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Abstract
In the last decade, the two-photon fluorescence laser-scanning microscopy (TPLSM) has
become an indispensable tool for the bioscientific and biomedical research. TPLSM
techniques as well as their applications are currently experiencing a dramatic evolution and
represent the focus of many biophysical research projects. In this work, we compare in detail
two steady-state TPLSM techniques, i.e. single-beam scanning microscopy combined with
point-detection (SB-PMT) and multi-beam scanning microscopy combined with synchronous
detection (MB-CCD), as far as their technical characteristics relevant for the bioscientific
research are concerned, i.e. optical performance and imaging speed. We demonstrate that the
SB-PMT technique is more adequate for deep-tissue imaging (few 100µm depth) than the
MB-CCD technique, whereas only the MB-CCD technique enables high-speed imaging for
characterizing the dynamics of fast biological phenomena. Novel applications of these
techniques are additionally discussed. Moreover, we employ a time-resolved TPLSM
technique, i.e. biexponential fluorescence lifetime imaging based on the cellular fluorescence
of the nicotinamide pyridine dinucleotides NADH and NADPH, which allows us to probe for
the first time the redox cellular metabolism of MIN6 cells (mutated insulin producing
pancreaticβ-cells) as well as to show the potential of this method for the specific and dynamic
investigation of NADH- and NADPH-dependent cellular processes.
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1. Introduction

Since its development in the early 1990s, two-photon laser-
scanning microscopy (TPLSM) has experienced a break-
through in the non-invasive high-quality imaging of biological
systems [1]. This technique is based on simultaneous two-
photon excitation of molecules present inside the observation

volume followed by the detection of their fluorescence. The
applications of steady-state TPLSM, i.e. TPLSM based on the
measurement of the integral flurorescence signal, reach from
3D morphology investigations in intact tissue and organs [2, 3]
to dynamical studies of cell–cell interactions [4–6] as well
as of tissue and organ function [7] in important bioscientific
branches, e.g. neurosciences, dermatology, immunology, and
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diabetes research. Furthermore, TPLSM represents the basis
of many other fluorescence techniques, e.g. ratiometric
microfluorimetry, fluorescence lifetime imaging (FLIM) and
fluorescence anisotropy imaging, with great applicative
potential for the biosciences.

The advantages of TPLSM over standard one-photon
excitation fluorescence microscopic techniques, e.g. confocal
microscopy or wide-field microscopy, are the intrinsic 3D
resolution, a large penetration depth in thick highly-scattering
biological media and a low photobleaching and photodamage
of the sample outside the focal plane [1, 8]. These advantages
are to be derived from the principal characteristics of the
two-photon excitation. The low two-photon excitation cross-
section (typically, 10−50 cm4 s as compared to one-photon
excitation cross-sections of 10−17 cm2) and the quadratic
dependence of the excitation rate on the illumination photon
flux lead to a 3D-confined excitation volume and, thus, to
almost no photoprocesses in the out-of-focus regions. Since
biological tissue can be more easily penetrated by near
infrared (NIR) than by visible or ultraviolet light, the necessity
of using NIR illumination for the two-photon excitation lead
to a large penetration depth in this kind of sample [9, 10].
However, low two-photon excitation cross-sections also lead
to the main drawback of TPLSM, i.e. the need of high
photon fluxes for adequate excitation rates. This drawback is
counteracted by the use of ultra-short (femtosecond) pulsed
lasers, characterized by a low averaged energy in spite of high
photon fluxes during the laser pulse [1].

Currently, steady-state TPLSM techniques based on
scanning of the sample with a single laser beam followed
by fluorescence detection by means of photomultiplier
tubes (PMTs), i.e. point detection, are largely employed in
biosciences [11]. However, due to the fact that these methods
are too slow to track the dynamics of important biological
processes, alternative techniques based on a faster multi-beam
scanning combined with synchronous fluorescence detection,
e.g. that of CCD cameras, have been developed [12]. In this
work we compare in detail a standard single-beam PMT
with a multi-beam CCD technique, as far as the technical
characteristics important for the bioscientific research are
concerned, i.e. optical performance and imaging speed.
Moreover, we present novel applications of these TPLSM
methods of particular relevance for the immunology.

While 3D-morphology and cell–cell interaction studies
can be accurately performed using steady-state procedures,
the investigation of the cellular function on subcellular
basis is possible only by means of time-resolved TPLSM
procedures, e.g. FLIM. FLIM allows the investigation of
cellular parameters [13–15], e.g. refractive index, pH, ions
and oxygen concentration, viscosity, as well as the elucidation
of vital processes like redox metabolism, photosynthesis in
green plants or fluorescence resonant energy transfer between
endogenous macromolecules [16–18].

The principal methods of measuring the fluorescence
decay time in an image are frequency-domain tech-
niques [19, 20] and time-domain techniques, e.g. time cor-
related single-photon counting (TCSPC) [21] or time-gating
procedures [22]. Among these, time-domain FLIM tech-
niques, i.e. direct methods, are more favourable due to their
accuracy and rapidity in data-acquisition and evaluation.

Time-gating procedures are particularly adequate for dynamic
investigations of fast biological processes since they are based
on synchronous signal detection (CCD detection), however,
they have the disadvantage of using only 10–15% of the
total fluorescence signal. In contrast, TCSPC methods use the
signal much better (up to 100%) and, thus, enable the investi-
gation of poorly fluorescing samples. However, since they are
based on PMT point-detection, they are much slower than the
time-gating techniques.

In this work, we use a time-gating technique to probe
for the first time the redox cellular metabolism of mutated
insulin-producing pancreaticβ-cells (MIN6 cells) by means
of biexponential FLIM based on the endogenous fluorescence
of the coenzymes nicotinamide adenine dinucleotide (NADH)
and nicotinamide adenine dinucleotide phosphate (NADPH),
hereafter NAD(P)H. This method satisfies particularly well
the typical bioscientific requirements, i.e. a high gain on
information about the system under study without disturbing
its natural environment. The reasons therefore are twofold:
the considered method is label-free and it allows a direct
and detailed insight in important cellular phenomena.
Moreover, we made observations, which indicate that a
specific and dynamic visualization of NAD(P)H-dependent
cellular processes is possible by using the selectivity of the
catalysator-enzymes, to which NAD(P)H is bound.

2. Experiment

All experiments were carried out using a specialized TPLSM
based on a tunable (720–920 nm) Ti : Sa laser (MaiTai, Spectra
Physics, Darmstadt, Germany) and on a commercial scan-
head (TriMScope, LaVision BioTec, Bielefeld, Germany),
which allows both single-beam as well as multi-beam (2, 4,
. . . or 64 beamlets) scanning of the sample. The multi-beam
scanning permits a speed-up of data acquisition proportional
to the splitting of the main laser beam. The excitation
beam is focused into the sample by a 20× objective
lens with NA= 0.95 and a working distance of 2 mm
(Olympus, Hamburg, Germany). In steady-state experiments
we employed as a detection unit either a PMT (LaVision
Biotec) for single-beam scanning or a CCD camera (Sensicam
QE, LaVision, Göttingen, Germany) for multi-beam scanning.
In FLIM experiments the fluorescence signal was detected
using an intensified CCD camera with variable time-gate
(200–1000 ps) (PicoStar, LaVision).

Intravital experiments (blood flow visualization in living
mice) as well as experiments on neutrophil granulocytes
from the bone marrow of balb/c mice, on mouse spleen and
on enhanced yellow fluorescing protein (EYFP) expressing
brain slices from mouse were performed in collaboration
with M Gunzer from the Helmholtz Centre for Infection
Research, Braunschweig. The MIN6 were provided by
I Rustenbeck (Institute of Pharmacology and Toxicology,
Technical University Braunschweig).

Cell staining was performed with 5µM saline solutions
either of CFSE (carboxyfluoresceine succinimide-ester) or of
cell tracker orange (CTO) (Invitrogen, Karlsruhe, Germany).
For intravital experiments, rhodamine 6G was intravenous (iv)
injected in the mouse.
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Figure 1. (A) xy-, xz- andyz-perspectives of a 3D image representing neutrophil granulocytes phagocyting conidia (round) and a hypha
(ribbon-shaped), i.e. spores and the adult form of the fungusA. fumigatus, respectively. The different perspectives of the framed neutrophil
granulocyte univocally indicate that conidia were internalized by the cell, i.e. they were phagocyted. The fluorescence of the CTO stained
neutrophil granulocytes (red) was observed at 590± 25 nm, while that of the CFSE stained fungus (green) was observed at 535± 25 nm.
(B) Time series of 2D fluorescence images (similar to A) representing the actual process of phagocytosis over approximately 10 min.
(C) Two-colour fluorescence images in an intact spleen of a mouse, in which CTO stained B-cells (red) and CFSE stained T-cells (green)
were previously injected. Note that T-cells predominate at the surface (down to 180µm depth), while in deeper layers B-cells appear more
frequently. The collagen and elastin cuticula of the spleen (yellow) appears in both emission channels. The z-step between two consecutive
images is 13µm.(λexc = 800 nm). (Movie 1. 3D-movie representing CTO stained neutrophil granulocytes (red) phagocyting the CFSE
stained fungusAspergillus fumigatus(green). (λexc = 800 nm). Available atstacks.iop.org/PhysScr/76/C115.)

Point-spread function (PSF) experiments were performed
using blue (440 nm) and yellow-green (515 nm) fluorescing
polystyrene beads of 100 nm in diameter, respectively
(Invitrogen).

3. Results and discussion

3.1. Steady-state two-photon fluorescence microscopy

Due to its advantages over the standard confocal and wide-
field microscopy, steady-state TPLSM has became over
the last decade one of the most versatile tools for studies
in complex biological systems, e.g. studies of cell–cell
interactions in intact tissue or even in living organisms.

In order to underline the advantages of the TPLSM-
procedures employed here and to give an insight into the

potential of TPLSM, in general, we refer to two concrete
applications of particular relevance for the immunology: the
dynamical 3D-visualization of neutrophil granulocytes (cells
of the unspecific immune system) phagocyting the fungus
Aspergillus fumigatusand the 3D-imaging of mouse spleen
containing T- and B-cells (the cells which are responsible for
the acquired immunity).

3D TPLSM-experiments performed over time on mixed
suspensions of neutrophil granulocytes andA. fumigatus
(fungus spores (conidia) and adult form (hyphae)) allow
univocal answers to central questions about the process
of phagocytosis. They demonstrate that conidia are really
internalized by the neutrophil granulocytes (figure1(A)),
show the interactions of neutrophil granulocytes with hyphae
(movie 1), and elucidate the dynamics of phagocytosis
(figure1(B) and movie 1). A high spatial resolution (330 nm
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Figure 2. Fluorescence images (300× 300µm2) in different depth layers (see inset) of an EYFP expressing brain slice (emission detected
at 535± 25 nm). The somata of neurons are round-shaped, while the dendrites and the axons apear fiber-like. Note that the fluorescence
signal as well as the SNR decreases with increasing penetration depth. (oλexc = 920 nm).

lateral and 1.4µm axial) as well as a fast acquisition of
3D-datastacks (in this case, 30 s between two consecutive
3D-representations) is the reason for the success of these
experiments.

Deep-tissue 3D-measurements in the spleen of mice, in
which CTO-stained B-cells and CFSE-stained T-cells were
previously injected, reveal the distribution of these cells in
the organ under study (figure1(C)). T-cells dwell at the
surface of the spleen, whereas B-cells first appear in more
than 120µm depth. These TPLSM-measurements will enable
the study of interaction mechanisms between B- and T-cells
in their genuine environment and, thus, will contribute to
the elucidation of the defence mechanisms in organism. The
characteriztic of TPLSM, which first allow investigations in
intact organs, is the large penetration depth (in this case
∼250µm) due to NIR excitation (λexc = 800 nm).

All measurements were performed using the multi-beam
(64 beamlets) CCD set-up at an excitation power of at most
10 mW per beamlet, which ensures negligible photodamage
of the sample.

The experiments discussed above reveal the main
requirements of the biosciences on high-end imaging
technologies like the TPLSM. These are:

1. imaging in thick highly-scattering tissue as deep as
possible without injuring the sample and

2. dynamically registering vital biological phenomena in
their natural environment.

The two-photon microscopy, like all other imaging
technologies, does not provide a unique solution for all
bioscientific problems. However, two TPLSM-procedures,
i.e. single-beam scanning combined with the point-detection
of PMT and multi-beam scanning combined with the
synchronous detection of CCD cameras, are of great interest
when considering the requirements mentioned above. The
potential of these procedures is investigated here, as far as
their applicability for biological studies is concerned.

We first compare the spatial (lateral and axial) resolution
of the two TPLSM-set-ups, which is given by the dimensions

of the PSF of a point-object, i.e. with dimensions below the
resolution limit. In our case, the point-objects were fluorescent
polystyrene beads of 100 nm in diameter.

Measurements in agarose with a 20× lens (NA= 0.95)
at λexc = 800 nm show that, as far as the spatial resolution is
concerned, both set-ups are identical. The lateral resolution
is 337± 23 nm for the multi-beam CCD set-up and 341±24
nm for the single-beam PMT set-up, while the axial
resolution is 1.37± 0.11 and 1.40± 0.19µm, respectively.
Neither the emission wavelength of the beads (440 and
515 nm, respectively) nor the penetration depth influence the
resolution. Furthermore, PSF measurements in biologically
relevant samples, i.e. brain tissue and lymph nodes, confirmed
the similarity of the two TPLSM-procedures. However, in
these samples we observed a dramatic degradation of the PSF
with increasing penetration depth [23].

3.1.1. Deep-tissue imaging. The quality of deep-tissue
imaging depends on two optical parameters related to each
other, i.e. the maximum penetration depth and the signal-to-
noise ratio (SNR). Due to scattering, the fluorescence signal
decreases with increasing penetration depth, while the noise
remains constant (figure2). Consequently, the SNR follows
the same decreasing trend. The maximum penetration depth is
defined as the depth, in which the fluorescence signal reaches
the noise level, i.e. SNR is equal to 1.

In EYFP expressing brain slices, a maximum penetration
depth of 310µm was attained by using the MB-CCD set-up,
whereas 510µm in depth could be imaged with the single-
beam PMT set-up (figure2).

These results indicate that deep-tissue imaging is possible
by means of the two investigated TPLSM-procedures.
However, the single-beam PMT set-up, characterized by a
better SNR, is more adequate for imaging experiments in
more than a few hundred microns depth.

3.1.2. High-speed imaging.Data acquisition at high optical
quality is just one aspect of interest for studies in complex
biological systems. Additionally, the acquisition should be
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10 µm

Figure 3. Time series of fluorescence images representing the blood flow in a mouse, in which rhodamine 6G was previously iv injected.
Note the pair of rolling cells within the blood vessel, which are most likely lymphocytes. The imaging speed was 20 Hz. (λexc = 800 nm).
(Movie 2. 2D movie of blood flow in a mouse, in which rhodamine 6G was previously iv injected. The small cells are erythrocytes or
thrombocytes, while the larger (rolling) cells are lymphocytes. The imaging speed is 20 Hz. (λexc = 800 nm). Available at
stacks.iop.org/PhysScr/76/C115.)

fast enough, so that process dynamics can be timely resolved.
By using the single-beam PMT set-up, a fluorescence image
of 150× 150µm2 (20× objective) is achieved after 5000 ms
exposure time, while by using the multi-beam CCD set-up the
same image can be achieved after only 83 ms. Thus, only the
CCD set-up enables the investigation of ultra-fast phenomena
frequently met in biosciences.

In order to demonstrate the speed of the multi-beam CCD
system, we dynamically (2D and 3D) imaged the fluorescence
of a blood vessel in living mice, in which rhodamine 6G
(100µl, 1.25 mM in 0.9% NaCl) was iv injected. The dye
stained both the cells inside the vessel (e.g. erythrocytes,
thrombocytes, lymphocytes), as well as the walls of the vessel
and the surrounding tissue (figure3). Thus, our experiments
allow the visualization of high-speed cell–cell as well as cell-
vessel interactions of particular interest for the immunology
(figure3 and movie 2). The imaging speed for a 50× 50µm2

region was 20 Hz, limited by the read-out of the CCD camera
(50 ms).

Concluding, fordeep-tissue imagingin whole organs or
even in the intact organism, single-beam PMT microscopy is
the most adequate method. Whilehigh-speed imagingof fast
phenomena can only be achieved by using the multi-beam
CCD system.

3.2. FLIM

As demonstrated both here and by other authors, the steady-
state two-photon microscopy is a versatile tool in the investi-
gation of tissue morphology as well as of cell–cell interactions
in complex biological systems. However, studies of the cellu-
lar function mirrored in modifications of cellular parameters
or in vital cellular processes, e.g. cellular metabolism, can

only be quantitatively performed by using the advantages
of time-resolved fluorescence microscopy. We refer here to
FLIM in time-domain based on time-gating. This method
relies on the acquisition of a series of time-gated intensity
images at different time-points after the excitation laser pulse,
so that in each pixel of the image, a fluorescence decay curve
F(t) is attained. The approximation of this decay curve by a
sum of exponential functions (equation 1) best describes the
photophysics inside the sample, i.e. each monoexponential
decay curve corresponds to a fluorescent component.

F(t) =

n∑
i =1

ai · e−t/τi , (1)

τi is the fluorescence lifetime of thei th fluorescent component
and ai represents its contribution to the total fluorescence
signal. n is the total number of fluorescent components in
the sample. We excluded here the background, which is
subtracted fromF(t) before performing the evaluation.

The temporal accuracy of our method was verified
in FLIM-measurements on 4-[4-(dimethylamino)styryl]-1-
methylpyridinium iodide (DASPI) solutions of different
viscosities (mixtures of glycol and water). Modifications of
the fluorescence lifetime of DASPI as small as 10 ps were
measured.

3.2.1. Cellular redox metabolism. In order to probe the
cellular metabolism by means of FLIM, we used as signal
mediators the fluorescing coenzymes NADH and NADPH.
These coenzymes are ubiquitous cellular electron carriers
for enzyme-catalysed redox processes in the adenosine
triphosphate (ATP) production as well as in reductive
biosyntheses of macromolecules. In order to perform accurate
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10 µm

Figure 4. 2D and 3D NAD(P)H autofluorescence images of MIN6 cells. Note that the NAD(P)H fluorescence signal is low within the
nuclei but large in small structures in the cytoplasma, i.e. mitochondria (emission at 460± 20 nm,λexc = 760 nm).
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Figure 5. Biexponential FLIM based on NAD(P)H fluorescence in MIN6 cells. (A) fluorescence lifetime image of free NAD(P)H;
(B) fluorescence lifetime image of enzyme-bound NAD(P)H; (C) ratio-image representing the contribution of the bound NAD(P)H to the
total fluorescence signal, i.e. qualitative image of the redox cellular metabolism; (D) occurrence frequency of the fluorescence lifetimes in
the images A and B.

FLIM experiments, we isolated the signal of NAD(P)H
from that of other endogenous chromophores, e.g. melanin,
serotonin, metaloporphyrins, by exciting the samples at
760 nm and observing the emission at 460± 20 nm. Under
these conditions, more than 98% of the fluorescence within
the cells originates from NAD(P)H. The fact that the cellular
autofluorescence is low within the nuclei but high in small
organelles (mitochondria) in cytosol (see figure4) confirms
this assumption.

NAD(P)H exists in two different states within the cell:
either free, i.e. it does not participate in any cellular process,
or enzyme-bound, i.e. it participates in vital redox processes
catalysed by the enzymes, to which it is bound. Both
states of NAD(P)H (free and enzyme-bound) fluorescence
and are characterized by specific fluorescence lifetimes.
Consequently, the NAD(P)H fluorescence decay curve is
at least biexponential. Thus, by using biexponential FLIM
we are able to extract from the NAD(P)H signal of MIN6
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cells two major fluorescence lifetimes in each pixel of the
image: that of free NAD(P)H at approximately 450 ps and
that of enzyme-bound NAD(P)H at approximately 3000 ps
(figures5(A) and (B)).

In order to rapidly perform the biexponential FLIM
evaluation (equation (2)), which first enables dynamical
tracking of changes in the cellular function, we used a self-
made non-iterative fitting method [16].

F(t) = afree · e−t/τfree + abound· e−t/τbound. (2)

Except for the FLIMs of the free resp. enzyme-bound
NAD(P)H, a further result of the biexponential FLIM
evaluation of the cellular NAD(P)H fluorescence is the ratio-
image (figure5(C)). It represents the contribution of the
enzyme-bound NAD(P)H to the total fluorescence signal, i.e.
aboundτbound/(afreeτfree+ aboundτbound). Since the fluorescence
signal of the free resp. bound NAD(P)H is proportional to
their concentration, the ratio-image mirrors the redox activity
of the cell and, thus, the cellular redox metabolism.

Note that while the fluorescence lifetime distribution
of free NAD(P)H within the cell well reproduces the
response function of the detection device, the distribu-
tion of the enzyme-bound NAD(P)H is considerably wider
(figure 5(D)). Moreover, within a cell there are regions
with different fluorescence lifetimes for bound NAD(P)H.
All these observations indicate that, based on the fluores-
cence lifetime of the NAD(P)H-enzyme-complex, it is pos-
sible to specifically detect enzymes within the cell during
their catalytic function only based on the fluorescence life-
time of the corresponding NAD(P)H-enzyme-complexes, as
previously predicted by extracellular measurements [24, 25].
Since the coenzymes NADH and NADPH cannot indicate a
specific cellular process, while the partner-enzymes enable
such selectivity, the specific enzyme-detection directly lead
to the ability of specifically and dynamically visualizing vital
processes with submicron resolution and without disturbing
the sensitive cellular balance. In future experiments, we plan
to largely employ this method, e.g. for a better understand-
ing of the mechanisms of insulin secretion in pancreaticβ-
cells as well as in the investigation of pathogen degradation in
neutrophil granulocytes after phagocytosis.

4. Summary

By performing novel, biologically relevant investigations,
i.e. studies on phagocytosis, on cellular metabolism of
MIN6 cells and on cell–cell interactions in blood vessels
as well as in spleen, we endorse in this work the potential
of three techniques based on TPLSM, i.e. single-beam
PMT microscopy, multi-beam CCD microscopy and time-
gated FLIM. While the steady-state TPLSM-procedures
are particularly adequate for morphology and cell–cell
interactions studies, the time-resolved method (FLIM) allows
probing of the cellular function.

As far as the applicability of steady-state TPLSM-
procedures for bioscientifical research is concerned, we have
demonstrated that single-beam microscopy based on PMT
point-detection is the best solution for deep-tissue imaging in
intact organs, whereas multi-beam microscopy based on CCD

synchronous detection is the only solution for imaging fast
biological phenomena.

We also show that biexponential FLIM based on
endogenous NAD(P)H fluorescence is a versatile tool for
probing cellular metabolism in MIN6 cells without the
need for marker molecules. Moreover, this method offers
the possibility to selectively and dynamically investigate
NAD(P)H-dependent vital processes within the cell based
on the specific fluorescence lifetime of NAD(P)H-enzyme-
complexes.
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