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Abstract
We characterized the effect of femtosecond pulse trains on gastrulating Drosophila embryos using two-photonexcited ﬂuorescence (2PEF) and third-harmonic generation (THG) microscopy. Femtosecond pulses can be used to
perform controlled intravital microdissections that alter the embryo structural integrity but do not signiﬁcantly perturb
cytoskeleton dynamics in adjacent cells. Such targeted ablations can be used to remotely perturb cell movements in
developing embryos. The transparent combination of femtosecond pulse-induced ablation with nonlinear microscopy
can be used to analyze in vivo the effect of cell and tissue deformations.
r 2005 Elsevier GmbH. All rights reserved.
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Introduction
Femtosecond near-infrared (NIR) lasers are progressively becoming familiar to life scientists owing to the
success of multiphoton microscopy (MPM) [1], a technique now considered the best means for high-resolution
ﬂuorescence imaging in intact tissues or live animals [2].
Two-photon-excited ﬂuorescence (2PEF) microscopy –
the most common form of MPM – has found applications
in in vivo studies in neuroscience [3–5], physiology [6,7]
and developmental biology [8]. Besides 2PEF, other
nonlinear optical processes are being explored as contrast
mechanisms, such as second- [2,9] and third-harmonic
generation (THG) [10], or coherent anti-Stokes Raman
scattering [11,12]. In particular, THG microscopy
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[10,13,14] detects optical heterogeneities and has been
shown to provide detailed structural images of unstained
zebraﬁsh [15] and Drosophila [16] embryos.
Tightly focused higher energy pulses can also be used
to perform three-dimensional ablations in biological
media, because the nonlinear nature of the photodestructive effects conﬁnes them to the vicinity of the focal
point, where the intensity is highest. In particular,
femtosecond NIR pulses are used in corneal surgery
[17,18], and are ﬁnding additional applications in
neurosciences [19,20], plant biology [21], and cell
biology (in vitro nanodissection of isolated chromosomes [22], cell transfection [23] or intratissue/intracellular nanodissection [24–28]).
Here we describe an application of femtosecond
pulse-induced ablation in developmental biology. We
used ultrashort laser pulses to perform three-dimensional microdissections inside live Drosophila embryos in
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order to locally modify their structural integrity. By
tracking the outcome of the microdissections by nonlinear microscopy (2PEF and THG) using the same laser
source (80 MHz, 130–200 fs pulses), we have found that
local ablations can be used to modulate remote
morphogenetic movements. This all-optical methodology provides a novel, non-genetic approach to study
embryo morphogenesis, and provides insight into the
interplay between molecular signaling – including gene
expression – and tissue deformations [29].
In this manuscript, we present a physical and biological
characterization of the effects of femtosecond pulses on
developing embryos based on 2PEF/THG microscopy
data, and we show how intravital ablations can be
applied to the study of morphogenetic movements.

Materials and methods
Wild-type and transgenic ﬂy lines
Oregon-R was used as the wild-type Drosophila
melanogaster strain. The sGMCA transgenic line [30]
expressing eGFP fused with actin-binding moesin
fragments exhibits ﬂuorescence labeling of the cytoskeleton and provides a ﬂuorescent outline of cell shape.
Another transgenic line containing eGFP fused with a
nuclear localization sequence (nls-GFP, Bloomington

stock center) exhibits labeling of nuclei [31]. In this
study, all stages of developing Drosophila embryo are
referred to according to [32].

Embryo preparation
Embryos were collected and selected during cellularization (developmental stage 5 [32]), dechorionated, and
glued to a coverslip [33]. Finally, embryos were covered
and maintained in Phosphate-Buffered Saline (PBS) at
room temperature (1971 1C) during ablation and
imaging. Large working distance objectives were used
to prevent embryo hypoxia.

Nonlinear (2PEF and THG) microscopy
Imaging was performed on a nonlinear scanning
upright microscope (Fig. 1) incorporating a femtosecond titane:sapphire (Ti:S) oscillator (Coherent), an
optical parametric oscillator (OPO, APE, Germany),
galvanometer mirrors (GSI Lumonics), water-immersion objectives (60  0.9NA and 20  0.95NA, Olympus), photon-counting photomultiplier modules
(Electron Tubes), and lab-designed 100 MHz counting
electronics. A motorized beam attenuator consisting of a
half-wave plate and a Glan polarizer allowed injecting
up to 90% of the Ti:S beam either into the OPO for
THG imaging, or directly into the microscope for

Fig. 1. Experimental setup. The output power from a titanium:sapphire oscillator (Ti:S) is modulated using a half-wave plate
(HWP) and a polarizer (POL). The polarized beams are sent into an optical parametric oscillator (OPO) and directly into the
scanning microscope. Mechanical shutters are used to select the OPO or the Ti:S beam (not shown). The excitation beam is scanned
with galvanometers, and expanded to ﬁll the back aperture of a water-immersion objective (Obj). Signals are detected by photoncounting photomultipliers modules (PMT) synchronized with the scanners. 2PEF is epidetected through the same objective and
selected using a dichroic mirror and ﬁlters. THG light is detected in the transmitted direction through a condenser and selected using
an interference ﬁlter.

ARTICLE IN PRESS
W. Supatto et al. / Medical Laser Application 20 (2005) 207–216

ablations. 2PEF was epidetected when exciting GFPexpressing embryos at 920 nm. Alternatively, THG was
detected in the transmitted direction when exciting
unlabeled embryos at 1180 nm. In either case the signal
of interest was selected using ﬁlters centered on the
emission wavelength (Chroma). Images are presented in
inverted contrast, and contrast-enhanced to outline the
principal features.

Femtosecond pulse-induced ablation
For the ablations used in Fig. 5, 100 mm  40 mm
regions were processed by performing typically three
line scans (100 mm long, 10–20 mm away from the
vitelline membrane) in three successive planes separated
10–15 mm from one another. Laser power and scanning
speed were chosen such that experimental conditions
remained along the black dashed line in Fig. 2.

Cellularization speed measurements
Cellularization speed was estimated from image
sequences by analyzing 1D-kymographs (i.e. space–time
XT projections) obtained using MetaMorph (Universal
Imaging Corporation). Kymographs were computed
along the apico-basal axis over 10 mm-wide areas, which
gave a typical precision of 0.05 mm/min. Fig. 4A is a
compilation of data consistently obtained on wild-type
embryos (using THG and transmitted-light microscopy)
and on cytoskeleton-labeled (sGMCA) embryos.
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Experimental characterization of femtosecond
pulse-induced ablation
The interaction of high repetition rate (76 MHz)
nanojoule femtosecond pulse trains with complex
biological media has not been fully characterized yet;
in particular, very few studies have focused on microdissections within developing embryos. In order to use
this technique for studying embryo biomechanics, we
ﬁrst performed an experimental characterization of
pulse-train effects on embryo tissue as a function of
illumination parameters. Our experimental setup (Fig. 1
and methods) combines femtosecond pulse-induced
ablation with MPM, by taking advantage of a single
laser chain. We therefore used 2PEF and THG
microscopy to characterize the effect of line scans on
embryos. Pulse trains from a Ti:S oscillator (130 fs
pulses, 76 MHz, l ¼ 830 nm) were focused inside live
wild-type Drosophila embryos at stage 5 [32] of
development. The beam was focused 5–15 mm beneath
the vitelline membrane (other eggshells having been
removed) using a 0.9 NA objective. Line scans of
100 mm length were performed for different values of
the average power at the sample surface (Pave ) and of the
scanning speed (vscan ). We explored effects of average
power and scan speed in the ranges 50–275 mW and
0.2–50 mm ms1, respectively. Previous studies of the
effect of pulse trains on biological samples used a
variety of illumination parameters such as pixel dwell
time [24,26], number of scans [36] or ﬂuence [37]. In
order to facilitate the comparison of experimental

Fig. 2. (A1) Photo-induced effects of a 60–100 mm-long line scan in Drosophila embryos, as a function of irradiance Ipeak (W cm2,
vertical axis) and pulse density (number of pulses received per surface unit in mm2). Experiments were performed on n ¼ 14 embryos,
and several points were recorded for each embryo. (A2–A4) Illustration of the four categories of the diagram (see text),
corresponding to increasing pulse energy (or decreasing scanning speed). Images were recorded using 2PEF microscopy at lower
excitation intensity. (B) Conﬁned intravital ablation (gray arrowhead) performed 20 mm below the embryo vitelline membrane
(black arrowhead). Scale bar: 10 mm.
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Fig. 3. (A1–A3) Comparison of the effect of single versus multiple line scans, for a constant peak irradiance and pulse density. (A1)
A single line scan using conditions falling in the ﬁrst category of the diagram (Fig. 2, ﬁlled triangles) induces no visible effect (single
scan, I peak ¼ 6:7  1012 W cm2 , d pulse ¼ 1:4  104 mm2 ). (A2) Repeating 30 such scans with 500 ms delay between scans induces a
series of microexplosions (30 scans, I peak ¼ 6:7  1012 W cm2 , d pulse ¼ 4:1  105 mm2 ). (A3) Increased photodestruction is
observed when performing a single scan at slower speed (single scan, I peak ¼ 6:7  1012 W cm2 , d pulse ¼ 4:1  105 mm2 ). (B) When
large bubbles are induced (Fig. 2, open circles), an increase in endogenous ﬂuorescence is observed in cells immediately surrounding
the targeted area. (C) THG image of a targeted region (Fig. 2, open circles) showing the presence of a gas bubble. (D1) 2PEF image
of nuclei-labeled embryos (nls-GFP strain). (D2) Same region observed using THG microscopy, revealing perinuclear organelles. (E)
Effect of a raster scan (‘‘open triangles’’ category in Fig. 2) in a similar area on a wild-type embryo. This image illustrates that
femtosecond pulses-induced effects occur ﬁrst in cytoplasmic regions. Scale bar: 10 mm.

conditions, we propose to use here the peak irradiance
I peak and the pulse surface density d pulse (i.e. number of
pulses received per tissue surface unit). Assuming a
FWHM beam size at the focal spot of l/(2NA), the
expression of peak irradiance I peak and pulse density
d pulse are related to the average power Pave , the laser
repetition rate 1/T, the pulse duration tpulse , and the
scan speed vscan , as
I peak 

16Pave TNA2
2NA
.
and d pulse 
vscan Tl
tpulse pl2

Our experimental conditions (Fig. 2), corresponded to
I peak ranging from 3  1012 to 2  1013 W cm2 (i.e. pulse
energy ranging from 0.7 to 3.6 nJ), and d pulse ranging
from 3  103 to 8  105 pulses mm2. After each line
scan, laser power was attenuated to 12 mW
(I peak 7  1011 W cm2 ), and the effect of the scan was
immediately observed by recording a 2PEF image of the
induced ﬂuorescence in the targeted area. Alternatively,
we sometimes used the OPO beam (l ¼ 1180 nm) to
record a THG image of the tissue.

Line scan effects were qualitatively grouped into four
categories illustrated in Figs. 2A1–A4. Category 1 (ﬁlled
triangles) corresponds to no detectable effect when
recording 2PEF images of embryo endogenous ﬂuorescence. Category 2 (open triangles) corresponds to the
onset of intense endogenous ﬂuorescence (47 times its
original level) along the scan, and the possible occurrence of micro-explosions smaller than cell size
(o5–6 mm in diameter) occurring ﬁrst in the perinuclear
region of the cytoplasm. This observation is also
illustrated in Fig. 3E, which shows the effect of a raster
scan under similar excitation conditions. The location of
the ﬂuorescent lesions can be compared with Figs. 3D1
and D2, which present images of an equivalent area in
an intact, nuclei-labeled embryo. The strongest lesions
may be related to the destruction of mitochondria,
where optical breakdown was reported to occur ﬁrst in
similar experiments on individual cells [38]. Such a
localization could be a signature of multiphoton
absorption-enhanced ablation due to the presence of
absorbing species, as recently reported [25,27]. Category
3 (ﬁlled circles) corresponds to the occurrence of
micro-explosions larger than cell size (45–6 mm), and
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the possible formation of small bubbles collapsing
before 5 s. Finally, category 4 (open circles) corresponds
to the formation of large gas-ﬁlled bubbles (4 5–6 mm)
persisting for more than 5 s. In these illumination
conditions, we also recorded a limited increase (3–4
times) of the endogenous ﬂuorescence of cells immediately adjacent to the targeted region, as illustrated in
Fig. 3B. This observed side effect may be related to a
local metabolic stress [39]. We note that ablationinduced bubbles can efﬁciently be detected using THG
microscopy (Fig. 3C) because of the contrast in optical
properties (refractive index, nonlinear susceptibility)
between the inside and the outside of the bubble. This
is reminiscent of a previous observation that THG
microscopy can be used to characterize optical breakdown-induced alterations in materials [40]. These
observations were highly reproducible from one embryo
to the other, and are summarized in the diagram of
effects presented in Fig. 2A. A key beneﬁt of femtosecond pulse-induced ablation for embryo studies is that
the photodestructive effects bear a nonlinear dependence on excitation intensity. As a consequence, inner
embryo structures can be processed without altering the
outer membranes (Fig. 2B), which is critical to preserve
embryo viability.
We also investigated the inﬂuence of experimental
parameters including laser wavelength, number and
periodicity of multiple scans, and embryo scattering
properties. We found a relatively limited dependence of
induced effects on laser wavelength in the range
830–920 nm (data not shown). As a consequence, an
excitation wavelength of 920 nm is convenient for
performing both ablations and 2PEF imaging of GFPlabeled embryos. We note that although we systematically used 76-MHz pulse trains, the pulse repetition
rate likely has a critical inﬂuence: as previously
suggested [36], we found it less effective to redistribute
the total deposited energy into several scans instead of a
single scan, especially when successive scans are
separated by a time delay (illustrated in Fig. 3A).
Finally, inner tissue dissection can be achieved by
increasing the incident power to compensate for laser
light scattering. However the maximum ablation depth
depends on the embryo developmental stage, because
embryos become more transparent as they develop. At
stage 5 (before gastrulation), the inner regions of the
embryos are very scattering [16] (yolk consisting of a
high concentration of storage vesicles), which hampers
deep micro-dissections. For example, micrometer-sized
bubbles could be induced only up to 70 mm under the
surface. At later stages (e.g. embryonic development
completion, stage 16), similar effects could be obtained
100 mm under the surface (i.e. further than the embryo
equator). All together, these observations enabled us to
perform reproducible intravital micro-dissections in
developing embryos.
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Biological characterization of femtosecond
pulse-induced ablation
As a nonlinear effect [36], multiphoton absorption
leading to plasma-induced ablation is conﬁned near the
beam focus, which limits the spatial extent of the
photodestructive effects. In addition, when using tightly
focused femtosecond pulses, only a few nanojoules of
energy are required to reach the peak irradiance
necessary for tissue ablation. In comparison, other
techniques of laser surgery require higher energy
deposition by several orders of magnitude [17]. Finally,
it is expected that femtosecond pulse-induced ablation
results in localized dissection with limited thermal
energy transfer or shock wave mechanical stress, causing
minimal biological damage to surrounding cells [37,41].
This is supported by several studies of the photodamage
induced by femtosecond pulses in cells and tissues [39].
The effect of nanojoule femtosecond pulses at high
repetition rate (80 MHz) have been investigated ex vivo
in ocular tissue by histological examination [26], in vivo
in squid neurons by monitoring organelles dynamics
around targeted areas [24], and in plant tissue using vital
stains [21]. In addition, the temperature increase inside
the focal volume has been shown to remain within
physiological conditions, even for high irradiance and
long exposure duration [42]. These experiments globally
indicate that cell injury is conﬁned to the targeted
region, but little data is available regarding the spatial
extent of the photoperturbation in vivo.
To gain insight into the effect of femtosecond pulses
on developing embryos, we studied the inﬂuence of
microdissections on the process of cellularization, a
dynamical event of embryonic cells at the cellular
blastoderm stage. This 1 h-long process occurs in some
insects just before the cell movements of gastrulation
and is related to conventional cytokinesis. The nuclei
being initially distributed at the embryo periphery,
cellularization involves simultaneous oocyte plasma
membrane folding between all nuclei, eventually partitioning off each nucleus in a single cell [43] (Fig. 4B).
Recent studies show that the rate and completion of
cellularization front invagination appear as sensitive
indicators of cytoskeleton integrity and dynamics
[34,35]. In addition, cellularization speed is a sensitive
probe of local temperature changes (Fig. 4A). We
estimated the temperature dependence of this process
by recording image sequences of developing embryos at
physiologically relevant temperatures ranging from 19
to 27 1C. Cellularization speed was measured by
kymograph analysis (space–time XT projections) of
the image sequences, which provided a precision of
0.05–0.1 mm min1 (Fig. 4A). At 19 1C, cellularization
exhibits three phases in control embryos: the slow phase
(SP, 0.3 mm/min), the early fast phase (EFP, 0.6 mm/
min) starting when the cellularization front reaches the
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Fig. 4. Ablations induce minimal damage to local cytoskeleton dynamics. Cellularization speed in control embryos, exhibits three
successive phases: a slow phase (SP, 0.3 mm/min at 19 1C, B0), an early fast phase (EFP, 0.6 mm/min at 19 1C, B1) and a fast phase
(FP, 1 mm/min at 19 1C, B2) after the cellularization front passes above the nuclei [34,35]. (A) Temperature dependence of
cellularization speed in control embryos, measured at the middle of the dorsal side. (B) Cellularization in a control (sGMCA)
embryo. (C) Embryo before ablation (anterior left, dorsal up). Stars indicate the targeted region. (D) Cellularization in an ablated
embryo. (E1, E2) Cellularization speed in control and ablated embryos, as a function of distance from the targeted area.
Photoablations were performed during EFP (B1, D1), and cellularization was monitored 1 min (E1) or 15 min (E2) after. Scale bar:
20 mm.

apical region of nuclei, and the fast phase (FP, 1 mm/
min) after the cellularization front passes above the basal
part of nuclei. Between 19 and 27 1C, we measured the
temperature dependence of cellularization rate to be
typically 0.1 mm min1 1C1 during EFP and 0.2 mm min1
1C1 during FP. Given the precision of the analysis, we
could easily detect local temperature changes of 1 1C.
We then monitored cellularization around ablated
regions in GFP-labeled (sGMCA) embryos. Our experiments showed that cellularization still completed in cells
adjacent to the targeted area (Fig. 4C). We could detect
transient changes in cellularization speed over a limited
distance (40 mm corresponding to 7–8 cells) and time

(10 min) (Fig. 4D). Factors that may account for this
local perturbation include heating [42,44], metabolic
stress [38], and perturbed integrity of the supracellular
cytoskeleton network [35]. If heating is involved in this
perturbation, Fig. 4A indicates that the temperature
reached locally remains less than 26 1C, which corresponds to physiologically acceptable conditions for
Drosophila embryos. In particular, cellularization rate
is not temperature saturated in the observed conditions.
Most importantly, (i) no change could be detected at
distances larger than 40 mm from the ablation, and (ii)
15 min after laser ablation, cellularization rate was
normal in cells immediately adjacent to the targeted
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region, suggesting that heating plays only a marginal
role (if any). Most likely, given the characteristics of the
laser pulses used, the main factor accounting for the
perturbation is the mechanical coupling between cells.
The key point of these observations is that this type of
micro-dissection does not directly induce large-scale or
long-term perturbation to cytoskeleton dynamics.
Therefore, it can be considered to be a valid technique
for studying dynamical processes and biomechanics
within developing embryos.

Application: Modulation of morphogenetic
movements
Recent studies have demonstrated that the manipulation of dynamic processes in live embryos using physical
(non-genetic) means can complement genetic approaches and provide insight into embryo development.
For example, temperature gradient application by
micro-ﬂuidics device [45] and UV laser-induced tissue
ablation [46] were used to study Drosophila embryo
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development. Similarly, the combination of ultrashort
pulse-induced ablation and nonlinear microscopy offers
novel opportunities for investigating the relationships
between embryo shape, mechanical structure, tissue
deformations, and molecular signaling. In particular, we
have recently reported that cell deformations involved in
morphogenetic movements could induce gene expression
during Drosophila embryo gastrulation, through a
mechanical feedback process [47] possibly implied in
the control of morphogenesis [48,49]. Speciﬁcally, the
expression of twist, a fundamental gene of Drosophila
early development which is involved in active cell
deformations and in anterior gut track formation
[50,51], appears to be sensitive to tissue deformations
in gut precursor cells (Stomodeum Primordium, or SP
cells) [47]. We reported how the combination of
femtosecond pulse-induced ablation and nonlinear
microscopy can be used to study this phenomenon
[29]. We took advantage of the 3D conﬁnement of
femtosecond pulse-induced ablations to locally modify
the embryo structural integrity, resulting in a modulation of morphogenetic movements. As depicted in
Fig. 5, the photodestruction of a particular region of

Fig. 5. Modulation of morphogenetic movements using femtosecond pulse-induced ablation. Photoablation of a 150  40 mm dorsal
region (right, between stars) results in the disruption of morphogenetic movements coupled to the targeted area, as schematized in
the bottom diagrams. In particular, a dorsal ablation remotely disrupts the compression of anterior pole cells (region within dotted
ellipse). Anterior left, dorsal up. Scale bar: 50 mm.
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the embryo results in a rapid (o10 min), long-range
(4200 mm) modulation of morphogenetic movements
connected to the targeted area. For example, targeting
the most dorsal cells disrupt lateral cell movements
originating from this region, and subsequent movements
at the anterior pole of the embryo. In particular, a
dorsal ablation remotely hampers the mechanical
compression of SP cells (at the anterior pole). Combining this methodology with image sequence analysis and
twist expression labeling in intact/ablated embryos
revealed that there is a strong correlation between the
deformation pattern of SP cells and the expression
pattern of twist [29].

Discussion
The precise mechanisms of femtosecond laser interaction with complex biological media are still under
extensive study, particularly in the case of high
repetition rate (76 MHz), low energy (nJ) NIR pulses.
Since the peak irradiance at the focal spot can reach
values in the range of TW cm2 when tightly focusing
nanojoule femtosecond pulses, it is expected that multiphoton-mediated optical breakdown plays an important
role in the experimental conditions used here. This
process is presumably the main mechanism of laser
energy deposition in low-absorbing tissues [37] and leads
to plasma-induced tissue ablation [17,41]. However,
local thermal and photochemical effects cannot be ruled
out without further study. Nevertheless, our experiments showed that even large-scale ablations induce
minimal perturbation to the adjacent cells, as revealed
by cytoskeleton dynamics (Fig. 4) and gene expression
patterns (not shown).
In contrast, local intra-embryonic ablations result in a
rapid modulation of large-scale morphogenetic processes
that is likely related to the perturbation of the embryo
mechanical integrity. The natural combination of femtosecond pulse-induced ablation and MPM therefore holds
promise for studying the biomechanics of embryo
development. For example, we observed that the size
and location of ablated regions have a critical inﬂuence
on the resulting perturbation of morphogenetic processes.
This all-optical methodology may prove complementary
to genetic approaches, by providing the unique ability to
target speciﬁc structures instead of interfering with
speciﬁc genes. For example, this approach could be used
for studying the mechanical coupling between morphogenetic movements, or for elucidating the relative role of
active and passive cell deformations involved in morphogenesis. More generally, it provides a direct means to
study the interplay between cell deformations and
molecular signaling, and should ﬁnd many applications
in cell and developmental biology.
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Zusammenfassung
Femtosekunden-Puls-induzierte Mikroentwicklungssteuerung von lebenden Drosophila Embryonen
Der Effekt von Femtosekunden-Pulsen auf die
Gastrulation von Drosophila Embryonen wurde mit
Hilfe von Zwei-Photonen Fluoreszenz- und THGMikroskopie charakterisiert. Femtosekunden-Pulse
können dazu verwendet werden, kontrollierte, intravitale Mikrodissektionen durchzuführen, die die strukturelle Integrität des Embryos verändern, aber die
Cytoskelettdynamik in den umgebenden Zellen nicht
wesentlich beeinﬂussen. Mit Hilfe dieser gezielten
Ablationen können Zellbewegungen in sich entwickelnden Embryonen von fern beeinﬂusst werden. Die
direkte Verbindung von Femtosekunden-Puls-induzierter Ablation mit nichtlinearer Mikroskopie kann dazu
verwendet werden, in vivo den Effekt von Formveränderungen von Zellen und Geweben zu untersuchen.
r 2005 Elsevier GmbH. All rights reserved.
Schlüsselwörter: Femtosekunden-Puls-induzierte Ablation;
Zwei-Photonen Fluoreszenz-Mikroskopie; THG-Mikroskopie;
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