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ABSTRACT

Femtosecond laser pulses in the near-infrared region have potential applications in nanosurgery in cell biology.
Femtosecond laser pulses can be used to selectively disrupt and dissect intracellular organelles in living cells. We report
on disruption of fluorescence-labeled nucleus and mitochondria in living HelLa cells using a femtosecond Ti:sapphire
laser oscillator with a repetition rate of 76 MHz. We examined the effectiveness of the restaining method in combination
with fluorescence recovery after photobleaching (FRAP) analysis to discern disruption or bleaching.
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1. INTRODUCTION

Near-infrared femtosecond lasers have recently attracted much attention in cell biology. Femtosecond lasers can be used
to image subcellular structures using multi-photon excitation microscopy [1] without compromising viability [2-5].
Femtosecond lasers operating in the near infrared region have attractive advantages compared with conventional
ultraviolet lasers, including high resolution, a background-free signal, low background scattering, deep penetration into
thick samples, and reduced photon-induced damage.

Intense femtosecond lasers can also be used to perform laser nanosurgery at higher energies. Femtosecond laser
surgery has become an important tool for disruption or dissection of organelles on a scale of hundreds of nanometers to
micrometers. Femtosecond laser surgery has been demonstrated by use of both low-repetition-rate amplified Ti:sapphire
laser systems and high-repetition-rate Ti:sapphire oscillators. Amplified systems can provide high pulse energy and
cause less thermal damage due to the low repetition rate. Several groups have recently reported femtosecond laser
surgery using regenerative amplifiers with pulse energies of a few nanojoules to a few tens of nanojoules, disruption of
mitochondria in living cells, dissection of actin fiber bundles, ablation of nuclei in fixed endothelial cells, ablation of
single microtubules in living cells, and dissection of axons [6-9].

In contrast, a femtosecond oscillator can contribute to the construction of integrated systems in combination with
nonlinear imaging, including multiphoton microscopy and higher harmonic generation microscopy, as well as laser
surgery. In particular, the use of a femtosecond oscillator enables laser surgery with low pulse energy in the sub-
nanojoule region. For these reasons, several researchers have adopted femtosecond laser oscillators for nanosurgery of
cells and cellular organelles [10-14]. Examples include knocking out single organelles in living cells, ablation in
Drosophila embryos to induce modulation of specific movements, and the combination of two-photon microscopy and
nanosurgery of fluorescent structures within yeast mitotic spindles [10-14].

In this paper, we report on the disruption of fluorescence-labeled nucleus and mitochondria in living HeLa cells by
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focusing femtosecond laser pulses produced by a Ti:sapphire laser oscillator. We present disruption of nucleus and
mitochondria in living HeLa cells using a femtosecond Ti:sapphire laser oscillator. We examined the effectiveness of
the restaining method in combination with fluorescence recovery after photobleaching (FRAP) analysis to discern
disruption or bleaching.

2. EXPERIMENTAL SETUP

Figure 1 shows a schematic diagram of the setup used for the disruption of fluorescence-labeled organelles in living
cells using a femtosecond laser oscillator [15]. The laser scanning microscope was adapted from an Olympus FV300
scanning unit combined with an Olympus IX71 inverted microscope. A collimated CW laser beam of a He-Ne laser
(wavelength 543 nm) or an Ar-ion laser (wavelength 488 nm) was reflected by dichroic mirrors DM1 and DM2 and then
focused into the cells through an oil-immersion objective lens (OB; Olympus Corporation, PlanApo60xQil, NA 1.4).
The back-propagated one-photon fluorescence was collected using the same objective lens and detected with
photomultiplier tubes (PMT1 and PMT2; Hamamatsu Photonics, R928P). Bandpass filters BP1 (transmission
wavelength: 510 nm - 540 nm) and BP2 (transmission wavelength: 560 nm - 600 nm) were placed before PMT1 and
PMT2. Two-dimensional confocal cross-sectional images were obtained by scanning the focused laser beams in the xy
plane with a pair of high-speed galvanometer mirrors (GM; Cambridge, 6210) inside the laser-scanning microscope.
Scanning in the depth direction (z direction) was achieved by moving the objective lens with a stepping motor to obtain
three-dimensional confocal images.

Irradiation with femtosecond laser pulses was performed using a mode-locked Ti:sapphire laser oscillator with a
wavelength of 800 nm and a repetition rate of 76 MHz (Coherent, Mira). The laser pulses passed through a Faraday
isolator (FI) to block reflections from the optical components. The laser pulses then passed through a series of SF10
prisms (P1, P2) to compensate for the dispersion of the optical components in the light path and the microscope. To fill
the aperture of the objective lens (OB), the beam was reduced to 2 mm in diameter with a pair of lenses (L1, L2), and it
was then directed onto a pair of GM via DM1 and DM2. Femtosecond laser pulses were focused into the cells through
the oil-immersion objective.

HelLa cell Confocal laser-scanning
+z microscope

PMT1

== BP1
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Figure 1: Schematic diagram of the experimental setup. FI, Faraday isolator; P, SF10 prism; M mirror; L, lens; ND,
neutral density filter; DM, dichroic mirror; OB, objective lens; GM, pair of galvanometer mirrors; PMT, photomultiplier
tube.
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2. DISRUPTION OF NUCLEUS

We examined the effectiveness of the restaining method in combination with fluorescence recovery after
photobleaching (FRAP) analysis to discern disruption or bleaching.. Here, we used the enhanced green fluorescent
protein (EGFP) labeled nucleus [15]. Figure 2 shows FRAP analysis of the EGFP labeled nucleus at different energies.
An EGFP labeled nuclear region of 1.5x1.5 um? in a living HeLa cell was irradiated while varying the femtosecond
laser energy (0.21, 0.26, and 0.39 nJ/pulse) at a wavelength of 925 nm. An exposure time was 1.1 s for scanning the
nuclear region of 1.5x1.5 pm?”. Time-lapse images of the nucleus were acquired by excitation with the Ar" laser before
and after femtosecond laser irradiation. At the energies of 0.21 and 0.26 nJ/pulse, the fluorophore was bleached, and
subsequent recovery of fluorescence in the bleached region occurred due to inward diffusion of unbleached fluorophore
molecules. Figure 3 shows relative fluorescence intensity of the bleached area after femtosecond laser irradiation. The
time required for 50% recovery of fluorescence was 20 s at the energies of 0.21 and 0.26 nJ/pulse. Figures 2 and 3 show
that at the energy of 0.39 nJ/pulse, fluorescence recovery was not observed where fluorescence in the focal region
disappeared.
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Figure 2: FRAP analysis of the enhanced green fluorescent protein (EGFP) labeled nucleus at different energies.

0.8

0.6

FlFy

04

0.2

Figure 3: Relative fluorescence intensity of the bleached area.
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After femtosecond laser irradiation, we restained the same cell with a blue fluorophore (Hoechest 33342). Because
nuclei normally became suitably stained 40 min after the addition of Hoechest 33342, we obtained fluorescence images
after 45 minutes. Figure 4(a) and (b) show fluorescence images of the nuclei labeled with EGFP and that stained with
Hoechest 33342 in the restaining experiments. When the bleaching occurred, fluorescence was also observed from both
EGFP and Hoechest 33342. When disruption of the nucleus occurred, no fluorescence was observed from EGFP or
Hoechest 33342 in the laser-irradiated region. These results demonstrate that observation of fluorescence recovery is an
indicator of the disruption of organelles in living cells.

Hoechest 33342

(@) (b)

Figure 4: Restaining experiments. (a) Fluorescence image of EGFP. (b) Fluorescence image of Hoechest 33342.

4. DISRUPTION OF MITOCHONDRIA

We show the disruption of individual mitochondria in living HeLa cells using the femtosecond laser oscillator system
described above [15]. The cells expressed the enhanced yellow fluorescent protein (EYFP) in the mitochondria. The
cells were transfected with an EYFP fused with a mitochodria-targeted sequence of cytochrome C oxidase. Stacked
three-dimensional confocal images of cells were observed by excitation with the Ar” laser, as shown in Fig. 5(a). To
produce a stacked 3D image, nine confocal cross-sectional images were obtained by translating the objective lens by 2
pm in the depth (z) direction in steps of 250 nm. A train of femtosecond laser pulses with an energy of 0.39 nJ/pulse
was focused at a spot and the shutter was open for an exposure time of 32 ms, which corresponded to 2.4x10° pulses.
The time duration necessary to obtain two stacked confocal images before and after femtosecond laser irradiation was
30 seconds. Figure 5(b) shows the stacked confocal image obtained after femtosecond laser irradiation. Figures 5 show
that fluorescence from a single mitochondrion within a size of a few microns disappeared. Displacement of the
mitochondria outside the focal region between the before and after images was attributed to cytoplasmic streaming,
which indicated the viability of the cells.

10 pm

(a) (b)
Figure 5: Stacked three-dimensional confocal images (a) before and (b) after femtosecond laser irradiation.
Fluorescence image shows mitochondria of HeLa cells visualized by EYFP. A target mitochondrion is indicated by an
arrow.
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We confirmed disruption of the mitochondrion using the restaining method. The EYFP in the mitochondria onto
which the femtosecond laser pulses were focused was not restained with MitoTracker Red. Previous FRAP experiments
on mitochondria showed that the time required for 50% recovery of fluorescence was a few seconds [16]. Since the
mitochondria irradiated by the femtosecond laser pulses in our experiments did not exhibit fluorescence recovery after
30 s, the mechanism must be different from bleaching. We have therefore shown that disruption and bleaching are
distinguishable using FRAP analysis and the restaining method.

CONCLUSION
We present femtosecond laser disruption of organelles using a Ti:sapphire laser oscillator with a repetition rate of 76
MHz. Disruption of fluorescence-labeled nucleus and mitochondria in living HeLa cells with focused femtosecond laser
pulses was experimentally demonstrated. We demonstrated the effectiveness of the restaining method in combination
with fluorescence recovery after photobleaching (FRAP) analysis to discern disruption or bleaching.
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