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Combined intracellular three-dimensional imaging and
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Abstract. We use near-IR femtosecond laser pulses for a combination
of microscopy and nanosurgery on fluorescently labeled structures
within living cells. Three-dimensional reconstructions of microtubule
structures tagged with green fluorescent protein (GFP) are made dur-
ing different phases of the cell cycle. Further, the microtubules are
dissected using the same laser beam but with a higher laser power
than for microscopy. We establish the viability of this technique for
the cells of a fission yeast, which is a common model to study the
mechanics of cell division. We show that nanosurgery can be per-
formed with submicrometer precision and without visible collateral
damage to the cell. The energy is primarily absorbed by the GFP
molecules, and not by other native structures in the cell. GFP is par-
ticularly suitable for multiphoton excitation, as its excitation wave-
length near 900 nm is benign for most cellular structures. The ability
to use GFP to label structures for destruction by multiphoton excita-

tion may be a valuable tool in cell biology. © 2005 Society of Photo-Optical
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well as plant cell walls and single plastitisThe cut size was
below 200 nm in those experiments.
Here, we report on the use of a combined NIR 3-D micros-

1 Introduction

Nonlinear microscopy achieves a high axial resolution and
conseqyﬁntly t:: es3D |r;1ag|ng fC&p?blhty %f confocal f:nlcros- copy and selective nanosurgery of GFP-labeled structures
copy without the use of a confocal aperturghe 3-D fluo-\yithin jiving cells. The object of the imaging and nanosurgery
rescence imaging based on nonlinear fluorophore excitationyere microtubules in fission yeast cells. Lately we used this
enables a number of applications in life scieAdgor ex- method to investigate the force balance on the yeast mitotic
ample, multiphoton and second-harmonic generation micros-spindle (a structure composed of microtubuleand the
copy is well suited for high-resolution imaging of intrinsic mechanism of the spindle positioning and elongatfomhis
molecular signals in living cells and tissutEurther, multi- paper is structured as follows. First, we show a 3-D recon-

photon imaging has been used to study cell mofiligd the struction of microtubule structures during different phases of
distribution of a neurotransmitter in living cefs. the cell cycle in fission yeast Next, we show combined

Laser nanosurgery is an important tool in cell biology for g‘r?g:ngwingn'gltrige#ﬂarhnzir::?g;%ﬁg nc)z:-i.nnct)t;ﬁrngt?mtﬁte)ﬁlc)erf]'
dissection or knock-out of specific structures without using Y. y phy gery p

genetic methods or chemical agehtslV lasers have been ena.

used to dissect mitotic spindlé§ The selectivity of the nano-

surgery has been enhanced by tagging specific cellular com-2  Materials and Methods
ponents with green fluorescence proté®FP, which were 2.1
then destroyed with nanosecond pulses of high-intensity green
laser light® Recently, near-IRNIR) femtosecond laser pulses
have been used to dissect isolated human chromosbmes

Cell Preparation

The Schizosaccharomyces pomsigain SP837h® leu1-32
ura4-D18 ade6-216was transformeld with the GFPa2-
tubulin fusion construct pDQ105. The cells were cultured at
30°C on a synthetic drop-out medium lacking leucide\-
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Fig. 1 Experimental setup for combined two-photon microscopy and
laser nanosurgery. Fig. 2 A 3-D reconstruction of microtubules in different phases of the

yeast cell cycle. Fission yeast cells are cylindrically shaped, with a

size that fits inside the bounding box (black). (a) Five microtubules in
leu) plus 2uM of thiamine. Before microscopy, the cells were an interphase cell, where the microtubules are roughly parallel to the
resuspended in liquid AA medium and mounted on a coverslip long cell axis; (b) microtubules in prophase, the long interphase mi-
covered with polyt-lysine (10 mg/ml, Sigma Experiments crotubules are absent, whereas a short mitotic spindle has formed

. ) inside the nucleus; (c) Anaphase B spindle with two astral microtu-
were performed at room temperature. To visualize the nucleary,;jes extending from each of the two spindle poles; and (d) Post-

envelope, the preceding strain was transforinexdth the anaphase array of microtubules and the equatorial microtubule ring.
GFP-fusion construct TA22 and cultured at 30°C on AA-leu Pixel dimensions was 50 nm in the x-y plane and 500 nm in the z
medium. direction, the excitation wavelength was 880 nm, the laser power was

1 mW in the sample, and the integration time for each pixel was 2.5
us; scale bar is 2 um.

2.2 Experimental Setup

A scheme of the two-photon microscope is shown in Fig. 1.

The expanded beam of a mode-locked titanium-sapphire laserWe acquired different optical sections of the cell and the im-
(Mira 900F, Coherent, 100-fs pulse duration, 80-MHz repeti- ages were analyzed using MatléathWorks to reconstruct
tion rate illuminates a motorized variable filt€¥F in Fig. 1) 3-D isosurfaces. Figure 2 shows a 3-D reconstruction of four
and a fast shuttefFS in Fig. 2. Next, the laser beam passes phases in the yeast cell cycle. The first imddég. 2(a)]
through the scanning system. This system is made of two shows five microtubules in an interphase fission yeast cell.
galvomirrors(VM500, GSI Lumunics and a telescopic lens  These microtubules are roughly parallel to the longitudinal
pair (L1 and L2 in Fig. 2 that pivot the laser beam from the cell axis of these cylindrically shaped cells. The second image
first galvomirror(GX in Fig. 1) to the second onéGY in Fig. [Fig. 2(b)] shows microtubules in prophase: the long inter-
1). This scanning solution enables a reduction of the mirrors phase microtubules are absent, whereas a mitotic spindle has
size(6 mm in diameter, and consequently an increase in the formed inside the nucleus. The third imaldgég. 2(c)] shows
scanning velocity, as well as a possibility to integrate a multi an anaphase B spindle with two astral microtubules extending
spot excitation in the systeM.See Fig. 1 where L3 and TL  from each of the two spindle poles. Figurédp shows the
pivot the laser beam in back focal plane of the microscope postanaphase array of microtubules and the equatorial micro-
objective(Plan Apo 60X/1.40 Qil, Nikoh Optical sectioning tubule ring. In these images, 1 pixel was equivalent to 50 nm
of the sample is achieved using a piezoelectric trans(&aiT in the x-y plane and to 500 nm in thedirection. The exci-

in Fig. 1). The two-photon emission of the specimen is ex- tation wavelength was 880 nm, the laser power was 1 mW in
tracted from the back scattered signal by a dichroic mirror the sample, and the integration time for each pixel wagu®.5
(DM in Fig. 1), and the signal is filtered by an IR blocking

filter (BF in Fig. 1), focalized and collected by an avalanche 3.2 Nanosurgery on Microtubules

photondiode(APD). All the components of the setup are Moreover, with the same experimental setup it was possible to
computer-controlled during microscopy and nanosurgery ex- combine imaging and intracellular nanosurgery on microtu-
periments. Custom-made software was written in LabView bule structures. The experimental procedure was as follows.
(National Instrumenys By using subresolution fluorescence First, we used the nonlinear microscope to obtained a 3-D
beads(60 nm diameter; Bang Laswe measured the radial  reconstruction of the microtubules. Next, using custom-
and axial resolution of the microscope as 250 and 800 nm, written software, we selected atyz position in the 3-D im-
respectively. age that was to be dissected by laser. The software moved the
galvomirror and PZT to center the laser beam on the chosen
coordinates. The laser power was then increased from 1 to 4
) ) ) ) mW (measured in the sampland the shutter was open for an
3.1 Three-Dimensional Microscopy of Microtubules exposition time of the order of 150 ms. Following the nano-
Using the experimental setup already described, first, it was surgery, the laser power was decreased to 1 mW and a time-
possible to make 3-D images of microtubules in living cells. lapse sequence of 3-D images of microtubules was acquired

3 Results and Discussion
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Fig. 3 Nanosurgery on the mitotic spindle in anaphase B with the B

outcomes when (A) the spindle was irradiated in the middle just after
the acquisition of the first image, after which it bent and subsequently
broke into two segments that crossed each other forming an X-shaped
structure, and (b) the spindle was irradiated in the middle, and subse-
quently broke into two parts that moved away from each other. The
laser power was 4 mW, the exposition time 150 ms, and the wave-
length 880 nm; scale bar is 3 um.

Nanosurgery Efficiency

to visualize the dynamics of the effect of nanosurgery. Figure
3 shows two examples of a nanosurgery on the mitotic spindle
in anaphase B. The spindle shown in Figa)3vas irradiated
in the middle at a time between the acquisition of the first two
images, after which it bent and subsequently broke into two
segments that crossed each other forming an X-shaped struc-
ture' The spindle in Fig. (8) W&Sl also irradiated in the Fig. 4 (a) Dependence of nanosurgery efficiency (full squares) and
middle, and subsequently broke into two parts that moved cell survival (open circles) on the laser power. The exposition time
away from each other. These images indicate that the cuttingwas 150 ms, and the wavelength 880 nm. (b) Dependence of nano-
of the spindle was complete. Furthermore, small random surgery efficiency on laser wavelength. The laser power was 4 mW
movements of the two segments, which were observed for 20 and the exposition time 150 ms. In both pe_mels.the error bé.ll‘S show
min following the nanosurgery, suggest that the se(\:]memsthe theoretical standard deviation for a binomial d|§tr|but|on. The
. . . number of measurements was 10 for each laser power in (a) and each

were dls_connected. It would be us_eful t_o \{|su_al|ze the dar_n- wavelength value in (b).
aged spindle and check the spatial distribution of tubulin
structures by tubulin immunodetection on cells fixed immedi-
ately after the nanosurgery.

In the nanosurgery experiment, it is crucial to use an opti-
mal combination of the laser power and exposition time. We shown in Fig. 4a). Considered together, the nanosurgery ef-
explored how the efficiency of nanosurgery depends on the ficiency and the cell survival curves indicate that the optimal
laser power. We varied the laser power, while the laser wave- |aser power for nanosurgery experiments is about 4 mw. At
length was fixed at 880 nm and the exposition time at 150 MS g hower, the cell survival is 100%, whereas the nanosurgery
[Fig. 4@]. This experiment was performed on cytoplasmic gsiciency is 75%. A very similar dependence of the nanosur-
microtubules in interphase cells. In the case of low laser pow- gery efficiency on the laser power was found when nanosur-

ers(<2 mW), we did not observe a change in the microtubule . . .
sha(pe IellN)gth or location. We assume t%at in this case Iaser-gery was performed on the spindie instead of cytoplasmic

induced photobleaching of the fluorescence probes only at themlcrotubules_. In an ana_l(_Jgou_s bUt. less detalled test, we found
site of irradiation. At laser powers above 2 m\W, we observed that the_ opt_lmal exposmo_n time is 150 ms by varying the
clear breakage of the microtubules. The irradiated microtu- exposition time and keeping the laser power constant at 4
bule broke into two segments, which were not aligned with mw. i N
the initial microtubule axis. One of the segments often depo-  Next, we fixed the laser power at 4 mW and the exposition
lymerized. The frequency of breakage events increased withtime at 150 ms, and varied the wavelength. The efficiency of
increasing laser power, and saturated above 6 mW. At high the nanosurgery decreased fram840 to 920 nnjFig. 4(b)].
laser powerg4 to 8 mW), besides local microtubule break- Since the nanosurgery efficiency decreatgese later in the
age, we sometimes observed an explosion of the microtubulepape’, whereas the GFP two-photon cross section increases
structure and immediate cell damage. The frequency of explo- with increasing wavelength in this intervale chose the
sion eventd ., increased with the laser power and saturated intermediate value of 880 nm for the combined imaging and
above 8 mW. Cell survival, estimated ds-fc,,, is also nanosurgery experiments.

820 840 860 880 900 920 840
Laser Wavelength (nm)
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3.3 Viability of Cells After Nanosurgery

An important issue in nanosurgery experiments is the extent
of damage to the cell. The cells irradiated at a low laser power
(up to 4 mW did not show any visible damage besides the
breakage of the irradiated microtubule structure. The cells
were found to be alive and healthy during the whole observa-
tion time (typically 1 h after the nanosurgeryas judged by
the characteristic motion of intracellular granules similar to
that of intact cells. When the nanosurgery was performed on
dividing cell, the process of cell division continued and fin-
ished successfully. The spindles that were broken by the nano-

surgery recovered, a postanaphase array of microtubulesFig. 5 Nanosurgery on a yeast cell in which the nuclear membrane

formed, followed by a septum and two normal daughter (nottubulin)is labeled with GFP. Three images are shown, each rep-
cells12 resents a single optical section. Time in minutes is noted. To the right

of each of the images is a scheme showing the position of the spindle
(solid line) and the cell membrane (dotted line). Nanosurgery was
performed on the center of the spindle after the acquisition of the first

. . image. The nanosurgery did not induce any variation in the shape of
3.4  Interpretation of the Physical Aspects of the nuclear membrane enclosing the spindle, which suggests that the

Nanosurgery spindle shape did not change either. Scale bar is 4 um.

In the following, we describe a set of results that can help to

determine the physical mechanism underlying nanosurgery.

First, we tried to perform nanosurgery with the titanium- ) o ) ) ]

sapphire laser in continuous-wat@v) mode at the same la- mal relaxation (.)f. the vibrational levels, with an increasing

ser power as used before with a mode-lockltl) laser, 4 nanosurgery efficiency. _

mW in the sample. We were not able to induce microtubule _ !f the nanosurgery is due to the two-photon absorption of

brakeage in this case, which suggests that the laser nanosurFP: the nanosurgery volume is of the order of the two-

gery is essentially due to nonlinear absorption processes. ~ Photon excitationTPE) volume. ZTheoretlcaIIy, we can esti-
To discern whether the laser nanosurgery is due to the Mate this volume a¥rpe= %0} w;, where wyy and w;

absorption of GFP or of another kind of molecule, we per- are thel/e width of the lateral(xy) and axial(z) intensity

formed two tests. In the first test, we applied nanosurgery on Square profiled. For our setup withwyy=150 nmand w,

the region of the cell without visible GFP, using a high laser =350 nm,the volume is 0.1 fl. Moreover, using a laser power

power(? mw). A|th0ugh the laser at this power induced an of 4 mW, we usually observed a dark spot of the same order

explosion in 80% of cases when targeted at a GFP-containing©f the two-photon microscopy resolution at the location of the

structure[Fig. 4@a)], explosion was not observed when a re- nanosurgery immediately after the nanosurgery, which is con-

gion devoid of GFP was targeté® out of 10 trial3. In the sistent with a subresolution nanosurgery volume.

second experiment, nanosurgery was performed on the same Taken together, our data are consistent with the hypotheSiS

type of cell as before, but with the nuclear membrane marked that nanosurgery is due to two-photon absorption of GFP. Ad-

with GFP, instead of using GFP-tagged tubulin. Since the ditional work may be necessary to further clarify physical

nuclear membrane encloses the spindle tightly, it is possible to@spects of nanosurgery. This is, however, beyond the scope of

know the position of the spindle in the cells with a labeled this study, the goal of which was to characterize the method

nuclear membrane, without labeling the spindle directly. for microscopy and nanosurgery on microtubule structures in

Nanosurgery performed on the spindle in these cells did not living cells.

induce any variation in the shape of the nuclear membrane

enclosing the spindle, which implies that the spindle shape did

not change eithe(Fig. 5. The results of both experiments 4 Conclusion

suggest that the laser nanosurgery is due to the two-photonN|R femtosecond laser pulses can be used for both micros-

absorption of GFP. Therefore, the microtubule breakage is duecopy and nanosurgery on f|u0rescent|y labeled structures

to thermal relaxation of the excess vibrational energy depos- within living cells. Nanosurgery can be performed with sub-

ited in the vibronic manifold by the two-photon absorption.  micrometer precision and without visible collateral damage to
The observed dependence of the nanosurgery efficiency onthe cell. The nanosurgery on the structures labeled with GFP

the laser power and wavelength can be explained by two-is most likely due to two-photon absorption of GFP mol-
photon absorption of GFP. Two-photon absorption increases gcyles.

quadratically with laser power. However, the regime of expo-

sition time and laser power necessary for an efficient nanosur-
gery is in the saturation part of the absorption curve. Hence,
the observed dependence of the efficiency on the laser powe
does not display a quadratic dependence, but only the satura\WWe thank Y. Hiraoka for the GFP fusion constructs, G. Thon
tion part. Furthermore, when the laser wavelength is de- for cell transformation and discussion of yeast biology, and R.
creased while keeping the power constant, the amount of ex-Righini for discussion of nonlinear absorption. This work was
cess vibrational energy deposited in the sample increases. Asupported by LENS Contract No. HPRI-CT-1999-00111 CE
a consequence, greater local heating is produced by the therand by the Ente Cassa di Risparmio di Firenze.
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