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1. Introduction

In the search for new methods of creating finer dis-
sections with minimal collateral damage, femtose-
cond 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 clin-
ical settings using femtosecond laser ablation has in-
creased significantly in recent years, leading to a ra-
pid 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 transi-
tioned from micromachining transparent materials to
ablating living cells and tissues. Others interested in
laser tweezer manipulation or multiphoton micro-
scopy 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

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

Journal of 

BIOPHOTONICS

Femtosecond laser ablation permits non-invasive sur-
geries in the bulk of a sample with submicrometer reso-
lution. We briefly review the history of optical surgery
techniques and the experimental background of femtose-
cond laser ablation. Next, we present several clinical ap-
plications, 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 abla-
tion of middle dendrite (reproduced from [123]).

2 µm
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the femtosecond laser ablation field is so diverse and
interdisciplinary, the literature contains many synon-
ymous terms for surgery by femtosecond lasers, de-
pending on the application. A sampling includes
laser microbeams, femtosecond laser surgery, subcel-
lular laser ablation, nanosurgery, nanoscissors, nano-
processing, nanoscalpels, nanodissection, nanoneuro-
surgery, and nanoaxotomy. For simplicity, we will use
the general term femtosecond laser ablation through-
out. Also, pulsed lasers have numerous applications,
including laser tweezers [1], optical coherence tomo-
graphy [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, ex-
perimental background, applications, and future
trends of high-precision surgeries by femtosecond la-
ser ablation.

2. Historical background

Surgery by electromagnetic radiation was first de-
monstrated in 1912 using an ultraviolet (UV) mi-
crobeam [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., non-
femtosecond) lasers have been used to perform dis-
sections on a variety of biological media, including
the retina [10], cellular organelles such as mitochron-
dria [11, 12], the algae Spirogyra [13], skin cells [14],
mouse and rat melanoma [15], teeth [16], cell mem-
branes 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 ab-
sorbs at the laser wavelength. The laser energy is de-
posited as destructive thermal energy [20] or the la-
bel breaks down, releasing free radicals which
destroy nearby chemical bonds [21]. While this tech-
nique has a high resolution, labeling a single struc-
ture 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 ab-
sorption leads to deposition of laser energy and
varying amounts of damage all throughout the beam
path, not only in the targeted volume [22]. Third, ab-
sorption at the laser wavelength can occur by mov-
ing to short laser pulses and stimulating a nonlinear

absorption. The remainder of this review paper fo-
cuses on applications of this last method, which can
yield higher resolution within the sample bulk with-
out 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 me-
chanisms [24–26].

Nonlinear absorption occurs when the incident
optical intensity is sufficient to stimulate the simulta-
neous absorption of multiple photons. To minimize
the pulse energy and collateral damage, this is typi-
cally done using pulsed lasers with pulse durations
of nanoseconds or less. Nanosecond and picosecond
laser ablation has become a mainstay in many biol-
ogy laboratories and industrial applications. Im-
provements in generating and amplifying femtose-
cond 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 la-
ser 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 fem-
tosecond 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-gener-
ated reactive oxygen species [42]. However, proteins
involved in recognizing and repairing DNA are also
present after surgery to mitigate damage [43]. Cellu-
lar viabilities and survival rates after femtosecond la-
ser 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 sam-
ple 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 absorp-
tion and collateral damage throughout the laser
beam. Second, a major disadvantage of femtosecond
laser systems is cost. Oscillators, which generate fem-
tosecond pulses, are pumped by another laser, add-
ing to cost. Amplified systems often used for surgery
are approximately double the cost of a commercial
oscillator system. Fortunately, some newer high-
power oscillators and fiber lasers are powerful en-
ough to perform surgery without amplification, redu-
cing cost. Third, the investment of time, energy, and
resources into femtosecond laser systems can be con-
siderable. Despite laser companies claims of turn-
key performance, the specific reliability of each laser
system can only be truly known through actual ex-
perience in the laboratory. Some systems require
weekly maintenance and adjustment while others re-
quire it only yearly. Fourth, laboratories with a fem-
tosecond laser must invest time in safety training,
both initially upon system installation and incremen-
tally for each new laser operator. There are a num-
ber of primary hazards (e.g., eye safety and material
flammability) and secondary hazards (e.g., particu-
late and X-ray emissions) associated with femtose-
cond 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 trans-
parency of the eye permits access to its internal tar-
gets. 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 dura-
tions [52]. Since the mid-1990s a growing number of
studies have demonstrated that femtosecond laser
ablation represents the first viable alternative to me-
chanical dental surgery [25]. Table 1 summarizes the
content of peer-reviewed journal publications using
femtosecond laser ablation for dentistry. Femtose-
cond 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 abla-
tion thresholds, measuring the ablation rates, obser-
ving the morphology of ablated regions by SEM,
and measuring the temperature increase during sur-
gery. 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 reso-
lution 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-da-
maged) and healthy tissue. As shown in Fig. 1c, car-
ious dentin ablates at a faster rate and lower pulse

Table 1 Publications on dental applications of femtosecond laser ablation.

Dentin Enamel Calculus Hydroxyapatite

Ablation threshold [146–148] [58, 146, 147, 149] [150]
Ablation rate [34, 147] [34, 146, 147, 149, 151]
Morphology [34, 147, 152, 153] [34, 147, 149, 151, 153–157]
Temperature [34] [149, 155, 158]
Selectivity (carious vs. healthy) [156] [150]
Spectral analysis [146, 154, 155] [157, 159]
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energy than healthy dentin. Furthermore, spectral
analysis of the laser-induced plasma shows that car-
ious 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 inte-
grating a femtosecond laser into a dental hand piece
represent two challenges to clinical acceptance, but
the primary challenge is cost. There is reason to be-
lieve the cost of femtosecond laser systems will con-
tinue to decline in the future, which should permit
widespread clinical application in dentistry. Femtose-
cond 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 po-
sitioning, laser safety) are mitigated in some of these
applications because they are industrial rather than
clinical.

4.2 Eye surgery

Ocular applications of femtosecond laser ablation
are an extremely heavily-researched field and ac-
count for more scientific papers than all other femto-
second 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 femto-
second 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 chal-
lenges of working with femtosecond laser systems.
Interest in femtosecond laser ablation for ocular ap-
plications surged in the mid-1990s, leading to a num-
ber 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 un-
der consideration for use in keratoplasty and in cor-
recting presbyopia.

Refractive surgery: Laser in situ keratomileusis (LA-
SIK) [67] involves the removal of tissue in the bulk
of the cornea (stroma) to correct for nearsighted-
ness, farsightedness, or astigmatism. Suction immobi-
lizes the eyeball, and a microkeratome blade par-
tially 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 exci-
mer 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 femtose-
cond laser. While ablation by excimer laser is al-
ready 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 lenti-
cule is extracted, and the flap is repositioned (see
Fig. 2b). Femtosecond-LASIK holds a number of ad-
vantages over conventional LASIK. First, the accu-
racy 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 inter-
ior of the cornea is exposed for less time and in di-
rect contact with fewer instruments, improving steri-
lity [68].

Keratoplasty: If disease or injury damages the cor-
nea, it can be replaced by grafting in new corneal
tissue. Using femtosecond laser ablation rather than

a

c

b

Figure 1 (a) Scanning electron micrograph of a carious le-
sion (white arrow) in dentin after femtosecond laser abla-
tion. Note the precision of laser processing. (b) Enlarge-
ment of rectangular section in (a) shows caries-free
surface. (c) Ablation rates of carious dentin, healthy den-
tin, and healthy enamel. Rates are extrapolated at a con-
stant average power of 5 W. Reproduced from Fig. 2 and 4
in Ref. [53] with kind permission of Springer Science+Bu-
siness Media.
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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 re-
moving 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 num-
ber of different treatments under development, in-
cluding scleral implants, corneal surgeries, pharma-
cological interventions to soften the lens, artificial
intraocular lens implants, and laser surgery of the
lens [74]. Lenticular surgery aims to restore flexibil-
ity by breaking the hardened-tissue structures and
creating gliding planes of tissue [75]. Previous surgi-
cal attempts with nanosecond or picosecond lasers
left behind residual gas bubbles, but femtosecond la-
ser ablation of the lens yields lesions with bubbles
that resolve with time [76]. Researchers are also pur-
suing a theoretical understanding of laser-tissue in-
teractions to assist in the execution of surgeries [73].

5. Research applications

The research applications of femtosecond laser abla-
tion fall into three general biological fields: cell and
tissue studies, C. elegans, and zebrafish. There is on-
going work in other animals, such as Drosophila [77,

78], sea urchin, starfish, and squid [79], but the scope
of applications in most of these animals is fundamen-
tally limited by tissue opacity and target depth. It is
also worth noting that green fluorescent protein [80]
and various dyes have greatly facilitated the target-
ing and post-surgical observation of biological struc-
tures [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 wide-
spread acceptance by the general biological commu-
nity. Several factors might contribute: first, a signifi-
cant initial cost in time and money is associated with
purchasing and setting up a femtosecond laser. Sec-
ond, the efficacy of the technique needs to be de-
monstrated in a wider range of applications. If these
impeding factors can be mitigated, femtosecond la-
sers could find broader biological application.

5.1 Cell and tissue studies

Work in cell and tissues dominate biological femto-
second laser ablation research. Cell studies include
selective disruption of individual chromosomes and
organelles, ablative severing of cytoskeletal fibers,
and membrane puncture for transfection. Tissue stu-
dies 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 si-
multaneously also showed DNA damage after femto-
second irradiation, but the mechanism was enzymatic
rather than ablative [83]. As shown in Fig. 3, further

Figure 2 Femtosecond LASIK sur-
gery of the eye. (a) Femtosecond
laser ablates through eye interior
to create lenticule. After its re-
moval, the flap is repositioned. (b)
Scanning electron micrograph of
cornea with open flap. Repro-
duced from Fig. 6 and 7 in Ref.
[62] with kind permission of
Springer Science+Business Media.
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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 chromo-
some [84] and a demonstration of an integrated 1-
GHz repetition rate system for multiphoton tomogra-
phy and surgery with staining [85]. Femtosecond laser
ablation has also selectively disrupted individual plas-
tids in plant tissue [86] and mitochondria in HeLa [87]
and capillary endothelial [36] cells. In summary, sub-
cellular femtosecond laser ablation of chromosomes
and organelles results in experimentally-straightfor-
ward dissections of unprecedented precision but have
yet to move beyond the proof-of-principle phase to
become common tools in cell biology [88–91].

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, dif-
ferentiation, 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 experi-
ments in 2005 determined the optimal laser param-
eters and submicrometer surgical precision of fem-
tosecond laser ablation of fluorescently-labelled
cytoskeletal fibers [33, 36, 93]. Post-surgery dynamics
demonstrate that actin is under tension and microtu-
bules are under spring-like compression [33]. An-
other study observing the retraction of the ends of

Figure 3 Topographical images and depth profiles of hu-
man chromosomes ablated by femtosecond lasers. (a)
Complete dissections with widths below 200 nm. Depth
profile of zero corresponds to bottom of chromosomes; ne-
gative 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.

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.
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severed actin found that stress fibers behave as
simple viscoelastic cables (see Fig. 4), and the re-
traction was quantified under various pharmacolo-
gical inhibitors. The extent of post-surgery cell de-
formation 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 abla-
tion was also used to show that the unbinding rate
constant of the focal adhesion protein zyxin in-
creases as cellular traction forces decrease [95].
While one of the original studies described the de-
polymerization 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 ab-
lation of the cytoskeleton, usually in combination
with other cell biology techniques for characteriz-
ing 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

targeting. In 1984, a study showed that conventional
laser pulses could perforate cell membranes transi-
ently 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 effi-
ciency (about 60%), and cellular volume exchanged
during femtosecond optoporation. Efforts to facili-
tate 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 sim-
plify delivery of pulses from fiber laser systems
[112]. As the technology becomes more accessible,
more studies will demonstrate the efficacy of femto-
second 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 disrup-
tion in mouse and rat models. An in vitro proof-of
principle experiment in 1998 determined the abla-
tion 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 femtose-
cond 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 dis-
tinct vascular lesions. High ener-
gies yield hemorrhage (top), low
energies leave vessels largely in-
tact, 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 Pub-
lishers 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 ves-
sel 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 intravas-
cular clot formation and impaired blood flow.

5.2 C. elegans

The nematode worm Caenorhabditis elegans is an
extremely useful model organism for studying biolo-
gical phenomena [116]. A short lifespan, simple and
inexpensive cultivation, and essentially identical indi-
viduals 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 il-
luminate 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 mi-
crosecond, nanosecond, and UV lasers has long been
used to ablate whole cell bodies to probe cellular
contributions to a variety of phenomena, such as de-
velopment [118] and lifespan [119]. The submicrom-
eter precision of femtosecond laser ablation enables
the selective dissection of significantly more struc-
tures. For instance, a neuronal fiber connecting sen-

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 possi-
ble targets for ablation in the worm is enormous,
the application of femtosecond laser ablation has
so far been limited to studying two topics: neuro-
nal regeneration and the neuronal origins of beha-
vior. 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. ele-
gans described post-surgery functional regeneration
of motor axons [120, 121]. While a number of other
papers have confirmed varying degrees of axonal re-
growth after axotomy, it remains the only publication
in C. elegans presenting evidence for functional re-
generation. Axonal regrowth significantly improves
as pulse energy is decreased but is less dependent on
the number of pulses [122]. This is expected for sur-
geries in the kilohertz regime as the size of the da-
mage 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 signal-
ing, and location of the cut [124]. An in-depth, time-
lapse examination of post-surgery axon regrowth in
a variety of mutants showed significant deviations
from initial axon development. The molecular re-
quirements for development and regrowth are differ-
ent, 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 neu-
rons in stereotyped positions and morphologies, with
a largely invariant neuronal connectivity [126]. Be-
havioral deficits in post-surgery worms can illumi-
nate the contribution of the specific neuronal com-
ponent that was eliminated by lesion. Femtosecond
laser ablation has been used to study C. elegans ther-
motaxis, mechanosensation and locomotion, electro-
taxis, 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 execut-
ing the mechanism for cryophilic movement (crawl-
ing down thermal gradients) [123]. Further experi-
ments observing the post-surgery calcium dynamics
of the AFD showed that the memory of the culti-
vation temperature is encoded at the dendritic tips
[127]. Finally, an analysis of post-surgery behavior
showed that an olfactory neuron modulates cryo-

afterbefore

2 µm
Figure 6 C. elegans dendritic bundle before and after fem-
tosecond laser ablation of middle dendrite. Neighboring
dendrites less than 500 nm away are not damaged. Repro-
duced from Fig. 1b in Ref. [123].
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philic movement above the cultivation temperature
and that suppression of its neuronal activity is ne-
cessary for isothermal tracking at the cultivation
temperature [128].

An increase in the undulatory frequency of the
worms swimming gait after surgery of mechanosen-
sory 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 elec-
trotaxis, from sensing electric fields to making reor-
ientation 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 in-
puts [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 biolo-
gical research [133]. Embryos develop outside the
mother, so the early development is rapid and the
larvae are precociously capable of behaviors neces-
sary for survival. Like C. elegans, young larval zebra-
fish are also transparent, allowing non-invasive opti-
cal imaging of their cells. Zebrafish studies focus on
development, genetics, the nervous system, and re-
generation.

The application of femtosecond laser ablation to
zebrafish research is still in its early stages; how-
ever, the power of the zebrafish as a laser-accessible
vertebrate model suggests a more widespread appli-
cation 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 opti-
mal laser parameters for femtosecond laser opto-
poration of embryonic cell membranes and the re-
sulting 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, confirm-
ing 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].

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 de-
creased only marginally, and control over the pulses
has improved only slightly. What has improved sig-
nificantly is the accessibility of the lasers. Three of
the primary factors in accessibility are cost, complex-
ity, 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 higher-
power oscillators. Previously, the maximum pulse en-
ergy of oscillators was approximately 10 nJ, so ampli-
fied systems were necessary to produce single-shot
regime surgeries. Newer oscillators can produce up
to 500 nJ pulse energy, making amplifiers unneces-
sary 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 suffi-
cient pulse energy to ablate. Fiber lasers create and
amplify pulses inside an optical fiber rather than in
free space, significantly reducing sensitivity to envir-
onmental 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 semiconduc-
tor device emitting femtosecond pulses at 800 nm
would be an ideal laser system. Unlike current fem-
tosecond laser systems, a semiconductor laser re-
quires 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 in-
struments, 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 un-
doubtedly 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 clini-
cal and research applications.

Femtosecond laser ablation is often used in com-
bination with imaging techniques and tools, including
epifluorescent or two-photon imaging, various stain-
ing agents, and fluorescent proteins. Significant im-
provements in imaging are proceeding along two
fronts that could increase the precision and efficiency
of femtosecond laser ablation. First, subdiffraction-
resolution imaging permits discrimination of nan-
ometer-sized objects and can be used to improve pre-
surgery targeting and post-surgery observation. Many
“superresolution” techniques exist, but two are gen-
erating much interest because of their simplicity and
adaptability to existing microscopy setups. Photoacti-
vated localization microscopy (PALM) and stochastic
optical reconstruction microscopy (STORM) itera-
tively 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 tech-
niques currently require substantial amounts of time
for image reconstruction and laser scanning, respec-
tively. If the speed of sub-diffraction-resolution ima-
ging can be improved, it will be possible to use femto-
second 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 con-
trol 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 abla-
tion.

Extrapolating current trends, femtosecond laser
ablation stands to make significant, but distinctly dif-
ferent, contributions in clinical and research applica-
tions. 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 em-
ploys more established methods for treatment, but

basic science is devoted to discovery of new methods
and phenomena. It may also result from having rela-
tively fewer accessible targets in the human body
compared with cell culture or translucent, small
model animals. Thus, the future contribution of fem-
tosecond laser ablation to clinical fields might pri-
marily 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 de-
vice. 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 applica-
tions is largely dependent on gaining access to dee-
per targets in the human body (e.g., by transmitting
pulses by endoscope). Femtosecond laser ablation is
likely to contribute to the three research fields (men-
tioned 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 resolu-
tion and resulting data. In relation, applications in C.
elegans are likely to be more diverse as an entire or-
ganism is accessible to the laser. Applications in the
vertebrate zebrafish are limited by the short window
of developmental time when young larvae are acces-
sible 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 submicrom-
eter-resolution surgeries in bulk without collateral
damage, and surgical applications of femtosecond la-
ser ablation are increasing in number and diversity.
Clinical applications of femtosecond laser ablation
currently include several types of dental and eye sur-
geries. 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 accessi-
ble and will facilitate widespread use in the clinical
and research communities.
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