
 
A young researcher’s guide to three-dimensional  
fluorescence microscopy of living cells

Abstract

Three-dimensional imaging of fast intracellular processes by fluorescence 
microscopy should provide decent spatial and high temporal resolution while 
minimizing fluorophore bleaching and cytotoxicity. We give a condensed 
introductory overview of three contemporary methods mostly used for imag-
ing of living cells in 3D and compare their performance in terms of tempo-
ral and spatial resolution, imaging flexibility and specimen photodamage: 
point-scanning confocal microscopy, spinning-disc confocal microscopy, and 
lattice light-sheet microscopy. While point-scanning instruments are unsur-
passed in terms of confocal performance, flexibility and configurability of 
their optical path, spinning-disc and lattice light-sheet optical designs excel 
in acquisition speed and low levels of light-inflicted specimen deterioration.

INTRODUCTION

Modern fluorescence microscopy abounds with a multitude of con-
cepts and methods not easily accessible to young scientist trained 

within a traditional life sciences curriculum. Although many excellent 
expert reviews on the subject are available (1,2), we felt that simple in-
troductory material should be provided to serve as a stepping stone for 
novice users of light microscopy in biological research. In this short 
review, we are focusing specifically on three types of microscopes best 
suited to explore the dynamics of, and in, living cells by optical section-
ing. To perform optical sectioning simply means to image the volume 
of a specimen in a serial manner plane by plane. In this way, three-di-
mensional (3D) distribution of fluorescently labeled intracellular com-
ponents can be obtained and their evolution over time can be followed. 
We are primarily referring to experiments that are designed to monitor 
fast intracellular processes and should therefore be optimized for tem-
poral resolution at the cost of spatial resolution. Another important 
consideration is the reduction of phototoxicity since many important 
processes need to be followed continuously over several minutes or lon-
ger while preserving the sample viability.

It has been pointed out repeatedly that the key requirements for ob-
taining ideal imaging data are interdependent and cannot all be opti-
mized at the same time, resulting in necessary compromises between 
sample protection, temporal resolution, spatial resolution, and image 
quality, i.e., the signal-to-noise ratio (SNR) (3,4). For instance, higher 
temporal resolution necessitates shorter exposure times per pixel and, 
consequently, reduces the image quality. On the other hand, improved 
spatial resolution comes at the price of decreased photon counts per pix-
el. For example, doubling the resolution in 3D yields eight times fewer 
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photons per imaged volume, and thus eight times more 
light or time is needed to achieve the same signal per pixel, 
at the cost of sample health or temporal resolution (3).

In this review, we cover the main features of the well-
established and widely used point-scanning confocal mi-
croscopy (PSCM), increasingly popular spinning-disk 
confocal microscopy (SDCM), and still not so commonly 
used lattice light-sheet microscopy (LLSM). While point-
scanning confocal microscopes can be configured in many 
ways to match diverse experimental needs, their perfor-
mance in terms of fast and gentle optical sectioning is lim-
ited. Spinning-disk confocal microscopes are less configu-
rable but surpass PSCM in terms of rapid and 
sample-friendly 3D imaging. Finally, lattice light-sheet 
microscopes are highly specialized and sophisticated de-
vices optimized specifically for imaging full cell volumes at 
high frequency over long periods of time. In this article, we 
will not be considering several important aspects of light 
microscopy in general, and 3D imaging in particular, such 
as the anisotropic resolution, optical aberrations caused by 
refractive index mismatch, general effects of the light pass-
ing through thick specimens, etc., and we refer the reader 
to articles that discuss these issues in more detail (1, 4).

POINT-SCANNING CONFOCAL 
MICROSCOPY

Widespread application of the concept of confocal mi-
croscopy, in which only light emitted from a diffraction-
limited focal point in the specimen is collected by a detec-

tor, has revolutionized the fluorescence microscopy in the 
1990s (5,6). The central advantage of confocal imaging, 
compared to the wide-field fluorescence microscopy, is the 
feature of optical sectioning: sharp images of thin speci-
men sections can be obtained in a serial manner, thereby 
providing a three-dimensional reconstruction of the dis-
tribution of fluorescent molecules. The confocal micros-
copy is mostly implemented in the form of point-scanning 
instruments, where a beam of laser light scans over the 
specimen and emitted light is collected sequentially point 
by point by a photomultiplier (Figure 1A). The main ad-
vantages of this implementation include flexibility of the 
optical path (i.e., freedom to insert optical elements in the 
excitation and emission branches of the microscope op-
tics), freely adjustable zoom factor defined by the scan-
ning area, variable scanning speeds, possibility of simul-
taneous imaging in multiple spectral channels, and 
adjustable size of the detection pinhole that defines the 
degree of confocality, i.e. the spatial resolution (7). 

However, because of the sequential acquisition of the 
fluorescence signal pixel by pixel, the point-scanning con-
focal microscopy is intrinsically slow. As already pointed 
out, higher scanning rates necessitate shorter pixel-dwell 
times (i.e., time intervals during which the specimen area 
corresponding to a single pixel in the image is illuminated), 
which leads to unfavorable SNR in the image. This dete-
rioration of the image quality can be somewhat compen-
sated for by applying higher illumination densities, but at 
the cost of increased photobleaching, fluorophore satura-
tion, and phototoxicity, which is particularly detrimental 
to living specimens. Saturation of fluorescence occurs when 

Figure. 1. Basic optical configurations of presented microscopy methods. (A) Point-scanning confocal microscopy. Excitation laser light (cyan) is 
focused through the objective lens to a diffraction-limited spot in the sample focal plane. Only light emanating from the focus (yellow) passes 
through the pinhole and is detected by the photomultiplier (PMT), although fluorescence is also excited above and below the focal plane (ma-
genta). The focal plane is scanned point by point in a rectangular fashion to obtain an optical section. (B) Spinning-disk confocal microscopy. 
Excitation light (cyan) passes through disks perforated by equivalent pinhole arrays that scan the specimen by rotating at high speed. The illu-
mination (upper) disk is equipped with microlenses to improve the illumination efficiency. Fluorescence light from the focal plane (yellow) 
passes through the detection (lower) disc pinholes, and is detected by an array detector such as a CCD camera. The focal plane is scanned by a 
large number of pinholes in parallel, thereby speeding up the optical sectioning. (C) Lattice light-sheet microscopy. A thin sheet of excitation light 
is generated by dithering an array of parallel beams (cyan) and illuminates the specimen orthogonally to the axis of imaging, thus exciting only 
the fluorescence in the focal plane (magenta). Because all fluorescence emanates from the focal plane (yellow), a pinhole is not required. Also, 
since the whole focal plane is illuminated at once, no horizontal scanning is needed, and the optical section is captured by a CCD camera. DM, 
dichroic mirror; L, lens. The thin arrows designate the direction of orthogonal (x-y) scanning of the laser beam in (A), the disk rotation in (B), 
and the dithering direction of the lattice light-sheet in (C).  
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the excitation photon flux is high enough to deplete the 
electronic ground state of the fluorophore, effectively de-
creasing the amount of ‘excitable’ fluorophore in the sample 
(8). In addition, the laser-induced photodamage is inflicted 
to the specimen along the depth much thicker than the 
extent of the focal plane from which the fluorescence is 
collected. Taken together, the point-scanning confocal in-
struments are limited in their ability to monitor fast pro-
cesses in living cells over long periods of time in 3D.

SPINNING-DISK CONFOCAL 
MICROSCOPY

Several attempts were made to increase the speed of 
confocal microscopes, including high-frequency resonant 
scanners and scanning-slit designs (9,10). Ultimately, 
however, the spinning-disk approach proved to be the 
favorite solution for fast confocal imaging. The concept 
of spinning-disk confocal microscopy goes back to the 
1960s and is based on the optomechanical parallelization 
of the point-scanning principle (11). Instead of scanning 
a single focused light beam across the focal plane in the 
specimen, a doublet of synchronously rotating disks per-
forated by an appropriately arranged array of pinholes is 
placed at intermediate focal planes (Figure 1B). While 
disks are rotating, the array of pinholes illuminates the 
full field of view of an array detector, typically an 
EMCCD or a sCMOS camera. In this way, fast acquisi-
tion of several hundred images per second can be achieved 
with extended total pixel exposure times which, together 
with a significant increase in the overall light capture ef-
ficiency, contributes to improved SNR compared to point-
scanning instruments (8,12). In fact, the camera readout 
speed used to be the dominant limiting factor for fast 
acquisition of large image formats (13). 

In addition to improved image acquisition rates, it has 
been established that spinning-disk illumination is much 
gentler to the specimen due to a dispersed delivery of il-
lumination energy over time, intercepted by intervals of 
“darkness” defined by the distance between the perfo-
rated pinholes (8). In this way, the fluorophore saturation 
is avoided due to a lower peak excitation light density 
impinging on the specimen. Thus, the superior perfor-
mance of the SDCM results not only from a more efficient 
mechanism of fluorescence collection, but also from a 
more efficient mechanism of fluorescence excitation (8). 
The initial shortcomings of the early spinning-disk scan-
ners, such as the low light-collection efficiency, non-uni-
form illumination, and a significant crosstalk between 
pinholes has been largely resolved in contemporary de-
signs (14). Implementations with two sets of spinning 
disks carrying pinholes of different sizes adapted to dif-
ferent objective magnification factors add to a growing 
flexibility of the method. Taken together, their improved 
acquisition speed and reduced photodamage make spin-
ning-disk confocal microscopes much more adequate for 
fast, long-term imaging of living cells in 3D.

LATTICE LIGHT-SHEET MICROSCOPY

A common drawback of both point-scanning and 
spinning-disk microscopes is that the illuminated volume 
of the specimen is much larger than the volume from 
which the fluorescence is collected, leading to excessive 
photodamage (15,16). This effect is due to the relative 
orientation of the excitation light beam and the imaged 
optical section of the specimen, which are perpendicular 
to each other. The recent advent of light-sheet microscopy 
is based on the optical arrangement in which the illumi-
nating light sheet and the imaged optical section are co-
planar and orthogonal to the imaging axis of the micro-
scope (Figure 1C). In such an arrangement, only the 
imaged volume of the specimen is illuminated, thus mak-
ing the use of confocal pinholes obsolete and strongly 
reducing the unnecessary photodamage outside of the 
focal plane (3,17,18). Furthermore, recording the entire 
field of view in a single exposure brings about another 
steep increase in the acquisition speed. While PSCM 
scanners typically collect 1 pixel at a time, in SDCM ap-
proximately 103 pixels are detected in parallel, whereas 
light-sheet instruments record in parallel the entire image 
plane containing approximately 106 pixels (12).

While light-sheet microscopy has been used for more 
than 20 years to image larger samples under low magni-
fication, more recently it has been adapted to imaging 
single cells with diffraction-limited spatial resolution (19). 
The most successful variant of high-magnification light-
sheet microscopy is the lattice light-sheet microscopy, 
which uses sophisticated optoelectronic techniques to 
generate a thin and stable sheet of light to illuminate and 
image only a single section of the specimen at a time 
(20,21). Lattice light-sheet microscopy has got its name 
because the continuous sheet of light used to illuminate 
the specimen is obtained by dithering a train of parallel 
light beams that are generated by a diffraction mask of 
holes arranged in the form of a lattice. While early instru-
ments required specialized expertise to align and use, 
contemporary setups are much more user-friendly, can be 
used by non-experts, and allow usual mounting of sam-
ples on standard coverslips and cell culture dishes (22,23). 
Since the illuminating light sheet can rapidly scan verti-
cally through the sample, the lattice light-sheet micros-
copy surpasses even the spinning-disk confocal micros-
copy in terms of speed, and at significantly lower levels of 
photodamage (20,24,25). As a bonus, LLSM operated in 
the diffraction-limited dithered mode, i.e., limited only 
by the optical laws of diffraction, provides superior spatial 
resolution, especially improving the resolution along the 
imaging axis: 230 nm in xy and 370 nm in z (17, 20).

Although the light sheets used for illumination in 
LLSM and related methods are vulnerable to distortions 
brought about by the specimen, the use of adaptive optics 
has the potential to extend the use of the method to thick-
er samples (21). Like many advanced methods, the use of 
LLSM comes at a cost - and not only of the relatively high 
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purchasing price of the microscopes themselves. The nec-
essary processing of raw recorded images is computation-
ally intensive, and the sheer volume of data obtained at 
the full capacity of the instrument easily reaches several 
terabytes per week. This data overload greatly increases 
the demands on computational resources of microscopy 
facilities for networking, storage space and image process-
ing. In summary, lattice-light sheet microscopy is obvi-
ously a highly specialized method and is at the time best-
suited for non-invasive imaging of rapid processes in 
living cells. This point is clearly illustrated in a recently 
published study that includes a comparison of the perfor-
mance of PSCM, SDCM and LLSM applied to imaging 
highly dynamic cellular and subcellular features of mi-
grating leukocytes (24).

CONCLUSIONS

When purchasing state-of-the-art high-end light micro-
scopes, which are nowadays best described as imaging sta-
tions, one has to carefully consider their intended purpose 
and use. These expensive instruments are mostly being 
installed in multiuser facilities and flexibly configurable 
optical designs are therefore usually favored. In addition 
to prevalence of such universal microscopes with broad 
range of applications, a trend towards specialization of 
commercial instruments in two directions can be recog-
nized: towards superior spatial resolution, i.e., superresolu-
tion, and towards fast and sample-friendly 3D imaging 
(2,22). Although these two demands, superresolution vs. 
fast and sample-preserving imaging, are difficult to recon-
cile in a single commercial instrument for practical reasons 
(4), improvements of the spatial resolution in both SDCM 
and LLSM can be achieved (21,26,27). Ideally, researchers 
should have at their disposal both types of specialized in-
struments, but research environments that are more ori-
ented towards the live-cell work should primarily consider 
the options presented in this article (Table 1). 

Whereas a young researcher might wish for an advice 
that would recommend a particular method for each 
specimen type, such universal recommendation is diffi-
cult to provide. It is a general rule in microscopy that each 
experiment should be carefully planned, and the demands 
placed on the imaging method considered in detail. For 
instance, distortion of the illumination light sheet by 
thick specimens, e.g., larger organoids, or the limited field 
of view that is uniformly illuminated in LLSM might 
preclude the application of this, otherwise superior, meth-
od to large living samples. On the other hand, the qual-
ity of images covering a small region with intracellular 
organelles might benefit from the oversampling capabil-
ity provided by the adjustable zoom of PSCM. Ultimate-
ly, the best approach is to directly compare the perfor-
mance of several methods applied to the same specimen 
(24). An optimal strategy to gain experience with and 
evaluate new microscopy techniques is to make use of 
initiatives such as Euro-BioImaging that is providing ac-

cess to the majority of available imaging technologies for 
biological community (28). Finally, since the contempo-
rary light microscopy is constantly bringing out exciting 
new developments, we are confident that more methods 
will soon become widely available for three-dimensional 
imaging of biological samples in their native state (29,30).   

Table 1. Comparison of the performance parameters between the 
point-scanning confocal microscopy (PSCM), spinning-disc confo-
cal microscopy (SDCM) and lattice light-sheet microscopy (LLSM), 
ordered according to the relevance for long-term 3D imaging of 
living cells; for more detailed comparison, see (13,17,18,20). The 
listed ranges of image acquisition speeds are representative of typical 
values used in practice for megapixel images rather than maximal 
instrument capabilities, and based on selected examples from the 
literature (20,24,25,27,31–33). The markings in the table can be 
interpreted as suitable (o), improved (+), and optimal (++).

Feature PSCM SDCM LLSM

Speed of acquisition (frames/s) 1-2 10-20 50-100
Phototoxicity reduction o + ++
Photobleaching reduction o + ++
Optical sectioning + + +
Lateral resolution + + +
Axial resolution + o ++
Flexible zoom factor ++ + o
Flexible confocality ++ o +
Flexible field of view ++ + o
Simultaneous multicolor imaging ++ + o
Spectral multiplexing ++ + o
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