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1. Introduction

Spatial resolution is a key parameter in optical mi-
croscopy. While light diffraction commonly limits lat-
eral as well as axial resolution, further restrictions
are due to a low focal depth at high magnification,
i.e. images from a focal plane are often superposed
by out-of-focus light. To overcome this problem, la-
ser scanning techniques have been developed, where

information from a focal plane is selected either by a
pinhole (confocal microscopy [1]) or by multiphoton
excitation of distinct object planes [2, 3]. Laser scan-
ning microscopy (LSM), however, is a rather com-
plex technique, which often needs high light expo-
sure and long measuring times. Therefore, axial
resolution has also been introduced in (conven-
tional) wide field microscopy using structured illumi-
nation [4]. By imaging an optical grid in various
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An overview on fluorescence microscopy with high spa-
tial, spectral and temporal resolution is given. In addi-
tion to 3D microscopy based on confocal, structured or
single plane illumination, spectral imaging and fluores-
cence lifetime imaging microscopy (FLIM) are used to
probe the interaction of a fluorescent molecule with its
micro-environment. Variable-angle total internal reflec-
tion fluorescence microscopy (TIRFM) permits selective
measurements of cell membranes or cell-substrate topol-
ogy in the nanometre scale and is also combined with
spectral or time-resolved detection. In addition to single
cells or cell monolayers, 3-dimensional cell cultures are
of increasing importance, since they are more similar to
tissue morphology and function. All methods reported
are adapted to low dose of illumination, which is re-
garded as a key parameter to maintain cell viability. Ap-
plications include cancer diagnosis and cell tomography
under different physiological conditions.

Multi-dimensional microscopy with spatial (3D), spectral
and temporal resolution.
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(commonly three) positions of a sample and applica-
tion of an appropriate algorithm, an image from the
focal plane can be resolved, whereas out-of-focus
light is eliminated. More recent techniques use a 3-
dimensional interference pattern, permitting dou-
bling of optical resolution in lateral as well as in ax-
ial direction [5]. Structured illumination, however,
needs numerous light exposures for imaging various
planes of a 3-dimensional sample, so that total light
dose and measuring times may be similar to LSM.
Only a few techniques with lower light exposure
have been reported, so far. Those techniques include
single plane illumination microscopy (SPIM) or light
sheet fluorescence microscopy (LSFM), where only
those planes of a sample are irradiated which are ex-
amined simultaneously [6], as well as total internal
reflection fluorescence microscopy (TIRFM) [7, 8],
where the surface of a sample (e.g. cell membrane)
is illuminated selectively, such that damage to the
whole cell is limited.

As reported recently, light dose plays a predomi-
nant role in fluorescence microscopy of living cells,
since power densities of microscope illumination
often exceed that of solar irradiance (100 mW/cm2

or 1 nW/mm2) by several orders of magnitude.
While living cells tolerate a total light dose be-
tween about 10 J/cm2 and 200 J/cm2 corresponding
to a time of 100 s up to 2,000 s of solar irradiation
[9], considerably higher light doses are often at-
tained by highly focusing optics in fluorescence mi-
croscopy. Light dose should, therefore, be one of
the main criteria for selection of an appropriate
method of live cell microscopy. A further prerequi-
site is that microscopes must be adapted to biologi-
cal samples of different geometry, e.g. tissue sam-
ples or 3-dimensional cell cultures, which are more
similar to tissue morphology and function than con-
ventional 2-dimensional cell cultures on microscope
slides [10].

In multi-dimensional microscopy spatial resolu-
tion is often combined with high spectral or tempo-
ral resolution, thus resulting in spectral imaging [11,
12] or fluorescence lifetime imaging microscopy
(FLIM) [13, 14]. In addition to precise localization
of fluorescent probes these techniques often permit
to measure intermolecular interactions with their mi-
cro-environment. Non-radiative (Förster resonance)
energy transfer (FRET) from a donor to an acceptor
molecule [15] plays an important role in this context,
since intermolecular distances below 10 nm can be
detected reliably. Finally, polarization microscopy
has proven to be a helpful tool, e.g. for measuring
molecular rotations and for probing cellular viscosity
or membrane fluidity [12, 14].

It is the main purpose of the present paper to
show some valuable methods of multidimensional
microscopy and to discuss their applicability to living
cells. In this context novel designs, strict limitation of

the applied light dose and avoidance of extrinsic
fluorescent markers play an increasing role.

2. Materials and methods

2.1 Cell systems

Experiments described in this paper were carried
out with human glioblastoma cells either U373-MG
cells obtained from the European Collection of Cell
Cultures (ECACC No. 89081403) or genetically engi-
neered U251-MG cells kindly supplied by Prof. Jan
Mollenhauer, Dept. of Molecular Oncology, Univer-
sity of South Denmark, Odense. In one subclone of
those U251 cells the tumour suppressor gene PTEN
was over-expressed and activated, such that these
cells exhibit a reduced tumorigenic potential and
may be regarded as less malignant. Another sub-
clone was generated by transfection with a plasmid
encoding for a redox-sensitive green fluorescent pro-
tein (Grx1-roGFP2, kindly supplied by Dr. Tobias P.
Dick, German Cancer Research Centre, Heidelberg)
[16]. Cells were cultivated either as monolayers on
glass slides as described elsewhere [9] or as spher-
oids of about 300 mm in diameter. These spheroids
were grown within individual cavities of a microtiter
plate coated with agarose gels. After addition of a
cellular suspension, cell adhesion was prevented,
and growth of spheroids was favoured.

2.2. 3D Microscopy

Commonly, lateral resolution in fluorescence micro-
scopy is defined by the Abbé criterion Dx ¼ 0:61l/AObj

with l corresponding to the wavelength of light and
AObj to the numerical aperture of the objective lens,
while axial resolution can be defined by the depth of
focus Dz ¼ nl=A2

Obj. With high aperture objective
lenses (AObj ¼ 1.45) minimum values Dx � 200 nm
and Dz � 350 nm are thus attained. In laser scanning
microscopy (LSM) the pinhole size can be adjusted
such that information is recovered only from the
focal depth Dz, and full 3D information is obtained
from a series of images recorded with multiple steps
of Dz.

Structured illumination can be performed by ima-
ging an optical grid into the plane of the sample at 3
different phase angles. An algorithm described in
Ref. [4] permits to calculate an (unstructured) image I
from the focal plane, whereas out-of-focus contribu-
tions are eliminated. Axial resolution again depends
on the numerical aperture of the objective lens as
well as on the spatial frequency of the grid and may
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attain values below 1 mm. In 3-dimensional spher-
oids, however, selection of individual cell layers with
Dz � 10 mm may be more important than sub-cellu-
lar resolution. Therefore, a modular system has been
developed, where an optical grid is imaged on a
glass slide (containing the sample) with an objective
lens of moderate magnification (5–20�) and numer-
ical aperture (0.15–0.50). Exchangeable light emit-
ting diodes (LEDs) are used for illumination, and an
integrating high resolution CCD camera (e.g. ProgRes
C10, Jenoptik GmbH, Jena, Germany) for image de-
tection.

While axial resolution of LSM and structured il-
lumination microscopy can be easily varied in the
micrometer and sub-micrometer range, total internal
reflection fluorescence microscopy (TIRFM) is lim-
ited to the nanometre scale. In TIRFM incident light
is totally reflected on a cell-substrate interface with a
variable penetration depth d of the evanescent elec-
tromagnetic field depending on the angle Q of inci-
dence. When a fluorescent dye is distributed rather
homogeneously either in the cytoplasm or in the
plasma membrane, and when fluorescence intensity
IF is determined as a function of Q, cell-substrate dis-
tances can be calculated with nanometre precision,
as described in Ref. [17]. Two custom-made illumina-
tion devices have recently been reported. While in a
first one the angle of incidence of a parallel laser
beam can be varied in multiple steps with a precision
of �0.25� [17], this angle is fixed at 67.5 � 1.3� in a
second one permitting a penetration depth d ¼
110 � 35 nm [20]. This latter condenser unit contains
a focusing lens for selective illumination of small
fluorescent samples, e.g. single cells.

2.3 Spectral and fluorescence lifetime
imaging

Microspectral imaging combines spatial and spectral
resolution in microscopy by insertion of dispersive
elements, e.g. gratings or interference filters (for a
review see [11]). Depending on the individual tech-
nique, spectral images are recorded simultaneously,
sequentially or in a scanning mode, and specific algo-
rithms are used for calculation of biophysical param-
eters. In the present setup a set of broad band inter-
ference filters is used in combination with an upright
fluorescence microscope (Axioplan 1, Carl Zeiss
Jena, Germany).

In fluorescence lifetime imaging microscopy
(FLIM) the fluorescence decay time is measured for
each pixel of a microscopic image. This can be done
by time-correlated single photon counting in laser
scanning microscopy (LSM) experiments, where for
each fluorescence photon the time delay after the

preceding laser pulse is registered, as described in
Ref. [23]. Another possibility is to use fast camera
technology and to detect the fluorescence intensity
within two time gates shifted by an interval Dt be-
tween one another. In this case a fluorescence life-
time t ¼ Dt=ln ðIA=IBÞ can be calculated from the in-
tensities IA and IB measured within the two time
gates. Only in the case of mono-exponential decays t
corresponds to the real fluorescence lifetime; other-
wise it has to be regarded as an effective lifetime
containing information of all fluorescent compo-
nents. In the present setup samples are excited by
picosecond pulses of a laser diode (LDH 375 or
LDH 400 with driver PDL 800-B, PicoQuant, Berlin,
Germany; wavelengths: 375 nm or 391 nm; pulse en-
ergy: 12 pJ, pulse duration: 55 ps, repetition rate:
40 MHz), and time-gated fluorescence images are re-
corded by an image intensifying camera system (Pi-
costar HR 12 image intensifier coupled to a cooled
CCD camera; LaVision, Göttingen, Germany) with
a time resolution of 200 ps. Generally time gates
with a gate width of 1 ns and different delay time
with respect to the preceding laser pulse are used
for fluorescence lifetime imaging.

3. Results

The potential of 3D microscopy with structured illu-
mination is shown in Figure 1 for a 3-dimensional
cell spheroid containing a redox-sensitive green
fluorescent protein. Its architecture is illustrated in
an histological section after hematoxylin-eosin stain-
ing (A). Upon conventional wide field microscopy
almost no substructure can be deduced (B), whereas
upon structured illumination individual cells from a
layer of Dz � 10 mm become clearly visible (C) and
may be further analyzed. Due to the compact optical
setup a light dose of only 0.04 J/cm is necessary to
record 3 images needed for reconstruction of a cell
monolayer, and even multiple exposure appears well
tolerable for living cells.

To achieve axial resolution in single cell experi-
ments, structured illumination or laser scanning mi-
croscopy with high aperture objective lenses are
methods of choice. For selective measurements of
cell surfaces, e.g. plasma membranes, variable-angle
TIRFM provides increasing resolution down to the
range of a few nanometers. This has recently been
demonstrated for fluorescent markers of the cyto-
plasm or cell membranes, when cell-substrate topol-
ogy has been evaluated upon depletion of cholester-
ol or after photodynamic therapy [18]. In addition,
TIRFM experiments permitted to study protein-pro-
tein interactions with high precision, e.g. in the
pathogenesis of Alzheimer’s disease [19] or in sen-
sing of apoptosis [20].
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Spectral imaging and fluorescence lifetime im-
aging (FLIM) have previously been applied to var-
ious topics on membrane dynamics and intermole-
cular interactions [12, 19, 20, 24]. While those
experiments have been performed with fluorescent
dyes or fluorescent proteins, intrinsic fluorophores
with overlapping emission spectra and comparably
low quantum yields are subject of present investiga-
tion. In Figure 2 intrinsic fluorescence of U251-MG
glioblastoma cells is depicted, which upon excita-
tion at l ¼ 375 nm is dominated by broad spectral
bands with maxima around 440–450 nm and 470–
490 nm. Those bands have been attributed to pro-
tein-bound and free coenzyme nicotinamide adenine
dinucleotide (NADH) [21, 22]. When fluorescence
is measured in different spectral ranges, e.g. at
450 � 20 nm (I450) and 490 � 20 nm (I490), a protein
binding parameter PBP ¼ (I450–I490)/(I450 þ I490)

Figure 1 (online color at: www.biophotonics-journal.org) 3-dimensional spheroid of U251-MG glioblastoma cells contain-
ing the redox-sensitive green fluorescent protein Grx1-roGFP2; (A) histological section after hematoxylin-eosin staining;
(B) conventional fluorescence image; (C) sectional view from the focal plane (Dz � 10 mm); excitation wavelength:
470 nm; fluorescence detection: �515 nm, image size: 450 � 450 mm.

Figure 2 (online color at: www.biophotonics-journal.org)
Intrinsic fluorescence of U251-MG glioblastoma cells de-
tected at l � 415 nm (A) and protein binding parameter
PBP ¼ (I450� I490)/(I450 þ I490) including scale (B); excita-
tion wavelength: 375 nm; image size: 140 � 140 mm.

Figure 3 (online color at: www.bio-
photonics-journal.org) Intensities (A,
C) and effective lifetimes (B, D) of
intrinsic fluorescence of U251-MG
glioblastoma cells (A, B) and U251-
MG cells with an activated PTEN
suppressor gene (C, D); excitation
wavelength: 375 nm; fluorescence
detection: �415 nm; image size:
140 � 110 mm.

H. Schneckenburger et al.: Multi-dimensional fluorescence microscopy of living cells146

Journal of 

BIOPHOTONICS

# 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.biophotonics-journal.org



can be calculated, as depicted in Figure 2. While
U251-MG glioblastoma cells are characterized by
diffuse as well as by granular fluorescence around
the cell nucleus (A), the lowest PBP values are ob-
served within the granules (B). This may be helpful
to identify fluorescent organelles and to distinguish
cells of different malignancy. FLIM may support
those experiments, as demonstrated in Figure 3.
While fluorescence patterns of U-251-MG control
cells (A) and cells with an activated tumor sup-
pressor gene (C) are similar, the effective fluores-
cence lifetimes of the tumor cells (B) are lower
than those of the less malignant cells (D). This
may be due to different contributions of free and
protein-bound NADH with fluorescence lifetimes
of about 0.5 ns and 2.5–3.0 ns, respectively.

4. Discussion

Microscopic methods with diffraction limited resolu-
tion have been described above. Only in variable-an-
gle TIRFM an axial resolution below 10 nm, and
thus beyond the so-called Abbé criterion was at-
tained. Further methods of super-resolution micro-
scopy are presently developed by several groups.
Some promising approaches, e.g. stochastic optical
resolution microscopy (STORM) [25, 26] or photo-
activated localization microscopy (PALM) [27], are
based on single molecule detection, where each mo-
lecule is measured n times, such that local precision
is improved by a factor n�1/2 and reaches values of
10–20 nm. Single molecule experiments, however,
need power densities around 100 nW/mm2, which is
100–1000 times higher than solar irradiance (1 kW/m2

corresponding to 1 nW/mm2), so that cells are ex-
pected to survive no longer than a few seconds. An-
other method of super-resolution microscopy is sti-
mulated emission depletion microscopy (STED) [28]
permitting a lateral resolution of about 30 nm at
an average power density of 30 mW/mm2 (calculated
for a 300 mW laser which scans a surface of
100 � 100 mm). This is 30,000 times more than solar
irradiance and does not appear appropriate for meas-
urements of living cells.

In conventional LSM and wide field microscopy
the power density of illumination can often be lim-
ited to about 1 nW/mm2 which corresponds to solar
irradiance and appears to be appropriate for life
cell experiments up to a few minutes (depending
on the wavelength of illumination and additional
application of exogenous fluorophores [9]). The
limit of viability, however, may be exceeded upon
multiple exposures, e.g. when a larger number of
cell layers is examined. This problem may be over-
come by single plane illumination microscopy
(SPIM) [6], where only those layers of a sample

are exposed to light, which are recorded simulta-
neously. Therefore, SPIM appears to be the method
of choice for measurements of numerous layers
(e.g. of 3-dimensional cell cultures) or for experi-
ments of long exposure time. Also TIRFM appears
to be a favourable method for maintaining cell via-
bility, since the evanescent electromagnetic field pe-
netrates only a small distance into the cell, thus re-
ducing cellular damage, as previously demonstrated
[9]. An overview on relevant irradiances and esti-
mated times of illumination for maintaining cell
viability is given in Table 1 for different methods of
3D microscopy.

A combination of microscopic methods with
high axial, spectral and temporal resolution seems
to be appropriate for solving numerous questions in
cell biology and in vitro diagnostics. In each case,
the appropriate technique of spectral or fluores-
cence lifetime imaging should be considered care-
fully. For example, a FLIM technique based on
time-correlated single photon counting provides an
optimum of information, whereas fast camera tech-
nology permits shorter measuring times and lower
light exposure. Of particular interest are FRET and
related techniques permitting to probe intermolecu-
lar distances in the nanometre range. Also techni-
ques without fluorescence staining and based e.g.
on intrinsic fluorescence or Raman scattering are of
increasing interest in view of future in vivo applica-
tions.
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Table 1 Irradiance and maximum time of illumination for
maintaining viability (according to [9]) of U373-MG glio-
blastoma cells at a wavelength l ¼ 514 nm (* ¼ average
value applied in laser scanning microscopy; ** ¼ estimated
value).

Method Irradiance
[nW/mm2]

Max. time of
illumination [s]

LSM 1 (*) 1,000
structured
illumination

1 1,000

SPIM �1 10,000 (**)
TIRFM 1 3,000
single molecule
methods

100–1,000 1–10

STED 30,000 (*) not relevant
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