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Nanoprocessing of subcellular targets using femtosecond laser pulses
Iva Maxwell, Samuel Chung, Eric Mazur
Department of Physics and Division of Engineering and Applied Sciences, Harvard University, 17 Oxford Street,
Cambridge, MA 02138, USA
Received 2 June 2005; accepted 12 July 2005

Abstract
In this paper we review the work done in our laboratory on femtosecond laser dissection within single cells and living
organisms. Precise dissection of biological material with ultrashort laser pulses requires a clear understanding of the
pulse-energy dependence of the onset and extent of plasma-mediated ablation (i.e., the removal of material). We
carried out a systematic study of the energy dependence of the plasma-mediated ablation of ﬂuorescently-labeled
subcellular structures in the cytoskeleton and in nuclei of ﬁxed endothelial cells using femtosecond, near-infrared laser
pulses focused through a high-numerical aperture objective lens (1.4 NA). We performed laser nanosurgery in live cells,
where we ablated a single mitochondria and severed cytoskeletal ﬁlaments without compromising the cell membrane or
the cell’s viability. We also cut dendrites in living C. elegans without affecting the neighboring neurons. This
nanoprocessing technique enables non-invasive manipulation of the structural machinery of cells and tissues down to
several hundred nanometer resolution.
r 2005 Elsevier GmbH. All rights reserved.
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Introduction
Femtosecond laser pulses have two primary applications in biology: ﬁrst, imaging cellular structures in
microscopy [1–3] and second, micromanipulating and
dissecting nanoscale structures in living cells and other
biological materials [4–9]. The laser-pulse energy differentiates the two applications. When femtosecond laser
pulses are focused by high numerical aperture objectives
(NA41), the laser radiation is conﬁned to a very small
focal volume, creating photon densities high enough to
induce multiphoton absorption at the laser focus, even
in normally transparent materials. In imaging applicaCorresponding author. Fax: +1 617 496 4654.
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tions, the laser-pulse energy is kept low enough to limit
the multiphoton absorption to ﬂuorescent dyes or autoﬂuorescent structures in the sample, and no structural
damage occurs. If the energy per pulse increases above a
certain threshold, a combination of multiphoton
absorption and avalanche ionization generates very
high concentrations of free electrons in the focal volume,
resulting in plasma-mediated ablation of material in the
focal region [10].
There are two key advantages in using Ti:sapphire
femtosecond lasers for imaging and bulk ablation of
biological samples. First, the laser wavelength is
centered in the near-infrared around 800 nm where
melanin, hemoglobin, and water have low absorption so
the laser light can penetrate the tissue (Fig. 1, [2]). The
interaction between the femtosecond laser pulses and
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Fig. 1. Absorption spectra of the major absorbers found in
tissue. There are no efﬁcient one-photon absorbers in the cells
and tissues in the near-infrared spectra, making them nearly
transparent in this spectral range [2].

photobleaching when irradiated by highly focused
femtosecond pulses (1.4 NA) at pulse energies of
1–2 nJ, and much higher energies of 10–40 nJ were used
to sever the neurons [19].
Femtosecond lasers are a useful tool for the imaging
and study of biological structures and processes with a
submicrometer spatial resolution. They can be used to
dissect isolated structures, perform subcellular nanosurgery of individual organelles and disrupt cells within
living animals. In this paper we review work done in our
group on the pulse energy dependence of femtosecond
laser ablation in ﬂuorescently-labeled structures in the
cytoskeleton and nuclei of ﬁxed cells using a combination of ﬂuorescence microscopy and transmission
electron microscopy (TEM). We also present a
series of nanosurgery experiments performed on subcellular structures in live cells and we show the
dissection of a single neuron within a dense neural
bundle in C. elegans.

Experimental methods
tissue is therefore nonlinear and conﬁned to the focal
volume. The nonlinear nature of the interaction makes it
possible to apply femtosecond imaging and dissection to
any transparent material. A second advantage is that at
a pulse duration of about 100 fs, only a few nanojoules
of energy are necessary for material dissection [6,10]. In
contrast, cutting with green picosecond laser systems
[11,12] and UV laser microscissors [13,14] requires
energies that are two to three orders of magnitude
higher [15]. The low energy of the femtosecond laser
pulses minimizes the size of the cavitation bubbles
created by the deposited energy and limits the dissection
width to several hundred nanometers. The low energy
also causes negligible collateral damage around the laser
focus, reducing the likelihood that the cell will be injured
or killed.
The use of femtosecond lasers for nanoprocessing of
subcellular structures has steadily increased since 1995,
when König et al. [7] demonstrated the dissection of
isolated human chromosomes. The width of femtosecond laser cuts was measured using atomic force
microscopy and ﬂuorescence microscopy [7]. The same
group created a small puncture in the cell membrane and
infused DNA in the cell, with 100% expression
efﬁciency and cell survival rate [8]. Other work includes
the ablation in Drosophila embryos [16] and the
photodisruption of single mitochondria [9]. Femtosecond pulses were also successfully used in place of
mechanical microkeratomes in the cornea incision in
corrective eye surgery, leading to smaller wound healing
reaction [17,18]. Neurons in live C. elegans show

The experiments presented here were carried out using
a custom-built ﬂuorescence microscope integrated with
a femtosecond laser system (Fig. 2a). The Ti:sapphire
laser is a home-built system consisting of an oscillator
and a chirped-pulse ampliﬁcation system. The passively
mode-locked oscillator delivers 100-fs pulses at a
repetition rate of 80 MHz and a central wavelength of
800 nm. These pulses are regeneratively ampliﬁed to
energies of 0.5 mJ at a repetition rate of 1 kHz. These
energies are far too high for subcellular ablation and are
attenuated to the nanojoule range. The laser light is
focused into the sample with a 1.4-NA oil-immersion
objective (Zeiss, Plan-Apochromat), yielding a theoretical spot size of 340 nm. Because of group-velocity
dispersion inside the microscope objective, the laser
pulses are stretched to 200–250 fs at the sample [2]. The
sample is placed on a piezo-controlled microscope stage
that permits sample positioning with 10-nm precision
along all three axes. A mercury-arc lamp illuminates the
sample and the emitted ﬂuorescence is collected through
the objective using a standard ﬁlter cube and imaged in
real time with a CCD camera.
Recently we upgraded the system, combining laser
nanosurgery with simultaneous high-resolution, scanning multiphoton imaging as shown in Fig. 2b. Half the
train from a 80-MHz, 60-fs oscillator is used in a
custom-built two-photon microscope [20] and used for
imaging. The other half of the pulse is ampliﬁed by a
regenerative ampliﬁer, yielding a 250-kHz pulse train of
60-fs duration and 4-mJ pulse energy. This beam is
attenuated to 2–5 nJ per pulse and then used for
dissection.
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Fig. 2. Schematic diagrams of experimental setups for nanosurgery. A dissecting laser beam can be combined with (a) a ﬂuorescence
microscope or (b) a two-photon microscope.

Results and discussion
To demonstrate the capabilities of the nanosurgical
technique, we ﬁrst used the femtosecond laser to ablate
the actin cytoskeleton within bovine endothelial cells
that were stained with the green ﬂuorescent F-actinbinding dye, Alexa Fluor 488-phalloidin [6]. Fig. 3a
shows the ﬂuorescence from a ﬁxed endothelial cell after
irradiation with various pulse energies along ﬁve parallel
lines. The nanometer scale channels within the cytoskeleton were obtained by translating the cell at 0.7 mm/s in
a direction perpendicular to the laser beam. Fig. 3b
shows that the ﬂuorescence intensity following irradiation depends strongly on pulse energy. At 1.8 nJ the
effect of irradiation is barely visible in the ﬂuorescence
image. Increasing the pulse energy to 2.2 nJ produces a
clear dip in ﬂuorescence with a full-width at halfmaximum (FWHM) of 240 nm. At higher energy, the
FWHM width of the dip in ﬂuorescence scales with
pulse energy, from 360 nm at 2.8 nJ, to 500 nm at 3.5 nJ
and 600 nm at 4.4 nJ.
The ﬂuorescence signal from samples is widely used in
biological imaging, and thus it would be convenient to
use it also to determine the laser-mediated dissection
width. For example, one might want to use the lowest
feasible energy to achieve the narrowest cuts and the
least damage outside the focal volume. However, near
threshold it is not clear whether the decrease in
ﬂuorescence is due to photobleaching or material
removal. To determine the thresholds for laser-induced
photobleaching and material removal, we compared
ﬂuorescence images of laser-irradiated cells to TEM
images. The TEM analysis gives a direct measure of the

ablated area, as the electrons are sensitive to the amount
of material they travel through. The ablated region
appears lighter on the ﬁlm, even if it is conﬁned in the
bulk of the sample.
Fig. 4 shows that loss of ﬂuorescence does not always
correspond to removal of material. The ﬁgure shows
both ﬂuorescence and TEM images of the nucleus of the
same ﬁxed endothelial cell after irradiation at three
different energies. While a slight loss of ﬂuorescence can
be observed for a pulse energy of 1.45 nJ, the TEM
image shows no material removal at that pulse energy.
Thus, the observed loss of ﬂuorescence at 1.45 nJ must
be due to photobleaching. At higher energies there is
clear ablation in both images.
The comparison of the ﬂuorescence and the TEM
images allows us to deﬁne three regimes of irradiation: no
interaction (no damage visible in either image), photobleaching without material loss (only the ﬂuorescence
image shows a change), and removal of material (both
images show changes). While the absolute energy threshold varies somewhat from sample to sample, the data
consistently show that the threshold for plasma-mediated
ablation is never more than 20% higher than that for
photobleaching. Therefore, ﬂuorescence microscopy can
be used to conﬁrm dissection, as long as the energy
exceeds 1.2 times the threshold for photobleaching.
The TEM and ﬂuorescence microscopy measurements
also reveal that the plasma-mediated ablation width
strongly depends on pulse energy. Pulse energies
between 1.2 and 1.7 nJ produce cuts as narrow as
200 nm. Above 1.7 nJ, the dissection width increases
with energy; around 3 nJ the width is approximately
1 mm.
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Fig. 3. (a) Cuts through ﬂuorescently-labeled actin ﬁbers in a
ﬁxed endothelial cell obtained by irradiation with femtosecond
laser pulses of energies between 1.8 and 4.4 nJ. (b) Fluorescence intensity proﬁle along the actin bundle outlined in the
image.

study the organization of mitochondria on the nanometer scale in endothelial cells [5]. Some studies suggest
that these energy-generating organelles form a physically continuous network similar to the endoplasmic
reticulum [21,22], while others suggest that mitochondria are organized as structurally independent functional units [23,24] that are linked by cytoskeletal
ﬁlaments [25,26]. We probed the connectivity of the
mitochondria by damaging a single mitochondrion and
observing the effects on its neighbors.
To visualize the mitochondria, capillary endothelial
cells were transfected with Enhanced Yellow Fluorescent Protein (EYFP) fused to cytochrome C oxidase
[25,27] (Fig. 5a), and the sample was positioned such
that the laser was focused in the middle of a single
mitochondrion. Figs. 5b and c show the ablation of a
single mitochondrion, about 5 mm in length and
separated by less than 1 mm from multiple neighboring
mitochondria. After irradiating a ﬁxed spot on the
organelle with a few hundred 2-nJ laser pulses at a 1kHz repetition rate, the entire mitochondrion disappears
from the image, whereas neighboring mitochondria are
not affected by the irradiation despite being only a few
hundred nanometers away (Fig. 5c). Even though the
laser is focused to a 0.5-mm diameter spot in the center
of the mitochondrion and remains stationary during the
irradiation time, the ﬂuorescence immediately disappears throughout the entire mitochondrion over a length
scale of up to tens of micrometers. These observations
demonstrate that local ablation causes a major structural change in the target mitochondrion and results in
destruction of the entire mitochondrion, but not its
neighbors. This result provides clear evidence that
mitochondria do not form a structurally continuous
network as previously suggested [21,22].
While the dissection of a single mitochondrion did not
cause any apparent distress to the cell, we performed a
test to verify that the membrane is not ruptured during
the nanosurgery [5]. To this end we carried out similar

Fig. 4. Cuts in the nucleus of a ﬁxed endothelial cell at various
laser energies, imaged by (a) ﬂuorescence microscopy and (b)
electron microscopy.

The ﬁxed cell experiments allowed us to establish the
feasibility of the nanosurgery technique and determine
the optimal energy range. We applied the technique to

Fig. 5. Ablation of a single mitochondrion in a living cell: (a)
ﬂuorescence microscope image showing multiple mitochondria
before femtosecond laser irradiation. Target mitochondrion
(marked by arrow) (b) before and (c) after laser ablation with
2-nJ pulses.
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Fig. 6. Ablation of a mitochondrion in a live cell without compromising cell viability. Fluorescence microscope images of a live cell
containing EYFP-labeled mitochondria in a cultured medium containing ethidium bromide (a) before femtosecond laser irradiation,
(b) after ablation of a single mitochondrion within its cytoplasm (target 1 in diagram at bottom left), and (c) after irradiation of the
apical cell membrane (target 2). An increase in nuclear ethidium bromide staining is only observed after irradiation of the apical
membrane.

experiments in cells that were incubated with the DNAbinding dye ethidium bromide. The dye cannot penetrate through the cell membrane and little nuclear
ﬂuorescence is observed in living cells prior to laser
exposure (Fig. 6a). After dissecting a single mitochondrion with 2-nJ pulse energy we did not detect any
change in the nuclear ﬂuorescence (Fig. 6b). In contrast,
when we focused the laser beam at the top surface of the
cell and irradiated the apical cell membrane, the
intensity of ﬂuorescent signal from the nucleus immediately increased by a factor of ten as the ethidium
bromide rapidly diffused into the cell through the
incision in the surface membrane (Fig. 6c). In conjunc-

tion with the absence of any morphological changes in
the cell or other mitochondria over a period of 1 h
following ablation, these results show that nanosurgery
can be used to selectively ablate internal cell structures
without inﬂicting generalized injury or causing cell
necrosis.
To further test the precision of our nanosurgery
system and its application to various subcellular
structures we turned our attention to the microtubule
network [6]. The microtubule network is sensitive to
external disruptions and can be used as a good indicator
for the extent of damage induced by laser irradiation
outside the focal volume. Fig. 7a shows a ﬂuorescence
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Fig. 7. (a) Fluorescence microscope image of GFP-labeled the
microtubule network in an endothelial cell. (b) Time-lapse
sequence showing rapid retraction of microtubule due to
elastic retraction followed by depolymerization. The cross
hairs indicate the area targeted by the laser; the triangles show
the retracting ends of the microtubule.

Fig. 8. Fluorescence microscope images of the YFP-labeled
actin network in an endothelial cell (a) before and (b) 4 s after
laser dissection of an actin ﬁber bundle. The triangles show the
retracting ends of the bundle.

microscope image of a live bovine endothelial cell which
was transfected with an adenoviral vector system [28,29]
encoding enhanced green ﬂuorescent protein tagged Gtubulin. The dark region in the middle of the cell is the
nucleus. We severed a bent region of a single microtubule right over the nucleus using about 1000 laser
pulses with a pulse energy of 1.5 nJ. The curved end of
the microtubule immediately recoiled, returning to a
straight conﬁguration within the ﬁrst 2 s after laser
ablation. The immediate recoil indicates the release of
stored elastic energy in the molecular ﬁlament. The timelapse frames in Fig. 7b show that the initial recoil is
followed by depolymerization of the cut ends of
microtubule due to release of tubulin monomers.
Neighboring microtubules, which are less than 1 mm
away, remain undisturbed.
We also studied the actin ﬁlaments of endothelial
cells, which form the underlying stress ﬁber network in
the cells. Many measurements of the properties of actin

networks have been carried out in vitro, but there has
been no direct physical probe of single stress ﬁbers in
their natural cellular environment. We visualized the
actin stress ﬁbers by transfecting the endothelial cells
with YFP-tagged G-actin. We targeted the laser light
onto a single ﬁber and irradiated it with a few hundred
laser pulses. Fig. 8 shows a ﬂuorescence image of the
actin network before and four seconds after irradiation.
After dissection of the actin ﬁber the distance between
the severed ends grows to many times that of the 0.5mm-diameter laser focus, showing the response of the
cell to the mechanical disruption of the stress ﬁber.
In addition to probing subcellular structure, femtosecond lasers can be used to dissect cells within living
tissues or animals. The nematode worm, C. elegans, is
particularly well suited for femtosecond laser dissection
due to its transparency and size. While the low spatial
selectivity of conventional laser systems limited previous
surgeries to larval-stage ablation of whole cell bodies
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Fig. 9. Amphid neuron bundle in C. elegans (a) before and (b)
after dissection with 3.6-nJ pulses. The cross hairs indicate the
area targeted by the laser. The center dendrite is severed while
the outer two are undamaged.
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developmental biology is increasing rapidly. Recent
improvements in laser technology and the commercial
availability of multiphoton microscopes allow this
technique to be used in labs that do not specialize in
femtosecond optics. Other commercial medical applications of femtosecond laser systems exist in eye surgery
and in high-precision laser-based microtomes for threedimensional tissue and material cutting. However, there
are still open questions about the exact mechanism of
the plasma-mediated ablation, thermal effects due to
energy accumulation in high-repetition rate laser irradiation, and pulse-to-pulse interactions.

Acknowledgements
[30], femtosecond lasers permit dissection of much
smaller structures in adult worms. Thus, we circumvent
issues arising from post-surgery development, which is
not well understood. Fig. 9 shows a bundle of
ﬂuorescently labeled neurons where the middle neuron
was severed without disruption of the neighboring
neurons.
The invariant neural circuit of C. elegans totals 302
neurons and encodes a universal behavior, and the study
of the individual neuron function has been limited to
observing behavioral changes in mutant worms. Femtosecond laser dissection enables us to directly observe the
function of individual neurons by severing neuronal
ﬁbers, much like cutting wires in an electrical circuit.
The function of a neuron or neuronal part can then be
identiﬁed by observing behavioral changes after the
surgery.

Conclusion
In this review, we have summarized recent progress in
determining the precision and spatial selectivity of
femtosecond laser dissection and developing applications for subcellular nanoprocessing. We determined the
relationship between pulse energy and material loss after
femtosecond laser irradiation. The optimal energy range
for plasma-mediated ablation is from about 20% above
the photobleaching threshold to about 3 nJ. In this
range we can dissect biological samples with a resolution
of 200 nm. We also demonstrated that this technique
could be applied to live cells to probe relevant biological
questions that require high spatial discrimination. We
have shown that the mitochondria are individual
organelles that are not part of an interconnected
network and we probed the cytoskeletal mechanics by
severing single microtubules and actin stress ﬁbers.
The use of ultrashort laser pulses for dissecting and
imaging cells and subcellular structures in cellular and

The authors would like to thank the many people who
have contributed to this work over the years: Nozomi
Nishimura, Chris Schaffer, Nan Shen, Debajyoti Datta,
Philip LeDuc, Jean Underwood, Jeffrey Nickerson,
Sanjay Kumar, Alexander Heisterkamp, Aravinthan
Samuel and Donald Ingber. This work was supported
by the National Science Foundation under Grant
DMR-0213805.

Zusammenfassung
Nano-Manipulation von subzellularen Strukturen mit
dem Femtosekundenlaser
In diesem Artikel stellen wir unsere Arbeiten zur
Zellchirurgie mit dem Femtosekundenlaser in einzelnen
Zellen und lebenden Organismen vor. Gezieltes Manipulieren von biologischen Materialien mittels ultrakurzer
Laserpulse erfordert ein tiefergehendes Verständnis,
inwieweit die Schwelle zur Plasmazündung und Umfang
der plasma-induzierten Ablation (d.h. der Abtrag von
Gewebe) von der Pulsenergie abhängen. In diesem
Zusammenhang führten wir eine systematische Studie
bzgl. der Schwellenergie zur Plasmaerzeugung bei fester
Fokussierung in ﬂuoreszenz-markierten subzellulären
Strukturen wie Cytoskelett und Zellkern in ﬁxierten
Rinderendothelzellen mittels nahinfraroter Femtosekunden Laserpulse durch. Die Laserpulse wurden über
ein Mikroskopobjektiv mit hoher numerischer Apertur
(NA ¼ 1,4) fokussiert. Im weiteren Verlauf konnten wir
diese Laser-Nanochirurgie in lebenden Zellen umsetzen
und so einzelne Mitochondrien entfernen und einzelne
Bestandteile des Cytoskeletts durchtrennen, ohne die
Zellmembran oder die Zellintegrität zu beeinträchtigen.
Mittels dieser Technik gelang es uns auch, einzelne
Dendriten in lebenden C. elegans Nematoden zu
durchschneiden, ohne direkt benachbarte Nervenzellen
zu beschädigen. Die vorgestellte Nano-Manipulationstechnik ermöglicht eine nicht-invasive Handhabung
einzelner Bestandteile der inneren Maschinerie von
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Zellen und Gewebe, verbunden mit Auﬂösungen bis in
den Bereich weniger hundert Nanometer.
r 2005 Elsevier GmbH. All rights reserved.
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