J. Biophoton. 2, No. 10, 557–572 (2009) / DOI 10.1002/jbio.200910053

Journal of

BIOPHOTONICS
REVIEW ARTICLE

Surgical applications of femtosecond lasers
Samuel H. Chung*; 1 and Eric Mazur2
1
2

School of Engineering and Applied Sciences, Harvard University, 9 Oxford Street, Cambridge, MA 02138, USA
Department of Physics and School of Engineering and Applied Sciences, Harvard University, 9 Oxford Street, Cambridge, MA 02138,
USA

Received 20 December 2008, revised 19 June 2009, accepted 27 June 2009
Published online 21 July 2009

Key words: subcellular laser ablation, nanosurgery, femtosecond lasers
PACS: 06.60.Jn, 42.66.–p, 87.16.–b, 87.19.L–

Femtosecond laser ablation permits non-invasive surgeries in the bulk of a sample with submicrometer resolution. We briefly review the history of optical surgery
techniques and the experimental background of femtosecond laser ablation. Next, we present several clinical applications, including dental surgery and eye surgery. We
then summarize research applications, encompassing cell
and tissue studies, research on C. elegans, and studies in
zebrafish. We conclude by discussing future trends of
femtosecond laser systems and some possible application
directions.
C. elegans dendritic bundle and femtosecond laser ablation of middle dendrite (reproduced from [123]).
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1. Introduction
In the search for new methods of creating finer dissections with minimal collateral damage, femtosecond laser ablation is emerging as an exquisite tool to
perform non-invasive, submicrometer-sized surgeries
in the sample bulk. In addition, advances in laser
technology are making femtosecond laser systems
more accessible in terms of cost and maintenance. As
a result, the number of research laboratories and clinical settings using femtosecond laser ablation has increased significantly in recent years, leading to a rapid growth in the number of publications in the field.

Femtosecond laser ablation has been applied to a
wide range of research in materials science and the
life sciences. Some of the first researchers transitioned from micromachining transparent materials to
ablating living cells and tissues. Others interested in
laser tweezer manipulation or multiphoton microscopy discovered they could permanently disrupt
their targets by increasing the laser power. Physicists
concerned with a theoretical understanding of laser
ablation proceeded to model the effects of shorter
pulses as they became readily available. Biologists
and clinicians interested in a more precise tool for
their applications have also joined the field. Because
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the femtosecond laser ablation field is so diverse and
interdisciplinary, the literature contains many synonymous terms for surgery by femtosecond lasers, depending on the application. A sampling includes
laser microbeams, femtosecond laser surgery, subcellular laser ablation, nanosurgery, nanoscissors, nanoprocessing, nanoscalpels, nanodissection, nanoneurosurgery, and nanoaxotomy. For simplicity, we will use
the general term femtosecond laser ablation throughout. Also, pulsed lasers have numerous applications,
including laser tweezers [1], optical coherence tomography [2], stimulation of neurons [3], catapulting
[4], and even artwork restoration [5]. Many of these
techniques are worthy of a review in their own right,
but in this review we shall focus on the history, experimental background, applications, and future
trends of high-precision surgeries by femtosecond laser ablation.

2. Historical background
Surgery by electromagnetic radiation was first demonstrated in 1912 using an ultraviolet (UV) microbeam [6]. The introduction of the laser in 1960
[7] made high collimated intensities readily available
in the laboratory, and surgical applications rapidly
followed [8, 9]. A number of conventional (i.e., nonfemtosecond) lasers have been used to perform dissections on a variety of biological media, including
the retina [10], cellular organelles such as mitochrondria [11, 12], the algae Spirogyra [13], skin cells [14],
mouse and rat melanoma [15], teeth [16], cell membranes for micropuncture [17], chromosomes [18],
and chloroplasts [19].
While the transparency of many biological media
allows for direct optical observation of phenomena,
it can also prevent absorption of laser light, which is
necessary for surgery. There are three methods of
overcoming this obstacle: first, the target of interest
can be labeled with a chromophore or dye that absorbs at the laser wavelength. The laser energy is deposited as destructive thermal energy [20] or the label breaks down, releasing free radicals which
destroy nearby chemical bonds [21]. While this technique has a high resolution, labeling a single structure with an exogenous chemical can be difficult,
and labels can be toxic to the sample. Second, one
can use a laser supplying a short enough wavelength
so that linear absorption occurs. An example is UV
“microscissors”, which have found wide use in
whole-cell ablations. One drawback is that linear absorption leads to deposition of laser energy and
varying amounts of damage all throughout the beam
path, not only in the targeted volume [22]. Third, absorption at the laser wavelength can occur by moving to short laser pulses and stimulating a nonlinear
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absorption. The remainder of this review paper focuses on applications of this last method, which can
yield higher resolution within the sample bulk without relying on labels. Reviews of the theoretical and
experimental background of pulsed laser ablation
are available in the literature and range from the
presentation of a simplified model (e.g., Section 2 of
[23]) to in-depth examinations of the ablation mechanisms [24–26].
Nonlinear absorption occurs when the incident
optical intensity is sufficient to stimulate the simultaneous absorption of multiple photons. To minimize
the pulse energy and collateral damage, this is typically done using pulsed lasers with pulse durations
of nanoseconds or less. Nanosecond and picosecond
laser ablation has become a mainstay in many biology laboratories and industrial applications. Improvements in generating and amplifying femtosecond lasers in the early 1980s made ultrashort laser
pulses available in the laboratory, reducing the pulse
energy needed for surgery and improving resolution
[27, 28]. The first studies employing femtosecond laser pulses for surgery were published in 1987–91
and examined laser interaction with retinal tissue
[29, 30] and skin [31].

3. Experimental background
A number of papers have reported on the efficacy
and precision of femtosecond laser ablation, and
others have detailed the post-surgery viability of the
cells, tissues, and organisms. Ablation was confirmed
to depend strongly on pulse duration [32], numerical
aperture (NA), and pulse energy [33]. Ablated areas
were probed by scanning electron microscopy
(SEM) [34], atomic force microscopy (AFM) [35,
36], and fluorescence microscopy to ascertain the
completion and resolution of surgery. Studies of femtosecond laser ablation in a new medium typically
establish the fundamental surgery characteristics,
such as surgical resolution and ablation threshold
(usually for a fixed pulse duration and NA).
In living samples, post-surgery examination of
viability is essential. A few of the first studies using
femtosecond lasers observed the decreased cloning
efficiency of cells restrained by optical traps [37–39]
or imaged with two-photon microscopes [40]. Some
cells become giant cells with multiple nuclei [41],
and others undergo apoptosis because of laser-generated reactive oxygen species [42]. However, proteins
involved in recognizing and repairing DNA are also
present after surgery to mitigate damage [43]. Cellular viabilities and survival rates after femtosecond laser ablation are generally high, and many studies
present data from controls to confirm confinement
of surgical effects.
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There are a number of practical considerations
when implementing femtosecond laser ablation for
surgery. First, if the target structures are in the sample bulk, the sample must be transparent at the laser
wavelength and the target volume must be within
the working distance of the microscope objective.
Any significant linear absorption results in absorption and collateral damage throughout the laser
beam. Second, a major disadvantage of femtosecond
laser systems is cost. Oscillators, which generate femtosecond pulses, are pumped by another laser, adding to cost. Amplified systems often used for surgery
are approximately double the cost of a commercial
oscillator system. Fortunately, some newer highpower oscillators and fiber lasers are powerful enough to perform surgery without amplification, reducing cost. Third, the investment of time, energy, and
resources into femtosecond laser systems can be considerable. Despite laser companies claims of turnkey performance, the specific reliability of each laser
system can only be truly known through actual experience in the laboratory. Some systems require
weekly maintenance and adjustment while others require it only yearly. Fourth, laboratories with a femtosecond laser must invest time in safety training,
both initially upon system installation and incrementally for each new laser operator. There are a number of primary hazards (e.g., eye safety and material
flammability) and secondary hazards (e.g., particulate and X-ray emissions) associated with femtosecond laser pulses [44, 45].

4. Clinical applications
A limited number of targets in the human body are
accessible by femtosecond laser ablation because of
tissue transparency and shallow penetration depth
requirements (see previous section). Most of the
clinical applications of femtosecond laser ablation
are either dental or ocular. Targets on the teeth are
accessible because they are superficial, but the transparency of the eye permits access to its internal targets. While preliminary research is carried out in
fields such as dermatology (both skin [46] and finger-

nail [47]) and otology (inner and middle ear [48]),
this research has not yet generated a critical mass of
interest, perhaps because other simpler laser systems
or treatment methods exist.

4.1 Dental surgery
Initial conventional laser ablation studies on teeth
using ruby or CO2 lasers noted significant thermal
deposition leading to collateral tooth damage [16,
49]. Other lasers, such as Er : YAG, reduce thermal
effects considerably but cannot compete with the
speed or quality of mechanical drills [50, 51]. Many
systems also produce micro-scale cracks due to the
large pulse energy associated with long pulse durations [52]. Since the mid-1990s a growing number of
studies have demonstrated that femtosecond laser
ablation represents the first viable alternative to mechanical dental surgery [25]. Table 1 summarizes the
content of peer-reviewed journal publications using
femtosecond laser ablation for dentistry. Femtosecond lasers have successfully ablated dentin, enamel,
calculus (tartar), and hydroxyapatite, which is the
primary mineral component of dentin and enamel.
Most studies have focused on determining the ablation thresholds, measuring the ablation rates, observing the morphology of ablated regions by SEM,
and measuring the temperature increase during surgery. In brief, femtosecond ablation rates are about
an order of magnitude faster than picosecond laser
ablation rates and are comparable to mechanical
drills. The femtosecond laser “drill” is much quieter
and causes less pain than traditional drills, or no pain
at all. Scanning electron microscopy and other tests
confirm the surgeries are crack-free and have a resolution below 10 mm (see Fig. 1a, b), which is ideal
for fillings and far more precise than surgeries by
other lasers. Finally, the temperature rise of the
tooth bulk is below 5  C when the ablated tooth is
air-cooled.
A few studies have shown that femtosecond laser
ablation can select between carious (cavity-damaged) and healthy tissue. As shown in Fig. 1c, carious dentin ablates at a faster rate and lower pulse

Table 1 Publications on dental applications of femtosecond laser ablation.

Ablation threshold
Ablation rate
Morphology
Temperature
Selectivity (carious vs. healthy)
Spectral analysis
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Dentin

Enamel

Calculus

[146–148]
[34, 147]
[34, 147, 152, 153]
[34]
[156]

[58, 146, 147, 149]
[34, 146, 147, 149, 151]
[34, 147, 149, 151, 153–157]
[149, 155, 158]

[150]

Hydroxyapatite

[150]
[146, 154, 155]

[157, 159]
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c

Figure 1 (a) Scanning electron micrograph of a carious lesion (white arrow) in dentin after femtosecond laser ablation. Note the precision of laser processing. (b) Enlargement of rectangular section in (a) shows caries-free
surface. (c) Ablation rates of carious dentin, healthy dentin, and healthy enamel. Rates are extrapolated at a constant average power of 5 W. Reproduced from Fig. 2 and 4
in Ref. [53] with kind permission of Springer Science+Business Media.

energy than healthy dentin. Furthermore, spectral
analysis of the laser-induced plasma shows that carious dentin has less intense calcium transitions than
healthy dentin, due to carious demineralization. This
difference may allow for real-time surgical feedback
of the actual material being ablated [53].
Eye safety issues and technical difficulties of integrating a femtosecond laser into a dental hand piece
represent two challenges to clinical acceptance, but
the primary challenge is cost. There is reason to believe the cost of femtosecond laser systems will continue to decline in the future, which should permit
widespread clinical application in dentistry. Femtosecond laser ablation may also find use in non-surgical
applications, such as machining of hydroxyapatite or
ceramics for fabricating dental restorations [53, 54].
Barriers to using femtosecond lasers (e.g., target positioning, laser safety) are mitigated in some of these
applications because they are industrial rather than
clinical.
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4.2 Eye surgery
Ocular applications of femtosecond laser ablation
are an extremely heavily-researched field and account for more scientific papers than all other femtosecond laser surgery fields combined. In addition,
eye surgery by femtosecond lasers is cost-effective
and more precise than conventional methods. Initial
papers in the late 1980s detailed the effects of femtosecond laser ablation in retina tissue [29] and found
that the excisions made are ultrastructurally superior
to those made with nanosecond lasers [30]. For many
years, however, research focused on picosecond
Nd : YAG and YLF lasers due to the technical challenges of working with femtosecond laser systems.
Interest in femtosecond laser ablation for ocular applications surged in the mid-1990s, leading to a number of biophysical studies of laser-tissue interactions
in animal and cadaver samples [55–63], theoretical
models of ablation and tissue removal [58, 64], and
clinical trials [65, 66]. Femtosecond laser ablation is
currently applied to refractive surgery and is also under consideration for use in keratoplasty and in correcting presbyopia.
Refractive surgery: Laser in situ keratomileusis (LASIK) [67] involves the removal of tissue in the bulk
of the cornea (stroma) to correct for nearsightedness, farsightedness, or astigmatism. Suction immobilizes the eyeball, and a microkeratome blade partially separates the epithelium, leaving a hinge of
uncut tissue at one end. The epithelium flap is pulled
back, exposing the stroma, which is ablated by excimer laser. The flap is then folded back, and it bonds
to the new surface as it heals.
Current clinical applications of femtosecond
LASIK replace the microkeratome with a femtosecond laser. While ablation by excimer laser is already extremely precise, there is ongoing research to
replace it as well [61, 62]. As shown in Fig. 2a, the
femtosecond laser traces an outline of the flap and
cuts out a volume to be removed (lenticule) within
the bulk of the cornea. The flap is opened, the lenticule is extracted, and the flap is repositioned (see
Fig. 2b). Femtosecond-LASIK holds a number of advantages over conventional LASIK. First, the accuracy of the flap thickness is significantly greater due
to the absence of forces from direct contact by the
microkeratome. Second, femtosecond laser cuts are
smoother than microkeratome cuts. Third, the interior of the cornea is exposed for less time and in direct contact with fewer instruments, improving sterility [68].
Keratoplasty: If disease or injury damages the cornea, it can be replaced by grafting in new corneal
tissue. Using femtosecond laser ablation rather than
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Figure 2 Femtosecond LASIK surgery of the eye. (a) Femtosecond
laser ablates through eye interior
to create lenticule. After its removal, the flap is repositioned. (b)
Scanning electron micrograph of
cornea with open flap. Reproduced from Fig. 6 and 7 in Ref.
[62] with kind permission of
Springer Science+Business Media.

mechanical cutting methods improves accuracy and
smoothness of cuts. In addition, femtosecond lasers
are capable of cutting arbitrary geometries on the
transplanted cornea and the recipient eye. Various
shapes such as a “top hat” or zigzag pattern increase
resistance to wound leakage after keratoplasty [69,
70]. Furthermore, greater selectivity is possible in removing the damaged tissue, allowing for more of the
original cornea to remain intact.
Presbyopia: With age, the eye gradually loses the
ability to focus at close distances; the loss of lens
flexibility is generally accepted to be the cause [71,
72]. Presbyopia is currently one of the most-heavily
researched topics in ophthalmology, perhaps because
it is the most common refractive error and has no
permanent treatment options [73]. There are a number of different treatments under development, including scleral implants, corneal surgeries, pharmacological interventions to soften the lens, artificial
intraocular lens implants, and laser surgery of the
lens [74]. Lenticular surgery aims to restore flexibility by breaking the hardened-tissue structures and
creating gliding planes of tissue [75]. Previous surgical attempts with nanosecond or picosecond lasers
left behind residual gas bubbles, but femtosecond laser ablation of the lens yields lesions with bubbles
that resolve with time [76]. Researchers are also pursuing a theoretical understanding of laser-tissue interactions to assist in the execution of surgeries [73].

5. Research applications
The research applications of femtosecond laser ablation fall into three general biological fields: cell and
tissue studies, C. elegans, and zebrafish. There is ongoing work in other animals, such as Drosophila [77,
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78], sea urchin, starfish, and squid [79], but the scope
of applications in most of these animals is fundamentally limited by tissue opacity and target depth. It is
also worth noting that green fluorescent protein [80]
and various dyes have greatly facilitated the targeting and post-surgical observation of biological structures [81] but are not required for femtosecond laser
ablation.
While research applications include some of the
most precise and innovative uses of femtosecond
laser ablation, the technique has yet to find widespread acceptance by the general biological community. Several factors might contribute: first, a significant initial cost in time and money is associated with
purchasing and setting up a femtosecond laser. Second, the efficacy of the technique needs to be demonstrated in a wider range of applications. If these
impeding factors can be mitigated, femtosecond lasers could find broader biological application.

5.1 Cell and tissue studies
Work in cell and tissues dominate biological femtosecond laser ablation research. Cell studies include
selective disruption of individual chromosomes and
organelles, ablative severing of cytoskeletal fibers,
and membrane puncture for transfection. Tissue studies have focused on neural and vascular tissues in
various model animals.
Chromosomes and organelles: The first application of
femtosecond laser ablation at subcellular resolution
was the nanometer-sized dissection of chromosomes,
published in 1999 [82]. A similar study published simultaneously also showed DNA damage after femtosecond irradiation, but the mechanism was enzymatic
rather than ablative [83]. As shown in Fig. 3, further
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Figure 3 Topographical images and depth profiles of human chromosomes ablated by femtosecond lasers. (a)
Complete dissections with widths below 200 nm. Depth
profile of zero corresponds to bottom of chromosomes; negative values reveal cuts in underlying matrix. (b) Partial
cuts with widths below 100 nm. Reproduced from Fig. 1
and 2 in Ref. [35] with kind permission of Optical Society
of America.

ablative work produced chromosomal cuts as small as
85 nm, measured by AFM [35]. Recent work includes
using metal nanoparticles to preferentially absorb
light and damage particular locations on the chromosome [84] and a demonstration of an integrated 1GHz repetition rate system for multiphoton tomography and surgery with staining [85]. Femtosecond laser
ablation has also selectively disrupted individual plastids in plant tissue [86] and mitochondria in HeLa [87]
and capillary endothelial [36] cells. In summary, subcellular femtosecond laser ablation of chromosomes
and organelles results in experimentally-straightforward dissections of unprecedented precision but have
yet to move beyond the proof-of-principle phase to
become common tools in cell biology [88–91].
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Figure 4 Dynamics and kinetics of stress fiber retraction.
(a) Fluorescent image of severed actin retraction from
point of surgery (arrow). (b) Time course of retraction.
Line corresponds to predicted retraction of viscous and
elastic elements in parallel. Scale bar is 2 mm. Reproduced
from Fig. 1a and 3a in Ref. [92] with kind permission of
Biophysical Society.

Cytoskeletal fibers: The cell actively controls its
shape through diverse networks of cytoskeletal stress
fibers, which transmit forces from the extracellular
environment and within the cell. An understanding
of the molecular and biophysical mechanisms behind
these dynamics provides insight into cell motility, differentiation, and apoptosis [92]. Femtosecond laser
ablation can sever single fibers without disrupting
the rest of the cell, allowing in situ perturbation of
the cytoskeleton. Three proof-of-principle experiments in 2005 determined the optimal laser parameters and submicrometer surgical precision of femtosecond laser ablation of fluorescently-labelled
cytoskeletal fibers [33, 36, 93]. Post-surgery dynamics
demonstrate that actin is under tension and microtubules are under spring-like compression [33]. Another study observing the retraction of the ends of
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severed actin found that stress fibers behave as
simple viscoelastic cables (see Fig. 4), and the retraction was quantified under various pharmacological inhibitors. The extent of post-surgery cell deformation scales with the flexibility of the culturing
substrate [92], and the mechanical forces released
by the surgery propagate through the entire cell
within about 100 ms [94]. Femtosecond laser ablation was also used to show that the unbinding rate
constant of the focal adhesion protein zyxin increases as cellular traction forces decrease [95].
While one of the original studies described the depolymerization of microtubules after severing [33],
a later study showed that microtubules near the
nucleus depolymerize at a faster rate than ones at
the cell periphery [96]. After severing the dynamic
F-actin network by femtosecond laser pulses, both
actin and E-cadherin, a spot adherent junction
(SAJ) protein, redistribute away from the ablation
point, indicating that the actin network restrains
the mobility of SAJs by a tether mechanism [97].
A number of reviews cover femtosecond laser ablation of the cytoskeleton, usually in combination
with other cell biology techniques for characterizing cell mechanics [91, 98–101].
Transfection, poration, permeabilization: Biologists
often seek to introduce exogeneous material into
cells or embryos for purposes such as transfection,
staining, or biopreservation [102]. Conventional
methods include direct injection by microneedles
[103], electroporation [104], and gene delivery by
viral vectors [105]; however, these techniques are
plagued by complications such as toxicity, decreased
viability due to cell damage, or lack of specificity in
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targeting. In 1984, a study showed that conventional
laser pulses could perforate cell membranes transiently and transfect cells with greater efficiency [106].
Later, femtosecond laser pulses of significantly lower
energy were employed to open smaller pores for the
delivery of foreign DNA, drugs, or stains into plant
or animal cells [107, 108]. A number of papers (e.g.,
[109, 110]) have since characterized the increased
cell viability (about 80%), superior transfection efficiency (about 60%), and cellular volume exchanged
during femtosecond optoporation. Efforts to facilitate the application of this technique are proceeding
along several fronts, including nondiffracting light
beams to simplify targeting of the cell membrane
[111] and optical fiber-mediated transfection to simplify delivery of pulses from fiber laser systems
[112]. As the technology becomes more accessible,
more studies will demonstrate the efficacy of femtosecond optoporation in more applications, enabling
mainstream use.
Neural and vascular tissue studies: The ablation and
imaging capabilities of femtosecond lasers have been
applied to study brain histology and vascular disruption in mouse and rat models. An in vitro proof-of
principle experiment in 1998 determined the ablation speed, morphology, and threshold for surgery of
bovine brain tissue [113]. Another experiment used
femtosecond lasers for both surgery and imaging in
mouse. Two-photon imaging is typically limited to a
depth of hundreds of micrometers, but deeper tissue
becomes optically accessible by ablating previously
imaged tissue sections. Using an amplified femtosecond laser system, the entire neocortical column was
serially visualized with micrometer resolution [114].

Figure 5 (online color at:
www.biophotonics-journal.org)
Femtosecond laser ablation of
blood vessels leads to three distinct vascular lesions. High energies yield hemorrhage (top), low
energies leave vessels largely intact, with transient leaks (middle),
and multiple low energy pulses
lead to intravascular clot (bottom).
Scale bar is 50 mm. Reproduced
from Fig. 1d in Ref. [115] with
kind permission of Macmillan Publishers Ltd: Nature Methods.
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Ablating blood vessels with laser pulses of varying
energies leads to three different forms of damage,
which could be useful stroke models (see Fig. 5)
[115]. Laser pulses of high pulse energy produce vessel rupture and hemorrhage. Pulses of lower pulse
energy induce extravasation of plasma and red blood
cells from the vessels but continued flow within the
vessels. Multiple low energy ablations yield intravascular clot formation and impaired blood flow.

5.2 C. elegans
The nematode worm Caenorhabditis elegans is an
extremely useful model organism for studying biological phenomena [116]. A short lifespan, simple and
inexpensive cultivation, and essentially identical individuals composed of only 959 cells make the worm
straightforward to study. Widely-available genetic
and molecular tools permit inactivation of proteins,
removal of cells, and many other disruptions that illuminate the mechanisms of biological processes.
Broad spectrum transparency and a small 100 mm
diameter permit white light imaging, fluorescence
microscopy, and precise laser surgery on any cell in
the worm [117]. Conventional laser ablation with microsecond, nanosecond, and UV lasers has long been
used to ablate whole cell bodies to probe cellular
contributions to a variety of phenomena, such as development [118] and lifespan [119]. The submicrometer precision of femtosecond laser ablation enables
the selective dissection of significantly more structures. For instance, a neuronal fiber connecting sen-

before

after

2 µm
Figure 6 C. elegans dendritic bundle before and after femtosecond laser ablation of middle dendrite. Neighboring
dendrites less than 500 nm away are not damaged. Reproduced from Fig. 1b in Ref. [123].
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sory cilia or distal synapses to a cell body is often
bundled with the fibers of other neurons. Only a
scalpel with submicrometer precision in the bulk
can dissect this fiber without collaterally damaging
neighbors (see Fig. 6). While the number of possible targets for ablation in the worm is enormous,
the application of femtosecond laser ablation has
so far been limited to studying two topics: neuronal regeneration and the neuronal origins of behavior. A significant broadening of applications is
likely contingent on the technology becoming more
accessible.
Neuronal regeneration: In 2004, the first published
study applying femtosecond laser ablation to C. elegans described post-surgery functional regeneration
of motor axons [120, 121]. While a number of other
papers have confirmed varying degrees of axonal regrowth after axotomy, it remains the only publication
in C. elegans presenting evidence for functional regeneration. Axonal regrowth significantly improves
as pulse energy is decreased but is less dependent on
the number of pulses [122]. This is expected for surgeries in the kilohertz regime as the size of the damage region depends on the pulse energy but not
the number of pulses. Regrowth is also influenced by
neuronal type [123], age of the worm, ephrin signaling, and location of the cut [124]. An in-depth, timelapse examination of post-surgery axon regrowth in
a variety of mutants showed significant deviations
from initial axon development. The molecular requirements for development and regrowth are different, and axon growth during development is very
precise and stereotyped, while regrowth may involve
multiple unsuccessful axons and imperfect pruning
[125].
Neuronal origins of behavior: Worm behavior is
completely specified by the structure and function of
the nervous system, which comprises only 302 neurons in stereotyped positions and morphologies, with
a largely invariant neuronal connectivity [126]. Behavioral deficits in post-surgery worms can illuminate the contribution of the specific neuronal component that was eliminated by lesion. Femtosecond
laser ablation has been used to study C. elegans thermotaxis, mechanosensation and locomotion, electrotaxis, olfaction, and egglaying.
Post-surgery assays localized the AFD neuron
thermosensation to its dendritic tips and showed
that the AFD is involved in gating but not executing the mechanism for cryophilic movement (crawling down thermal gradients) [123]. Further experiments observing the post-surgery calcium dynamics
of the AFD showed that the memory of the cultivation temperature is encoded at the dendritic tips
[127]. Finally, an analysis of post-surgery behavior
showed that an olfactory neuron modulates cryo-
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philic movement above the cultivation temperature
and that suppression of its neuronal activity is necessary for isothermal tracking at the cultivation
temperature [128].
An increase in the undulatory frequency of the
worms swimming gait after surgery of mechanosensory neurons suggests that they might play a role in
altering the temporal dynamics of the locomotory
circuit [129]. Femtosecond laser ablation was used to
clarify precisely which neurons are involved in electrotaxis, from sensing electric fields to making reorientation decisions and to executing them [130]. The
response of mock and post-surgery swimming worms
to temporal variations of odor in their environment
is consistent with aggregation phenotypes obtained
in previous crawling assays [131]. Femtosecond laser
ablation has also been used to demonstrate the
autonomous generation of activity in the egglaying
neuron by isolating its cell body from all synaptic inputs [132].

5.3 Zebrafish
Originally native to freshwater lakes in India, the
zebrafish has become both a common household pet
and a powerful vertebrate model organism for biological research [133]. Embryos develop outside the
mother, so the early development is rapid and the
larvae are precociously capable of behaviors necessary for survival. Like C. elegans, young larval zebrafish are also transparent, allowing non-invasive optical imaging of their cells. Zebrafish studies focus on
development, genetics, the nervous system, and regeneration.
The application of femtosecond laser ablation to
zebrafish research is still in its early stages; however, the power of the zebrafish as a laser-accessible
vertebrate model suggests a more widespread application in the future. Proof of principle experiments
for ablation in zebrafish were published in 2003 and
2007 [79, 134]. A couple of papers specify the optimal laser parameters for femtosecond laser optoporation of embryonic cell membranes and the resulting short and long-term viabilities, which are
generally above 90% [135, 136]. In another study,
two-photon calcium imaging identified specific
spinal projection neurons whose activity correlate
with stimuli evoking turns. Subsequent femtosecond
laser ablation of a small subset of those neurons
eliminates turning toward the ablated side, confirming the subset as a necessary component of the
turning circuitry [137]. A recent study also imaged
microscopic flow in developing embryos by using
femtosecond laser ablation to generate fluorescent
debris [138].
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6. Future trends and summary
6.1 Femtosecond laser systems
The state of the art in femtosecond pulse generation
has mostly remained constant over the last 15 years.
Pulse durations from femtosecond lasers have decreased only marginally, and control over the pulses
has improved only slightly. What has improved significantly is the accessibility of the lasers. Three of
the primary factors in accessibility are cost, complexity, and stability of the laser systems. As previously
mentioned, cost is perhaps the limiting factor in the
development of clinical applications. It is possible
that as the systems become simpler, a broader use
will help lower price.
One development that has reduced complexity
and cost is the relatively recent emergence of higherpower oscillators. Previously, the maximum pulse energy of oscillators was approximately 10 nJ, so amplified systems were necessary to produce single-shot
regime surgeries. Newer oscillators can produce up
to 500 nJ pulse energy, making amplifiers unnecessary for most ablations in either regime. Eliminating
the amplifier in a laser system increases stability and
reduces the complexity and cost of the setup by
about a factor of two.
Another ongoing technological advance is the
proliferation of femtosecond fiber lasers with sufficient pulse energy to ablate. Fiber lasers create and
amplify pulses inside an optical fiber rather than in
free space, significantly reducing sensitivity to environmental changes. The output of the fiber laser can
also be connected directly to the input port of a
microscope, making alignment for surgery trivial.
Although most fiber lasers currently operate at 1 mm,
800 nm fiber lasers with ablation capability may be
forthcoming.
In principle, a completely solid-state semiconductor device emitting femtosecond pulses at 800 nm
would be an ideal laser system. Unlike current femtosecond laser systems, a semiconductor laser requires no alignment by the user. Such a device could
simply be attached onto a microscope for use, and it
would be almost completely insensitive to vibration,
temperature, and humidity. It would allow virtually
anyone to perform femtosecond laser ablation with
no more difficulty than using common imaging instruments, such as a laser scanning microscope.

6.2 Applications
As stated in the previous section, a number of recent
innovations have made femtosecond laser systems
significantly more simple, stable, and affordable.
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Although femtosecond laser technology will undoubtedly continue to improve, current systems are
sufficiently accessible for non-experts to acquire and
operate. Thus, current systems are poised to become
prevalent in both medical and research communities.
In the remainder of this section, we discuss two
powerful imaging tools which might further enhance
femtosecond laser ablation and the possible future
contributions of femtosecond laser ablation to clinical and research applications.
Femtosecond laser ablation is often used in combination with imaging techniques and tools, including
epifluorescent or two-photon imaging, various staining agents, and fluorescent proteins. Significant improvements in imaging are proceeding along two
fronts that could increase the precision and efficiency
of femtosecond laser ablation. First, subdiffractionresolution imaging permits discrimination of nanometer-sized objects and can be used to improve presurgery targeting and post-surgery observation. Many
“superresolution” techniques exist, but two are generating much interest because of their simplicity and
adaptability to existing microscopy setups. Photoactivated localization microscopy (PALM) and stochastic
optical reconstruction microscopy (STORM) iteratively activate sparse subsets of fluorescent proteins
and localize their position [139–141]. Stimulated
emission depletion (STED) increases resolution by
deactivating fluorophores in a donut-shaped region
at the focal volume periphery [142, 143]. These techniques currently require substantial amounts of time
for image reconstruction and laser scanning, respectively. If the speed of sub-diffraction-resolution imaging can be improved, it will be possible to use femtosecond laser ablation in conjunction with an imaging
technique with commensurate submicrometer spatial
resolution, allowing unprecedented surgery precision.
Second, quantum dots might provide an alternative
to conventional staining or fluorescent proteins [144].
The advantages of quantum dots include increased
brightness, resistance to photobleaching, greater control over their fluorescence spectrum, and targeting
specificity after surface functionalization. Moreover,
quantum dots can also target tumors and deliver
drugs [145]. If significant issues of cytotoxicity can be
resolved, quantum dots might become a robust and
flexible imaging partner to femtosecond laser ablation.
Extrapolating current trends, femtosecond laser
ablation stands to make significant, but distinctly different, contributions in clinical and research applications. Clinicians (and research for clinical use) are
mostly focused on optimizing existing applications of
femtosecond laser ablation, while researchers are
generally pursuing new applications. This distinction
may stem from fundamental differences between
medicine and basic science: medicine usually employs more established methods for treatment, but
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basic science is devoted to discovery of new methods
and phenomena. It may also result from having relatively fewer accessible targets in the human body
compared with cell culture or translucent, small
model animals. Thus, the future contribution of femtosecond laser ablation to clinical fields might primarily be measured by the precision of surgery or
the number of procedures performed. An increasing
affordability of femtosecond lasers and a significant
reduction in pain during surgery will encourage use
in dentistry and possibly lead to a commercial device. The considerable volume of research into eye
surgery will likely yield ocular applications beyond
femtosecond-LASIK, which is already commercially
available. The development of more clinical applications is largely dependent on gaining access to deeper targets in the human body (e.g., by transmitting
pulses by endoscope). Femtosecond laser ablation is
likely to contribute to the three research fields (mentioned in Section 5) dissimilarly as well. Due to size
and amenability, studies performed on cell and tissue
culture will probably continue to encompass the
most precise work, both in terms of surgical resolution and resulting data. In relation, applications in C.
elegans are likely to be more diverse as an entire organism is accessible to the laser. Applications in the
vertebrate zebrafish are limited by the short window
of developmental time when young larvae are accessible but could also produce a diverse set of findings
more relevant to human physiology. The cells of
other model animals, such as Drosophila, might also
be accessible for surgery at early developmental
stages. In summary, femtosecond laser ablation will
contribute to multiple clinical and research fields in
the future as femtosecond laser systems continue to
develop.

6.3 Summary
Femtosecond laser ablation can perform submicrometer-resolution surgeries in bulk without collateral
damage, and surgical applications of femtosecond laser ablation are increasing in number and diversity.
Clinical applications of femtosecond laser ablation
currently include several types of dental and eye surgeries. At present, research applications fall into
three fields: cell and tissue studies, C. elegans, and
zebrafish. Recent innovations in laser design have
made femtosecond lasers significantly more accessible and will facilitate widespread use in the clinical
and research communities.
Acknowledgements Several people contributed to the
creation of this paper. S.H.C. wrote the first draft of the
manuscript; both authors subsequently took part in the revision process and approved the final copy of the manu-

www.biophotonics-journal.org

REVIEW
ARTICLE
J. Biophoton. 2, No. 10 (2009)

script. A. Heisterkamp, E. C. Chung, P. Tayalia, E. D. Diebold, T. Shih, K. Vora, and M. Sher provided feedback on
the manuscript throughout its development. S.H.C. is supported by the National Science Foundation under contracts DMR-0213805 and PHY-0555583.

Samuel Chung is a pioneer
of femtosecond laser ablation, which can perform
submicrometer-resolution
surgeries within the bulk of
living animals and cells. For
his doctoral research, he applied the technique to probe
the neuronal origins of behavior in the worm C. elegans. In 2009, he obtained a Ph.D. degree in Applied
Physics from the School of Engineering and Applied
Sciences at Harvard University, and he is currently pursuing postdoctoral research with Christopher Gabel at
Boston University.

Eric Mazur is the Balkanski
Professor of Physics and
Applied Physics at Harvard
University. An internationally recognized scientist and
researcher, he leads a vigorous research program in optical physics and supervises one of the largest research
groups in the Physics Department at Harvard University. Dr. Mazur has made important contributions to
spectroscopy, light scattering, the interaction of ultrashort laser pulses with materials, nanophotonics, biophotonics, and science education.

References
[1] A. Ashkin. Applications of Laser-Radiation Pressure. Science 210, 1081 (1980).
[2] D. Huang, E. A. Swanson, C. P. Lin, J. S. Schuman,
W. G. Stinson, W. Chang, M. R. Hee, T. Flotte,
K. Gregory, C. A. Puliafito, and J. G. Fujimoto. Optical Coherence Tomography. Science 254, 1178 (1991).
[3] R. L. Fork. Laser Stimulation of Nerve Cells in
Aplysia. Science 171, 907 (1971).
[4] K. Schutze, H. Posl, and G. Lahr. Laser micromanipulation systems as universal tools in cellular and
molecular biology and in medicine. Cell. Mol. Biol.
44, 735 (1998).
[5] A. Nevin, P. Pouli, S. Georgiou, and C. Fotakis. Laser conservation of art. Nature Mater. 6, 320 (2007).
[6] S. Tchakhotine. Die mikroskopische Strahlenstrichmethode, eine Zelloperationsmethode. Biol. Centralbl. 32, 623 (1912).

www.biophotonics-journal.org

567

[7] T. H. Maiman. Stimulated Optical Radiation in
Ruby. Nature 187, 493 (1960).
[8] L. R. Solon, R. Aronson, and G. Gould. Physiological implications of laser beams. Science 134, 1506
(1961).
[9] C. H. Townes. Optical masers and their possible applications to biology. Biophys. J. 2, 325 (1962).
[10] M. M. Zaret, G. M. Breinin, H. Schmidt, H. Ripps,
I. M. Siegel, and L. R. Solon. Ocular lesions produced by an optical maser (laser). Science 134, 1525
(1961).
[11] M. Bessis, F. Gires, G. Mayer, and G. Nomarski.
Irradiation des organites cellulaires a laide dun
LASER a rubis. C. R. Acad. Sci. 255, 1010 (1962).
[12] R. L. Amy and R. Storb. Selective mitochondrial damage by a ruby laser microbeam: an electron microscopic study. Science 150, 756 (1965).
[13] N. M. Saks and C. A. Roth. Ruby Laser as a Microsurgical Instrument. Science 141, 46 (1963).
[14] L. Goldman, D. J. Blaney, D. J. Kindel, Jr., D. Richfield, and E. K. Franke. Pathology of the effect of
the laser beam on the skin. Nature 197, 912 (1963).
[15] J. P. Minton and A. S. Ketcham. A Comparison of
the Effect of Microsecond and Nanosecond Ruby
Laser Radiation on Rat Tissues and Mouse Melanoma: a Preliminary Report. J. Surg. Res. 4, 281
(1964).
[16] L. Goldman, P. Hornby, R. Meyer, and B. Goldman.
Impact of the Laser on Dental Caries. Nature 203,
417 (1964).
[17] M. Bessis and M. M. Ter-Pogossian. Micropuncture
of Cells by Means of a Laser Beam. Ann. N Y Acad.
Sci. 122, 689 (1965).
[18] M. W. Berns, R. S. Olson, and D. E. Rounds. In vitro
production of chromosomal lesions with an argon laser microbeam. Nature 221, 74 (1969).
[19] M. W. Berns. Partial cell irradiation with a tunable
organic dye laser. Nature 240, 483 (1972).
[20] J. P. Miller and A. I. Selverston. Rapid Killing of
Single Neurons by Irradiation of Intracellularly Injected Dye. Science 206, 702 (1979).
[21] D. G. Jay. Selective Destruction of Protein Function
by Chromophore-Assisted Laser Inactivation. Proc.
Natl. Acad. Sci. USA 85, 5454 (1988).
[22] W. Denk, J. H. Strickler, and W. W. Webb. Twophoton laser scanning fluorescence microscopy.
Science 248, 73 (1990).
[23] S. H. Chung and E. Mazur. Femtosecond laser ablation of neurons in C. elegans for behavioral studies. Appl. Phys. A-Mater. Sci. Process. 96, 335
(2009).
[24] A. Vogel and V. Venugopalan. Mechanisms of
pulsed laser ablation of biological tissues. Chem.
Rev. 103, 577 (2003).
[25] M. H. Niemz, Laser-Tissue Interactions: Fundamentals and Applications (Springer-Verlag, Berlin, Heidelberg, 2004).
[26] A. Vogel, J. Noack, G. Huttman, and G. Paltauf. Mechanisms of femtosecond laser nanosurgery of cells
and tissues. Appl. Phys. B 81, 1015 (2005).

# 2009 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Journal of

BIOPHOTONICS
568

[27] R. L. Fork, B. I. Greene, and C. V. Shank. Generation of Optical Pulses Shorter Than 0.1 Psec by Colliding Pulse Mode-Locking. Appl. Phys. Lett. 38, 671
(1981).
[28] R. L. Fork, C. V. Shank, and R. T. Yen. Amplification of 70-Fs Optical Pulses to Gigawatt Powers.
Appl. Phys. Lett. 41, 223 (1982).
[29] R. Birngruber, C. A. Puliafito, A. Gawande, W. Z.
Lin, R. W. Schoenlein, and J. G. Fujimoto. Femtosecond Laser Tissue Interactions – Retinal Injury Studies. IEEE J. Quantum Electron. 23, 1836 (1987).
[30] D. Stern, R. W. Schoenlein, C. A. Puliafito, E. T.
Dobi, R. Birngruber, and J. G. Fujimoto. Corneal
Ablation by Nanosecond, Picosecond, and Femtosecond Lasers at 532 and 625 nm. Archives of
Ophthalmology 107, 587 (1989).
[31] S. Watanabe, R. R. Anderson, S. Brorson, G. Dalickas, J. G. Fujimoto, and T. J. Flotte. ComparativeStudies of Femtosecond to Microsecond LaserPulses on Selective Pigmented Cell Injury in Skin.
Photochem. Photobiol. 53, 757 (1991).
[32] A. A. Oraevsky, L. B. DaSilva, A. M. Rubenchik,
M. D. Feit, M. E. Glinsky, M. D. Perry, B. M. Mammini, W. Small, and B. C. Stuart. Plasma mediated
ablation of biological tissues with nanosecond-tofemtosecond laser pulses: Relative role of linear and
nonlinear absorption. IEEE J. Sel. Top. Quantum
Electron. 2, 801 (1996).
[33] A. Heisterkamp, I. Z. Maxwell, E. Mazur, J. M. Underwood, J. A. Nickerson, S. Kumar, and D. E. Ingber. Pulse energy dependence of subcellular dissection by femtosecond laser pulses. Opt. Express 13,
3690 (2005).
[34] J. Neev, L. B. DaSilva, M. D. Feit, M. D. Perry,
A. M. Rubenchik, and B. C. Stuart. Ultrashort pulse
lasers for hard tissue ablation. IEEE J. Sel. Top.
Quantum Electron. 2, 790 (1996).
[35] K. Konig, I. Riemann, and W. Fritzsche. Nanodissection of human chromosomes with near-infrared
femtosecond laser pulses. Opt. Lett. 26, 819
(2001).
[36] N. Shen, D. Datta, C. B. Schaffer, P. LeDuc, D. E.
Ingber, and E. Mazur. Ablation of cytoskeletal filaments and mitochondria in live cells using a femtosecond laser nanoscissor. Mech. Chem. Biosyst. 2, 17
(2005).
[37] K. Konig, H. Liang, M. W. Berns, and B. J. Tromberg. Cell damage by near-IR microbeams. Nature
377, 20 (1995).
[38] H. Liang, K. T. Vu, P. Krishnan, T. C. Trang, D. Shin,
S. Kimel, and M. W. Berns. Wavelength dependence
of cell cloning efficiency after optical trapping. Biophys. J. 70, 1529 (1996).
[39] K. Konig, H. Liang, M. W. Berns, and B. J. Tromberg. Cell damage in near-infrared multimode optical traps as a result of multiphoton absorption. Opt.
Lett. 21, 1090 (1996).
[40] K. Konig, P. T. So, W. W. Mantulin, and E. Gratton.
Cellular response to near-infrared femtosecond laser
pulses in two-photon microscopes. Opt. Lett. 22, 135
(1997).

# 2009 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

S. H. Chung and E. Mazur: Femtosecond laser surgery

[41] H. Liang, K. T. Vu, T. C. Trang, D. Shin, Y. E. Lee,
D. C. Nguyen, B. Tromberg, and M. W. Berns. Giant
cell formation in cells exposed to 740 nm and
760 nm optical traps. Lasers Surg. Med. 21, 159
(1997).
[42] U. K. Tirlapur, K. Konig, C. Peuckert, R. Krieg, and
K. J. Halbhuber. Femtosecond near-infrared laser
pulses elicit generation of reactive oxygen species in
mammalian cells leading to apoptosis-like death.
Exp. Cell Res. 263, 88 (2001).
[43] V. Gomez-Godinez, N. M. Wakida, A. S. Dvornikov,
K. Yokomori, and M. W. Berns. Recruitment of
DNA damage recognition and repair pathway proteins following near-IR femtosecond laser irradiation
of cells. J. Biomed. Opt. 12, 020505 (2007).
[44] A. Hertwig, S. Martin, J. Kruger, C. Spielmann,
M. Lenner, and W. Kautek, in Femtosecond Technology for Technical and Medical Applications
(Springer-Verlag Berlin, Berlin, 2004), pp. 287.
[45] J. Bunte, S. Barcikowski, T. Puester, T. Burmester,
M. Brose, and T. Ludwig, in Femtosecond Technology for Technical and Medical Applications (Springer-Verlag Berlin, Berlin, 2004), pp. 309.
[46] K. S. Frederickson, W. E. White, R. G. Wheeland,
and D. R. Slaughter. Precise Ablation of Skin with
Reduced Collateral Damage Using the Femtosecond-Pulsed, Terawatt Titanium-Sapphire Laser.
Arch. Dermatol. 129, 989 (1993).
[47] J. Neev, J. S. Nelson, M. Critelli, J. L. McCullough,
E. Cheung, W. A. Carrasco, A. M. Rubenchik, L. B.
DaSilva, M. D. Perry, and B. C. Stuart. Ablation of
human nail by pulsed lasers. Lasers Surg. Med. 21,
186 (1997).
[48] W. B. Armstrong, J. A. Neev, L. B. Da Silva, A. M.
Rubenchik, and B. C. Stuart. Ultrashort pulse laser
ossicular ablation and stapedotomy in cadaveric
bone. Lasers Surg. Med. 30, 216 (2002).
[49] R. H. Stern, J. Vahl, and R. F. Sognnaes. Lased enamel: ultrastructural observations of pulsed carbon
dioxide laser effects. J. Dent. Res. 51, 455 (1972).
[50] R. Hibst, and U. Keller. Experimental studies of the
application of the Er : YAG laser on dental hard substances: I. Measurement of the ablation rate. Lasers
Surg. Med. 9, 338 (1989).
[51] U. Keller, and R. Hibst. Experimental studies of the
application of the Er : YAG laser on dental hard substances: II. Light microscopic and SEM investigations. Lasers Surg. Med. 9, 345 (1989).
[52] C. R. Fontana, D. Malta, U. F. Fontana, J. E. C. Sampaio, V. L. Bernardes, and M. F. de Andrade. Study
of the morphological alterations to enamel and dentin in human and bovine teeth after irradiation with
Er : YAG laser. Laser Phys. Lett. 1, 411 (2004).
[53] P. Weigl, A. Kasenbacher, and K. Werelius, in Femtosecond Technology for Technical and Medical Applications (Springer-Verlag Berlin, Berlin, 2004), pp.
167.
[54] N. Barsch, K. Werelius, S. Barcikowski, F. Liebana,
U. Stute, and A. Ostendorf. Femtosecond laser microstructuring of hot-isostatically pressed zirconia
ceramic. J. Laser Appl. 19, 107 (2007).

www.biophotonics-journal.org

REVIEW
ARTICLE
J. Biophoton. 2, No. 10 (2009)

[55] W. Kautek, S. Mitterer, J. Kruger, W. Husinsky, and G.
Grabner. Femtosecond-Pulse Laser-Ablation of Human Corneas. Appl. Phys. A-Mater. Sci. Process. 58,
513 (1994).
[56] C. P. Cain, C. A. Toth, C. D. Dicarlo, C. D. Stein,
G. D. Noojin, D. J. Stolarski, and W. P. Roach. Visible Retinal Lesions from Ultrashort Laser-Pulses in
the Primate Eye. Investigative Ophthalmology & Visual Science 36, 879 (1995).
[57] T. Juhasz, G. A. Kastis, C. Suarez, Z. Bor, and W. E.
Bron. Time-resolved observations of shock waves
and cavitation bubbles generated by femtosecond laser pulses in corneal tissue and water. Lasers Surg.
Med. 19, 23 (1996).
[58] F. H. Loesel, M. H. Niemz, J. F. Bille, and T. Juhasz.
Laser-induced optical breakdown on hard and soft
tissues and its dependence on the pulse duration:
Experiment and model. IEEE J. Quantum Electron.
32, 1717 (1996).
[59] R. M. Kurtz, X. B. Liu, V. M. Elner, J. A. Squier,
D. T. Du, and G. A. Mourou. Photodisruption in the
human cornea as a function of laser pulse width. J.
Refract. Surg. 13, 653 (1997).
[60] R. M. Kurtz, C. Horvath, H. H. Liu, R. R. Krueger, and
T. Juhasz. Lamellar refractive surgery with scanned
intrastromal picosecond and femtosecond laser purses
in animal eyes. J. Refract. Surg. 14, 541 (1998).
[61] T. Juhasz, H. Frieder, R. M. Kurtz, C. Horvath, J. F.
Bille, and G. Mourou. Corneal refractive surgery
with femtosecond lasers. IEEE J. Sel. Top. Quantum
Electron. 5, 902 (1999).
[62] H. Lubatschowski, G. Maatz, A. Heisterkamp,
U. Hetzel, W. Drommer, H. Welling, and W. Ertmer.
Application of ultrashort laser pulses for intrastromal refractive surgery. Graefes Arch. Clin. Exp.
Ophthalmol. 238, 33 (2000).
[63] G. Maatz, A. Heisterkamp, H. Lubatschowski,
S. Barcikowski, C. Fallnich, H. Welling, and W. Ertmer. Chemical and physical side effects at application of ultrashort laser pulses for intrastromal refractive surgery. J. Opt. A, Pure Appl. Opt. 2, 59 (2000).
[64] G. P. Djotyan, R. M. Kurtz, D. C. Fernandez, and T.
Juhasz. An analytically solvable model for biomechanical response of the cornea to refractive surgery.
Journal of Biomechanical Engineering-Transactions
of the Asme 123, 440 (2001).
[65] L. T. Nordan, S. G. Slade, R. N. Baker, C. Suarez,
T. Juhasz, and R. Kurtz. Femtosecond laser flap creation for laser in situ keratomileusis: Six-month follow-up of initial US clinical series. J. Refract. Surg.
19, 8 (2003).
[66] I. Ratkay-Traub, I. E. Ferincz, T. Juhasz, R. M.
Kurtz, and R. R. Krueger. First clinical results with
the femtosecond neodynium-glass laser in refractive
surgery. J. Refract. Surg. 19, 94 (2003).
[67] I. G. Pallikaris, M. E. Papatzanaki, E. Z. Stathi,
O. Frenschock, and A. Georgiadis. Laser Insitu Keratomileusis. Lasers Surg. Med. 10, 463 (1990).
[68] H. Lubatschowski, and A. Heisterkamp, in Femtosecond Technology for Technical and Medical Applications (2004), pp. 187.

www.biophotonics-journal.org

569

[69] T. S. Ignacio, T. B. Nguyen, R. S. Chuck, R. M.
Kurtz, and M. A. Sarayba. Top hat wound configuration for penetrating keratoplasty using the femtosecond laser – A laboratory model. Cornea 25, 336
(2006).
[70] M. Farid, M. Kim, and R. F. Steinert. Results of penetrating keratoplasty performed with a femtosecond laser zigzag incision initial report. Ophthalmology 114, 2208 (2007).
[71] H. Pau, and J. Kranz. The Increasing Sclerosis of the
Human Lens with Age and Its Relevance to Accommodation and Presbyopia. Graefes Archive for Clinical and Experimental Ophthalmology 229, 294 (1991).
[72] A. Glasser and M. C. W. Campbell. Presbyopia and
the optical changes in the human crystalline lens
with age. Vision Research 38, 209 (1998).
[73] M. Blum, K. Kunert, S. Nolte, S. Riehemann,
M. Palme, T. Peschel, M. Dick, and H. B. Dick. Presbyopia treatment using a femtosecond laser.
Ophthalmologe 103, 1014 (2006).
[74] A. Glasser. Restoration of accommodation: surgical
options for correction of presbyopia. Graefes Archive for Clinical and Experimental Optometry 91,
279 (2008).
[75] T. Ripken, U. Oberheide, M. Fromm, S. Schumacher,
G. Gerten, and H. Lubatschowski. fs-Laser induced
elasticity changes to improve presbyopic lens accommodation. Graefes Archive for Clinical and Experimental Ophthalmology 246, 897 (2008).
[76] R. R. Krueger, J. Kuszak, H. Lubatschowski, R. I.
Myers, T. Ripken, and A. Heisterkamp. First safety
study of femtosecond laser photodisruption in animal lenses: tissue morphology and cataractogenesis.
J. Cataract Refract. Surg. 31, 2386 (2005).
[77] E. Farge. Mechanical induction of twist in the Drosophila foregut/stomodeal primordium. Curr. Biol.
13, 1365 (2003).
[78] W. Supatto, D. Debarre, B. Moulia, E. Brouzes, J. L.
Martin, E. Farge, and E. Beaurepaire. In vivo modulation of morphogenetic movements in Drosophila
embryos with femtosecond laser pulses. Proc. Natl.
Acad. Sci. USA 102, 1047 (2005).
[79] J. A. Galbraith, and M. Terasaki. Controlled damage
in thick specimens by multiphoton excitation. Mol.
Biol. Cell. 14, 1808 (2003).
[80] M. Chalfie, Y. Tu, G. Euskirchen, W. W. Ward, and
D. C. Prasher. Green fluorescent protein as a marker
for gene expression. Science 263, 802 (1994).
[81] A. Khodjakov, R. W. Cole, and C. L. Rieder. A synergy of technologies: combining laser microsurgery
with green fluorescent protein tagging. Cell. Motil.
Cytoskeleton 38, 311 (1997).
[82] K. Konig, I. Riemann, P. Fischer, and K. J. Halbhuber. Intracellular nanosurgery with near infrared
femtosecond laser pulses. Cell. Mol. Biol. (Noisy-legrand) 45, 195 (1999).
[83] V. Shafirovich, A. Dourandin, N. P. Luneva, C. Singh,
F. Kirigin, and N. E. Geacintov. Multiphoton near-infrared femtosecond laser pulse-induced DNA damage
with and without the photosensitizer proflavine.
Photochem. Photobiol. 69, 265 (1999).

# 2009 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Journal of

BIOPHOTONICS
570

[84] A. Csaki, F. Garwe, A. Steinbruck, G. Maubach,
G. Festag, A. Weise, I. Riemann, K. Konig, and
W. Fritzsche. A parallel approach for subwavelength
molecular surgery using gene-specific positioned metal nanoparticles as laser light antennas. Nano. Lett.
7, 247 (2007).
[85] A. Ehlers, I. Riemann, S. Martin, R. Le Harzic,
A. Bartels, C. Janke, and K. Konig. High (1 GHz)
repetition rate compact femtosecond laser: A powerful multiphoton tool for nanomedicine and nanobiotechnology. J. Appl. Phys. 102, 014701 (2007).
[86] U. K. Tirlapur, and K. Konig. Femtosecond near-infrared laser pulses as a versatile non-invasive tool
for intra-tissue nanoprocessing in plants without
compromising viability. Plant J. 31, 365 (2002).
[87] W. Watanabe, N. Arakawa, S. Matsunaga, T. Higashi,
K. Fukui, K. Isobe, and K. Itoh. Femtosecond laser
disruption of subcellular organelles in a living cell.
Opt. Express 12, 4203 (2004).
[88] K. Konig. Multiphoton microscopy in life sciences. J
Microsc. 200, 83 (2000).
[89] K. Konig. Robert Feulgen Prize Lecture. Laser tweezers and multiphoton microscopes in life sciences.
Histochem. Cell. Biol. 114, 79 (2000).
[90] A. Heisterkamp, and H. Lubatschowski, in Femtosecond Technology for Technical and Medical Applications (2004), pp. 227.
[91] I. Z. Maxwell, S. H. Chung, and E. Mazur. Nanoprocessing of subcellular targets using femtosecond laser
pulses. Med. Laser Appl. 20, 193 (2005).
[92] S. Kumar, I. Z. Maxwell, A. Heisterkamp, T. R.
Polte, T. P. Lele, M. Salanga, E. Mazur, and D. E.
Ingber. Viscoelastic retraction of single living stress
fibers and its impact on cell shape, cytoskeletal organization, and extracellular matrix mechanics. Biophys. J. 90, 3762 (2006).
[93] L. Sacconi, I. M. Tolic-Norrelykke, R. Antolini, and
F. S. Pavone. Combined intracellular three-dimensional imaging and selective nanosurgery by a nonlinear microscope. J. Biomed. Opt. 10, 14002 (2005).
[94] R. Yasukuni, J. A. Spitz, R. Meallet-Renault, T. Negishi, T. Tada, Y. Hosokawa, T. Asahi, C. Shukunami, Y. Hiraki, and H. Masuhara. Realignment process of actin stress fibers in single living cells studied
by focused femtosecond laser irradiation. Appl. Surf.
Sci. 253, 6416 (2007).
[95] T. P. Lele, J. Pendse, S. Kumar, M. Salanga, J. Karavitis, and D. E. Ingber. Mechanical forces alter zyxin
unbinding kinetics within focal adhesions of living
cells. J. Cell. Physiol. 207, 187 (2006).
[96] N. M. Wakida, C. S. Lee, E. T. Botvinick, L. Z. Shi,
A. Dvornikov, and M. W. Berns. Laser nanosurgery
of single microtubules reveals location-dependent
depolymerization rates. J. Biomed. Opt. 12, 024022
(2007).
[97] M. Cavey, M. Rauzi, P. F. Lenne, and T. Lecuit. A
two-tiered mechanism for stabilization and immobilization of E-cadherin. Nature 453, 751 (2008).
[98] J. Colombelli, R. Pepperkok, E. H. K. Stelzer, and
E. G. Reynaud. Laser nanosurgery in cell biology.
M.-S. Med. Sci. 22, 651 (2006).

# 2009 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

S. H. Chung and E. Mazur: Femtosecond laser surgery

[99] T. P. Lele and S. Kumar. Brushes, cables, and anchors: recent insights into multiscale assembly and
mechanics of cellular structural networks. Cell. Biochem. Biophys. 47, 348 (2007).
[100] S. Kumar and P. R. Leduc. Dissecting the Molecular
Basis of the Mechanics of Living Cells. Exp. Mech.
49, 11 (2009).
[101] M. G. Chown and S. Kumar. Imaging and manipulating the structural machinery of living cells on the micro- and nanoscale. Int. J. Nanomedicine 2, 333 (2007).
[102] F. L. Graham and A. J. van der Eb. New Technique
for Assay of Infectivity of Human Adenovirus 5
DNA. Virology 52, 456 (1973).
[103] M. R. Capecchi. High-Efficiency Transformation by
Direct Micro-Injection of DNA into Cultured Mammalian-Cells. Cell 22, 479 (1980).
[104] E. Neumann, M. Schaeferridder, Y. Wang, and P. H.
Hofschneider. Gene-Transfer into Mouse Lyoma
Cells by Electroporation in High Electric-Fields.
Embo J. 1, 841 (1982).
[105] C. L. Cepko, B. E. Roberts, and R. C. Mulligan.
Construction and Applications of a Highly Transmissible Murine Retrovirus Shuttle Vector. Cell 37,
1053 (1984).
[106] M. Tsukakoshi, S. Kurata, Y. Nomiya, Y. Ikawa, and
T. Kasuya. A Novel Method of DNA Transfection
by Laser Microbeam Cell Surgery. Appl. Phys. B,
Photophys. Laser Chem. 35, 135 (1984).
[107] U. K. Tirlapur and K. Konig. Technical advance:
near-infrared femtosecond laser pulses as a novel
non-invasive means for dye-permeation and 3D imaging of localised dye-coupling in the Arabidopsis
root meristem. Plant J. 20, 363 (1999).
[108] U. K. Tirlapur and K. Konig. Targeted transfection
by femtosecond laser. Nature 418, 290 (2002).
[109] D. Stevenson, B. Agate, X. Tsampoula, P. Fischer,
C. T. A. Brown, W. Sibbett, A. Riches, F. GunnMoore, and K. Dholakia. Femtosecond optical transfection of cells: viability and efficiency. Opt. Express
14, 7125 (2006).
[110] J. Baumgart, W. Bintig, A. Ngezahayo, S. Willenbrock,
H. Murua Escobar, W. Ertmer, H. Lubatschowski,
and A. Heisterkamp. Quantified femtosecond laser
based opto-perforation of living GFSHR-17 and
MTH53 a cells. Opt. Express 16, 3021 (2008).
[111] X. Tsampoula, V. Garces-Chavez, M. Comrie, D. J.
Stevenson, B. Agate, C. T. A. Brown, F. GunnMoore, and K. Dholakia. Femtosecond cellular
transfection using a nondiffracting light beam. Appl.
Phys. Lett. 91, 053902 (2007).
[112] X. Tsampoula, K. Taguchi, T. Cizmar, V. GarcesChavez, N. Ma, S. Mohanty, K. Mohanty, F. GunnMoore, and K. Dholakia. Fibre based cellular transfection. Opt. Express 16, 17007 (2008).
[113] F. H. Loesel, J. P. Fischer, M. H. Gotz, C. Horvath,
T. Juhasz, F. Noack, N. Suhm, and J. F. Bille. Nonthermal ablation of neural tissue with femtosecond
laser pulses. Appl. Phys. B, Laser Opt. 66, 121
(1998).
[114] P. S. Tsai, B. Friedman, A. I. Ifarraguerri, B. D.
Thompson, V. Lev-Ram, C. B. Schaffer, Q. Xiong,

www.biophotonics-journal.org

REVIEW
ARTICLE
J. Biophoton. 2, No. 10 (2009)

[115]

[116]
[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

R. Y. Tsien, J. A. Squier, and D. Kleinfeld. All-optical histology using ultrashort laser pulses. Neuron
39, 27 (2003).
N. Nishimura, C. B. Schaffer, B. Friedman, P. S. Tsai,
P. D. Lyden, and D. Kleinfeld. Targeted insult to subsurface cortical blood vessels using ultrashort laser
pulses: three models of stroke. Nature Methods 3, 99
(2006).
S. Brenner. The genetics of Caenorhabditis elegans.
Genetics 77, 71 (1974).
C. I. Bargmann and L. Avery. Laser killing of cells
in Caenorhabditis elegans. Methods Cell. Biol. 48,
225 (1995).
L. Avery and H. R. Horvitz. A cell that dies during
wild-type C. elegans development can function as a
neuron in a ced-3 mutant. Cell 51, 1071 (1987).
H. Hsin and C. Kenyon. Signals from the reproductive system regulate the lifespan of C. elegans. Nature 399, 362 (1999).
M. F. Yanik, H. Cinar, H. N. Cinar, A. D. Chisholm,
Y. Jin, and A. Ben-Yakar. Neurosurgery: functional
regeneration after laser axotomy. Nature 432, 822
(2004).
M. F. Yanik, H. Cinar, H. N. Cinar, A. Gibby, A. D.
Chisholm, Y. S. Jin, and A. Ben-Yakar. Nerve regeneration in Caenorhabditis elegans after femtosecond
laser axotomy. IEEE J. Sel. Top. Quantum Electron.
12, 1283 (2006).
F. Bourgeois and A. Ben-Yakar. Femtosecond laser
nanoaxotomy properties and their effect on axonal
recovery in C. elegans. Opt. Express 15, 8521
(2007).
S. H. Chung, D. A. Clark, C. V. Gabel, E. Mazur,
and A. D. Samuel. The role of the AFD neuron in
C. elegans thermotaxis analyzed using femtosecond
laser ablation. BMC Neurosci. 7, 30 (2006).
Z. Wu, A. Ghosh-Roy, M. F. Yanik, J. Z. Zhang,
Y. Jin, and A. D. Chisholm. Caenorhabditis elegans
neuronal regeneration is influenced by life stage,
ephrin signaling, and synaptic branching. Proc. Natl.
Acad. Sci. USA 104, 15132 (2007).
C. V. Gabel, F. Antonie, C. F. Chuang, A. D. Samuel,
and C. Chang. Distinct cellular and molecular mechanisms mediate initial axon development and
adult-stage axon regeneration in C. elegans. Development 135, 1129 (2008).
J. G. White, E. Southgate, J. N. Thomson, and
S. Brenner. The Structure of the Nervous-System of
the Nematode Caenorhabditis elegans. Philos. Transact. B-Biol. Sci. 314, 1 (1986).
D. A. Clark, D. Biron, P. Sengupta, and A. D. Samuel. The AFD sensory neurons encode multiple
functions underlying thermotactic behavior in Caenorhabditis elegans. J. Neurosci. 26, 7444 (2006).
D. Biron, S. Wasserman, J. H. Thomas, A. D. Samuel, and P. Sengupta. An olfactory neuron responds stochastically to temperature and modulates
Caenorhabditis elegans thermotactic behavior. Proc.
Natl. Acad. Sci. USA 105, 11002 (2008).
J. Korta, D. A. Clark, C. V. Gabel, L. Mahadevan,
and A. D. Samuel. Mechanosensation and mechani-

www.biophotonics-journal.org

571

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

cal load modulate the locomotory gait of swimming
C. elegans. J. Exp. Biol. 210, 2383 (2007).
C. V. Gabel, H. Gabel, D. Pavlichin, A. Kao, D. A.
Clark, and A. D. T. Samuel. Neural circuits mediate
electrosensory behavior in Caenorhabditis elegans.
J. Neurosci. 27, 7586 (2007).
L. Luo, C. V. Gabel, H. I. Ha, Y. Zhang, and A. D.
Samuel. Olfactory behavior of swimming C. elegans
analyzed by measuring motile responses to temporal
variations of odorants. J. Neurophysiol. 99, 2617
(2008).
M. Zhang, S. H. Chung, C. Fang-Yen, C. Craig,
R. A. Kerr, H. Suzuki, A. D. Samuel, E. Mazur, and
R. W. Schafer. A self-regulating feed-forward circuit
controlling C. elegans egg-laying behavior. Curr.
Biol. 18, 1445 (2008).
G. Streisinger, C. Walker, N. Dower, D. Knauber,
and F. Singer. Production of clones of homozygous
diploid zebra fish (Brachydanio rerio). Nature 291,
293 (1981).
M. Sakakura, S. Kajiyama, M. Tsutsumi, J. Si, E. Fukusaki, Y. Tamaru, S. I. Akiyama, K. Miura, K. Hirao, and M. Ueda. Femtosecond pulsed laser as a
microscalpel for microdissection and isolation of specific sections from biological samples. Jpn. J. Appl.
Phys. Part 1 – Regul. Pap. Brief Commun. Rev. Pap.
46, 5859 (2007).
V. Kohli, V. Robles, M. L. Cancela, J. P. Acker, A. J.
Waskiewicz, and A. Y. Elezzabi. An alternative
method for delivering exogenous material into developing zebrafish embryos. Biotechnol. Bioeng. 98,
1230 (2007).
V. Kohli and A. Y. Elezzabi. Laser surgery of zebrafish (Danio rerio) embryos using femtosecond laser
pulses: optimal parameters for exogenous material
delivery, and the lasers effect on short- and longterm development. BMC Biotechnol. 8, 7 (2008).
M. B. Orger, A. R. Kampff, K. E. Severi, J. H. Bollmann, and F. Engert. Control of visually guided behavior by distinct populations of spinal projection
neurons. Nature Neurosci. 11, 327 (2008).
W. Supatto, S. E. Fraser, and J. Vermot. An all-optical approach for probing microscopic flows in living
embryos. Biophys. J. 95, L29 (2008).
E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser, S. Olenych, J. S. Bonifacino, M. W. Davidson,
J. Lippincott-Schwartz, and H. F. Hess. Imaging intracellular fluorescent proteins at nanometer resolution. Science 313, 1642 (2006).
M. J. Rust, M. Bates, and X. W. Zhuang. Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM). Nature Methods 3, 793
(2006).
S. T. Hess, T. P. K. Girirajan, and M. D. Mason. Ultra-high resolution imaging by fluorescence photoactivation localization microscopy. Biophys. J. 91, 4258
(2006).
S. W. Hell and J. Wichmann. Breaking the Diffraction Resolution Limit by Stimulated-Emission – Stimulated-Emission-Depletion Fluorescence Microscopy. Opt. Lett. 19, 780 (1994).

# 2009 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Journal of

BIOPHOTONICS
572

[143] T. A. Klar, S. Jakobs, M. Dyba, A. Egner, and S. W.
Hell. Fluorescence microscopy with diffraction resolution barrier broken by stimulated emission. Proc.
Natl. Acad. Sci. USA 97, 8206 (2000).
[144] M. Bruchez, M. Moronne, P. Gin, S. Weiss, and A. P.
Alivisatos. Semiconductor nanocrystals as fluorescent biological labels. Science 281, 2013 (1998).
[145] X. Michalet, F. F. Pinaud, L. A. Bentolila, J. M. Tsay,
S. Doose, J. J. Li, G. Sundaresan, A. M. Wu, S. S.
Gambhir, and S. Weiss. Quantum dots for live cells,
in vivo imaging, and diagnostics. Science 307, 538
(2005).
[146] P. Kohns, P. Zhou, and R. Stormann. Effective laser
ablation of enamel and dentine without thermal side
effects. J. Laser Appl. 9, 171 (1997).
[147] J. Krueger, W. Kautek, and H. Newesely. Femtosecond-pulse laser ablation of dental hydroxyapatite
and single-crystalline fluoroapatite. Appl. Phys. AMater. Sci. Process. 69, S403 (1999).
[148] B. M. Kim, M. D. Feit, A. M. Rubenchik, E. J. Joslin,
J. Eichler, P. C. Stoller, and L. B. Da Silva. Effects of
high repetition rate and beam size on hard tissue damage due to subpicosecond laser pulses. Appl. Phys.
Lett. 76, 4001 (2000).
[149] A. V. Rode, E. G. Gamaly, B. Luther-Davies, B. T.
Taylor, J. Dawes, A. Chan, R. M. Lowe, and P. Hannaford. Subpicosecond laser ablation of dental enamel. J. Appl. Phys. 92, 2153 (2002).
[150] J. F. Kraft, K. Vestentoft, B. H. Christensen, H. Lovschall, and P. Balling. Calculus removal on a root
cement surface by ultrashort laser pulses. Appl. Surf.
Sci. 254, 1895 (2008).
[151] M. Strassl, H. Kopecek, A. Weinrotter, A. Backer,
A. H. Al-Janabi, V. Wieger, and E. Wintner. Novel

# 2009 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

S. H. Chung and E. Mazur: Femtosecond laser surgery

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

applications of short and ultra-short pulses. Appl.
Surf. Sci. 247, 561 (2005).
B. M. Kim, M. D. Feit, A. M. Rubenchik, E. J. Joslin,
P. M. Celliers, J. Eichler, and L. B. Da Silva. Influence
of pulse duration on ultrashort laser pulse ablation of
biological tissues. J. Biomed. Opt. 6, 332 (2001).
R. F. Z. Lizarelli, M. M. Costa, E. Carvalho, F. D.
Nunes, and V. S. Bagnato. Selective ablation of dental enamel and dentin using femtosecond laser
pulses. Laser Phys. Lett. 5, 63 (2008).
J. Serbin, T. Bauer, C. Fallnich, A. Kasenbacher, and
W. H. Arnold. Femtosecond lasers as novel tool in
dental surgery. Appl. Surf. Sci. 197, 737 (2002).
A. V. Rode, E. G. Gamaly, B. Luther-Davies, B. T.
Taylor, M. Graessel, J. M. Dawes, A. Chan, R. M.
Lowe, and P. Hannaford. Precision ablation of dental
enamel using a subpicosecond pulsed laser. Aust.
Dent. J. 48, 233 (2003).
M. H. Niemz, A. Kasenbacher, M. Strassl, A. Backer,
A. Beyertt, D. Nickel, and A. Giesen. Tooth ablation
using a CPA-free thin disk femtosecond laser system.
Appl. Phys. B, Laser Opt. 79, 269 (2004).
M. Kamata, T. Imahoko, K. Ozono, and M. Obara.
Materials processing by use of a Ti : Sapphire laser
with automatically-adjustable pulse duration. Appl.
Phys. A-Mater. Sci. Process. 79, 1679 (2004).
P. Pike, C. Parigger, R. Splinter, and P. Lockhart.
Temperature distribution in dental tissue after interaction with femtosecond laser pulses. Appl. Opt. 46,
8374 (2007).
K. Ozono, and M. Obara. Tailored ablation processing of advanced biomedical hydroxyapatite by femtosecond laser pulses. Appl. Phys. A-Mater. Sci. Process. 77, 303 (2003).

www.biophotonics-journal.org

