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Abstract.  Methods, experimental setups and perspectives of three-
dimensional deep view imaging microscopy of cell or tissue samples 
are reported. Preliminary biophysical and clinically relevant exam-
ples are presented.

Keywords: 3D microscopy, fluorescence, super-resolution, SIM, 
light sheet, axial tomography, distributed apertures.

1. Introduction

Optical microscopy is a well-established method with excellent 
perspectives for live cell experiments, but also with some limi-
tations concerning resolution, depth of focus and light scat-
tering. Resolution dmin  is well described by the Abbe or the 
Rayleigh  criterion. While  the  Abbe  criterion  dmin ³  l/2AN 
(with l  is  the wavelength of  light and AN  is  the numerical 
ape rture  of  the microscope  objective  lens)  results  from dif-
fraction of a coherent light beam, the Rayleigh criterion dmin = 
0.61l/AN results from the diffraction function of an incoher-
ently luminescent spot (Airy disk). In both cases, lateral reso-
lution values around 200 nm are attained for high numerical 
apertures (AN ³ 1.30) and around 400 – 500 nm for moderate 
apertures  (AN £  0.60),  e. g.  upon  imaging of  larger  objects 
with long-distance objective lenses.

Optical  microscopy  inside  a  medium  with  a  refractive 
index n provides a depth of focus L = nl/A2

N, which is in the 
range of about 400 nm up  to  several micrometers. For  low 
numerical apertures required to realise large working distan-
ces (WDs), the focal depth may increase to the multi-micro-
meter range (e. g. L = 91 mm for AN = 0.1, l = 600 nm, and n 
= 1.515). Irrespective of the numerical aperture, the decay of 
the detected intensity from outside the focal plane is insuffi-

cient to warrant discrimination of multiple stacked object layers. 
This implies that only from thin layers sharp images can be 
generated, and that special techniques are needed for imag-
ing three-dimensional (3D) samples. 3D resolution has been 
int roduced  by  confocal  laser  scanning microscopy  (CLSM), 
whe re the focus of a laser beam scanning the sample is imaged 
on a pinhole  in  front of  the detector, while all out-of-focus 
information is suppressed [1, 2]. By moving the sample step by 
step  in  a  vertical  direction,  images of  numerous planes  can 
thus be recorded and combined in a 3D image. Alternatively, 
samples  are  illuminated  by  a  thin  light  sheet  that  is  in  the 
focus  of  the  detection  lens  (light-sheet  based  microscopy, 
LSFM). Such light sheets are generated either by a cylindrical 
lens, by scanning a laser beam, or more generally by adaptive 
beam  shaping  devices  [3, 4].  The  3D  image  is  acquired  by 
either moving the  light sheet  in the vertical direction with a 
simultaneous shift of the detection lens, or (in some cases) by 
moving  the  sample  through  the  image plane.  In contrast  to 
CLSM only the thin object layer from which signal is detected 
has to be exposed to light, so that the total light exposure in 
3D  imaging  is  considerably  lower.  This  favors  LSFM  for 
experiments performed over a long time range. Experimental 
setups for the LSFM range from stand-alone microscopes to 
miniaturised modules, which can be adapted to various kinds 
of  commercial  microscopes  and  combined  with  further 
experimental techniques [5, 6].

A major  problem  for  imaging  deeper  layers  of  a  cell 
ass embly or a tissue sample is light scattering (and to a lower 
extent  also  absorption)  limiting  penetration  depths  to  typi-
cally  100 mm or  less.  For  this  reason  optical  clearing  tech-
niques matching the refractive  indices of a tissue and a sur-
rounding medium have  gained  considerable  importance  for 
deep  view  imaging  of  skin,  brain  and  other  organs  [7 – 9]. 
However, optical clearing techniques are not compatible with 
live cell imaging, and for this reason, alternative met hods of 
optical microscopy are needed.

2. Methods and applications of 3D deep view 
microscopy

2.1. Confocal Microscopy

Confocal  microscopy  has  been  further  developed  in  recent 
years. In particular, Airy scan microscopy [10] and the related 
image scanning microscopy [11] as well as re-scanning confo-
cal microscopy [12] made it possible to improve resolution by 
about a factor of 1.7. Long-wavelength (red or near-IR) light 
with  lower  scattering  and  absorption  coefficients  permits 
imaging 2 – 3 times deeper inside tissue (i. e. up to 200 – 300 mm). 
This  holds  in  particular  for  two-photon  or  multi-photon 
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mic roscopy  [13, 14]. Here,  picosecond  or  femtosecond  laser 
pulses are focused onto a small spot permitting fluorescence 
to be detected exclusively from this spot. Different planes of a 
specimen can thus be scanned without the need for any pin-
hole in front of the detector.

2.2. Structured Illumination microscopy (SIM)

3D scanning of an object with a focused laser beam is not the 
only possibility to obtain highly resolved 3D images by fluo-
rescence microscopy. Instead, an extended pattern of excita-
tion  light may  be  used  for  imaging  or  scanning  the  object. 
According to the desired enhancement of structural informa-
tion,  various  approaches  of  structured  illumination  micro-
scopy have been described, such as standing wave field mic-
roscopy  [15],  spatially modulated  illumination  (SMI)  [16] 
and patterned excitation/structured illumination microscopy 
(PEM/SIM) [17 – 19]. While SMI permits calculating images 
from well-defined planes of a sample in view of 3D imaging, 
the aim of SIM is to increase the spatial frequencies and thus 
the  cutoff  of  the  optical  transfer  function  (OTF)  within  a 
microscope in order to improve the spatial resolution. In the 
linear (low illumination intensity) mode, SIM presently per-
mits a lateral resolution around 100 nm and an axial resolu-
tion around 200 nm, using high numerical aperture objec-
tive lenses. From the point of optical theory, the achievable 
enh ancement of resolution is about two times higher. When 
using  the  formulas mentioned  above  (plus  an  enhancement 
factor of 2) for a resolution estimate, a long working distance 
objective lens (WD = 2 cm, AN = 0.42) would provide a lateral 
resolution around 360 nm and an axial  resolution of about 
2.2 mm ( l = 500 nm, n = 1.515). Important advantages of SIM 
for  deep  view  imaging  are  low  illumination  intensity  for  in 
vivo imaging, application of any fluorescent dye used in conven-

tional fluorescence microscopy (including multicolour sche mes) 
and  combination  with  further  techniques,  e. g.  LSFM  or 
tomographic imaging (μ-tom, s. below). If used in the nonlin-
ear excitation mode [20], SIM allows even an ‘unlimited’ reso-
lution enhancement. By using an innovative spot illumination 
pattern instead of grid lines, lattice SIM [21] overcomes some 
limitations of  classic  SIM  regarding deep  imaging with  a 
higher contrast and robustness for image processing.

As an example for the application of SIM to improve con-
trast and resolution at large working distances (WD ~ 1 mm), 
Fig. 1 (left) shows a SIM image of an autofluorescent plant 
structure, using a low aperture objective lens (AN = 0.25). In 
comparison with wide-field (WF) microscopy [Fig. 1 (right)], 
the  smallest  resolvable  structures are  reduced by SIM from 
about 10 mm to 2 mm.

2.3. Light sheet fluorescence microscopy (LSFM)

One of  the advantages of LSFM is  that  illumination of  the 
samples commonly occurs with a low numerical aperture be am, 
i. e. mainly in the forward direction of the exciting laser beam. 
Due to the anisotropy of the scattering coefficient, light scat-
tering also occurs preferentially in the forward direction, per-
mitting  higher  penetration  depths  in  comparison with  high 
aperture illumination. Thus, penetration depths of 100 – 200 mm 
are obtained in non-cleared samples and more than 500 mm in 
cleared samples (Fig. 2). However, with increasing length of 
the  light path,  intensity  and  image quality decrease,  and  in 
some  cases  fluorescent  stripes  result  from  irregularities  of 
optical scattering.

Light sheet fluorescent microscopy (LSFM) and SIM were 
recently combined in view of improving the lateral resolution 
as well  as  increasing  the  depth  of  imaging within  a  sample 
[23,  24], thus permitting penetrations depths up to 100 mm.
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Figure 1. Enhancement of resolution and contrast by large working distance SIM; Cedrus deodora, autofluorescence including intensity profiles 
(below), lex = 671 nm, 10´/0.25 microscope objective lens.
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Presently  the  following  concept  is  pursued:  Structured 
illumination is created by letting the first diffraction orders of 
a spatial light modulator (SLM) interfere to generate a sinu-
soidal illumination pattern within a variable plane of the sam-
ple [25, 26]. A light sheet is generated in the same plane by the 
miniaturised module described in [5]. Therefore, the fluores-
cence intensity excited by structured light is enhanced in com-
parison with  light  scattered  to  other  planes  (which may  be 
suppressed  electronically).  A  more  sophisticated  approach  is 
using light sheet modulated in intensity to which a continuous 
wave (cw) SIM signal is superimposed, as depicted in Fig. 3a. 
Detection occurs by a frequency modulated camera system at 
1  MHz  (FLIM  camera,  PCO  AG,  Kelheim,  Germany;  
https://www.pco.de/de/flim-kamera/pcoflim/) originally desi-
gned  for  fluorescence  lifetime  imaging.  Only  within  the 
selected light sheet the SIM signal is detected, whereas out-
side this light sheet the signal is discarded. Figure 3b shows 
an  example  for  a monolayer  of MCF-7  breast  cancer  cells 
incubated with the fluorescent dye CellTox (1 mL/500 mL) and 
illuminated by wide-field microscopy (left), SIM (middle) and 
SIM  in  com bination  with modulated  LSFM  (right). While 
SIM provides the expected increase in lateral and axial resolu-
tion, SIM + LSFM shows some clearer structures (in particu-

lar for the cells  in the lower left and upper right part of the 
image) due to discrimination of scattered light. This appears 
important, since the contrast of the optical grating generated 
by SLM  is  rather  low. Although Fig. 3b was  recorded at a 
sample depth of (only) 12 mm, images at considerably larger 
depths  may  be  generated  for  thicker  samples,  e. g.  cell 
spheroids.

2.4. Axial tomography

A further option for deep view microscopy is optical tomo-
graphy  [27 – 30],  where  a  sample  is  observed  and measured 
from  various  sides.  This  requires  specific  rotatable  sample 
holders, e. g. glass capillaries, into which specimens are embed-
ded. Capillaries of cylindrical shape appear ideal for this pur-
pose,  and  in  some  cases  they  can  be  inserted  and  optically 
coupled to a second, rectangular capillary [29], as depicted in 
Fig.  4.  In  addition  to  the  larger  observation  volume  upon 
rotation of the sample one can profit from the fact the most 
interesting parts of  a  specimen  can be moved  to  the  lateral 
plane, where  resolution  is always better  than  in axial direc-
tion. This results in a high and isotropic resolution in all three 
dimensions. Axial tomography has recently been applied from 

z = 0 mm z = 330 mm z = 600 mm

500 mm

Figure 2. Light sheet fluorescence microscopy of a 1mm-thick mouse brain slice stained with Sytox Orange (DNA dye) and cleared with the CUBIC 
clearing method [22]. A z-stack of 61 images with 10 mm spacing was recorded. Representative images are shown from the stack at depths of 0, 330 
and 600 mm; the scale bar is 500 mm.
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Figure 3. ( a ) Principle of combined ( modulated light sheet and SIM ) 
excitation; ( b ) fluorescence detection of MCF-7 breast cancer cells in-
cubated with CellTox ( 1 mL/500 mL, lex = 488 nm and ld ³ 515 nm ).
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Figure 4. Sample holder for axial tomography using single or dual mi-
crocapillaries  in  an  inverted  microscope  (reproduced  from  [29]  with 
modifications).
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microorganisms [29] down to single cells with improved sub-
cellular resolution [30]. An example is again given in Fig. 5 for 
autofluorescence measurements of Cedrus deodora in combi-
nation with SIM.

2.5. Distributed aperture microscopy (DAM)

Since the axial resolution of both CLSM and SIM approaches 
deteriorates with the square of the AN value, 3D resolution of 
a biological object (e. g. a cell) in the range of a few hundred 

nm is possible with high AN only, i. e. at relatively low work-
ing distances. For example, for 3D resolution (x, y, z) £ 300 nm, 
SIM would require a numerical aperture of about 1.1, corre-
sponding to a WD in the 200 mm range. This excludes larger 
objects, such as cell spheroids, embryos, or tissues to be ima-
ged at such a high 3D resolution.

These limits may be eliminated, however, using an illumi-
nation device with multiple collimated laser beams (distributed 

45° 90° 135° 180°

Figure 5. Combination of WF microscopy (upper row) and SIM (lower 
row) with axial tomography at large WDs (AN = 0.25, WD = 1 mm); 
Cedrus deodora, lex = 671 nm; the scale bar is 10 mm.
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Figure 6. (Colour  online)  Schematic  arrangement  of  light  sources  in 
DAM. Blue discs represent individual sources S1, S2,…, SK,..., SN of co-
herent, collimated light at positions ( xK, yK, zK ) with defined phase and 
polarisation relations emitting the light in defined directions ( green, one 
indicated by a white arrow ); the red ‘spot’ indicates the joint focal illu-
mination distribution ( i. e.  the  ‘focal volume’ or the  ‘observation vol-
ume of the illumination spot’) produced by the constructive interference 
of the collimated waves. Altogether, the sources span a solid angle W = 
2p(1 – cosJ), corresponding to the numerical aperture of a conventional 
objective lens with half opening angle J. (Published in Scientific Reports 
under the Creative Commons Attribution License ( CC-BY ) [33] by Birk 
et al. [31]. )

–0.5

0

0.5

x 
/m

m

–0.5

0

0.5

y 
/m

m

0.6

0.8

0.4

0.2

0

In
te

n
si

ty
(a

rb
. u

n
it

s)

–4 –3 –2 –1 0 1 2 3 z /mm

–4 –3 –2 –1 0 1 2 3 z /mm

FWHM = 466 nm

0.9

0.5

0.1 In
te

n
si

ty
 (

ar
b

. u
n

it
s)

0.9

0.5

0.1 In
te

n
si

ty
 (

ar
b

. u
n

it
s)

Intensity (arb. units)

0.5

0

–0.5

0 0.5 1.0

x,
y 

/m
m

–0.5 0 0.5
x /mm

FWHM = 156 nm

a b

c

d

Figure 7. Focal spot for sources covering a solid angle of W = 1.25p. Intensity distribution calculated for 6 580 sources distributed over W = 2p(1 – 
cosJ ) = 1.25p ( this corresponds to an objective lens with AN = 1.4 ). In this calculation, the refractive index at the position of the focus is given by 
n = 1.518. ( a ) Lateral distribution of the focal intensity F (x, y); ( b ) profile across the lateral focus intensity distribution along the x or y axis; ( c ) 
x – z section through the focus intensity distribution; ( d ) the corresponding axial profile Fx=y=0(z). In principle, the light sources may be positioned 
at arbitrary large distances from the focal region. ( Published in Scientific Reports under the Creative Commons Attribution License ( CC-BY ) [33] 
by Birk et al [31]. )
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aperture illumination, DAI) directed constructively to a given 
object  region  (distributed aperture microscopy, DAM [31]). 
In  addition  to  point  scanning modes  (including  stimulated 
emission depletion (STED) microscopy [32]), DAM can also 
be applied to allow pattern-based scanning modes like SIM) 
and LSM, optical projection microscopy, or axial tom ography. 
A decisive additional advantage of DAM in this respect  is 
the possibility  to program the DAI  in such a way that  the 
switching between different imaging modes can be done very 
fast.

Figure 6 shows schematically the general arrangement to 
realise the multi-beam illumination concept of DAI: A num-
ber  of  point  sources  (i  =  1, 2, 3, …, N )  emitting  collimated 
beams are arranged at defined positions ri = (xi, yi, zi) around 
the optical axis of the focusing DAM system. The following 
coordinate system is used: The geometrical center at which all 
sources are directed defines the origin O = (0, 0, 0) (red). The 
optical axis  (z)  is defined by  the origin and  the geometrical 
centre of all sources. The spatial arrangement (i. e. the sites of 
the  light  sources)  can  be modified,  covering  a  certain  solid 
angle (W) around the origin. The sources emit  light  in form 
of  collimated beams, directed  towards  the origin. The path 
length  from  all  sources  to  the  origin  is  equal  (modulo  2p), 
resulting in constructive interference such that the field in the 
origin is maximised. Thus, the intensity distribution around 
the origin can be considered as a ‘focal spot’. In this configu-
ration, the plane perpendicular to the optical axis through the 
origin  can  be  termed  the  focal  plane,  and  the  illumination 

intensity distribution across this plane is thus termed the lat-
eral focus intensity distribution. In contrast to objective lens 
based  illumination  devices,  the  spatial  location,  the  power, 
phase and polarisation states of each of the beams can be con-
trolled individually.

Figure 7 shows the result of detailed numerical calculati-
ons approximating the focus of a high aperture objective lens 
by  a  distributed  array  of  such  phase matched  laser  beams. 
Using an appropriate array of multiple collimated laser beams, 
an  illumination  focus  with  a  full-width-at-half-maximum 
(FWHM) spot around 160 nm  in all directions can be pro-
duced (l = 488 nm; n = 1.518) in a homogeneous, transparent 
medium.

Since each of the coherent light beams is collimated, the 
distance of the sources  is  in principle arbitrary,  i.e.  this dis-
tance can be varied within  large  limits  (up  to several cm or 
more, e. g. 5 cm or even larger); this, however, is equivalent to 
the possibility to realise a joint ‘focal spot’ for scanning based 
imaging. The joint ‘focal spot’ can be made substantially sma ller 
than possible with low aperture objective lenses appropriate to 
realise the same large working distance; hence, an enh anced 
resolution will be obtained compared with a lens based sys-
tem  at  the  same  large  working  distance.  Similar  to  the 
increased resolution obtained with multiple illumination light 
sources, multiple  object  ‘sources’  can  be  used  to  obtain  an 
increased resolution [34].

The concept of DAI can also be implemented into various 
super-resolution  microscopy  approaches  (for  reviews  see 
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Figure 8. Implementation of STED/MINFLUX mode. Left: z projection of the arrangement of N = 6 576 coherent light sources (e. g. glass fibres 
with a low numerical aperture) directed towards the origin. Sources are distributed within a solid angle of W = 2p(1 – cosJ) = 1.25p ( this corresponds 
to an objective lens with AN = 1.4 ). Centre: y – z section across the intensity distribution around the origin. The given STED beam width ( left: 378 
nm, right: 293 nm ) refers to the FWHMs of the respective minima ( z; x, y ). Right: x – y section across the intensity distribution around the origin. 
For STED-type illumination, half of the sources in the centre were phase-delayed by p. In principle, the STED producing light sources may be po-
sitioned at arbitrary large distances from the focal region. Instead of using the doughnut structure at high illumination intensities for STED, it may 
be used in the low illumination ‘MINFLUX’ mode for enhancing the optical resolution down to the nm range [38]. ( Published in Scientific Reports 
under the Creative Commons Attribution License ( CC-BY ) [33] by Birk et al [31]. )
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[35,  36]. For example, the DAI patterns can be generated in 
such a way that  in addition to a diffraction  limited focused 
beam,  the  generation  of  a  depletion  focus  similar  to  that 
implemented in a STED microscope is possible; or an appro-
priately structured light pattern can be produced to allow for 
a  localisation  microscopy  based  ‘MINFLUX’  scheme  [37]. 
The results of such numerical calculations are depicted in Fig. 
8. If such a DAI based STED intensity distribution is applied 
to a previously excited ensemble of fluorophores, the concept 
of fluorescence depletion in the vicinity of the origin can be 
realised at arbitrarily large working distances, without requir-
ing the STED illumination intensities to be significantly hig-
her than usually applied e.g. in commercial STED systems. In 
this way, a STED resolution down to few tens of nm can be 
realised  at  working  distances  up  to  the  multi-centimetre 
range;  in  the MINFLUX mode,  a  resolution  enhancement 
down to the 1 nm range appears to become feasible at simi-
larly large working distances.

3. Discussion

Examination  of  deeper  areas within  a  specimen  is  a main 
cha llenge for microscopy of 3D cell or tissue samples. Hereby, 
selection of specific layers and suppression of other parts of 
the  sample,  e. g.  by  confocal  laser  scanning  microscopy  or 
light sheet microscopy,  is cogent. Focusing  to  larger depths 
within a sample requires long working distances at a low or 
moderate aperture of objective lenses. This limits the resolu-
tion  and  increases  the  depth  of  focus,  as  reported  above. 
Super-resolution techniques, e. g. by structured illumination, 
however, can still be applied.

Usually the penetration depth of light in cell or tissue sam-
ples is limited due to high scattering and moderate absorption 
coefficients, which  can be  reduced by optical  clearing  tech-
niques in biopsies or fixed specimens (see e. g. Fig. 2), but not 
in living cells or tissues. However, both absorption and scat-
tering coefficients decrease at longer wavelengths. Therefore, 
red or near-IR absorbing dyes [39, 40] as well as multiphoton 
excitation techniques are used increasingly.

Further  applications  include phase modulated detection 
(Fig. 3) or up-conversion techniques to reduce the influence 
of light scattering. In the latter case [41], up-conversion of an 
IR ultrashort laser pulse (‘gate pulse’) and a second pulse (‘sig-
nal’)  passing  through  the  sample  occurs within  a  nonlinear 
crystal. Since the second pulse is broadened due to light scat-
tering,  a  sum  frequency  is  generated  only  when  the  pulses 
overlap temporally, i. e. at the leading edge of the signal rep-
resenting the least scattered (‘ballistic’) photons. This method 
is used for multiple view acquisition in a technique called time-
gated optical projection tomography. In addition, self-inter-
ference  3D  techniques  based  on  super-localisation  micros-
copy are used for deep tissue imaging [42].

At  larger depths within a  sample geometric as well  as 
chromatic aberrations play an increasing role. These aberra-
tions can at least in part be corrected by adaptive optics, e. g. 
deformable mirrors or spatial light modulators [43]. Therefore, 
adaptive  optics  as well  advanced  reconstruction  algorithms 
(see e. g. [44]) may increase image quality in deeper layers of a 
specimen.

Distributed  aperture  microscopy  offers  completely  new 
possibilities for 3D/deep view imaging. Presently, these appli-
cations are highly restricted due to the very small working dis-
tance in high aperture ‘conventional’ super-resolution micros-
copy. However, DAM may permit producing a very  small 

focal diameter  for point-by-point-scanning of  the object 
at  arbitrarily  large working distances  and  to detect  effi-
ciently  the  generated  signal  (e.g.  fluorescence  or  scatter-
ing). Furth ermore, it should be possible to perform STED/
MINFLUX at a  substantially  larger working distance  than 
upon use of conventional objective lens based systems. In all 
those  cases,  a  large  working  distance  combined  with  high 
resolution  is  required. Biomedical  examples are 3D micros-
copy of small model organisms, of cell spheroids in develop-
mental biology, cancer research and pharmacology, neuronal 
‘microbrains’/brain tissues in neurobiology, or entire organs, 
made suitably transparent by the tissue clearing method.

The problem of extinction of  light  in  inhomogeneities  is 
primarily a problem of variable optical path  lengths depen-
dent on the starting point of the light quantum. In principle, 
DAM allows independent adjustment of the phase relation-
ships  of  the  individual  coherent  beams.  This  might  permit 
correction of the local refraction index inhomogeneities of the 
sample.
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