a r I Universita degli Studi di Trieste
Archivio della ricerca — postprint

Investigations of cardiac fibrosis rheology by in vitro cardiac tissue
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ARTICLE INFO ABSTRACT

Keywords: Cardiac fibrosis refers to the abnormal accumulation of extracellular matrix within the cardiac muscle, leading to
Card%ac ﬂbrOSiS_ increased stiffness and impaired heart function. From a rheological standpoint, knowledge about myocardial
Cardiac spheroids behavior is still lacking, partially due to a lack of appropriate techniques to investigate the rheology of in vitro
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cardiac tissue models. 3D multicellular cardiac spheroids are powerful and versatile platforms for modeling
healthy and fibrotic cardiac tissue in vitro and studying how their mechanical properties are modulated. In this
study, cardiac spheroids were created by co-culturing neonatal rat ventricular cardiomyocytes and fibroblasts in
definite ratios using the hanging-drop method. The rheological characterization of such models was performed
by Atomic Force Microscopy-based stress-relaxation measurements on the whole spheroid. After strain appli-
cation, a viscoelastic bi-exponential relaxation was observed, characterized by a fast relaxation time (t;) fol-
lowed by a slower one (t2). In particular, spheroids with higher fibroblasts density showed reduction for both
relaxation times comparing to control, with a more pronounced decrement of 71 with respect to t5. Such response
was found compatible with the increased production of extracellular matrix within these spheroids, which re-
capitulates the main feature of the fibrosis pathophysiology. These results demonstrate how the rheological
characteristics of cardiac tissue vary as a function of cellular composition and extracellular matrix, confirming
the suitability of such system as an in vitro preclinical model of cardiac fibrosis.

1. Introduction (Diamond et al., 2005; Schultheiss et al., 2019; Gheorghiade et al.,
2006). MF is marked by an altered cellular composition, characterized

Myocardial fibrosis (MF) refers to the pathological deposition of a by cardiomyocytes loss followed by fibroblast activation and prolifera-
fibrotic scar within the myocardium. Such condition poses significant tion, culminating into myofibroblasts-driven accumulation of extracel-
threats to heart function and is associated with several cardiac diseases lular matrix (ECM) (Davidson et al., 2020; Frangogiannis, 2021;

* Corresponding author. Department of Physics, University of Trieste, Via A. Valerio 2, 34127, Trieste, Italy.
** Corresponding author. Department of Physics, University of Trieste, Via A. Valerio 2, 34127, Trieste, Italy.
E-mail addresses: michele.zanetti@yale.edu (M. Zanetti), nbraidotti@units.it (N. Braidotti).
1 Present address: Department of Biomedical Engineering, Yale University, 17 Hillhouse Ave, New Haven, Connecticut, 06511, United States.
2 present address: Department of Chemical and Pharmaceutical Sciences, University of Trieste, Via L. Giorgieri 1, 34,127, Trieste, Italy.
3 These authors contributed equally to the manuscript.


mailto:michele.zanetti@yale.edu
mailto:nbraidotti@units.it

Vukicevic et al., 2022). The resulting fibrosis induces electrical distur-
bances and myocardial stiffening which in turn reduce the heart
compliance, affecting its ability to contract and relax, ultimately leading
to ventricular dysfunction (Davidson et al., 2020; Aghajanian et al.,
2019; Travers et al., 2016). It is well known that ventricular function is
greatly influenced by the myocardium’s mechanical properties (Emig
etal., 2021; Guo et al., 2021), and a growing amount of research pointed
out the existence of hysteresis in its stress-strain relationship (Demer
et al., 1983; Liu et al., 2022), calling for a broad investigation of its
passive viscoelastic behavior. Indeed, the ventricular free wall displays
an anisotropic viscoelastic behavior, meaning that its mechanical
properties change along different directions, presenting both elastic and
viscous properties while being deformed (Liu et al., 2022). Such visco-
elasticity has been investigated at different scales, using distinct tech-
niques. Tensile and stress-relaxation tests, for example, were performed
onto centimeter and millimeter-sized fresh explants, showing nonlinear
viscoelastic properties (Hassan et al., 2012).

The knowledge of the heart mechanical signature lays the founda-
tions for a more accurate investigation of the MF pathology. Indeed, in
vitro disease modeling allows to study MF effects on the heart tissue on a
functional level, thus helping to develop new treatments for it.

Recently, Cardiac Spheroids (CSs) were introduced as simple in vitro
three-dimensional (3D) models to study the heart microenvironment
(Polonchuk et al., 2017). Their cell population can be tuned by including
different ratios of multiple cell types, such as cardiomyocytes, fibro-
blasts, and endothelial cells, potentially mimicking the same ratios as
the in-vivo heart tissue. In a similar study (Figtree et al., 2017), hanging
drop mixed 3D cultures of neonatal rat ventricular myocytes (NRVMs),
and their non-myocyte counterparts, were created. The resulting CSs
were then treated with transforming growth factor beta 1 (TGFp1), a
known profibrotic agent (Leask, 2007), causing a dramatic increase in
collagen deposition as well as elevated expression levels of fibronectin
and connective tissue growth factor.

Although these basic 3D models have already shown their efficacy in
reproducing the intricate microenvironment of MF (Polonchuk et al.,
2017; Figtree et al., 2017), the assessment of their viscoelastic properties
represents a significant technological challenge, mainly because of their
size (from 100 pm, up to a millimeter in diameter). At larger scales, the
rheological properties of tissue biopsies and ex-vivo tissue explants are
effectively characterized by macro-scale techniques (Cheng et al., 2008;
Parkins et al., 2021). On the other hand, viscoelasticity at the single-cell
level and sub-cellular structures (e.g. nuclei and lamellipodia), is better
studied using micro- and nanoscale methods such as atomic force mi-
croscopy (AFM) (Chim et al., 2018; Rother et al., 2014; Mahaffy et al.,
2004; Andolfi et al., 2023). To bridge this gap while leveraging the great
sensitivity and versatility of the AFM, we have already shown how to
perform stress-relaxation measurements on CSs by parallel plate
rheology using custom-fabricated macro-cantilevers (Zanetti et al.,
2022; Andolfi et al., 2019).

Here, the viscoelasticity of co-cultured CSs with a growing fibroblast
proportion was characterized by the same approach. We used three
different ratios of cardiac myocytes and fibroblasts to mimic a healthy
condition, as compared to two fibrotic ones, investigating how an
increased fibroblast density affects the mechanical characteristics of
CSs. We demonstrated that, as the ratio of fibroblasts increases, the
rheological properties of CSs change, accompanied by an increase of
collagen levels. Besides, these findings suggest that such approach can
be considered a valuable tool to investigate in vitro effects of antifibrotic
therapies and their ability to restore a physiologically native mechanical
environment.

2. Materials and methods
2.1. Cardiomyocytes and cardiac fibroblasts isolation procedure

Neonatal Rat Ventricular Cardiomyocytes (NRVMs) and Neonatal

Rat Ventricular Fibroblasts (NRVFs) were extracted from P4-5 Wistar rat
hearts as previously described (the study was conducted according to
the guidelines of the Declaration of Helsinki and approved by the OPBA
Committee of the University of Trieste, under the Italian Ministry of
Education, University, and Research, Protocol Code 1FF80.N.PZB)
(Zanetti et al., 2022; Braidotti et al., 2022). Briefly, animals were
euthanized by decapitation, and their hearts excised and minced down
to ~1 mm fragments. The tissue was then digested by trypsinization
over 3 h under continuous agitation, while the supernatant was being
neutralized in calf serum (Sigma® 12133C) and exchanged with fresh
trypsin buffer every 5 min. Endothelial cells were discarded over the first
two steps of such trypsinization process. Cells mixture (NRVMs and
NRVFs) were sedimented at 300 RCF for 10 min and resuspended in
fresh media (MEM supplemented with 5% calf serum, 1%
penicillin-streptomycin, 10 mg/L vitamin B12) at a density of 5 x 10°
cells/mL.

2.2. Separation of NRVMs from NRVFs in 2D culture

The cells mixture resulting from the isolation procedure was strained
through a 40 pm (pore size) filter and pre-plated in two separate 96 mm
¢ tissue culture dishes. After 45 min of pre-plating, >90% of NRVFs
adhered to the dish surface, while the floating portion contained mainly
NRVMs with residual NRVFs. Then, NRVMs in the floating portion were
collected and re-plated in a separate, gelatin-coated dish, at 1 x 10°
cells/cm?, while fresh media was fed to the NRVFs attached portion.

2.3. Cardiac spheroids assembly

After being cultured for four-days in 2D plates, NRVMs and NRVFs
were harvested. NRVMs and NRVFs monolayers were washed with
phosphate buffer saline (PBS) and detached by trypsinization over 5
min. Trypsin was neutralized with fresh media, cells were counted, and
NRVMs/NRVFs were collected in two separate 15 mL tubes and sedi-
mented at 100 RCF for 5 min. Each pellet was resuspended separately, at
2.5 x 10° cells/mL in fresh media. For clarity, we will refer to these high-
density cell suspensions as “stock NRVMs” and “stock NRVFs”.

It is important to mention that, as specified above, the cell pre-
plating step was purposely kept short (45 min), in order to keep
NRVFs residuals in the isolated stock NRVMs suspension. This is because
a moderate presence of fibroblasts has been shown to support NRVMs
networks in 3D, which facilitates CSs formation (Beauchamp et al.,
2020).

By using three different ratios of cardiac cells, three distinct types of
CSs were prepared as reported in Table 1. The stock NRVMs was used for
the control, 7 parts of stock NRVMs, and 3 parts of stock NRVFs were
mixed to generate the 70% NRVMs, while a 1:1 mixing ratio between the
two stocks was used to create 50% NRVMs.

For the above-mentioned reasons, these percentages do not precisely
represent the real amount of NRVMs inside the spheroid, but the mere
number of cells coming from the NRVMs stock solution with respect to
the total number of cells used to create the spheroid. In particular, in the
case of CSs with 100% NMRVs, fibroblasts residuals are also present.

CSs were formed via the hanging drop method (Foty, 2011). For that,

Table 1

Nominal cell percentage to develop CSs. After four-days in 2D plates, NRVMs
and NRCFs were harvested and CSs were created by using 50’000 NRVMs (100%
cardiomyocytes, the control sample, namely CTRL), 35000 NRVMs with 15'000
NRVFs (70% cardiomyocytes, intermediate fibrotic sample, namely F*), and
25'000 NRVMs with 25000 NRVFs (50% cardiomyocytes, advanced fibrotic
sample, namely F' ).

Cell type CTRL F* Frt
Stock NRVM 100 % 70 % 50 %
Stock NRVF - 30 % 50 %




20 pL drops of either 100%, 70%, or 50% high-density cell suspensions
were pipetted on the inner side’s lid of a 96 mm ¢ tissue culture dish,
forming at least ten drops per sample, spaced 1 cm apart and containing
approximately 50'000 cells each. Finally, the lid was rapidly flipped onto
the dish’s bottom, which had been previously filled with sterile PBS,
thus leaving the drops hanging in a humidified environment. The cells in
each drop assembled over the course of 4 days at 37 °C, 5% COq, forming
co-cultured NRVMs/NRVFs cardiac spheroids.

2.4. Immunofluorescence (IF)

A multichannel immunostaining was used to visualize the composi-
tion of CSs. Fibroblasts were labeled by targeting Vimentin (Vim)
(Humeres et al., 2019), while cardiomyocytes by Sarcomeric a-Actinin
(a-Act). First, the CSs were fixed in PFA 4% for 1 h and permeabilized for
1 h 30 min (Triton X-100, 1%) at RT. Epitopes were blocked using 1%
Bovine Serum Albumin (BSA) for 1 h at 4 °C. Primary antibody incu-
bation was done overnight at 4 °C using a mixture of mouse anti Sar-
comeric a-Actinin and chicken anti Vimentin mAbs (Abcam® ab9465
and ab24525 respectively, 1:200 dilution) in blocking buffer. Secondary
fluorescent antibodies (Alexa Fluor 488 anti-mouse, Cy5 anti-rabbit,
Abcam® ab150113 and ab6564 respectively, 1:1000 dilution) were
then incubated for 1 h 30 min at RT. To counterstain the nuclei 5 pM
DAPI (Sigma® D9542) was used, and the spheroids were imaged using
Structured Illumination Microscopy (SIM).

For SIM, an Axio Observer Z1 inverted microscope with an Apo-
Tome® module (1.6/1.5 transmission grid) and an AxioCam 506
monochrome camera were used (Carl Zeiss AG) to optically section
spheroids through a 63x/1.4 EC Plan Neofluar oil immersion objective.
Seven grid projection images were taken in 9-12 tiles at the lower,
middle, and upper Z-slices of the spheroid. The images were then
reconstructed using ZEN black edition by performing ApoTome®
deconvolution and tile fusion.

2.5. NRVFs/NRVMs ratio quantification from IF

Starting from the optical sections, Vimentin (Vim, magenta) and
Sarcomeric a-Actinin (a-Act, green) channels were isolated and sepa-
rately thresholded using Fiji v2.9.0 (Rasband). Then, three squared re-
gions of interest (ROI) of 100000 pm? each were randomly placed on
three areas of the spheroids’ outer boundary, accounting for a poten-
tially uneven fluorophore penetration rate. The Vim-stained area was
finally referenced to the aggregated stained area (i.e., the sum of Vim
and a-Act-stained areas).

2.6. Estimation of CSs size

The optical images acquired prior to each stress-relaxation experi-
ment were processed with Fiji (example in Fig. 4a). For each spheroid, a
circular ROI was manually drawn over its outer boundary. For slightly-
elliptically shaped spheroids, an elliptical ROI was used. Then, each
ROI’s area was measured, and the diameter computed as:

d=2e/—
T
Therefore, the elliptical spheroids were treated as they were spher-
ical for the diameter estimation.

2.7. Whole-spheroid stress-relaxation by AFM

To measure CSs viscoelasticity, a NanoWizard II AFM equipped with
a CellHesion module (JPK Instruments AG) was used. On the fourth day
of culture, spheroids diameters were ranging between 200 and 400 pm.
A single CS was retrieved and placed in the center of a 35 mm ¢ tissue
culture dish filled with complete media and supplemented with 25 mM

Hepes. The spheroid was approached to the macro probe establishing a
weak contact with 5 nN force. Then, the Z-piezo was suddenly (500 ms)
extended by 30 pm, and immediately locked in position. The vertical
deflection (i.e., the force measured by the AFM) was monitored over 30 s
to quantify the relaxation pattern of the squeezed CS. Then, the piezo
was fully retracted and, after 5s of recovery, the spheroid was loaded
again for at least 9 additional stress-relaxation cycles. At least 4 CSs per
sample group (i.e., four CTRL, four F', and four F™") were probed over
three independent experimental replicates.

2.8. Viscoelasticity quantification

Following the sudden deformation and strain maintenance over
time, we analyzed the resulting stress decay by using the generalized
Maxwell model. A single Maxwell element is made up by a spring and
dashpot placed in series. Therefore, an application of a load induces an
immediate deflection by the elastic spring which is followed by a viscous
time-dependent retardation by the dashpot. On the contrary, when a
deformation is imposed, it produces an immediate reaction of the spring
succeeded by stress relaxation following an exponential law (Fung,
2013). Therefore, a Maxwell material is a typical example of a material
displaying viscoelastic properties, thus owning both elastic and viscous
contributes. However, as observed in our previous studies (Zanetti et al.,
2022; Andolfi et al., 2019; Battistella et al., 2022), the relaxation of CSs
is characterized by a bi-exponential force decay. Therefore, the
stress-relaxation curves were analyzed by a model combining 2 Maxwell
elements and a single spring in parallel, hence via its generalized form.
Such model assumes that, as the CSs are subjected to a constant defor-
mation, the contact area does not change during the measurement, and
the force decays following the equation:

_ _ b
Fit)=ay+a;ee © +ayee =

where 7 = 1/E (z is the relaxation time, n is the viscosity, and E is the
Young’s Modulus). To quantify such relaxation times (z; and 75), a least-
square batch curve fitting procedure was performed using a custom
procedure in Igor Pro 8.0 (Wavemetrics Inc.)

2.9. Statistical data analysis

Nonparametric Dunn’s test was performed in order to assess statis-
tical differences between samples regarding the spheroids diameter and
relaxation times. Sperman’s rank order correlation was performed to
evaluate spheroids diameter — relaxation time correlation, as well as the
correlation between the first and the second relaxation time for each
sample. All tests were carried out with Graphpad Prism®.

2.10. Second Harmonic Generation (SHG)

SHG imaging was carried out on fixed samples using a confocal
Nikon® A1l MP + equipped with a 25x Apo water-immersion objective
(NA 1.1) and a Chameleon Vision II (Coherent®) tunable laser
(680-1080 nm, 3 V max.) set at 880 nm for collagen visualization.

To highlight the spheroids boundaries, images segmentation was
performed by using the segmentation plugin implemented in Fiji. At the
same time, the surface collagen distribution was qualitatively analyzed
by using the surface plot tool of Fiji.

3. Results

In this work, 3D spheroids were employed as in-vitro models to
investigate the viscoelastic hallmarks of MF. For such purpose, car-
diomyocytes and fibroblasts were mixed at three different ratios,
mimicking three distinct phenomena: a physiological tissue (CTRL), an
intermediate MF (F"), and an advanced MF (F™). A schematic repre-
sentation of CSs preparation is shown in Fig. 1.
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Fig. 1. Experimental workflow from cells isolation to AFM stress-relaxation experiment. The tissue digestion and NRVMs/NRVFs isolation steps (a). The 4-days 2D
cell culture of both cell phenotypes (summarized as a pocket watch), NRVMs/NRVFs mixing at different ratios, and co-culture spheroids assembly (b). Schematic

representation of the resulting CSs measured by AFM stress-relaxation (c).

After 4 days of hanging drop culture, spheroids were fully formed. As
specified in Material and Methods, the nominal percentage of NRVMs
(100% for CTRL, 70% for F*, and 50% for F" ") did not represent the real
ratio of cardiomyocytes into the spheroid but a mere approximation of
it. At this stage, it was unclear whether cardiac fibroblasts could pro-
liferate within the spheroid, and if so, what the proliferation rate would
have been. Therefore, our first goal was to verify the cellular
distribution.

3.1. Mechanically activated fibroblasts proliferate in 3D

To investigate the cell distribution within the spheroids, an optical
sectioning was performed using SIM. NRVMs were labeled for Sarco-
meric a-Actinin (a-Act), while NRVFs were labeled for Vimentin (Vim),
which is a specific well-known fibroblasts marker not expressed in car-
diomyocytes (Humeres et al., 2019; Tsikitis et al., 2018). Sections of the
stained samples are shown in the images of Fig. 2a.

The presence of vimentin-stained filaments inside the CTRL spheroid
confirms the occurrence of fibroblasts even in the 100% NRVMs
spheroids which supports what already introduced previously regarding
NRVFs residues. On the other hand, a progressive increase of NRVFs

Q
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F+

F ++

density into fibrotic spheroids was observed, as expected. The exact
number of fibroblasts cannot be drawn just from estimating the Vim-
stained area, but we can reasonably assume that the number of
NRVMs does not change significantly after seeding, due to their limited
proliferative capabilities. Therefore, if the NRVMs population is con-
stant, we can use proportions to assess the proliferative behavior of
NRVFs population. By comparing the Vim-stained area with the total
amount of staining (Vim + a-Act), we observe that the ratio between
fibroblast intermediate filaments and cardiomyocytes’ sarcomeric pro-
teins notably increases above 60% for both fibrotic spheroids (Fig. 2b).
This evidence may seem trivial at first, because fibrotic spheroids were
obtained by deliberately mixing a higher number of NRVFs with respect
to NRVMs in the first place. However, if the higher number of seeded
NRVFs was the sole reason for the relative greater Vim expression, it
would be hard to explain the reason why F' shows a comparable Vim
staining ratio of F*" (61% vs 71% respectively), given that the latter was
obtained using ~1.7x more fibroblasts (and ~1.4x less cardiomyocytes)
than F'. Therefore, especially for F*, NRVFs must be proliferating inside
the spheroid and actively producing more Vim. In addition, it is likely
that NRVMs die into fibrotic spheroids, leaving unoccupied space for the
fibroblasts to proliferate. This kind of NRVMs necrosis represents a well-
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Fig. 2. SIM images of CSs and signal quantification. (a) Shows representative IF optical sections obtained by SIM in the case of physiological-like (CTRL), moderate
fibrotic (F +) and advanced fibrotic (F ++) spheroids. DAPI-stained nuclei are shown in blue, a-Actinin positive cells (cardiomyocytes) are shown in green, Vimentin
positive cells (fibroblasts) are shown in magenta. Scale bar: 100 pm. (b) Shows the relative stained area of Vimentin normalized by the total stained area (Vimentin +
a-Actinin). Magenta dashed lines are the theoretical fibroblast amount, expressed as the theoretical percentage of fibroblasts as assembled into the spheroid (0, 30,
and 50% for CTRL, F +, and F ++, respectively). Dots represent 100 x 100 pm averaged area counts, as taken from three distinct spheroids per each group. Bars show

the Mean and whiskers SD.



known process of the heart fibrotic remodeling (Piek et al., 2016; Kong
et al., 2014). Necrosis may also be induced by core hypoxia, although it
is unlikely to occur in our conditions due to the relatively small size our
spheroids. Indeed, hypoxic conditions were noticed in tumor spheroids
larger than 500-600 pm (Kim et al., 2021; Riffle et al., 2017). Similarly,
in cardiac spheroids, a hypoxic core was observed in spheroids with a
diameter of at least 500 pm (Paz-Artigas et al., 2024). Finally, due to the
initial lower presence of NRVMs into F** spheroids with respect to F',
the NRVFs proliferation might result favoured in F* CSs, where more
available space would arise as consequence of NRVMs death.

Indeed, recent ex-vivo cases of ischemic heart disease showed
elevated Vim expression around myocardial cells undergoing remodel-
ing (Kondo et al., 2022). At the same time, a growing amount of research
pinpoints how the mechanical interaction between cells and culture
surface plays a crucial role in shaping the phenotypical transition of
different cell types, by changing their mechanical and morphological
properties (Nasrollahi et al., 2017; Zhuang et al., 2022; Yeh et al., 2017).
For example, primary rat cardiac fibroblasts have shown to incorporate
pro-fibrotic a-SMA into their stress fibers when cultured onto >10 kPa
substrates, representative of phenotypic conversion into myofibroblasts
(Landry et al., 2019; Ceccato et al., 2020; Zhao et al., 2014). Moreover,
cell proliferation has been demonstrated to be controlled by mechanical
extracellular features as shown in (Landry et al., 2019; Zhao et al., 2014;
Ebrahimighaei et al., 2022). Therefore, a softer culture substrate would
be needed to maintain fibroblasts physiological features, preventing
their pro-fibrotic activation.

In our work, we leveraged this otherwise detrimental mechanical
interaction by pre-expanding the NRVFs population on a 2D stiff plastic
surface, thus mechanically pre-activating the fibroblasts before the 3D
NRVMs co-culture. Our experimental results demonstrate a proliferative
stage inside F™ CSs, suggesting that our multi-step 2D/3D approach
represents a suitable workflow to induce the proliferative stage of MF in
vitro.

3.2. Spheroid rheology is altered in MF models

Traditional approaches to assess cellular mechanics have predomi-
nantly focused on measuring cell elasticity, overlooking the dynamic
nature of cellular responses to mechanical stimuli. However, cells
exhibit a complex viscoelastic behavior, characterized by both elastic
(deformation) and viscous (flow) components (Gerum et al., 2022). This
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dynamic behavior arises from the intricate interplay of cellular com-
ponents, including cytoskeletal proteins, intercellular adhesions, and
ECM interactions. Therefore, measuring the viscoelastic properties of
cells, and their dimensional spaced-aggregates (as for 3D cellular
spheroids), provides a more comprehensive understanding of their me-
chanical behavior compared to traditional elasticity measurements
alone.

To characterize CSs viscoelasticity, we performed stress-relaxation
uniaxial loadings by means of AFM while modeling the spheroid as a
Maxwell material. If we assume a single Maxwell element is subjected to
a sudden deformation, and maintained at a constant strain, then the
stress will experience a decay on a timescale of 7 = n/E. However, a
single Maxwell element was not sufficient to fully reproduce the relax-
ation pattern of neither CTRL nor F* and F™" CSs, leading to poor data
fitting. Instead, we observed that the stress-relaxation curves follow a
two-phase decay. Therefore, they were fitted to a two-component
generalized Maxwell model with two distinct relaxation times. The
outcoming response was characterized by a quick relaxation that lasted
up to a second, followed by a slower viscous dissipation (Fig. 3a). Such
behavior has been also previously observed in our studies on hanging-
drop cultured cardiomyocytes (Zanetti et al., 2022), tumor spheroids
(Andolfi et al., 2019), oocytes (Battistella et al., 2022) and keratinocytes
(Puzzi et al., 2018), and also by other authors (Moreno-Flores et al.,
2010a, 2010b; Maares et al., 2020; Zbiral et al., 2023).

Generally, both relaxation times show a lowering trend in the case of
fibrotic spheroids (F" and F*™), when compared to control (Fig. 3b and
c). The first relaxation time 7; is statistically shorter for F** spheroids
compared to control (Fig. 3b), while 7o shows the same trend without
being statistically significant (Fig. 3c). To better highlight the magnitude
of times reduction, especially for the first one, 7; was referenced to the
total relaxation time (i.e., 71 + 72) as shown in Fig. 3d. The relative effect
is even more pronounced, with a fast relaxation time accounting for 7.88
+ 0.55% of the total measured relaxation time for F**, and a greater
percentage of 9.04 + 0.9% in the case of the control.

These results point out that 7; may represent an important parameter
in the discrimination between physiological and fibrotic spheroids,
further confirming a rheological imbalance between the two. However,
the viscoelastic behavior of the CS could also be influenced by a varia-
tion in the spheroid diameter, hence the need to rule out the “size”
confounding factor.
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square fitting of the two-component Generalized Maxwell model, used to extrapolate the rapid relaxation time (z;), and the longer one (7). Each spheroid’s first
relaxation time per each condition, CTRL vs F™" times are statistically different (p = 0.0157) (b), the same as, but for the second relaxation time (c). The ratio of the
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Fig. 4. CSs diameters and relaxation time dependence on these. Three representatives bright field images of the spheroids (a), and the diameter distribution of the
CTRL, F+, and F++ populations, (b) which are statistically different as shown by pairwise nonparametric Dunn’s test (p = 0.0019 for CTRL vs F+, and p = 0.0007 for
CTRL vs F++). Bars represent Mean, whiskers represent SD. Scale bar: 100 pm. The first and second relaxation times (each dot represents a spheroid) plotted against
the spheroid diameter (c). No correlation of either first or second relaxation times with the spheroid diameter was observed through Spearman’s rank order cor-
relation statistics. Spearman’s r (22) = 0.11, p = 0.60, 95% CI [-0.32, 0.50] and Spearman’s r (22) = —0.027, p = 00.90, 95% CI [-0.44, 0.39] for 71 and 72

respectively.

3.3. Size does not affect the measured viscoelasticity of CSs

To test whether the stress-relaxation behavior could be affected by
the size of the CSs we analyzed the correlation between size and the
relaxation times (t; and t3). In principle, the inner composition can
influence the spheroid’s size, because NRVMs and NRVFs differ in
cellular volume with the first resulting larger than second ones (Zhou
et al., 2016) while occupying a confined 3D space. In fact, a reduced
number of NRVMs in our fibrotic spheroids led to a reasonable volu-
metric shrinkage for both, as assessed by optical microscopy (Fig. 4a).

If we focus on the cell number alone, and assuming that the NRVMs
number keeps constant from cell seeding, while activated NRVFs pro-
liferate at similar rates among the groups, we would expect a progressive
decrease in volume, with the control group being the largest, followed
by F*, and then F'*. However, while the spheroid’s diameter is signif-
icative greater for the control group (362 + 30) pm compared to (284 +
17) pm for F4 and (282 + 36) pm for F'*, the fibrotic CSs show no
significant size differences between each other (Fig. 4b). In agreement
with what we previously anticipated, this could be likely due to the loss
of NRVMs, which leave unoccupied space available for fibroblasts pro-
liferation, which preferentially occurs in F' respect to F'* spheroids.
However, since cardiac fibroblasts occupy a smaller volume with respect
to NRVMs, the space previously occupied by NRVMs would never be
totally replaced, thus inducing the CSs shrinkage. Moreover, due to the
limited presence of NRVMs in the F** cardiac spheroids, this phenom-
enon is less pronounced and therefore this results in an almost equal
volume of F* and F**, matching the previous results about fibroblasts
proliferation by monitoring Vim signal.

As previously mentioned, the size variability among the spheroids
can have a significant impact on their viscoelastic properties. In fact, the
initial applied stress is not only influenced by the composition of the
biological material and the constant Z-piezo displacement, but also by
the volume of the spheroid itself. Indeed, if we keep the same Z-
displacement, a larger spheroid would eventually be less stressed than a
smaller one. In order to assess this factor, a correlation analysis was
performed, to examine the relationship between the relaxation times (7,
and 75 as calculated from the fitting procedure) and the diameter of the
spheroids across all groups (as depicted in Fig. 4c).

While the diameters distribution for F* and F** respect to CTRL is
significantly different, both 7; and 7, showed to be neither positively nor
negatively correlated with the spheroid’s diameter among all CSs types.

The absence of correlation between the measured viscoelastic decays
and the spheroid’s diameter further confirms that our AFM-based
approach investigates the CS viscoelasticity without being remarkably
affected by its size, at least in the 200-400 pm range, consistently with
what we previously observed with tumor spheroids (Andolfi et al.,
2019).

3.4. The ECM deposition affects viscoelasticity in the CSs

Since it is widely known that ECM accumulation in MF causes stiff-
ening of the heart muscle (Aghajanian et al., 2019; Travers et al., 2016;
Lopez et al., 2021), we investigated whether the relaxation times might
be influenced by enhanced ECM deposition caused by fibroblasts. For
this purpose, we performed Second Harmonic Generation (SHG) for
collagen distribution assessment and found an increased collagen signal
for F*" spheroid with respect to F" (Fig. 5). In fact, F" spheroids display
spotted regions in the image indicating a discretized collagen signal
(Fig. 5a), while for F* we observed a continuous and diffuse signal
which is an indication of massive collagen layer which envelops the
whole spheroid (Fig. 5b). In support of this we also performed a surface
image analysis which confirmed the discrete nature of the signal coming
from F' spheroid with respect to the broad and smoothed one coming
from F™" (see Supplementary Fig. S1). This might result as a progressive
accumulation process starting soon after the CSs assembly due to the
higher NRVFs content.

Therefore, we can conclude that the higher collagen deposition in
F** CSs induces ECM-driven CSs stiffening which in turn can strongly
influence the CSs rheology by modulating the relaxation times.

4. Discussion

In this work we shaped the myocardium into a multicellular 3D
spheroid and investigated its viscoelastic behavior through AFM stress-
relaxation experiments. To our knowledge, this is the first time in which
the fibrotic pathophysiological features are naturally recapitulated
without making any use of profibrotic treatments. Firstly, we found that
pre-culturing cells on 2D hard surfaces promote fibrotic proliferation in
3D, which is a key feature of myocardial fibrosis (Liu et al., 2023). In
particular, we specifically observed activated myofibroblasts increased
proliferation in intermediately fibrotic loci (F'). We found this feature
compatible with the increased unoccupied space left free by necrotic



Fig. 5. Collagen distribution for F+ and F++ spheroids. Second Harmonic Generation images of F+ (a) and F++ (b) spheroids. CSs rotation along z direction with

frames corresponding to steps of 120° for a total 360° rotation. Scale bar: 200 pm.

cardiomyocytes (Piek et al., 2016; Kong et al., 2014). Moreover, in
diffuse fibrotic loci (F* 1), myofibroblasts actively increased the collagen
production, as demonstrated by SHG, which is likely correlated to CSs
stiffening. In fact, collagen deposition is well-known to contribute to
myocardial stiffening (Jalil et al., 1989; Cowling et al., 2019) and can
promote rheological impairment. We, therefore, can attribute this
increased collagen production to the observed differences in the relax-
ation times. In single cells, the two relaxation times have been associated
to different components dynamic, with the first one referring to the
dynamic of “individual units” (e.g. the cell membrane) and the second
one to the collective dynamic of the whole (e.g. cytoskeletal rear-
rangement) (Moreno-Flores et al., 2010a, 2010b; Maares et al., 2020).
Thus, the increased collagen deposition observed at the outer side of F™ "
spheroids can elevate the elastic modulus (E) and resulting in turn in a
lower 7. In fact, for both fibrotic (F* and F™™") spheroids we observed a
reduction in relaxation times, although a strong significant reduction
was only observed for 7; in F'" with respect to CTRL. Therefore, our
model can precisely simulate the natural ECM deposition in fibrotic
condition which influences the overall rheological properties.

On the other hand, the second relaxation time (75) accounts for the
whole system dynamic during which cells are supposed to reorganize
themselves to adapt to the newly confined space. To do so, they are
required to break and reform their adhesive contacts like the ones sus-
tained by integrins and cadherins (Matsushita et al., 1999). Looser ad-
hesive contacts will reflect to a lower adhesion energy and, therefore, to
a faster relaxation time. Even though we did not address specifically the
adhesive molecules in our experiment, integrins and cadherins are
known for being more expressed in fibrotic tissue (Riley et al., 2021;
Meagher et al., 2021). Therefore, the trend we found for 7, seems par-
adoxical, as we would have expected longer dissipation times for fibrotic
spheroids, given the hypothetical greater adhesion between cells.
Nevertheless, it must be considered that 7, distributions are more
dispersed throughout all groups. Moreover, while 7; have been associ-
ated mainly to the ECM response, and 72 to the cellular adhesive
remodeling, we should avoid oversimplifying these two parameters by
minimizing them to a discrete overview since they depend on both
elastic and viscous characters, which we are unable to decouple.

In conclusion, our study highlights the importance of developing
improved models and techniques to better understand the underlying
mechanisms of myocardial fibrosis. MF is a serious pathological condi-
tion in need of new specific therapies, pushing the efforts towards the
acquisition of deeper knowledge on fibrotic mechanisms, especially the
characterization of the mechanical implicated features. Therefore, we

believe that the combination between a 3D co-culture model and our
proposed AFM macro-cantilevers represents a step forward in this field
and may be useful in developing new strategies for the treatment of this
globally detrimental disease.
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