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Novel approaches in 3D live cell microscopy

V. Richter, M. Rank, A. Heinrich, H. Schneckenburger

Abstract. Microscopy methods for 3D live cell imaging, including
various techniques, challenges and restrictions, are described.
Novel devices for application of these methods in combination with
3D printed optics are presented and discussed.
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1. Introduction

For experimental and pre-clinical life cell studies two-dimen-
sional (2D) cell cultures are traditionally used, as they are
easy to establish, but frequently provide results of limited sig-
nificance, since cells are lacking a physiological microenvi-
ronment. In contrast, three-dimensional (3D) cell cultures,
e.g. multicellular tumour spheroids, maintain tissue-like
properties and, therefore, provide a more realistic back-
ground for experimental studies, e.g. tissue diagnostics or
screening of pharmaceutical agents [1, 2]. 3D cultivation tech-
niques commonly prevent cell attachment to surfaces, using
e.g. hanging drop methods or specific coatings of these sur-
faces. 3D spheroids can be grown from various kinds of cells,
e.g. cells from kidney, breast, liver and other organs (for a
review see e.g. [3, 4]). Although 3D systems often lack a vas-
culature, which might support tissues with oxygen and nutri-
ents, fully vascularised organoids [5] have been reported in
recent studies. In the present paper, experiments with 3D
spheroids of Chinese Hamster Ovary cells expressing a mem-
brane associated green fluorescent protein (CHO-pAcGFP1-
Mem) are reported.

Main problems of imaging 3D specimens are that the
sample thickness commonly exceeds the depth of focus of a
conventional microscope, and that light scattering affects the
image quality. Therefore, methods based on optical section-
ing, e.g. confocal laser scanning microscopy (CLSM) [6, 7],
structured illumination microscopy [8], or light sheet fluores-
cence microscopy (LSFM) [9, 10] are applied preferentially.
Here, images are recorded plane by plane, and resulting 3D
plots are calculated offline. A challenge is location of 3D sam-
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ples in a microscope using e.g. specific cuvettes [11] or micro-
wells on chamber slides (https://ibidi.com). This paper
describes the possibility of fabricating micro-wells on micro-
scope object slides or coverslips by additive manufacturing
and of using these 3D printed optics for location and imaging
of 3D tumour spheroids.

2. Microscopy techniques

2.1. Methods

Often the diameter of 3D specimens (typically no less than
100 nm) exceeds considerably the depth of focus of a con-
ventional microscope. Therefore, a conventional wide-field
image is composed by an image from the focal plane and
numerous out-of-focus images, so that the resulting image is
rather blurred, as demonstrated in Fig. la. To increase
image quality, methods of optical sectioning are used either
in a wide-field or in a scanning mode. In confocal laser scan-
ning microscopy (CLSM), a laser beam scans the sample
point by point, thus creating a two-dimensional image
within typically a few seconds. A spatial pinhole in a conju-
gate image plane blocks out-of-focus light and permits a sec-
tional image with high contrast, as depicted in Fig. 1b.
Information (e.g. fluorescence) from individual planes is
then used for 3D image reconstruction by appropriate soft-
ware. However, the whole procedure needs comparatively
long scanning times and high light exposure, which may
damage living specimens.

Alternative imaging techniques are based on wide-field
microscopy. Optical sectioning structured illumination
microscopy (OS-SIM) [8] is an appropriate technique to sepa-
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Figure 1. (Colour online) Spheroids of CHO-pAcGFP1-Mem cells re-
corded by (a) conventional fluorescence microscopy, (b) confocal laser
scanning microscopy and (c) light sheet fluorescence microscopy. Single
planes are selected in (b) and (c) at a depth of 60 um; the arrow indicates
direction of light incidence (excitation wavelength: 488 nm; fluores-
cence detected at 4 > 505 nm). Reproduced from [12] with modifica-
tions.
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rate in-focus information from signals generated in out-of-
focus planes. To achieve this, an optical grid is imaged in the
plane of the sample in three phase positions: @; =0, @, =2n/3
and @; = 4n/3 resulting in the intensities 7, I, and /3. An algo-
rithm I = [(I; - I,)* + (I; - I;)* + (I - I3)*]"* permits calculat-
ing an image from the focal plane, while out-of-focus images
add up to zero, as visualised elsewhere [12]. Upon variation of
the sample’s vertical position, several focal planes can thus be
measured, and a 3D image may be calculated. Total acquisi-
tion time and light exposure is similar to CLSM, and again
the risk of damaging living specimens is rather high. This
problem may be overcome by light sheet fluorescence
microscopy (LSFM). Here, the sample is illuminated from
the side (at 90° with respect to the microscope axis) by
either a cylindrical lens or scanning of a laser beam. For
3D imaging, the light sheet and the microscope objective
lens used for detection are shifted simultaneously in axial
direction, so that the illuminated part of the sample is
always in the focus of the objective lens (Fig. 1c). Thus,
z-stacks can be recorded with low fluorescent background
prior to calculation of a 3D image. The main advantage of
LSFM over OS-SIM is that only those planes are illumi-
nated, which are recorded simultaneously, so that light
exposure is considerably lower. Commercial light-sheet
microscopes (e.g. Carl Zeiss, Olympus, Nikon), as well as
open-source solutions or add-ons for existing microscopes
are presently available [13, 14]. Light sheet fluorescence
microscopy was recently combined with further innovative
techniques, e.g. spectral imaging or fluorescence lifetime
imaging (FLIM) using time-correlated single photon
counting (TCSPC) [15] as well as fast camera technologies
in the time [16] or frequency domains [17].

2.2. Challenges and restrictions

A major problem in imaging of 3D cell cultures is light scat-
tering, which reduces the quality of images due to light atten-
uation, blurring and a loss of contrast. Obviously, these prob-
lems are more severe for three-dimensional samples than for
two-dimensional ones, since scattering does not only occur in
a certain plane of detection, but also creates background sig-
nals from the whole illuminated specimen. Methods of optical
sectioning (see above) reduce the influence of scattering, as
also documented by Fig. 1. However, CLSM generally
reduces the fluorescence intensity in deeper layers of the spec-
imen, and LSFM shows an increasing effect of scattering in
the direction of beam propagation. Also some stripes in the
direction of light incidence appear to be unavoidable in this
case (Fig. 1c¢). Further reduction of light scattering can be
achieved by using higher wavelengths of illumination with a
lower scattering coefficient (e.g. in multiphoton microscopy
[18, 19]) or by matching the refractive indices of sample and
surrounding medium. These ‘clearing techniques’ are used
increasingly for deep view imaging of skin, brain and other
organs and can also be applied to 3D spheroids [20], but gen-
erally are not compatible with live cell imaging.

All sectioning methods require multiple light exposures,
but only for LSFM each image results from only one illumi-
nated plane, whereas for all other wide-field and laser scan-
ning techniques, the whole specimen has to be illuminated for
detection of each sectional image. 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 paper [21] and
ranged between 25 J cm~ (375 nm) and 200 J cm~2 (633 nm)
for cultures of native cells, corresponding to 4 min up to
about 30 min of solar irradiance (around 100 mW cm™2). 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 irradi-
ance. While only about 20 layers of a 3D cell spheroid can
thus be irradiated by CLSM, a large number of layers can be
illuminated about 100 times each by LSFM. This favours
light sheet microscopy for long-term observation. However,
light sheet microscopy requires illumination of the samples
from the side and, therefore, needs specific sample holders.
While micro-cuvettes or commercial multi-well chamber
slides (see above) appear to be appropriate devices, routine
applications require more flexible, cheaper and disposable
components. Therefore, we are presently testing whether 3D
printed micro-optics might fulfil these requirements. First
papers concerning the use of 3D printed optics for light sheet
microscopy in connection with hydrogels were previously
reported [22, 23]; however, it was our aim to apply a more
general concept, which might be appropriate for any kind of
3D cell or tissue samples.

3. D Printed Optics

3.1. Methods

The main requirements for 3D printed sample holders are
as follows:

— use of standard printing procedures for micro-chambers
on a microscope object slide or coverslip;

—small inner volume with perpendicular walls; and

— high transparency and low scattering of the printed
material.

In particular, the small inner volume is necessary for pre-
cise localisation of the sample and for saving (expensive) cul-
ture media or reagents, while the perpendicular and transpar-
ent chamber walls are needed for a high quality of the light
sheet. In the present case, a standard projection micro-stereo-
lithography (PuSL) system (Autodesk Ember) was used to
print squares of 2 x 2 mm inner surface, 0.1 mm height and a
wall thickness of 0.5 mm, as depicted in Fig. 2. UV sensitive
resin was cured locally layer by layer, defined by a digital
micro-mirror device (dmd) mask. The layered process requires
for the walls of the cell compartment to be multiples pixel
wide. Both the wall width and the layers cause scattering,
which affect the microscopy measurements. Therefore, a
modified printing system was set up, which enables much
thinner walls for better clarity. The custom 3D printer uses
the dmd unit from the PuSL-system to cure the mask in a
droplet of resin between two substrates in one layer. As the
UV light penetrates the resin through one substrate, it sticks
to it, while with the appropriate settings (irradiance and dura-
tion of exposure) the other substrate can be removed after-
wards to wash off any uncured resin. While Fig. 2a shows the
principal use for light sheet as well as for conventional micros-
copy, Fig. 2b shows 3D printed micro-chambers from the cus-
tom setup on a microscope object slide. Single micro-wells or
micro-chambers arranged in series can be used; the only pre-
requisite is that they should be accessible by a light sheet pro-
duced by either a cylindrical lens or a focused scanning laser
beam.
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Figure 2. (Colour online) (a) Scheme of a 3D printed sample holder (micro-chamber) for light sheet and conventional microscopy of a cell spheroid;

(b) layout of 3D printed micro-chambers on a microscope object slide.

3.2. Applications

Using the 3D printed micro-chambers we performed test
experiments with a light sheet module adapted to an inverted
fluorescence microscope (Axiovert 200M, Carl Zeiss Jena,
Germany) and a photonic crystal fibre laser (NKT Photonics
SuperK EXTREME with SuperK VARIA tunable single line
filter,) operated at (470 £ 20) nm and emitting unpolarised
light, as described in detail elsewhere [13]. For testing the
quality of the light sheet we rotated the focusing cylindrical
lens by 90°, so that the light sheet was oriented vertically. The
micro-well was filled with a fluorescent solution (rhodamine
6G, 2.5 uM), so that by simultaneous fluorescence and trans-
mission microscopy we could visualise the beam waist, as
demonstrated in Fig. 3. At a distance of =100 um to +100 um
from the focus of the laser beam this waist did not exceed
10 um as reported recently for micro-capillaries [13]. However,
in contrast to the capillaries the beam depicted in Fig. 3
showed some singularities (luminescent spots) due to scatter-
ing at the chamber wall as well as at some impurities on its
bottom, which can also be seen in Fig. 3, and which result
from the process of additive manufacturing.

Figure 3. (Colour online) Light sheet in a 3D printed well containing a
solution of rhodamine 6G (2.5 uM); transmission and fluorescence mi-
croscopy (1010%/0.30 objective lens, Ao = 450—490 nm, Ay, = 515 nm).
On top of the well, part of the chamber wall is depicted.

When the light sheet was rotated back to a horizontal
position, the laser beam did no longer hit the bottom of the
micro-well, and illumination was more homogeneous.
LSFM was then applied to spheroids of CHO-pAcGFP1-
Mem cells in vertical steps of 10 um, as depicted in Fig. 4.
This Figure shows various cell layers with membrane

associated green fluorescence at different distances from the
bottom of the well including some shadow in the central part
of the spheroid due to attenuation of incident and
fluorescence light. The quality of the individual images as
well as their 3D projection (Fig. 4) is similar to that in micro-
cuvettes [13]. Recording time for each layer was 1 s, and
total light exposure was far below a critical level of
phototoxicity of 10 J cm~ [21].

4. Discussion and perspectives

3D printed wells on microscope object slides, as reported in
this paper, are an attractive alternative to micro-capillaries or
customary chamber-slides for localisation of cell spheroids
under physiological conditions. In particular, for light sheet
microscopy they offer numerous advantages, but they appear
also appropriate for conventional transmission or fluores-
cence microscopy. When high aperture objective lenses are
used, the microscope object slide has to be replaced by a thin-
ner plate, e.g. coverslip, and then mechanical stability is an
important issue. Furthermore, with increasing magnification
purity and homogeneity of the bottom of the micro-wells
plays an important role.

3D printed micro-wells can also be used for super-resolu-
tion microscopy with a resolution below the Abbe or the
Rayleigh criterion. Meanwhile, stimulated emission depletion
(STED) microscopy [24] and single molecule localisation
microscopy (SMLM) [25, 26] are well established methods,
but most commonly limited to sample surfaces. Super-
resolution structured illumination microscopy (SR-SIM) with
2 or 3 interfering laser beams has the potential for application
to 3D cell cultures. However, due to light scattering the con-
trast of the interference pattern is generally lost at depths
above about 20 um (as also confirmed by own experiments
[27]), so that the method is again restricted to cell layers close
to the sample surface. A higher penetration depth up to about
100 nm has been reported for lattice light sheet microscopy
[28], and its use in combination with 3D printed optics would
appear promising. A good compromise would be the applica-
tion of enhanced methods of CLSM, with a pinhole being
replaced by a larger number of detector devices (Airy Scan
Microscopy or Image Scan Microscopy). Here, deep view
imaging would appear possible at a resolution of 100-
200 nm, and application of 3D printed optics to cell spheroids
or small biopsies is quite promising.
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Figure 4. (Colour online) Light sheet microscopy of a CHOpAcGFP1-Mem cell spheroid in a 3D printed well at distances between 0 and 100 um
(increments of 10 um) from the bottom of the well including 3D reconstruction; well dimensions: 1.5 x 1.5 x 1 mm; wall thickness: 1 mm; 10*/0.3
objective lens; Ao, = 450-490 nm, A, = 515 nm.
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