
1 Introduction

Live-cell microscopy is a rapidly growing field for the detection of cell and tissue
architecture, as well as for cell metabolism. It permits insight into cell physiology
at different scales ranging from single cells over three-dimensional (3-D) cell cul-
tures up to whole organisms. Early detection of diseases, e.g., cancer or neurode-
generative diseases, or of cellular responses toward pharmaceutical agents,
however, requires appropriate 3-D systems and low-light exposure to keep the
cells alive and to avoid phototoxicity during and subsequent to experiments.
Excessive illumination may cause light-induced damage that can alter cell physi-
ology and, therefore, lead to incorrect results. In the authors’ previous work,1 cell
viability upon the application of various light doses at different wavelengths was
measured either by a colony formation assay (Fig. 1) or by a neutral red uptake
assay,2 where non-phototoxic light doses were determined for label-free micros-
copy (native cells), as well as upon the application of various fluorescent membrane
(laurdan, DiA, DiO, and GFP-Mem) or mitochondrial (R123, MTO, and GFP-Mito)
markers. These doses (depicted in Table 1) are regarded as a kind of “light
budget” for subsequent experiments. A comparison of a continuous-wave and a
mode-locked argon ion laser of the same wavelength and average power showed

Figure 1 Viability of native U373-MG glioblastoma cells upon irradiation with various wave-
lengths (375, 514, or 633 nm) and light doses. The percentage of cells forming colonies
(plating efficiencies) within 7 days was determined. Values represent medians ± median
absolute deviations (MADs). The cells are regarded as viable upon <10% reduction of the
plating efficiency measured at 0 J/cm², i.e., up to 25, 100, or 200 J/cm2 after illumination
with 375, 514, or 633 nm, respectively. Inlay: principle of the colony-forming assay.
Reproduced from Ref. 1 with modifications.
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that integral non-phototoxic light doses were almost identical, i.e., the response was
independent of whether the light was applied continuously or in short pulses.

Non-phototoxic light doses significantly depend on the wavelength of excita-
tion as well as on the kind of fluorescence marker or fluorescent protein used for
experiments, and they reach maximum—but still limited—values for label-free
microscopy. In this case, an increase of non-phototoxic light doses with increas-
ing wavelength is concomitant with a decreasing extinction coefficient and a
decreasing number of absorbing molecular species. Non-phototoxic light doses
should be considered with regard to some specific challenges in modern live-cell
microscopy.

1.1 Challenge 1: 3-D microscopy

Cells commonly grow in three dimensions, and the diameters of appropriate cell
models considerably exceed the focal depth of a microscope, so that an image
of the focal plane is superimposed by out-of-focus images, resulting in poor infor-
mation about the whole sample. Therefore, methods that provide selective infor-
mation of various focal planes and algorithms that combine this information in a
3-D image are required. Three techniques can be distinguished: (1) Confocal laser
scanning microscopy (CLSM), where the focus of a laser beam scanning the sam-
ple is imaged on a pinhole in front of the detector, while all out-of-focus

Table 1 Non-phototoxic light doses and maximum exposure times at an irradiance of
100 mW/cm2, corresponding to solar irradiance. The excitation wavelength of fluorescent
markers is close to their absorption maximum (DiA, DiO, dialkylcarbocyanines; GFP-Mem,
membrane-associated green fluorescent protein; R123, rhodamine 123; MTO, mitotracker
orange; and GFP-Mito, mitochondria-associated green fluorescent protein).

Cell line Marker
Conc.
(μM)

λex

(nm)
Max. light dose

(J/cm2)
Solar exposure

time (s)

U373-MG — 375 25 250

U373-MG — 514 100 1000

U373-MG — 633 200 2000

U373-MG Laurdan 8 391 10 100

CHO-K1 DiA 5 488 10 100

CHO-K1 DiO 5 488 10 100

CHO-K1 GFP-Mem 488 10 100

CHO-K1 R123 5 488 5 to 20 50 to 200

CHO-K1 MTO 0.05 514 50 500

CHO-K1 GFP-Mito 488 5 50
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information is suppressed.3,4 By moving the sample step by step in a vertical
direction, numerous planes can be examined and combined in a 3-D image.
(2) Structured illumination microscopy (SIM), where a grid is imaged (non-
coherently) in a plane of the sample under different phase angles Φ. By using
the algorithm depicted in Fig. 2, an image of the focal plane can be calculated,
while all out-of-focus images vanish completely.5 Again, information from vari-
ous sample planes can be combined. (3) Light-sheet-based microscopy, where
samples are illuminated by thin light sheets that are in the focus of a detection
lens. Such light sheets are generated either by a cylindrical lens or by scanning
a laser beam.6,7 The 3-D imaging is acquired by either moving the light sheet in
the vertical direction, shifting the detection lens simultaneously by an appropriate
distance, or by moving the sample through the image plane. In most cases, this
technique is used for fluorescence but may also be applied for scattering
(e.g., Raman) microscopy. For the detection of each plane in confocal or SIM,
the whole sample has to be illuminated, however, only the plane of detection
has to be exposed to light in the case of light-sheet microscopy. Therefore, the
total light exposure in 3-D imaging is considerably lower, which favors this
method for experiments performed over a long time range.

All of these methods can be optimized if samples are observed from different
sides. In particular, axial tomography8,9 with a sample rotation of up to 360 deg
not only improves visibility but also permits overcoming the anisotropy of optical
resolution because the best (lateral) resolution can always be utilized.

1.2 Challenge 2: super-resolution microscopy

Generally, the lateral resolution Δx of a microscope is limited by the Abbe
criterion Δx ≥ λ/2AN or the Rayleigh criterion Δx = 0.61 λ/AN, which gives a
value of around 200 nm with a wavelength of illumination λ = 500 nm and a
numerical aperture of the microscope lens AN = 1.40. The axial resolution can be

Figure 2 SIM (non-coherent). Principle and algorithms for calculation of an image section
and a conventional image.
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approximated by the depth of focus resulting in Δz = nλ/AN² and giving lowest
values of about Δz = 400 nm for λ = 500 nm, AN = 1.40, and a refractive index
n = 1.50 of the immersion medium. Again, three principal methods have been
selected to go below these values. The first is stimulated emission depletion
(STED) microscopy,10 where upon optical excitation in a laser scanning micro-
scope, the outer regions of an illuminated spot are depleted by stimulated emis-
sion within the focus of a donut-shaped laser beam. While a fluorescent spot
may thus be confined to 70 nm or less, the irradiance exceeds the irradiance in
a conventional fluorescence microscope by a factor of 104 to 105, so that the cri-
teria for live-cell imaging (defined earlier) are not fulfilled. Currently, different
approaches to reduce the light dose by up to two orders of magnitude in comparison
with conventional STED are being pursued, including reduction of state transition
cycles (REScue)11 and adaptive-illumination STED nanoscopy,12 leaving, however,
still comparably high light exposures.

Further techniques are based on super-localization microscopy of single
molecules located within a thin illuminated layer of a sample.13–15 If a single mol-
ecule is detected n times, its localization can be determined with a precision
Δx = Δx0/

p
n with Δx0 ≈ 200 nm resulting from the Rayleigh criterion.

Therefore, a precision of localization Δx = 20 nm results from n = 100 and
Δx= 10 nm from n= 400. Methods based on super-localization microscopy include
stochastic optical reconstruction microscopy, photoactivation localization micros-
copy, and related techniques. However, the irradiance needed for single-molecule
experiments is still 500 to 1000 times higher than in conventional fluorescence
microscopy, such that cells are expected to survive only a very limited time.

A further super-resolving method is coherent SIM.16,17 Here, the sample is
illuminated by two or three interfering laser beams. As depicted in Fig. 3, optical
transfer functions (OTFs) reveal a doubling of spatial frequencies and resolution.
While three interfering beams are needed for enhanced resolution in three dimen-
sions, two interfering beams are sufficient to increase the lateral resolution by a
factor of 2, i.e., down to about 100 nm. As described later, a super-resolution
image in two dimensions can be calculated from nine individual images. Since
the irradiance is the same as for conventional wide-field microscopy, this
increases the total light dose by <1 order of magnitude and usually allows cells
to stay viable during and subsequent to illumination.

1.3 Challenge 3: membrane imaging

Cell membranes are of high interest for cell biologists since they are targets for
numerous reactions, biosynthesis, or the transport of various metabolites or organ-
elles. In particular, plasma membranes can be regarded as interfaces between cells
and their environment, regulating the uptake and release of metabolites or vesicles
and initiating intracellular signal transduction. Plasma membranes are commonly
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assessed by total internal reflection fluorescence microscopy (TIRFM),18,19 where
a laser beam is totally reflected on a cell–substrate surface, whereas its evanescent
electromagnetic field penetrates a small distance (typically about 100 nm) into the
cell and selectively excites membrane-associated fluorophores. TIRFM is an ideal
method to measure focal adhesions and cell–substrate topology, as well as the
endocytosis or exocytosis of vesicles. It is also appropriate for single-molecule
detection in thin layers. Of particular interest is variable-angle TIRFM permitting
variations of the penetration depth of incident light and thus some modeling of
membrane topology, as reported in Section 2.7. Since only a very small part of
incident light (typically <0.1%) is absorbed within a thin cell layer, non-
phototoxic light doses are generally higher than that used to illuminate whole
cells. However, TIRFM images may require an increased recording time or
more-sensitive light detection.

Figure 3 OTF for (a, b) one, (c) two, or (d, e) three beams. Reproduced from Ref. 16 with
modifications.
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1.4 Challenge 4: long time exposure

Cells are often observed for prolonged periods of several days. This holds, e.g., if
cell growth, cell migration, or uptake of a pharmaceutical agent with concomitant
cellular responses are studied. In these cases, appropriate conditions of cell culti-
vation are as important as a non-phototoxic light dose, given as an integral over
the whole period of light exposure (see Table 1). In Fig. 4, the maximum non-
phototoxic integral light doses and typical irradiances are depicted upon applica-
tion of various microscopy methods. It is assumed that about 1 s is needed for a
wide-field (or light-sheet) image, 5 s for a laser scanning microscopy (LSM)
image, and several seconds/minutes for a single-molecule image. In the
case of SIM, each image is calculated from nine original images. Therefore, the
number of 100 or 250 original images should be divided by 9 to get about
10 or 30 calculated images. For the LSM of a fluorescent cellular marker, about
20 images from different planes can be recorded that may be used to calculate a
single 3-D image, while about 100 light-sheet images can be recorded for each
plane as a basis to calculate 100 3-D images. While for many microscopy meth-
ods an irradiance of about 100 mW/cm² (corresponding to solar irradiance) is suf-
ficient, a considerably higher irradiance is necessary for single-molecule methods
(where each molecule is excited repeatedly) and for stimulated emission in STED
microscopy. For single-molecule microscopy (with red absorbing dyes at very low
concentration), similar non-phototoxic light doses as for label-free microscopy in

Figure 4 Maximum non-phototoxic light doses and maximum number of images for various
methods of 3-D live-cell microscopy. For autofluorescence measurements, an excitation
wavelength of 375 nm is assumed. For “wide-field microscopy and SIM,” the lower number
refers to SIM, and the upper number refers to conventional wide-field microscopy.
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the spectral range of 600 to 650 nm are assumed, whereas the maximum non-
phototoxic light doses in STED microscopy (with comparably photostable dyes)
are in the upper range of light doses used for cellular markers.

1.5 Further challenges

Further challenges of live-cell microscopy include control of environmental con-
ditions, e.g., temperature, pH, humidity, oxygen concentration, or nutrient supply.
Temperature is a critical parameter for physiological measurements, and various
types of chambers maintaining a constant temperature can be used, including tem-
pered microscope stages or open chambers for microscope slides with temperature
control or fluidic systems, where the medium or buffer solution surrounding the
cells is kept at a constant temperature. A lack or desiccation of this medium is a
critical factor if cells are growing on a microscope object slide and capped by a
cover slide with a very thin liquid layer between, as is often used for high-
resolution microscopy with high-aperture objective lenses. In this case, experi-
ments often have to be limited to a short time, e.g., 5 min or less. Alternatively,
open chambers with sufficient amounts of liquid or capillaries with sufficient
space for buffer or culture media under stationary or fluidic conditions may be
used. Nutrient supply and light-dependent formation of reactive oxygen species
(ROS) in the cultivation media during measurements may also have an impact
on cell viability.20 Cells are usually grown in a specific culture medium, which
in our case was used for photoxicity experiments and which was replaced by
an appropriate buffer solution for microscopy. A possible slight change of cell
viability is not considered in this Spotlight. In comparison with single-cell experi-
ments, cell viability is enhanced if cells grow in larger assemblies, e.g., clusters or
spheroids in an agarose matrix, as reported below. This finding is based on visual
observation and, so far, has not been proven by quantitave measurements. Finally,
oxygen seems to have an impact on cell viability if dye molecules have long-lived
triplet states21 with possible activation of cytotoxic (singlet) oxygen.

In addition to microscopy with a high spatial resolution, spectral and temporal
resolution can be used to obtain information about the microenvironment or inter-
actions of specific molecules inside a cell. Here, spectral imaging22,23 or fluores-
cence lifetime imaging (FLIM)24,25 appear to be appropriate methods. Of
particular interest is the method of Förster resonance energy transfer (FRET),26

where adjacent molecules (or different chromophoric groups within one larger
molecule) interact via dipole–dipole interaction, so that an excited donor molecule
may transfer its excitation energy to an acceptor molecule that will be able to
fluoresce. Again, spectral or FLIM provides the potential to prove this kind of
interaction in the nanometer range.

In the following sections, those microscopy methods, which to the best of our
knowledge can be used together with non-phototoxic light doses, will be
described in detail.
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