
P1: FhN/ftt P2: FhN

July 10, 2000 11:18 Annual Reviews AR106-15

?
Annu. Rev. Biomed. Eng. 2000. 02:399–429

Copyright c© 2000 by Annual Reviews. All rights reserved

TWO-PHOTON EXCITATION FLUORESCENCE

MICROSCOPY

Peter T. C. So1, Chen Y. Dong1, Barry R. Masters2,
and Keith M. Berland3
1Department of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139; e-mail: ptso@mit.edu
2Department of Ophthalmology, University of Bern, Bern, Switzerland
3Department of Physics, Emory University, Atlanta, Georgia 30322

Key Words multiphoton, fluorescence spectroscopy, single molecule, functional
imaging, tissue imaging

■ Abstract Two-photon fluorescence microscopy is one of the most important re-
cent inventions in biological imaging. This technology enables noninvasive study of
biological specimens in three dimensions with submicrometer resolution. Two-photon
excitation of fluorophores results from the simultaneous absorption of two photons.
This excitation process has a number of unique advantages, such as reduced specimen
photodamage and enhanced penetration depth. It also produces higher-contrast im-
ages and is a novel method to trigger localized photochemical reactions. Two-photon
microscopy continues to find an increasing number of applications in biology and
medicine.
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INTRODUCTION

The need for better diagnostic tools has triggered a renaissance in optical-micro-
scopy instrumentation development. Two-photon fluorescence microscopy (TPM),
invented by Denk et al in 1990 (1), is a three-dimensional (3D) imaging technology
based on the nonlinear excitation of fluorophores. TPM is considered a revolution-
ary development in biological imaging because of its four unique capabilities.
First, TPM greatly reduces photodamage and allows imaging of living specimens.
Second, TPM can image turbid specimens with submicrometer resolution down to
a depth of a few hundred micrometers. Third, TPM allows high-sensitivity imaging
by eliminating the contamination of the fluorescence signal by the excitation light.
Fourth, TPM can initiate photochemical reaction within a subfemtoliter volume
inside cells and tissues.

This review covers the historical development of two-photon fluorescence mi-
croscopy techniques and the underlying physical principles. The basic instrumenta-
tion design for TPM is explained. We describe the two-photon absorption properties
of a number of commonly used fluorophores and the recent efforts in synthesizing
two-photon optimized new probes. To effectively apply this new technique for live
specimen imaging, we need to understand two-photon photodamage mechanisms.
We discuss a number of biomedical uses of two-photon excitation at the molecular,
cellular, and tissue levels. Finally, we survey recent instrumentation development
efforts that may lead to more novel applications.

The reader is referred to several previous reviews of topics included in this
chapter (2–4). The patent from the Cornell group of Webb and coworkers, which
describes multiphoton excitation microscopy, is critical reading (5). An intro-
duction to confocal microscopy and its applications is provided elsewhere (6, 7).
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Confocal microscopy is reviewed in a new book of reprinted selected historical
papers and patents (8).

HISTORICAL REVIEW OF TWO-PHOTON
MICROSCOPY TECHNOLOGY

The potential for highly intense light to trigger nonlinear processes has long been
recognized. In particular, multiphoton excitation processes were predicted by
Maria Göppert-Mayer in her doctoral dissertation on the theory of two-photon
quantum transitions in atoms (9). Experimental work in nonlinear optics may have
begun with the work by Franken and his group in 1961, focusing on second har-
monic generation of light (10). They showed that ruby laser light, at wavelength
λ, propagating through a quartz crystal will generate light at the second harmonic
frequency with a wavelength ofλ/2. In 1963, a few weeks after the publication
of the paper by Franken et al, Kaiser & Garret published the first report on two-
photon excitation (TPE) of CaF2:Eu2+ fluorescence (11). They later demonstrated
that TPE also can excite the fluorescence of organic dyes. Since then, many ex-
amples of TPE processes in molecular spectroscopy have been reported (12, 13).
Two-photon spectroscopy has become an important tool to study the electronic
structure of the molecular excited states (14, 15). G¨oppert-Mayer’s theory was
finally verified 32 years after its formulation. By analogy with the two-photon
processes, three-photon excitation spectroscopy has also been described. Three-
photon absorption processes were first reported by Singh & Bradley (16). Since
then others have demonstrated three-photon excitation processes (17, 18). Today,
the term multiphoton excitation commonly describes two and higher numbers of
photon excitation processes.

After the development of nonlinear optical spectroscopy, the potential of non-
linear optical effects in microscopy was soon recognized. In a conventional light
microscope, the source of the contrast is the differences in the absorption co-
efficients and the optical density of the specimens. For nonlinear microscopy, a
specimen with a nonlinear optical cross-section will produce higher harmonic
light emission under sufficiently intense illumination. The nonlinear harmonic
generation is a function of the molecular structure. All materials possess third-
order nonlinear susceptibility and higher-order terms; second-order nonlinear sus-
ceptibility exists in specimens that have non-centrosymmetric geometry, such as
LiNbO3 crystals and some biological specimens. The principle of nonlinear scan-
ning microscopy has been simply explained (6). Practical applications of nonlinear
microscopy started with works of Freund & Kopf (18a); they determined the prop-
erties of ferroelectric domains by an analysis of the intensity and the angular
distribution of the second harmonic generated within the crystals. Hellwarth &
Christensen developed a second harmonic microscope to study microstructures
in polycrystalline ZnS materials (19). The potential for incorporating nonlinear
optical effects in scanning microscopy has been suggested by an Oxford group
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(20, 21). They realized that the nonlinear processes are confined to the focal plane
of the objective, because the image intensity would depend quadratically on the
illumination power. However, the major impact of nonlinear optics in microscopy
was not realized until the seminal work of Denk et al (1), who investigated the
potential of imaging two-photon excited fluorescence in a scanning microscope
with ultrafast pulsed lasers. The use of fluorescence techniques allows specific la-
beling of biological structures and provides a sensitive means to study biochemical
processes such as calcium signaling in cells.

In addition to second- and higher-order harmonic-light generation, microscopes
based on other nonlinear optical effects, such as sum frequency generation, co-
herent anti-Stoke Raman scattering, and parametric oscillations, have also been
considered and implemented [see recent works (22–24)]. The potential of using
these newer techniques for biological and medical research still requires further
evaluation and is not covered in this review.

BASIC PRINCIPLES OF TWO-PHOTON MICROSCOPY

Physical Basis for Two-Photon Excitation

TPE of molecules is a nonlinear process involving the absorption of two photons
whose combined energy is sufficient to induce a molecular transition to an excited
electronic state. A comparison between one- and two-photon absorption is shown
in Figure 1 (see color insert). Conventional one-photon techniques use UV or
visible light to excite fluorescent molecules of interest. Excitation occurs when the
absorbed photon energy matches the energy gap between the ground and excited
states. The same transition can be excited by a two-photon process in which two
less energetic photons are simultaneously absorbed. Quantum mechanically, a
single photon excites the molecule to a virtual intermediate state, and the molecule
is eventually brought to the final excited state by the absorption of the second
photon.

The theory of TPE was predicted by G¨oppert-Mayer in 1931 (9). The basic
physics of this phenomenon has also been described elsewhere (25, 26). Fluores-
cence excitation is an interaction between the fluorophore and an excitation elec-
tromagnetic field. This process is described by a time-dependent Schroedinger
equation, in which the Hamiltonian contains an electric dipole interaction term:
EEγ · Er , where EEγ is the electric field vector of the photons andEr is the position op-

erator. This equation can be solved by perturbation theory. The first-order solution
corresponds to the one-photon excitation (OPE), and the multiphoton transitions
are represented by higher order solutions. In the case of TPE, the transition prob-
ability between the molecular initial state|i 〉 and the final state| f 〉 is given by

P ∼
∣∣∣∣∣ ∑

m

〈
f
∣∣ EEγ · Er ∣∣m〉〈

m
∣∣ EEγ · Er ∣∣i 〉

εγ − εm

∣∣∣∣∣
2

(1)
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?Figure 1 Jablonski diagram for one-photon (a) and two-photon (b) excitation. Excitations occur
between the ground state and the vibrational levels of the first electronic excited state. One-photon
excitation occurs through the absorption of a single photon. The initial (S0-V0) and final (S1-VN)
states have opposite parity. Two-photon excitation occurs through the absorption of two lower-
energy photons via short-lived intermediate states. The initial (S0-V0) and final (S1-VN′) states
have the same parity. 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 processes for both relaxation modes are the same.
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whereεγ is the photonic energy associated with the electric field vectorEEγ , the
summation is over all intermediate statesm, andεm is the energy difference between
the statem and the ground state. Note that the dipole operator has odd parity (i.e.
absorbing one photon changes the parity of the state), and the one-photon transition
moment〈 f | EEγ · Er |i 〉 dictates that the initial and final states have opposite parity.
The two-photon moment〈 f | EEγ · Er |m〉〈m| EEγ · Er |i 〉 allows transition in which the
two states have the same parity (25, 26).

Optical Properties of Two-Photon Microscopy

In TPE microscopy, a high numerical aperture objective is used to focus the exci-
tation source to a diffraction-limited spot. The characteristic spatial profile at the
focal plane for a circular lens withNA = sin(α), focusing light of wavelengthλ, is

I (u, v) =
∣∣∣∣2∫ 1

0
J0(vρ)e− i

2 uρ2
ρ dρ

∣∣∣∣2

(2)

whereJ0 is the zeroth-order Bessel function,u = 4k sin2(α/2)z, andv = k sin(α)r
are the respective dimensionless axial and radial coordinates normalized to wave
numberk = 2π/λ (27, 28). Because TPE depends on the square of incident photon
flux, the point spread function (PSF), which represents the geometry of the exci-
tation volume, isI 2(u/2, v/2). Compared with the conventional one-photon PSF,
I (u, v), the two-photon result has several major differences leading to distinct
advantages for bioimaging applications.

Three-Dimensional Localization of the Excitation Volume A key feature of
TPM is the limitation of fluorescence excitation to within a femtoliter size focal
volume. Equation 1 indicates that the excitation probability is proportional to the
square of laser intensity. The nonlinear feature of excitation implies that two-
photon–induced absorption occurs most strongly near the focal plane, where the
photon flux is highest (Figure 2; see color insert). Figure 3 (see color insert)
compares the radial and axial PSF for one-photon microscopy and TPM. Note
that TPE wavelength is twice that of the one-photon case. Owing to the longer
wavelength used, TPM has a wider PSF when compared with the one-photon case.
On the other hand, the true strength of TPM is its ability to discriminate against
fluorescence originating from regions outside the focal plane. The contribution of
fluorescence from each axial plane can be computed from the PSF and is shown
in Figure 4 (see color insert). Assuming negligible attenuation, one can see that
the total fluorescence generated is constant for each axial plane in one-photon
microscopy. In contrast, the total two-photon fluorescence falls off rapidly away
from the focal plane, demonstrating that most of the fluorescence generated is
limited to the focal region.

This localized excitation volume results in greatly improved axial depth dis-
crimination and improvement in image contrast, compared with conventional mi-
croscopy. This localization has other important consequences. First, reducing the
region of photointeraction significantly decreases total specimen photobleaching
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?Figure 2 A comparison of one- and two-photon excitation profiles. 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 by using a second objective with the same numerical aperture (red arrow), fluo-
rescence excitation occurs only within a 3-D localized spot.
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Figure 3 A comparison of the one- and two-photon point spread functions in the (a)
radial and (b) axial directions. In these figures,v andu are normalized optical coordinates
along radial and axial directions as defined in the main text.
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?Figure 4 Total fluorescence generated at a given z-plane is calculated. This quantity is
plotted as a function of its distance from the focal plane. In the one-photon case, equal
fluorescence intensity is observed in all planes and there is no depth discrimination. In the
two-photon case, the integrated intensity decreases rapidly away from the focal plane.
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and photodamage. Second, photoinitiated chemical reaction can be locally trig-
gered in 3-D–resolved volumes.

Reduced Attenuation in Biological SpecimensAnother major advantage of TPE
is its ability to image thick biological specimens, owing to the reduced scattering
and absorption of near IR light (relative to UV and visible wavelengths) in bi-
ological samples. In Rayleigh scattering, the scatterer is much smaller than the
wavelength of light, and the scattering cross-section is inversely proportional to
the fourth power of wavelength. When the equivalent wavelengths are used in OPE
and TPE, a scattering event in a two-photon transition is over an order of mag-
nitude less likely to occur than its one-photon counterpart. This results in deeper
penetration of the excitation source into scattering samples. Rayleigh scattering is
only an approximation of how light propagates in tissues, but the general inverse
relationship between scattering and excitation wavelength remains valid. Most tis-
sue also has reduced absorption in the near IR, thus TPE can effectively exploit
the tissue “optical window” at 700–1000 nm. Tissue absorbance in this window is
orders of magnitude less than the absorption in the UV or blue-green region. The
deep penetration depth of TPM is a result of both reduced scattering and reduced
absorption.

High Signal-to-Background Ratio Fluorescence DetectionIn standard one-
photon microscopy, the excitation wavelength is spectrally close to the fluores-
cence emission band. To eliminate the leak-through of the excitation light into the
detection channel, the barrier filter often cuts off a part of the emission band. The
result is a reduction in microscope sensitivity. For TPE, the excitation wavelength
is much farther removed from the emission band, and highly efficient filters can
be applied to eliminate the excitation with a minimal attenuation of the signal.

TWO-PHOTON MICROSCOPY INSTRUMENTATION

Two-photon microscopes are commercially available; however, one can also be
constructed from components (29) or by modifying an existing confocal micro-
scope (1, 30). The basic designs of these systems are very similar, and the crit-
ical components are shown in Figure 5 (see color insert). A typical two-photon
microscope features three basic components: an excitation light source, a high-
throughput scanning fluorescence microscope, and a high-sensitivity detection
system.

Two-Photon Laser Sources

Because two-photon absorption is a second-order process with a small cross-
section on the order of 10−50 cm4 s (defined as 1 GM in honor of G¨oppert-
Mayer), high-photon flux needs to be delivered to the sample to generate efficient
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?Figure 5 Schematic of a typical two-photon microscope. The excitation light path is
marked inredand the emission light path is marked inblue.
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absorption. This is typically achieved using ultrashort pulsed laser excitation. It
has been pointed out thatna, the number of photons absorbed per fluorophore per
pulse, is given by

na ≈ p2
0δ

τp f 2
p

(
(NA)2

2h̄cλ

)2

(3)

whereτp is the pulse duration,δ is the fluorophore’s two-photon absorption at
wavelengthλ, p0 is the average laser intensity,f p is the laser’s repetition rate,
NA is the numerical aperture of the focusing objective, and ¯h andc are Planck’s
constant and the speed of light, respectively (1). Equation 3 shows that, for the
same average laser power and repetition frequency, the excitation probability is
increased by increasing the NA of the focusing lens and by reducing the pulse
width of the laser. Increasing NA corresponds to spatially confining the excitation
power to a smaller focal volume.

Femtosecond, picosecond, and continuous-wave (cw) laser sources have been
used for TPM. Currently, the most commonly used laser source for multipho-
ton microscopy is femtosecond titanium-sapphire (Ti-Sapphire) systems. These
pulsed femtosecond systems are capable of generating a 100-fs pulse train at rep-
etition rates of∼80 MHz. The tuning range of Ti-Sapphire systems extends from
700 to 1000 nm. Other commonly used femtosecond sources are Cr-LiSAF and
pulse-compressed Nd-YLF lasers (31). From Equation 3, it is clear that TPE can
also be generated by using picosecond light sources, although at a lower exci-
tation efficiency. Commonly available picosecond systems include mode-locked
Nd-YAG (∼100 ps), picosecond Ti-Sapphire lasers, and pulsed-dye lasers (∼1 ps).
TPE with cw lasers has also been demonstrated. Compared with a standard fem-
tosecond light source, a cw light source requires an∼200-fold increase in average
power to achieve the same excitation rate. This has been accomplished using cw
sources such as ArKr laser and Nd-YAG laser (32). The main advantage in using
cw laser sources is the significant reduction in system cost.

Scanning Fluorescence Microscopy Optics

In a typical two-photon microscope, images are generated by raster scanning the
x-y mirrors of a galvanometer-driven scanner. After appropriate beam power con-
trol and pulse width compensation, the excitation light enters the microscope via
a modified epiluminescence light path. The scan lens is positioned such that the
x-y scanner is at its eye point while the field aperture plane is at its focal point.
For infinity-corrected objectives, a tube lens is positioned to recollimate the exci-
tation light. The scan lens and the tube lens function together as a beam expander
that overfills the back aperture of the objective lens. A dichroic mirror reflects
the excitation light to the objective. The dichroic mirrors are short-pass filters,
which maximize reflection in the IR and transmission in the blue-green region
of the spectrum. Typically, high-numerical-aperture objectives are used to maxi-
mize excitation efficiency. Thex-y galvanometer-driven scanners provide lateral
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focal-point positioning. An objective positioner translates the focal point axially
and allows 3-D raster scanning.

Fluorescence Detection System

The fluorescence emission is collected by the imaging objective and transmit-
ted through the dichroic mirror along the emission path. An additional barrier
filter is needed to further attenuate the scattered excitation light because of the
high excitation intensity used. The fluorescence signal is directed to the detector
system. Photodetectors that have been used in two-photon microscope systems in-
clude photomultiplier tubes (PMTs), avalanche photodiodes, and charge-coupled-
device (CCD) cameras. PMTs are the most common implementation because
they are robust and low cost, have large active areas, and have relatively good
sensitivity.

A major advantage of TPM is that, unlike confocal microscopy, emission pin-
holes and descanning optics are not necessary to achieve axial depth discrimination.
TPE is already localized to the focal volume, and there is no appreciable off-focal
fluorescence to reject. The addition of a pinhole can enhance resolution but at a
cost of signal loss (33, 34). An important consideration in designing the detec-
tion pathway is whether to implement a de-scan lens in the emission path. If the
scanned region in the object plane isd, then the de-scan lens is not necessary if
the detector area is larger than a characteristic area given byd × M , whereM
is the overall magnification of the detection path (35). However, for nonuniform
detectors, as some PMTs are, it may be desirable to implement descanning optics
to prevent detection efficiency variation when the fluorescence emission is incident
on different positions of the photocathode surface.

FLUORESCENT PROBES USED IN TWO-PHOTON
MICROSCOPY

It is important to examine the nonlinear absorption characteristics of fluorescent
molecules. In general, most chromophores can be excited in two-photon mode
at twice their one-photon absorption maximum. However, because one- and two-
photon absorption processes have different quantum mechanical selection rules,
a fluorophore’s TPE spectrum scaled to half the wavelength is not necessarily
equivalent to its OPE spectrum. Spectroscopic properties of fluorophores under
nonlinear excitation need to be better quantified to optimize their use in TPM.
Below, we discuss the two-photon absorption properties of some typical extrinsic
and intrinsic fluorophores.

Extrinsic and Endogenous Two-Photon Fluorophores

The spectroscopic study of rhodamine under TPE was one of the earliest efforts in
this area (36). With the advent of TPM, spectral characterization of fluorophores
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TABLE 1 Two-photon cross-sections of some common fluorophoresa

Excitation η2δ (10−50 cm4 δ (10−50 cm4

Fluorophoresb wavelength (nm) s/photon) s/photon)

Extrinsic fluorophores
Rhodamine B 840 210 (±55)

Fluorescein (pH 11) 782 38 (±9.7)

Fura-2 (free) 700 11

Fura-2 (with Ca2+) 700 12

Indo-1 (free) 700 4.5 (±1.3) 12 (±4)

Indo-1 (high Ca) 700 1.2 (±0.4) 2.1 (±0.6)

Bis-MSB 691 6.0 (±1.8) 6.3 (±1.8)

Dansyl 700 1

Dansyl hydrazine 700 0.72 (±0.2)

DiIC18 700 95 (±28)

Coumarin-307 776 19 (±5.5)

Cascade blue 750 2.1 (±0.6)

Lucifer yellow 860 0.95 (±0.3)

DAPI 700 0.16 (±0.05)

BODIPY 920 17 (±4.9)

Intrinsic fluorophores
GFP wild type ∼800 ∼6

GFP S65T ∼960 ∼7

NADH ∼700 ∼0.02

FMN ∼700 ∼0.8

Phycoerythrin 1064 322 (±110)

aη2, Fluorescence quantum efficiency under two-photon excitation (35, 42, 161).
bAbbreviations: Bis-MSB, p-bis(o-methylstyryl) benzene; DiIC18, octadecyl indocarbo cyanine;
DAPI, 4′,6-diamidino-2-phenylindole; BODIPY, 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-
diazaindacene-2,6-disulfonic acid disodium salt; GFP, green fluorescent protein; NADH, reduced
nicotinamide-adenine dinucleotide; FMN, flavin mononucleotide.

under nonlinear excitation took on a new urgency (37, 38). Extrinsic fluorophores
are organic molecules that are designed to label biological structures and to measure
biochemical functions. Recently, absorption spectra of many extrinsic fluorophores
have been determined. A summary of absorption properties of these extrinsic
fluorophores is presented in Table 1.

In addition to extrinsic fluorophores, biological systems often possess endoge-
nous fluorescent molecules that can be imaged, revealing important sample char-
acteristics without the need for labeling. Two-photon–induced fluorescence from
tryptophan and tyrosine in proteins has been investigated (39–41). More recently,
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the absorption cross-section of phycoerythrin has been measured and shown to be
much greater than that of rhodamine 6G at the excitation wavelength of 1064 nm
(42). Multiphoton-induced fluorescence of the neurotransmitter serotonin has also
been demonstrated (43). The exciting development of green fluorescent protein
(GFP) introduces a convenient fluorescent marker for monitoring gene expression
in cells and tissues (44). Two-photon imaging parameters of the GFPs have been
optimized (45, 46). Nicotinamides [NAD(P)Hs] represent another intrinsic fluo-
rophore that can be excited by using a two-photon microscope (41). NAD(P)H
levels in cells are related to their metabolic rates (47), and NAD(P)H fluorescence
has been used to monitor redox state in cornea (48) and skin (49). The two-
photon spectroscopic characteristics of these endogenous probes are also listed in
Table 1.

Recent Efforts in Two-Photon Probe Development

One recent development in two-photon probe utilization has been in identifying
drug molecules that are excitable by two-photon light sources. The ability to moni-
tor the drug distribution in a native environment allows a better assessment of drug
delivery efficiency and can be important for developing therapeutic strategies (50).
However, monitoring fluorescent drugs under physiological conditions with OPE
can be difficult because of short image penetration depth and high background
fluorescence contribution from other naturally occurring fluorescent compounds
(51). Therefore, the identification of two-photon excitable drugs has important
clinical and pharmaceutical consequences. In this area, the anticancer drug topote-
can has been identified as a good two-photon probe with a two-photon absorption
cross-section of>20 GM at 840-nm excitation. Under physiological conditions,
two-photon–induced fluorescence from topotecan has been detected in plasma and
in whole blood down to respective concentrations of 0.05µM and 1µM (51). In
the foreseeable future, it is likely that further efforts in identifying two-photon–
excitable pharmaceutical agents for implementation in clinical settings will be
made.

Another important area is the development of extrinsic fluorophores with op-
timal two-photon absorption properties. The fluorophores listed in Table 1 have
all been conventional one-photon excitable probes. Because OPE and TPE obey
different selection rules, one should not expect these probes necessarily to have op-
timized properties for TPE. Recent searches for molecules with high two-photon
absorption cross-sections have led to discovery of molecules with two-photon
cross-sections of>1000 GM (52). Optimizing two-photon absorption properties
in fluorophores has two important consequences. The development of efficient
fluorophores can reduce the excitation laser intensity required for imaging, and
thus reduce specimen photodamage. Alternatively, with high two-photon cross-
sections, significant excitation can be achieved with the more economical cw
lasers, thus reducing the cost of two-photon systems that typically use femtosecond
Ti-Sapphire lasers.
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PHYSIOLOGICAL EFFECTS OF NEAR-IR MICROBEAM
ILLUMINATION

TPE reduces specimen photodamage by localizing the excitation region to within
an 1-fl volume. Photodamage is also decreased by use of near-IR excitation rather
than UV and visible radiation. Decreasing the photochemical-interaction volume
results in a dramatic increase in biological-specimen viability. The noninvasive
nature of two-photon imaging can be best appreciated in a number of embryology
studies. Previous work on long-term monitoring ofCaenorhabditis elegansand
hamster embryos, using confocal microscopy, has failed because of photodamage-
induced developmental arrest. However, recent TPM studies indicate that the em-
bryos of these organisms can be imaged repeatedly over the course of hours with-
out observable damage (53–55). It is more important that the hamster embryo was
reimplanted after the imaging experiments and eventually developed into a normal,
healthy, adult animal.

At the focal volume at which photochemical interactions occur, TPM can still
cause considerable photodamage. Three major mechanisms of two-photon pho-
todamage have been recognized. (a) Oxidative photodamage can be caused by
two- or higher photon excitation of endogenous and exogenous fluorophores with
a photodamage pathway similar to that of UV irradiation. These fluorophores act
as photosensitizers in photooxidative processes (56, 57). Photoactivation of these
fluorophores results in the formation of reactive oxygen species that trigger the
subsequent biochemical damage cascade in cells. Current studies have found that
the degree of photodamage follows a quadratic dependence on excitation power,
indicating that the two-photon process is the primary damage mechanism (58–62).
Experiments have also been performed to measure the effect of laser pulse width
on cell viability. Results indicate that the degree of photodamage is proportional
to two-photon excited fluorescence generation, and is independent of pulse width.
Hence, using shorter wavelength for more efficient TPE also produces greater
photodamage. An important consequence is that both femtosecond and picosec-
ond light sources are equally effective for two-photon imaging in the absence of an
IR one-photon absorber (59, 61). Flavin-containing oxidases have been identified
as one of the primary endogenous targets for photodamage (62). (b) One- and
two-photon absorption of the high-power IR radiation can also produce thermal
damage. The thermal effect resulting from two-photon water absorption has been
estimated to be on the order of 1 mK for typical excitation power and has been
shown to be insignificant (3, 63). However, in the presence of a strong IR absorber
such as melanin (64, 65), there can be appreciable heating caused by one-photon
absorption. Thermal damages have been observed in the basal layer of human skin
in the presence of high average-excitation power (66). (c) Photodamage may also
be caused by mechanisms resulting from the high peak power of the femtosecond
laser pulses. There are indications that dielectric breakdown occasionally occurs
(58). However, further studies are required to confirm and better understand these
effects.



P1: FhN/ftt P2: FhN

July 10, 2000 11:18 Annual Reviews AR106-15

?
410 SO ET AL

MOLECULAR-LEVEL APPLICATIONS OF TWO-PHOTON
MICROSCOPY

In recent years, a number of technological advances in light sources, detectors,
and optics have led to tremendously improved sensitivity in fluorescence methods.
Single-molecule sensitivity is now routinely achieved (67–70). Although most of
the single-molecule work has used OPE, two-photon methods can offer improve-
ment in the signal-to-background ratio (SBR), owing to excitation volume localiza-
tion and the wide spectral separation of the emission, excitation, and Raman bands.

It should be noted that, although ultrasensitive applications of two-photon fluo-
rescence require careful optimization of instrumentation and experimental setups,
they are not fundamentally different from two-photon fluorescence instrumentation
discussed previously in this review. The following discussion of single-molecule
applications of two-photon fluorescence has been divided into three parts: fluo-
rescence burst detection of single molecules, single-molecule imaging, and fluo-
rescence correlation spectroscopy (FCS).

Single-Molecule Detection in Solution

The first demonstration of single-molecule detection by TPE in solution was pre-
sented by Mertz et al (71), using rhodamine B molecules in water. They observed
photon bursts from single molecules diffusing through the two-photon volume,
with an average SBR of∼10. A number of other reports have since demonstrated
efficient fluorescence burst detection of single molecules by TPE in free solution
(72, 73), in flow cells (74–76), and in low-temperature solids (77, 78). As antic-
ipated, a common finding among most of these reports is the high SBR, largely
caused by the very low background levels associated with TPE. A quantitative study
of the two-photon background, including contributions from two-photon hyper-
Rayleigh and hyper-Raman scattering of water, has shown reduced background
levels for TPE vs OPE (79). Care must be taken in determining TPE illumination
conditions, because too much input power can lead to continuum generation in the
solvent, and thus greatly increased background levels (73).

Although the SBR has generally been favorable with TPE, the absolute count
rates per molecule are not always comparable with OPE detection (71, 73, 80–
82). The reduced magnitude of fluorescence yield is hypothesized to arise from
long-lived, more highly excited states reached by TPE, increased photobleaching,
intersystem crossing, or perhaps some other saturation or multiphoton phenomena.
The mechanism is sample dependent, and there are counter examples in which
the TPE fluorescence intensity is comparable with (enhanced green-fluorescence
protein) or exceeds (7-amino-A-methylcoumarin) the OPE fluorescence level, at
least under certain illumination conditions (73, 83). The photophysics of a given
molecule of interest is thus important in determining the relative advantages of one-
and two-photon fluorescence detection. Newly designed chromophores with high
two-photon cross-sections may enhance the advantages of TPE in single-molecule
applications (52, 84).
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Imaging Single Molecules with Two-Photon Excitation

Spatially resolved applications of ultrasensitive two-photon fluorescence have also
shown promising results. Sanchez and coworkers first demonstrated two-photon
imaging (far-field) of single rhodamine B molecules immobilized on glass surfaces
with an SBR of 30 (80). In addition, emission spectra were acquired for individual
molecules by using a cooled CCD and a spectrograph. Discrete photobleaching of
individual fluorescence peaks, as well as polarized emission, served as evidence for
true single-molecule detection. It is interesting that this group found that TPE leads
to faster photobleaching of single rhodamine B molecules than OPE, by a factor of
∼2. This number is expected to be sample dependent. A report by Bopp et al, also
using rhodamine B, demonstrates the ability to determine molecular orientation,
as well as to measure laser pulse parameters at the sample by TPE fluorescence
(85). Their results also showed reduced fluorescence emission from rhodamine B
for TPE vs OPE. An interesting variation of TPE imaging methods uses two-
photon “wide-field” illumination (∼5-µm-diameter spot); the larger spot size is
achieved by underfilling the objective lens. This approach allowed Sonnleitner
et al to not only observe single molecules, but track them within the spot over
time, measuring diffusion of single labeled lipid molecules (86). The authors plan
to test this approach for tracking single molecules on live cell membranes.

Imaging applications of TPE have also been extended to the near-field, using
uncoated fiber tips (81, 87). The study by Kirsch et al makes use of cw TPE.
These applications have the exciting potential of ultraresolved imaging with high
SBRs and improvedz-resolution as compared with one-photon near-field imaging.
To fully realize these advantages requires selection of fluorescent probes that are
reasonably stable with TPE, because increased bleaching (as seen with rhodamine
probes) would otherwise detract from the TPE advantages.

Finally, an apertureless variation of near-field imaging was recently introduced
with the promise of extremely highly resolved imaging not limited by a mini-
mum aperture size (88). An exciting direction in this field is the use of enhanced
radiation (from electromagnetic interaction of the tip and the optical field) local-
ized at the tip end to improve resolution and contrast. The quadratic dependence
of TPE on excitation intensity makes it ideal to exploit these locally enhanced
fields (89, 90). The first experimental realization of this approach demonstrated
extremely high-resolution images (∼20 nm) of photosynthetic membrane frag-
ments andJ-aggregates of pseudoisocyanine dye (91). Fluorescence quenching by
the near-field probe is a problem for this method, which, nonetheless, has very
exciting possibilities.

Fluorescence Correlation Spectroscopy

FCS, first introduced by Magde et al (92) and Thompson (93), is proving to be
a powerful method for studying a large variety of experimental systems. Appli-
cations include measurement of diffusion, chemical reactions, molecular interac-
tions, number concentration, hydrodynamic flow, and photophysical parameters



P1: FhN/ftt P2: FhN

July 10, 2000 11:18 Annual Reviews AR106-15

?
412 SO ET AL

such as triplet state lifetimes. FCS experiments are performed by recording spon-
taneous equilibrium fluctuations in fluorescence intensity (i.e. fluorescence bursts)
from a small (<1-fl) open volume. Information about various experimental pa-
rameters is extracted through temporal analysis of these fluctuations by calculating
the autocorrelation (or cross correlation) of the fluorescence signal, defined as

G(τ ) = 〈δF(t) × δF(t + τ)〉
〈F(t)〉2

(4)

HereF(t) is the time-dependent fluorescence signal,δF(t) is the time-dependent
deviation from the average fluorescence intensity, and the angle brackets represent
the time average. Because this review is focused on TPM, we here cover only
two-photon FCS measurements, and the reader is referred to the above references
for a more general discussion and review of the FCS literature.

TPE was first applied in FCS measurements by Berland et al. The optical sec-
tioning of TPE was introduced as an alternative to confocal detection for FCS in
3-D systems (94). This report demonstrated the capability to measure translational
diffusion coefficients of small (7- and 15-nm radius) fluorescent latex beads in
solution and, for the first time using FCS, in the cytoplasm of live cells (Figure 6).
The low background levels associated with TPE and reduced autofluorescence
achieved by using 960-nm excitation were of critical importance for the cellular
measurements. A subsequent report by these authors introduced the capability to
measure molecular concentration and thus detect protein association/dissociation
reactions and kinetics in solution (95). As mentioned above, FCS can also be a
powerful tool in studying the photophysical characteristics of fluorescence probes,

Figure 6 Result of a fluorescence correlation spectroscopic measurement of the diffusion
coefficient of 7-nm-radius latex spheres in the cytoplasm of CRL 1503 mouse embryonic
fibroblast cells. The data are acquired 30 min after microinjection. The diffusion rate(8 ×
10−8 cm2/s) is found to be∼fivefold slower than in water(3 × 10−7 cm2/s). This figure
is adapted from 94.
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and FCS analysis provided an important tool in deciphering the fluorescence prop-
erties of the UV probe Coumarin-120 with both OPE and TPE (73). In addition
to the general interest of these findings, the results from this type of analysis pro-
vide valuable information, which is useful for experimental design, particularly
for two-photon imaging applications in which optimal experimental conditions are
not known a priori.

The main motivation for using two-photon FCS in a given experiment, rather
than one-photon confocal FCS, is to exploit the same features (discussed else-
where in this review) that make TPE advantageous in other experiments. A very
thorough comparison of OPE and TPE FCS applications can be found in a recent
publication by Schwille et al (83). This excellent paper demonstrates that FCS
measurements of diffusion can be performed at the single-molecule level in live
cells, with similar results from both one- and two-photon FCS. Illumination and
detection conditions were carefully chosen, such that the fluorescence yield was
similar for both OPE and TPE. Their results resolve diffusion of rhodamines in the
cytoplasm and membranes, and of Cy-3 (Amersham Pharmacia Biotech, Uppsala,
Sweden)-labeled immunoglobulin E receptors in the membrane of several different
cell types. The diffusion data show interesting complexity, suggesting anomalous
diffusion or at least multicomponent diffusion. Whereas FCS was possible in cells
using OPE, a number of TPE advantages were confirmed. First, TPE FCS measure-
ments were possible in regions in which OPE FCS was not, such as within plant
cells with highly scattering cell walls. A second major advantage was the reduced
photobleaching of molecules outside the observation volume (as compared with
OPE confocal). This can be exceedingly important when there are small numbers
of fluorescent molecules in a cell to begin with. Third, TPE provided superior
axial resolution and the ability to confine the FCS signal to a given cell region.
Finally, the SBR can also be higher for TPE, depending on probes and cell types.
One distinct disadvantage is that, for illumination conditions yielding comparable
fluorescence intensity, TPE power levels are substantially closer to the biological
damage threshold.

Photon-Counting Histogram

The photon-counting histogram (PCH) has recently been proposed as an alter-
native approach to FCS for analyzing photon burst data, to accurately measure
sample concentrations and detect molecular interactions (96, 97). Rather than an-
alyzing the temporal behavior of fluorescence fluctuations, the PCH analyzes the
fluctuation amplitude distributions. Chen et al have demonstrated that PCH anal-
ysis can describe fluorescence fluctuation data as a super-Poissonian distribution
with great precision (97). Fluctuation data were obtained from TPE measurements
of several fluorescent dyes in solution. This type of analysis is expected to be
quite powerful for measuring molecular concentration and detecting and quan-
tifying molecular interactions, as was already demonstrated for two-component
systems (96).
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CELLULAR-LEVEL APPLICATIONS OF TWO-PHOTON
MICROSCOPY

The ability to simultaneously monitor cellular biochemical activity and structure
at the subcellular level is vital to understand many important processes. The need
for functional imaging dictates the use of minimally invasive technology such
as TPM. The ability of TPE to initiate photochemial reaction in a subfemtoliter
volume further opens up new windows of opportunities for 3-D, localized uncaging
and photobleaching experiments.

Two-Photon In Vivo Cellular Imaging—Minimizing
Photodamage and Bleaching

Although higher-resolution methods such as electron microscopy can produce im-
ages with finer details, optical microscopy is unique because it reveals dynamic
processes such as signaling, intracellular transport, and cell migration. Some cel-
lular processes have been successfully studied with white light video microscopy
(98). However, many functional studies require fluorescence. Fluorescence imag-
ing of live cells is difficult, especially when 3-D information is required. Before
the invention of TPM, fluorescence confocal microscopy was the only option. The
use of high-intensity UV or blue-green radiation in the confocal system results in
significant photodamage and compromises the validity of the research.

This difficulty has been alleviated with the introduction of two-photon imaging.
TPM enables a number of difficult studies in which sensitive specimens may be
damaged under UV excitation. The study of cellular calcium signaling is one of
these areas where TPE can contribute (99). The feasibility of using indicators,
such as Indo I (100) and Calcium Green (29) (Molecular Probes, Eugene, OR), in
two-photon microscopes for the quantification of cellular calcium level has been
demonstrated. TPM has been used successfully in calcium-signaling studies such
as the effect of calcium signals in keratocyte migration (101) and the mapping of
the calcium channel in hair cells (102). Two-photon imaging has also been applied
in systems in which the available fluorescent indicators are not very photostable.
An example is the measurement of membrane fluidity in cells and vesicles with the
generalized polarization probe Laurdan, which is easily photobleached (103–105).

Multiphoton Imaging of Far-UV Fluorophores

Another interesting application of multiphoton excitation is the imaging of sero-
tonin distribution in cells (106). Serotonin is an important neural transmitter. The
far-UV (∼240-nm) fluorescence excitation of serotonin makes optical microscopic
studies of serotonin biology difficult. Using a conventional microscope, this spec-
tral region is virtually inaccessible. Maiti et al (106) realized that multiphoton
excitation can be used to image this class of chromophores. Serotonin was excited
in the near IR by three-photon absorption, and they have demonstrated that the
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distribution of serotonin in intracellular granules can be mapped. Equally important
is the subsequent discovery by Shear et al (43) that serotonin may be further ex-
cited by a six-photon process in which the molecule is converted by the absorption
of four photons to a two-photon–excitable by-product. Serotonin distribution can
then be imaged based on the blue-green fluorescence of this by-product (43). The
two basic principles described here are important. First, multiphoton excitation
can be used to access new far-UV chromophores. Second, multiphoton chemical
processes may be used to create new fluorophores based on endogenous cellular
molecules.

Two-Photon Multiple Color Imaging

The possibility of using TPM to simultaneously excite different color fluorophores
for multiple label imaging has been explored (29, 107) (Figure 7; see color insert).
Xu et al imaged rat basophilic leukemia cells simultaneously labeled with pyrene
lysophosphatidylcholine, a UV-emitting plasma membrane probe; DAPI, a blue-
emitting nucleic probe; Bodipy sphingomyelin, a green-emitting Golgi label; and
rhodamine 123, a red-emitting mitochondria probe. This study demonstrates the
simultaneous imaging of four cellular structural components and the potential for
studies in which the interaction of various cellular organelles can be monitored
over time in 3-D.

Three-Dimensional Localized Uncaging of Signaling
Molecules

An important property of TPM is its ability to initiate localized chemical reac-
tions such as the uncaging of signaling molecules. Denk led the development of
this novel technique by mapping the distribution of nicotin acetylcholine recep-
tors in a muscle cell line (BC3H1) (108). The membrane potential of a chosen
cell was monitored by the whole-cell patch clamp technique. Caged carbamoyl-
choline was placed in the medium. Upon two-photon uncaging, a 3-D localized
burst of carbamoylcholine was released at the focal point of the laser light. The
whole-cell current measured by the patch clamp is a function of the relative spa-
tial distance between the carbamoylcholine burst and the proximal acetylocholine
receptors. In the presence of many close-by receptors, a larger current will be ob-
served and vice versa. By scanning the uncaging beam throughout the cell volume,
the receptor distribution can be determined. Similar techniques have been subse-
quently applied to map glutamate receptors on hippocampal pyramidal neurons
(109).

In addition to receptor mapping, localized uncaging is also valuable for the
study of intracellular-signaling pathways. The ability to generate active signaling
molecules localized in 3-D with submicrometer resolution allows investigators to
monitor intracellular signal propagation. Localized uncaging of fluorescein has
been demonstrated by Denk and coworkers (1). However, the uncaging of more
important cellular messengers, such as calcium, has been difficult because of the
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?Figure 7 Two-photon multiple color imaging of bovine pulmonary artery endothelial
cells labeled with DAPI (nucleus), BODIPYO-FL phallacidin (actin), and MitoTrackero
Red CMXRos (mitochondria) (Molecular Probes, Eugene, OR). All three probes were
excited at 780 nm, and images were acquired by three independent detection channels.
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lack of an efficient two-photon photolabile cage. This situation is improving as
new cage groups targeted for two-photon applications are being developed (110).
This new technology has been used in a number of pilot studies (111–116).

Two-photon photobleaching recovery is a similar technique that can be applied
to measure intracellular transport, viscosity, and diffusion (117). Similar to con-
ventional photobleaching-recovery studies, molecules labeled with fluorophores of
interest can be photobleached within a 3-D localized volume. The recovery of loss
fluorescence is correlated with fresh molecules diffusing back into the excitation
volume and provides information on the intracellular environment.

TISSUE LEVEL APPLICATIONS OF TWO-PHOTON
MICROSCOPY

A recent comparison study has convincingly demonstrated that TPM is a superior
method in the imaging of thick, highly scattering specimens (33).

Applying Two-Photon Microscopy to Study
Tissue Physiology

The potential of applying TPM to study tissue physiology has been recognized
since its inception (1). Two-photon tissue imaging has been successfully applied
to study the physiology of many tissue types, including the corneal structure of
rabbit eyes (48, 66), the light-induced calcium signals in salamander retina (118),
the human and mouse dermal and subcutaneous structures (49, 119, 120) (Figure 8;
see color insert), the toxin effect on human intestinal mucosa (121), and the
metabolic processes of pancreatic islets (122, 123). Today, TPM is particularly
widely used in two areas—neurobiology (124) and embryology. In neurobiology
studies, TPM has been applied to study the neuron structure and function in in-
tact brain slices (125), the role of calcium signaling in dendritic spine function
(126–134), neuronal plasticity and the associating cellular morphological changes
(135), and hemodynamics in rat neocortex (136). In embryology studies, two-
photon imaging has been used to examine calcium passage during sperm-egg
fusion (137), the origin of bilateral axis in sea urchin embryos (138), cell fusion
events inC. eleganshypodermis (53, 54), and hamster embryo development (55).
It is expected that two-photon imaging will be applied to an increasing number of
tissue systems as better commercial instruments become available.

It is important to examine the technological limitations of applying two-photon
imaging in tissues. (a) It should be recognized that the imaging depth of different
specimens could be drastically different. For example, in the cornea of the eye,
a unique optically transparent organ, an autofluorescence image can be obtained
from depths beyond a millimeter, whereas, inside a highly scattering specimen
such as human skin, the contrast of autofluorescence images is significantly de-
graded at∼200–300µm. The maximum imaging depth depends on the scatteering
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?Figure 8 Three-dimensional reconstructed two-photon images of dermal and subcutaneous struc-
tures in a mouse ear tissue specimen. The four panes show distinct structural layers: (a) epidermal
keratinocytes, (b) basal cells, (c) collagen/elastin fibers, and (d ) cartilage structure. This figure is
adapted from (120).
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and absorption coefficients of the tissue, the efficiency of the fluorophore, and the
throughput of the microscope optics. (b) The two-photon PSF is well characterized
in thin specimens. In a number of tissue models, two-photon PSF degradation ap-
pears to be minimal up to a depth of 100µm (33). However, the aberration of PSF
in real tissue specimens has not been satisfactorily measured. A number of projects
are now underway to better understand the physics of light propagation in turbid
medium and to quantify resolution in both tissue phantoms and real tissues. (c) Flu-
orescence labeling of deep tissue structure is a major technical challenge. Common
fluorescent probes are designed for labeling cultured cells. Diffusional delivery of
these probes is not ideal in tissues. Probe distributions tend to vary greatly as a
function of depth. Fluorophores could also be delivered by microinjection, but this
method suffers from its invasive nature and its limited ability to label multiple
cells. Tissue structure may also be imaged with endogenous fluorophores such as
NAD(P)H and flavoproteins (47). Unfortunately, these fluorophores suffer from
low quantum yield, and their fluorescence emissions in the blue-green spectral
region are strongly attenuated by the tissue. Molecular biology methods allow the
labeling of specific tissue structures with fluorescent probes such as GFP, but this
method can be applied only to specimens with well-controlled genetic makeup.
The lack of universal and effective methods for fluorescent labeling of living tissues
is a major obstacle in two-photon tissue imaging.

Applying Two-Photon Excitation for Clinical
Diagnosis and Treatment

A promising direction for two-photon tissue imaging is clinical diagnosis and treat-
ment. Optical biopsy is a new paradigm in clinical diagnosis. Traditional biopsy
requires the removal, fixation, and imaging of tissues. The histological procedure
is invasive, and tissue biochemical information is poorly preserved during these
preparation steps. Optical biopsy based on TPE has been proposed in which 3-D
images of tissues will be noninvasively acquired from patients. The image stack
will be subsequently subjected to pathological analysis. TPM has been successfully
used to image the skin structure of human volunteers down to a depth of 150µm
(49, 139). Four distinct structural layers in the epidermis and the dermis are typ-
ically resolved (Figure 9; see color insert). The topmost layer is the stratum
corneum, where the cornified cells form a protective layer. The second layer con-
sists of epidermal keratinocytes. At the epidermal-dermal junction lies a layer of
germinative basal cells. In the dermal layer, collagen/elastin fiber structures can be
clearly observed. Pathological states such as atypical changes in cellular morphol-
ogy or cellular hyperfoliation can often be identified. However, today, it remains
unknown whether the quality of images acquired by two-photon optical biopsy is
sufficient to produce pathological analysis results with accuracy comparable to that
of traditional histology. If the feasibility of this technique can be demonstrated, the
development of a two-photon endoscope may provide a method to biopsy other
organs. Similar efforts are underway in confocal imaging (140, 141).
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?Figure 9 Three-dimensional reconstructed two-photon images of in vivo human skin. The
strata corneum and the basal layers are clearly visible. The figure is adapted from (159).



P1: FhN/ftt P2: FhN

July 10, 2000 11:18 Annual Reviews AR106-15

?
418 SO ET AL

In addition to diagnosis, TPE may also find applications in clinical treatment
based on photodynamic therapy. Photodynamic therapy allows the destruction
of specific tissue, such as a tumor, by preferentially loading the tissue with a
photosensitizer. Photosensitizer-loaded tissue is subsequently destroyed by laser
illumination. Unfortunately, while the photosensitizer uptake in tumorous tissue is
higher, there is often non-negligible uptake in normal tissues. Peripheral damage to
healthy tissues is a common occurrence. The potential of using two-photon imaging
to first localize the tumor and then of applying TPE to initiate photodynamic action
at the selected site is a very attractive option. Preliminary work in this area has
been reported (142–144).

NEW DEVELOPMENTS IN TWO-PHOTON
INSTRUMENTATION

Although the standard TPM, as described previously, functions very well as a
general purpose instrument, a number of exciting new applications demand new
instrumentation capabilities. This section describes the frontiers of two-photon
instrumentation research and their biomedical potentials.

Two-Photon Video Rate Microscopy

A major limitation of standard two-photon microscopes is their speed, which is
∼0.5 Hz, and the typical time required to obtain a high-resolution 3-D image stack
is ∼10 min. This is clearly unsuitable for applications such as clinical biopsy, in
which efficiency is crucial. Furthermore, this slow imaging speed is also incompat-
ible with intravital imaging of patients or animals, in which the presence of motion
artifacts is a major concern. Finally, the study of many cellular processes, such as
calcium signaling or neuronal communication, requires imaging with millisecond
time resolution. This problem is addressed by the development of a number of
video rate two-photon microscopes.

The first video rate two-photon imaging system is based on the line-scanning
approach. Image acquisition time is reduced by covering the image plane with a
line instead of a point (145, 146). The line focus is typically achieved by using
a cylindrical element in the excitation beam path. The resulting fluorescent line
image is acquired with a spatially resolved detector such as a CCD camera. The
main drawback associated with line scanning is the inevitable degradation of the
image PSF, especially in the axial direction. A second approach, which has been
termed “multiphoton multifocal microscopy” (147, 148), is analogous to Nipkow
disk-based confocal systems (149). This elegant approach is based on a custom
fabricated lenslet array, in place of the scan lens, that focuses the incident laser
into multiple focal spots at the field aperture plane. The lenslet lenses are arranged
in patterns similar to the traditional Nipkow disk designs. Upon the rotation of the
lenslet lens, the projection of the lenslet will uniformly cover the field aperture
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Figure 10 Video rate two-photon image of a Calcein-AM labeled protozoa, blepharisma,
as it swam across the observation area at a rate of∼100µm/s. The figure is adapted from 151.

plane. A CCD camera is used to register the spatial distribution of the resulting
fluorescent spots and integrate them into a coherent image. The ability to excite
multiple sample regions simultaneously reduces total data acquisition time. This
technique has less resolution degradation compared with line scanning and has the
added advantage of being extremely robust. A third method has been developed
based on the raster scanning of a single diffraction-limited spot by using either a
high-speed resonance scanner (150) or rotating polygonal mirror (151; Figure 10).
In this case, a large, single-point detector, such as a photomultiplier tube or an
avalanche photodiode, can be used. The spatial information is encoded by the
timing design of the raster scan pattern. By replacing the CCD imager with a single
pixel detector, the image resolution may be improved by removing the dependence
on the emission PSF. This is particularly important in turbid specimens in which
the scattered fluorescence signal is not confined in a single pixel of the CCD imager
and may degrade the image resolution.

Simultaneous Two-Photon Fluorescence and Reflected-Light
Confocal Microscopy

Imaging light scattering in biological specimens, due to changes in refractive index,
can also yield important structural information not shown in fluorescent images.
As such, confocal reflected light and two-photon fluorescence are complementary
techniques that can allow different specimen structures to be visualized based on
different contrast mechanisms. The capability of optical deep-tissue microscopy
has been demonstrated by the simultaneous imaging of ex vivo human skin in
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both two-photon fluorescence and reflected-light confocal modes (139). Comple-
mentary structures are clearly obtained by using either method in the basal layer
(Figure 11), but TPE provides better visualization of collagen/elastin fibers in the
dermis.

Integrating Fluorescence Spectroscopy into Two-Photon
Microscopes

Fluorescence spectroscopy is a powerful method to assay biological structure and
functions. Spectroscopy techniques based on probe emission wavelength, life-
time, and emission polarization have been developed. Wavelength-resolved probes
have been designed to measure many cell characteristics such as metabolite con-
centrations. Two-photon microscopes are typically designed with multiple de-
tection channels such that emission wavelength changes can be monitored. The
polarization of fluorescence emission measures the changes in the excitation and
emission dipole directions of the fluorophore. One of the most common applica-
tions is the characterization of rotational diffusion rate. A polarization-resolving
TPM has been designed (152) and has been applied to study rotational diffusion
of single molecules in organic glasses. Fluorescence lifetime measures the resi-
dence time of the fluorophore in the excited state. Lifetime-resolved two-photon
microscopes have been developed based on frequency domain (29) and time do-
main (153, 154) methods. Fluorescence lifetime is often highly sensitive to the

Figure 11 A comparison of two-photon fluorescence (top panels) and confocal reflected
light images (bottom panels). Three-dimensional resolved structural layers were acquired
from ex vivo human skin: (a, b) stratum corneum; (c, d ) epidermis; (e, f ) basal layer;
(g, h, i, j) dermis. This figure is adapted from 66.
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fluorophore biochemical microenvironment. Lifetime-sensitive functional probes
have been identified for common applications such as Ca2+ or pH measurements,
providing a complementary approach to wavelength-resolved measurement. It is
more important that there are interesting processes that can be best measured by
lifetime-resolved imaging. Examples include the determination of tissue oxygena-
tion based on lifetime changes on oxygen quenching (155, 156). Another exam-
ple includes the use of lifetime resolved measurement to quantitatively monitor
the proteolytic process of antigenic materials in macrophage vacuoles (157, 158)
(Figure 12; see color insert).

CONCLUSION

Within a decade after the invention of TPM, this technology has found applications
in many diverse areas, ranging from the study of single molecules to tissue imag-
ing. It is important that TPM is also starting to attract attention from the clinical
and industrial communities. The development of a two-photon endoscope will be
a critical step toward realizing noninvasive optical biopsy. As a complement to
traditional pathology, the ability for a two-photon endoscope to rapidly and non-
invasively acquire tissue-structural images may find use in areas such as surgical
margin determination. TPM is also being applied by the pharmaceutical industry
for high-throughput drug screening in which TPE or three-photon excitation of
tryptophan or tryosine allows label-free study of protein-drug interactions. Highly
sensitive two-photon FCS and PCH may be applied for further quantitative anal-
ysis. Given the importance of studying biological systems in vivo, we can project
that the use of TPM in academic research will continue to increase. As two-photon
technology reaches maturity, it is also promising that high-impact clinical and
industrial applications may be identified.
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