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The mechanical properties of cells and tissues have gained attention for their importance in physiology and
pathology. However, there are obstacles to transferring the growing bulk of mechanobiological knowledge from
2D to the more current 3D models. By combining the ferrule-top nanoindentation technology of Pavone and the
micro-structured culture surfaces of Sphericalplate 5D® (SP5D, Kugelmeiers Ltd.), we measured the mechanics of
hundreds of uniformly sized prostate cancer spheroids in their original culture plate. Additionally, we reproduced
in 3D settings the changes in mechanical properties induced in 2D culture by cytoskeletal-targeting compounds.
Taking full advantage of the multiparametric nature of the acquired data, we also utilized topographical information
to derive a metric of the sphericity of our samples. The simple and semi-automated workflow characterizes
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hundreds of spheroids in a few hours with minimal user involvement. This integrated and multi-physic assay
overcomes potential sample damage and advances mechanical readouts in 3D biology applications.
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- INTRODUCTION

3D cellular models are at the forefront of biomedical
research for their ability to better recapitulate the behav-
ior of native tissue'?. However, the characterization of
their phenotypical traits is often restricted by technical
limitations. The analysis of the mechanics of 3D cultures
has proven particularly challenging due to accessibility
constraints and a lack of standardized assays®*. This
constitutes a substantial barrier to the exploitation of
3D models in mechanobiological research, limiting their
impact on fields such as tissue regeneration, fibrosis,
and cancer.

Typically, spheroids are manufactured using U-bottom,
non-adhesive tissue culture plates or methods such
as hanging drop or liquid overlay®. Regardless of the
method, current approaches are relatively low through-
put, require a considerable amount of work to be set
up, and are incompatible with mechanical testing
unless sample transfer and laborious preparations are
involved®’. For this reason, literature focused on the
mechanics of spheroids, while showing extremely inter-
esting results®’#°'°, is currently held back by limited
sample sizes (most of the cited studies analyze around
10 spheroids), especially when compared to equivalent
studies conducted on 2D cultures".

Recentdevelopmentsin cultureware, such as Spherical-
plate 5D® (SP5D, Kugelmeiers Ltd.), address such lim-
itations through a design that maximizes accessibility
and affords an elevated sample size for subsequent
analysis. Critically, SP5D supports the streamlined gen-
eration of spheroids homogeneous in size and shape,
optimizing standardization and reproducibility. Due to
its ferrule-top probes, Pavone can be used with this cul-
ture solution, making it possible to conduct mechanical
screening in the culturing vessel.

In this application note, we exploit the throughput
power of Pavone for automated high-content acquisi-
tion of mechanical, imaging, and geometrical data on a
large number of prostate cancer spheroids. This setup
provides a method to culture, treat, and mechanically
characterize spheroids in one uninterrupted workflow,
bypassing the need for sample transfer and potentially
damaging manipulation.

RESULTS

Mechanical characterization of 3D cell culture systems
is often cumbersome and time-consuming due to tech-
nical limitations dictated by the poor automatization
of current methods. Adding to the challenges of per-
forming such measurements, standardly used growth
supports can restrict access to the sample, requiring the
transfer of spheroids prior to their measurement and,
often, designing a system of immobilization to prevent
their undesired movement upon indentation?. We
circumvented these restrictions by culturing prostate
cancer spheroids in SP5D. Owing to their geometry
and surface (Fig. 1), SPD5s gently encase the spheroids,
thus containing their movement. By selecting a region
of interest spanning a large portion of a spheroid, we
mapped the distribution of Young's modulus values in
space (Fig. 2).

To characterize the elastic properties of multiple spher-
oids, we planned an automated array of one indentation
point on each spheroid. In our experiment, the choice
of tip radius and indentation depth results in an elas-
tically deformed volume that encompasses multiple
cells. With a user engagement of just a few minutes, we
automated the probing of more than 50 spheroids and
acquired the desired data in less than 30 minutes. Such
a rapid manual method of point selection is deemed to
return variable results, partly due to the different rela-
tive positions of indentation on each spheroid.
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~ Figure 1

SP5D geometry. (A) 24-well SP5D with 12 functional wells. (B) Schematic model of a microwell. Dimensions are in millimeters.
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~ Figure 2

Mapping of the mechanical properties of a spheroid. (A) Representative picture of a prostate cancer spheroid grown on SP5D being

approached by a ferrule-top indentation probe. The yellow rectangle depicts the surface probed for mechanical mapping. Scale bar

= 50pum. (B) Heatmap of Young's modulus values measured across the surface of the spheroid.



We observed a remarkable similarity in the distribu-
tion of Young's modulus values when comparing those
obtained by manually selecting points of single inden-
tations with those returned by mapping large portions
of the spheroid's surface (Fig. 3). This result suggests
that the high number of acquisitions compensates for
the potential imprecision of manual selection, return-
ing reliable mechanical measurements. The similarity of
the distributions is also a testament to the consistency
of the manufacturing method™.

We used automated single indentation to test the effect
of well-known cytoskeleton-targeting compounds on
the stiffness of prostate cancer spheroids. To this end,
we treated the spheroids with Latrunculin B, which binds
to monomeric actin, promoting cytoskeleton depo-
lymerization". As anticipated, depolymerization of the
cytoskeleton resulted in decreased stiffness (Fig. 4, left).
To induce an opposite change in mechanical properties,
we treated spheroids with ethanol, which at the used
concentration interferes with microtubular dynamics,
inducing cellular stiffening®. At 2 hours of treatment,
we detected an increase in Young's modulus, which was
even more pronounced when the measurement was
repeated on a subset of spheroids after 6 hours of treat-
ment (Fig. 4, right).

Altogether, these data demonstrate that our setup
enables the detection of the mechanical effects of
drug-induced cytoskeletal rearrangements on spher-
oids and to follow their evolution over time.
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~ Figure 3

Young's Modulus values acquired by manually selected single
indentations on different spheroids (left, N = 51) or by mapping a
large portion of two representative spheroids at 10 um intervals
in X and Y (center and right, for each N of indentations = 64).

Black lines represent median values.

The appraisal of the geometrical properties (such as
size and circularity) of spheroids by microscopy is lim-
ited to those that can be obtained from very laborious
and time-consuming projections derived from confo-
cal microscopy data or from two-dimensional bright-
field or fluorescent microscopy images. The inverted
objective integrated into Pavone provides a way to
collect these conventional images. However, for each
indentation performed, Pavone collects the position of
the contact point between the probe and the sample,
besides the mechanical data derived from the mea-
sured load. This supplemental information enables the
reconstruction of the topographical profile in Z of the
free surface of the sample (Fig. 5A).

To broaden the scope of this analysis and derive a
quantitative measure of sphericity, we developed an
algorithm that fits the collected data to an ellipsoid
(Fig. 5B). From that, we could derive an otherwise
inaccessible true measure of sphericity, which factors
in the three-dimensional geometry of the sample.
Applying this metric, we could quantify the sphericity
of prostate cancer spheroids on a scale from O to 1.
The high values (Fig. 5C) and the narrow distribution
indicate that the SP5D supports the growth of strik-
ingly consistent spheroids, constituting a platform for
generating large numbers of high-quality samples.
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Young's Modulus values acquired by manually selected single
indentation on spheroids treated with the indicated compounds.
Control (Ctr) N = 85, Latrunculin-treated spheroids N =74, and
Ethanol (EtOH)-treated spheroids for 2- or 6-hours N=68 and

N=21, respectively. Black lines represent the median values.
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Quantification of the sphericity of spheroids. (A) Representative result 096 -

of topographic characterization of a spheroid. (B) 3D representation
of the spheroid topography (blue) and ellipsoid reconstruction (pink).
(C) Boxplot with the sphericity (W) calculation results for a subset of
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the measured spheroids (N = 6).

CONCLUSIONS

Pavone technology can be combined with SP5D to thoroughly characterize the mechanical properties of sphe-
roids in a high throughput manner. Compared to the methodologies currently employed, this approach has the
additional advantage of obviating any sample preparation requirements. This affords considerable time savings
and, in addition, improves reliability, as it averts potential adulteration derived from sample transfer.

The ability to quantify spheroid shape beyond the projected diameter shows great potential for incorporation
into a multi-physics characterization assay, for instance, in a drug development pipeline.

Considering the sample size typically required by similar assays conducted on 2D cultures", the approach
described in this application note represents a significant step towards the widespread adoption of mechanical

assays on 3D models.




METHODS
CELL CULTURE AND SPHEROID FORMATION

As a starting culture, we maintained C4-2 prostate
cancer cells (ATCC) in RPMI medium (Gibco) supple-
mented with 10% FBS (Gibco) and 1X Antibiotic anti-
mycotic solution (Sigma). We then generated spher-
oids by seeding 500 cells/microwell (for a total of
375000 cells per well) in a 24-well SP5D, according
to the protocol suggested by the manufacturer. Upon
overnight incubation, we supplemented each well with
1 ml of additional medium. We performed all measure-
ments 5- or 10-days post spheroid formation.

NANOINDENTATION ASSAY

For the mechanical assay, we used a Pavone nanoin-
dente paired with a 0.0025 N/m and 23.5 pm R probe.
We measured spheroids using either coordinate lists
to indent every spheroid once or performed matrix
scans. Single indentation coordinates on spheroids
were selected manually from a stitched image of a
vast area of the culture well. For matrix scans, we col-
lected rectangular arrays of indentation curves around
the spheroid apex, spacing them every 10um in both
the X- and Y axes. We modeled the curves using the
Hertzian contact model. We then plotted the collected
data as a heatmap of Young's modulus values in space,
obtaining a visual representation of the distribution of
stiffness on the spheroid surface.

In both cases, the samples were indented using the
Peak Load Poking mode. For the steady state experi-
ment, we performed indentations with a load threshold
of 10nN and an indentation speed of 20 um/s. For the
drug treatment experiment, we chose a load threshold
of 12nN and an indentation speed of 10 um/s.

DRUG TREATMENT AND SIGNIFICANCE TESTING

We treated the spheroids with Latrunculin B (Enzo) at
a final concentration of 0.5 uM for 24 hours or ethanol
(Supelco) 50 mM for 2 or 6 hours. We tested the effect
of the treatments on the Elastic Modulus by compar-
ing them to the control group. For all tests, we used a
Kolmogorov-Smirnov Test executed in GraphPad Prism.

SPHERICITY ASSAY

To quantify the out-of-plane curvature of the spher-
oids, we first extracted the topographical information
from the contact fit of each matrix scan we collected.
Then, we rigidly translated the matrix’s frame of refer-
ence so the ellipsoid fit would be centered at O. To do
so, we found the highest point in the matrix and asso-
ciated that to (0,0) in the XY plane. We then rescaled
the Z axis so the highest point magnitude would be
the side length of a matrix. Lastly, we fitted the point
cloud to an ellipsoid in the form:
(x=x)? (x=v)* (z2-2.)°
a? ’ b? ' c? =

Where q, b, ¢ are the ellipsoid semiaxes, and the sub-
scripts refer to the center coordinates of the ellipsoid.
In every step, we assumed the vertical axis of the ellip-
soid to have no tilt with respect to the axis along which
the probe approaches the sample.

We computed the sphericity W of spheroids as follows:

1 2
As

Where Vs is the spheroid volume and Ag is the spheroid
surface. The former is calculated as follows:

Vg = gnabc

The surface is approximated as follows:

1
([(ab)1'6+ (ac)'® + (bc)”’])ﬁ
A = 4rm 3
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