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ABSTRACT

Cultivating cells in 3D is considered a significant advancement in cell culture models, as it better
reflects natural cellular environments compared to 2D cultures. However, analytical methods like
standard light microscopy are less effective for 3D cultures. In this study, 3D cell cultures were
generated using the liquid overlay technique with 10,000, 50,000, 100,000 and 200,000 Normal
Human Dermal Fibroblasts, analyzed on days 1, 2, and 3 post-seeding. We quantified the influence
of fixation with paraformaldehyde or glutardialdehyde/dehydration on their morphology
compared to living 3D cell cultures. They were analyzed by light microscopy, scanning electron
microscopy as well as by digital light microscopy (height profile measurement). Over time, the
cultures decreased in size, likely due to cell shrinkage and structural reorganization. The size
reduction could be mathematically described by an exponential decay function. The proportion of
round spheroids versus indented aggregates depended on cell number, culture age, and fixation
method. On day 1, cultures seeded with 10,000 cells formed nearly 100% round spheroids,
regardless of fixation. Higher cell numbers led to fewer round spheroids, and fixation further
reduced their number. This suggests that large cell quantities sediment in layers due to steric
hindrance, forming indentations. Since aldehydes are responsible for cross-linking proteins, we
hypothesize that this chemical reaction, combined with low stability of the 3D cell cultures, leads
to the increased formation of the indented 3D cell aggregates. This is consistent with an overall
increase in the number of round spheroids and a decrease of the negative influence of fixation
over time. In summary, it is important to consider the number of seeded cells, the incubation time,
as well as the possible fixation effects when generating stable spheroids using the liquid overlay
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technique for down-stream experiments.

Introduction

Adherently growing cells have been cultivated in 2D as
monolayers on artificial surfaces, e.g. polystyrene for
decades, which led to a tremendous increase in
knowledge and a huge range of medical applications.
However, it is nowadays generally accepted that 2D cell
culture models have limitations and reflect the
physiological growth of cells in tissues insufficiently. This
insight was aptly formulated by Fitzgerald and co-workers:
“Life in 3D is never flat and cell culture should not be
either” (Fitzgerald et al. 2015). Accordingly, 3D cell culture
models are therefore regarded to be superior to 2D cell
culture models bearing the potential to bridge the gap
between 2D cell cultures and natural tissues (Efremov
et al. 2021; Saraswathibhatla et al. 2023). Many
differences encountered by a direct comparison of 2D
and 3D cultures have been described in the literature
(Grisser et al. 2018; Metzger et al. 2021). Due to the great

medical importance, only differences in sensitivity to
cytostatic drugs will be mentioned here (Unger et al
2014). Consequently, 3D cell culture models are often
used in the pharmaceutical testing of new promising
compounds (Zanoni et al. 2019). Moreover, 3D cell
cultures are used in angiogenesis-related research (Heiss
et al. 2015), as well as for evaluating cell-surface
interactions (Metzger et al. 2017). They are also discussed
as building blocks for tissue-engineering approaches
(Laschke and Menger 2017). However, 3D cell cultures
have also found their way into biomechanical studies.
Although much is already known about the
biomechanics of single cells, 3D cell cultures allow for the
study of interactions with neighboring cells and the
extracellular matrix. Many methods are used to quantify
the biomechanics of 3D cell cultures, such as parallel plate
compression, nanoindentation, osmo-mechanical stress,
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and micropipette aspiration (Efremov et al. 2021). These
methods have one thing in common: a force deforms the
3D cell culture, providing insight into the biomechanics
and, ultimately, the quantification of Young’s modulus.
Clearly, the morphology, size, and cellular composition of
the 3D cell cultures strongly influence the outcome of such
experiments. In summary, 3D cell culture models can be
considered as an ideal bridge between 2D in vitro studies
and in vivo animal studies, supporting the 3 R principle
(replacement, reduction, refinement, Bloise et al. 2024).

It is therefore not surprising that the number of
publications per year on 3D cell culture listed in
PubMed has increased exponentially from the late
1960s until today. In 2020 alone, approximately 1200
new publications were listed (Jensen and Teng 2020).
However, there is a catch: the handling of 3D cultures is
more difficult compared to 2D cell cultures and the
possibilities for microscopic analysis are limited
(Grasser et al. 2018). Many different techniques to
generate spheroids of adherently growing cells from
a single cell suspension have been described (Achilli
et al. 2012). Methods based on scaffold-free techniques
using a self-assembly mechanism of the cells are of
particular interest, because the resulting spheroids
initially consist only of cells, but subsequently begin
to synthesize extracellular matrix components within
the spheroid (Rescigno et al. 2021). Our group has
identified the liquid overlay technique (LOT) as
a versatile technique that allows for easy and highly
reproducible generation of spheroids after overnight
incubation. The LOT has been successfully used to
generate mono- and co-cultures of up to three
different cell types (Metzger et al. 2011; Dorst et al.
2014; Jennewein et al. 2016). In all cases, one spheroid
per well was formed overnight and showed an almost
round morphology already on the first day. As
mentioned above, the microscopic analysis of
spheroids is limited and only little information could
be obtained considering the 3D morphology of the
spheroids. For the purpose of this study, we used the
term “3D cell cultures” prior to their detailed
classification as round “spheroids” or clearly indented
“3D cell aggregates.” Accordingly, the aim of this study
was a detailed analysis of the morphology of 3D cell
cultures consisting of different numbers of Normal
Human Dermal Fibroblasts (NHDF) depending on
their age. We quantified the development of the size
of vital 3D cell cultures over time and described it by
a mathematical formula. The results of the light
microscopic analysis of the morphology were
compared with the results of scanning electron
microscopy (SEM). In addition to the analysis of vital

BIOTECHNIC & HISTOCHEMISTRY 495

3D cell cultures, we also tested the influence of fixation
with paraformaldehyde (PFA) and glutardialdehyde
(GDA)/dehydration. PFA fixation is our standard
fixation procedure for immunostaining of 2D cell
cultures (Metzger et al. 2014) or sections of spheroids
(Jennewein et al. 2016). Fixation of cellular samples
with GDA followed by dehydration is our standard
preparation of biological samples for SEM analysis in
our laboratory (Spater et al. 2022).

Materials and methods
Cell culture

Juvenile NHDF were isolated from the foreskin of an
8-year-old boy and were purchased at passage 2 from
a commercial supplier (lot 3947023, PromoCell GmbH,
Heidelberg, Germany). Cells were expanded in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich, Taufkirchen, Germany) supplemented with
15% fetal calf serum (PanBiotech, Aidenbach,
Germany) under standard cell culture conditions
(37°C, 95%  humidity, 5% CO,). Standard
trypsinization procedures were used to detach cells in
confluent layers. At passage 4, NHDF were frozen as
cryo-cultures (500,000 cells/cryo vial) in Cryo-SFM
freezing medium (PromoCell) as a master cell bank.

Liquid overlay technique

Prior to the generation of 3D cell cultures, NHDF
were expanded as described above to obtain the
required number of cells. After the NHDF were
detached, the cell number was determined using
a hemocytometer. The LOT has already been
described in detail (Metzger et al. 2011). Similar to
other methods for generating 3D cell cultures, the
principle of LOT is to prevent adherent cells from
attaching to a cell culture surface. For this purpose,
the cavities of 96-well flat-bottomed plates (Greiner
Bio-One, Frickenhausen, Germany) were coated with
cell-repellent agarose (1% in distilled water). The
concentration of cells was adjusted to give a total of
10,000, 50,000, 100,000, and 200,000 cells in a volume
of 100 pl per well. Since the agarose coating prevented
the cells from adhering to the bottom of the wells, the
NHDF adhered to each other and formed exactly one
spheroid in which all seeded cells self-organized into
a 3D structure overnight, as already shown (Metzger
et al. 2017). We analyzed the 3D cell cultures
on days 1, 2, and 3 after seeding the cell suspension
into the cavities of the 96-well plates.
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Development of size of spheroids and
mathematical description

For each experiment (n = 5), photomicrographs of 15
vital 3D cell cultures of each size and time point were
taken using a Nikon Eclipse TS100 phase-contrast
microscope (objective 10x/0.25, Phl ADL, Nikon
Cooperation, Tokyo, Japan) and a Sony Cybershot 3.0
digital camera (Sony Corporation, Tokyo, Japan).
Photomicrographs were analyzed using the image
processing software Image ] (National Institutes of
Health, Bethesda, MD, USA). For each 3D cell
culture, the minimum and maximum diameters were
measured, and the average of the two diameters was
calculated:
dmax + dmin

davemge = f (1)

Morphology of 3D cell cultures

The aim of the morphological analysis of the 3D cell
cultures obtained was to quantify the number and ratio
between round spheroids without and 3D aggregates
with a bright central indention, whose appearance is
reminiscent of shrimp crackers or donuts. After seeding
in agarose coated wells, the morphology of 3D cell
cultures (vital and after fixation with PFA or GDA/
dehydration) was analyzed from day 1 to day 3.
Additionally, the morphology of GDA-fixed spheroids
was imaged by SEM.

Vital 3D cultures

The 3D cultures in the agarose coated cavities of 96-
well plates were thoroughly analyzed by transmitted
light microscopy (Nikon Eclipse TS100). If the 3D
cultures showed signs of a brighter central region
compared to the peripheral region, they were not
classified as spheroids but as 3D aggregates. Similarly,
only 3D cell cultures with a dark central region were
classified as spheroids. We investigated whether
a brighter central region of vital 3D cell cultures
correlates with a non-spherical morphology or not.
Therefore, the samples were additionally analyzed
using a Keyence VHX 5000 digital light microscope at
a final magnification of 200x (Keyence, Osaka, Japan).
After manually defining the lowest and highest points
of the 3D cell cultures, a z-stack was automatically
recorded and a height profile measurement was
performed.

PFA-fixed 3D cell cultures
PFA (Carl Roth GmbH & Co KG, Karlsruhe, Germany)
was dissolved in phosphate-buffered saline (PBS) to

a final concentration of 4%. The 3D cell cultures were
harvested  using piston-operated  pipettes in
combination with low retention pipette tips. After
sedimentation via a short run in a microcentrifuge
(Carl Roth GmbH & Co KG), the cell culture medium
was removed and the 3D cell cultures were washed in
PBS. Then the samples were incubated for 15 min at
room temperature with continuous agitation to prevent
the samples from sticking together. Finally, the PFA-
fixed 3D cell cultures were transferred to PBS and the
number of 3D cell cultures was quantified with a Leica
Wild M420 stereo microscope (Leica, Wetzlar,
Germany) as follows: samples with visible
indentations were referred to as 3D aggregates;
samples that appeared round and had no indentations
were referred to as spheroids.

GDA-fixed 3D cell cultures

GDA-fixation was performed according to our
standardized SEM preparation protocol for biological
samples. The 3D cell cultures were harvested and
washed as described above. The samples were fixed
for 10 min at room temperature with continuous
agitation in GDA (2 vol%; Science Services GmbH,
Munich, Germany) in 0.1 M sodium cacodylate buffer
(pH 7.4; Carl Roth GmbH & Co KG, Karlsruhe,
Germany). The fixative solution was removed, and the
3D cell cultures were washed three times with 0.1 M
sodium cacodylate buffer, followed by dehydration in
an ascending ethanol series (70 vol%, 80 vol%, 90 vol%,
96 vol%, and 100 vol%). Finally, dehydration was
completed by washing the samples in a mixture
(50:50) of 100 vol% ethanol and hexamethyldisilazane
(HMDS; Carl Roth GmbH Co KG), followed by
another incubation in pure HMDS. Dehydration was
completed by covering the spheroids with pure HMDS,
which evaporated completely overnight. The next day,
the 3D cell cultures were transferred to conductive
adhesive tabs on standard SEM pin stubs (Micro to
Nano, Haarlem, Netherlands). To allow for the SEM-
observation, the 3D cell cultures were first sputtered
with carbon (SCD 030, Balzers Union, Balzers,
Liechtenstein) followed by additional sputtering with
gold (3x for 60s with gold (SCD 005, Balzers Union))
in order to reduce charging of the samples. Evaluation
of the morphology was performed using a FEI XL 30
ESEM FEG SEM (FEI, Hillsboro, OR, USA) under high
vacuum conditions at an acceleration voltage of 5 kV in
the secondary electrons mode.

The morphology of a subset of these GDA-fixed 3D
cell aggregates was analyzed as already described for the
PFA-fixed samples without transfer to conductive
adhesive tabs and final sputtering.



Statistical analysis

All numerical results presented in this study are means
with standard deviations. Differences were tested for
significance (p < 0.05) by one-way ANOVA followed
by a Student-Neuman-Keuls test for post-hoc analysis
using SigmaPlot software version 13.0 (Systat Software
Inc., Paola Alto, CA, USA). If the normality test
(Shapiro-Wilk) or the equal variance test failed, the
Kruskal-Wallis one-way analysis of variance on
ranks was used to determine significant differences
between the results and, if significance was found, the
Student-Neuman-Keuls post-hoc analysis was used.

Results
Performance of the LOT

As previously described by our group, LOT is a simple
and cost-effective method to generate standardized 3D

100,000 cells 50,000 cells 10,000 cells

200,000 cells
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cell cultures with high reproducibility (Metzger et al.
2011, 2021). Irrespective of the total number of cells
seeded per well, which ranged from 10,000 to 200,000,
exactly one 3D cell culture was formed after an
overnight incubation (Figure 1).

All seeded cells were integrated into a well-defined
3D cell culture with a regular, almost round
morphology. Only 3D cell cultures with the highest
cell number of 200,000 per well resulted in more
irregular morphologies that persisted until day 2
(Figure 1K). It is also worth mentioning that these
3D cell cultures on days 1 and 2 (Figure 1], K)
exceeded the dimensions of the field of view of our
microscope even at the lowest magnification and only
the diameter that could be detected without a doubt
was used.

For 3D cell cultures consisting of 10,000 cells, no
bright central region could be seen at all, but the 3D
cell cultures became darker with time. Only a few of the

Figure 1. Photomicrographs of living 3D cell cultures (phase contrast) on day 1 (A, D, G, J), day 2 (B, E, H, K), and day 3 (C, F, |, L)
after seeding into agarose-coated wells of 96-well plates. 10,000 cells (A-C), 50,000 cells (D-F), 100,000 cells (G-I), and 200,000 cells
(J-L) were seeded. A continuous reduction in the diameter of the 3D cell cultures was observed over time. A brighter central region
could be detected in 3D cell cultures of more than 50,000 cells (D, G, J, K).
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50,000 cell samples showed a brighter central region on
the first day of light microscopy, while almost all of the
larger 3D cell cultures (100,000 and 200,000 cells)
showed a significantly brighter central region. For
spheroids consisting of 100,000 and 200,000 cells, the
non-spherical morphology could even be seen with the
naked eye on day 1. For the group of 200,000 cells per
3D cell culture, we observed this morphology in some
cases up to day 3.

Identification of the brighter central region as
indentation in vital spheroids

To be sure that the visible brighter core region of the
vital 3D cell cultures correlated with morphological
characteristics, i.e. indentation in the central region,
a measurement of the height profile was performed
on both vital 3D cell cultures, with and without
a clearly visible brighter central region. The convex
height profile of a spheroid without a brighter central
region can be clearly seen, as well as the concave height
profile of a 3D cell aggregate with a brighter central
region (Figure 2). These results clearly showed that the
brighter inner regions of the 3D cell cultures
corresponded to morphological indentations, which
were accordingly referred to as 3D aggregates rather
than spheroids.
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SEM-analysis of the morphology of 3D cell cultures

In contrast to the light microscopic images of the 3D
cell cultures shown in Figure 1, the SEM analysis
allows a better evaluation of their morphology.
Regardless of the number of cells organized in a 3D
cell culture, we observed a time-dependent decrease in
the size of the samples (Figure 3). It is noteworthy that
the smallest 3D cell cultures (10,000 cells) already
showed an almost spherical morphology but also
a little bit lens-shaped morphology on day 1, whereas
all larger 3D cell cultures exhibited a clearly visible
indentation on day 1. By day 2 after seeding, 3D cell
cultures consisting of 50,000 cells underwent
reorganization and condensation, resulting in an
almost spherical morphology (Figure 3E). The
condensation and reorganization of the cells
organized in 3D cell cultures is indicated by the
development of a smoother surface of the 3D cell
culture due to intensified cell-cell contacts and
a stronger adherence of the cells to each other. In
contrast, the indentation or cavity of the largest 3D
cell cultures (200,000 cells) persisted until day 3
(Figure 3L). From day 1 to day 2, a clear
reorganization, folding or condensation of the larger
3D cell cultures, can be observed, leading to a clear
reduction in size of both, the size of the 3D cell culture
itself and the central cavity (Figure 3], K, L).
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Figure 2. Height profiles of a vital spheroid of 10,000 cells on day 1 (A) and a vital 3D cell aggregate of 200,000 cells on day 1 (B)
and corresponding results of the quantification of the height profiles (10,000 cells (C), 200,000 cells (D)). The convex height profile of
the spheroid in (C) and the concave height profile of the 3D cell aggregate in (D) are clearly visible.
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day 3

Figure 3. SEM images of GDA-fixed and dehydrated 3D cell cultures on day 1 (A, D, G, J), day 2 (B, E, H, K), and day 3 (C, F, I, L).
10,000 cells (A-C), 50,000 cells (D—F), 100,000 cells (G-I), and 200,000 cells (J-L) were seeded. The 3D cell cultures of 10,000 cells
were almost uniformly round on the first day, but the larger ones showed distinct indentations on day 1.

Mathematical description of the size decrease of 3D
cultures over time

The average size of the vital 3D cell cultures decreased
continuously over time as shown in Figure 4. In all cases,
the largest decrease in diameter was seen from day 1
to day 2 (16.7% (10 T); 19.8% (50 T); 14.7% (100 T);
and 15.1% (200 T)). From day 1 to day 3, the decrease
was only 7.9% (10 T), 8.7% (50 T), 11% (100 T), and 10%
(200 T). It is worth mentioning that the low standard
deviations  impressively = demonstrate the good
reproducibility of the LOT.

To verify a correlation between decreasing size and
time, the spheroid’s diameters were normalized
according to their diameter on day 1. Figure 5A
shows that the relative shrinking over time seems to
be independent of the cell number. To describe the
shrinkage behavior, a mathematical equation was

£ 1400
= 1200
% *
2 1000
@ *
£ 800
o
s 600 |
S 400
w Y
=
10T 50T 100T 200T
Oday one Oday two Bday three

Figure 4. Evolution of the size (average diameter) of vital 3D
cell cultures over time. * indicates significant differences (p <
0.05) of 3D cell cultures on day 1 compared with 3D cell
cultures consisting of the same total number of cells
on days 2 and 3. In each of five independent experiments, 15
3D cell cultures were analyzed.
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Figure 5. Decrease in normalized diameter of 3D cell cultures and theoretical model curve according to Equation (2). The
experimental data shown in Figure 4 can be predicted very well with this equation (A), as well as data from an independent
experiment with a different batch of NHDF and partially different cell numbers per spheroid (B).

established based on the normalized data of all
spheroids. Assuming that the size of the spheroids will
approach a lower limit >0 pum, an exponential decay
function was used:

d—dg*exp<—(t—1)-0'—59>,tin days (2)

The exponential part of the equation consists of a shift
of the time (t — 1), because the data were normalized
with the diameter on day 1. The constant 0.39 was
obtained by fitting the data using the least squares
error method (R*> = 0.91). The fit describes the change
of the diameter over time, as shown in Figure 5A very
well.

Interestingly, even when using normalized results from
an independent experiment (Metzger et al. 2021) with
a different lot of NHDF and even smaller 3D cell
cultures over a longer observation period up to day 6, it
was possible to predict the diameter of these 3D cell
cultures with this model (Equation 2) for t >4 days
(Figure 5B). The difference of the model with the data
can be explained with the sensitivity of the change of size
during the first days. The interval between the size
measurements (less or more than 24 h) has a major
influence on the discrepancy between model and
measurement for the first days. Nevertheless, the
decrease in size of 3D cell cultures can be generally
described by the proposed exponential decay function.

Quantification of number of spheroids

Since the number of round spheroids seemed to depend
on the number of cells per 3D cell culture and age, we
quantified the number in detail. Three groups of 3D
cell cultures were evaluated as follows: vital, PFA-fixed,
and GDA-fixed samples (after GDA-fixation, samples

were dehydrated according to our standardized SEM
protocol).

The LOT was able to generate almost 100% round
spheroids of 10,000 cells on day 1 independent of
any fixation, while seeding 50,000 cells per well
resulted in only 80% round spheroids. Fixation
with PFA further reduced the number of
spheroids, an effect that was even more
pronounced in the GDA fixed/dehydrated sample
group. A higher number of seeded cells resulted in
very few (100 T) or even no round spheroids
(200 T) on day 1 (Figure 6A). On day 2, we
observed a further increase in the number of vital
and PFA-fixed spheroids of 50,000 cells up to 98.6%.
After GDA fixation, we still saw a very low number
of spheroids (50 T). Interestingly, the number of
viable spheroids consisting of 100,000 or 200,000
cells increased significantly, reaching 96% for vital
spheroids (100 T) (Figure 6B). The trend of an
overall increase in the number of round spheroids
continued on day 3 (Figure 6C). In summary, the
number of spheroids increased with longer
incubation time and decreased with higher number
of seeded cells per well. Furthermore, fixation with
PFA and especially fixation with GDA followed by
dehydration reduced the number of spheroids and
increased the number of 3D cell aggregates.

Discussion

Although much progress was made with standard 2D
cell cultures since the first reports in the early 20th
century, a new era in the development of cell culture
began when simple 2D models gave way to more
complex 3D cell culture models. Today, the scientific
community accepts that cells can be better studied in
3D cell culture models, which reflect the dynamic state
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Figure 6. Number of round spheroids as a percentage of all 3D cell cultures. Evaluation of morphology of vital 3D cell cultures after
fixation with PFA or fixation with GDA/dehydration was performed on day 1 (A), day 2 (B), and day 3 (C) after their generation by
LOT. $ compared to GDA; * compared to vital; p < 0.05. In each of five independent experiments, 15 3D cell cultures were analyzed.

and physiological situation of cells in living tissues with
more accurate precision (Zuchowska et al. 2024).
Among other techniques, LOT is a powerful and at
the same time simple method, that allows a consistent
and highly reproducible generation of spheroids.
However, the analysis of spheroid morphology by
transmission light microscopy is very limited. The aim
of this study was to describe the influence of the
number of seeded cells and the incubation time as
well as different fixation methods on the
morphological development of NHDF 3D cell cultures.

In this study, the LOT once again demonstrated its
high reproducibility: Independent of the number of
cells seeded per well, exactly one spheroid was formed
by scaffold-free self-assembly of the cells. The
underlying principle of the local arrangement of cells
within a spheroid can be explained by the so-called
differential adhesion hypothesis (Steinberg 1970).
According to this theory, the cells arrange themselves
according to their surface and interfacial tensions in
such a way that they assume an energetically favorable
state, just like two immiscible liquids. The low standard
deviations of spheroid size from our data indicate the
high reproducibility of the LOT. Therefore, it is
possible to generate spheroids of a defined size, which
is crucial for studies in angiogenesis with hypoxia in
mind (Heiss et al. 2015). Furthermore, the LOT offers
a variety of possible variations, be it the generation of
co-culture spheroids (Metzger et al. 2011; Walser et al.
2013; Dorst et al. 2014) or the combination of cells with
functional microvascular fragments (Nalbach et al.
2021a, 2021b).

Despite all the advantages of spheroids, it is evident
that microscopic analysis of spheroids is more challenging
compared to 2D cultures. Standard transmission light
microscopy is suitable for monitoring the formation of
3D cell cultures. However, this method provides only
a 2D projection of the 3D sample, thus offering limited
insight into the morphology of these 3D cell cultures and

generally failing to discern indentations. In our previous
studies, we never exceeded a number of 50,000 cells per
spheroid, and not all of them showed a clearly visible
brighter inner core during light microscopic analysis
(Figure 1D). Therefore, the first step was to clarify the
nature of this bright inner core. By measuring the height
profiles with the Keyence microscope, we were able to
identify the bright inner core region as an indentation
(Figure 2). It is obvious that the formation of the indented
morphologies depended on the number of seeded cells.
The growth area of one well of a 96-well plate is only
34 mm?>. It is known that agarose forms a concave shape
in the well (Friedrich et al. 2009). This concave shape of
the agarose may help to attract cells to the center of the
well, as we know from our previous work with 10,000 cell
spheroids (Metzger et al. 2017). When a large number of
cells are pipetted into a cavity, it is possible that the cells
layer on top of each other at the edges of the agarose, an
observation confirmed by microscopic observations after
seeding: The sedimented cells were found positioned in
different focal planes. The extreme indentation seen
on day 1 (200,000 cells) is, therefore, an impression of
the concave shape of the agarose, which gradually changes
to a round shape through condensation and active cell
migration.

The decrease in size of 3D cell cultures consisting of
non-malignant cells is a well-known phenomenon and
has already been described (Takezawa et al. 1993;
Metzger et al. 2011, 2021; Gréasser et al. 2018). We
have shown that the size of individual cells forming
the spheroid decreases due to 3D organization
(Grasser et al. 2018). We hypothesized that
condensation or reorganization of the spheroids could
also be responsible for the shrinkage of the spheroids
over time (Metzger et al. 2011). Considering our
detailed SEM analysis of the 3D «cell cultures
(Figure 3), we assume that both mechanisms are
responsible for the decreasing size of the spheroids
over time. In particular, between days 1 and 2, the
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spheroids appeared to undergo some kind of folding or
condensation, leading to a reduction in the number of
indentations, which at the same time led to a strong
reduction in size (Figure 4). It was also striking that the
small spheroids (10,000 cells) became darker over time
(Figure 1), indicating a time-dependent condensation
process in the spheroids.

Quantification of the ratio of viable spheroids to all
3D cell cultures was performed in conjunction with
the photo documentation used to quantify spheroid
size. Accordingly, the evaluation of the morphology
of the 3D cell cultures had to be performed in the
agarose-coated cavities of the 96-well plates and it was
not possible to move or remove them to facilitate the
analysis. This is important because these vital
spheroids were incubated until day 3 and had to be
handled very carefully. In contrast, it was possible to
transfer fixed spheroids to a petri dish and gently
move and rotate the samples with the tip of
a pipette, which made the evaluation much easier.
For the interpretation and evaluation of our results,
it is important to know that two different
quantification methods were used due to the
experimental requirements described. Furthermore, in
some cases difficult to decide whether
a spheroid was almost round or had significant
indentations during microscopic analysis.
Nevertheless, some clear trends in the formation of
round spheroids are evident:

Firstly, we observed a correlation between the number
of seeded cells and the number of round spheroids:
Seeding 10,000 spheroids resulted in 100% spheroids
on the first day, while spheroids with a size of 200,000
cells had no round spheroids at all on the same day. This
suggests that higher numbers of cells per spheroid
correlate with a lower number of round spheroids. We
hypothesize that cells sediment in layers on the agarose-
coated wells, which are concave and form the indented
3D aggregates that we found in samples with high cell
counts. It is clear that in case of seeding a low number of
cells all cells sediment in the middle of the cavity, but
that seeding a high number of cells leads to layered
sedimentation upon the outer areas of the concave
agarose. Therefore, the number of round spheroids
decreases with increasing numbers of seeded cells.

Secondly, we observed an influence of time. As the
spheroids aged, the number of round spheroids
increased. This is consistent with our SEM images
(Figure 3), which show a continuous condensation
process over time. Specifically, the indentation of the
3D aggregates gradually diminishes over time and
almost disappears on day 3 of the experiment.
Furthermore, this  condensation  process is

it was

accompanied by a decrease in the size of the
spheroids, as already discussed.

Thirdly, we observed that fixation of spheroids had an
effect on the number of normal spheroids and 3D
aggregates, and this depended on the type of fixation
(PFA/GDA) too. For spheroids of 10,000 cells, we always
evaluated approximately 100% spheroids. Only GDA
fixation/dehydration resulted in a slight reduction in
the number of round spheroids, indicating a high
stability of smaller spheroids. For all other cell
numbers, fixation with PFA and especially GDA
followed by dehydration significantly decreased the
number of round spheroids. It is known that the
preparation of biological samples leads to a significant
shrinkage of the samples compared to native samples
(Katsen-Globa et al. 2016). With this in mind, it is very
likely that the younger and larger spheroids lack stability,
leading to the observed reduction of round spheroids
after fixation. The basic chemical reaction behind
aldehyde fixation is well known: the carbonyl groups of
aldehydes are able to attack the nucleophilic amino
groups of proteins, forming an intermediate Schiff
base. Afterwards, this instable intermediate Schiff base
is attacked by amino groups of another protein forming
a  stable covalent secondary amine linkage
(Klockenbusch et al. 2012). Finally, the proteins are
chemically cross-linked, which protects the biological
sample against degradation. Concerning the influence
on aldehyde fixation, it remains unclear which specific
proteins are cross-linked in detail or if these linkages are
within a single type of protein or between different
proteins. However, it is very likely that fixation with
aldehydes affects the structure of proteins somehow, as
can be seen from the well-known reduction of
immunohistochemical reactivity of epitopes and the
need for antigen retrieval (O’Leary et al. 2009). It is
possible that the observed significant decrease in the
number of round spheroids after aldehyde fixation
could be the result of cross-linking of proteins and
a possible influence on the structure of proteins. This
is most evident on day 1 after seeding of the cells,
indicating that the structure of the spheroids is still
unstable and is strongly affected by the chemical
fixation.

Conclusion

The LOT is a powerful technique for generating
spheroids with high reproducibility. Based on our
findings, we recommend that spheroids of 100,000 cells
or more, generated by LOT, should be cultured for at
least 3 days to ensure a stable, spherical morphology
before their use in downstream applications or fixation.



In addition, fixation with aldehydes had been shown to
have a significant effect on the morphology of spheroids.
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