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Application of femtosecond lasers for subcellular nanosurgery
Eric Mazur Iva Z. Maxwell

ABSTRACT

This dissertation offers a study of femtosecond laser disruption in single cells. Cells
and tissues do not ordinarily absorb light in the near-IR wavelength range of femtosecond
lasers. However, the peak intensity of a femtosecond laser pulse is very high and material
disruption is possible through nonlinear absorption and plasma generation. Because the
pulse duration is very short, it is possible to reach the intensity of optical breakdown
at only nanojoules of energy per pulse. The low energy deposition and the high spatial
localization of the nonlinear absorption, make femtosecond laser pulses an ideal tool for
minimally disruptive subcellular nanosurgery.

We show definitively that there can be bulk ablation within a single cell by studying
the disrupted region under a transmission electron microscope. The width of the ablated
area can be as small as 250 nm in diameter at energies near the ablation threshold. We
also studied the effect of the laser repetition rate on the subcellular disruption threshold.
We compared the pulse energies for kHz and MHz pulse trains, and found that in the MHz
regime heat accumulation in the focal volume needs to be accounted for. For this repetition
rate the minimum pulse energy necessary for disruption depends on the laser irradiation
time.

We used femtosecond laser nanosurgery to probe tension in actin stress fibers in
living endothelial cells. By severing an individual stress fiber and visualizing its retraction,
we showed that actin carries prestress in adherent, non-contractile cells. By plating the
cells on softer, more compliant substrates, we measured the deflection of the substrate and
extrapolated the force contribution of a stress filament on total amount of force exerted by

the cell.
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Chapter 1

Introduction

Light is a powerful tool when used in biological and medical applications. As
scientists, we are constantly searching for new ways to image matter, to look deeper in our
bodies, to see faster processes, and to understand the underlying biological mechanisms.
Since 1674 when Anton van Leeuwenhoek adapted the first microscope for biological studies,
we have been using light in the quest to get a finer view of biology. At the same time light
has been used as a therapeutic tool for variety of medical conditions. The advent of the
laser has revolutionized biology and medicine. Now, we can monitor a virus infecting a cell,
cauterize an ulcer in a patient without making a single incision, or image blood flow inside
a mouse brain as it is experiencing a stroke. With improvements in laser technology there
is a necessity to discover and develop new ways to use the new generation lasers to their
full potential as tools in biology.

Since their introduction in the 1980’s, femtosecond lasers have gained ground due
to their versatile application to a large variety of problems. What makes them especially
advantageous is their near-IR wavelength which has deep penetration in tissue, and their

short pulse duration, which means high peak power at very low pulse energy. Through
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nonlinear interactions, these laser pulses are able to create localized disruption in delicate,
biological materials.

Some of the first application developed for short pulsed lasers in biology was mul-
tiphoton imaging. The excitation of a dye through a nonlinear processes is limited strictly
to the focal volume of the objective lens, which allows for all optical three-dimensional
sectioning.

The second, unique application for femtosecond lasers is the bulk manipulation
and disruption of transparent materials, including biological matter. Because the material
is transparent to the laser light, the light can be focused within the bulk without affecting
any of the above lying layers. The intensity in the bulk can then reach values where
nonlinear processes become important, such as multiphoton absorption, plasma generation
and material ablation. When the laser parameters are chosen just right, these violent
processes are confined only to the nonlinear-interaction volume, which is smaller than the
diffraction limited spot and can be smaller than 500 nm across. Due to the short pulse
duration there is no damage outside the interaction region. This interaction mechanism
allows us to create imbedded waveguides inside in a transparent solids, to sever an axon in
a C. FElegans and to study the mechanics of single stress fibers in a living cell.

In this dissertation we present an experimental study of the application of fem-
tosecond laser pulses for minimally invasive subcellular nanosurgery. We determine the
pulse-energy threshold by studying the laser ablated area through transmission electron
microscopy. We then study the effects of pulse energy and laser repetition rate on the
nanosurgery precision. Finally, we investigate the dynamics of stress fibers in adherent cells
by severing single actin bundles. We visualize the retraction of the actin and model it as
a viscoelastic cable. We also measure the cell deformation and the change in traction it

exerts on the substrate in response to the actin disruption.
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The dissertation is organized as follows:

Chapter 2 reviews the nonlinear interaction that leads to the bulk absorption
and plasma-mediated ablation. We describe the absorption mechanism and the importance
of the focusing, pulse energy and laser repetition rate, which have been studied in depth in
transparent solids.

Chapter 3 reviews the applications of femtosecond laser for imaging and includes
a detailed literature review on the use of these laser for disrupting and manipulating bio-
logical samples.

Chapter 4 describes the experimental systems that we built and used to perform
these experiments. It also discusses possible improvements and further implementations.

Chapter 5 analyzes the threshold for plasma-mediated ablation in fixed cells. We
confirmed the ablation and measured the width of the channels drilled in the bulk of cell
nuclei using transmission electron microscopy (TEM). The minimum width measured is 250
nm. We also compared the fluorescence and TEM micrographs and determined that there
exists a regime where photobleaching occurs without corresponding material ablation. The
threshold for ablation is about 20% higher than that for photobleaching.

Chapter 6 determines the effect of the laser repetition rate to the pulse energy
threshold necessary disruption. We compare the onset of disruption for kHz and MHz pulse
trains. When the laser repetition rate is in the MHz range, heat is accumulated in the
focal volume. Therefore, both the pulse energy and the exposure time are important in
determining the threshold for material disruption.

Chapter 7 presents our study of the mechanics of stress fiber filaments in adher-
ent, living endothelial cells. By severing a single stress fiber and measuring its retraction
in real time, we are able to conclusively show that the stress fiber is under passive tension.

By introducing drugs that inhibit various actin binding proteins, we show that the initial
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tension in the stress fiber is decreased. We also studied the effect of one stress fiber on
whole cell shape and traction, by plating the cells on soft substrates and measuring the
displacement of the substrate and the change in cell shape after laser-cutting of the stress
fiber. Our results show that a single stress filament can account for much of the whole-cell
prestress.

Chapter 8 summarizes the work contained in this thesis and comments on future
directions where this research can be applied. The applications for femtosecond laser pulses
in biology and medicine are numerous and fruitful collaborations with biologists generates

new research avenues.



Chapter 2

Femtosecond laser disruption of

transparent materials

The objective of the research described in this thesis is to develop femtosecond
lasers as a research tool in cell biology and to use them to study cell mechanics. The tech-
niques employed are femtosecond laser nanosurgery for subcellular disruption and multipho-
ton, confocal and electron microscopy for visualization and measurement. Before delving
into experimental results, we will first cover the principles underlying femtosecond laser
nanosurgery.

To understand the light-matter interaction mechanism that makes femtosecond
laser nanosurgery possible, we first examine the optical properties of cells and tissues, and
show that biological matter is mostly transparent in the near-IR wavelengths. Then, we
discuss the disruption of transparent materials through femtosecond laser induced optical

breakdown.



Chapter 2: Femtosecond laser disruption of transparent materials

2.1 Optical properties of tissues

The basic interaction mechanisms of light with bulk matter are reflection, refrac-
tion, scattering and absorption. The optical properties of the material at the wavelength
of the incident light determine the relative contribution of each effect. Biological materials,
such as tissue, have complex structure and chemical composition. Despite their complex-
ity, their optical properties can be generalized by considering the predominant components:
water, hemoglobin and melanin [1,2]. Figure 2.1 shows the absorption spectra of these three
components. In the region between 0.6 and 1.2 um there is a relative dip in absorption in
all three components creating the so-called “diagnostic window” for laser-tissue interaction.

Light in this wavelength range penetrates tissue more effectively than light in any other

wavelength range.
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Figure 2.1: Absorption spectra of the major absorbers found in tissue. There are no efficient
one-photon absorbers in cells and tissues in the near-IR spectrum, making them nearly

transparent in this wavelength range. [1]
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Determining the exact optical properties of tissues and specifically, the relative
contribution of scattering and absorption is a complex task. The attenuation of light prop-

agating through such a medium can be described as:

I(Z) = Ioe_az (21)

where I is the incident intensity, « is the attenuation coefficient which is a combination of
the absorption and scattering coefficients, and z is the propagation distance in the media.

The mean free optical path then is:

L= (2.2)

The optical properties for many tissues have been measured at different wave-
lengths. However, biological tissue can be very inhomogeneous and there can be large
variation from sample to sample. Determining the exact optical properties is further com-
plicated by the fact that tissue preparations in vivo and in vitro can differ tremendously
in their properties. For example the cornea can turn from being transparent in vivo to
essentially being opaque in vitro [20]. As a general illustration of the optical properties of
biological tissues, the penetration depth of skin tissue (dermis) at different wavelength is
given in Table 2.1. The penetration depth varies over a few orders of magnitude from the
UV to the IR. While we will not be discussing skin tissue specifically, this example illustrates
that the near-IR wavelengths indeed have the deepest penetration, and that penetration
depths in this range can be as large as hundreds of micrometers.

Understanding optical properties of a biological specimen is necessary in order to
determine the best laser parameters for a desired interaction. Variation in laser wavelength,

energy, pulse duration and irradiation time can lead to vastly different effects and these



Chapter 2: Femtosecond laser disruption of transparent materials 8

wavelength (nm) 248 | 514.5 | 830 | 1064 | 2100 | 2940

penetration depth (um) | 5 330 | 1300 | 1400 | 400 1

Table 2.1: Penetration depth in skin tissue at different wavelengths.

parameters need to be selected accordingly for the particular application. The possible

interaction mechanisms are discussed in the following section.

2.2 Laser-tissue surgery mechanisms

I I I I I I
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Figure 2.2: Map of laser-tissue interactions. The circles give a rough estimate of the asso-
ciated laser parameters. Modified from [2].

Precise laser surgery is achieved when the desired target is exposed to the optimal
laser conditions for a given interaction pathway. Laser-tissue interactions can be separated

in five different categories depending on the laser power and the irradiation duration. Figure
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2.2 gives a rough delineation of the interaction zones. This classification of laser-tissue
interactions is empirical and describes the dominant mechanism of the interaction and often
the boundary between neighboring interactions are not definitively set. The dashed lines
indicate constant fluence of 1 J/cm? and 1000 J/cm?. Even though the variation in power
density is not huge, it is possible to access a wide range of interactions from photochemical
to plasma-mediated photodisruption.

Photochemical interactions can be produced in tissues by optically triggering
changes in specific macromolecules [2]. Perhaps the most famous photochemical reactions
are photosynthesis in plants and the photoisomerisation of rhodopsin in retinal cones. In
medicine, photochemical reactions are use for photodynamic therapy and biostimulation.
A photoactive molecule is injected into the body, then optically activated and through a
complex decay path highly toxic reactants are released, causing irreversible damage to the
cell structure. The optimal parameters used are low power densities and long exposure
time, from seconds to minutes. Another empirical report of photodynamic therapy is bios-
timulation. Certain observations show that low irradiation levels with near-IR light have
wound healing and anti-inflamatory properties [21]. In femtosecond laser nanosurgery, pho-
tochemical effects such as reactive oxygen species generation could add additional stress
and damage to the cell.

Significant local temperature increase is the signature of thermal interactions. De-
pending on the irradiation type, tissue structure and temperature increase different effects
can be separated: coagulation, vaporization, carbonization and melting [2]. These effects
correspond to specific temperature ranges. Normal in vivo tissue temperature is 37°C and
no measurable effect are observed for a temperature increase of 5°C. Between 42-50°C is
the onset of hyperthermia which, if it lasts for more than a few minutes, leads to irreversible

necrosis. For temperatures in the range of 50-60°C, enzyme activity and energy transfer
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within the cell is reduced and cell repair mechanisms are disabled. Denaturation of pro-
teins and collagen starts at 60°C and the cell membranes become permeable above 80°C
destroying intra- and extra-cellular chemical equilibrium. At 100°C water start to boil. Gas
bubbles can be formed creating mechanical ruptures and promoting thermal decomposition.
For temperatures above 100°C, carbonization starts and at 300°C, the cell melts. For short
times, though it is around 60°C that irreversible damage to the tissue starts. While the
specific temperature zones are not crucial to the femtosecond laser disruption, it is impor-
tant to understand the effect of temperature increase on cells and avoid such temperature
rises.

Photoablation is a method of material removal by laser irradiation. The photons
directly break molecular bonds at the tissue surface which leads to molecular dissociation
and subsequent ejection of material off the surface. The energy density required is high and
is typically achieved with pulsed or UV lasers. The cutting precision is very high and there
are few thermal effects causing correspondingly small collateral damage. However, a possible
hazard for the surrounding tissue is UV absorption in the DNA which can cause mutations
and genetic disease [2]. A special application of photoablation is refractive corneal surgery.

The top two interaction mechanisms shown in Figure 2.2 are plasma-induced abla-
tion and photodisruption. They are both mediated by the optical breakdown of the material,
which is possible only at very high intensities, exceeding 101 W/cm?. Such intensities can
be reached by using short pulsed lasers. The difference that separates these two interactions
is that in the first case, the optical breakdown leads to plasma generation and material dis-
ruption, while in the second case, the power density is higher and additional effects such as
shock waves, cavitation bubbles and jet formation are present. In the following sections, we
will describe the mechanism leading to the optical breakdown of transparent material and

how it can be used for highly localized, subsurface disruption in cells and tissues.
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2.3 Plasma-induced material disruption

Earlier, we showed that there is a large transparency window for near-IR wave-
lengths in the absorption of cells and tissues. This means that at low light intensities there is
very little interaction between light and matter. Typically, when we study the propagation
of light through a material, it is the material properties that determine the propagation
path of the light. This is true, however, only in the regime where the light intensity is
low and the interaction is linear. When the light intensity becomes high enough nonlinear
effects become significant and it is possible for the light itself to affects its propagation path
and change the properties of the material it is interacting with. For example, a typical
Ti:sapphire amplified femtosecond laser system outputs 100 fs long pulses, at 800 nm, with
an average power of 1 W and a repetition rate of 1 kHz has a peak power of 10 GW. When
these pulses are focused, the peak intensity becomes 10'* GW /cm?, and the strength of the
electric field is comparable to the binding field of the electrons. This is the regime where
many nonlinear processes are displayed, such as higher harmonic generation, optical para-
metric conversion, self-phase modulation, self-focusing, multiphoton absorption and optical
breakdown [22]. The principle mechanism for creating disruption in transparent materials

is laser-induced optical breakdown.

2.3.1 Optical breakdown in transparent materials

Optical breakdown of transparent materials requires a series of events to occur: the
absorption of light and the creation of a free electron plasma. This can result in permanent
material modification. The first step is multiphoton ionization (MPI). As the energy of a
single photon is smaller than the bandgap, the simultaneous absorption of several photons
is required to ionize an electron. The number of photons necessary for the promotion of the

electron is determined by the energy difference between the electronic binding energy and
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the energy of the single photon, Figure 2.3a [3]. For example for water has a bandgap of

6.5 eV therefore five photons at 800 nm (1.5 eV) are necessary to ionize an electron.

a b M.,

MPI free carrier ° impact

¥ Y

Figure 2.3: Schematic diagram of optical breakdown. First, a free electron is promoted
through (MPI); then it linearly absorbs photons until its energy reaches twice that of the
binding potential and it impact ionizes an bound electron. Adapted from [3].
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Once an electron is promoted to the bottom of the conduction band it serves as
a seed for avalanche ionization. The electron linearly absorbs photons and once its energy
has reached twice that of the band gap, it can collisionally ionize with an electron in the
valence band resulting in two electrons at the bottom of the conduction band, Figure 2.3b.
For electrons excited in the conduction band the scattering time is on the order of 1 fs,
making this is a fast and efficient process. [23]. Through this process, it is possible to create
a free electron plasma, within the duration of the laser pulse.

In order to initiate the avalanche process, there have to be some electrons al-
ready promoted to the bottom of the conduction band. Multiphoton excitation is the lead
mechanism of generating these electrons when using femtosecond laser pulses. There is a
laser intensity threshold above which the optical breakdown cascade will always proceed.
Femtosecond laser optical breakdown is deterministic and there is no pulse-to-pulse vari-
ation in the intensity threshold. In contrast, when longer pulses, such as picosecond or
nanosecond pulses are used, the laser intensity might not be high enough to generate seed

electrons, and these electrons have to come from impurities and defects, or from thermal
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excitations. Therefore, the threshold for femtosecond laser breakdown is deterministic and
has little pulse-to-pulse energy fluctuation. This makes femtosecond pulses more favorable

over longer laser pulses.

2.3.2 Plasma generation and material disruption

Through avalanche ionization the free electron density increases exponentially until
a plasma is formed. The electron density grows until it approaches the critical density, where
the plasma frequency matches that of the incident laser radiation. The plasma is strongly
absorbing through free-carrier absorption, increasing the kinetic energy of the electrons.
Because the laser pulse duration is about 100 fs, the energy transfer from the pulse to the
electrons is completed before any heating of the ions can start.

The electron plasma thermalizes with the lattice within picoseconds and imparts
significant kinetic energy to the ions leading to melting and vaporization. If this takes place
at the surface, material removal and ablation can result. Because the material is transparent
to the laser wavelength and the interaction is nonlinear, absorption can be confined to the
bulk. In this case, the heated ions expand pushing into the surrounding media, resulting in
density gradients, or in extreme cases, in void formation [24,25].

Figure 2.4 is a comparison of the disruption produced in bulk glass by femtosecond
and picosecond pulses [4]. As the peak intensity determines the disruption threshold, short
pulses have another important advantage: very low total energy deposited in the sample
for the same peak intensity. Picosecond pulses produce additional damage due to the large
energy deposition and lead to material heating and cracking. This is the reason for the
laser size of the damage and the cracks seen in the picosecond sample in Figure 2.4. For
biological applications, we demand the highest spatial precision for the least amount of

deposited energy in order to avoid thermal effects. Therefore femtosecond pulses have a
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50 pm

Figure 2.4: Damage produced under the same focusing conditions in fused silica by a) 100
fs pulses with 2 pm spacing and b) 200 ps with 10 pum spacing [4].

clear advantage over longer pulses.

Since the optical breakdown threshold is intensity dependent, stronger focusing
conditions (higher numerical aperture (NA)) require lower pulse energy to reach the thresh-
old. This is another way to reduced the total deposited energy and minimize side effects
outside the focal volume. Figure 2.5 plots the pulse energy vs. NA at threshold for Corning
0211 glass. The fit line is a constant intensity line. For very high NAs the threshold en-
ergy becomes only a few nanojoules. In this regime, nonlinear propagation effects such as
self-focusing and filamentation do not play an important role and do not affect the extent

of disruption [5].
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Figure 2.5: Threshold for material disruption as function of NA and pulse energy [5].

2.4 Photodisruption

Both plasma-induced ablation and photodisruption result from nonlinear optical
breakdown. The delineation between them is in the total amount of energy deposited in the
focal volume. Figure 2.6 outlines the threshold intensity necessary for material disruption
as a function of pulse duration. For short pulses there is a smooth transition from plasma-
induced ablation to photodisruption. The difference between the two regimes is that in the
first case the pulse energy is sufficient to generate a plasma and modify the material only
within the focal volume, while in the second case the pulse energy forms a more energetic
plasma and generates a shockwave. When soft material, such as fluids, gels or tissues
are photodisrupted, cavitation bubbles and jets can form. The mechanical effects due to

the launching of the shock wave and subsequent cavitation bubble can be used for faster
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Figure 2.6: Threshold for material disruption as function of NA and pulse energy.

material ablation or can be detrimental and incur undesirable out focus damage (such as

the cracking of glass in Figure 2.4 b).

2.5 Bubble formation in water

The optical breakdown of water is a good approximation to the femtosecond abla-
tion in cells and tissues as they are comprised of 80% water. Through nonlinear absorption
and plasma generation is possible to vaporize water both at the surface and in the bulk. One
of the effects of photodisruption is the launching of a pressure wave and the formation of
a cavitation bubble. The size of the region affected by this mechanical disruption increases
with the pulse energy and can exceed many times the focal volume [26]. The threshold for
cavitation bubble is intensity dependent and the size of the bubble scales down with shorter
pulses and tighter focusing. For example, a 10-mJ nanosecond pulsed produces a bubble

with a half a millimeter radius [27]. For shorted pulse durations the size of the bubble
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is much smaller. A 1-uJ, 100-fs pulse produces cavitation bubble of 11 pum [28]. Force
transducer measurements of the pressure wave have established a threshold was of 0.2 uJ
per pulse for 100 fs pulse at 0.65 NA focusing [4]. For subcellular surgery we use less than
5 nJ per pulse and for a 1.4 NA objective we estimate that the affected zone is less than 1

pm, which is on the order of the beam size at the focus.

2.6 Laser repetition rate dependence on photodisruption

The laser repetition rate plays an important role in the disruption mechanism.
The dependence of damage morphology on the laser repetition rate has been extensively
studied in glasses [29,30]. These studies show that two distinct regimes can be defined. At
low repetition rates, in the kHz range, damage results solely from the breakdown mechanism
described thusfar. In this regime, the pulses are separated by milliseconds and typical heat
diffusion time (such as for fused silica) is about 1 us for a 1 ym? volume. Each laser pulse
acts independently to generate disruption, and the structures created are limited to the
focal region. At high repetition rates, usually in the MHz, the damage is a cumulative
process due to the rapid energy energy deposition. The time interval between pulses is as
short as nanoseconds, which is significantly shorter than the microseconds required for heat
diffusion. The structural changes result from the heat from successive pulses accumulating
in and around the focal volume and melting the material. The MHz pulse train acts as a
point source of heat at the focal volume within the bulk of the material. The longer the
material is irradiated the higher the temperature becomes and the larger the affected area.
Melting and resolidification up to 50 times the beam waste has been demonstrated [6,31].
In this cumulative regime, the laser repetition rate, number of pulses, and irradiation time

determine the size and morphology of the disrupted area.



Chapter 2: Femtosecond laser disruption of transparent materials 18

] a
2
5 10
0 10
) 108
>
a 30
S 500
C
1000 105
5000

6.6 83 10 13 17 26 33 41 52 66 5 5
pulse energy (nJ)

Figure 2.7: Damage in Corning 0211 glass at a) 1 kHz [3]and b) 25 MHz laser repetition
rate [6].

Figure 2.7 illustrates the difference in morphologies resulting from different laser
repetition rates. Corning 0211 glass was irradiated with a 1 kHz pulse train (Figure 2.7a)
and a 25 MHz pulse train (Figure 2.7b) focused by a 1.4 NA objective. In the first case
the pulse energy and the number of pulses were varied. The size of the structures remain
constant for different number of pulses at the same pulse energy. Increasing the pulse energy
results in somewhat larger features, though for all energies the focusing strength limits the
size of the structure. For MHz repetition rate however, the size is determined by the number
of pulses deposited and it is significantly larger than the focus limited spot, due to the heat
accumulation process. Therefore, when optimizing the laser interaction parameters, we have

to determine whether we are in the single shot or the cumulative regime.



Chapter 2: Femtosecond laser disruption of transparent materials 19

2.7 Summary

The optical breakdown of transparent materials is possible via multiphoton ab-
sorption, avalanche ionization and plasma generation. This leads to material disruption,
which can localized within the bulk of the sample. The extent of the disrupted volume
can be determined by choosing the pulse energy, focusing condition and laser repetition
rate. The optical transparency of cells and tissues in the near-IR wavelengths allows this

technique to be used for bulk tissue disruption and subcellular nanosurgery.



Chapter 3

Applications of femtosecond lasers

in biology

In this chapter we will examine the applications of femtosecond lasers in biology.
First we will briefly describe the nonlinear imaging techniques made possible through the
use of short pulsed lasers. We will then review previous work done by our group and
others in the combined field of multiphoton microscopy and femtosecond laser subcellular

nanosurgery.

3.1 Nonlinear imaging

Femtosecond lasers were initially introduced to biology as tools for imaging. They
offer the best noninvasive means of fluorescence microscopy in tissue slices and living ani-
mals. Their short pulse duration and near-IR wavelength make them ideal for deep tissue
imaging, optical slicing and three-dimensional reconstruction. The first two-photon micro-
scope was demonstrated by Denk in 1990 [32]. The development of fluorescent proteins

and transgenic animals for whole tissue labeling has led to an increased use of multiphoton

20
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microscopy and nonivasive imaging over the last decade [7].

Multiphoton microscopy (MPM) is a laser scanning microscopy technique that
uses nonlinear absorption to excite fluorescence. Unlike confocal microscopy, where the
excitation occurs in the entire illuminated region of the sample, the multiphoton excitation
is limited only to regions of high intensity. Figure 3.1 illustrates linear and two-photon
excitation in a fluorescently labeled solvent in a cuvete. Linear absorption occurs throughout
the entire focusing cone, thus the entire propagation path is clearly visible. On the other
hand, the two-phton excitation is intensity dependent and fluorescence is emitted only in the
focal volume. The localized excitation effectively results in confocal-like imaging. In order to
construct a full image of the sample laser beam is raster scanned. By changing the focusing
depth different planes can be imaged and three-dimensional projections constructed. MPM
has been used to study the physiology, morphology and cell-cell interaction in a variety of

systems from single cells to tissues and live animals [7].

Figure 3.1: Linear (from the left) and two-photon (from the right) excitation of fluorescein
[7]-
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Although, two-photon excited fluorescence is the primary mode of MPM, other
nonlinear excitations such as three-photon excited fluorescence, second- and third-harmonic
generation imaging (SHG, THG) and coherent anti-Stokes Raman spectroscopy (CARS) can
also be used for imaging of biological systems. In fact, SHG was one of the first nonlinear
imaging technique proposed for nonlinear biological imaging almost 20 years ago [33]. All
these nonlinear modalities are possible with the use of short pulsed lasers.

The phenomenon of multiphoton absorption was first predicted by Maria Goeppert-
Mayer [34]. Two-photon microscopy depends on the simultaneous absorption of two photons
of half the energy of the single photon normally required. The excited fluorophore then emits
a photon as though it were excited through linear or one photon absorption. This process
requires that the two photons interact virtually simultaneously with the molecule (within
0.1 fs), resulting in a quadratic rather than linear dependence on the light intensity [7]. Thus
the interaction occurs only the focal volume, where the intensity is above the two-photon
absorption threshold, as depicted in Figure 3.1.

The necessity to use short pulsed lasers for two-photon microscopy comes from the
low two-photon absorption cross-section. The two-photon cross-section, o9, is a measure
of the probability of the simultaneous absorption of two photons. It is measure in units
of Goeppert-Mayer (GM), where 1 GM = 107%° cm*. Most common fluorophores have
cross-sections of 1-300 GM. The intensity of the excited fluorescence I¢(t) is proportional

to the cross-section times the input laser intensity squared:

If(t) X O'QIO(t)Z (31)

Typically the laser beam is scanned over the samples and the signal from any given point

is averaged over time:
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(I£(£)) o o2 (Lo(1)?) (3.2)

Since the fluorescence intensity depends on the average excitation intensity, for a pulsed

laser with pulse duration 7 and repetition rate f the expression becomes:

aa(Io(t))?
fr

For 100 fs pulse and laser repetition rate of 80 MHz, the two-photon excitation

(I7(1)) o (3-3)

probability increases by a factor of 1/f7 a 105. Therefore, for an excitation produced by
1 mW of pulsed laser, we need 100 W of continuous wave (CW) power. Not only is the
feasibility of such a system a problem, but the thermal load introduced to the sample makes
CW laser practically impossible to use for nonlinear imaging of biological systems. Thus,
femtosecond lasers offer the advantage of delivering the high peak intensities needed for the
two-photon excitation, but have low average power, which avoids thermal damage to the

specimens.

3.1.1 Two-photon excitation spectra

The two-photon absorption cross section has a wavelength dependence. Therefore
efficient two-photon excitation requires not only short laser pulses, but also appropriate
wavelength selection. In general, the maximum frequency of the two-photon excitation
cross-section can be approximated by doubling the frequency of the single-photon excitation
peak. However, because the selection rules are different for one-photon and two-photon
excitation, often there are considerable deviations from this rule [7]. For example Figure
3.2a shows one- and two-photon absorption peaks for the Rhodamine B, which deviate
significantly from this rule. Therefore, the exact two-photons absorption cross sections

have to be independently measured.
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The two-photon excitation spectra for fluorescent proteins! are plotted in Figure
3.2b. The excitation maxima for these proteins range from about 850 to 1000 nm. The
two- and three-photon excitation spectra were measured for a variety biologically significant
molecular fluorophores [35-38]. Femtosecond lasers are very well suited for the excitation of
these fluorophores, as their wavelength is typically in the near-IR. For efficient two-photon
microscope systems however, a tunable laser source, which can cover the 700-1000 nm range,

is necessary.
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Figure 3.2: Two photon action cross-sections (absorption cross section multiplied by the
fluorescence quantum yield). a) Two-photon action spectrum of Rhodamine B (black)
compared to the one-photon absorption spectrum (red). b) Two-photon action spectra of
five common fluorescent proteins: eGFP (green), CFP (cyan), YFP (yellow), Discosoma
Red (dsRed; red) and wild type GFP (wtGFP; black). [7]

3.1.2 Intrinsic autofluorescence excitation

It is especially desirable to observe biological systems in their native state, with-

out the added perturbation of chemical labels. In some cases this is possible due to the

!There are a number of engineered fluorescent proteins (FPs) engineered at different excitation/emission
wavelengths and some of them are: green fluorescent protein (GFP), which can be enhanced (eGFP) or wild
type (wtGFP), yellow (YFP), cyan (CFP).
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fluorescence of intrinsic molecules native to the biological specimen such as NADH, tryp-
tophan, seratonin, elastin and many others [8]. These molecules can be excited through
multiphoton absorption and then their fluorescence is collected and a three-dimensional
image can be reconstructed. Figure 3.3 shows the two-photon absorption and emission of a
few of these intrinsic markers. The intrinsic emission of these native molecules enables the

three-dimensional, high resolution imaging of unstained tissues (see Chapter 4).
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Figure 3.3: Two-photon action cross sections (absorption cross section multiplied by the
fluorescence quantum yield) and emission spectra from a basis set of biological molecules.
(a) Action cross sections of six molecules that contribute much of the intracellular two-
photon excitation intrinsic fluorescence. All compounds were measured in buffered (pH 7.2)
saline solution, except retinol and cholecalciferol (vit D), which were measured in EtOH.
Riboflavin, cholecalciferol, and NADH were measured at 100 pM; retinol, folic acid, phyllo-
quinone, pyridoxine, and nicotinamide were measured at 500 M. (b) Emission spectra of
the compounds shown in a) (measured in the same solvents).). [§]

3.1.3 Second- and third-harmonic generation imaging

Another intrinsic imaging modality is higher harmonic conversion of the excitation

wavelengths. An incident electric field E(t) on a material induces a polarization P(t):

P(t) = eoxVE(t) (3.4)
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where the constant of proportionality x(!) is the linear susceptibility [22]. When the laser
intensity is high this linear approximation is no longer valid. The higher order dependence

of the polarization on the applied electric field can be expressed as power series in E

P =¢[xVE + xPEE + y®EEE + .. |
(3.5)
=[P + PO £ PO ]

The constants x( and y® are the second- and third- order nonlinear susceptibilities and

P® and P® are the respective higher order nonlinear polarizations.
The incident electric field, in the case we are considering of monochromatic laser
irradiation, is at a frequency of w and the higher order nonlinear polarization is produced
at a multiple of this frequency. The higher order polarization, in turn, drives a radiation

field at its corresponding frequency. Second and third harmonics are described by the

polarization:

PP (2w) o xPE?
(3.6)
PO (3w) o xPE?
Most isotropic materials are centrosymmetric which means that they have inversion

symmetry. If we consider a spatial inversion we have that P?) — —P®2) E — —E but

X — X, because of the material inversion symmetry. We can then write:
—P® = ¢\ (—E)(-E) = P® (3.7)

so P = 0 can be true only if (2 = 0. This argument holds for all even higher older terms
in the power expansion of the polarization.

Therefore, in order to be able to generate a second harmonic, we need a medium
with at is non-isotropic and some break in its symmetry exists. This is possible in many

crystalline materials and in some biological protein structures, such as collagen or skeletal
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muscle. The efficiency of the conversion depends on the excitation wavelength, the type of
structure studied (collagen, skeletal muscle, etc.), the relative polarization of the light with
respect to these protein fibers, and the forward or reflected mode of detection.

The second harmonic generation (SHG) signal is, by definition, at half the illu-
mination wavelength and it is therefore easy to spectrally separate from other fluorescence
sources in the sample. The strength of the SHG signal is observed to decreases only linearly
with depth when measured in a polymerized gel made up of type I rat-tail collagen, Figure
3.4 [9]. Similarly to fluorescence excitation, SHG can be used to created three-dimensional

image stacks.
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Figure 3.4: SHG image from RAFT collagen at depths of 0, 50, 100, 150, 200 and 230 um
for Ae; = 800 nm (a-f) (Bar = 5 um). The corresponding spectra and plot of SHG signal
intensity vs. depth are show in (g). [9]



Chapter 3: Applications of femtosecond lasers in biology 28

Third-harmonic generation can also be used for imaging of biological structures.
THG signal can be produced at interfaces in transparent media with low intrinsic con-
trast [39]. Debarre et al. showed that third-harmonic generation imaging can be used to
detect micrometer sized lipid bodies in cells, plant seeds and intact tissue [40]. THG is a
weak process that requires high intensities. Photodestructive effects are present when the
wavelengths used are in the 700-900 nm [41]. Therefore, for long term, sustained THG
imaging 1,100-1,200 nm wavelength range is more efficient and less damaging to the cell.

Autofluorescence, SHG, and THG imaging can all be combined together to image
cells and the extra-cellular environment in tissue [8,40]. They are native to the tissue
and changes in these markers can be used as an indication of morphological and chemical
changes due to diseases. For example changes in the NADH fluorescence can be used to
distinguish normal and cancerous tissue [42]. Structural changes in the extra-cellular matrix
in diseased tissue can be mapped using SHG imaging. Combining these imaging modalities

with femtosecond disruption offers new avenues for the study of living systems.

3.1.4 Photobleaching and photodamage in MPM

Photobleaching is a process through which a fluorophore permanently loses its
ability to fluoresce due to a non-reversible photo-induced chemical change. In a fluorescence
cycle, a molecule is excited to a singlet state, transitions into a triplet state and then
decays back to the ground state emitting a photon. The triplet state is relatively long
lived compared to the singlet state having sufficient amount of time to interact with the
environment and decay to a state which cannot be optically excited. The photobleaching
propensity is then dependent both on the molecular structure and the local environment.
Photobleaching rates are fluorophore dependent, some emitting only a few photons while

other undergo millions of cycles before photobleaching.
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Photobleaching of samples is generally slower for multiphoton excitation, due to
focal-volume localized excitation of the fluorophore. Each focal spot is typically illuminated
only for a few microseconds greatly decreasing the overall sample exposure time. There
is some indication, however, that locally, within the excited volume, photobleaching is
accelerated for two-photon excitation than for conventional microscopy [43]. By carefully
studying the photobleaching dependence on excitation power, wavelength and pulse shape
it is possible to prolong the imaging time [43,44]. It is necessary to point out that higher
harmonic imaging does not suffer from photobleaching as there is no electronic excitation
and moreover there is no energy deposited in the sample.

Photodamage is another possible side effects in biological samples that are studied
for long periods of time. In contrast to linear excitation in confocal imaging, two-photon
excitation reduces the overall photodamage by limiting it to the narrow region around the
focal plane. For example, two-photon excitation imaging of mitochondrial distribution in
hamster embryos over 24 hours did not jeopardize the embryo’s development, while 8 hours
of confocal imaging significantly compromised it [45].

The nonlinear nature of the two-photon near-IR excitation, requires very high
intensities at the laser focus, and could can potentially inflict irreversible photodamage
to living samples during long observation periods. There are reports that prolonged fem-
tosecond laser irradiation even at relatively low power can cause reactive oxygen species
production, DNA strand breakage and apoptosis like death [46]. Depending on the excita-
tion intensity, photodamage and higher order mechanism become important as a damage
mechanism [47,48]. Higher order nonlinear excitation could reach the regime of large ther-

mal accumulation or optical breakdown, discussed in the previous chapter.
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3.1.5 Summary

Multi-photon microscopy is a way to obtain high resolution images hundreds of
micrometers deep within living tissues. It requires short pulsed lasers to achieve efficient
fluorophore excitation and still have low energy deposited in the sample. The development
of fluorescent proteins made feasible the study of living samples in as close as possible to
their natural state. There are also a number of naturally occurring molecules and proteins
that have strong autofluorescence signals and can be used for live tissue imaging. While
photobleaching and photodamage have to be considered when observing any systems for
long periods of time, their relative effects in multi-photon microscopy are smaller than that

in conventional linear imaging.

3.2 Femtosecond laser cell and tissue disruption

In Chapter 2 we examined the physical mechanism of ablation of transparent
materials through their optical breakdown and showed that the optical properties of tissues
allow them to undergo this disruption mechanism. Our group is among the pioneers in the
use of femtosecond lasers for subcellular disruption. In parallel with our work there are
number of other research groups who are also working on similar applications. In some
cases the disruption is combined with MPM, drawing on the versatile use of femtosecond
lasers. Here is an overview of many of the interesting results, complementary to our work,

that have been published in this field over the last few years .

3.2.1 Plasma-induced ablation for subcellular nanosurgery

The first published report of femtosecond laser subcellular nanosurgery was by

Karsten Koenig’s group in 1999, where he showed that it was possible to drill holes in a single
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chromosome by tightly focusing high repetition rate femtosecond laser pulses, Figure 3.5b
[10]. Subsequently, they sliced through chromosomes both in vitro and in situ. The severed
chromosomes are visualized by atomic force microscopy, Figure 3.5a, or by monitoring cell
division and observing the severed chromosome piece did not participate in the cell division
process [1]. They demonstrated single cell gene transfection by creating a 100 nm sized
puncture in the cell membrane that stayed open long enough to allow for eGFP tagged
protein to infuse in the cell and later be expressed [11]. A summary of this result is shown

in Figure 3.5c.
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Figure 3.5: Femtosecond laser nanodisseciton of human chromosomes. a) slices through a
chromosome are created by scanning the laser beam in parallel lines across [1] and b) holes
are drilled in the chromosome by fixing the laser on a spot [10]; ¢) Targeted cell transfection
through laser irradiation of the cell membrane. eGFP is expressed in the irradiated cells.
Scale bar, 25 pm. [11]
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Figure 3.6: Ablation of a single mitochondrion in a living endothelial cell. (a) Fluores-
cence microscope image showing multiple mitochondria before femtosecond laser irradia-
tion. Target mitochondrion (marked by arrow) (b) before and (c) after laser ablation with
2-nJ pulses [12]

The first subcellular organelle disruption with low repetition rate pulses was pre-
sented by our group in 2001 [12]. A single mitochondrion in living cells is disrupted through
femtosecond laser irradiation without compromising the cell’s viability [12]. To visualize the
mitochondria, capillary endothelial cells were transfected with eYFP fused to cytochrome C
oxidase Figure 3.6a. The cell was positioned such that the laser was focused in the middle of
a single mitochondrion. Figure 3.6b and 3.6¢c show the ablation of a single mitochondrion,
about 5 pm in length and separated by less than 1 pym from multiple neighboring mitochon-
dria. After irradiating a fixed spot on the organelle with a few hundred 2-nJ laser pulses
at a 1-kHz repetition rate, the entire mitochondrion disappears from the image, whereas
neighboring mitochondria are not affected by the irradiation despite being only a few hun-
dred nanometers away (Fig. 3.6¢). Even though the laser is focused to a 0.5 pm diameter
spot in the center of the mitochondrion and remains stationary during the irradiation time,

the fluorescence immediately disappears throughout the entire mitochondrion over a length
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target 2

/ target 1

Figure 3.7: Ablation of a mitochondrion in a live cell without compromising cell viability.
Fluorescence microscope images of a live cell containing EYFP-labeled mitochondria in a
cultured medium containing ethidium bromide (a) before femtosecond laser irradiation, (b)
after ablation of a single mitochondrion within its cytoplasm (target 1 in diagram at bottom
left), and (c) after irradiation of the apical cell membrane (target 2). An increase in nuclear
ethidium bromide staining is only observed after irradiation of the apical membrane. [12]

scale of up to tens of micrometers. These observations demonstrate that local ablation
causes a major structural change in the target mitochondrion and results in destruction
of the entire mitochondrion, but not its neighbors. This result has direct evidence that
mitchondria do not form an interconnected network.

While the dissection of a single mitochondrion did not cause any apparent distress
to the cell, a test was performed to verify that the membrane is not ruptured during the
nanosurgery [12]. Cells were incubated with the DNA-binding dye ethidium bromide. The
dye cannot penetrate through the cell membrane and little nuclear fluorescence is observed
in living cells prior to laser exposure, Figure 3.7a. After dissecting a single mitochondrion

with 2-nJ pulse energy there is no detectable change in the nuclear fluorescence (Figure
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3.7b). In contrast, when we focused the laser beam at the top surface of the cell and
irradiated the apical cell membrane, the intensity of fluorescent signal from the nucleus
immediately increased by a factor of ten as the ethidium bromide rapidly diffused into the
cell through the incision in the surface membrane (Figure 3.7¢). In conjunction with the
absence of any morphological changes in the cell or other mitochondria over a period of
one hour following ablation, these results show that nanosurgery can be used to selectively
ablate internal cell structures without inflicting generalized injury or causing cell necrosis.

There are number of other groups who have since addressed questions regarding
mitochondrial ablation in living cells. Watanabe et al [49] ablated mitochondria using high
repetition laser pulses and studied their fragmentation. They also observed that cells un-
dergo normal division and are fully viable after the laser intervention. While many of the
proof-of-principle experiments on femtosecond laser ablation were performed on mitochon-
dria, there a number of other studies currently underway directed at the role of mitochondria
in apoptosis [50].

In addition to disrupting subcellular organelles femtosecond lasers can be used to
dissect neurons within living tissues or animals. The nematode worms C. elegans is partic-
ularly well suited to femtosecond laser nanosurgery due to its transparency and size. The
invariant neural circuit of C. elegans totals 302 neurons and encodes a universal behav-
ior. The study of the individual neuron function has been limited to observing behavioral
changes in mutant worms. Femtosecond laser dissection enables us to directly observe the
function of individual neurons by severing neuronal fibers, much like cutting wires in an
electrical circuit. The function of a neuron or neuronal part can then be identified by ob-
serving behavioral changes after the surgery. An example of this is the study coming from
our group, by Chung et al., on the thermotactic behavior of the nematodes. C. elegans

retain a memory about the temperature at which they were cultivated, and when placed at
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a higher temperature they crawl down the gradient toward the cultivation temperature [13].
Through genetic mutations the AFD neuron was implicated in this cryophilic behavior, but
the exact sensing mechanism and signal processing remained unknown.

Through femtosecond laser nanosurgery it is possible to ablate the neuronal cell
bodies and the sensory dendrites to investigate their comparative contribution to the cryophilic
movement. Figure 3.8 is a confocal image of a GFP transfected AFD neuron pair a day
after one of the dendrites was cut. Severing the dendrites in young adult worms perma-
nently abolishes these dendrites’ sensory contribution. The AFD neuron also regulates the
cryophilic bias of the worm, but there is no evidence that it does so by generating an op-
posing thermophilic behavior. By disrupting other neurons, interconnected with the AFD

it was possible to isolate the source of the cryophilic behavior to the AFD neuron.

=3

Figure 3.8: Confocal microscope image of a GFP-labeled AFD neuron a day after severing
one of the dendrites [13]

In another set experiments on neuron ablation in C. elegans, Yanink et al. sev-
ered the axons that controls the crawling motion of the animal, Figure 3.9a. After the

laser nanosurgery the backward crawl of the nematode was greatly hindered. Remarkably,
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however, the normal locomotion of the worm gradually returned within 24 hours in all the
worms Figure 3.9c. Some of the axons also exhibited partial or full regrowth when they
were reimaged Figure 3.9b. Femtosecond laser nanosurgery can facilitate the understand-
ing of neural regrowth and the important biochemical and genetic pathways responsible for

neuronal regeneration.
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Figure 3.9: Femtosecond laser axotomy in Caenorhabditis elegans worms using 100 pulses
of low energy (40 nJ) and short duration (200 fs) and a repetition rate of 1 kHz. (a)
Fluorescence images of axons labelled with green fluorescent protein before, immediately
after, and in the hours following axotomy. Arrow indicates point of severance. Scale bar,
5 pm. (b) Statistics of axon growth 24 h after axotomy, based on fluorescence images
(n=52 axons). (c¢) Time-course analysis of backward motion of worms following axotomy.
Seventeen worms were scored blindly at different time points (for criteria, see supplementary
information). Improvement in backward motion was graded as four levels from shrinker
behaviour (dark red) up to wild type behavior (yellow) in the hours following axotomy. [14]

The experiments described here cover some of the initial work on subcellular fem-
tosecond laser nanosurgery. They encompass a variety of subcellular structures: chro-
mosomes, cell membrane, mitochondria, axons and dendrites. The early experiments are
focused more on showing that subcellular ablation is feasible and the C. elangs experiments

are aimed at addressing specific neuro-biological problems. We add to this body of work by
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investigates the underlying physical processes leading to subcellular disruption and showing
explicitly that material ablation occurs on a submicrometer scale. We also use femtosecond
laser nanosurgery to study stress fiber dynamics and cell mechanics with a specificity and

resolution not previously achievable.

3.2.2 Photodisruption of tissues

Femtosecond laser ablation can be applied to larger scale systems such as whole
tissues, rather than a single cell or subcellular organelle. While, we are primarily con-
cerned with single cell nanosurgery, an overview of femtosecond disruption in tissue adds
to overall motivation for our work and points to some of the potentials future development.
The femtosecond laser operates in the energy regime of photodisruption, where the plasma
formation, together with the shockwave propagation and cavitation bubble generation are
responsible for the material disruption. In this way, it is possible to ablate tissue at the
surface or disrupt it in its bulk. Still, the unprecedented precision of the femtosecond laser
ablation supersedes than of other laser-based or mechanical tools.

One of the applications that utilizes the versatility of femtosecond lasers is an
all-optical histology. Tsai et al. showed that by combining two-photon microscopy and
surface laser ablation they are able to create a three-dimensional map of mouse cortical
tissue [15]. This is a two step process: in the first step the specimen is labeled and a thin
slice is imaged through multi-photon microscopy; in the second step, the imaged section
is ablated and removed, and the process is repeated. Figure 3.10 shows the vasculature of
fixed neocortex of a fluorescent transgenic mouse obtained through four imaging-ablation
iterations. Each iteration creates a 200 um thick stack and the images from four slices
are combined to generate a three-dimensional reconstruction of the tortuous vascular ar-

chitecture of the neocortex, Figure 3.10e. This technique allows for large sections of tissues
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to be reconstructed. It has an important advantage over typical pathological methods in
using fresh, rather than frozen tissue. The laser ablation also has higher precision than

mechanical knives and induces smaller additional damage to the tissue during slicing.

1 lteration 2 Iterations 3 lterations 4 |terations

Axial Depth, z [um]

Figure 3.10: Optical cutting, optical sectioning and volumetric reconstruction of labeled
vasculature in mouse neortical tissue [15]
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Another application of femtosecond laser pulses is in imaging blood flow through
cortical blood vessels and developing a model for stroke by disrupting subsurface blood
vessels in living animals [16]. Figure 3.11b, c¢ shows optically created three-dimensional
reconstruction of vasculature in the cortex of a living mouse. The vasculature was imaged
and the blood flow rate was quantified through two-photon microscopy. High-fluence, fem-
tosecond laser pulses are focused on a blood vessel and the laser parameters are varied in
order to achieve three different forms of vascular insult Figure 3.11d. First, vessel rupture
is induced at the highest optical energies, which provides a model hemorrhage. Second,
extravasation (blood vessel leakage) of blood components is possible to focusing low energy
pulses, while still maintaining blood flow through through the vessel. And last, a blood
clot can be formed by further irradiation of the extravasated blood vessel. The blood flow
through the downstream vessels is imaged in real time before and after the induced infrac-
tion. The speed of flow drops significantly after the stroke is induced. This demonstrates

that blockage of a single microvessel can lead to local cortical ischemia.
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Figure 3.11: (b,c) Maps of fluorescein-dextran-labeled vasculature of rat parietal cortex.
Inset in (b) shows latex-filled surface arteries and arterioles in rat cortex, and the while
rectangle indicated the approximate location of the craniotomy. The images in (b) are
maximal projections along the optical axis of near-surface vasculature. Scale bars: (b)
500 pm (inset 5 mm) (c) 100 pm. (d) schematic of the three different vascular lesions
that are produced by varying the energy and number of laser pulses. At high energies,
photodisruption produces hemorrhages, in which the target is ruptured, blood invades the
brain tissue, and a mass of RBCs form a hemorrhagic core. At low energies the target vessel
remains intact, but transiently leaks blood plasma and RVCs forming and extravasation.
Multiples pulses at low energy leads to thrombosis that can completely occlude the target
vessel, forming an intravascular clot. Scale bar, 50 ym. Adapted from [16]
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Laser eye surgery is currently the only wide commercial application of femtosecond
lasers. In a LASIK operation, the refractive power of the eye is adjusted by ablating and
reshaping the cornea. Traditionally, a mechanical knife is used to create a flap of tissue
which is lifted and the cornea is then ablated and the flap is resealed. It is possible to
use femtosecond laser photodisruption to create a flap, which is more reproducible and has
fewer complications such as whole-flap separation during the preparation. Additionally,
histological evidence shows that wound healing reaction is minimal in the flaps created
through femtosecond laser ablation [17]. The next level of incorporation of femtosecond
lasers in refractive surgery, would be to perform the whole surgical procedure opening of
the flap and changing the refractive power by cutting out a lenticule. Figure 3.12 is an SEM
image of an eye with a flap and a lenticule cut out using femtosecond laser pulses. When
the lenticule is removed and the flap closed the refractive power of the eye is changed. A
zoom in on the laser ablated surface shows that there is very little surface roughness created

through the laser ablation process.

Figure 3.12: Scanning electron micrograph of a corneal flap and an intrastromal lenticule
cut out with femtosecond laser pulses. [17]
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3.2.3 Conclusion

The list of applications for femtosecond laser photodisruption is increasing rapidly.
A sampling of the more prominent applications are mentioned here and there are many oth-
ers currently being developed. New companies are emerging that offer an all-femtosecond
laser based tool for pathological sectioning (Rowiak) or for refractive eye surgery (Intralase,
Ziemer Opthalmic Systems). There are other projects underway, such as applying selec-
tive intra-lens ablation to change the accommodation of the eye as a way to correct for
presbyopia.

Femtosecond laser nanosurgery on the cellular and subcellular level and tissue
photodisruption is a fairly new field that is rapidly expanding. Historically other laser
systems, such as picosecond, nanosecond and UV lasers, have been also used for subcellular
disruption [51-53]. Due to the shorter wavelengths (smaller penetration depth) and longer
pulse duration, the disruption these lasers create is limited to surfaces or thin samples, such
a single cell. The advantage of femtosecond lasers is that by varying the laser repetition
rate, pulse energy, number of pulses irradiated and the focusing conditions we can access
different interactions regimes and work both on the subcellular and the tissue level with
unprecedented precision and accuracy. Combining the laser ablation with nonlinear imaging,
as was presented in some of the experiments mentioned above, further increases the utility

of this technique.
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Experimental Setup

To image cells and study subcellular processes with submicrometer resolution and
in real time, we constructed two systems: a fluorescence and a multiphoton microscope
with an integrated femtosecond laser. The experimental setups used are described in this

chapter.

4.1 Femtosecond laser systems

Femtosecond lasers generate a pulse train of short, subpicosecond pulses. A com-
prehensive review of the mechanism of pulse generation and the design of femtosecond laser
systems is presented by Brabec and Krausz [54]. The average laser output power is rela-
tively low, about 1 W, and due to the short pulse duration, the peak power can be tens of
gigawatts. The high peak power at low pulse energy is what makes subcellular nanosurgery
possible. For subcellular nanosurgery we require energies of a few nanojoules at the sample.
Femtosecond laser oscillators with energy per pulse this high are only very recently com-
mercially available. Therefore, we used an amplified system, that has more than microjoule

per pulse output energy which we reduced to the nanojoule range. To this end, we used
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Figure 4.1: A schematic diagram of the stages of an amplified femtosecond laser system
with corresponding repetition rate, pulse duration and pulse energy.

two different systems: a home-built and a commercial regenerative amplifier.

Femtosecond laser systems, typically have two stages: an oscillator and an ampli-
fier. A schematic of the pulse propagation through the different stages is shown in Figure
4.1. The first laser system we used is a home-built regeneratively amplified system. The
oscillator generates a pulse train at 90 MHz with a single pulse energy of 3-5 nJ and 100 fs
duration. The pulse energy is increased via regenerative amplification [55]. In this scheme,
a pulse coming form the oscillator is selected and the pulse duration is increased by passing
the pulse through a “grating stretcher” to tens of picoseconds. This allows the pulse to
gain energy while keeping the peak energy and intensity low. The pulse is injected into the

amplifying stage. It circulates for about 20 roundtrips through the amplifier cavity, gaining
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energy and is then ejected. The output pulse is recompressed using a “grating compressor”
back to 100 fs. The repetition rate of the laser decreases to ~1 kHz and while the energy
per pulse increases to ~350 puJ.

A second laser system that we used is made by Coherent and has a Mira oscillator
and RegA regenerative amplifier. The principle of operation is as described above, though
the laser parameters vary slightly. The Mira puts out a pulse train at 76 MHz with energy
per pulse of up to 9-10 nJ. The pulses feed into the RegA amplifier, which has a variable
repetition rate of 10-250 kHz and maximum energy per pulse of 6 uJ at 10 kHz and 2.5 pJ
at 250 kHz. For subcellular surgery we typically use less than 5 nJ per pulse at the sample
and therefore have to greatly attenuate the beam from the amplified laser.

Short pulses stretch as they propagate through dispersive media such as glass. In
a typical set up there are a few lenses and a microscope objective at the end which in total
have a few centimeters of dispersive material. To ensure that the pulse duration at the
focus is the shortest, we move the position of the grating compressor and precompensate

for the external dispersion [56,57].

4.2 Fluorescence microscope

Our work required the construction of our own microscope, because the integration
of an near-IR laser with a commercial microscope is not trivial. Figure 4.2 is a schematic
of a custom built inverted fluorescence microscope. The principle of operation is that
fluorescence in the sample is excited from a mercury lamp and is imaged onto a CCD'. The
appropriate excitation wavelength for the fluorescence is selected with a filter cube which

has excitation and emission bandpass filters. A femtosecond laser beam is integrated with

!The CCD camera used is a CoolSnap ¢f made by Photometrics. It is a monochrome camera with
maximum speed of 10 frames per second at maximum resolution of 1392x1040. It has maximum quantum
efficiency of about 50 percent at 480 nm.
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Figure 4.2: This is a schematic setup of the custom built inverted fluorescence microscope

this setup by placing an 800 nm dielectric mirror between the filter cube and the input
aperture of the objective lens. This mirror is transparent to the excitation and emission
wavelength (typically in the visible, 400-600 nm) and reflective to the laser light. This
allows the laser light to be reflected towards the objective while the fluorescence excitation
and emission pass freely through this mirror. This is an important degree of freedom of our
custom built system, which allows for the simultaneous fluorescence imaging and disruption.
The placement of this mirror has the added advantage that it acts as a filter for any laser
light that would be scattered back from the sample back to the CCD. The CCD is connected
to a computer for image download, storage and processing.

The choice of objective lens is key when deciding on the resolution and precision
of femtosecond laser nanosugery. Specifically, the numerical aperture (NA) determines the

size of the diffraction limited focal spot. Since the ablation has an intensity dependent
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threshold, larger NA means lower pulse energy to achieve disruption. Lower pulse energies
also minimize side effects such as cavitation bubbles which can be detrimental in certain
situations. All the images presented in this thesis were obtained with a 1.4 NA Plan-
apochromat, 63x, infinity corrected, oil immersion objective from Zeiss with transmission
of 55% at 800 nm. The working distance of the objective is 180 um and it is coverslip
corrected.

The cells are plated (see experimental methods in Chapters 5 and 7 for procedures)
on a glass cover-slip bottom dish with thickness of about 160 pm, which allows us just
enough space to image single cells with the 1.4 NA objective lens. If it is necessary to
disrupt more than a single point in the sample, we can move the sample with respect to the
laser beam using high precision translation stages with piezo actuators (model MDT 630
from Thorlabs). The manual screws have 4 mm translation range and the piezo actuators
have a range of 20 pm with 10 nm precision. This allows us sufficient range to examine
large samples, and precise enough control to position the desired location in the sample at

the submicrometer laser beam focus.
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Figure 4.3: Transmission plots for FITC, TRITC and DAPI filter sets from
www.chroma.com (blue:exciter, green:dichroic, red:emitter), and a typical laser dielectric
mirror from www.cvilaser.com.

The fluorescent labels used and their corresponding absorption/emission peaks
in nm are: GFP 488/507 and YFP 513/527, Alexa 488 495/519, fluorescein 490/525,
rhodamine 550/573, and DAPI 359/461. The corresponding filter sets, from Chroma
(www.chroma.com), are: FITC (set number 41001), TRITC (41002) and DAPI/Hoechst
(31000). The spectral characteristics of these filters are plotted in Figure 4.3. Also shown is
the reflectivity of a dielectric mirror, showing it is highly reflective only in a narrow range

around the laser wavelength.
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Figure 4.4: Fluorescence images of Alexa 488 labeled actin in an endothelial cell a) before
and b) after irradiation along 5 parallel lines with corresponding per pulse energies. ¢) shows
a cell before and d) after irradiation with a 60 nJ pulses and the extent of the damage due
to a cavitation bubble.

An example of the imaging and subcellular disruption that we can achieve with this
system is presented in Figure 4.4a. It shows a fluorescence image of a fixed endothelial cell
stained with Alexa 488 stained actin network, imaged using the setup described above. Only
the actin cytoskeleton is visible in the cell. In the image on Figure 4.4a, we irradiated the cell
and translated it with respect to the laser beam at approximately 0.7 pm/s corresponding
roughly to 15,000 pulses per line at a 1 kHz repetition rate. The energy per pulse varies

from 5 nJ at the top line down to 2 nJ at the bottom one. The width of the laser affected
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area has a marked decrease with the decrease in the energy per pulse.

Figure 4.4c,d shows a pair of images before and after laser irradiation. This time
however, there was an error when selecting the laser pulse energy and instead of 5 nJ per
pulse we estimate that we irradiated the area with 60 nJ per pulse. We see at this energy
the extent of the shock zone and the area disrupted by the cavitation bubble, which is not
produced at lower energies. There is a round hole about 20 times larger than the laser focus
spot. There is a marked transition from the plasma-induced ablation of the lines shown in
Figure 4.4b and the photodisruption due to the cavitation bubble in Figure 4.4d.

Photobleaching of the sample is always an issue when long exposure time and
continuous imaging is necessary. With our samples we were able to image anywhere from
one to a few minutes before the sample was too photobleached. Realistically, we need to
image the sample for two to three minutes, before we can select the area of interest and
position it at the laser focus. For cell mechanics studies we observe the cell continuously
for at least one minute after laser disruption. In order to get a sufficiently sharp image
on the CCD camera we use 500 ms integration time for each snapshot. The chemical dyes
such as Alexa, fluorescein and DAPI are more robust to photobleaching than the fluorescent
proteins.

Figure 4.5 is an example of some of the live cell work that we have done. It shows
a series of images of an endothelial cells that has been transfected with actin YFP. We
target an individual filament and disrupt with the femtosecond laser. Then we translate
the sample such that the neighboring filament is at the laser focus and we ablate it too. In
the live cell sample the width of the laser cut appears to be larger than that in the fixed
cell sample in Figure 4.4. This is due to the immediate mechanical response of the cell to
the stored prestress in the actin network as discussed in detail in Chapter 7. The last image

shows the cell 10 minutes later. What limits the amount of time we can currently do live



Chapter 4: Experimental Setup 52

Figure 4.5: Fluorescence images of live endothelial cells transfected with YFP actin: a)
before laser irradiation, b) after a single filament was cut, c¢) a second filament was cut, d)
10 minutes after laser nanosurgery.

cell studies is the temperature and atmosphere control of the sample. Currently, during the
experiment the cells are at ambient temperature and in a CO+ independent media. We have
about a 20-30 min window to perform experiment before the cells exhibit signs of death.
This time can be prolonged by incorporating an incubator with the setup.

With this system we can image and ablate any fluorescently labeled subcellular
structures. In the following chapters we will describe some studies on the size of the ablated
subcellular structures (Chapter 5), investigate the dependence of the disruption threshold

on the laser repetition rate (Chapter 6) and show how we have used this system to study
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subcellular mechanics by disrupting single cytoskeletal filaments and monitoring local and

global cell deformation (Chapter 7).

4.3 Custom-built multiphoton microscope

With our home-built fluorescence microscope we can image cells and study sub-
cellular process. However, we are limited to single cell layers, due to the short penetration
depth of visible wavenegths, and the observation time is shortened because of weak sample
fluorescence and fast photobleaching. To improve on these constraints and still be able
to perform subcellular disruption we constructed a multiphoton microscope nanosurgery
system. We built an inverted multiphoton microscope that allows us to have the real time
imaging and the high spatial resolution necessary for subcellular surgery. The design for the
microscope was published by Tsai et al. [58]. Specifications on the parts, distance ratios and
scanning software are given there. Similarly to the fluorescence microscope, we integrated
a stationary high repetition rate laser beam, which allows us to cut and image the same
plane in the bulk of a sample.

The design of a multiphoton microscope is a bit more complicated than that of a
straight fluorescence microscope. Figure 4.6 shows a schematic of the combined multiphoton
imaging and and surgery setup. Part of the output of the Mira laser oscillator is split off
and used for imaging, while the rest seeds the RegA amplifier. The advantage of this system
is that we can use two independent femtosecond laser beams simultaneously and be able to
monitor the laser cutting through the high resolution imaging.

The laser beam from the Mira is focused into the sample to a spot of less than 1 um
diameter. Fluorescence is excited in the focal volume and the emitted light is collected by

the PMT. The beam is then scanned across the sample, using a pair of scanning mirrors. The
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Figure 4.6: Schematic of a combined multiphoton imaging and surgery setup.

signal from the PMT is correlated with the position of the scanning mirror to reconstruct an
image. Multiphoton laser scanning microscopy has the advantage that only the focal volume
is excited, reducing photobleaching and eliminating out-of-focus fluorescence to increases
the background noise. It is also possible to narrow down the scan area only to the spot
of interest, thereby increasing imaging times and decreasing overall photobleaching and
degradation of the sample.

The Mira laser we used has a fixed wavelength of 800 nm which limits the fluo-
rophores that can be efficiently excited. Unfortunately, fluorescent proteins such as GFP
and YFP have two-photon absorption peaks above 900 nm, see Figure 3.2. At the pulse
energies (more than one nJ) that we were able to detect the fluorescence with our 800 nm
pulses we observed great sample degradation. Due to the excess amount of energy deposited
we raised the temperature over 100°C and likely caused cavitation bubbles [26]. Therefore

with this laser system, we are limited to using fixed cells and select dyes. An example of the
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Figure 4.7: Two-photon image taken of Alexa 488 labeled actin in a fixed endothelial cell.

Figure 4.8: Two-photon image taken of DAPI labeled nucleus in a fixed cell a) before and
b) after laser suregery.
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images that we could achieve are Figures 4.7 and 4.8 which show respectively two-photon
excitation images of an Alexa 488 labeled actin network and a DAPI labeled nucleus in fixed
endothelial cells. Two lines were dissected through the nucleus by irradiating it with the
stationary 10 kHz repetition rate from the RegA and translating the sample with respect
to the laser beam.

We are also able to image the native state of a system through autofluorescence.
Figure 4.9 is an image of a leaf, picked from a plant outside of our lab. While we do not
know the exact molecules that we are exciting, they are likely the chormophores that give
some of the natural color to the leaf. The set of nine images show a z-scan through the
leaf from bottom to top (a) being deepest and (i) the top most layer. Each imaged layer is
spaced by approximately 5 pm. We see changes in the types of cells and structure as the

leaf is scanned through.
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Figure 4.9: Two-photon excitation of autofluorescence in a leaf.



Chapter 4: Experimental Setup 58

We can also take SHG images of unstained samples. Collagen gels can be imaged
via SHG. Figure 4.10 is an image of a collagen gel through second harmonic generation. The
collagen was obtained from Vitrogen, pipetted in a coverslip bottom dish and incubated
for 30 minutes at 37°C. As it gels it forms a mesh network of single strands which can be
identified in this image. The image is a z-projection of 15 different planes taken 1 pm apart.

The width of the image is 150 pm.

Figure 4.10: Two-photon image taken of DAPI labeled nucleus in a fixed cell.
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4.4 Summary

We have built two systems for femtosecond laser nanosurgery. With our fluo-
rescence microscope we image cells and ablate subcellular structures with submicrometer
precision. Photobleaching and the incubation conditions currently limit us in the amount of
time we can study individual cells, and the penetration depth of visual wavelength restricts
us to studying single cell layers. The dual femtosecond laser beam multiphoton microscope
nanosurgery system has immense potential in allowing us high resolution imaging, three
dimensional sectioning and simultaneous disruption. We have already demonstrated some
two-photon, autofluorescence and second-harmonic generation images. The shortcoming of
the current configuration of the system is the stationary wavelength of the Mira, which

precludes the imaging of most fluorescent proteins and therefore live cell samples.
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Subcellular dissection confirmed by

TEM

5.1 Introduction

Femtosecond pulses focused in the bulk of inorganic transparent materials can
create structural modification ranging from a local density gradient to void formation in
the irradiated area. Comprehensive studies with glasses and soft materials have revealed
the extent of photodamage as a function of pulse energy [6]. The material properties of glass
make it relatively simple to observe these changes, under a conventional light microscope.
At relatively low pulses energies the resulting density gradient in glasses can be visualized
as marked changes in the index of refraction, and at higher energies the void formation is
observed by cleaving the sample at the plane of the laser focus and imaging the surface with
an scanning electron microscope. However, studying the bulk damage incurred in organic
matter such as a single cell has not been observed as clearly.

To conclusively show the bulk interaction of femtosecond laser pulses with biolog-

60



Chapter 5: Subcellular dissection confirmed by TEM 61

ical materials we studied the effects of femtosecond laser irradiation in fluorescently-labeled
structures in the cytoskeleton and the nuclei of fixed cells using a combination of fluores-
cence microscopy and whole mount TEM. We used fluorescence microscopy to evaluate the
extent of apparent photodamage, and TEM to determine the actual degree of material re-
moval. This let us define three regimes of interaction: no interaction, photobleaching with

no apparent structural modification and bulk material removal.

5.2 Experimental methods

The laser radiation is generated in a custom-built chirped-pulse amplified titanium-
sapphire laser system. A passively mode-locked oscillator delivers 100-fs pulses at a repeti-
tion rate of 80 MHz and a central wavelength of 790 nm. These pulses are regeneratively
amplified to energies of up to 1 mJ at a repetition rate of 1 kHz. As these energies are far
too high for subcellular ablation, we reduce the pulse energy to the nanojoule range with an
attenuator. An adjustable neutral density filter wheel is used to regulate the energy at the
sample. The laser light is focused into the sample with a 1.4-NA oil-immersion objective
(Zeiss, Plan- Apochromat), leading to a theoretical spot size of roughly 340 nm. As the
intense laser pulses experience group-velocity dispersion inside the microscope objective,
the resulting pulse duration at the sample is approximately 200-250 fs [1]. The sample is
placed on a piezocontrolled microscope stage that permits sample positioning with 10-nm
precision along all three axes. A UV lamp (Osram, HB103 W/2) illuminates the sample
and the emitted fluorescence is collected through the objective using a standard filter cube
(FITC, Chroma Technology Corp.) and recorded with a CCD camera.

Bovine capillary endothelial cells (passage 10 to 15) were maintained at 37°C

in 10 % CO2 on tissue culture dishes in a complete medium composed of low-glucose
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Dulbeccos modified Eagles medium (DMEM; Gibco-BRL) supplemented with 1% fetal
calf serum (FCS) (Hyclone), 10 mM HEPES (JRH-Biosciences), and glutamine (0.292
mg/ml)/penicillin (100 U/ml)/streptomycin (100 g/ml) as previously described [59].

For the live cell experiments, cells were transfected for 48 h with an adenovi-
ral vector system [60,61] encoding enhanced green fluorescent protein (EGFP)-tagged G-
tubulin, trypsinized (TrypsinEDTA, Gibco), harvested, and seeded onto glass-bottomed 35
mm dishes (MatTek) in complete medium. Prior to imaging, cells were transferred into
a nonfluorescent, COz-independent medium (pH 7.3) containing (in mM): CaCly (1.26),
MgSO4 (0.81), KC1 (5.36), KHoPOy (0.44), NaCl (137), NagHPOy4 (0.34), D-glucose (5.55),
L-glutamine (2.0), sodium pyruvate (1.0), HEPES (20.0), 1% bovine serum albumin, 10%
calf serum, and MEM essential and nonessential amino acids (Sigma) [62].

For the fixed cell experiments, cells were then trypsinized (Trypsin EDTA, Gibco),
harvested, and seeded either onto glass-bottomed 35 mm dishes (MatTek) or onto carbon-
coated formvar on Embra TEM finder grids (Electron Microscopy Sciences) in complete
medium. After allowing the cells to attach and spread for 12-24 hours, the cells were fixed
in 4% formaldehyde (electron microscopy grade) in phosphate buffered saline (PBS) for 40
minutes, permeabilized in 0.1% Triton X-100 in PBS for 5 minutes, blocked in 1% bovine
serum albumin in PBS for 1 hour, and stained for either actin (Alexa Fluor488 phalloidin,
Molecular Probes) or nuclear DNA (Hoechst 33348, Molecular Probes), all at room temper-
ature. Afterwards the cells were stored and treated in an aqueous solution (PBS). Following
laser treatment, cells were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4,
at 4°C for one hour and then washed and stored in this buffer at 4 C until processing.
Prior to TEM imaging with a Philips CM-10 microscope, cells were fixed in 1% osmium
tetroxide in 0.1 M cacodylate buffer, pH 7.4, at 4 C for 30 minutes, washed in the same

buffer, dehydrated in graded ethanol solutions, critical point dried, and carbon coated. The
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TEM analysis gives a direct measure of the ablated area, as the electrons are sensitive to
the amount of material they travel though. The ablated region appears lighter on the film,
even if it is confined in the bulk of the sample. We took pictures of the cell samples at
two different angles creating a stereoscopic image and then we measured the width of the

ablated region averaging over three positions along the laser cut.

5.3 Results

Figure 5.1 shows the fluorescence from the actin network of a fixed endothelial
cell after it has been irradiated along five parallel lines with various pulse energies. The
sample was translated once per line at a speed of approximately 0.7 m/s corresponding to
roughly 15,000 pulses per line. Figure 5.1(b) shows that the fluorescence intensity following
irradiation depends strongly on pulse energy. At 1.8 nJ the effect of irradiation is barely
visible in the fluorescence image. Increasing the pulse energy to 2.2 nJ produces a clear dip
in fluorescence with a width of 240 nm at FWHM. At higher energy the FWHM-width of
the dip in fluorescence scales with pulse energy, from 360 nm at 2.8 nJ, to 500 nm at 3.5
nJ and 600 nm at 4.4 nJ.

Figure 5.2 shows that loss of fluorescence does not always correspond to removal
of material. The figure shows both fluorescence and TEM images of the nucleus of the
same fixed endothelial cell after irradiation at three different energies. While a slight loss
of fluorescence can be observed for a pulse energy of 1.45 nJ, the TEM image shows no
material removal. The loss of fluorescence must thus be due to photobleaching. At higher
energies we see clear cuts in both images.

Figure 5.3a shows the dissection width of the cuts observed in Figure 5.2. The

data allow us to define three regimes of irradiation: no interaction (no damage visible in
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Figure 5.1: (a) Cuts through fluorescently-labeled actin fibers in a fixed endothelial cell
obtained by irradiation with femtosecond laser pulses of energies between 1.8 nJ and 4.4
nJ. (b) Fluorescence intensity profile along the actin bundle outlines in the image.

either image), photobleaching without material loss (only the fluorescence image shows a
change), and removal of material (both images show cuts). Figure 5.3b and 5.3c show
similar data obtained in the nuclei of two other cells. In each case, irradiation at pulse
energies below 1 nJ causes no change in either image, while energies above 1.7 nJ do cause
changes in both images. Thus, the threshold energy for plasma-mediated ablation falls
between 1-1.7 nJ. For pulse energies above 1015 nJ, a much larger part of the cell is ablated
(not shown). This phenomenon is most likely due to cavitation, which has been observed

during laser irradiation of water, soft materials, and biological tissues [63,64]. Part of the
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Figure 5.2: Cuts in the nucleus of a fixed endothelial cell at various laser energies, imaged
by (a) fluorescence microscopy and (b) electron microscopy.

energy delivered to the sample cannot be dissipated through thermal diffusion, producing
a rapid, local increase in material temperature, leading to an explosive expansion of the
material and, thus, damage far from the laser focus.

While the thresholds in Figure 5.3 vary from sample to sample, the energy thresh-
old of ablation is at most 20% higher than the photobleaching threshold. In other words,
at energies exceeding 1.2 times the threshold for which fluorescence disappears, one can be
assured of material removal. The TEM and fluorescence microscopy measurements reveal
that the plasma-mediated ablation width depends strongly on pulse energy, with pulse en-
ergies between 1.2 and 1.7 nJ producing material loss as small as 200 nm (Figures 5.3a and
5.3c). Above 1.7 nJ, the dissection width increases with energy; around 3 nJ the width is
approximately one micrometer. At higher pulse energies, the dissection widths obtained

from the TEM images are consistently larger than those obtained from the fluorescence
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Figure 5.3: Pulse energy dependence of the ablation width of cuts in the nucleus of en-
dothelial cells measured by fluorescence microscopy (filled circles) and TEM (open circles)
in three different cells a-c.

images. This discrepancy is likely due to the TEM sample processing. Post-fixation, dehy-
dration and critical point drying have all been shown to cause shrinkage in cellular contents
while maintaining the usual structural relationship of components within the cell [65, 66].
This shrinkage can result in a retraction of cellular material away from the ablated area,
thus enlarging the ablation zone in the cells subsequently viewed by TEM. The TEM data

in Figure 5.3 therefore likely overestimate the extent of laser induced material removal.
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To show the spatial selectivity of femtosecond laser nanosurgery in cells we targeted
microtubules in live cells. The microtubule network is sensitive to external disruptions and
can be used as good indicator for the extent of damage induced by the laser irradiation
outside the focal volume. Figure 5.4 is a fluorescence microscope image of a live bovine
endothelial cell whose microtubules express green fluorescent protein. The dark region in
the middle of the cell is the nucleus. We severed a bent region of a single microtubule
located above the nucleus using about 1000 laser pulses with an energy of 1.5 nJ. The
curved end of the microtubule immediately recoiled to a straight configuration within the
first 2 s after laser ablation, indicating the release of stored elastic energy in the molecular
filament; this was immediately followed by depolymerization of the cut ends of microtubule
due to release of tubulin monomers, as shown in time-lapse frames in Figure 5.4b. The
neighboring microtubules, which are less than 1 ym away, remain undisturbed. Even though
it is impossible to get a measure of the exact size of the laser dissection in this type of live
cell experiment, the narrow confinement of plasma-mediated laser ablation confirms the

TEM data obtained for fixed cells.

5.4 Conclusion

The use of ultrashort laser pulses for dissecting and imaging cells and subcellular
structures in cellular and developmental biology is increasing rapidly. In this report we
presented a first systematic study of the relationship between pulse energy and subcellular
material loss using femtosecond laser pulses. We used a combination of fluorescence and
electron microscopy to establish the thresholds for fluorescence photobleaching and material
removal under tight focusing conditions. The results presented here show that there is a

range of energy for which photobleaching occurs without ablation. We find that the optimal
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Figure 5.4: (a) Fluorescence microscope image of GFP-labeled microtubule network in an
endothelial cell. (b) time-lapse sequence showing rapid retraction of microtubule due to
depolymerization. The cross hair shows the position targeted by the laser; the triangles
show the retracting ends of the microtubule.

energy range for plasmamediated ablation is from about 20% above the photobleaching
threshold to about 3 nJ. In this range, one is assured of dissection with a resolution as small
as 200 nm. At higher energies the size of the dissected region increases rapidly with laser
pulse energy. We also demonstrated that this technique can be successfully applied to live
cells with high spatial resolution. These results will help guide and interpret femtosecond
laser material removal and real time fluorescence imaging to investigate cell structure and

function at increasingly small length scales.



Chapter 6

Dependence of the subcellular
disruption threshold on the laser

repetition rate

In the previous chapter we showed that femtosecond laser pulses disrupt subcellular
structures with just a few nanojoules of energy per pulse. In recent years, femtosecond
laser technology has improved rapidly, and currently there are commercial laser sources
that work at high repetition rates, are tunable and have output energies per pulse of tens
of nanojoules. Such a laser system should be sufficient for subcellular nanosurgery. The
critical difference between such a laser system and the system used for the ablation studies
in the previous chapter is in the repetition rate: MHz vs. kHz. In section 2.6 we showed
that the morphologies of structures created in glass differ significantly at the two repetition
rates due to the cummulative vs. single shot interaction mechanism. We would therefore
expect such a difference to exist in the subcellular-disruption threshold.

To determine the dependence of the ablation threshold on the pulse energy and
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irradiation time, we studied the ablation of actin stress fibers in living endothelial cells. The
motivation for using endothelial cells is that they build a strong actin network, which is
excellent for the laser ablation threshold studies. There is a distinct transition that occurs
when an actin fiber has been disrupted: it retracts due to the tensile load on the fiber
and thus the ends pull apart much further than the size of the laser interaction volume
(Chapter 7) [19]. Therefore, there is no need to resort to electron microscopy to see the

onset of disruption.

6.1 kHz laser repetition rate

For a laser repetition rate in the kHz regime the energy of a single pulse defines the
plasma-ablation threshold. If the energy is very low, less than 0.5 nJ per pulse for 1.4 NA
focusing, there is no interaction with the material. Figure 6.1 shows a fluorescence image of
an endothelial cells transfected with YFP actin. We irradiated the filament at the location
indicated by the arrow with a 14 kHz pulse train of 0.5 nJ pulse for 3 s. There is a slight

loss of fluorescence at the irradiated site, but the fiber was not disrupted.

Figure 6.1: An actin filament in an endothelial cell irradiated with 14 kHz, 0.5 nJ for 3 s is
not disrupted.
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At higher pulse energies at a kHz repetition rate, we observe plasma-induced abla-
tion, which results in a severed the actin filament. Figure 6.2 shows before and after images
of a cut filament. The energy per pulse is 1 nJ at the focus and the irradiation time is 3
s. We expect that the minimum number of pulses necessary to sever a filament will depend
on the size and thickness of the filament. Even though we have not extensively studied the
minimum irradiation time, there seems to be no apparent detrimental effect on the cell due

to prolonged exposure with a kHz femtosecond laser pulse train.

Figure 6.2: An actin filament in an endothelial cell irradiated with 14 kHz, 1 nJ for 3 s is
severed.

6.2 MHz laser repetition rate

MHz femtosecond laser disruption is fundamentally different from disruption with
kHz pulse trains [5,29]. The heat diffusion time out of the focal volume is typically about
1 us corresponding to a repetition rate of 1 MHz. This implies that for repetition rates
lower than that, the heat diffuses out of the focal volume before the next laser pulse arrives
and there is not additional heating. While for repetititon rates higher than 1 MHz, there

is an accumulated heating effect due to the residual heat left in the focal volume from each
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preceding pulse. While it is extremely hard to measure directly the temperature increase
in the focal volume of 1 um3, it can be indirectly inferred in glasses, by looking for index
changes, which mark the edge of the molten zone, see Figure 2.7. In this way, one can
estimate the distance from the focus at which the temperature has reached the melting
temperature of the glass.

Pulse energies used for femtosecond laser ablation at kHz repetion rate show a
markedly different effect at MHz repetition rates. We determined that with the threshold
for kHz ablation is around 1 nJ per pulse and that 3 s of laser irradiation produce a nice
clean cut in actin. Applying the same pulse energy and exposure time for a 76 MHz pulse
train has a disastrous effect on the cell. Figure 6.3 shows a cell irradiated at these conditions.
There is a large cavitation bubble formed which destroys the actin filament and rips through
the cell. This is a clear indication that the pulse energy and irradiation time for optimal

subcellular disruption need to be optimized for the high repetition rate system.

Figure 6.3: A large cavitation bubble is launched in an endothelial cell when irradiated with
76 MHz, 1 nJ for 3 s.

If we lower the pulse energy and shorten the irradiation time we are able to sever
actin filaments with MHz pulse trains, without causing obvious distress to the cell. Figure

6.4 shows an actin stress fiber before and after irradiation with 0.5 nJ per pulse for 500 ms
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at 76 MHz. This pulse energy is not enough to disrupt a filament at 10 kHz (Figure 6.1)

but produces clear disruption at this high repetition rate.

Figure 6.4: 0.5 nJ at 500 ms.

We measured the threshold for actin cutting as a function of the irradiation time,
Figure 6.5. As the pulse energy increases, shorter irradiation time is necessary to achieve
actin disruption. We are limited by the apparatus to irradiation durations longer than 10
ms. From this graph we can infer that we are indeed observing a cumulative effect that
leads to disruption, as the pulse energy decreases there is an increase in required exposure
duration. The shaded areas in the graph indicate regimes of no interaction or excessive
cell damage. The transition from these regimes to the minimally disruptive subcellular
nanosurgery is not sharply defined.

The mechanism behind the low pulse energy high repetition rate disruption is more
complicated than pure plasma-induced ablation. There is experimental evidence that low
density plasma is formed in the range below the optical breakdown [67]. It can in turn
produce chemical changes, heating and thermoelastic stress [26]. These effects are very well
localized due to the nonlinearity of the plasma-formation process, which at intensities near

threshold is smaller than the diffraction-limited focus.
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Figure 6.5: Threshold for ablation as a function of irradiation time and pulse energies for
a 76 MHz pulse train. The shaded areas indicate regions of no disruption (lower left) and
excessive cell damage (upper right).

In order to understand the conditions of disruption in this cumulative regime at
high laser repetition rate we model the temperature distribution at the focus as a function
of pulse energy and exposure time. The parameters entering this heat diffusion calculation
are the material properties and the input laser parameters. The relevant material constants
for water are the specific heat (1 cal/g K), density (1 g/cm?), and thermal conductivity
(1.47 x1073 cal/cm s K). The input laser parameters are pulse energy, laser focus radius,
time separation between pulses (inverse laser repetition rate), and number of pulses (irra-
diation time). The way the temperature distribution is calculated is that it assumes 100%
absorption of the incident pulse energy, then converts this energy into heat and calculates

the heat diffusion away from the vocal volume. If more than one pulse is deposited into the
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sample, the model takes into account the diffusion of each pulse with respect to its arrival
time and then adds the contributions of all pulses at the instant the last pulse is deposited.
This model can also predict the radius away from the focus at which the temperature drops
below a certain threshold; in this case, the threshold is 100°C. This should be an indication
of extent of damage away from the focus.

Figure 6.6 is a plot of the maximum temperature reached versus radius for different
input pulse energies at a repetition rate of 76 MHz. Two plots are shown, one for a train
of 100 pulses and one of 1000 pulses. The maximum temperature is extremely high, tens
of thousands of degrees, however, the radius at which this temperature rise occurs is very

small, less than a few micrometers.

x 104 100 pulses 1000 pulses

Temperature (K)
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Figure 6.6: Heat diffusion calculation results for maximum temperature distribution after
100 (left) and 1000 (right) pulse are deposited at a 76 MHz repetition rate and varying
pulse energies

We can calculate the radius at which the temperature rise is less than 100°C.
Table 6.1 shows the maximum radius away from the center of the focal region that reaches

100°C. We see that while relatively confined, the boundary of the 100°C is further from the
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focus than we would have predicted based on the experimental observations. The maximum
radius for this temperature rise is calculated to be more than 4 ym for a 1000 pulses. This

is an overestimate that results from some of the simplifications included in the model.

pulse energy (nJ) 02|03 |04 ] 06 |07 1

max R 100 pulses (um) | 1.45 | 1.62 | 1.77 | 2.04 | 2.24 | 24

max R 1000 pulses (um) | 3 34 | 3.8 | 43 | 46 | 495

Table 6.1: Calculated maximum radius reached for irradiation with 100 and 1000 laser
pulses at a 76 MHz repetition rate for different pulse energies.

This heat diffusion calculation is good in qualitatively justifying our assumption for
a cumulative pulse energy damage mechanism at high repetition rates. However, there are
many assumptions coming into this model that prevent it from providing a good quantitative
agreement with experimental observations. First, the assumed energy converted into heat is
100%. We know this to be definitely not true, as there are reflection and transmission losses
and the multiphoton absorption coefficient is quite low. Experimental measurements of the
damage in glass can be used to fit the predictions of the model and they estimate about
about 30% [29] to 40% [30] absorption of the pulse energy. There are no measurements
for amount of energy converted in heat in water, so using 100% gives an absolute upper
bound. While a smaller percentage is closer to the real conditions, there is no justification
in using a specific lower value. Another consideration which cannot be accounted for in
this model is that each subsequent pulse experiences different focusing conditions. The
focal spot is heated up, there is likely local vaporization and a cavitation bubble is formed.
All these condition contribute to distortion of the laser focus and change the amount of
energy absorbed. The change in the absorption as a function of number of pulses likely

also depends on the initial pulse energy, further complicating the model. Therefore, not
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only do we not have a precise number on the initial absorption, but we cannot account for
how it change in time. And the third shortcoming of this qualitative model is that it takes
the bulk material parameters. When we are considering a small volume of 1 ym?, within a
larger volume of water, the values of the bulk constants would likely deviate. However, with
all these extra considerations taken into account, our first order qualitative approximation,
does indeed show, that there is bulk accumulation of energy at MHz repetition rates, and

that the high temperature rise is confined around the focal volume.

6.3 Variable repetition rate

We have shown that there is profound difference in the energy threshold at low
kHz and high MHz laser repetition rate. However, there is a range of repetition rates in
between which would have a disruption energy threshold different from the two extremes. To
further investigate this problem we carried out experiments at the Laser Center in Hannover,
Germany. The experimental setup there is schematically described in Figure 6.7. It is based
on a Chamelion femtosecond laser system from Coherent. It has a repetition rate of 90 MHz
and a tunable wavelength from 750 to 950 nms. The maximum output power is 1.3 W at 780
nm, which corresponds to 15 nJ/pulse. The laser pulse train is sent through an accousto-
optic modulator (AO), which acts as a fast switch. It can pick a single pulse from the 90
MHz pulse train and deflect it from the original beam. The maximum switching rate is
4.5 MHz. The laser beam passing through the AO is split in two paths: a switched out
beam with a low repetition rate and a high repetition rate beam which is missing pulses
corresponding to the low repetition rate. For example, if the AO is set at a divide by 90,
then we would have a switched out pulse train at 1 MHz, and the original pulse train will be

missing one out of every ninety pulse. This system offers the advantage that it is possible



Chapter 6: Dependence of the subcellular disruption threshold on the laser repetition ratér8

imaging scanning
Chameleon|—22MHZ 135 rep rate 90 MHz lerrors
divider
disruption S—

tunable <5 MHz
N polarizing
() N\ beam splitter

— folding

cold S /mlrror
mirror

> pu]

PMT

objective <= @I

. ZI(—)
piezo stage X-y

Figure 6.7: MPM imaging and nanosurgery setup based on a single femtosecond laser with
a repetition rate pulse splitter (AO modulator). The high repetition rate pulses are used
for imaging and the low (variable from single pulse to 5 MHz) repetition rate pulses are
used for disruption.

to use the high repetition rate pulses for MPM imaging and the switched out pulse train
for subcellular nanosurgery.

The imaging portion of this setup consists of a modified Zeiss microscope. This
allows for white light imaging with a CCD and MPM imaging through a PMT. The original
optics inside the microscope are removed and a PMT is placed at the bottom of a scope.
A mirror can be pulled in and out of the setup to direct the light to the PMT or the CCD.
The CCD can be used only to image white light illumination, which is extremely convenient
when looking for small samples, that are sparsely distributed (such as cells plated on a glass
slide) at high magnification. The sample is held by an adapted Thorlabs stage, described
in Chapter 4. This allows for precise position and translation of the sample.

Figure 6.8 shows ablation at laser repetition rate of 4.5 MHz, 900 kHz, 180 kHz,
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45 kHz and 18 KHz in a fluorescein stained epoxy. We used an epoxy, because we wanted
a fluorescently labeled solid sample, where we could image the effect of the laser damage.
The lines corresponding to different repetition rates were made by translating the sample
with respect to the laser beam at 1 pum/s. The energy per pules is 2 nJ at the focus and
is constant for all repetition rates. The width of the lines has a marked decrease at lower
repetition rates as we expected. At the 18 kHz we observe a beading along the line, which
is an artifact of the epoxy material that we are using. The likely explanation for this effect
is that once a damage spot has been formed, the threshold for absorption in it is lower than
outside and that traps the laser energy in it, resulting in a broken up line as the sample is

translated along.
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Figure 6.8: White light illumination images of fluorescein epoxy. Lines were ablated in the
epoxy at different repetition rates showing the transition from the cumulative (4.5 MHz,
900 kHz) to the single shot regime. Scale bar = 50 pm
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Initially, we set out to study the pulse energy threshold for actin at different
laser repetition rates. Unfortunately, due to a few quirks in the setup, this proved to
be a hard task. The first problem is that there is a small tilt to the stage and when
translating the sample in the z-y plane there was a significant enough z translation. If the
cells were sufficiently far apart from each other, moving from one cell to the next requires
refocusing. In order to find neighboring cells, the imaging had to be switched from the PMT
(fluorescence) to the CCD (white light) mode. This required for the PMT to be turned off,
the collecting lens to be switched and folding mirror placed. The mirror mount holding
that mirror is easy to misalign, further increasing the time necessary to switch from one
mode to the other. The time necessary for this task made it impractical to undertake the
size of the study (hundreds of cells), necessary to establish the shift in ablation threshold

as a function of the laser repetition rate.

6.4 Outlook

This femtosecond nanosurgery and imaging setup has a potential for being an
extremely versatile system when the above-mentioned engineering problems are solved.
A necessary advantage of this system is the tunable wavelength femtosecond laser. This
allows MPM imaging at different wavelengths by tuning the same laser source to the peak
multiphoton absorption wavelength of the fluorescent label. Figure 6.9 is a fluorescence
image of an endothelial cell which is transfected with YFP actin and the mitochondria
are labeled with Mitotracker orange. A two-photon image is taken at the wavelengths
corresponding to the peak two-photon absorption of Mitotracker, 850 nm and YFP, 950
nm. There is almost no overlap of the two excitations, and if we overlay the two images we

can see the distribution of mitochondria with respect to the actin network.
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Figure 6.9: Two-photon image of an endothelial cell labeled with a) Mitotracker orange
mitochondira, imaged at 850 nmand and b) YFP actin imaged at 950 nm; c) overlay of
both images

With this system we can take also SHG images of tissue samples. Figure 6.10 is
the z-projection of a three dimensional image of a tissue sample taken from the oral cavity.
The collagen fibers, which have strong second harmonic generation, are visible. The depth
of the image is about 90 pym and three dimensional structure integration of the collagen can

be clearly determined. This allows us to do minimally invasive studies in tissue systems.

6.5 Summary

We used actin as a model system to study the ablation threshold in living cells.
Due to the prestress in the filaments, disruption is unambiguously marked by a pulling

apart of the severed ends. The laser repetition rate has a profound effect on the disruption
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Figure 6.10: SHG image of collagen structures in healthy tissue.

in cells. It is not possible to carry over the ablation pulse energy and irradiation time
from the lower repetition rate to the high repetition rate and vice versa. In one case we
might cause bubble formation and whole cell destruction while in the other we might be
below the ablation threshold and not achieve disruption. We have determined the minimum
irradiation time necessary for filament disruption at 76 MHz for pulse energies below 1 nJ.
The mechanism responsible for disruption is a cumulative damage due to bong breaking
and localized heating due to the energy accumulation in the focal volume.

We were able to set up a combined nanosurgery and imaging setup based on a single
tunable high repetition rate source and an AO pulse switch. This allows us simultaneous
disruption and MPM imaging through a tunable source. Unfortunately, some engineering

hurdles were a hindrance in being able to carry out a systematic study on ablation threshold
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in cells with varying laser repetition rate and define the optimum conditions.

Another important question which arises from the variable repetition rate disrup-
tion study is at what laser parameter do we induce the least collateral damage to the cell.
It is easy to visualize the least amount of energy for actin cutting: the actin filaments sep-
arate. And there is a maximum upper bound to the energy, which is a visible cavitation
bubbles. But within this energy range the disruption mechanism can be predominately
plasma-induced ablation (kHz) or local heating and vaporization (MHz). Which of these is
less harmful to the cell? In a future study it might be possible to visualize calcium propaga-
tion through the cell or reactive oxygen species generation, which can be used as indication
for distress in the cell. Then the relative magnitude of these markers can be compared at

the different range of laser parameters.



Chapter 7

Probing cell mechanics: disruption

of stress fibers in live cells

7.1 Introduction

Cell shape and deformation in response to external mechanical forces is critical for
cell functions such as cell growth, differentiation, motility and apoptosis [59, 68,69]. The
geometry and the mechanical deformation of living adherent cells are determined by the
cytoskeleton, a three-dimensional protein structure comprised of interconnected filaments of
microtubules, actin and intermediate filaments [70-72]. Actin stress fibers assemble at the
base of the cell and anchor to the extracellular matrix through focal adhesions across the
cell membrane [73]. Cell shape is modulated by the polymerization of actin microfilaments
that associate with myosin filaments, and by the resulting actomyosin-dependent traction
forces that cells exert on their focal adhesion contacts with the ECM. The actin filaments
assemble to form long, aligned actomyosin filament bundles, known as stress fibers, that

span between each pair of focal adhesions at the cell base. The actin stress fibers are stiffer

85
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than the surrounding cytoplasm and thus provide local shape stability as they are able to
resist stress on a short length scale [74]. The contribution of these actin bundles at the base
of the cell to shape stability over the entire cell length scale, often greater than hundreds

of micrometers long and tens of micrometers high remains unclear.
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Figure 7.1: Double Six, 1967 a tensegrity based sculpture by Kenneth Snelson. Reprinted
with permission of the artist. [18]

A comprehensive theoretical model of cell mechanics, called cellular tensegrity,
predicts that cell shape stability may be governed by the level of pre-existing tensile stress or

isometric tension stored in the cytoskeleton. In general, tensegrity structures are stabilized
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by ”tensional integrity” or continuous tension rather than by compression (i.e. a stone
arch) [75]. Tensegrity structures rely on a network of flexible elements under tension along
with stiffer elements which resist compression. This building principle was first described
by architect R. Buckminster Fuller [76] and most prominently visualized in the sculptures
of Kenneth Snelson [18]. Figure 7.1 is an example of a sculpture by Snelson, where the stiff
rods are pulled in place by ropes to form a stable structure [18]. Cells can also be modeled
as tensegrity structures in which the actin network is under tension and the microtubule
array and the culture substrate are under compression [71,75]. This model still remains
controversial [77-79] and a major limitation has been the ability to evaluate the load bearing
properties of individual stress fibers in living, adherent cells.

There are many approaches to understanding the mechanical properties of actin
and its contribution to cell shape. It is clear that stress fibers in cells align and deform in
response to external tension that is transmitted through the focal adhesion attachments to
the extracellular matrix [80-82]. However, all the available quantitative data on the stress
fiber mechanics come from in vitro experiments, when the fibers have been removed from
the living cell [83,84]. Alternatively, pharmacological tools are commonly used to underline
some of the contributions of actin network to cell shape and function. However, introducing
chemicals to the cell affects the entire actin lattice that permeates the cytoplasm and does
not permit the study of individual stress fibers. For example it has been shown that large
stress fibers disassemble in living cells when the actomyosin-based contractility has been
inhibited or the stiffness of the extracellular matrix has been decreased [85-89]. It is also
known that stress fibers are actively tensed in cells because certain actin-binding proteins
in the cell assume a sarcomeric distribution [90,91] and the fibers can be forced to contract
in membrane-permeabilized cells with the addition of magnesium and ATP. In the end,

there is little known about the properties of an individual stress fibers in situ, and how they
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contribute to the prestress in the cytoskeleton or the surrounding extracellular matrix and
their importance for the overall shape and stability of the whole cell.

Cell shape and tensile load distribution across the cells is directly related to the
arrangement of actin stress fibers along the base of the cell. As actin filaments assemble
and disassemble rapidly in lamellipodia (the mobile edge of the cell) and other cellular
compratments [92-94], the entire cytoskeleton is regarded as highly unstable and cell shape
changes are often ascribed to sol-gel transitions driven by actin polymerization [95-97]. The
ability of the actin to rapidly polymerize has been used to argue that static forces, such as
tensile prestress, borne by actin-based structures, does not significantly contribute to cell
shape stability [78]. On the other hand, adherent cells can change their shape from round
to fully spread without altering their total microfilament or microtubule mass [98,99]. Thus
the relative contribution of the active polymerization-depolymerization dynamics and the
static tensile prestress to cell shape stability remains a point of contention.

To directly show the tensile prestress in the actin cytoskeleton we used femtosecond
nanosurgery [12,100] to sever individual stress fibers in living cells, while simultaneously
visualizing the stress fiber retraction and cell shape change. As previously described in
Chapter 5 this technique allows us to sever the stress fiber by ablating < 300 nm section
along the fiber without comprising neighboring structures or cell viability. We directly ob-
served the retraction of the stress fibers after laser cutting and we show that their response
can be modeled as that of viscoelastic cables. We also observed that the stress fiber re-
traction is slowed down by pharmacological inhibition of Rho-associated kinase (ROCK)
and completely eliminated by inhibition of myosin light chain kinase (MLCK), thus demon-
strating that the observed behavior is due to the contractile actin of unopposed myosin
motors. As the traction force exerted by the cell on the substrate is proportional to the

substrate stiffness, we performed traction force microscopy experiments. We cultured cells
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on a flexible substrate and measured the deflection of the substrate after the laser stress
fiber was is severed and showed that the traction is primarily dissipated into the substrate

along the axis of the stress fiber.

7.2 Materials and methods

7.2.1 Cell culture

Bovine capillary endothelial cells (passage 1015) were maintained at 37C in 10%
COs on tissue culture dishes in a complete medium composed of low-glucose Dulbeccos
modified Eagles medium (DMEM; Gibco-BRL) supplemented with 10% fetal calf serum
(Hyclone), 10 mM HEPES (JRH-Biosciences), and glutamine (0.292 mg/ml)/penicillin (100
U/ml)/streptomycin (100 g/ml) as previously described [59]. For experiments, cells were
transfected for 48 h with an adenoviral vector encoding enhanced yellow fluorescent protein
(YFP)-tagged G-actin [53], trypsinized (TrypsinEDTA, Gibco), harvested, and seeded onto
glass-bottomed 35 mm dishes (MatTek) in complete medium. Prior to imaging, cells were
transferred into a CO2-independent medium (pH 7.3) containing: CaCls (1.26 mM), MgSOy4
(0.81 mM), KCI (5.36 mM), KHoPOy4 (0.44 mM), NaCl (137 mM), NapHPO,4 (0.34 mM),
D-glucose (5.55 mM), L-glutamine (2 mM), sodium pyruvate (1 mM), HEPES (20 mM)
pH 7.4, 1% bovine serum albumin, 10% calf serum, and MEM essential and nonessential
amino acids (Sigma) [101]. For ROCK inhibition studies, cells were treated with Y27632
(Calbiochem) for 1 hr at 10 uM. For MLCK inhibition studies, cells were treated with ML7

(Sigma) for 30 min at 67 puM.
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7.2.2 Laser nanosurgery and photobleaching

For measurements of retraction dynamics of stress fibers, we used a previously
described custom-built femtosecond laser nanosurgery system, Chapter 4 [12,100]. Briefly,
a passively mode-locked oscillator delivers 100-fs laser pulses at a repetition rate of 80 MHz
and a central wavelength of 790 nm. These pulses are amplified in a chirped-pulse system to
energies of up to 1 mJ at a reduced repetition rate of 1 kHz and then attenuated to energies
known to produce subcellular material ablation at sub-300 nm precision (1-2 nJ). The laser
light is then focused onto the intracellular target with a 63x, 1.4-NA oil immersion objective
lens (Zeiss Plan-Apochromat) that is also used for real-time imaging. The sample is epi-
illuminated with light from a UV lamp that passes through the appropriate filter cube;
fluorescence emission is collected through the objective lens and recorded by a camera
(Photometrics CoolSNAPcf). Images were collected using IPLab (Scanalytics).

For studies in which the femtosecond laser nanosurgery was combined with either
photobleaching or traction force microscopy, we used a Zeiss upright laser scanning confocal
microscope (LSM 510 Meta/NLO) equipped with a 63x, 0.9-NA water-dipping objective
optimized for infrared imaging (Zeiss IR-Achroplan). To visualize YFP-actin and Texas
red-labeled microspheres, we scanned the sample with the 488 nm laser line attenuated to
10% maximum transmission. Both YFP and Texas red emission were collected through
the objective lens and then separated using primary and secondary dichroic beam splitters.
Bandpass filters appropriate for either Texas Red or YFP emission fluorescence positioned
in front of separate photomultiplier tubes enabled simultaneous red and green imaging.
Single stress fiber was disrupted by focusing energy from a pulsed Ti:Sapphire laser at 100%
transmission (Chameleon, Coherent) over a 0.5 ym? area within the body of the stress fiber
for 15 iterations (approximately 170 us) through the objective lens at a wavelength of 740

nm, nominal laser-head power of 1.5 W, pulse duration of 140 fs, and repetition rate of
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90 MHz. For photobleaching, fluorescent structures were irradiated with a 488 nm laser
for 150 iterations at 100% transmission. Images were collected using the Zeiss LSM 510
software (version 3.2). All experiments on both microscopes were performed at 37° C using
a temperature-controlled stage. In both cases, the objective lens of the microscope was
focused onto the plane adjacent to the base of the cell to ensure interrogation of basal stress

fibers.

7.2.3 Traction force microscopy

Fibronectin-coated polyacrylamide substrates for traction force microscopy (Youngs
modulus of 3.75 kPa) were prepared on glass coverslips, as previously described [62,102].
Texas red-labeled microspheres (0.5 pum diameter, Molecular Probes, Eugene, OR) were
suspended in the polyacrylamide before gel formation and used as fiduciary markers. Maps
of substrate displacement (strain) and traction relaxation associated with single stress fibers
were computed from bead positions before and after stress fiber incision using Fourier trans-
form traction cytometry [103]. To measure tractional force returned to the ECM substrate
by the cell (i.e., traction relaxed), we used the positions of the fiduciary markers before
laser incision as the baseline state, rather than the positions of the beads in the unstressed
(cell-free) gel. Cells were cultured and imaged on these substrates under the conditions
described above. Changes in cell shape induced by laser severing of individual stress fibers
were measured by using computerized image analysis (Zeiss LSM 5 Image Browser) to quan-
tify alterations in the longest cell diameter oriented parallel to the severed fiber. In all cases,
these length measurements were made at the focal plane of stress fiber incision, near the
cell-ECM interface. The contrast of fluorescent images of cells expressing YFP-actin was
digitally enhanced to visualize the thinnest portions of the cytoplasm, and thereby opti-

mally define the cell periphery in these studies. The Students t-test was used to determine
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statistical significance between changes in cell length induced by stress fiber cutting in cells

cultured on rigid versus compliant ECMs.

7.3 Results

7.3.1 Disruption of individual actin stress fibers in living cells

Figure 7.2: Severing and retraction of single stress fibers in living endothelial cell expressing
YFP-actin

We used femtosecond nanosurgery to directly probe the mechanical properties of
stress fibers in adherent, living endothelial cells that express YFP-actin [101]. The YFP-

transfected cells generated stress fibers much like endogenous actin in these cells. These cells
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also attach, spread, move and proliferate normally. The laser pulses are focused through
the bottom of the glass cover slip onto to the stress fiber. Figure 7.2 is a series of four time
lapse fluorescence images, where the first image is of the cell before the laser pulses are
applied and the following show the cell 1 s, 5 s and 10 s after laser irradiation. The actin
network is the only fluorescently labeled structure in the cell and only it is visible in these
images. The fibers are spread out across the base of the cell, and their ends are anchored
to the glass dish through the focal adhesion. The arrow in the first image indicated the
stress fiber where the laser pulses are targeted. After laser irradiation, severed ends pull
away from the incision cite as a result of the release of the isometric tension in the stress
fiber. They also pull directly away along the original line of the fiber, which is consistent
with the model that the tension is borne at the end points of attachment of the fiber. The
newly severed ends also fray or widen, shown in the inset in Figure 7.2, as expected of a
suddenly unloaded elastic element [104].

To ascertain the precision of the femtosecond laser nanosurgery, we focused the
laser pulses onto fibers that were in close proximity to other stress fibers. Figure 7.3a and b
shows two different cells before and after nanosurgery. Arrows indicate the irradiated stress
fibers in the images on the left, before the laser pulses were applied. The images on the right
reveal that only the targeted fibers were severed, while the neighboring fibers, distance less
than 1 um away remained undisrupted. This is once more a confirmation of the precision of
the laser femtosecond nanosurgery technique and an indication of its minimally disruptive
nature.

The interaction area of the laser beam with the actin fiber can often be smaller than
the width of the fiber, as in Chapter 5, we showed that the minimum incision width can be
as small as 250 nm. Therefore, it is possible to puncture a whole in the stress fiber without

severing through the entire filament. Figure 7.4a is an illustration of such a scenario. The
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Figure 7.3: A fluorescence image of live endothelial cells transfected with YFP actin. a)
and b) show different scenarios where the actin filaments are in close proximity with each
other and only a single filament is cut.

figure again shows time lapse images which show the hole becoming progressively elongated
along the axis of the filament over the course of 10 s. This is a result of the rearrangement
of strain as the stress fiber attempts to accommodate the loss of tensile strength while
supporting the same load. Figure 7.4b is an image of the same cell about 5 minutes later.
The hole has greatly distended, though the two strings on either side still remain. We
severed through one of the two remaining strands which pulled away, albeit at a much
slower rate showing that it still retrained some elasticity though the tensile load was vastly

dissipated in this fiber.
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Figure 7.4: Strain relaxing in a single stress fiber after a 300-nm hole was punched in the
fiber. The hole became elliptical as it distended along the original fiber tension field line.
(Bar = 2 pm)

We needed to verify that the retraction that we are observing is due to the re-
laxation of mechanical forces rather than the rapid depolymerization of the filament. To
distinguish between the two possibilities, we severed a fiber near a branching point. Figure
7.5b illustrates that if the filament were to disassemble due to depolymerization at the bifur-
cation point, then both branches will become unraveled. The image sequence in Figure 7.5a
show that there is a relaxation rather than a disassembling at the incision point, leading us
to the conclusion that we are observing mechanical forces in action rather then substantial

actin depolymerization on the time scale of the experiment.
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Figure 7.5: Actin stress fibers retract rather than dissolve. Schematic shows predicted
observations in the case of stress fiber retraction versus disassembly in response to laser
incision. In the case of actin depolymerization (top), both severed ends of the bundle
should disassemble, including the branch point. In the case of passive elastic retraction
(bottom), the branched portion of the bifurcation will remain whole after irradiation and
physically retract as an intact structure.The time lapse fluorescence images confirm this
prediction.
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Figure 7.6: Stress retraction monitored by the motion of a photobleached spot. (Scale bar
= 2 pm)

Additional evidence that femtosecond nanosurgery results in a physical retraction
of the fiber, rather than wholesale disassembly came from an experiment were we combined
laser photobleaching with nanosurgery. Photobleaching does not sever a stress fiber, instead
it destroys the fluorescence in the structure, which in our case can be used as a marker to
track the movement of the structure. We photobleached a stop along the fiber by using low
laser power and longer irradiation time. We are sure that the fiber was not cut, because
we did not observe the retraction we observe in the severed fibers. Then we focused the
laser a few micrometers further down the same fiber and turned up the laser power to the
nanosurgery regime. Figure 7.6 shows that as the fiber is cut both the severed ends and the
photobleached marker move away from the cutting cite. The dashed lines over the image
serve as guides to track the motion of the marker. This result clearly demonstrates that
the stress fiber physically retracts throughout its length when it is dissected; a disassembly

would result in shortening of the severed ends without translation of the photobleached
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zone.

7.3.2 Mechanical properties of stress fibers in living cells

Femtosecond nanosurgery allows us to visualize the dynamic retraction of a single
stress fiber and determine its viscoelastic properties in its natural, physiological environment
within the living cell. We can model the dynamics of the retracting fiber as that of a
viscoelastic rope. The length of the gap between the severed ends grows at a rate described
by a time constant and it asymptotically approaches the resting (unstressed) severed ends.
Figure 7.7a is a plot of the distance a single end moves from the cutting cite at every time
point. The solid line is a fit, based on the predicted retraction of a viscoleastic cable, which
can be represented as a spring and a dashpot in parallel, in essence modeling the stress

relaxation of the biopolymer, Figure 7.7b:

L=Ly(1—e"+D,) (7.1)

In this model [105,106], L is the distance reacted (one-half of the distance between the two
ends), L, os the asymptotic value of that distance, ¢ is the time after laser incision, 7 is
the characteristic time constant o the material equal to the ratio of the material damping
coefficient to its Young’s modulus, and D, is the length of stress fiber vaporized and de-
stroyed upon laser irradiation [100]. The damping coefficient arises from a combination of
the intrinsic viscoelasticity of the stress fiber and that of the surrounding medium.

An important feature of this simple model is that it L, and 7 do not depend
directly on the fiber width. Our experimental observation support this prediction, that
there is no clear correlation between either these parameters on the fiber width for fibers
between 0.2 pm and 0.8 pm, Figure 7.7d and d. At widths greater than 0.8 pym, 7 increases

significantly (p<0.001), suggesting that the fiber width might affect the elasticity and/or
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Figure 7.7: Modeling of stress fiber retraction. (a) Fiber retraction, defined as half the
distance between the severed ends, (b) physical model for viscoelastic properties of the

fiber, (c) dependence of tau and (d) L, on fiber width. The data in (c) and (d) were
obtained by severing a stress fiber in each of 13 cells.

viscosity.
Interestingly, material loss from the stress fiber could also conceivably follow first-

order unbinding kinetics and therefore explain the observed retraction data. Indeed, even
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though each stress fiber normally bears significant tensional loads and therefore functions
as a static cable, the individual actin-based subunits contained within the intact filaments
continuously turn over. To visualize this in our system, we conducted fluorescence recovery
after photobleaching (FRAP) measurements on these stress fibers and found that the half-
time for fluorescence recovery for actin was =~ 5 min. This timescale of molecular turnover
matches that found in previous FRAP studies of actin in stress fibers in fibroblasts [107].
Most importantly, it did not change significantly after the fiber was severed and tension was
dissipated, showing that stress fiber tension does not significantly alter actin subunit bind-
ing kinetics under these experimental conditions. This finding, together with the branch
retraction and photobleaching studies, make it exceedingly unlikely that the observed stress

fiber retraction is due to actin depolymerization.

7.3.3 Tensional prestress in fiber bundles

Actin stress fibers can actively generate contractile forces through the action of
myosin motors, however this functionality has never been demonstrated directly in non-
muscles (actively contractile) cells. The contraction is triggered by the phosphorylation of
myosin light chain (MLC) by the MLC kinase and the Rho-associated kinase, ROCK. In
order to experimentally probe stress fiber contractility, we inhibited MLC phosphorylation,
which is required for myosin motor activity, with two pharmacological agents that work by
different mechanisms. The retraction dynamics for untreated cells and cells treated with the
two different inhibitors are shown in Figure 7.8. First, we used the ROCK inhibitor Y27632
[108] at a dose of 10 pum, that has been shown to optimally dissipate cytoskeletal tension and
maximally inhibit a wide variety of tension-dependent behaviors in cultured cells, including
endothelial cells [109-111]. As expected the inhibition of active tension resulted in a slower

rate and shorter total distance of retraction in fibers severed in the treated cells, measured
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over a period of 15 s. This result agrees with previous observations that stress fibers
treated with Mg-ATP similarly contract with smaller amplitude and velocity in the presence
of MLCK inhibitors in vitro [83]. However, Y27632 inhibits only one of many signaling
pathways responsible for ML.C phosphorylation and tension generation, therefore we observe

some remaining tension in the stress fibers of the treated cells.
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Figure 7.8: Contributions of active contraction versus passive prestress to stress fiber me-
chanics. Stress fiber bundles were incised in untreated control cells (squares, N=13), cells
treated with the ROCK inhibitor Y27632 (10 mM) for 1 h (triangles, N=19), and cells
treated with the MLCK inhibitor ML7 (67 mM) for 30 min (circles, N=16). Error bars
represent mean +/- SE; solid lines are only visual guides. In all cases, one to two stress
fibers were severed per cell in multiple cells. [19]

The second inhibitor that we treated the cells with, ML7, directly inhibits stress
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fiber contraction [112]. After severing the stress fiber with the laser we were able to measure
little, to no retractions. The value of the distance between the two severed ends was less
than 0.5 pm, as show in Figure 7.8, which is mostly accounted for by the section of fiber
vaporized by the laser beam. Presumably, any additional retraction is due to a small
amount of MLCK-independent motor activity or passive relaxation of the stretched stress
fiber. Taken together, these data strongly suggest that stress fiber elasticity in untreated
cells is primarily due to MLCK-dependent myosin contraction and the stress fibers are

tensionally prestressed in a predominantly active fashion within living cells.

7.3.4 Contribution of single stress fiber to cell-substrate traction

When cells are adherent onto a surface the tension borne by the stress fibers is
balanced by the traction exerted by the cell onto the substrate to established a mechanical
force balance. In the studies presented so far of cells attached to rigid glass substrate, the
incision of a single stress fiber failed to produce any substrate deflection, cell shape change
or rearrangement of the rest of the actin network. Even when several large, parallel stress
fibers were severed the cell remained remarkably stable. Any transfer of force between the
stress fiber and the substrate may be hidden by the rigidity of the substrate, which can
bear forces much larger than those borne by a single cell. This is important because the
ECM in living tissue is much more compliant than glass and in order to mimic the natural
environment cells should be cultured on softer, flexible substrates [89,113,114]. To measure
the mechanical contribution of a single stress fiber on the traction exerted by the cell on
the substrate, we plated cultured cells on fibronectin-coated polyacrylamide gels containing
500 nm large fluorescent beads imbedded in the gel. Figure 7.9 shows a schematic of a cell
plated on such a substrate. We performed traction force microscopy by tracing the motion

of the beads [103,115,116] in response to the tension relaxation after severing a stress fiber
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in the cell. We then calculated the force released by the cell and transfered to the substrate
from the measured bead displacement and the known Young’s modulus of the substrate

(3.75 kPa) as described in [102,103].

'\Ax .
a b

Figure 7.9: Schematic diagram of a cell plated on a flexible substrate with fluorescent beads
embedded in it. As an actin filament is severed the tension relaxes and the beads in the
substrate are deflected.

We took the preliminary data of for this experiment, showing that the disruption
of a single stress fiber on a polyacrylamide gel leads to sufficient substrate deflection, which
can be tracked and measured, on the custom built fluorescence microscope, described in
Chapter 4. In order to visualize the stress fibers and bead independently, the stress fibers
were expressing YFP-actin and the beads were labeled with rhodamine. This requires
imaging in two different channels and also a translation in the z-direction, which allows to
capture a sharp image of the beads in the substrate before cutting the stress fiber, then
translating to the plane of the stress fibers to cut them, and then imaging the plane of

the beads to measure the displacement after the fiber incision. This required not only very
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precise z-translation, but also simultaneous imaging of two different fluorescent channels.
With the custom built fluorescence microscope this required us to manually change the
filter cube twice in the course of the experiment, prolonging the duration of the experiment,
which lead to increase in the focus drift over time. We observed displacement of the beads
after cutting a stress fiber. The beads were displaced in region where the stress fiber was
anchored to the ECM through the focal adhesion, which often was many micrometers away
from the cutting cite. The beads also were displaced in opposite direction at either end of
the stress fiber, confirming the idea that the adherent cell generated tension that was borne
by the stress fiber.

To improve on the image acquisition and be able to treat more cells consistently
we performed the rest of the experiments on the commercial Zeiss confocal and multiphoton
microscope at the Harvard Medical School. That allowed us to acquire real time multichan-
nel imaging and finer z-resolution through the confocal microscope. A sample of the data
and the analysis acquired with this system is presented in Figure 7.10 [19]. In part (A) is
shown a confocal z-stach image of the the fluorescently labeled cell and the beads bellow it
before and after the laser nanosurgery. Figure 7.10 B shows the displacement of the beads
and (C) is the generated traction in response to the stiffness of the substrate. The maps of
the substrate displacement and traction associated with a single stress fiber were computer
from change in bead position before and after stress fiber incision.

Similar analysis of multiple cells revealed that laser ablation of a single stress fiber
and associated disruption of the cellular force balance resulted in rapid, increase in the force
transferred to the ECM that reached a plateau value of ~ 179.5 Pa within 30-40 s, Figure
7.11. Because bead displacements were measured relative to the initial bead positions (i.e.,
when cells had already been allowed to spread and tensionally prestress the flexible ECM)

and we do not know the strain distribution of the unstressed gel, we cannot determine the
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Figure 7.10: Contribution of a single stress fiber to cell traction forces and ECM displace-
ment. (A) Confocal images of the actrin stress fiber and the fluorescent beads (Arrowhead
indicates the point of laser ablation; Bar = 20 pm). (B) Changes in bead displacement and
ECM strain distribution. (C) Changes in cell traction as transfered to the ECM. [19]

total prestress borne by these cells. However, when we cultured endothelial cells on similar
polyacrylamide gels and measured bead positions before and after the cells were chemically
detached from their adhesions, the average whole-cell traction was determined to be 307
+/— 55 Pa, a value similar to that exhibited by the same cells in a past study [60]. Thus,
the incision of one stress fiber dissipated a significant portion (>50%) of the total prestress
within these cells within 30 s after cutting, when attached to a flexible ECM substrate.
This shift of forces from the actin cytoskeleton to the flexible prestressed ECM also
resulted in largescale structural rearrangements in the remaining actin cytoskeleton as well

as global changes of cell shape. A comparison of fluorescence images of cells before and after
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Figure 7.11: Effect of cutting a single stress fiber on force transfer to the ECM and associated
changes in cell shape. (A) Graph showing changes of cell traction forces relaxed into the
ECM substrate measured over time after laser ablation of a single stress fiber using traction
force microscopy (N=5; data are presented as mean +/- SE). (B) Quantification of the
effect of stress fiber incision on the global shape of cells adherent to flexible versus rigid
ECM substrates [19].

laser ablation clearly demonstrates that although cutting a single stress fiber produced only
local fiber retraction of that fiber at the point of laser cutting and no changes in cell form
in cells on rigid dishes (Figures 7.11b and 7.12a), similar ablation of a stress fiber in cells on
flexible substrates resulted in both this local effect and global rearrangements of multiple
other stress fibers distributed throughout the whole length of the cell (Figure 7.12b). Again
the largest outward displacements occurred along the main axis of the cut fiber (Figure
7.12b), and this corresponded to regions of the underlying ECM that exhibited the greatest
lateral displacements (Figure 7.12c¢) and relaxation forces Figure 7.12d. Even when most
stress fibers were oriented in parallel to the one cut by the laser (as shown in Figure 7.10,
the remaining fibers located throughout the cytoplasm extended and thinned as the released
tension was shifted from the cut fiber to these remaining cytoskeletal elements and their
linked ECM adhesions. By measuring the maximum length of the cell at the focal plane

of laser ablation and along the axis of the severed stress fiber, we were able to quantify
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cell shape before and after stress fiber incision. This morphometric analysis revealed that
the nanometer-sized incision of a single stress fiber resulted in nearly a 6% increase in cell
length on flexible substrates, whereas there was no significant change in length in cells on
rigid glass substrates, Figure 7.11b. Thus, alterations in the cellular force balance due to
dissipation of tensile prestress within a single stress fiber located close to the basal surface
of the cell resulted in structural rearrangements and changes in form throughout the entire
cytoskeleton, as well as within its underlying ECM. These results confirm that the ECM
is a physical extension of the cell and cytoskeleton, and that cell shape stability requires
maintenance of isometric tension within the entire cytoskeleton, not just in stress fibers at

the cell base [75].

7.4 Discussion

We used a femtosecond laser nanosurgery to sever individual stress fibers in living
cells, quantified their retraction, probed biochemical contributions to their elasticity, and
examined their contributions to the overall shape of cells cultured on rigid versus compliant
ECM substrates. These data demonstrate that stress fiber bundles behave as viscoelastic
cables, a concept that has been widely assumed but never directly experimentally demon-
strated in living cells. Similar systems that utilized ultrashort lasers pulses have been pre-
viously used to sever microtubules [117], mitotic spindles [118,119], mitochondria [12,49],
and chloroplasts [120] in living cells. In particular, stress fiber bundles have been irradi-
ated and severed with picosecond lasers in the past [52,53], but with insufficient spatial or
temporal resolution to quantify retraction dynamics, or the transfer of strain to the ECM.
By carefully tracking the retraction of severed stress fibers while manipulating intracellular

tension and ECM compliance, we were able to characterize the mechanical properties of
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Figure 7.12: Caption [19]

individual stress fibers and define their contribution to the shape stability system of the
entire cell with unprecedented precision.

The fact that we observed this behavior in living cells is critical, because previ-
ous in vitro work with single actin filaments [121-124], reconstituted actin gels [125], and

isolated myofibrils [126,127] has produced equivocal descriptions of stress fiber mechanics.
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For example, stress fibers have been widely described as either tensile [128], elastic [129],
or viscoelastic [130]. Our work represents the first unequivocal demonstration that stress
fiber bundles retract viscoelastically within the complex living cytoplasm. These findings
also confirm that individual stress fibers are tensed almost entirely by actomyosin motors,
as evidenced by the complete abrogation of stress fiber retraction when MLCK is inhibited.
The dose of Y27632 used in this study has been shown to profoundly (and optimally) al-
ter cell shape and cytoskeletal morphology [109], whole cell prestress [111], cell migration
speed [110], and focal adhesion size and turnover [131] in multiple cell types, including
endothelial cells [131]. Thus, the reported here is probably not due to a failure of the cells
to optimally respond to the treatment. Instead, the differential effects of Y27632 (ROCK
inhibitor) and ML7 (MLCK inhibitor) on stress fiber retraction likely reflect the differ-
ent mechanisms through which stress fiber myosin activity is regulated. MLCK facilitates
myosin activity — and therefore stress fiber contractility — by phosphorylating MLC, whereas
ROCK accomplishes this primarily by inhibiting MLC phosphatase, although it also may
phosphorylate MLC directly [132-134]. The factors that determine the relative contribu-
tions of these two pathways to myosin activity are poorly understood, and it has recently
been proposed that these pathways are spatially regulated as well (i.e., the contractility of
fibers at different locations in the same cell may be under the influence of either MLCK
or ROCK; [135,136]. Rho has also recently been implicated in directing the orientation
of stress fibers in response to ECM stretch [137]. Our finding that ML7 inhibits stress
fiber retraction much more completely than Y27632 suggests that for the subset of stress
fibers considered here, prestress is chiefly determined by MLCK, not ROCK. The myosin-
dependence of stress fiber retraction implies that the prestress borne by these structures
is due much more to active tension generation by myosin than to simple passive distortion

(stretch) between points of attachment to the ECM (i.e., focal adhesions), at least in cells
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cultured on rigid glass dishes. In other words, prestress is actively generated internally by
actomyosin filament sliding within the stress fiber.

Recently, elasticity measurements have been reported for stress fibers isolated from
smooth muscle cells [84]. Here, stress fibers shortened; 15% within 1 s of being mechanically
dislodged from rigid ECM substrates, thereby leading to the conclusion that stress fibers in
these cells are passively strained; 20% of their unstressed length. These measurements are
complicated, however, because they were carried out after cell lysis, chemical digestion of
the surrounding cytoskeleton, and mechanical disruption of focal adhesions. In a living cell,
these supporting elements would all serve to brace a retracting stress fiber after incision,
and our failure to observe substantial passive retraction in living cells reinforces the notion
that stress fibers are intimately connected to surrounding structural networks, both inside
and outside of the cell. Our findings therefore provide additional evidence for the need to
carry out micromechanical analysis of cytoskeletal elements in the physical context of living
cells.

Although stress fibers behave as viscoelastic cables for a large range of fiber widths,
the thickest stress fibers deviate from this behavior and retract with greater effective drag.
These larger fibers may either represent a distinct population of structures with unique load-
bearing or contractile properties, or they may have more connections with the surrounding
cytoskeleton due to their flat band-like geometry. The latter possibility is supported by elec-
tron microscopy studies which reveal that stress fiber bundles are physically connected to
cortical and subcortical actin networks, intermediate filaments, and microtubules [138,139].
The larger the stress fiber, the greater the surface area presented to the surrounding cy-
toskeletal lattice, and hence the more extensive the lateral connections. Similarly, variations
of stress fiber location (peripheral versus central) and connectivity (anchored at one end

versus both ends) may also give rise to differences in measured elasticity. The experimental
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approaches described here should help to clarify these regional variations in the future.

The finding that the retraction data are so well described by a viscoelastic cable
model is intriguing given recent structural insights into the mechanics of stress fiber con-
traction. Specifically, when cells containing stress fibers labeled with GFP-tagged MLC
and a-actinin were treated with contractile agonists, many stress fibers did not appear to
contract uniformly along their lengths; instead, myosin activity preferentially concentrated
at the stress fiber ends, causing the stress fibers to contract at their peripheries and stretch
at their center [140]. This would predict either higher contractility or rigidity at the fiber
ends compared to its center, and hence that there are significant local variations in its vis-
coelastic properties. However, we carried out all of our studies in the central region of the
cell, far from the distal ends of stress fibers near where they insert into focal adhesions that
contain a high density of actin-binding proteins. Thus, our data describe the mechanical
behavior of the central portion of the stress fiber, which apparently behaves like a viscoelas-
tic cable that is mechanically homogeneous along its length. Severing stress fibers tagged
with internal structural labels at different distances from the focal adhesion along its length
should help to clarify these more subtle mechanical responses in the future.

Compromise of a single submicrometer-wide stress fiber located close to the basal
cell membrane produces large-scale architectural rearrangements throughout the entire cy-
toskeleton, changes in overall cell shape, and mechanical restructuring of the ECM when
cells are cultured on flexible substrates. This is consistent with the finding that mechanical
stresses can be transmitted from the cell apex to the basal membrane of the cell, as well as
from the surface membrane to the nucleus, through linked integrins, microfilaments, micro-
tubules, and intermediate filaments that collectively form a single cytoskeletal-integrin-ECM
lattice [101,141-143]. Our work also confirms that cell shape stability requires that this

entire cytoskeletal lattice be maintained in a state of isometric tension that, in turn, results
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from a balance between cytoskeletal tensional forces and the mechanical compliance of the
ECM [75,141,144].

We do not observe large-scale changes in cell and cytoskeletal form when stress
fibers are severed in cells adherent to a rigid ECM. Here, cellular remodeling is kept to a
minimum, because the rigid ECM is stiff enough to bear the forces transferred from the
cut stress fiber without distending or compromising the overall cellular force balance. The
fact that actin bundles less than a micrometer away do not remodel or change their ar-
rangement after irradiation, even on the time scale of minutes, effectively rules out any
nonspecific, irradiation-induced change in cellular biochemistry (e.g., local release of cal-
cium) or increase in temperature that might produce local cell contraction. In contrast,
when cells are cultured on a more compliant ECM substrate that is already prestressed due
to the contractile activity of the adherent cells, disruption of a single stress fiber results in
large-scale retraction of the ECM, much like cutting part way through a rope in the midst
of a game of tug-of-war would cause the opposing teams to pull away from each other. The
retracting ECM pulls the cell adhesions and linked cytoskeleton apart and stretches the
entire cell outward until a new force balance is established.

In mechanical terms, the compliance of the ECM controls the degree to which
disruption of one stress fiber bundle will influence cell shape in at least two ways. First,
a rigid substrate deforms less than a flexible substrate upon absorbing a given amount
of traction. Thus, disruption of a stress fiber in a cell cultured on a rigid substrate is
expected to produce a smaller change in the strain distribution (distortion) of the substrate
compared to a flexible substrate. Cells also actively sense and adapt to the rigidity of the
ECM [102,113,145], and greater ECM rigidity increases contractility [102], bolsters focal
adhesion size and density [146], and permits greater cell spreading and migration speed [110],

implying that focal adhesions in these cells are collectively capable of bearing greater loads.
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The ECM rigidity-dependence of the stress fiber contributions to cell shape takes
on particular physiological significance when one considers that in living tissues, cells ad-
here to compliant ECMs and fibrin gels (e.g., during wound healing) whose mechanical
properties much more closely resemble a soft gel (Youngs moduli; 11000 Pa) than a rigid
glass surface [89,113,114]. Local changes in ECM compliance may therefore provide an im-
portant mechanism for effecting rapid changes in cell shape and cytoskeletal structure that
may in turn provide a directional cue for migration. This notion is supported by the strong
dependence of many cell behaviors on ECM rigidity [110,113,146], and the observation that
cell migration may be guided purely by gradients in substrate stiffness, independent of type
or density of ECM proteins [130]. This force balance manifests itself at the organ/ tissue
level as well; local changes in cell growth patterns and tissue development can be influ-
enced during embryogenesis by altering the level of cytoskeletal tension within the growing
cells that, in turn, alters ECM structure [147]. Indeed, during the development of a wide
variety of connective tissues, stress fibers increase in prominence during periods of cellular
elongation, permitting an oriented deposition of ECM proteins that establishes a scaffold
for the architecture of the mature tissue [148]. Moreover, in certain tumors, ECM rigidity
directly regulates integrin clustering, Rho activity, focal adhesion morphology, stress fiber
formation, and ultimately malignant transformation; this provides a subcellular explanation
for the clinical correlation between high gross tumor stiffness and poor prognosis [114].

Taken together, these data confirm that isometric tension in the cytoskeleton gov-
erns cell shape stability, and that this cellular force balance results from both active acto-
myosinbased tension generation and passive contributions from the cells ECM adhesions, as
predicted by the tensegrity model of cell mechanics [75]. Individual stress fibers located pri-
marily at the cell base therefore stabilize the shape of the whole cell by generating contractile

forces and exerting them on their ECM adhesions, and by balancing forces throughout the
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cell and ECM so as to prestress the entire interconnected cytoskeleton. The use of the
femtosecond laser nanosurgery together with traction force microscopy and photobleaching
methods to probe the local viscoelastic properties of the cytoskeletal fibers offers a new tool

for spatially-resolved mechanical mapping in living cells.



Chapter 8

Conclusion and Outlook

This dissertation offers a deeper understanding in the application of femtosecond
laser pulses for subcellular nanosurgery. The number of commercially available, turn key
femtosecond laser systems is growing and so is the number of research groups with access
to these systems. In order to utilize the full potential that femtosecond lasers have to offer,
we need a detailed understanding of the interaction mechanism of short laser pulses with
biological materials. Here, we have unveiled some of the important differences in the laser
parameters and their effect on subcellular disruption and raised new questions about the
nonlinear interaction mechanism. In this final chapter, we summarize the key results of this
thesis and offer some ideas for future investigation.

To carry out our experiments, we built a custom fluorescence microscope system
which has an important advantage over standard commercial microscopes: it is easy to
integrate a femtosecond laser beam in it. This allows us to disrupt and image a sample
simultaneously. We also built a multiphoton microscope which has the same simultaneous
imaging the disruption capability. The advantages of the multiphoton system is that is

has deeper penetration depth, higher resolution (especially in the z-direction), and reduced
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overall sample photobleaching. The limitation of our current system is in the number of
fluorescent dyes that we can two-phtoon excite with the stationary wavelength of the laser.
Newer, tunable lasers have since become available, which can overcome this limitation.
Both of these home-built microscope systems are used for femtosecond laser subcellular
disruption.

We found definitive proof of bulk ablation within single cells, by studying the
femtosecond laser irradiated area under a transmission electron microscope. Because the
interaction is highly nonlinear, it can be localized to an area smaller than the diffraction
limited focal spot. At energies near threshold we determined that the disrupted area is
as small as 250 nm in diameter. We also established that there is a small energy range,
near threshold, where it is possible to induce bleaching of fluorescent dyes without material
disruption. This is an important result, as one looks only at a fluorescence marker to deter-
mine material disruption. The 20% difference in photobleaching and disruption threshold
for kHz laser repetition rate should help circumvent this issue.

We studied the effect of the laser repetition rate on the threshold and extent of
subcellular disruption. Most initial research on subcellular disruption is done with kHz
systems. MHz repetition rate lasers, however, are becoming prevalent in biology, as they
are cheaper, easy to use, and readily available with a commercial multiphoton microscope.
It is not possible to carry over the pulse energy threshold established for kHz pulse trains
to MHz systems. The energy accumulation in the focal volume has to be accounted for and
the threshold for disruption depends critically both on pulse energy and exposure duration.
At low energies and short irradiation duration there is no disruption and at higher energies
and longer irradiation there can be significant damage to the cell.

We used femtosecond laser nanosurgery to probe tension in actin stress fibers in

living endothelial cells. By severing an individual stress fiber and visualizing its retraction
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we showed that actin carries prestress in adherent, non-contractile cells. We confirmed that
the retraction is due to mechanical tension and not fiber disassembly and depolimerization.
By plating the cells on softer, more compliant substrates we measured the deflection of the
substrate and extrapolated the force contribution of a stress filament on total amount of
force exerted by the cell. We found this contribution to be surprisingly large.

Determining directly the exact elastic properties of the stress fiber and the amount
of tension it bears is a hard task due to the many unknowns about the local environment.
The stress fiber is a composite structure, many of individual actin protein strands bundled
together through the binding of molecular motors. These fibers exist in a dense inter-
connected network which is intertwined with the rest of the cytoskeleton. Through some
more experiments it might be possible to get more detailed information about the mechan-
ical structure of the cell and the actin tension. We can also examine the actin tension in
different cell types, for example some cancer cells have been known to overexpress actin.

One of the challenges in directly comparing the data from actin filaments in dif-
ferent cells, is that the cells have different number of stress fibers in a different geometrical
distribution. It is possible to constrain cell shape to a fixed geometry, such as a square.
Then the actin filaments have set lengths and quite uniform distribution. By varying the
size of the cells and thus the length and thickness of the filament we should be able to see
what the dependence of retraction is on these parameters.

In the tensegrity model of cell mechanics, the actin stress fibers and the micro-
tubules have the opposing roles of tension and compression. While it is not possible to
visualize local compression of microtubules, due to their fast polymerization, we might be
able to see the link between these two networks. We can visualize both actin and micro-
tubules by appropriately transfecting the cell. Then we can disrupt a single actin filament

and measure both its retraction and the deformation in the local microtubule network that
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it induced. Varying the tension in the actin by introducing drugs or altering the substrate
stiffness, should produce a respecitive difference in the microtubule deflection.

Lastly, the ultimate goal would be to study cell mechanics in a more natural, three-
dimensional environment. To this end, we suggest that cells are transfected with fluorescent
labels and cultivated in a collagen gel. The stiffness of the collagen matrix is much closer to
an n vivo situation than a glass slide. We can the measure the strength of the mechanical
connection between the actin network and the collagen gel. We can both disrupt a stress
fibers and visualize resulting deformation of the collagen gel or disrupt the collagen and
look for rearrangement in the actin. To this end, multiphoton microscopy will be necessary,
as we can image the collagen through second-harmonic generation and the actin through
two-photon imaging.

This is just a sample of the future research in cell mechanics possible through
femtosecond laser nanosurgery. There are many more problems in cell biology which would
benefit from the spatial specificity of this technique. Some of the possible upgrades that
would increase the versatility of our system include the upgrade and expansion of the
imaging portion of the system. It would useful to be able to do two color imaging (for
example YFP fluorescence and collagen second-harmonic) simultaneously. Rather than
translating the sample to overlap the laser focus with a specific structure, it is possible to
integrate scanning mirrors and move the laser beam to the desired area of the sample. This
would also increase the processing speed and make multi target disruption possible.

On the physics side, more studies need to be done with high repetition rate lasers.
Understanding the transition from chemical bond-breaking to heating and vaporization
to plasma-induced ablation may prove to be crucial in minimizing cell damage. It may
be possible to image the undesirable stress than femtosecond laser nanosurgery inflicts

on the cell through changes in the calcium concentration and the reactive oxygen species
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generation. Also, certain regimes might be preferable to other for different application. For
example, permeability of the cell membrane has been shown for high repetition rates and
actin ablation for both high and low repetition rates. The optimal conditions for these
different applications might indeed be in the different regimes.

The study of the interaction of femtosecond laser pulses with biological material
with undoubtedly continue in the future. Some basic question about the interaction mech-
anism are still left unresolved. The growing number of applications femtosecond lasers in

biology will drive more research in this area.
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