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W N e

Abstract: Light microscopy has emerged as one of the fundamental methods to analyze
biological systems; novel techniques of 3D microscopy and super-resolution microscopy
(SRM) with an optical resolution down to the sub-nanometer range have recently been
realized. However, most of these achievements have been made with fixed specimens, i.e.,
direct information about the dynamics of the biosystem studied was not possible. This
stimulated the development of live cell microscopy imaging approaches, including Low
Mlumination Fluorescence Microscopy, Light Sheet (Fluorescence) Microscopy (LSFM), or
Structured Illumination Microscopy (SIM). Here, we discuss perspectives, methods, and
relevant light doses of advanced fluorescence microscopy imaging to keep the cells alive at
low levels of phototoxicity.
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1. Introduction

Live cell microscopy is often the basis for understanding fundamental mechanisms
of cell physiology. This may be essential for the detection of metabolic pathways, origin
of diseases, interaction with pharmacological agents, or improved understanding of the
dynamic interplay between nuclear genome structure and transcription. However, for
all of these studies, cells should be kept viable and physiologically intact. This requires
controlled (typically constant) temperature, availability of oxygen and nutrient fluids,
cell—cell contacts, as well as low cytotoxicity and phototoxicity of the molecular species
involved. For optical experiments, e.g., microscopy, this implies that exposure to radiation
should be minimized over a large spectrum of wavelengths. While in the ultraviolet (UV)
part of the spectrum, local ablation or molecular damage (e.g., DNA strand breaks, see
reviews [1-3]) are dominating effects, a combination of photochemical, photothermal, and
opto-mechanical effects may contribute to cell damage in the visible part.

Generally, cell damage diminishes with increasing wavelength of radiation, when
photon energy is no longer sufficient to induce molecular damage or ablation, and when
the number of molecules absorbing light and inducing phototoxic effects decreases. This is
indicated in Figure 1, which shows the viability of U-373MG glioblastoma cells upon in-
creasing light exposure with wavelengths of 375 nm, 514 nm, or 633 nm. In this experiment,
single cells were seeded and exposed to light doses up to 300 J/cm?. Then, after 7 days, the
percentage of cells which were able to form colonies (plating efficiency) was determined.
Cells were regarded as viable upon less than 10% reduction in the plating efficiency at
0]/cm?, i.e., upon application of light doses up to 25, 100, or 200 ] /cm? at wavelengths
of 375, 514, or 633 nm, respectively. This corresponds to 4 min, 16 min, or 32 min of solar
irradiation with approximately 100 mW /cm?.
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Figure 1. Plating efficiency of U373-MG glioblastoma cells upon whole cell irradiation with wave-
lengths of 375, 514, or 633 nm and variable light doses. Percentage of cells forming colonies within
7 days after seeding. Values represent medians & MADs (median absolute deviations). Cells are
regarded as viable after a less than 10% reduction in the plating efficiency, measured at 0 J/cm?, i.e.,
up to 25, 100, or 200 J/cm? after illumination with wavelengths of 375, 514, or 633 nm, respectively.
Inset: the principle of the colony-forming assay. Reproduced from [4] with modifications.

Cell viability may depend on whether irradiation occurs continuously or by short
pulses and on whether whole cells or only small parts, e.g., membrane or certain organelles,
are exposed to radiation. Whole cells are commonly illuminated in wide-field or laser
scanning microscopy, whereas small parts are irradiated when laser micro-beam techniques
(reviewed, e.g., in [5-7]) are applied. These different applications are distinguished in
Sections 2 and 3 of this manuscript.

2. Whole Cell Illumination
2.1. Mechanisms Involved

- Photochemical reactions occur if light is absorbed by photosensitizing molecules, which
are able to transfer their excitation energy to adjacent molecules, thus creating radicals
or highly reactive singlet oxygen (1O,). These species may cause photo-oxidation with
subsequent cell destruction. Absorbing molecules include the coenzymes nicotinamide
adenine dinucleotide (NADH, absorption maximum: 350 nm) [8] as well as flavin
mono- and dinucletide (FMN/FAD; absorption maxima: 380 nm and 440 nm) [9], and
porphyrin related molecules (with an absorption wavelength below 620 nm). However,
while free porphyrins have a high quantum yield for creating singlet oxygen [10], this
potential is reduced when porphyrins are bound within hemoglobin, myoglobin, or
cytochromes. At wavelengths in the far UV, the most important phototoxic effect is
produced upon light absorption by DNA (with a maximum of around 260 nm), which
creates photo-dimers.

- Photothermal reactions occur upon absorption of radiation and energy conversion to
heat. Main absorbers are water molecules (A < 250 nm, A > 1100 nm), porphyrin
molecules (bound, e.g., within cytochromes, 350 nm < A < 620 nm), and proteins
(A <300 nm). Thus, in the wavelength range of 620 nm < A < 1100 nm (“therapeutic
window”), absorption is comparably low, but increases at 400-600 nm, the typical
excitation range for light microscopy.

- Opto-mechanical destruction of molecular bonds occurs at photon energies above 4 eV,
corresponding to wavelengths below 300 nm. This is the spectral range of far UV or
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X-ray microscopy. At longer wavelengths, cell or tissue disruption may occur by inten-
sive picosecond or femtosecond laser pulses. The focus on these laser pulses is used
for ablation, hole drilling, gene transfection, and other kinds of micro-manipulation
reported in Section 3.1. However, in many applications of light microscopy, these
effects do not play a major role.

2.2. Microscopy Methods and Their Compatibility with Low Light Exposure
2.2.1. General

In Section 1, non-phototoxic light doses up to 25 J/cm? (375 nm), 100 ] /cm? (514 nm),
and 200 J/cm? (633 nm) were specified for native cells, i.e., cells without any staining or
transfection. After staining with various blue or green absorbing dyes or transfection with
a Green Fluorescent Protein (GFP) encoding plasmid, the limit of non-phototoxic light
doses was often around 10 J/cm?, corresponding to about 100 s of solar irradiation [4,11].
Since this limit was about the same for continuous wave (cw) excitation and for a quasi-
continuous train of short excitation pulses [11], it also holds for laser scanning or Fluores-
cence Lifetime Imaging (FLIM) microscopy (see below).

With a given “light dose budget” of about 10 J/cm? and a tolerable irradiance of
around 100 mW /cm? (solar irradiance), one can estimate a possible number of exposures
under non-phototoxic conditions. Wide-field microscopy appears possible with an exposure
time of around one second, thus permitting about 100 images to be recorded. For Confocal
Laser Scanning Fluorescence Microscopy (CLSM) [12-14], a recording time of 4-5 s per
image is often preferable, so that 20-25 images can be measured under non-phototoxic
conditions. If several layers of a sample are imaged, and if for each layer the whole sample
is illuminated, this implies that a sample can be imaged with 20-25 exposures from top
to bottom. For example, for a cell with a 20 pm diameter, 20 selective planes shifted by
1 um between one another in the axial direction can be recorded under physiological live
cell conditions.

Figure 2a shows the principal setup of CLSM with a laser beam focused on the sample.
Only fluorescence signals from the focal plane (comprising its adjacent layers, as given by
the optical resolution along the optical axis) can pass a small pinhole located in front of the
detector (e.g., photomultiplier). By moving the sample in the vertical direction, various
planes can be detected (see examples in Figure 2b,c) and combined into a 3-dimensional
image. However, for recording each plane, the whole sample has to be illuminated, and
the light doses of each exposure have to be summed up. An alternative technique is
Light Sheet (Fluorescence) Microscopy (LSFM), where excitation of the sample occurs in
a horizontal direction, and only the illuminated plane is recorded, which is specified by
the thickness of the light sheet. Therefore, the whole “light dose budget” is available for
each plane, and thus, this technique is preferable for long-time exposures or for repeated
measurements of individual planes [15-17]. Light sheet illumination can be realized either
by a cylindrical lens (usually of low or moderate aperture to reach a sufficient depth of
focus) or by scanning an exciting laser beam. The light sheet depicted in Figure 2d,e can be
moved in the axial direction, but for imaging individual planes, the objective lens has to be
shifted simultaneously. Often, the shifts in the light sheet and the objective lens have to
be corrected for the refractive index of the medium, where the sample is embedded. An
appropriate setup for mechanical correction is described in [18], but corrections by software
are also possible. Images from individual planes can be combined into a 3-D image similar
to CLSM.
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Figure 2. Principle of CLSM; (a) selected planes of a cell spheroid transfected with membrane-
associated GFP at 15 um (b) or 60 um (c) from its edge (CLSM); principle of light sheet illumination
and fluorescence detection (d), as well as the technical realization of illumination in LSFM (e).

Usually, the resolution in microscopy is given by the Abbe criterionr > A/2 An [19] or
the Rayleigh criterion r = 0.61 A/ Ay [20] (with Ay corresponding to the numerical aperture
of the microscope objective lens) and may attain about 200 nm for high aperture objective
lenses (AN > 1.4). Generally, the Rayleigh criterion holds for fluorescence microscopy,
with A corresponding to the detection wavelength for wide-field microscopy and the
excitation wavelength for laser scanning microscopy, if the whole Oth maximum of the
diffraction pattern (Airy disk), with a radius of 2r, passes the pinhole. If the pinhole is kept
smaller, the resolution can theoretically be enhanced by a factor around 1.4 [21], but the
exposure time needed for each image increases, and the number of images, which can be
recorded within the limiting light dose becomes much smaller. Airy Scan Microscopy (with
multiple detectors behind the pinhole [21,22]) or Image Scan Microscopy (with 2D camera
detection [23]) possibly avoids this problem, since enhanced resolution may occur without
diminution of fluorescence photon collection.

2.2.2. Super-Resolution Microscopy

During the last 30 years, microscopy techniques have been developed, which substan-
tially overcome the resolution defined by the Abbe or Rayleigh criterion. These techniques
are summarized under the term Super-Resolution Microscopy (SRM) [13,24-34] and in-
clude Airy Scan as well as Image Scan Microscopy. A further SRM method that exploits a
suitable patterning of illumination to enhance resolution by around a factor of 2 is Struc-
tured Illumination Microscopy (SIM [35-46]). Here, the sample is commonly illuminated
by two interfering laser beams (Figure 3a), typically creating a sinusoidal light pattern that
may be rotated to obtain isotropic resolution in a lateral plane. Images are recorded for at
least three rotation angles (e.g., 0°, 60°, and 120°) and three phases (0, 27t/3, and 47t/3) of
the interference pattern, so that a super-resolution image is calculated from a minimum of
nine individual images. Summing up the spatial frequencies, kappe resulting from the Abbe
criterion, and kjp, resulting from the interference pattern in the plane of the sample, give a
resolution r = (Kappe + kip) ™! > 100 nm (see Figure 3b,c for a comparison with wide-field
microscopy). Structured illumination appears possible in non-phototoxic conditions, but
recording nine images to calculate one structured image implies that only about 10 SIM
images can be obtained with a light dose of 10 J/cm?.
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Figure 3. Principle of Structured Illumination Microscopy (SIM) with interfering first diffraction

orders of an optical grating or a spatial light modulator in the focus of a collimating lens. The interfer-
ence pattern is imaged in the plane of the sample by the tube lens (TL) and the microscope objective
lens (Obj) with an intermediate focus in the microscope aperture A (a); fluorescent polystyrene
beads, 200 nm in size, recorded by wide-field microscopy (b) or SIM (c) with doubling of resolution.
Reproduced from [46] with modifications.

Structured Illumination Microscopy (SIM) was used to detect mitochondria, actin
filaments, as well as the Golgi apparatus dynamics in three dimensions and with high
resolution [41]. Other in vivo SIM applications include 3D imaging of live neural popu-
lations [47], the dynamics of the endoplasmic reticulum, and microtubules in living cells
with up to 255 frames per second [48], as well as ultra-long excitation near-infrared SIM
with deep tissue penetration depth of tumor microenvironments in mice [49]. The SIM
principle of resolution enhancement was also used in optics with low numerical aperture
AN. The longer the wavelength, the more the light-induced generation of chemical radicals
can be reduced [38]. For example, at a wavelength of 532 nm, the photochemical evaluation
function according to the current safety standard [50] for 532 nm is only 1/16 of the value
for 488 nm, the commonly used wavelength in commercial scanning laser opthalmology
(SLO) [51]. This small phototoxicity allowed the application of structured illumination
ophtalmology (532 nm) to perform super-resolving retina diagnostics of the live human
eye [38]. In this case, the human eye lens with its An = 0.1-0.3 and a focal length (“working
distance”) of about 2.2 cm (ca. 130 times larger than the working distance of a typical
Ap = 1.4 lens) was used to create on the retina a sinusoidal illumination pattern with an
average intensity of about 100 mW/cm?. According to safety rules [50], there was no
intraocular risk even with continuous illumination at the wavelength applied. For example,
a 100 s illumination would correspond to a tolerable total light dose of 10 J/cm?.

In case that structured illumination is realized by interference along the optical axis
using two opposite objective lenses [31,52-54], this may enhance axial resolution with
little photobleaching. In recent years, the limit of conventional axial resolution has been
surpassed also by further SRM approaches including Standing Wave Field Microscopy
(SWFM) [53-55], or Spatially Modulated Illumination (SMI) Microscopy [52,56]. Exper-
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imentally, for Aex = 488 nm and an Ay = 1.4 objective lens, an axial resolution of about
100 nm (according to the Rayleigh criterion) has been demonstrated for SWEM, while the
time integrated laser power was more than 100 times lower than that required for a CLSM
image of the same object [54]. Hence, for a wavelength compatible with imaging of whole
live cells (e.g., 647 nm), the best optical resolution around 130 nm along the optical axis
is predicted. In the case of optically isolated objects, SMI has been used to determine
the axial extension (size) of small, optically isolated fluorescent objects down to about a
40 nm diameter with an optimal precision in the few nm range; it also allowed the axial
positioning of such structures down to the 1 nm scale [52]. Since the SWFM/SMI excitation
mechanisms are the same as in conventional wide-field fluorescence microscopy, these
techniques allow for the limitation of the irradiance and, thus, of the phototoxicity to the
same low levels. For example, the SMI approach has been applied to measure in nuclei of
live U20S cells (Aex = 488 nm, Ay = 1.2 water) the size of a small chromatin domain labeled
with Green Fluorescent Protein (GFP) [56].

A variety of high resolution methods are summarized under the term Single Molecule
Localization Microscopy (SMLM), where individual molecules within a specimen are
recorded with high precision [56—64]. If N photons are detected from a single molecule,
its localization can be determined with a precision of Ax = Axg/+/N, with Axg related to
the resolution r according to the Rayleigh criterion. In the absence of background, the
best precision localization of Ax = 7 nm would result from N = 100 and Ax = 3.5 nm from
N =400 [63]. Generally, however, a much higher photon budget is required [31,57,63].

Presently, SMLM works well for specimens up to a few pm of thickness (e.g., cell mono-
layers), with a single molecule localization precision down to the few nm range [52,63,64];
in special cases, even a sub-nm optical resolution has been realized experimentally by
SMLM [57]. The thinner the sample or the illuminated part of the sample, the better the
optical conditions for imaging. In the case of surface-based SMLM, Total Internal Reflection
Microscopy (TIRFM) [65,66] may be applied to reduce the background, while for localiza-
tion of single molecules in the interior of living cells or tissue, confocal techniques or (in
individual cases) light sheet illumination [67] have been reported. Generally, SMLM tech-
niques using homogenous wide-field illumination need an irradiance, which is typically
up to several orders of magnitude larger than the irradiance in conventional microscopy,
i.e., up to 50 kW/cm? [68] (see also Table 1), as well as a prolonged exposure time of a few
seconds up to minutes, so that the risk of phototoxic cell damage is very high.

The SMLM of fluorophores like Atto 488, GFP, etc., usually requires either periodic
illumination with low UV intensities and bleaching at larger wavelengths, or illumination
around 488 nm, but with higher illumination intensities (kW / cm? range). Under these
conditions, the SMLM of unfixed cells (live at the beginning of SMLM imaging) is possi-
ble [29,69], but a long maintenance of an undisturbed physiological state is unlikely. Since
the phototoxicity decreases drastically with the wavelength used, this problem may be
overcome with fluorophores, which can be excited at much longer wavelengths. For exam-
ple, to image the dynamics of human histone H2B protein in living HeLa cells by SMLM at
about 20 nm resolution, Wombacher et al. [70] applied ATTO655 fluorophores excited at
647 nm with an intensity of 0.5-5 kW cm~2. Their data indicated that these intensities of
red laser light applied for 30 min did not cause obvious single cell damage. Assuming that
the HeLa cells have a nuclear size of 150 um?, an illumination time of 30 min corresponded
to a total dose around 1.4 J/nucleus. In other SMLM applications of live cell imaging [71],
whole cell excitation intensities < 10 kW /cm? at 561, 657, or 752 nm, and weak 405 nm
activation intensities (typically up to 3 W/cm?), were used for membrane imaging.
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Method ‘

Wide-field microscopy

Max. Light Dose

Table 1. Non-phototoxic light doses and the maximum number of images for various methods of
3D live cell microscopy with conventional fluorescent markers or fluorescent proteins, as deduced
from Reference. [4]; (*) a SIM image requires light exposure for nine images, including switching
time; (**) for Single Molecule Localization Microscopy, far-read or near-infrared absorbing markers
are often used; for STED Microscopy, red-absorbing dyes are commonly used. In both cases, the
maximum tolerable light dose is considerably higher than for conventional blue-green absorbing
dyes. For CLSM and STED microscopy, the average values over the entire irradiated field (whole
cells) are given. An irradiance of 100 mW /cm? corresponds approximately to solar irradiance at sea
level. A minimum recording time of 1 s per image is assumed for manually operated systems, which
can be reduced to the 100 ms range for automated systems, thus decreasing the exposure time and
increasing the maximum number of images.

Irradiance [mW/cm?] Record. Time [s]

Max. Number of Images
[J/cm?]

SIM

CLSM

(N layers)

Single Molecule
Localization

|
|
Light Sheet ‘

10 100
10 100 10 (%) 10
10 100 5 20

10 100 1 N x 100
100 (**) 50,000 to 1,000,000 30 <1
10—50 (**) 3,000,000 1 <1

STED

To realize live cell SMLM in thick cell aggregates (50 to 150 um, compared to a few
um for cell monolayers), Zanacchi et al. [72] used a cylindrical lens to create the required
superimposed activation (405 nm) and readout (561 nm) light sheets for photactivation
of monomeric Cherry (H2B-PAmCherry). Activation and readout laser intensities were
50 Wem =2 and 8 kW cm ™2, respectively; the total acquisition time was 2.5 min, with
33 frames per second, and the localization precision of single molecules was around 35 nm.
With regard to the wavelengths used, the intensities applied appear to be rather high to keep
the cells fully alive for a longer period. However, the possibility to study dynamic processes
in live cell aggregates, such as spheroids at a single molecule resolution for a few minutes,
already should be regarded as substantial progress. To lower the phototoxicity in live cell
SMLM, the cellular area of interest might be limited, e.g., by the appropriate focusing of
the exciting laser beam to a cellular area of a few pum? diameter. If, for example, for a given
SMLM application a whole cell irradiance of 500 W /cm? is required [70], and if instead of
the whole cellular area of 200 pm?, a region of interest of only 2 pum? is illuminated (e.g.,
containing a specifically labeled multi-protein complex, or a small chromatin domain),
the total photon energy load to the cell is expected to be 100 times smaller (under else
equal conditions).

Another high-resolution SRM technique based on laser scanning microscopy is Stimu-
lated Emission Depletion (STED) Microscopy [73-78] (Figure 4). Here, the enhancement
of resolution is due to the suppression of fluorescence in the outer regions of a diffraction-
limited illumination spot by the stimulated emission using a (second) donut-shaped laser
beam (depletion beam), thus confining the measured fluorescence signal in the relevant
spectral range to its central part. Thus, while a resolution down to a small nm range has
been achieved experimentally [79], the irradiance typically exceeds that of a conventional
fluorescence microscope by a factor of 10*~10°. Since fluorescence blocking by STED typ-
ically entails average intensities of a few kW /cm? over the irradiated field and several
MW /cm? during the short dwell time of the laser on each spot (Airy disk), discerning
fluorophores closer than d = 20 nm requires donut intensities of about 0.1-1 GW/cm? [80]
and may cause severe damage to living specimens However, experience has shown that
at least for short times and small fields of view (a few um in diameter) STED microscopy
may be applied to living cells. For example, Westphal et al. [81] performed video-rate
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STED (28 frames per second) of fluorescently labeled synaptic vesicles with a focal spot size
of 62 nanometers in live neurons, and measured the vesicles” mobility within the highly
confined space of synaptic boutons. For this, the intensities applied were 3.5-6 MW /cm? for
the excitation and 400 MW /cm? for the depletion beam, respectively. However, the average
power of the MaiTai Ti: sapphire laser used (with a pulse width in the order of 100 fs, a
repetition rate of 80 MHZ, and a tuning range in the infrared) was only a few watts [82].
When using the photon energy delivered, e.g., by a 3-watt laser for a small cellular field of
view of 4.5 um? (compared to an entire cell area of about 200 um?), one might expect that
the incident photon number would be smaller by a factor (200 um?)/(4.5 um?). If so, STED
microscopy may indeed permit live cell SRM measurements with reduced phototoxicity
during short times, provided that the field of analysis is restricted to an appropriately small
cellular area of interest.

Excitationbeam \

Depletionbeam

Resulting fluo- ‘
rescence spot !

Figure 4. Principle of STED microscopy (explanations see text).

Recently, the problem of high phototoxicity was reduced with the introduction of
MINFLUX and MINSTED nanoscopy [80,83-85] techniques based on the localization
and tracking of single molecules in the intensity minimum of a donut-shaped laser
beam. MINFLUX/MINSTED presently achieves an isotropic nanometer optical resolution
(presently down to about 1 nm), with a localization precision in the Angstrém range. In
contrast to conventional STED, these methods require only moderate light exposure since
the on/off separation of spatially tight fluorophores is not performed by the doughnut, but
by the on/off switching of individual fluorophores [80].

Usually, only normalized intensities are provided in the literature (e.g., [83,85]), which
makes it difficult to quantify phototoxic effects in detail. If one assumes an incident
continuous wave laser beam of 1 mW being focused to an Airy disk-shaped spot of 0.2 um
diameter (area 0.03 um?), a focal intensity of about 3 MW/ cm? would be estimated. This
suggests that in typical CLSM imaging applications, the local irradiance during the short
dwell time on a single spot may already be far above the threshold for physiological live
cell imaging. If one regards the total energy dose delivered to the specimen (e.g., 60 m]J at
an irradiation time of 1 min), this is relatively low. Nonetheless, 1 mW of average incident
laser power distributed over an entire cellular area would still pose a non-negligible
risk for undisturbed live cell observations (e.g., 500 W/cm?, assuming a cellular area of
200 um?). Table 1 summarizes the maximum light dose, typical irradiance, recording time,
and maximum number of images acquired under non-phototoxic conditions for various
methods of light microscopy.

According to Table 1, the typical illumination intensities of STED and photoswitching-
based SMLM [13,31,56-60,62-71,86-90] exceed the phototoxicity limits for long-term live
cell microscopy by far. However, if STED/SMLM is restricted to a sufficiently short
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observation time, or to a small region of interest (ROI) (e.g., Aror =1 um? instead of 400 um?
for the total cell area Ac), the total number of photons is appropriately reduced (e.g., by the
factor Ac/Agor = 400). But even this much smaller photon load appears to be still too high
to keep cells viable in the sense of undisturbed proliferation capability. Nonetheless, the
experimental evidence [70,83,90] indicates that at least some specific cellular nanostructures
may still be studied with these SRM methods under live cell conditions.

3. Focused Illumination
3.1. Visible Irradiation

While whole cells or even larger tissue samples are illuminated in various kinds of
microscopy (as shown above), small areas, typically 1 um? or less, are irradiated by focused
laser beams used as laser scissors, laser tweezers, or optoporation systems [5-7,46,91].
Mechanisms of cell damage are principally the same in both cases; however, an increasing
role of multi-photon processes should be considered when laser light is focused on small
spots and often applied as ultra-short pulses. This favors local damage via opto-mechanical
destruction, whereas the viability of the whole cell is less affected. Liang et al. [92] per-
formed more detailed wavelength-dependent studies on cell viability during focused laser
irradiation and found the highest survival rates (as a percent of cells capable of clonal
growth) at 800-850 nm and 950-1000 nm. Cell viability was maintained up to an irradiance
of 26 MW /cm? or 52 MW /cm?, and an irradiation time of 3, 5, or 10 min, thus correspond-
ing to light doses between 4.68 and 31.2 GJ /cm?. Schneckenburger et al. [93] specified light
doses up to 1 GJ/cm? (8.3 MW /cm? within 120 s) by applying around 670 nm (high-power
laser diode) as well as at 1064 nm (Nd:YAG laser), at which cell viability was maintained,
i.e., the percentage of colony formation (“plating efficiency”) was reduced by less than 10%
in comparison with non-irradiated controls. At these wavelengths, one-photon absorption
by water and most cellular pigments, as well as two-photon absorption by the coenzymes
nicotinamide adenine dinucleotide (NADH) and flavin mono- or dinucleotide, were rather
low. This proves that non-phototoxic light doses used in applications like laser tweezers
exceed non-phototoxic light doses applied to whole cells by several orders of magnitude.
Obviously, energy applied to a small spot may cause local damage, whereas excessive
energy is dissipated over the cell and its environment, where it may reach a non-toxic level.
The survival of cells in a laser tweezer system during experiments from several seconds to
minutes favors numerous applications, e.g., micromanipulation [94], measurement of adhe-
sion forces [95-97], deformability of cells [98,99] or single cell sorting, often in combination
with microfluidics or chip technologies [100,101].

Generally, the light dose of about 10 J/cm? and the irradiance of 100 mW /cm? (solar
irradiance at sea level), which are regarded as non-phototoxic for unfocused light, are
increased considerably upon focusing. For example, focusing an eye lens with a numerical
aperture between 0.1 and 0.2 [102] results in an irradiance of around 9 W/ cm? [38], and
produces irreversible damage to the retina almost immediately. Furthermore, criteria, such
as the proliferation rate, may not sufficiently include, for example, the influence of genetic
modifications on the normal physiology of the cells. On the other side, for live cell imaging
directed toward analyzing a short time level, e.g., the mobility of cellular components such
as transcription factors [103], or toward studying the dynamics of membrane complexes
and nucleosome clusters [70,71,90], the maintenance of long term cellular viability will be
less relevant. Hence, the acceptable photo-damage in live cell microscopy will also depend
on the type of research intended.
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3.2. UV Irradiation

In addition to wide-field microscopy using homogeneous illumination with single-
photon or multiphoton excitation [104], a variety of focused laser scanning methods has
been applied for live cell imaging, such as confocal laser scanning fluorescence microscopy
(CLSM), STED, Minflux/Minsted etc. (see above). The shorter (under otherwise equal
conditions) the exciting wavelength was, the more enhanced the optical resolution. Hence,
it should be desirable to use wavelengths as short as possible. For example, if at an
excitation wavelength of 500 nm, an optical lateral resolution of about 200 nm is achieved in
a conventional CLSM mode and an optical lateral resolution of about 100 nm is achieved in
the Airy Scan mode; the use of a wavelength of 250 nm should permit an optical resolution
down to 50 nm in the Airy Scan mode. However, while such a short wavelength would be
ideal from the point of view of resolution, it would produce substantial problems for live
cell imaging.

For example, a UV laser microbeam with a wavelength of 257.3 nm and a minimum
spot diameter of approximately 0.5 um has been used to irradiate small regions in interphase
cells of the V-79 subline of Chinese hamster cells [105]. The incident energy, which was
necessary to induce a significant decrease in proliferation, was 30 to 60 times larger after
micro-irradiation of the cytoplasm than after micro-irradiation of the nucleoplasm. This
confirms that the most sensitive cellular target for UV irradiation is the nuclear genome.
In these studies, the incident energy dose per cell, which was compatible with about
50% cell proliferation after the micro-irradiation of the nucleoplasm was approximately
0.2 nJ/cell nucleus, corresponding to a local energy density within the laser focus of several
10 mJ/cm?. Similar energy doses were applied using UV laser micro-irradiation (with
a spot diameter of about 1 um) to live Chinese hamster interphase cells, resulting in a
substantial labeling of the irradiation sites by antibodies against the UV-dimers produced
by the 257 nm irradiation [106]. In combination with chemical substances like caffeine, such
nuclear doses were sufficient to induce severe modifications of chromatin condensation in
mammalian cells [107].

To elucidate a possible effect of the distribution of UV-induced photo-lesions (pyrimi-
dine dimers), fibroblastoid Chinese hamster cells synchronized by mitotic selection were
micro-irradiated in the G1 phase, using a low-power UV laser microbeam (A = 257 nm);
the incident energy was either concentrated on a small part of the nucleus (mode 1) or
distributed over the whole nucleus (mode 2). Following micro-irradiation, the cells were in-
cubated with 3H-thymidine for 2 h and thereafter processed for autoradiography. The find-
ings [108] suggested that within the investigated range of energy doses (0.4 nJ /nucleus to
150 nJ /nucleus) and local energy densities (=0.3 mJ/cm? to 100 mJ/cm?), the total amount
of unscheduled DNA synthesis (UDS) depends on the total number of dimers, but not on
their spatial distribution in nuclear DNA.

Low doses of laser UV microirradiation (257 nm) were reported to also induce severe
effects on embryonic development in insects [109]. Here, Drosophila embryos were locally
irradiated with a 257 nm laser UV microbeam during blastoderm and germ band stages.
The doses used did not eliminate nuclei or cells at once, but up to 50% of the adult survivors
from irradiated eggs carried defects in the thorax. In these studies, a laser spot with a
10 pm diameter (energy: 500 or 1000 nJ) resulted in a local energy density of 160 m]/ cm?
and a local illumination intensity of 635 mW/ cm? or 1270 mW /cm?; the laser spot with a
20 um diameter corresponded to a local light exposure of 160 mW /cm? or 320 mW /cm?,
respectively. Irradiation of wild-type Drosophila blastoderms with a UV laser microbeam
with a 20 pm focal spot diameter and local energy densities of about 200 mJ/cm? (total
energy doses of about 700 mJ/nucleus) frequently resulted in localized cuticle defects in
the ensuing larvae [110].
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The low thresholds for cellular phototoxicity after UV micro-irradiation, with a wave-
length (of 257 nm) in the absorption maximum of DNA, may be compared with the effects
produced at longer wavelengths with homogeneous illumination. Due to their functional
role, retina cells appear to be especially suited to explore the physiological limits of photo-
toxicity. For example, in studies with apes, Hoh et al. [111]—using a wavelength of 441 nm
and 1000 s of illumination of the Fovea, with an energy density of 30 J/cm? (corresponding
to an intensity of 30 mW /cm? during the exposure time of 1000 s)—did not induce a visus
reduction. In total, 60 J/cm? (60 mW /cm?) resulted in a temporary visus reduction after
5 days and a recovery after 20-30 days; at 90 J/cm? (90 mW /cm?), a permanent visus
reduction without recovery was observed. This would correspond to an energy dose in the
range of (4.5-13.5) x 1075 J/nucleus, i.e., around four orders of magnitude higher than at
257 nm (see above), if the average area of the retina cell nuclei was 150 um? (30-90 J/cm?).
To conclude, the available experimental evidence confirms the statements that typically
live cell fluorescence microscopy imaging using wavelengths above 530 nm and illumi-
nation intensities below 100 mW /cm? for whole cell irradiation can be performed with
physiologically intact cells.

4. Discussion and Conclusions

For many years, light microscopy of fixed specimens has been one of the most impor-
tant research tools of biology and medicine. The microscopy of live cells was restricted
to a relatively few special cases, although its possibility had already been demonstrated
by Antony van Leeuwenhoek when he first observed live structures later known as bac-
teria [112]. For many reasons, it became more desirable to also apply microscopy to live
cells. The invention of phase microscopy [113] was an important step—which is presently
used in all biomedical laboratories worldwide to monitor, e.g., cell cultures—and it is a
necessary tool for a variety of cell manipulations, such as cloning [114,115]. However,
such imaging approaches do not readily allow for the detailed analysis of specific cellu-
lar structures. Therefore, appropriate discrimination is required using, e.g., fluorescence
techniques. While in fixed cells, this enabled an extended light microscopic image analysis
of the most specific cell components, down to individual proteins as well as RNA and
DNA sequences at the nanometer resolution, it created substantial challenges to keep the
cells simultaneously alive. In this report, a short overview is given on state-of-the-art mi-
croscopy imaging with respect to its use in live cell analysis, such as wide-field microscopy,
Confocal Laser Scanning Microscopy (CLSM), or Light Sheet Fluorescence Microscopy
(LSFM), as well as Super Resolution Microscopy (SRM), including Structured Illumination
Microscopy (SIM), Stimulated Emission depletion (STED) microscopy with its variants
(MINFLUX/MINSTED), and Single Molecule Localization Microscopy (SMLM). To obtain
a criterion for the applicability of such imaging methods in view of keeping cells alive,
we considered, in particular, the photonic burden (illumination intensity and total energy
delivered) in connection with these methods. Some main conclusions are:

- The most sensitive cellular target with respect to cellular viability (in terms of prolifer-
ation potential) is the cell nucleus.

- In whole cell irradiation, a profound dependence on the illuminating wavelength
exists; while far UV light (absorption maximum of nucleic acids) is highly damaging,
the phototoxicity decreases considerably with increasing excitation wavelength.

- Super-Resolution Fluorescence Microscopy, with linear excitation modes (e.g., SIM,
MINFLUX, and linear excitation localization) and wavelengths with low photonic
energy, is largely compatible with a live cell status, especially if restricted to a small
cellular region of interest.
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- Live cell applications of Super-Resolution Fluorescence microscopy using non-linear
excitation modes (e.g., photoswitching based SMLM; STED) appear to be possible
under specific conditions, (such as long excitation wavelengths and small fields of
illumination), in particular, for short-term analyses of cellular nanostructures.

Software-based solutions may further contribute to reduce the phototoxicity toward
living cells. In 2008, Hoebe et al. reported on a method called Controlled Light Exposure
Microscopy (CLEM) with a non-uniform illumination of the field of view [116]. This
permited the reduction of light exposure in the strongly fluorescent parts of the sample
and, thus, the total number of excited fluorophore molecules. Self-learning algorithms may
potentially help control the illumination of each pixel exactly in the future, such that its
fluorescence can be well detected and localized, and that its phototoxicity can be kept at a
minimum. Further development in camera and sensor technology as well as photo-stable
fluorescent dyes and novel labeling procedures (using, e.g., nanographenes [117]) will
contribute to an optimization of fluorescence imaging with low phototoxicity even down
to the single-molecule level.
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