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Live cell imaging has been greatly advanced by the recent development of new ﬂuorescence microscopy-based
methods such as multiphoton laser-scanning microscopy, which can noninvasively image deep into live specimens
and generate images of extrinsic and intrinsic signals. Of recent interest has been the development of techniques
that can harness properties of ﬂuorescence, other than intensity, such as the emission spectrum and excited
state lifetime of a ﬂuorophore. Spectra can be used to discriminate between ﬂuorophores, and lifetime can be
used to report on the microenvironment of ﬂuorophores. We describe a novel technique—combined spectral and
lifetime imaging—which combines the beneﬁts of multiphoton microscopy, spectral discrimination, and lifetime
analysis and allows for the simultaneous collection of all three dimensions of data along with spatial and temporal
information.

Introduction
All living organisms are cells or ensembles of cells. This
insight (1,2), arguably the most signiﬁcant in all of biology,
was made possible by the development of the light microscope (3). One hundred and sixty-seven years later, the
microscope is still at the forefront of biomedical research
into the structure and dynamics of subcellular components
in living tissue. The remarkable developments in molecular biology and genomics during the past few years have
provided DNA sequences of many organisms, from which
the complete complement of proteins making up these
organisms can be deduced. However, knowledge of a comprehensive “parts list” of an organism does little in and
of itself to explain the workings of the dynamic machinery
that underlies the ability of a cell to divide or differentiate.
It is light microscopy that is providing the key insights into
subcellular dynamics, a task being greatly facilitated by
technical developments in optical probes and instrumentation. Chimeric ﬂuorescent protein reporters (4–10) allow
virtually any protein to be labeled and thereby visualized
in a cell, tissue, or organism. Fluorescent molecules have
been engineered to reveal key intracellular physiological
parameters, such as free calcium levels (11–13). Along
with these developments in ﬂuorescence probe technology,
new optical techniques, such as ﬂuorescence resonance
energy transfer (FRET) (14–17), multiphoton laser-scanning microscopy (MPLSM) (18–21), second harmonic generation (SHG) imaging (22–25), and ﬂuorescence lifetime
imaging (FLIM) (26–30), are revealing how individual cellular components are assembled into cytoplasmic machinery and how this machinery functions. In this review, we
will describe a relatively new technique, spectral lifetime
imaging microscopy (SLIM), that simultaneously measures
ﬂuorescence lifetime and spectra for intrinsic and extrinsic
ﬂuorophores. This technique can utilize the beneﬁts of
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MPSLM and has great promise in revealing more information about intrinsic and extrinsic ﬂuorophores and their
interactions with each other and with their microenvironment.
MPLSM has proven to be a powerful tool for imaging cancer and cell biology phenomena (19,20,31–34) by allowing scientists to image noninvasively deep into biological
tissue and collect four-dimensional data [three-dimensional
(3-D) spatial dimensions plus time] of ﬂuorescently labeled
proteins. Recently, there has been a growing awareness that there are properties of ﬂuorescence other than
intensity, such as lifetime (how long a photon stays in the
excited state) and spectra. These properties can be used
to separate out ﬂuorophores of interest (via spectra) and to
reveal critical information about the microenvironment (via
lifetime), as well as about the abundance and bound state
of key endogenous ﬂuorophores, such as nicotinamide
adenine dinucleotide (NADH) (29,35) and ﬂavin adenine
dinucleotide (FAD). Until recently, all these dimensions of
data have been collected separately, but now our group
and others have developed instrumentation for simultaneous collection of intensity, space, time, spectra, and
lifetime (36–38). This combined information can allow for
the determination of the “ﬁngerprint” of an intrinsic or extrinsic ﬂuorophore in space and time, which allows investigators to track ﬂuorophores accurately and determine their
role in key processes.

Fluorescence Microscopy
Fluorescence microscopy has become the foremost tool in
the study of the structure and dynamics of cellular machinery in living cells and tissue because of the high signalto-background ratio that may be obtained by observing
ﬂuorescent objects against a black background, together
with the ability to spectrally discriminate between mulwww.biotechniques.com ı BioTechniques ı 249
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tiple ﬂuorophores, These ﬂuorophores can be endogenous
metabolites (e.g., reduced NADH), genetically engineered
proteins [e.g., green ﬂuorescent protein (GFP)::tubulin],
or exogenous probes [e.g., ﬂuorescence microscopy (FM)
series lipid probes or the Ca2+ indicator Fura]. Each ﬂuorophore has a characteristic emission spectrum that may be
used for identiﬁcation purposes. In addition, ﬂuorophores
have characteristic excited state lifetimes, which can be
used also to aid identiﬁcation (28). Excited state lifetimes—and, to a lesser extent, ﬂuorescence spectra—can
be modiﬁed by the microenvironment of the ﬂuorophore
and therefore can be used to report on it. By utilizing
photon-counting detectors, the ﬂuorescence lifetime of
individual ﬂuorophores, such as the bound and free forms
of NADH, can be tracked and recorded for metabolic mapping in breast cancer (29).

Optical Sectioning Techniques
Optical sectioning techniques such as confocal laser-scanning microscopy (39,40) or MPLSM (19,21) have been
developed that provide images from within a solid specimen that are free of interference from out-of-focus signals
arising from ﬂuorescent structures above and below the
plane of focus. Stacks of optical sections can be collected
enabling the 3-D structures of living specimens to be visualized over time (21,41,42). MPLSM is based on the nonlinear interactions between light and excitable molecules
(21). At very high photon densities, two or more photons
may be simultaneously absorbed by a ﬂuorescent molecule
causing it to ﬂuoresce, provided the sum of the individual
photon energies is equivalent to the energy required for a
single photon to induce ﬂuorescence. In the case of twophoton imaging, the excitation wavelength is set to about
twice that of the absorption peak of the ﬂuorophore being
observed. Normally, this wavelength would not produce any
appreciable excitation. However, if a high-power, ultrashort
pulse laser is used, it is possible to achieve instantaneous
photon densities that are sufﬁcient to give rise to a signiﬁcant yield of two-photon events in the focal volume (or
focus scan area) of an objective lens, while maintaining a
mean power level that will not damage the specimen. An
additional advantage of MPLSM for in vivo studies is that
phototoxic effects are minimized because ﬂuorophore excitation is conﬁned to the plane of the optical section being
observed and longer wavelengths are utilized (21,43).
Multiphoton imaging is the ideal instrumentation base for
a SLIM system, as it provides the ﬂuorescence excitation
needed for spectral and lifetime collection, while retaining
the viability and deep section beneﬁts of MPLSM.

Fluorescence Lifetime Imaging
FLIM is a recently developed imaging mode where the
excited state lifetimes of the ﬂuorophores within a speci-
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men are revealed (usually in false color) (28–31,44).
The lifetime of the excited state, which gives rise to the
emitted ﬂuorescence photons, provides another dimension of information that is often independent of color.
This extra dimension of data may be particularly useful
in identifying ﬂuorophores with signiﬁcantly overlapping
spectral properties. The excited-state lifetime is diagnostic of the ﬂuorophore and also of its microenvironment
(26,45). Factors such as ionic strength, hydrophobicity,
oxygen concentration, binding to macromolecules, and the
proximity of molecules that can deplete the excited state
by resonance energy transfer can all modify the lifetime
of a ﬂuorophore. Measurements of lifetimes can therefore
be used as indicators of these parameters. Fluorescence
lifetime measurements are generally absolute, being independent of the concentration of the ﬂuorophore. Lifetimes
may be measured in either the frequency or time domains.
We favor time domain measurements, because they use
photon-counting techniques that minimize the effects of
noise sources such multiplier gain noise in photodetectors
and shot noise in analog ampliﬁers.

Spectral/Lifetime Multiphoton Imaging System
We have implemented a multiphoton imaging system that
uses an innovative combined spectra/lifetime detector
optimized for in vivo studies. When a ﬂuorescence photon
is emitted from a molecule within a living cell, it carries
a signature that can potentially identify the molecule and
provide information on the microenvironment in which it
resides, thereby providing insights into the physiology of
the cell. To unambiguously identify ﬂuorescent probes and

Figure 1. The spectrometer uses a concave, aberration-corrected holographic diffraction grating that provides a flat field and requires no auxiliary focusing optics. It is directly attached to the side-port of a Nikon Eclipse
microscope via a condenser lens (not shown) that images the back aperture of
the objective onto an adjustable slit. A mirror directs the beam onto the diffraction grating, which re-images the slit on the front face of the photomultiplier.
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some of the convenience of optical ﬁber coupling, we gain
sensitivity as we can use a slit rather than a circular aperture for the spectrometer and also do not suffer any ﬁber
coupling losses. The slit is adjustable so that trade-offs
between spectral resolution and sensitivity can be made.
���

���

���

���
Examples of Biological
Studies that Can Utilize
SLIM

We have been exploring the possible application of spectral/lifetime imaging as a diagnostic tool for histologists to
differentiate normal and malignant structures. In a pilot
project, we have shown that FLIM can be used on classically stained histology slides to help differentiate between
���
���
���
structures based on���changes in lifetime (30). Initial studies have indicated that the extra dimensions of information provided by spectral/lifetime imaging could facilitate
diagnostic judgments (Figure 2). We are now applying this
work to standard hematoxylin and eosin (H&E) histopathology studies to investigate whether the extra information
can facilitate the identiﬁcation of diseased tissue from
normal in standard path-lab specimens.
���
���
���
We have begun pilot studies in utilizing SLIM to study
metabolism in breast cancer. Previous work demonstrated
that FLIM can be utilized to detect the free and bound
forms of NADH in human breast cell lines (29). We have
now begun to utilize SLIM to look at NADH in both normal
and malignant cell lines (Figure 3). The advantage of SLIM
is that not only does it allow for detection of the free and
���
���
���
bound forms of NADH via lifetime, but it also helps distinguish NADH from the other intrinsic ﬂuorophores (such as
Figure 2. Multiphoton laser-scanning microscopy (MPLSM) spectral/lifeFAD) via spectra.
time images of a transverse section though the medulla of a Cynomolgus
monkey kidney stained with methyl green. Top panel shows multiphoton
intensity images acquired at the (a) 480 nm, (b) 510 nm, (c) 550 nm, and (d)
580 nm wavelength components of the emission spectrum, and bottom panel
shows pseudocolor fluorescence lifetime images also acquired at the (a) 480 nm,
(b) 510 nm, (c) 550 nm, and (d) 580 nm spectral intervals (±10 nm).

monitor their physiological environment within living specimens by their ﬂuorescent signatures, one must exploit
as much of this information as possible. Our combined
two-photon spectral and lifetime microscope can collect
ﬂuorescence lifetime images from 16 individual wavelength
components of the emission spectrum with 10-nm resolution on a pixel-by-pixel basis.
Our current spectrometer uses a blazed, aberration corrected, holographic diffraction grating (Shimadzu 20046). These devices provide a ﬂat ﬁeld and so are ideally
matched to a linear detector, requiring no additional focusing optics. Blazing has only recently been available on holographic gratings and has enabled efﬁciencies of >50% to
be achieved around the blaze wavelength. The grating that
we use has a wide f2 aperture, yet is small with a short
(86 mm) focal length allowing a compact spectrometer to
be designed that can be mounted directly on the side-port
of a Nikon Eclipse TE2000-U microscope (Nikon, Melville,
NY, USA) (Figure 1). Although this conﬁguration loses
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Figure 3. Multiphoton laser-scanning microscopy (MPLSM) spectral/lifetime images of live MCF10 breast cells. Panels depict lifetime images of the
cells at the (a) 420 nm, (b) 440 nm, (c) 470 nm, and (d) 510 nm wavelength
components of the emission range. Autofluorescence is from nicotinamide
adenine dinucleotide (NADH), and cells were excited at 780 nm.
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spectral channel, plotting the results in an interactive
3-D window. We plan to introduce additional features into
the software, such as the ability to bin multiple spectral
channels together and export the results for use in other
lifetime analysis products, such as the SPCImage program
(Becker & Hickl GmbH, Berlin, Germany) for performing
lifetime curve ﬁtting.

Acknowledgments
Figure 4. Pilot implementation of spectral lifetime imaging microscopy
(SLIM) plotter application for spectral/lifetime visualization. The left panel
displays an intensity image at each spectral channel (all lifetime bins summed
together to produce an aggregate pixel value). A region of interest has been
drawn by hand around pixels of interest, and the right panel shows a summed
lifetime curve (along the time axis) at each spectral channel (wavelength axis)
for the selected pixels. From the figure, it can be seen that the largest quantity of
fluorescence took place across channels 14, 15, and 16 (approximate wavelength range 530–550).

Future Directions
The SLIM technique we have reported in this manuscript
has great potential for cell biology applications. However,
the limited photon counting rates of currently available
instrumentation reduces the dynamic range of measurements and necessitates the use of long exposure times.
This means that for some applications SLIM is impractical,
as the photon-counting times needed are too long to capture the biological event in question. For widespread adoption, where scientists would routinely collect spectral and
lifetime dimensions much in the same way that temporal
and spatial dimensions are collected, great improvements
in photon-counting electronics need to be made. New
timing electronics have recently become available, so it is
only a matter of time before these speed improvements are
realized, allowing for shorter photon-counting times.
In addition to spectral and lifetime, ﬂuorescence has another potentially useful property, polarization, which is the
measure of the rotational state of the molecule. This property is, for the most part, not used in biology microscopy,
but has great potential (16,46). Future systems could
detect polarization for several types of studies including
metabolic mapping of tumors (17) and measurements of
receptor mobility in membranes (46).
Another ongoing challenge with SLIM is data analysis. The
collection of simultaneous spectral and lifetime dimensions present practical challenges of how to store these
data, due to their large size and complex structure. As
well, there is the need for advanced approaches for mapping the data as quickly and effectively as possible. We
have developed a software tool for performing analysis
of combined spectral/lifetime data (Figure 4). It allows
the speciﬁcation of a freehand region of interest (ROI) to
identify pixels of interest, then bins those pixels together
to produce an aggregate lifetime decay curve for each
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