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Abstract - Non-linear 3D imaging of fluorophore-labelled vital cells has been performed by femtosecond near
infrared (NIR) microscopy. Ultraviolet and visible transitions of intracellular fluorophores, such as Fura-2,
Calcium Green, Rhodamine 123 and fluorescent microspheres, were excited via simultaneous absorption of two
780 nm photons provided by a tunable Ti:Sapphire laser. The femtosecond laser was coupled to a conventional
upright Zeiss confocal laser scanning microscope expanding its one-photon capabilities to 3D resolved two-
photon microscopy. Pinhole-free non-linear 3D imaging was possible with 400 nm lateral and =1 um axial
resolution. Axial resolution could be further improved by using an additional detection pinhole. The NIR
average power and pulse width at the sample were adjusted to be 1-4 mW and 150-200 fs, respectively. Higher
power levels resulted in cell damage as demonstrated by photoinduced lysis of human erythrocytes. The
powerful capabilities of this universal microscope were demonstrated by 3D imaging of two-photon excited
fluorophore-labelled macrophages during phagocytosis of fluorescent microsized beads.
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INTRODUCTION

Three dimensional (3D) fluorescence imaging
with sub-micron spatial resolution using confocal
laser scanning microscopy (CLSM) has become a
powerful tool in cell biology and biotechnology
(e.g. Pawley, 1995). Laser sources, typically used
in CLSM, are helium-neon lasers (He-Ne lasers),
argon ion lasers (Ar* lasers) and argon-krypton ion
lasers with discrete emission lines at 351, 364,
458, 488, 514, 543, 568, 633 and 647 nm. Using
high numerical aperture (NA) objective lenses, a
diffraction-limited illumination (excitation) spot in
the sub-wavelength (sub-micron) range provides
high lateral resolution. High axial resolution is
usually achieved by using an adjustable detection
pinhole in an image plane resulting in spatial

supression of "out-of-focus" fluorescence ("confo-
cal detection"). However, due to the large size of
the excitation volume as compared to the detection
volume, this 3D imaging technique suffers from
photostress/photobleaching all along the excitation
cone as well as from decreased contrast due to
"out-of-focus" fluorescence (Fig. 1).

Photostress and photobleaching induced by the
illumination light source turn out to be the major
limitation when imaging intracellular fluorophores
with electronic transitions in the ultraviolet (UV)
wavelength range only, such as the endogenous
fluorescent coenzymes NADH and NADPH or the
exogenous fluorophores Fura-2 (calcium indica-
tor), Indo-1 (calcium indicator) or DAPI (DNA
indicator). Even UV photons with relative low
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photon energy, such as UVA (320-400 nm) pho-
tons, may modify the intracellular redox state,
membrane permeability and cloning efficiency.
They can induce DNA breaks, giant cell produc-
tion and cell death at UVA radiant exposures as
low as =J/cm2, which are accumulated during
exposure times of seconds with the 365 nm line of
a 50 W high-pressure mercury lamp (100 x objec-
tive) or during 10 scans with a 5 uW laser scanning
beam at 351 or 364 nm and a typical 80 ps pixel
dwell time (Konig et al., 1996a). The cytotoxic
UVA effects are based on non-thermal, photoche-
mical reactions such as type I and type II pho-
tooxidation processes (charge and energy transfer)
resulting in the formation of aggressive oxygen
radicals and singlet oxygen, i.e. oxidative stress
(Burchuladze et al., 1990; Cunningham et al.,
1985: Foote, 1984; Konig et al., 1996b; Tyrell and
Keyse, 1990).

PRINCIPLE OF
TWO-PHOTON MICROSCOPY

Photostress and photobleaching in 3D microscopy
can be significantly reduced if the excitation volume
is restricted to the detection volume (Fig. 1). This
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can be realized by means of two-photon micro-
scopy, where the chromophore excitation takes
place only in the focal volume via the simultaneous
absorption of two photons with approximately half
the energy required for one-photon excitation.
Thus, near infrared (NIR, 700-1200 nm) photons
can excite UV and visible electronic transitions
giving rise to visible fluorescence (Fig. 2). Two-
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Fig. 2 Principle of non--resonant Iwo-

photon excitation using one NIR microbeam.
Molecules with UV and blue electronic transitions
(no NIR transitions) are excited by simultaneous
absorption of two NIR photons of same wavelength
and can fluoresce in the visible.

Fig. 1

Principle of conventional confocal fluorescence imaging (left) and non-linear imaging in two-photon

NIR microscopes (right). In conventional confocal microscopy, the application of pinholes in the image plane results
in spatial supression of "out-of-focus" fluorescence. Because the excitation volume is larger than the detection
volume, photostress and photobleaching occur through the entire depth of the cell. In contrast, the small sub-femtoliter
excitation volume during two-photon excitation and the absence of efficient NIR-absorbers reduces photobleaching

and stress to the focal plane.
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photon excitation requires high photon concentra-
tion in time and space with typical photon flux
densities on the order of >10%* photons cm?s™! or
~MW/cm? NIR intensities, respectively (Goppert-
Meyer, 1931).

These high photon concentrations can be achieved
by diffraction-limited focusing of continuous wave
(cw) NIR laser beams with powers in the mW
range (Hinninen et al., 1994; Konig et al., 1995,
1996c¢). In spite of the enormous intensities, cellu-
lar heating of mW-NIR-microbeams is neglible (1-
2 K/100 mW: Liu et al., 1995). Because of the
squared dependence of the two-photon excited
fluorescence on the illumination intensity and the
rapid intensity decrease with the distance from the
focal spot, the two-photon excitation volume in the
case of high NA-objectives (NA 2 1) is limited to
a sub-femtoliter focal region. The rate of fluores-
cence photons dN/dt induced by two-photon exci-
tation can be estimated by:

dN/dt = 'N-ord?

and yields =107 photons s for a photon flux den-
sity of a 100 mW NIR microbeam of @ = 10°® pho-
tons cm2s!, a molecule number at 15 puM
concentration in the excitation volume of N =1000,
a typical two-photon absorption cross section of
o= 108 photons cm?s, and an assumed fluores-
cence quantum yield of 1. Considering a typical
10-2-10°3 overall detection efficiency, image acqui-
sition by point-scanning would require an acquisi-
tion time on the order of several min.

To realize faster image acquisition times with pixel
dwell times in the microsecond range, higher exci-
tation powers, typically on the order of hundreds
of Watts, are required. However, thermal damage
has to be avoided. This can be done by application
of ultrashort pulses with high repetition rates and
high peak power, but low average power levels in
the mW range. Using such pulsed NIR micro-
beams the excitation photon flux densitiy is increa-
sed due to an enhanced temporal photon
concentration. For well-corrected microscope
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optics the spatial concentration is the same as in
the case of a cw microbeam (the chromatic aberra-
tion of the broadband pulses can reduce spatial
photon concentration). An optimum pulse repeti-
tion rate is =100 MHz resulting in a 10 ns (107 s)
temporal separation of pulses. Because typical
fluorescence lifetimes are <10 ns, an excited
molecule can relax to the ground state before the
next pulse arrives. Thus molecules can absorb two
photons per pulse. Higher repetition rates result in
saturation effects. In the case of pulsed micro-
beams with an average power level P, pulse repeti-
tion rate f, pulse width T, wavelength A 18
numerical aperture NA of the objective, the num-
ber of photon pairs non-linear absorbed per pulse
and per molecule, n, can be estimated by (Denk et
al., 1990):

n = P2ou/(tf2) - i2NAY/(h%c?\?)

where h is the Planck's constant and c the speed of
light.

The first two-photon microscope, realized in 1990,
used a CPM-dye laser at 630 nm with 100 fs
(1013 5) pulses (Denk et al., 1990). Today's two-
photon microscopes use commercially available
Ti:sapphire lasers with a 300 nm tuning range from
700 - 1000 nm, pulse widths between 40 fs and
150 fs, and =80 MHz repetition frequency.
Currently, the shortest available laser pulses are 6
fs (Fork, 1987).

The main advantages of two-photon microscopy
compared to conventional "one-photon” micro-
scopy are:

1. Highly localized excitation. Because two-pho-
ton excitation occurs in the focal volume only,
highly localized intracellular / intramolecular
micromanipulation and fluorescence excitation 1is
possible. 3D resolved imaging does not require a
"detection pinhole". Due to the inherent 3D capa-
bility, fluorescence photons can be detected with
high efficiency (simplified optics, non-descanned
detection possible, no spatially filtered photons).
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2. Reduced photobleaching / photodamage.
Because the NIR spectral range represents the
"optical window" of cells and tissues due to the
lack of efficient one-photon NIR absorbers, no
photobleaching and photodamage will occur in
"out-of-focus" regions.

3. Improved signal to noise ratio. No background
fluorescence due to excitation of medium, immer-
sion oil, contaminations or optics is present.

4. Simplified optics. As fluorophores with UV
transitions are excited by NIR photons, two-pho-
ton microscopes do not require special UV-correc-
ted optics. However, the development of special
NIR microscope optics is desirable.

5. Higher penetration depth. Due to lower absorp-
tion and scattering coefficients, the NIR penetra-
tion depth in biological objects is significantely
higher than for UV or visible excitation light.

6. T-Mapping. The use of ultrashort exciation
pulses permits the spatially-resolved detection of
fluorescence lifetimes and the acquisition of fluo-
rescence lifetime images (T-mapping). The addi-
tional fluorescence parameter fluorescence
lifetime may provide information on the micro-
environment, type of bindings and number of fluo-
rescence species (e.g. Bugiel er al., 1989;
Lakowicz, 1983).

These properties of two-photon microscopy makes
it a suitable novel non-invasive diagnostic and
micromanipulation tool in cell biology, in particu-
lar, in vital cell studies. So far, intracellular ima-
ging of several exogenous fluorophores, such as
Indo-1, Laurdan and DAPI ( Denk et al., 1995;
Piston et al., 1994; Yu et al., 1996) and endoge-
nous fluorophores, such as NADH (Piston et al.,
1995; Konig et al., 1996d), by two-photon NIR
excitation has been shown. Denk et al. demonstra-
ted the release of intracellular UV-labile caged
compounds by two-photon excitation and to map
intracellualr ion channels (Denk, 1994, Denk et
al., 1995). Moreover, time-resolved two-photon

imaging has been realized (Konig et al., 1996d;
Piston et al., 1992; So et al., 1995).

In contrast to the "home-build" 2D two-photon
microscopes described in the literature, we report
on 3D vital cell studies using a conventional
confocal laser scanning microscope equipped with
a femtosecond Ti:Sapphire laser. This instrument
extends its "one-photon" capabilities to 3D two-
photon microscopy of living cells. The powerful
capabilities of this novel microscope system are
demonstrated by 3D fluorescence imaging of
single fluorophore-labelled macrophages during
phagocytosis of fluorescent microspheres and
human erythrocytes.

DESCRIPTION OF THE
3D CONFOCAL TWO-PHOTON
FEMTOSECOND MICROSCOPE

Experimental Set-up

A photograph and the scheme of the experimental
setup is shown in fig. 3A and 3B, respectively. A
commercially available Ti:Sapphire laser (Mira
Model 900-F, Coherent, Santa Clara, USA) was
pumped by a 7-W-multi-line Ar* laser (Innova
310, Coherent). Tuning the short-wave cavity
optics set of the Ti:Sapphire laser to its intensity
maximum at 780 nm, the near-infrared laser emit-
ted stable 130 fs-pulses at a 76 MHz repetition rate
and an average power of 900 mW. An autocorrela-
tor (APE Angewandte Physik Elektronik GmbH,
Berlin, Germany) was used to monitor the pulse
width of the Ti:Sapphire laser. After expanding the
NIR laser beam by an 1:3-Galileian telescope, the
beam was coupled into an upright confocal laser
scanning microscope (LSM 310, Carl Zeiss, Jena)
which was also equipped with an 543 nm-HeNe
laser and an 488 nm-Ar*-laser. The 80/20 neutral
beam splitter of the microscope reflected 20% of
the coupled laser power toward the specimen,
while the remaining 80% of the laser power was
absorbed in a beam stop. A pair of galvanometer
scanning mirrors was used to deflect the laser
beam in x- and y-direction in order to scan the
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Fig. 3 Experimental set-up: photograph (A) and scheme (B)(next page). The modified Zeiss confocal laser
scanning microscope CLSM 310 expands its one-photon feasibilities to two-photon microscopy. A tunable
femtosecond Ti:Sapphire laser (Mira 900, Coherent) provides the additional pulsed NIR excitation beam which is
expanded by a factor 3 prior to the entrance in the microscope. The photomultipliers are equipped with 700 nm short
pass filters. A beam splitter 530 was chosen for dual detection of <530 nm fluorescence and >530 nm emission,
respectively.
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Fig. 4 Histograms of 3D fluorescence images of 100 nm beads representing point-spread-functions with full

width half maxima (FWHM) of 0.3 um (lateral) and 1.1 um (axial) Magn. x 63, NA= 1.25.

Fig. 5 Series of non-linear fluorescence images of a Fura-2 labelled macrophage during phagocytosis of
fluorescent microspheres at different depths (dz = 230 nm).
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laser point illumination accross the object field.
Scan-objective lens and tube lens provided an
additional magnification factor of =2, resulting in a
near-infrared (1/e2)-laser beam diameter in the
objective back focal plane (pupil) of approximately
8 mm. A high-NA objective lens (Plan-Neofluoar 63
x/1.25 oil, pupil diameter 6.5 mm) was used to
focus the laser beam to an aperture-diffraction limi-
ted spot of sub-um lateral spatial extent in the spe-
cimen. This spot acts as a point source of reflected
or fluorescent light depending on the application.
Throughout this work, however, only fluorescent
specimens were investigated.

A cross hair slide was used in the object plane to
spatially overlap the Ti:Sapphire laser beam path
with the internal 543-nm-HeNe laser in the micro-
scope. A highly reproducable mirror slider allowed
to switch within 1 s between the visible lasers and
the near-infrared laser, which made a systematic
comparison between one-photon-visible excitation
and two-photon-NIR excitation very straightfor-
ward. However, as changing the Ti:Sapphire laser
wavelength (tuning the birefringent filter inside the
Ti:Sapphire laser resonator) moved the beam path
of the NIR laser, this superposition alignement pro-
cedure had to be repeated each time the wavelength
of the femtosecond laser was changed. For the sake
of simplicity, experiments described in this work
have been performed at a fixed NIR excitation
wavelength of 780 nm.

The overall transmittance of the optical system of
the commercially available CLSM was not optimi-
zed for the NIR wavelength range and was measu-
red to be on the order of only 8% at 780 nm from
the laser entrance port to the objective pupil. This
low NIR transmittance is mainly due to the use of
an 80/20 neutral beam splitter instead of an opti-
mized short pass for 780 nm. However, due to the
high average power level of the Ti:Sapphire laser
as much as =50 mW average power level at 780
nm were transmitted into the back-focal-plane of
the objective lens which was shown to be more
than sufficient to excite a wide variety of fluoro-
phores.
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The pulse duration of the near-infrared femtose-
cond laser was measured at the laser entrance port
of the microscope as well as the objective back-
focal-plane using the background-free non-colli-
near autocorrelation technique. The pulse
broadening due to group velocity dispersion
(GVD) in the optical system from the laser entrance
port of the LSM 310 to the objective back-focal-
plane (measurement without objective using the
parallel beam leaving the tube lens) was found to
be on the order of only 5%. The seperate measure-
ment of the pulse broadening by the objective
revealed high dispersion values on the order of
~2000 fs? and resulted in an additional 10% broa-
dening of input pulses. Therefore, the in situ pulse
width was =150 fs. Thus, the use of a prism-
sequence prechirping unit to pre-compensate for
the GVD of the optical system was not required
throughout this work.

The detection unit of the system consited of two
PMT detection channels with one continuously
variable confocal aperture for both fluorescence
detection channels. To effectively prevent the scat-
tered laser excitation radiation form reaching the
detector a stack of two short pass filters with either
the band edge at 600 or at 685 nm were used depen-
ding on the application. Brightfield NIR imaging
(transmission mode) was performed by a third
detector without short-pass filters.

Resolution

Depth discrimination is an intrinsic property of
two-photon microscopy arising from the quadratic
dependence on the excitation intensity and the
strong intensity gradient in the case of high-aper-
ture-objectives. The size of the two-photon excita-
tion volume of our 3D two-photon microscope
equipped with an 63 x PlanNeofluar oil immersion
objective and its axial as well as lateral resolution,
respectively, were determined by means of "pin-
hole-free" 3D fluorescence imaging of fluoro-
phore-labelled nanometer-sized microspheres (93
nm diameter, refractive index: 1.51, blue-fluores-
cent FluoSpheres® carboxylate-modified micros-
pheres, Molecular Probes, USA). As seen from the
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Fig. 6 The 3D information on the intracellular two-photon fluorescence is obtained in the false-color, depth-
coded fluorescence image (left) and the surface topography (right image) which were constructed from the stack of

images in fig. 6. Transmission imaging (brightfield imaging) was performed immediately after two-photon
microscopy by means of the 488 nm microbeam (lower image).
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point-spread function in fig. 4, an axial and lateral
resolution of 1.1 um and 0.3 wm, respectively, were
observed. Hence, 80% of the fluorescence photons
originate from =0.1 femtoliter (0.1 um?) two-pho-
ton excitation volume. As a consequence, "pinhole-
free" 3D fluorescence imaging of micrometer-sized
samples, such as single cells, with sufficient resolu-
tion and high contrast is possible.

In the case, where higher axial resolution is deman-
ded, the additional application of a "pinhole" in the
detection plane improves the axial resolution, as
shown by Stelzer ef al. (1994).

3D IMAGING OF MACROPHAGES
DURING PHAGOCYTOSIS

In order to evaluate our 3D microscope on cellular
systems, vital rat macrophages were labelled with a
number of exogenous fluorophores relevant to probe
vitality, physiology and metabolism of cells and to
trace single cells. In particular, the cells were incu-
bated with the Ca** indicators Fura-2 and Calcium
Green or the marker of mitochondrial activity
Rhodamine 123 (Molecular Probes, Eugene, USA).

At first, the intracellular accumulation of these fluo-
rophores was probed by conventional fluorescence
microscopy using either the 488 nm Ar*-laser
source or the 365 nm-line of the high-pressure mer-
cury lamp as excitation radiation. In addition, the
efficient 488 nm excitation of fluorescent micro-
beads (Fluoresbrite™ carboxy YG 2.833 £0.129 um
beads, excitation maximum: 458 nm, emission
maximum: 540 nm, Polysciences, Warrington,
USA) was demonstrated.

Following this experiment, we tried to localize these
fluorophores by two-photon fluorescence imaging.
All chromophores mentioned above started to fluo-
resce during 780 nm exposure although none of
these dyes possess an one-photon absorption maxi-
mum at 780 nm/2=390 nm. The 780 nm excitation
wavelength represents not the optimum two-photon
excitation wavelength for all these dyes. The fluo-
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rescence intensity could be optimized by tuning the
laser wavelength to the two-photon excitation maxi-
mum of the specific dye. Unfortunately, up to now
the two-photon excitation spectra of most com-
monly used fluorophores have not been determined
yet. Interestingly, the fluorescent beads showed a
high two-photon fluorescence quantum yield. Two-
photon excited fluorescence was detectable even
with an average NIR-power as low as 0.2 mW (=16
W pulse peak power).

Macrophages were obtained from Wistar rats. The
animals were sacrificed by decapitation under ether
anesthesia. Macrophages were harvested by intra-
peritoneal lavage with 10 ml phosphate buffered
saline (PBS, 20 mM, pH = 7.4, 300 mosmol),
washed in PBS and resuspended in Eagle-MEM
(pH = 7.4, Gibco BRL, Eggenstein, Germany) cell
culture medium incubated with the fluorophore.

In order to use the 3D microscope to test the acti-
vity of macrophages, green-fluorescent micros-
pheres were added to Fura-2-labelled cells. 3D
images were taken to gain information on the pha-
gocytosis process and to study the intracellular
localization of the fluorescent beads. Both fluoro-
phores, Fura-2 as well as the bead fluorophore,
were excited with the same 780 nm wavelength. As
demonstrated in fig. 6, 49 optical sections at 2300
nm z-separation were chosen to yield 3D informa-
tion. The images show the position of several beads
inside the macrophage indicating successful phago-
cytosis. A false-color depth coded 2D image was
constructed from this stack of images with color
indicating different z positions (Fig. 6, left). As
shown from this fig., the macrophage had dimen-
sions of about 8 um. Three of the beads were loca-
lized at a depth of =4 um inside the cell. One bead
remained at the surface outside the cell at a depth of
11 wm. In addition, image analysis allowed the
construction of the surface topography of the 3D
sample (Fig. 6, right). In contrast, the normal trans-
mission image (Fig. 6, lower), taken by scanning
the 488 nm microbeam, shows beads and the cell
but give no information on the intracellular position
and successful endocytosis, respectively.
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In order to study phagocytosis of human erythro-
cytes, the interaction of fluorophore-labelled macro-
phages with the red blood cells was monitored in a
first step by 488 nm-transmission imaging. By
changing the laser wavelength to 780 nm, we noted
laser-induced hemolysis in the transmission mode at
5 mW average power. In contrast, macrophages
showed no significant cell damage as probed by PI
accumulation. Reduction of the average power lead
to survival of erythrocytes even during repeated
scanning. To gain information on thresholds of
power and radiant exposure for non--invasive two-
photon imaging we studied more carefully during
scanning the interaction between the femotsecond
780 nm microbeam and single erythrocytes. For that
purpose we monitored changes in
morphology/cytoskeleton and the onset of hemoly-
sis during scanning. Using a frame size of 512 x 512
pixels which corresponds to an object field of 100
um x 100 pm (63 x objective, zoom 2), we scanned
single cells (up to twelve within the frame) 10 times.
In order to realize a high photon density through the
whole cell with a typical maximum length of 8.4
um (Evans and Skalak, 1980) the z position was
varied in 1 wm steps with each scan. We found that
for a frame rate of 0.5 s! the excitation beam at 2
mW in situ power did not induce hemolysis nor
influenced cell morphology. In contrast, a reduced
0.016 s°! frame rate (pixel dwell time increased by a
factor of 32) resulted in first changes of the cell
membrane. The cell underwent a discocytic-echino-
cytic shape transformation with irregular spicula
formation and became an atypical E2 cell according
to Bessis nomenclature (Bessis, 1972). Hemolysis
did not occur. At 4 mW, cells showed slight changes
of membrane morphology (no hemolysis) ata 0.5 s~
I frame rate. At the lower frame rate, cells started to
"shrink" to an average 6 wm cell diameter. At 5 mW
or higher, all cells underwent hemolysis at the 0.016
s'! frame rate.

OUTLOOK

The unique 3D fluorescence microscope enables a
novel type of 3D vital cell imaging by two-photon
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NIR excitation and "pinhole-free" fluorescence
detection in addition to conventional confocal
microscopy. Switching from one-photon VIS
microscopy using the Ar* or He-Ne laser to NIR
microscopy was as simple as moving the high pre-
cision mirror slider. This allowed direct compari-
son of NIR to visible fluorescence excitation and
transmission. The use of the tunable Ti:Sapphire
laser from the far red (= 670 nm) to ~1000 nm pro-
vides non-linear excitation radiation of nearly all
intracellular fluorophores, including chromo-
phores with UVA transitions.

As demonstrated in this work, the use of a fixed
excitation wavelength at 780 nm allows excitation
of a number of commonly used intracellular fluo-
rophores. Interestingly, the fluoresent microbeads
designed for blue/green one-photon excitation
appeared as two-photon fluorophor.

We found that average powers levels of the femto-
second excitation beam on the order of >5 mW at
erythrocytes are sufficient to induce hemolysis. In
contrast, in the case of cw 780 nm microirradiation
onset of hemolysis occurred at an average power
of 60 mW. Therefore, the high peak powers are
responsible for cell damage. Considering a peak
power of =300 W (5 mW average power, 150 fs,
80 MHz repetition rate) and a FWHM (full width
half maximum) spot size at the focal point of = 0.3
um, the NIR intensity during the interaction of the
femtosecond pulse with the cell is on the order of
GW/cm?. At these high intensity levels, different
mechanisms may contribute to cell damage indu-
ced by femtosecond NIR microbeams. There is a
high probability of non-linear cell destruction by
intracellular optical breakdown (plasma forma-
tion). The cell damage would occur above certain
power (intensity) thresholds. Indeed, such power
dependent cell damage was found in the case of
CHO cells (Konig ef al., 1996e).

Otherwise, cell damage by transient, highly locali-
zed target heating may occur. In contrast to CHO
cells, erythrocytes are much better absorbers of
NIR radiation. Reduced hemoglobin possess a 760
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nm absorption band (molecular absorption coeffi-
cient oy =1 mMem™). Thermal-induced ery-
throcyte damage would have a dependence on
radiant exposure as found in this study. Transient,
highly localized heating could be due to high pho-
ton concentration in each submicron-illumination
spot and due to the high thermal relaxation time of
8 um cells on the order of us compared to the 12
ns temporal pulse separation. Such heating could
induce transformations in protein configuration.
Considering the typical surface area of an intact
human erythrocyte of 142 pum? (Evans and Skalak,
1980) transformation into a spherical shape
without osmotic swelling would result in a cell
with 6.7 um diameter and volume increase (influx
of extracellular material). In contrast, transforma-
tion in a spherical shape with no change of the
typical 86 fl volume (Pschyrembel, 1994) would
require a 5.5. um diameter. We measured an ave-
rage cell diameter of 6 um at 4 mW power and 10
scans with no signs of hemoglobin efflux. The
photo-induced cell damage of erythrocytes may
therefore imply an isovolumetric transformation
into nearly spherical cells with spicula formation,
and finally hemolysis at higher radiant exposures.

The conclusion of these cell damage studies is the
requirement of low average powers for non-des-
tructive non-linear imaging using femtosecond
pulses. In order to obtain sufficient fluorescence
intensity, sensitive detector systems should be
employed with short pass filters for high suppres-
sion of backscattered NIR excitation photons.

By designing the optics within the microscope for
their application, e.g. by the use of an appropriate
beam splitter, the NIR transmittance of the micro-
scope can be significantly improved. This has the
consequence, that laser output powers in the range
of 20-100 mW should be sufficient for two-photon
microscopy. Currently, two-photon microscopes
are based on the application of large-frame, high-
cost water-cooled Ar*-laser pumped Ti:Sapphire
lasers of high power consumption in connection
with large optical tables. The laser output is typi-
cally on the order of 1 W. The operation of the

K. Konig et al.

equipment requires skilled laser-engineers or laser
physicists. Currently the first air-cooled, compact
diode-pumped solid state lasers at 532 nm are on
the market as powerful Ar*-laser alternatives.
These lasers can be used to pump Ti:Sapphire
lasers. Considering the demand of low in situ
power and the wide range of excitable fluoro-
phores at one NIR wavelength, e.g. 780 nm, the
design of a compact, low-cost "turn-key" solid-
state femtosecond NIR laser for two-photon
microscopy, such as miniaturized Ti:Sapphire
lasers, diode-pumped Cr:LiSAF lasers, or fiber
lasers (e.g. Knopf ef al., 1995; Reed et al., 1996)
appears possible.

Besides the construction of appropriate laser
sources, two other demands for efficient two-pho-
ton microscopy are: i) the design of microscopes
with optimized NIR optics, including the develop-
ment of special objectives with high NIR transmit-
tance and low optical dispersion, and ii) the design
of appropriate two-photon fluorescence probes in
cellular and molecular biology. In a first step, the
varity of well-known exogenous and endogenous
cell fluorophores should be characterized to their
two-photon excitation behaviour (Xu and Webb,
1996). It should be noted that two-photon excita-
tion spectra may significantly differ from one-pho-
ton fluorescence excitation spectra with the
wavelength axis doubled (e.g. Jiang, 1989;
Kennedy and Lytle, 1986).

Two-photon microscopes, as potentially simple
and inexpensive tools, open novel applications in
cell biology, medicine and biotechnology. Besides
the non-destructive "pinhole-free" 3D imaging of
vital cells as an improvement to conventional fluo-
rescence microscopy there is the chance to per-
form intracellular 3D micromanipulations in a
sub-femtoliter two-photon excitation volume. For
example, photolabile "caged" compounds (e.g.
"caged" calcium) can be released in a well defined
intracellular volume by femtosecond NIR micro-
beams (e.g. Denk et al., 1995). This allows a
highly localized variation of intracellular specific
ion gradients. Another potential application is

.
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multi-dye excitation with one NIR wavelength as
demonstrated. This may also be useful in biotech-
nology for multi-gene detection by fluorescence in
situ hybridization.
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