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Two-photon fluorescence microscopy allows three-dimensional imaging of biological
specimens in vivo. Compared with confocal microscopy, it offers the advantages of deeper
tissue penetration and less photodamage but has the disadvantage of slightly lower
resolution.
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in the ultraviolet or blue/green spectral range. However,
the same excitation process can be generated by the
simultaneous absorption of two less energetic photons
(typically in the infrared spectral range) under suﬃciently
intense laser illumination. This nonlinear process can
occur if the sum of the energies of the two photons is greater
than the energy gap between the molecule’s ground and
excited states. Since this process depends on the simultaneous absorption of two infrared photons, the probability
of two-photon absorption by a ﬂuorescent molecule is a
quadratic function of the excitation radiance. Under
suﬃciently intense excitation, three-photon and higherphoton excitation is also possible and deep UV microscopy
based on these processes has been developed.

The invention of two-photon ﬂuorescence light microscopy by Denk, Webb and co-workers (Denk et al., 1990)
revolutionized three-dimensional (3D) in vivo imaging of
cells and tissues. In 1931, the theoretical basis of twophoton excitation was established by Maria GöppertMayer, and this photophysical eﬀect was veriﬁed experimentally by Kaiser and Garret in 1963. Two-photon
excitation is a ﬂuorescence process in which a ﬂuorophore
(a molecule that ﬂuoresces) is excited by the simultaneous
absorption of two photons (Figure 1). The familiar onephoton ﬂuorescence process involves exciting a ﬂuorophore from the electronic ground state to an excited state
by a single photon. This process typically requires photons
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Figure 1 Jablonski diagram of one-photon (a) and two-photon (b) excitation, which occurs as fluorophores are excited from the ground state to the first
electronic states. One-photon excitation occurs through the absorption of a single photon. Two-photon excitation occurs through the absorption of two
lower-energy photons via short-lived intermediate states. After either excitation process, the fluorophore relaxes to the lowest energy level of the first
excited electronic states via vibrational processes. The subsequent fluorescence emission process for both relaxation modes is the same.
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Design of a Two-photon Microscope
Although the possibility of nonlinear excitation was
recognized in 1978 (Sheppard and Kompfner, 1978),
two-photon microscopy was not demonstrated until 1990
(Denk et al., 1990). The investigators noted that the twophoton process can be exploited to implement microscopy
imaging in three dimensions. Depth discrimination is one
of the most important properties of two-photon microscopes equipped with high numerical aperture objectives.
For a spatially uniform specimen, ﬂuorescence signals are
generated equally from each z-section above and below the
focal plane for one-photon excitation. In contrast, over
80% of the total ﬂuorescence signal can be conﬁned to a
region 1 mm thick about the focal point using two-photon

excitation. This depth discrimination results from the
quadratic dependence of the ﬂuorescence probability on
the spatial distribution of the excitation radiance. Appreciable two-photon ﬂuorescence occurs only at the microscope focal volume, where the photon density is high;
negligible ﬂuorescence is excited outside of this volume
(Figure 2a,b). The typical two-photon excitation point
spread function has a full width at half-maximum of 0.3 mm
in the radial direction and 0.9 mm in the axial direction
when 960 nm excitation light is focused by a 1.25 NA
objective (Figure 2c).
Two-photon excitation eﬃciency is maximized when
laser light is focused to a diﬀraction-limited volume.
Figure 3 shows a typical two-photon microscope design. A
critical component in a two-photon microscope is its light

Figure 2 A schematic representation of the localization of two-photon excitation. (a) Infrared light (blue arrow) is focused by an objective lens and
fluorescence (red arrow) occurs only at the focal volume. (b) A detailed excitation profile of the two-photon excitation volume. The full width at halfmaximum of the excitation profile is 0.3 mm along the radial direction (left) and is 0.9 mm along the longitudinal direction (right) at a laser wavelength of
960 nm. (c) A demonstration of the localization of two-photon excitation volume. Fluorescein solution is excited by one-photon excitation (blue arrow) via
a 0.1 numerical aperture objective; fluorescence excitation is observed throughout the path of the laser beam. For two-photon excitation using a second
objective with the same numerical aperture (red arrow), fluorescence excitation occurs only from a 3D localized spot.
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Figure 3 A schematic drawing of typical components in a two-photon microscope. This system typically consists of a high-peak-power pulsed laser, a
high-throughput scanning microscope and high-sensitivity detection circuitry.

source; a high-radiance light source on the order of 1010 –
1012 W cm 2 2 is required for eﬃcient excitation. This
radiance level can be achieved by focusing light from a
1 W continuous-wave laser to a 10 2 9 cm2 diﬀractionlimited focal volume. Two-photon microscopy based on
continuous-wave lasers has been demonstrated. However,
the high average laser power is a concern for pigmented
biological samples with appreciable one-photon absorption. High repetition rate (100 MHz), ultrafast (femtosecond or picosecond pulse widths) lasers, such as titanium–
sapphire and Nd:YLF lasers, are the most widely used light
sources. The higher peak power and the lower duty cycle of
these lasers minimize average power deposition in the
specimen while maximizing two-photon excitation eﬃciency.
Figure 3 shows laser excitation directed into the microscope via an epiluminescence light path. The excitation
light is reﬂected by a dichroic mirror to the microscope
objective and is focused in the specimen. Two-photon
induced ﬂuorescence is generated at the diﬀraction-limited
volume. Images are constructed by raster scanning the
ﬂuorescent volume in three dimensions using a galvanometer-driven x–y scanner and a piezo-objective z-driver.
The emission signal is collected by the same objective and
transmitted through the dichroic mirror along the emission
path. An additional barrier ﬁlter is needed to further
attenuate the scattered excitation light. High-sensitivity

detection electronics, such as single-photon counting
circuitry, are used to ensure maximal detection eﬃciency
and signal dynamic range.

Fluorophores for Two-photon
Microscopy
A ﬂuorophore that is one-photon active at wavelength l
can often be excited by two photons of twice the
wavelength (2l). However, one should recognize that
one-photon and two-photon excitation are fundamentally
diﬀerent quantum-mechanical processes and have very
diﬀerent selection rules. A ﬂuorophore’s two-photon
excitation spectrum scaled to half the wavelength is
typically not equivalent to its one-photon excitation
spectrum. However, a ﬂuorophore’s emission spectrum,
in the absence of ground-state heterogeneity, is independent of the excitation mechanism, since the molecule
relaxes to the same excited state through vibrational
mechanisms before emission.
Since the two-photon spectra of many molecules can be
signiﬁcantly diﬀerent from their scaled one-photon
equivalent, it is important to characterize the spectral
properties of common ﬂuorophores under two-photon

ENCYCLOPEDIA OF LIFE SCIENCES / & 2002 Macmillan Publishers Ltd, Nature Publishing Group / www.els.net

3

Two-photon Fluorescence Light Microscopy

excitation. The two-photon excitation spectra of over 20
ﬂuorophores have been measured (Xu et al., 1996).
Further, ﬂuorophores designed for one-photon excitation are not necessarily optimized for good two-photon
absorption characteristics. Enhanced two-photon ﬂuorophores with cross-sections two orders of magnitude
higher are found in p-conjugated molecules with large
quadrupole transition moment upon excitation (Albota
et al., 1998). Similar success has been achieved in designing
photolabile caged groups for two-photon photolysis
experiments (Furuta et al., 1999).

Comparison of Conventional, Confocal
and Two-photon Light Microscopy
Methods
Conventional light microscopy is an important tool, but its
ability to resolve microscopic structures in optically thick
specimens is limited because the image at the focal plane is
blurred by out-of-focus noise. The invention of confocal
microscopy in the 1960s and two-photon microscopy in the
1990s has started to address 3D imaging needs. Confocal
microscopy is a technique very similar to two-photon
microscopy. Confocal microscopy achieves 3D resolution
using a set of conjugate apertures, one for illumination and
one for detection of the scattered or ﬂuorescent light. These
conjugate pinholes, functioning as spatial ﬁlters, ensure
that the microscope will illuminate and detect light from
the same volume within the specimen.
Although two-photon and confocal microscopies are
very similar, two-photon microscopy has a number of
advantages. First, two-photon excitation wavelengths are
typically about twice the one-photon excitation wavelengths. This wide separation between excitation and
emission spectrum ensures that the excitation light and
the Raman scattering can be rejected while ﬁltering out a
minimum of ﬂuorescence photons. Second, two-photon
microscopy is particularly suited for imaging in optically
thick specimens. Near-infrared radiation used in twophoton excitation has orders of magnitude less absorption
in biological specimens than UV or blue-green light. The
attenuation of excitation light from scattering is also
reduced, as the scattering cross-section decreases with
increasing wavelength. Third, confocal microscopy uses
the emission pinhole aperture to reject out-of-focus light.
Inside thick specimens, scattering of the ﬂuorescent
photons is inevitable. The resultant path deviation causes
a signiﬁcant loss of these photons at the confocal pinhole.
Two-photon microscopy requires no pinhole aperture and
minimizes signal loss.
While two-photon microscopy has a number of unique
advantages when compared with the confocal approach, it
has lower spatial resolution. The resolution of a micro4

scope system scales inversely with the wavelength of light
used. For a given ﬂuorophore, two-photon excitation
requires the use of excitation at twice the one-photon
wavelength, resulting in approximately half the resolution.
Furthermore, confocal microscopes can generate images
based on specimen refractive index variation in addition to
ﬂuorophore distribution.

Photobleaching and Photodamage in
Two-photon Microscopy
Compared with confocal microscopy operating in the UV
or blue-green excitation wavelengths, two-photon microscopy minimizes photobleaching and photodamage. Unlike in confocal microscopy, which illuminates the
specimen with a double inverted cone of light, photobleaching and photodamage are limited to a sub-femtolitre
volume for two-photon microscopy. This diﬀerence is
critical; confocal microscopy obtains 3D resolution by
limiting the observation volume, whereas two-photon
microscopy limits the excitation volume. Photodamage in
a confocal microscope occurs when any region of the
inverted cone of light intersects with the specimen. Twophoton photodamage is limited to a sub-femtolitre volume
at the focal point. The reduction in the photodamage
volume results in a dramatic increase in viability of
biological specimens.
At the focal volume where photochemical interactions
occur, two-photon microscopy can still cause considerable
photodamage. Three major mechanisms of two-photon
photodamage have been recognized. (1) Photodamage can
be caused by two-photon or higher-photon excitation of
endogenous and exogenous ﬂuorophores similar to that of
ultraviolet irradiation. These ﬂuorophores act as photosensitizers in photooxidative processes. Photoactivation of
these ﬂuorophores results in the formation of reactive
oxygen species that trigger the subsequent biochemical
damage cascade in cells (Konig et al., 1996). (2) Singlephoton absorption of the high-power infrared radiation
can produce thermal damage. This eﬀect is particularly
pronounced in pigmented specimens. (3) Photodamage
may also be caused by mechanisms, such as dielectric
breakdown, resulting from the intense electromagnetic
ﬁeld of the femtosecond laser pulses.
The unique potential of two-photon imaging for
noninvasive biological studies is well demonstrated. Twophoton microscopy has been used successfully to study the
development of Caenorhabditis elegans embryos. This is an
application for which traditional confocal microscopy
failed because photodamage resulted in developmental
arrest of the organism (Mohler et al., 1998).
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Application Trends in Two-photon
Microscopy
Two-photon microscopy is expected to have an impact in
areas such as physiology, neurobiology, embryology and
tissue engineering, for which imaging of highly scattering
tissue is required. Highly opaque tissues such as human
skin have been visualized with cellular detail (Masters et al.,
1997). Clinically, two-photon microscopy may ﬁnd an
application in noninvasive optical biopsy, for which highspeed imaging is required. This need has been addressed by
video rate two-photon microscopy (Bewersdorf et al.,
1998). In cell biology, the most promising applications are
those that rely on two-photon excitation to produce
localized chemical reactions, such as in 3D resolved
uncaging and photobleaching recovery studies (Denk
et al., 1994).
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