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Relevant samples are described and various problems and challenges—including 3D Challenges of 3D imaging by

optical sectioning, light scattering and phototoxicity—are addressed. Furthermore, enhanced methods of wide-field

or laser scanning microscopy together with some relevant examples and applications are summarized. In the future

one may profit from a continuous increase in microscopic resolution, but also from molecular sensing techniques in

the nanometer range using e.g., non-radiative energy transfer (FRET).
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1. Introduction

Experimental and pre-clinical life cell approaches traditionally use two-dimensional (2D) cell cultures, which are

easy to establish, but frequently provide results of limited significance, since cells are lacking a physiological

microenvironment. In contrast, three-dimensional (3D) cell cultures, e.g., multicellular tumor spheroids (MCTS),

maintain tissue-like properties and therefore provide a more realistic background for experimental studies, e.g.,

screening of pharmaceutical agents . However, imaging of 3-dimensional specimens is challenging, since the

sample thickness commonly exceeds the depth of focus of a conventional detection system, and light scattering

considerably impairs the image quality. Therefore, methods based on optical sectioning, e.g., confocal laser

scanning microscopy (CLSM) , Optical Sectioning Structured Illumination Microscopy (OS-SIM) , or light

sheet fluorescence microscopy (LSFM)  are applied preferentially. Here, images are recorded plane by plane,

and resulting 3D plots are calculated offline. A problem for CLSM related methods as well as for OS-SIM is that for

imaging each plane the whole sample has to be illuminated, so that upon recording of the whole specimen

phototoxic damages are likely to occur . Furthermore, photobleaching may increase in the course of an

experiment and falsify the experimental results. Altogether, 3D imaging creates a large number of data (“big data”),

which have to be handled appropriately.

2. 3D Samples

Two-dimensional cell cultures have a well-established protocol in biomedical research and provide a simple, fast,

and cost-effective tool for e.g., drug discovery assays. However, mammalian cells commonly grow within a

complex three-dimensional microenvironment with a different gene expression and protein synthesis pattern .

Therefore, various 3D models have been established to better mimic the natural cell environment.
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Cells embedded in hydrogels, e.g., agarose, which are readily accessed by optical sectioning methods like CLSM

or OS-SIM may provide more realistic studies of cell morphology, e.g., to examine the influence of mechanical

signals on cell behavior . Multicellular (tumor) spheroids have gained significance in preclinical studies, as they

appear to be more appropriate for studies of cell physiology, cell metabolism, or tissue diagnostics. 3D cultivation

techniques commonly prevent cell attachment to surfaces, using hanging drop methods, liquid overlay methods or

agitation-based approaches . Cell cultivation in a solid matrix, e.g., agarose gel, may permit 3D cell growth

under realistic conditions . Cell spheroids are generally characterized by an external proliferating region and

an internal quiescent zone (caused by the gradient of nutrient and oxygen diffusion), which may surround a

necrotic core in larger spheroids .

Organoids are a type of 3D cell culture containing organ-specific cells that have been grown from a range of

organs, including kidney, breast and liver (for a review see e.g., ). However, current 3D systems often lack a

vasculature, which might support tissues with oxygen and nutrients, remove waste and build up an immune

system. Nevertheless, organoid development is a rapidly growing field, and complex 3D systems including fully

vascularized brain organoids  or organs-on-a-chip  have been reported in recent studies.

Traditionally, biopsies from a histological laboratory are routinely fixed and either embedded in paraffin, or frozen

as thin sections, stained and mounted on glass slides. These procedures, however, introduce artifacts and severely

limit the information, as only a small fraction of a specimen is used for microscopy. Novel approaches of

nondestructive slide-free pathology are investigated, which allow deep volumetric microscopy of whole biopsy

specimens . Imaging of whole organisms is an important tool in developmental biology as well as drug screening

. Microscopy of small organisms requires either high transparency or the application of optical clearing

techniques (see below), if viability is not a main criterion.

Measurements of 3D (cell) cultures often need specific sample holders, e.g., glass or plastic tubes or even micro-

capillaries, which may be rotated for multi-view applications (see e.g., ).

3. Phenomena and Challenges

3.1. Light Scattering

Interaction of light with any kind of samples is described in terms of absorption and scattering. In particular, light

scattering experiments with angular or spectral resolution have been used for more than 30 years for

characterization of various types of cells  or for measurement of morphological changes in cells undergoing

necrosis or apoptosis . However, scattering reduces the quality of images due to light attenuation, blurring

and a loss of contrast. Obviously, these problems are more severe for three-dimensional than for two-dimensional

samples, since scattering does not only occur in a certain plane of detection, but also creates background signals

from the whole illuminated volume. This is well documented by Figure 1 showing 3D spheroids of Chinese hamster

ovary (CHO) cells of about 250 µm diameter expressing a membrane-associated Green Fluorescent Protein

(GFP). Conventional fluorescence microscopy (Figure 1a) shows a completely blurred image, since information
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from the focal plane is superposed by out-of-focus images, and since pronounced scattering further reduces the

image quality. The impact of scattering appears lower, if individual planes of the sample are selected either by

confocal laser scanning microscopy (CLSM) or by light sheet fluorescence microscopy (LSFM). Nevertheless, a

loss of fluorescence intensity occurs in the central parts of the CLSM image (Figure 1b) and along the direction of

light propagation in the LSFM image (Figure 1c). Obviously, light attenuation is less pronounced in the LSFM

image, where due to the anisotropy of Mie scattering  light is scattered preferentially into forward direction.

However, some stripes in the direction of light incidence are often unavoidable. Scattering is becoming lower at

higher wavelengths, which are used preferentially in multiphoton microscopy .

Figure 1. Spheroids of CHO-pAcGFP1-Mem cells recorded by conventional fluorescence microscopy (a), CLSM

(b) and LSFM (c). Single planes are selected in (b,c) at a depth of 60 µm within the spheroid; arrow indicates

direction of light incidence in LSFM (excitation wavelength: 488 nm; fluorescence detected at λ ≥ 505 nm).

For reduction of light scattering optical clearing techniques matching the refractive indices of sample and

surrounding medium have gained considerable importance. Therefore, these techniques are used increasingly for

deep view imaging of skin, brain and other organs . Currently available optical clearing techniques are not

compatible with live cell imaging. However, efforts are being made to find biocompatible solutions, especially for

ex-vivo applications . While penetration depths are limited to 100–200 µm in non-cleared samples, they can be

even larger than 0.5 mm in cleared samples, permitting e.g., to image entire neuronal networks in mouse brains.

3.2. Phototoxicity, Photobleaching

As reported above, 3D images are often based on optical sectioning, and information is summed up from z-stacks

of individual exposures. Only for LSFM, each sectional image results from one illuminated plane, whereas for other

wide-field and laser scanning techniques, the whole specimen has to be illuminated for each image section. This

implies that light exposure for obtaining a 3D image is summing up and often exceeds the limit of non-phototoxic

light doses. Tolerable light doses were determined in a previous manuscript  and ranged between 25 J/cm  (375

nm) and 200 J/cm  (633 nm) for cultures of native cells, thus increasing with illumination wavelength and

corresponding to 4 min. up to about 30 min. of solar irradiance (around 100 mW/cm ). If cells were stained with a

fluorescent dye or transfected with a fluorescent protein, typical non-phototoxic light doses were only around 10

J/cm , corresponding to 100 s of solar irradiance. In Figure 2, a maximum number of images is indicated for the

case that cells are illuminated with 100 mW/cm  (corresponding to 1 nW/µm ) for 1 s (wide-field images) or 5 s
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(laser scanning image). While only about 20 layers of a 3D cell spheroid can thus be irradiated once by CLSM,

each layer can be illuminated about 100 times by LSFM. This favors light sheet microscopy for long-term

experiments in cell or developmental biology.

Figure 2. Maximum non-phototoxic light doses and maximum number of images for various methods of 3D live cell

imaging. For autofluorescence experiments an excitation wavelength of 375 nm is assumed. An exposure time of 5

s is assumed for LSFM, and a time of 1 s for all other (wide-field) techniques (data partly reproduced from ).

In previous studies  we found that non-phototoxic light doses did not depend on whether the light was applied

continuously or in short pulses. This implies that for multiphoton imaging (see Section 4.1) the integral light dose

and the wavelength of illumination appear to be the main limiting factors. Therefore, due to the longer wavelengths

phototoxicity is generally lower for multiphoton than for single photon imaging.

Increasing sensitivities of novel detection systems (e.g., ultra-sensitive cameras) will increase the number of

images measured at non-phototoxic light doses and will permit recording of fast dynamic processes, e.g., rapid cell

migration, membrane or microtubule dynamics, mitochondrial motion as well as endo- or exocytosis.

A further phenomenon upon pronounced light exposure is photobleaching or fluorescence bleaching. This effect

may be concomitant with modification or destruction of a specific fluorophore  and makes quantitative evaluation

of fluorescence signals difficult. In some cases, intersystem crossing to a (non-fluorescent) excited triplet state

occurs, and after deactivation of this state the corresponding molecules may fluoresce again (“fluorescence

recovery”). This effect often causes characteristic “blinking” and is used in single molecule spectroscopy (for a

review see ). For more than 40 years “fluorescence recovery after photobleaching” (FRAP) has been applied to

measure cell, membrane and, in particular, protein dynamics (for reviews see ). In this case, part of a

fluorescent specimen is photobleached, and re-diffusion of molecules from outside this part is measured. However,

this method should be applied with care since high light exposure may damage living specimens.

3.3. “Big Data”

3D live cell imaging, especially light sheet microscopy of larger specimens, generates large datasets that need to

be stored and processed. Multimodal configurations, e.g., time-lapse or multispectral devices, or high-

throughput/high-content setups add even more data leading to multidimensional datasets in the gigabyte or even
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terabyte range . High-end computer hardware and central networks for efficient storage and retrieval of data

as well as for fast processing of huge datasets and appropriate data management are needed. Open source

software applications, e.g., OME Remote Objects (OMERO), enable access to and use of a wide range of

biological data and provide open, flexible solutions for data management . Recently, automated image

processing and machine learning have become valuable tools to extract meaningful information from large

datasets. As cells can be regarded as highly controlled objects, microscopy is well suited to pattern recognition

tools based on neural networks and deep learning . Several commercial (Imaris, Amira, Arivis) as well as non-

commercial (BigDataViewer plugin for FIJI/ImageJ , ilastik ) software applications for high-performance 3D

visualization and analysis are available.
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