillators produce few picosecond-long, cheppulses, which
are ber-coupled to all- ber-integrated and misalignment-free amli ers. First,
the pulses are temporally stretched in ber stretchers to reduceonlinear e ects,
then traverse preampli ers, which boost the power to 100-150 mWwhich is
su cient to seed the power ampli ers. Both systems incorporate @ ns-risetime
ber-coupled acousto-optic modulators (AOM) to optionally redue the repetition
rate to 1 MHz prior to ampli cation. This rst system generates an aerage
power of up to 16 W, corresponding to an estimated peak power d® RW for
20 picosecond pulses at 43 MHz of repetition rate. Following pulse gomssion
with the gratings, pulse duration is measured to be 200 femtosecbfull-width
at half-maximum (FWHM) [53].

The second system is utilized only at the lower repetition rate of 1 MHn
order to increase the pulse energy. The pulses are stretched &b Jicosecond in
a 100-m long ber stretcher and ampli ed to 104 nanojules in the paampli er.
The nonlinear chirped-pulse power ampli er generates pulses with up 4 J
energy at 1 MHz repetition rate. The pulse duration is reduced to 8ficosecond
during ampli cation as a result of gain Itering clipping the edges of thepulse in
the time domain. The maximum peak power of ampli ed pulses is 57 kW and
the compressed pulse duration is 150-200 femtoseconds [54].

Both laser systems can operate in picosecond mode by simply bypagshe
pulse compressor. When the compressed pulses are utilized, theg always
linearly polarized due to the grating compressor. Uncompressediges can either
be unpolarized or optionally linearly polarized with a polarizer.
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For modi cation with the home-built ultrashort pulse ber laser systems, the
beam is focused to a focal diameter, changeable in the range of150-m using
a high-power and 1 m-wavelength-compatible microscope objective. The pro-
cessing setup includes a collimator telescope, an objective and ax&anotorized
and computer-controlled translation stage. Numerous surfacextures can be
generated by moving the translation stage on which the samples doeated. For
texturing with the commercial ns-pulsed ber laser, the beam is soaed over
the sample with a computer-controlled galvanoscanner, using a s objective
designed to preserve a uniform spotsize irrespective of the ddiea angle. The
focal diameter in the focal plane is approximately 40 m. All three laser sys-
tems have nearly di raction-limited beam quality (M? < 1:2) and they can be
switched o within microseconds for jumping from one point to anotkr. Scan
rates used in the experiments range between 8/s and 50 m/s.

(b)

Figure 2.6: Various examples of surface modi cations created bynfeo- and
picosecond ber lasers. Optical (a) and atomic force (b) microspe images of
the nanoscale surface topographies. (c, d) SEM images of the rogmale surface
topographies.
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By employing the systems mentioned above, we demonstrate thageeat di-
versity of surface patterns can be generated using both the fesnand picosecond
pulses by adjusting the pulse energy, duration, exposure time atige scanning
texture. Samples of selected topographies are shown in Figure 2.6.

For the generation of micron-sized surface topographies, picosed and fem-
tosecond pulses yield similar results, as predicted. By employing fslges at
su ciently low uences (approx. 0.04 J/cm?), it is possible to generate nanoscale
surface roughening. This seems not to be possible with ps pulses,olwhsim-
ply result in generation of micron-sized structures dependent otmé laser spot
size on the sample. We refer this di erence to thermal e ects reking from the
picosecond-long pulse, which clears away the small nanometer-didetails, even
though the thermal e ects are eminently decreased compared tbe nanosecond
regime.

Figure 2.7: Surface topographies created using femtosecond pslsOptical mi-
croscope (a) and AFM (b) images of the nanoscale surface topaginies generated
at low uence (0.04 J/cn?). (c, d) Scanning Electron Microscope images of the
micrometer scale surface topographies generated at high uesg®.89 J/cny).
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By utilizing femtosecond pulses, we generate nanometer scale sceftopogra-
phies at low uences and microscale surface topographies at highemces. Line
textures are generated on the titanium surface with incident poweof 1.4 W,
repetition rate of 43 MHz, pulse length of 300 femtosecond, scaate of 4 m/s,
and focal diameter of 10 m (Figure 2.7(a) and (b)). The corresponding uence
is 0.04 J/icn?. These parameters result in nanoscale surface modi cation with a
mean roughness of 100 nm.

On the other hand, a similar line texture, however of microscale heighs
generated by employing incident power of 0.7 W, repetition rate of 1 Nk (corre-
sponding to a pulse energy of 700 nJ), pulse length of 400 femtaset; scan rate
of 3 m/s, and focal diameter of 10 m (Figure 2.7(c) and (d)). The correspond-
ing uence here is 0.89 J/cm. When using fs pulses, there is no heat-a ected zone
(HAZ) that can be distinguished through scanning electron microspe (SEM)
and atomic force microscope (AFM) images. Decreasing heat a ed zones is
critical since these HAZ are more susceptible to the generation afacks that
decreases the life-time of the biomaterial [55, 56].

Figure 2.8: SEM images of microscale surface topographies gerestatvith pi-
cosecond pulses. Dotted (a) and line-scan (b, c, d) structures.
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By using picosecond pulses, microscale surface topographies wih2D m
feature sizes and height di erences of approx. 5-10m are e ciently generated.
Figure 2.8(a) shows SEM image of dot-pattern generated on theditium surface
employing incident optical power of 2 W, repetition rate of 43 MHz, pise duration
of 20 picosecond, and approx. 40m of focal diameter. The corresponding uence
here is 0.0037 J/cr.

A line texture is shown in Figure 2.8(b), generated using incident laspower
of 1 W, repetition rate of 1 MHz, pulse length of 80 picosecond, scaate of 3
m/sec, and 10 m of focal diameter. The corresponding uence is 1.27 J/cin
Another texture is shown in Figure 2.8(c), generated using incidertser power
of 2 W, 43 MHz repetition rate, pulse length of 25 picosecond, foadibmeter of
10 m, scan rate of 50 m/sec and uence of 0.0059 J/cri. The texture is gener-
ated by line scans, with the parallel scan lines scarcely touching eauther at the
edges. The line texture in 2.8(d) is generated using the same pardens as in
Figure 2.8(c), but the parallel lines are overlapped by more than femicrometers
at the edges. In the picosecond regime, a little Heat A ected Zone dsstinguish-
able around the microscale structures, appearing as contrastaciges in the SEM
images and with an extent of 10-15m. The surface textures are mechanically
stable and strong. The processed titanium surfaces were repigty subjected to
10% NaClO in an ultrasonic cleaner and to solutions such as proteolygazymes
during cell adhesion experiments. Moreover, after almost a yearing which a
vast of experiments have been performed, the laser-modi ed $aces seem to be
unaltered with regard to more recent scanning electron microsoepmages.

In order to compare the di erences between the pulse regimes, akso em-
ploy the nanosecond ber laser to generate surface modi cation#é dot-pattern,
which is shown in Figure 2.9(a) is created using incident laser power of\A,
pulse length of 71 nanosecond, repetition of 25 kHz, scan rate ain®n/sec, and
focal diameter of approx. 40 m. The corresponding uence is 3.2 J/crh SEM
image of a line texture generated with same laser parameters arevsmstrated
in Figure 2.9(b). The ns-pulsed laser signi cantly results in more noteable Heat
A ected Zone, extending up to 50 m, as well as a relatively decreased repeata-
bility and precision. It seems that for most surface modi cation aplcations, the
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Figure 2.9: SEM images of micrometer-sized surface topographiesated with
nanosecond pulses. Dotted (a) and line-scan (b) structures.

micrometer scale control a orded by the picosecond ber laser tbe enough. [57].

For a better understanding of the processes behind the formatiof the struc-
tures, we utilize energy-dispersive X-ray spectroscopy (EDX) alysis and Raman
spectroscopy of the modi ed surfaces. It is possible to generatecrostructures,
which are pronounced as either protrusions or depressions on thaface. The
height di erences are around few micrometers and dependent ohet laser pa-
rameters. The EDX results show that oxygen is present in the modkd regions,
while it is absent in the non-irradiated elds as shown in Figure 2.10. Theon-
centration of oxygen in surface structures seems to vary in thange of 25% to
35% for any pulse duration. This is consistent with the generation @fiO, as a
result of the laser modi cation.

Figure 2.11 depicts the Raman spectra covering 150-750 cnof the modi ed
titanium surfaces. As control, the unexposed eld of the titanium amples does
not show Raman activity. The exposed elds result in three signi canpeaks
located at 241, 439 and 613 cm, which can be referred to the multi-photon
process, g, and A;4 active Raman modes for the tetragonal rutile structure of
TiO,, respectively [58, 59]. Thereby, we conclude that the protrudingractures
generated by laser exposure are mostly composed of i the rutile phase,
irrespective of the use of femtosecond, picosecond or nanoedqgaulses.
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Figure 2.10: EDX analysis of the titanium samples: The irradiated eldsre (a)
femtosecond, (b) picosecond, (c) nanosecond, and (d) noradliated region. The
data lines are displaced vertically for clarity.
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Figure 2.11: Raman spectra of titanium surfaces: The laser-exgds elds by (a)
femtosecond, (b) picosecond, (c) nanosecond pulses from tier lasers, and (d)
non-irradiated eld.
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2.4.2 Cell Attachment and Proliferation on Laser-
Modi ed Biomaterial Surfaces

The e ects of the surface modi cation on the cell adhesion and pliteration
are characterized in vitro via cell culture assays. We compare thecpsecond
laser-modi ed surfaces with three di erent commercially-modi ed inplant surface
types modi ed by acid etching, sand-blasting and the SLA method. dflowing
the methodology explained in theCell Culture subsection, we culture cells
on surfaces of interest both for 36 hours (Figure 2.12 left paneld tevaluate
preliminary surface attachment, and for 7 days to monitor furthe established
cell adhesion and proliferation (Figure 2.12, right panel). Our dataemonstrate
that ps-pulsed laser modi cation can be employed e ciently in low-coslaser
surface engineering of biomaterials, where distinct elds on the dace can be
made cell-adhesion friendly or hostile by using di erent surface stctures.

450 4 ’
p=0.287 ~ P=0.209

Average Cell Number
Average Cell Number

SB SLA

SB SLA
Ti Disc Surfaces Ti Disc Surfaces

Figure 2.12: Cell counts for analyzing adhesion and proliferation aft 36 hours
(left) and 7 days (right). p values show the signi cance of experimental values
obtained from commercial surfaces and picosecond laser-modi®dfaces accord-
ing to two tailed t-test. AE: surfaces prepared using acid-etchingSB: surfaces
prepared using sandblasting; SLA: surfaces prepared using theAStechnique;
Pico: surfaces prepared using the picosecond pulses.

Both cellular adhesion and proliferation responses on picosecondeea
modi ed surfaces are as good as commercially-obtained surfacsbjch are com-
monly accepted to be surface modi cations of choice for e ectivassue integra-
tion [60, 61]. Binary comparisons of cellular tests on laser-patterhaurface with
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other modi ed surfaces (Acid Etched, Sand-Blasted, or SLA) sheed no signi -
cant di erence with regard to adhesion or proliferation accordingd a two-tailed
t-test, which is con rmed by statistical Bonferroni correction (Figure 2.12). (Ap
value of<0.02 was considered statistically signi cant).

Furthermore, we observe a tendency of adhered cells to align alotige di-
rection of the linearized structures, which indicates that these las-generated
structures trigger contact guidance response (Figure 2.13(apé (b)). However,
we do not detect signi cant alignment on the surfaces with nanoskatopogra-
phies created with fs pulses (Figure 2.13(c)). Adhesion is not imprey either; we
referred this to the inadequate interaction between the cells andié¢ nanometer
scale surface textures.

Figure 2.13: (a) SEM image of SaOS-2 cells adhered to a ber lasergned
titanium sample. The two red arrows indicate the cells aligned with lineastruc-
tures. (b) Fluorescence microscope image of the same sample. Eser-modi ed
eld between the dashed (yellow) lines demonstrates a tendencytbg cell popu-
lation to align along the direction of the arrowheads. (c) SEM image dlie cells
attached on surfaces with nano-scale topography, which shows discernible cell
alignment.

Moreover, it also seems possible to de-promote cell proliferationdaadhe-
sion.With the dotted titanium surface texture, which is shown in Figue 2.14(a),
the cells cultured on this surface result in signi cantly deterioratedroliferation
and adhesion. We refer this to the biomechanics of the process: 0Bk holes have
diameters approx. 40 m and depth around 15 m; cells which drop inside a
hole can not adhere and spread properly, hence cannot prolifexatPossibly, they
undergo a stress dependent programmed cell death processvkma@s apoptosis,
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Figure 2.14: (a) SEM image of laser-modi ed titanium surface with thelotted
pattern. (b) Fluorescent image of SaOS-2 cells stained with DAPI @ncultured
on the dotted pattern. SEM image of same cells on the same patterthe red
arrow indicates a cell at the edge of a hole.

as tested by aberrant nuclear stainings 2.14.

2.5 Conclusion

In conclusion, we demonstrate controlled surface modi cation oitanium biomed-
ical implant surfaces with in a highly precise and repeatable mannering low-
cost picosecond-pulsed and femtosecond-pulsed ber lasersrafipg at 1 and
43 MHz repetition rate. To the best of our knowledge, this is the rsuse of
a pulsed ber laser for surface modi cation. Additionally, we employ epetition
rates approx. 1000 times higher than in previous studies of ultrash-pulse sur-
face modi cation. Since the average optical power of the ber antigers and the
scanning speed can easily increased, the use of MHz repetition sateers huge
potential for signi cant advancements in modi cation speed, sulkequently, in
the suitability of ultrashort-pulsed surface modi cation for industial biomedical
applications. Comparison of the surface patterns generated blie picosecond-,
femtosecond- and nanosecond-pulsed lasers con rm the predattrend of reduced
thermal e ects as the pulse duration is reduced, hence improvingpeatability
and precision. Nevertheless, we observe that tens of ps-long pslsre su cient
to reliably generate micrometer-scale topographies for contrdi cell adhesion and
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proliferation. Since picosecond mode of the laser does not necessita grating
compressor, and the laser beam is directly delivered from the opticher through
a ber collimator or a ber focuser, the use of ps pulses at MHz repiéon rates
0 ers notable potential for in vivo biomedical studies. Cell adhesioand cell pro-
liferation experiments demonstrate that laser-generated topaaphies result in
performance statistically comparable to commercially modi ed surfaes that use
non-laser-based methods. We nd that di erent surface textues can enhance or
inhibit cell proliferation, adhesion and spreading; on the other handadditional
researches are needed for full comprehension of the e ect of efient textures.
An important advantage of laser modi cation is the ability to selectivéy process
di erent compartments of a biomaterial surface with di erent patterns, which
may be designed to enhance or inhibit cell responses. Such spateéstivity is
not possible with conventional chemical and mechanical methods.

Although our priority in this thesis study is on modi cation of titanium-
based metal implant surfaces, these results can readily be adapt® di erent
biomaterial types and applications. We believe that ultrashort pulseber laser
technology is suitable for extensive use in laser surface engineerargl related
applications outside of the research laboratory.
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Chapter 3

Nanosurgery

Thanks to Seydi Yavas for his collaboration in this part of ths thesis study.

Ultrashort-pulse lasers are widely used in biological applications in et
years. In addition to their common use in multiphoton imaging and maniga-
tion of single cells at tissue level or even at sub-cellular level, can behiaved
using ultrashort pulses with high precision at nanometer-scale. Thability to
achieve precise ablation of cellular compartments such as an axon][62 neu-
ronal spine [63], cellular organelles such as mitochondria [64] or miarotiles [65]
is known asnanosurgery To date, these researches have employed solid state
lasers, especially titanium:sapphire lasers. Although these laserdchgood tech-
nical performance, they are very complex to operate, costly arddrge in size.
Their oscillators function only at a repetition rate around 80 MHz andampli ed
setups are usually constricted to several kHz. In contrast, brdasers are simpler
to function, more compact and cost much less. More importantly,heir pulse
repetition rate and pulse train can be adjusted with acousto-opticnodulators
(AOM). Moreover, their low intensity noise has a high potential in tems of ab-
lation precision. Although ber lasers have been utilized in two-photo imaging,
they have not been employed in nanosurgery to date, despite thaipparent high
potential. Here in this thesis study, we show for the rst time the deelopment
of an ultrashort pulse ber laser-microscope integrated systermd its use of for
nanosurgery.
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3.1 Theoretical Backround of Laser-Tissue In-
teractions

Basics of laser-tissue interactions is directly interrelated with thehysical nature
of how light enter into a biological milieu, such as a tissue. The fundaml
interaction modes of light with bulk material are re ection, refracion, scattering
and absorption as shown in Figure 3.1. The optical behaviour of a neatal
regarding the wavelength of the incoming light, de nes the relativeantribution
of each mode.

Figure 3.1: Optical interaction modes of a tissue layer with the incidenmrradia-
tion light. [66]

Re ection means the moving back of light from the surface of a biolagl
tissue without an entry into the tissue. For instance, approximaty 4% to 7%
of light is re ected o skin [67]. The amount of re ected light increases with
higher angle of incidence with the minimum re ection occurring if the laar beam
delivered perpendicular to the tissue.

When light hits the surface of the tissue, the portion of the incidentight
re ects back depending to the angle of incidence, as a result of tmefractive
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index change. Light penetrating the surface initially is refracted, lweying the
Snell's law, which states that the ratio of the sines of the angles of idence and
refraction is equivalent to the reciprocal of the ratio of the indicesf refraction:

sin 1_ M2 (3.1)
sin »  ng '

In the tissue, light may also be scattered, changing their directiorf propaga-
tion according to the anisotropy factor, or be absorbed by excitgthe absorbing
molecule by an electronic transition. Light scattering is present adt the light
penetrates the tissue. Scattering occurs because of the hetggnous constitution
of tissue. Variations in particle sizes and indices of refraction di erees between
di erent compartments of the tissue determines the amount of sttering. Scat-
tered light spreads throughout the tissue, which results in irradian of a larger
area of the tissue than anticipated. On the other hand, scatterghalso limits
the depth of penetration due to its occurrence backward as wel dorward. In
skin for example, a large portion of the light scattering occurs dueebause of
the presence of dermal collagen. Conceptually, the amount of lightattering is
inversely proportional to the wavelength of the light. Longer wavengths scat-
ters in tissue less. On the other hand, as wavelength of the light gobeyond
the mid-infrared portion of the electromagnetic spectrum, it will oty penetrate
super cially, mainly because of the high absorption coe cient of tisae water [68].

The light absorption is primarily responsible for its e ects on tissue ah this
phenomenon is mainly dependent on the constituents of tissue thabsorb light
and on the wavelength of the incident light. These light-absorbanti¢sue con-
stituents are known as chromophores. Biological substances Isas tissue, have
complex structures and chemical compositions, but despite theiomplexity, their
optical features can be generalized by considering the predomih@onstituents
such as water, melanin and hemoglobin [69]. Figure 3.2 depicts the aipion
spectra of these three main components. Within the region betwe®&00nm and
1200nm there is a relative decrease in absorption in all three conggnts leading
to the so-called \near-infrared window in biological tissue or \diagrgtic window
for light-tissue interactions. Light within that wavelength window peetrates

40



tissue more e ciently than light in any other wavelength.

Figure 3.2: Absorption spectra of the major chromophores in tissuand the so-
called \near-infrared window in biological tissue. [70]

Characterizing the exact optical features of tissues and the réka&e contribu-
tion of absorption and scattering is a complicated process. Beeathbert law
relates the attenuation of light to the features of the substanctéhrough which
light is travelling:

T = I'—O: e N (3.2)

The law points that there is a logarithmic relation between the transmssion

of light through a material (T), the attenuation crossection (), the distance
the light travels through the material (") and the concentration of attenuating
medium (N). I and | are the power intensity of the incident radiation and the
transmitted radiation, respectively. is the attenuation crossection, which is a

product of combination of the scattering and absorption coe ciets.

On the other hand, a biological tissue can be highly inhomogeneousiahere
can be a signi cant variation from one tissue to another. For instate a corneal
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tissue can di er tremendously from a skin tissue, thereby, the petration depth

might vary in orders of magnitude between di erent types of tissue Understand-
ing optical features of the biological sample is crucial for determirgnthe optimal

laser parameters for a desired application. Variations in laser engrgvavelength
and pulse duration can lead to drastically di erent results, therefe these factors
need to be adjusted accordingly for a speci c type of application.

In addition to this, a basic understanding of how lasers work and intact with
tissue will enable the biomedical researcher or the medical doctar thoose the
most suitable laser for a particular biomedical/clinical situation. Eventhough
the physical laws directing laser design are quite complex, the basidngiples
can be summarized as they are be tting to a biologist or physician.

Laser light has a few unique properties that makes it di erent from ther
light sources. Its features such as coherence, monochromicitylmgh power and
collimation are the key parameters for the clinical applications of lase Basically,
non-laser light sources emit light of many wavelengths modulated by @uit-o
lter. In contrast, laser light is monochromatic, which means that he light
emitted by a laser is of almost a single, discrete wavelength determihby the
lasing medium. Monochromaticity of lasers is one of the most criticakgperties
for the application of laser-based tools in biomedical or clinical praces because
di erent tissues with di erent chromophores has di erent absorgion spectra.
Thereby, the particular wavelength of laser light in uences its peneation depth
into tissue. Principally penetration depth of laser light increases aké wavelength
becomes higher within the spectrum of visible light, therefore, theapticular
wavelength absorbed by the tissue should be considered when adasauitilized
for clinical or biomedical use.

Another important characteristic of lasers is that they are collimatd. Colli-
mation basically indicates the parallel nature of the emitted laser wag. Because
the waves of laser light propagate collimated, the tendency towamivergence is
low. By means of this coordinated pattern of light, a laser beam carrgpagate
across long distances with very small loss of light by spreading.

High powers or energy levels that lasers can reach is one of the mogtortant
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features of lasers. The ampli cation process within the laser cavitgenerates a
high density of power. Power and energy both quantify the laser éted light
amount. Energy, which is measured in joules, refers to work and \per is the
ratio of doing work. It is equivalent to an amount of energy consunde(joules
per second). Fluence means the density of energy of a laser beammésasured
in joules per square centimeter. Irradiance, which is the density power of a
laser beam, refers to the laser power divided by the area of the ineid laser
beam which is spot size, and is measured as watts per square centame By
manipulating and adjusting each of these parameters, one can tailihe use of
laser for speci c clinical uses [71].

Consequently. laser radiation can be de ned as a concentratedasial and
spectral beam of light. In parallel to this, it is also possible to qualifylte beam as
a temporal concentration by considering that the emitted photos are condensed
into short energetic pulses.

Optical pulses are momentary ashes of light, which are often praded by
lasers (pulsed lasers) and delivered in the form of laser beams. Degent on the
hugely high optical frequencies, laser pulses can be drastically shattrashort,
if their optical bandwidth covers a signi cant portion of the averag frequency.
Depending on the short pulse lengths and the potential for tight frusing, laser
pulses can be utilized for reaching extraordinarily high optical intentges even
with moderate pulse energies. For instance, a 10 femtosecond putgaving only
10 mJ energy has a peak power of the order of 1 terawatts (100@ayvatts),
corresponding to the joined power of approx. 1000 large nucleaover plants.
And that optical power can be focused to an area of only a couplemicrometers
in diameter. Optical pulses generated can be extremely short, atthgh there
is no widespread acception of the de nition of \ultrashort", this epthet usually
refers to pulses with durations shorter than a couple of tens of pigeconds, and
often with the durations of femtoseconds. It should be noted thaltrashort pulse
lasers are also called as \ultrafast lasers, but actually they are nédster, which
means that they do not have a higher velocity than longer pulses. tever, they
make it possible to probe and manipulate the ultrafast processesdto transmit
optical data faster.
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Taken all together, short and ultrashort pulse laser light focusetthrough a mi-
croscope objective with a high numerical aperture (NA) can be utiled to achieve
highly precise and localized e ects inside biological media, which are tspar-
ent at low irradiance [72]. Quantitative estimations of the energy tnasport in
laser irradiated transparent materials, such as cells, indicates thiaser radiation
mainly interacts with the electronic system.The deposited energy isién trans-
ferred to the lattice as heat via collisions with phonons. For very shiopulses
both processes can be temporarily decoupled. For pulses longartta few tens of
picoseconds, the generally accepted context of laser damagédsibon is based on
the heating of conduction band electrons by the incident radiationral transfer
of this energy to the lattice in a quasi-equilibrium, steady-state féon during
the laser pulse (in a photon-electron-phonon and electron-phananteraction).
Damage occurs via conventional heat deposition resulting in a phasansforma-
tion of the dielectric material [73]. In order to reach the breakdowrevel, the
transparent, dielectric material is initially transformed into an absdber, so a high
density of electrons are \pumped into the conduction band, so th&he process of
plasma generation via laser-induced breakdown in transparent bigioal milieu
occurs. It substantially comprises the generation of quasi-freéeetrons by both
with photoionization and avalanche ionization and it has been experimglly
demonstrated that the threshold of the optical breakdown in wagr, in ocular and
in other biological milieu are signi cantly comparable [74]. Hence, desiing the
breakdown process in water can be a model for the processes indgizal media.

To explain the breakdown process in water, it is proposed that watenust be
assumed as an amorphous semiconductor and its excitation enenghich is the
energy needed for a transition from the molecular 1b1 orbital intoraexcitation
band, which is band gap, is calculated as 6.5 eV [75, 76]. Given that thagion
energies at the wavelengths of 1064nm, 800 nm, 532 nm, and 355 am@ 1.17
eV, 1.56 eV, 2.34 eV, and 3.51 eV, respectively, the energy of sixe,three, and
two photons, respectively, is necessary to exceed the band gaergy of 6.5 eV.
This excitation energy into the conduction band for water, can berpvided either
by photoionization (multiphoton ionization or tunneling or by impact ionization
[73, 74].
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Multiphoton and tunneling ionization are the fundamental mechanism that
direct photoionization at di erent frequencies and eld strengthsof the electro-
magnetic eld. Keldysh introduced a factor = !/! to distinguish tunneling
and multiphoton ionization regimes, where 1/, refers to the time for tunneling
through the atomic potential barrier, which is inversely proportioml to the elec-
tromagnetic eld strength [77]. For values that 1 as obtained with lower fre-
guencies and large eld strengths, tunneling is mainly responsible famization,
while for values 1 the probability of multiphoton ionization is much higher
than that of tunneling ionization. Femtosecond optical breakdowmecessitates
much higher eld strengths. For = 800 nm, the transition from multiphoton
to tunneling ionization occurs at eld strengths of about 100-200 M/cm, cor-
responding to laser irradiances of 1.3-2.6 x OW/ cm? [73], thus, values for the
breakdown irradiance for a 100 femtosecond pulse in demonised avaiwvhich is
around 1.1 x 18> W/ cm? for = 580 nm) are close to this transition [74].

Figure 3.3: Photoionization, inverse Bremsstrahlung absorptionnd impact ion-

ization during the process of plasma formation. Repeated sequesof inverse
Bremsstrahlung events and impact ionization trigger an avalancheayvth in the

amount of free electrons. [74]

Once a free electron is created in the milieu, through such ionizationodes,
it can absorb photons in a non-resonant process called \inversedansstrahlung"”
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(Figure 3.3). This electron gains kinetic energy during the absorptioof the pho-
ton. After a chain of several absorptions, the kinetic energy bemes su cient

to produce another free electron through impact ionization. Tworée electrons
with low kinetic energies are now available, which can acquire energy \ia

verse Bremsstrahlung absorption.The repetitive chain of inverser&nsstrahlung
absorption events and impact ionization leads to an avalanche incesin the
number of free electrons when the irradiance is su ciently high to ercome the
free electron losses due to the di usion out of the focal volume. @sequently, a
low-density plasma occurs.

Considering that the plasma occurs in water, the creation of raditaxy-
gen species such as;B, and OH through various pathways following ioniza-
tion and dissociation of water molecules, primarily causes cell damadeapture
of electrons into an antibonding molecular orbital may trigger fragbnation of
biomolecules, e.g., for a molecule XY, such process refers to:

e + XY I XY -

where the XY - has a repulsive potential along the X-Y bond. After a time
about 10 ¥ to 10 ! seconds (from femto- to picoseconds), the transient molec-
ular anion state decays by

XYy -1 X +Y-

These radical species are extremely reactive and known to caus# damage
[78]. Such chemical reactions during the breakdown event have littfgactical
relevance for large radiant exposures producing a high density dagma energy,
because in such conditions the tissue e ects are dominated by majbermome-
chanical e ects. Nevertheless, these chemical reactions aregoéat importance
for femtosecond plasmas, which leads to tightly-localized chemicattyediated
ablation or dissection events.

Such uses of pulse lasers began in the 1980s with intraocular suygey us-
ing nanosecond pulse lasers [79]. After the development of femtmsel lasers,
corneal refractive surgery was also performed, via femtoseddasers [80]. As the
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laser pulse duration becomes shorter, the nonlinear propagatiore@s become
more important and a larger laser power densities are required toquuce optical
breakdown. Thus, it is not possible to have tightly localized energy gesition
when ultrashort pulses are focused into the bulk of transparentitieu (such as
cells) at low NA. As described above, for optical breakdown to oaguan irra-
diance threshold to be exceeded. As the NA increases, the spoesilecreases
and thus the power density that is required to overcome the irradiece threshold
decreases. For femtosecond optical breakdown in water and glaisis was found
to be the case for NA 0.9 [81].

3.2 Cellular Applications of Ultrashort-pulsed
Laser Nanosurgery

Ultrafast lasers are employed in diverse range of biological applicat® particu-
larly in the last decade. In addition to their routine use in two-photonimaging
[82], individual cell modi cation and ablation of intracellular structures can also
be achieved by using ultrashort pulses with high precision [83]. The pise ab-
lation of sub-cellular structures such as microtubules [84], or cellularganelles
such as mitochondria [85] is commonly known amnosurgery In parallel, similar
experimental methodology is increasingly used in other elds of cellul&iology.
A novel approach is using ultrafast lasers for delivering exogenousterials such
as DNA or RNA, into cells [86], such that, when this method is comparetb
the more common techniques of biotechnology such as cationic pogmbased
transfection, e ciency of laserfection is signi cantly higher. Taken all together,
proof-of-concept studies demonstrate that ultrashort-pulselaser nanosurgery is
a promising technique in cell biology and yet this technique appear tabe begun
to be employed as a laboratory tool by cell biologists, already. A dikse range
of studies show that nanosurgery represents an innovative andaful method for
both in vitro and in vivo researches.
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The rst study that performed sub-cellular nanosurgery was digstion of chro-
mosomes with nanometer precision [87]. Since then, various othemoaurgi-
cal operations rapidly followed. As the number of publications indicatg that
nanosurgery can be used as a research tool accumulated overttme, researchers
have begun taking advantage of this technique for basic cell biologiudies. An
example is the ablation of the centrosome organelle in mouse hippogaineu-
rons [88]. In this publication, it was demonstrated that after the alation of
centrosomes, axons regenerated through an acentrosomalnoticbule nucleation
point and continued to grow.

In another recent study, an ongoing debate on the synthesis 0b{gi apparatus
in mammalian cells, which is either Golgi is synthesised de novo or not, sva
tested. Ultrashort pulse lasers were utilized in order to elucidate i biological
controversy on Golgi complex [89]. In this study, the data presesd within
this work provide evidence supporting the de novo Golgi synthesiggothesis in
mammalian cells.

Ultrafast laser nanosurgery was also utilized in a recent botanicasearch [90].
Researchers constructed their experimental design based oe ffhenomenon that
neighboring epidermal cells on guard cells push these guard cells ardulting
in movement of stoma; thus they performed the ablation experimesuch that a
microhole on the surface of epidermal cells caused shrinkage ofsthepidermal
cells and this triggered opening of nearest stoma. They showed tlmmediately
after the laser-induced stomatal opening, ERs localization chardjelue to the
mechanical stress caused by stoma opening.

On the other hand, majority of the earliest results utilizing ultrafas laser
nanosurgery came from cytoskeletal photodisruption studiesn P0O05, researchers
cut the phalloidin-labelled actin bers of xated NIH/3T3 broblast c ells as
shown in Figure 3.4 [91]. Based on the applied pulse energies, reseaglexam-
ined the di erences between the photobleach e ect and actual nerial removal.
It was claimed that at pulse energies of 1.5 nJ, material ablation is stitbserved,
however, at 1 nJ, photobleaching dominates and thereby it was gy&gted that
there is a pulse energy threshold at 1.5 nJ for 100 femtosecond tgaa@ses at 800
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nm focused with a 1.4-NA objective, in order to make actual cuts ochemically

xated cells.

Figure 3.4. Laser confocal microscopic images of a xated 3T3 bbtast stained
for F-actin with a green uorescent dye. (A) Top view of a mid-planehorizontal
section through the cell showing channels and cavities produced tgmtosecond
laser ablation. The top and bottom channel were obtained at a pulsenergy
of 3 nJ; those in between at pulse energies ranging from 1.5 to 2.3 (B) Re-
constructed orthogonal image of the same cell. (C) A cell that wgsestained
for F-actin with a green uorescent dye immediately after ablation wh 2-nJ
(widechannels) and 1.5-nJ (narrow channels) laser pulses. (D) Thame irradi-
ated cell after restaining for F-actin with a red uorescent dye. [9]

In addition to the nanosurgery applications on cytosolic compartnmts, nu-
clear elements were also speci cally ablated via optical pulses. A ratexample
is the demonstration of a telomere-associated protein (TRF2) heng an impor-
tant function in DNA damage response [92]. A femtosecond laser is @oyed
to generate double-strand breaks (DSBs) at speci ¢ locations BINA inside the
nucleus, and the presented data showed that endogenous TRB2elomere asso-
ciated protein, accumulated at laser induced DSB sites.

In another study demonstrating the use of laser nanosurgery @ell nucleus,
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the human chromosome 1 was dissected with a full width half maximurk\WVHM)
cut size of 100 nanometers, in which the ablated area corresporglio the 1/400
of the chromosome and to 65kb chromosomal DNA [93] (Figure 3.5). Even
smaller cut sizes below 50 nanometers have been achieved by explgitmetal
nanoparticles as laser light antennas [94].

Figure 3.5: Topographical image and depth pro le of two laser cutsnochromo-
some 1. Material was partially removed, as indicated in the depth pte. A
sub-100-nm FWHM cut size was determined. [93]

As shown, ultrashort-pulsed nanosurgery technique allowed rasehers to di-
rectly manipulate such an important cellular compartment and o erd a novel
capacity for in situ investigation of nuclear structure

Delivery of nucleic acids such as a plasmid DNA or siRNA inside cells is
termed as transfection, which is originally a molecular technique rouely used
by cell biologists. Most of the common transfection methods sucts aationic
polymers, liposomes or electroporation are used to deliver nucleiddscto large
populations of living cells arbitrarily. Although these methods work &iently on
many cell lines, there are some certain cell types such as embryosiem cells,
primary cell cultures and neuronal cells that are di cult to transfect via these
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common methods. Optical transfection, or laserfection, is a regemethod that
has been demonstrated to have worked e ciently on these di cultto-transfect
cells. In a recent study, researchers utilized laserfection in order deliver the
Channelrhodopsin2-YFP plasmid construct into primary retinal gaglion neurons
from gold sh [95]. Hence, optoinjection or optical injection is a teahique that
al-lows exogenous delivery of various membrane impermeable subs&s into a
cell using light. Although use of lasers for optical material transfanto the cells
dates back to 1980s [96], ultrafast laser based delivery method itateely new
and likely to be more e cient and permit higher survival capacity.

Figure 3.6: Femtosecond laser-induced fusion of two-cell porcineleyo. (a)
Irradiation of the cell-cell junction (indicated by black cross) triggred cell fusion.
(b) Cytoplasmic streaming between both cells occurred about halhahour after
laser treatment (indicated by dashed ellipse). (c) and (e) Cell fusioproceeds.
Scale bar: 20 m. [97]

Cell fusion is a natural phenomenon that has roles in various biologievents
such as fertilization, formation of muscle bers and generation ofectain types
of bone cells [36]. In addition to this, it is believed that this phenomenotakes
place in carcinogenesis as well [98]. Biologists have intensively studiedtbis
phenomenon and developed various bioengineering techniques base viruses,
chemical reagents or electrical discharge, in order to achieveianal cell fusion.
Although laser induced cell fusion method dates back to 1990s [99]irafast
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laser-induced fusion of cells has recently been demonstrated, @ tsister cells
within a parthenogenetic porcine embryo as shown in Figure 3.6 [97]. igaterm
assessment of vitality indicated that incubated fused cell survivethore than 6
days in culture conditions speci ¢ for porcine embryo development.

Biophotonic methods such as caging/uncaging, optogenetics andpsr-
resolution microscopy have had a great deal of contribution to neabiology
researches, so that there is clearly an emerging sub eld as neuoghotonics.
In addition to their well-known use in nonlinear microscopy, ultrafastasers are
being used for direct manipulation of neurons especially for the lasen years.
An example is direct nonlinear stimulation of neurons via ultrashort piges, as
a multiphoton version of the Fork experiment performed in 1971 [1P0 In a
recent example, researchers utilizied ultrashort laser pulses to elitly stimulate
excitable neurons in order to identify the functional topology of aeuronal circuit
and measured the calcium responses with a calcium-sensitive dye [1(#lgure
3.7).

Figure 3.7: Responses of neurons to the pulsed-laser stimulationCbhmage and
uorescence images of a Fluo-4-labeled neural circuit before arftea stimulation.
The lightning symbol indicates that N1 was irradiated with the femtoscond laser.

[101]

Ultrashort-pulsed laser nanosurgery is a nhovel research eld anders a broad
range of application. Over the past decade, plenty of proof-ofipciple study
demonstrated that this method is highly e cient and provides supeior control
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both on spatial and temporal resolution. In addition to all these achncements
in ultrashort-pulsed biophotonics, ber laser systems o er a high @ampatibility
for being used outside the research laboratory, which is a substiahnecessity for
industrial and biomedical applications. Furthermore, ultrafast ber lasers, with
their apparent advantages such as long-term stability in operatigrhave a high
potential in a wide range of scienti ¢ and biomedical applications.

Hence, in this part of this thesis study, we develop a custom-built utifast
ber laser-based microscope system for nanosurgery and tissatdation experi-
ments. Furthermore, we applied this system for doing high-precisiaissections,
to a diverse range of biological specimens ranging from the tissueeleto sub-
cellular level, such as a part of a neuron or a single mitochondrion. Fiha
we upgraded this integrated system such that, through the usd écusto Opti-
cal Modulaters and custom-developed Fieled Programmable Gaterays, it can
create arbitrary pulse patterns without limitations.

3.3 Experimental Methods

3.3.1 Imaging
3.3.1.1 Microscopy

For real-time imaging of the biological sample, a customized epi- uaseent mi-
croscope (Nikon Eclipse Ti-U) is used. The laser beam is directed tcetbbjective
with a dichroic mirror housed in an extra turret. The dichroic mirror ishighly
re ective at the laser wavelength, while transmitting visible light and uores-
cence excitation. Sample positioning is accomplished via a step-mobased 2-D
micropositioning stage (with a precision of 1 m) and a 3-D piezo stage with
20 nm precision. For most applications, the micropositioning stage ale pro-
vides su cient resolution. Visualization is based on both uorescentand phase-
contrast imaging. A 60X,1.2-NA objective and a 100X, 1.3-NA objeiee are used
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interchangeably for sub-cellular ablation and a 20X, 0.4-NA, phas®ntrast ob-
jective is used for multicellular/tissue-level ablation, on both casesogether with
a high-sensitivity EMCCD camera is used for imaging. All major aspestof the
laser-microscope system, including control of the FPGA systemrfpulse picking
and gating, positioning of the sample, control of the camera and irga acqui-
sition are controlled via a computer for nearly completely hands-feeoperation.
An analog computer joystick allows ease of use for positioning.

3.3.1.2 Fixation and Staining

For the ablation experiments performed on xated cells, attachedells are washed
with PBS and then xated in 0.1 M sodium cacodylate buer with 3% glu-
taraldehyde, pH 7.2 at 4C overnight, the day before the ablation experiments.
For mitochondrial ablation experiments, following up the xation stage, cells are
stained with 300 nM 4, 6-diamidino-2-phenylindole, dilactate (DAPI, dactate)
in PBS and with 250 nM Mitotracker Red 580 (Invitrogen) in the corrgponding
cell culture medium.

3.3.2 Cell Culture

3.3.2.1 Cell lines and Growth conditions

Human osteosarcoma cell line Sa0S-2 and rat pheochromacytonedl ktne PC12
are used for nanosurgery experiments. SaOS-2 cells are culturedcCoys 5A
medium supplemented with 15% fetal bovine serum, 2 mM L-glutaminsirepto-
mycin/penicillin 100 U/mL, and in a humidi ed atmosphere of 95% air and 5o
CO, at 37 C. For PC12 cells, two di erent cell culture media are used: Growth
medium and di erentiation medium. Growth medium consists of RPMI 180 sup-
plemented with 10% heat inactivated horse serum (HIHS), 5% fetabvine serum,
2 mM L-glutamine and 100 U/mL streptomycin/penicillin; this medium is usd
for routine subculturing of undi erentiated PC12 cells. Di erentiation medium
has the same ingredients, but does not contain FBS, has a reducatiount of
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HIHS as 1% and contains 100 ng/mL nerve growth factor (NGF). Bb cell lines
are incubated in a humidi ed atmosphere of 95% air and 5% C(at 37 C. For all

experiments, cells in 1 mL of medium were plated onto 35 mm covergksstom

culture dishes (Bioptechs). For PC12 cells, dishes are previoushated with Col-

lagen A (PAN Biotech) according to the manufacturer-recommerstl procedure.
Growth media are exchanged three times weekly.

3.3.2.2 Cryopreservation of Stock Cells

For both of the cell lines, same procedure applied: Exponentially gving cells in

100mm cell culture plate were harvested by trypsinization in the casof Sa0S-2
and by force-pipetting in the case of PC12, and then collected in 5 rgkowth

medium. Then, cells were precipitated at 1500 rpm for 3 min. The pelletas

suspended in a freezing medium (8% DMSO, 92% FBS). Pellets werausggended
in 1ml freezing medium in cryotubes and they were left at -2C overnight. The

next day cells were stored at -8@ for 1 day to 1 month. Finally, the tubes were
transferred into the liquid nitrogen storage tank for future expements.

3.3.2.3 Thawing of Frozen Cells

For both of the cell lines, same procedure applied: The frozen celldiwas taken
from the liquid nitrogen tank and immediately put on ice and then placednto
a 37 C water bath for 1-2 minutes. The cells were transferred into 15niibes
and resuspended in 9ml growth medium. The cells were centrifuged1®00 rpm
for 3 minutes. Supernatant was discarded and the pellet was repesaded in 10
ml culture medium to be plated into 100 mm dish. After overnight incubtion
culture mediums were replenished.
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3.4 Results

The experimental setup, which includes the microscope, custorilh electronics
and the ber laser is depicted schematically in Figure 3.8.

The seed oscillator is an Yb-doped ber laser, functioning in the all-mmal-
dispersion regime [51]. The choice of this mode-locked regime is beeanfsthe
fact that it is an extremely robust system, such that this mode-ldaéng regime
generates relatively longer and structured pulses. On the otheaihd, the am-
pli er part e ciently determines the pulse duration, which is a result of gain
narrowing and residual higher-order dispersion [102]. The oscillatoomprises a
5 m-long section of single-mode ber (SMF, of the type HI-1060) a&n0.6 m-long
Yb-doped ber, followed by another 0.4 m of SMF. Net group velocitydisper-
sion, GVD,e, Of the oscillator is calculated to be around 0.138 fs The gain
ber is pumped in core with a pump diode delivering 310 mW of power thiagh
a 980/1030 nm wavelength division multiplexer. Unidirectional operain is en-
sured using an in-line optical isolator. Mode-locking is initiated and shalized
by nonlinear polarization evolution. Single pulse operation of the laseutput
is veri ed via long-range autocorrelation against bound pulse geragion and RF
spectral measurements (with up to 12 GHz) against regular multiplpulsing.
The in-line ampli er system consists of a ber stretcher, a ber-pigailed Acusto-
Optical Modulator, and three gain stages.

The rst two stages are core-pumped. The nal stage is claddingumped,
where pump light is delivered through a signal-pump combiner. The letig of
single-mode Yb-doped bers used for pre-ampli er and ampli er stges are 1 m
and 0.5 m, respectively. The core diameters are 6n. First stage is pumped with
300 mW pump power in the forward direction and the second stage isipped
with 120 mW in the backward direction. The nal stage consists of a 2n-
long Yb-doped ber with 20 m core, 125 m cladding diameters and numerical
aperture of 0.08. The gain ber is pumped in the forward direction wh a pump
diode laser producing 2 W centered around 976 nm. The beam extieat from
the ampli er using a ber-coupled collimator. The ampli ed pulses are @échirped
in a standard di raction grating compressor.
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The oscillator mode-locks readily and maintains its modelock with a chae-

teristic optical spectrum depicted in Figure 3.9(a).
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Figure 3.9: ((a) Optical spectrum of the oscillator and ampli er outts. (b) Au-

tocorrelation of the ampli ed pulses after dechirping. Inset. Closen RF spec-
trum around the repetition frequency. (c) Measured pulse traingxhibiting a
complex pulse sequence as an example. Apparent variations in thdgeuheights
due to digital sampling are not real.

The oscillator generates 3-ps-long chirped pulses with a bandwidth 16 nm
at a repetition rate of 32.7 MHz. Output coupling from the cavity is ahieved
through a %20 output coupler, which delivers 32 mW of average paw® the
ber stretcher, which consists of 40 m of single mode ber (HI-1@j. Pulses are
stretched to 35 ps and then amplied to 4.5 nJ energy per pulse in the rst
ampli er stage. After the rst ampli er stage, repetition rate of t he pulses are
decreased to a desired repetition rate, which can be selected besgw 1.02 to 32.7
MHz, depending on the application. The role of the second ampli er age is to
recompense the decrease in power due to pulse picking in the AOMdtimsertion
loss is 4 dB, in addition to losses due to pulse elimination), producing approx-
imately 110 mW of average power, virtually independent of the pulseigking
frequency in the AOM. The nal power ampli er operates as a powebooster to
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reach pulse energies required for ablation of the biological specimewith a max-
imum pulse energy of 125 nJ, which corresponds to an average optical power
of 500 mW at 4.08 MHz repetition rate. The laser system itself is not limed
in terms of optical average power (with a similar con guration, we we able to
reach 50 W), but somehow limited in terms of pulse energy due to nondiar ef-
fects. Nevertheless, the damage threshold of the microscopgestives indirectly
limits the average power. After dechirping in the grating compressothe com-
pressed pulse duration is around 240 fs. The optical spectrum dfet chirped,
ampli ed pulses and autocorrelation after dechirping are shown in Fige 3.9. A
second, free-space AOM is integrated into the system for gatinftbe individual
pulses, which allows the exact control of the exposure time of theadiation on
the specimen as well as the further reduction of the repetition ratdown to 1 kHz
or formation of pulse bursts (Figure 3.9(c)).

The pulse picking is handled by home-built FPGA to pick pulses at two
acousto-optic modulators located after the ampli er stages. ThEPGA is con-
trolled with a user interface software operating on a personal cauter. A fraction
of the laser optical signal is detected at a fast photodiode and tlmutput is fed
to the FPGA as the clock source. In order to obtain a better tempal resolu-
tion in picking out the optical pulses, a faster clock signal is neededhus, the
clock signal derived from the repetition rate of the laser, is multipliedy 8 at
the digital clock manager inside the FPGA to 262 MHz. A one-time-only delay
adjustment in the FPGA allows the new clock signal to be fully synchrozed to
arriving optical pulses at the AOMs. The FPGA starts counting the pilses and
sends gating signal to the AOM drivers when a pulse is to be picked. All
as picking out the pulses continuously, the system is able to work inkatrary
picking mode. Thereby, the end-user is enabled to pick and drop amumber
of pulses through the software interface, which can be adjusteéd generate a
desired pulse sequence upon the press of a button. There areuaity no limita-
tions on the pulse sequences that can be generated. All major sbtuents of the
laser-microscope setup, including control of the FPGA part for gse picking and
gating, sample positoning, image acquisition and camera control atentrolled
through a computer for almost completely hands-free functioning
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Figure 3.10: Mouse gastrocnemius muscle tissue slice (a) before @mdafter
laser surgery (5 parallel cuts are clearly visible); 4.08 MHz, 240-&nJ.

Figure 3.11: Fixated SaOS-2 cells (a) and (c) before; (b) and (d)tef femtosecond
nanosurgery; 4.08 MHz, 240-fs, 7 nJ.
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First, in order to test the system's e ectiveness on laser surgenf biological
samples; 240 femtosecond, 7-nJ pulses at 4.08 MHz are used tatereuts on
frozen sections of mouse gastrocnemius muscle. With the 20X athije, the laser
beam is focused to a spot size of 222 m. With the optical telescope at the
back port of the microscope, the back apertures of the 60X an@0X objectives
are completely lled, this results in under lling of the 20X objective. On the
tissue section, 5 parallel and linear cuts are created, as shown in dig 3.10.
The widths of the lines are measured to be 2 2.5 m, which is consistent with
the incident spot size.

Then, femtosecond nanosurgery is applied on chemically xated S8 cells
utilizing the 100X objective; linear cuts are clearly visible in Figure 3.1bj.
Femtosecond photodisruption is replicated by using 60X objectivend repeated
on chemically xated SaOS-2 cells. In this experiment, sub-microndtures are
observed as shown in Figure 3.11(d).

Figure 3.12: (a) and (c) before; (b) and (d) after femtosecondbtation of indi-
vidual mitochondria stained with Mitotracker Red 580; 4.08 MHz, 24@s, 2 nJ.
Red arrows indicate the cell bodies.
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Consequently, the system's capacity of targeting an individual oagpelle in-
side a single, live Sa0OS-2 cells are investigated using the 100X objectiwe
make a partial ablation of an individual mitochondrion, which is stainedwith
Mitotracker Red 580, employing 2 nJ pulses (Figure 3.12). The postity of
photobleaching instead of an actual ablation is ruled out by applyinghe Fluo-
rescence Recovery After Photobleach (FRAP) protocol for merthan few hours
after the nanosurgery operation. Constant observation of theperated cell after
the femtosecond nanosurgery indicates that the cell viability wasoh intervened.

Finally, we employ the nanosurgery system to perform axotomy onsngle,
di erentiated neuroendocrine PC12 cell. The axon of a PC12 cell is dicted
with the incident laser beam with 8 nJ pulse energy at 32.7 MHz repetitio
rate (Figure 3.13). In this case, the operation interferes with theurvival of
the operated cell and after several minutes, symptoms of Wallendegeneration
occurs, characteristic with the formation of the repeated bealike structures
along the axon.

Figure 3.13: (a) Before and (b) at the moment of laser axotomy (vite arrow
indicates the incident laser beam on the axon). (c) After axotomywhite dashed
arrow indicates the micro-damage); 32.7 MHz, 240-fs, 8 nJ.

3.5 Conclusion

In conclusion, in this part of this thesis study, we develop an ultrasit pulse ber
laser-microscope integrated system and demonstrate its biopbatc application
for nanosurgery. The system comprises a novel and highly feasilalesembly
for ultrashort-pulsed sub-cellular nanosurgery, taking maximaldvantages ber
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technology. The laser setup is highly robust; with the use of custedesigned
FPGA electronics functioning through ber-coupled AOMs, it is postble to create
pulse sequences with no limitations (apart from the max. repetitionate, which
is that of the oscillator), while the MOPA design makes the individual plse
energies remain identical. Such bene ts are achieved at a portion tbie price of
a titanium:sapphire laser, which has traditionally been utilised as the syem of
choice for such studies. This study that presents a notably low-siband practical
system will lead an increase in the employment of ultrashort-pulsedsiar-based
ablation studies in biological sciences.
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Chapter 4
Summary and Outlook

As a part of this thesis study, we have demonstrated controlled gace modi -

cation of Ti6Al4V metal implants using pulsed ber lasers delivering picgecond
and femtosecond pulses. Comparison of the surface topograghgenerated with
nanosecond pulses indicated the clear advantages of ultrashautges, those which
minimizes thermal e ects and increases topographical precisionn addition to

that, for micron-scale surface modi cations, we demonstratedhat the picosecond
pulses virtually o ers a quality similar to those of femtosecond pulsesBecause
of the fact that picosecond systems does not require a gratingnepressor for
further compression of the pulses, and the laser beam is directlylidered from

the optical ber, use of picosecond systems at MHz repetition ras o ers great
potential, especially for in vivo applications.

We demonstrated that, by altering the pulse energy, exposure tenand the
scanning pattern, a diverse range of surface textures can beated using both
pico- and femtosecond regimes. We further showed that, for tlgeeneration of
micrometer-sized surface textures, pico- and femtosecondinegs both yield sim-
ilar results. On the other hand, femtosecond pulses at low uencevids leads
to nanoscale modi cation of the surfaces, which seems not to begstle in pi-
cosecond regime. Such data indicates that, even in the picosecardime, the
thermal e ects might dominate the incident events and lead to defmation of
the expected topographical features.
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Next, we utilized spectroscopic techniques to establish a better derstanding
of the mechanisms behind modi cation of the sample surfaces. Tleesesults
showed that oxygen is present in the modi ed regions, in contrasbtnon-modi ed
(non-irradiated) regions. The amount of oxygen in modi ed regionseem to be in
the same range for all pulse regimes. Further characterizationginated that the
main portion of this oxygen is accumulated at the irradiate region in th form of
titanium dioxide, particularly in tetragonal rutile structure of TiO ,. Therefore,
we conclude that, especially the protruding structures (textur®those are higher
from the original surface level) created by laser irradiation are laely composed
of this rutile phase, irrespective of the operation in femto-, pico-raanosecond
regime.

Then, investigated the e ciency of laser-modi ced surfaces in cellar adhe-
sion and proliferation. We found that surfaces modi ed with picosemd pulses
o ers a cell attachment and proliferation quality as good as commeially pro-
duced surfaces, which are widely accepted to be surface modiicais of choice
for quali ed tissue integration.

Furthermore, we presented the data for the clear tendency oélts to align
with linear micro-topographies created by the picosecond laser, &agnomenon
termed as topographical or contact guidance. On the other hanthere was no
distinguishable alignment on the surfaces with nanometer-scale hetigli erences
created with femtosecond pulses, thus, there was no improverhém adhesion
either, which might be an indication of inadequate interaction betweethe cells
and the nanometer scale topographies.

We also observed the de-promotion of cell adhesion and proliferatio Our
data indicated that, by employing surface structures that hindes or interferes
with the biomechanics of cells at the biomaterial-tissue interface, Itattachment
and spreading can also be altered in an antagonistic manner.

Considering the laser modi cation of biomaterial surfaces, a nal ard would
be that the signi cant advantage of laser modi cation is its capacityto selectively
treat di erent regions of an implant surface with di erent patterns, which may
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be designed to enhance or inhibit cell attachment. Such spatial selieity is def-
initely not possible with most of the conventional techniques such asechanical
and chemical methods. Although our emphasis has been on textugiof Ti-based
dental implant surfaces, these results can easily be adapted to drent materials
and textures.

In the second part of this thesis study, we developed and made wden ultra-
short pulse ber laser-microscope integrated system for sublcgar nanosurgery.
The custom-developed system is based on a mode-locked Yb- bscilator, seed-
ing a multi-stage ber ampli er and incorporating a ber-coupled AOM for rep-
etition rate control, a diraction grating compressor and a freeqsace AOM for
pulse picking. This enables complete control over the pulse sequergattern.
The laser is coupled to a di raction-limited uorescence microscopeayith com-
puterized imaging and sample positioning.

Firstly, the integrated systems capability of performing femtosend photodis-
ruption of biological samples was tested on frozen sections of megastrocnemius
muscle tissue. With a beam diameter around:2 m using the 20X objective,
linear cuts with the line widths of same sizes were generated.

Next, we applied pulsed-laser ablations experiments on glutaraldetey xated
osteosarcoma cell lines by using the 60X objective, which leads tdosuicron-
sized ablation regions. This means that the size of a single ablatedare smaller
than the size of the diraction limited-beam, which is for our laser's weelength
around 1 m. Such an observation is consistent with the expectations of nondiar
processes, most probably multiphoton processes, during the lasgadiation with
femtosecond lasers.

Subsequently, laser ablation of a single organelle was experimentgdulsing
100X objective. For these experiments we used mitochondria andcardingly we
stained the mitochondria with organelle speci ¢ uorescent dyes. W presented
the data for femtosecond nanosurgery of single, individual orgaltes. Further-
more, we observed that even a portion of a single mitochondrion ddbe ab-
lated. The possibility for photobleaching, which refers to the uorscence loss
instead of actual ablation via laser irradiation, was examined by applyg FRAP
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(Fluorescence Recovery After Photobleach) protocol for seak hours after the
nanosurgery. As a result, it was proven that the organelle disapp&nces after
fs- laser irradiation were not only due to uorescence loss but baecse of actual
material removal, which means ablation. Subsequent monitoring die operated
cell indicated that the cell viability and cellular homeostasis was not iruenced
by ablation.

Finally, we have used our integrated nanosurgery system to disséite axon
of a dierentiated neuroendocrine PC12 cells. The axon of a PC12lkcevas
damaged with the fs-laser pulses and it was observed that even andme at
the size of a few micrometers could result in the intervention of theiability of
the neuron. This viability and homeostasis change was charactenzavith the
formation of bead-like structures all along the operated axon, wdh is one of the
distinctive indications of nerve damages and the whole process is chMallerian
Degeneration. On the other hand, even smaller pulse energies amisp numbers
should be tried to see if there is any adjustable level that will not cae such
an homeostatic imbalance. In any type of the nanosurgery applicahs we have
presented by now, are in the range of few or several nanojulespafse energies.

Nonlinear biophotonics or ultrashort-pulsed biophotonics is a noveesearch
area and o ers a potential for biological applications. Over the pasiecade,
a number of proof-of-principle study demonstrated that such a ethodology
is extremely e cient and provides an exceptional control both on gatial and
temporal domains. In addition to those proof-of-concept studse publications
utiilizing this methodology as an experimental tool have begun to asmulate
in the scienti c literature as well. Thereby it seems that, especially byaking
the above-mentioned advantages of ber lasers, the diversity afpplications of
ultrashort-pulsed biophotonics will continue to develop in further derent direc-
tions, in addition to the fact that biologists will further adopt this methodology
as a routine technique for their laboratories.
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4.1 Near-Future Perspectives

\ Understanding the human brain is one of the greatest chal¢ess facing 21st
century science. If we can rise to the challenge, we can gaimdamental insights
into what it means to be human, develop new treatments for braliseases.."

This is the rst paragraph of the report submitted to the European Commis-
sion by The Human Brain Project consortium in 2013. To achieve thisra and to
unravel the functional brain-map, being capable of triggering theing of neurons
in a controlled manner in the awake animal in a rapid way is the most critad
challenge. Although conventional electrophysiology methods thateasure neural
activity to decipher neuronal network operations exist, combinaftial use of op-
tics and genetic labeling methods is currently rather promising for neo-circuit
analysis and brain mapping.

It seems plausible that, as articulated elegantly by Francis Crick adulated
in 1999, \the ideal signal would be light, probably at an infrared wa®egth to
allow the light to penetrate far enough. This seems ratherrfgetched but it is
conceivable that molecular biologists could engineer a fpeular cell type to be
sensitive to light in this way [103].

Today, this idea is not that \far-fetched; particularly, advanceson microscopic
and ber-optic techniques have made considerable progress in thdirection. A
striking novel methodology is optogenetics, which utilizes light to cérol neuronal
activity that have been genetically modi ed to respond to light. Optaenetics,
which in 2010, was selected as the method of the year by Nature Meds, is a
neuromodulation method intensely used in neuroscience that makiée combi-
natory use of techniques from optics and genetics to monitor andamipulate the
activity of individual neurons [104].

The interrelated advancements both in biological and photonic tedologies
lead to the increasing combination of the tools and methodologies difeise disci-
plines. An active example is the case is that optical bers have founcbnsider-
able usage in biological imaging, particularly in neuroscience, in paralle the
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the progresses in optogenetics [105] (Figure 4.1). Fiber-optic lighelivery and
collection systems are particularly advantageous for studies oreély behaving
animals, mainly due to the fact that it eliminates the use of an object® lens,
hence, readily reaching deep tissue locations with a minimal invasion 1.0

Figure 4.1: The conventional form of in vivo optogenetics mountingber-optic
cables in the rodent head. [107]

Moreover, it was recently reported that the signi cant scatterig and ab-
sorption of the incident light resulting in lower penetration beneath issues, can
be further eliminated by combining the exible nature of ber-optic mmponents
with the two-photon absorption phenomena [108]. With the demonsdtion of the
ber-optic two-photon near-infrared optogenetic stimulation, he articulations of
Francis Crick are almost completely realized after nearly 15 years.

In parallel to these developments, other exciting and promising delepments
has also occurred in the eld of neurobiophotonics that eliminates & major
drawback of optogenetics, which is the necessity of transgenetsiat allows the
neurons respond to light. The obligation of transgenesis protocwl optogenet-
ics makes it inapplicable for human studies and requires a complicatedriss
processes of introducing an exogenous gene into the living organisiRecent
researches demonstrating the direct optical stimulation of excitde cells would
pave the way for analyzing the neuronal networks without interv@ing the nat-
ural, wild-type conditions of living organisms. A remarkable study thautilizes
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pulsed lasers for such non-invasive stimulation of both neuronal édrcardiac tis-
sue is considerably promotive [109]. Furthermore, the employment wtrashort
pulses for nonlinear stimulation, hence that would result in higher petration
depth and more precise stimulation, is notably promising [110].

Finally, taking into account the neuronal nanosurgery results thawe have
reported in this thesis study, it can immediately be speculated thags a parallel
operation to the neuronal network analysis as referred in the pagraph above, the
further manipulation and engineering of the network via \laser-tailong" would
be an unprecedented methodology.

However, these advancements only represent the progress intlméologies
and practical tools required for the achievement of the main goal,hich is the
comprehensive understanding of how the brain works; therefahe nal challenge
will be the development of the \Brain Theory". Nevertheless, suchrogression in-
dicates that the 21st century science, especially biophotonics, tefging towards
the ultimate goal. When such developments in biophotonics makes area com-
bination with nanotechnology, the awless exploitation of the non-imasive nature
of light will be truly realized.
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